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Abstract 

The TIBER II Tokamak Ignition/Burn Experimental 
Reactor design is the result of efforts by numerous 
people and institutions, including many fusion labo
ratories, universities, and industries. While sub
systems vill be covered extensively in other reports, 
this overview will attempt to place the work in per
spective. Major features of the design are compact 
size, low cost, and steady-state operation. These are 
achieved through plasma shaping and innovative fea
tures such as radiation tolerant magnets and optimized 
shielding. While TIBER II can operate in a pulsed 
mode, steady-state is preferred for nuclear testing. 
Current drive is achieved by a combination of lower 
hybrid and neutral beams. In addition 10 MW of ECR is 
added for disruption control and current drive 
profiling. 

The TIBER II design has been the U.S. option in 
preparation for the International Thermonuclear 
Experimental Reactor (ITER). Other equivalent 
national designs are the NET in Europe, the FER in 
Japan and the OTR in the USSR. These designs will 
help set the basis for the new international design 
effort. 

Introduction 

The Tokamak Ignition/Burn Experimental Reactor 
(TIBER) 1 shown in Fig. 1 was being pursued as the U.S. 
option for an International Thermonuclear Test Reactor 
(ITER). This concept evolved from earlier work on the 
Tokamak Fusion Core Experiment (TFCX) to develop a 
small, ignited tokamak. The copper-coil versions of 
TFCX became the short-pulsed, 1,23 m radius, Compact 
Ignition Tokamak (CIT), and the superconducting TIBER 
with long pulse or steady-state and a 2.6 m radius 
became a candidate for international collaboration. 
In this final report, the design has been updated to 
TIBER II, to accommodate the conservative Kaye-
Goldston confinement scaling, double-poloidal 
divertors for impurity control, steady-state current 
drive, and nuclear testing. 

While TIBER II satisfies the perceived mission 
for an ITER, the design had several additional objee-

Figure 1. TIBER II Tokamak Ignition/Burn Experimental 
Reactor. 
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tives. First, it must be reactor relevant. That is, 
the physics and technology embodied must lead to an 
attractive practical concept. Second, long-pulse or 
steady-state operation must be achieved. Hot only is 
steady-state a likely condition for a power reactor, 
but it also may be necessary for engineering testing 
of nuclear components. Plasma cycling causes time-
dependent changes In environmental testing conditions, 
such as thermal conditions, tritium-concentration pro
files, eddy-current effects, and failure or fracture 
modes. In fact, pulsing effects can be more dominant 
than the steady-state effects for which testing is 
desired. At a minimum, pulsing complicates tests and 
renders results difficult to extend to reactor condi
tions. For these reas. s, TIBER II is designed with 
sufficient auxiliary CL -ent-drive power for steady-
state operation with th intention of stimulating 
further current-drive experiments in the U.S. and 
world fusion programs. As a contingency, a limited 
inductive drive capability was provided without 
increasing size for a limi cd number of pulses. 

A third design object ve, low cost, is greatly 
enhanced by steady-state operation. The usual large 
ohmic heating (OK) coil in the center of the tokamak 
leads to a larger overall device size. This is 
because the size of the center post area is determined 
by the OH coil radius, the toroidal field (TF) coil 
current density, and the lnne neutron shielding. It 
is nec-essary to minimize all of the dimensions 
(especially the OH coil) to ke ? the reactor size and 
cost low. Pulsed OH current d ive would lead to lower 
magnet current densities, sign 'leant eddy-current 
heating loads, and because of :J ilgue* the need for 
larger structures. 

Plasma Engineering 

The TIBER II design Incorporates physics require
ments and neutron wall-loading with fluence parameters 
that make it compatible with a nuclear testing mis
sion. Reactor-relevant physics car. be tested by using 
high-beta, current drive, and steady-state operation. 
Although the design accommodates several current-drive 
options, the base case uses a combination of lower-
hybrid, neutral-beam, and electron-cyclotron radio-
frequency power. Plasma parameters are summarized in 
Table 1. 

The plasma equilibrium for TIBER II was obtained 
from the FEDC MHD equilibrium codes. 1 Free-boundary 
and fixed-boundary calculations were iterated to mini
mize the number of poloidal field (PF) coils required 
to produce a desired plasma (specified by elongation K 
and triangularity 5) corresponding to a crescent 
plasma shape of the form described by Yamazaki.* 
Profile factors for the plasma pressure, toroidal flux 
function, and poloidal beta were adjusted until an 
equilibrium was obtained with the desired average beta 
and safety factor on axis. A coil configuration was 
determined that produces an equilibrium at the desired 
plasma current subject to maximum current-density 
limits on the superconducting colls. The resulting 
plasma shape, toroidal current, and volume-averaged 
beta value were then used in the power balance at the 
951 flux surface. The density and temperature pro
files assumed In the power-balance code are adjusted 
to give a pressure profile that is consistent with the 
equilibrium solution. 

The operating beta is taken to be 75% of the 
Troyon beta limit 4 for the configuration p , • 
I/I(MA)/a(m) B(T), where V - 0.03 - 0.04. This cri
tical beta value is less than that obtained using the 
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TABLE 1 
TIBER II plasma parameters 

Parameter Descr ip t ion 
R o (m> plasma major radius 
a (m) plasma minor r ad ius* 
K e longat ion* 

6 t r i a n g u l a r i t y * 
V p (m») plasma volume* 
S p (mM 
B o (T) 

plasma surface area* S p (mM 
B o (T) t o r o i d a l f i e ld at R o 
ty (Vs) v o l t - s e c c a p a b i l i t y 

3.0 

2.4 
0.4 
96 
170 
5.55 
57.5 

(MH) 

<r>tr <Mw/ui«) 
PNB (HW) 

PLH <HW) 

r b u ; 

( a ) en 
* t (MWyr/itf) 

I 1 
p 

(MA) 

J b s (MA) 

h* (MA) 

hi (MA) 

' I B (lO'^m-'A/W) 

^NB (10"m-«A/W) 

7CD 
(10 , 0 m-'A/W) 

fusion power 
fusion power/input power 
average (peak) wall loading 
neutral beam power 
lower hybrid power 
burn pulse length 
end-of-life fluence 
total plasma current 
bootstrap current 
lower hybrid driven current 
neutral beam driven current 
lower hybrid efficiency 
neutral beam efficiency 
overall current drive efficiency 0.52 
(NBI + LH + bootstrap current) 

314 
5.0 (*, IH "1.1) 
1.3; 2.0 (1.3; 2.0) 
44 
19 
steady-state (141) 
5 (0.23) 
10.0 
2.7 
3.9 
3.4 
0.52 
0.25 

<T >; T (keV) average (peak) electron temp 
<T >; T. (keV) average (peak) ion ttmp 
<n >t n (10 s om-*) average (peak) electron density 
nGre•nwald* 1 0* 0 m~ ,* Greenwald density limit 
n M u r a k K n l ( 1 0 , o n r l ) Murakami density limit 
C thermal alpha concentration 
G thermal Impurity concentration oxygen f 

2 ._ plasma effective charge 
T- (s) gross energy confinement time 

19; 25 
20; 26 (10 av.) 
1.1; 2.1 (1.78 av.) 
2.57 (2.33) 
1.35 
0.05 
0.024 
2.1 
0.68 

* Values on the 95Z flux surface 

ballooning theory calculation of Yamazaki for the 
TIBER II plasma shape. 

Fast-alpha pressure and contributions from alphas 
and impurities at the bulk ion temperature are includ
ed in the beta calculation. The model used for the 
fast-alpha pressure* assumes a power balance between 
fusion production of the alpha energy and alpha energy 
loss by drag on ths bulk electron component. Typi
cally the fast alphas contribute 15 to 20X of the 
totfl beta. Gross energy confinement is as described 
by ths Kaye-Goldston scaling* times an enhancement 
factor H. representing H-mode operation (GIT). How
ever* ths H. • 1.3 assumed value Is somewhat less than 
ths possible enhancement H. • 1.5 to 2.0 for the type 
of double-null poloidal divertors used in TIBER II. 

We assumed that all of the alpha power and the 
auxiliary power (current drive) degrade confinement. 
Electron and ion thermal diffuaivities arc considered 
equal (ion diffusivity is much larger than neo
classical). The conduction power losa in calculated 
by using the maximum temperature gradient consistent 
with ths temperature profile used. 

Configuration 

Minimum neutron shielding, compact structures snd 
divertor, high-magnet-current densities, and remotely 
maintainable vacuum asals all contribute to compact 
tokamak si?*. By minimizing the TIBER II size, direct 
costs can be reduced, although contingency plus devel
opment snd demonstration activities would approxi-
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mately double the direct costs. Most tokamek com
ponents, such aa magnets* first-wall structures, and 
vacuum vessels vary with surface or the square of the 
major radius. Other components, such as plasma-
heating systems, are related to volume and vary as the 
cube of the major radius* Fortunately, because faci
lities, diagnostics, and other auxiliary systems do 
not change as much, -.he net change is approximately 
linear with the radius * 

Compact Divertor 

Experiments and analyses on ASDEX, PDX, and D-III 
point to a better understanding of the conditions that 
a divertor must produce to allow good confinement of 
the hot plasma. In particular, the divertor configu
ration and the divertor plasma must prevent gaa from 
penetrating into the confined plasma region. Figure 2 
shows the configuration for TIBER II. The newer 
design allows for a mote open configuration and relies 
on a dense edge plasma to intercept the gas produced 
at the neutrali2er plate. 

The TIBER edge plasma and compact divertor oper
ate in a high recycling mode* This mode generates the 
high density needed to allow the edge plasma to shield 
the core plasma from the gaa impurities generated at 
the divertor plates. It also allows the charged-
particle power to be carried out by a high flux of 
low-energy particles to reduce the sputter erosion of 
the plates. Identical divertora are located at the 
top and bottom of the machine to provide the surface 
area of the plates needed to keep the average heat 
load below about 2 MW/m 1. 

In steady-state operation, gas must be removed 
from TIBER at the rate at which fuel is added. Some 
of this fuel is burned and must be pumped out as 
helium gas with a fueling rate of about 350 A 
(equivalent). For a fusion power of 250 MW, the 
production rate for helium is 14 A (particle equiva
lent). The steady-state gas load 1B therefore about 
31 Torr*L/s of D/T and about 2.5 Torr»L/s of helium. 

Hlgh-Current-Density. Radiation-Tolerant Magnets 

High current density in the toroidal field and 
central plasma-shaping coils is used to limit the 
Q .*.»«..„ I of the center post. This current density 
must be compatible with the higher neutron fluence 
resulting from a thin neutron shield.7 Fortunately, 
in the recently developed cable-ln-conduit conductors 
(CICC), supercritical helium is forced through the 
conductor so that heat removal is large and predic
table. In addition, electromagnetic stability depends 
more on the heat capacity of helium than on the resis
tivity of copper, as with cryoatabillty, permitting 
about twice the current density. Because the neutron-
damage- Induced resistivity rise in the copper is of 
second-order importance, annealing of copper la 
unnecessary for stability, and further radiation 
tolerance of the magnet la achieved by ualng polylmlde 
insulators that can withstand more than 10 1 4 rads of 
neutron damage. 

Figure 3 shows the effects of high-energy neutron 
fluence on Nb,Sn conductors, both pure and modified. 
The samples tested were irradiated with 14.1 MeV 
neutrons at room temperature and tested at 4.2 K. The 
lower horizontal axis in Fig. 3 accounts for the 
"softer" shielded neutron-energy spectrum calculated 
for TIBER II. Initial increases in current density 
are explained by the damage giving rise to increased 
normal-state resistivity of the superconductors, 
resulting in an increase in the upper critical field. 
In the modified materials, the upper critical field 
has already been optimized by additions of a third 
element to increase the normal-state resistivity. 
Therefore, any further increase due to damage might be 
expected to be small. Eventually, at high fluence a 
decrease In performance is caused by a drop in cri
tical temperature with increased damage. For unmodi
fied Nb,Sn, the conductor will retain its performance 
beyond the 1 0 M n/cma fluence in TIBER II. Hodified 
Nb,Sn is useful for attaining the high-field perfor
mance in the center poloidal-field (FF) coils, where 
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Figure 2. Divertor configurations for TIBER II. 

Tiber (E > 0.1 MeV) neutron fluence (n/cm2) 
Figure 3. Critical current vs neutron fluence. Data 

were taken by using a 14.1 MeV neutron 
source. The lower horizontal axis accounts 
for the "softer" neutron energy spectrum 
expected in TIBER II. 



the high-field windings are essentially completely 
shielded by the TF system and the outer, lower-field 
turns. 

Stability in a CICC is obtained primarily from 
the enthalpy available in the internal helium over the 
temperature margin provided by operating the conductor 
at less than its critical current. As a result, there 
is no large penalty on stability as the conductivity 
of the copper is reduced by accumulated damage. How
ever, to protect the TIBER II magnets in the event of 
a quench, knowledge of copper resistivity vs damage is 
essential.* 

The central PF coil required a total current of 
18 MA, which can be achieved with a coil of 1.1 m 
inner diam X 1.9 m outer diam X 1.13 m height, having 
an average winding-pack current density of 40 A/mm 1. 
To achieve the required average winding-pack current 
density, conductor grading may be necessary as in 
Table 2. The first grade operates at 14 T. Sub
sequent grading steps were chosen at 11 T and 8.5 T 
for convenience (an integral number of layers per 
grade) and for a margin of improvement in overall cur
rent density beyond the previous higher field grade. 
All conductors have the same generic shape and cable 
pattern with adjustments made to external dimensions) 
conduit wall thickness} wire diameter; and fractions 
of conductor, copper, and helium to satisfy the re
quirements of the particular grade. All grades are 
connected in series and operate at the same current. 

The TF system produces 6 T at the plasma major 
radius of 3 m. The space requirements for the plasma, 
blanket, shield, etc., dictate that the TF coll have 
an opening of about 6 m on the vertical axis and 4 m 
on the horizontal axis. These and other electro
magnetic requirements can be met with a 16-coil set, 
an average current density of 40 A/mm*, and a maximum 
field of 12 T, as in Table 3. 

Structural Details 

Large forces on the coils, coupled with the re
quirement for simple assembly/disassembly procedures, 
place constraints on the structural design. Axial 
loads in the TF coils are mutually shared by the con
ductor sheath and the coll cases. The out-of-plane 
loads on the TF coils are supported by the coil cases 

TABLE 2 
Parameters for the pusher-coil winding pack 

Grade 
2 

Field B (T) 14 11 8.5 

Current density J (A/mm ) 66.4 69.0 76.3 

Conductor fraction 0.73 0.64 0.67 

Helium fraction 0.27 0.35 0.33 

Copper fraction 0.53 0.66 0.77 

Operating to critical 

0.58 0.53 0.55 

Bath temperature (K) 4.2 4.2 4.2 

Current sharing temp. (K) 6.4 7.5 8.0 

Stability parameter 0.09 0.16 0.14 

acting as a cylinder loaded in shear. These cases are 
connected together with a series of removable match-
machined pins, thereby providing the combined TF coil 
legs with the ability to resist shear loading. Addi
tional forces on the TF coil are carried by the coil 
case, an Intercoil structure at the top and bottom of 
the TF coils, and the structure connecting the large 
PF coils. Out-of-plane forces on the outside of the 
TF colls are transferred to the large PF coil 
structure, which includes the coils, their cases, and 
a structural fence that separates the coils. 

The entire cold structure (consisting of the 
coils, base plate, center post, and large PF coil 
structure) weighs approximately 1000 tonnes. It is 
supported by 16 plate columns, 1 ra high, that provide 
thermal isolation between the vacuum vessel and the 
cold magnet structure. These plate columns are thin 
at the ends, thus they have an elastic hinging action 
to allow for thermal contraction of the coil structure 
while providing position control of the magnet set. 

All of the active components of the machine are 
housed in a common vessel that is 13 ra in diam and 14 
m in height. This vessel provides the vacuum environ
ment for the plasma and acts as a dewar for the super
conducting magnets. To reduce the cryogenic heat 
load, the liquid-helium-cooled components are sur
rounded by liquid-nitrogen-cooled baffles. The mag
nets are all supported by a base plate and center 
post, both of which are cooled with liquid helium to 

TABLE 3 
Parameters for the TF coil winding pack 

Total current (MA) 

Current. 1 / I * op c 

5.6 
2 

Winding-pack cross s ec t ion (m ) 0,140 
_2 

Avg. winding-pack current density (A mm ) 40 

Number of turns 160 

Conductor current (KA) 35 
2 

Effective area of a turn (mm } 875 

Conductor + insulation (mm) 33.9 x 25.8 

Overall winding-pack material fractions 

Fraction of steel 0.37 

Fraction of insulation 0.05 

Fraction of conductor 0.33 

Fraction of helium 0,25 
2 

Conductor cable-space cross section (mm ) 508 

Fraction of ccductor in the cable space 0.57 

Fraction of copper in the conductor 0.57 

Number of cable strands 625 

Strand diameter (mm) 0.77 

Coil dump voltage (kV) 10 

Estimated maximum hot-spot temp. (K) 130 

Estimated maximum quench pressure (MPa) 30 
4 



simplify the cold-to-warm structure interfaces. 
Shielding and other internal components are supported 
by a separate warm structure attached to the sane 
foundation as the cold structure. 

Neutron Shielding and Tritium Breeding 

Because the rsdial dimension of the canter-post 
region of the tokamak determine* the overall size of 
the machine, the inboard neutron shield is minimized. 
About 0.5 m of high-performance shield with tungsten, 
steel* and various hydrides can limit the nuclear 
heating in the TP coils to about 5 mU/cm*. This 
heating is easily removed by either boiling or flowing 
helium. Cn the outboard section of the torus, the 
shielding thickness can be arbitrarily large, so that 
tritium breeding can be accomplished. Also, blanket 
test modules can be placed at the outboard equatorial 
plane. The remainder of the shield may be a cold, 
low-technology breeding region, such as steel with a 
lithium salt in the cooling water. With a beryllium 
neutron multiplier, it may be possible to be nearly 
tritium self-sufficient. 

Conclusion 

Several national and international conceptual-
design studies are in progress. Of these, TIBER II 
has the smallest radius but comparable performance. 
It does rrl have a large ignition margin but is 
capable of sustained steady-state burn because of 
current drive. The experimental basis for current 
drive must expand in the coming yeara to verify such a 
choice. 
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