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ABSTRACT 

Following the general description of OCLATOR (i), 
Hiore thoughts are presented here. It suggests that th e 

blanket may not be changed for the plant lifetime. Also 
ininiaturization of OCLATOR, especially if the ripple 
turbulence could be improved upon the presently set lihiit 
Vhich applies for a large number of ripples. 
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OCLATOR 

GENERAL DESCRIPTION II 

i 

The previous OCLATOR general description (called I) out
lined the concepts of the OCLATOR principle. There were 
further developments in the thinking of OCLATOF type toroidal 
reactors. A brief description will be given in this summary 
and more detailed descriptions are given in attached memos 
(presently #1—#7 ), Also suggested schedules to implement 
the reactor development are given here. 

1. OCLATOR as :i large, but simple reactor 

A conventional tokamak with a plasma-blanket-coil 
arrangement as in ETF/INTOR may end up with a convenient power 
plant with output in the vicinity of 1 to 2 GWe. The reactor 
of ETF/INTOR type, however, is bound to be complex and the 
dismantling/reassembly may require considerable cost and 
time. The OCLATOR is, by its nature, big, but yet because 
of its size, the accessibility is improved (Pig. 1). The 
blanket and shield could be so designed that the lifetime 
may be comparable to the normal power plant lifetime or they 
could be made from very normal material cutting down the 
cost (Memo #1). 



OCLATOR Description II -7-

In the future, better understanding of the ripple effect 
would probably lead to the less stringent requirements for 
low n mode ripples. Under these circumstances, somewhat 
smaller, hence lower total capital cost plant (not necessarily 
lower unit power cost) could be constructed (Memo #2). 

The magnetic field configuration could be made with low 
ripples. A numerical result (not yet completely optimized) 
is shown in Memo #3. It appears that with two ring conductors, 
ripples could be reduced to less than ±1%. More detailed 
optimizations, judicial choices, and use of magnetic material 
should greatly reduce the unwanted field ripples. In this 
regard the use of iron sand, scrap iron, and iron ore is 
indicated wherever the stray field length is less than 1 
tesla. 

Several variations are proposed in Memo #4. At the 
increased cost per unit power, smaller coils could be used 
for the experimentation. Especially before the full commercial 
reactor, "quartet" configuration could be utilized. 

For immediate experimental purposes, pulsed copper 
conductor coils may be used (Memo #5). It appears that the 
experiment could be carried out with the existing power 
supplies available in major laboratories. 

The divertor may not be needed for this system in view 
of the fact that the plasma volume is a tiny fraction of the 
vacuum chamber bordered by the blankets. Conventional flivertors 
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(both bundle and poloidal) could be designed and built into, 
if necessary (#6). 

Some more considerations about the system and siting 
were made. Locating power plants in remote areas with satellite 
energy-intensive chemical plants is indicated. (Memo #7) 

Yet to be written are memos about TF coil design, plasma 
scenario, and D, D plasmas. A brief description of how the 
plasma scenario could be organized is shown in Fig. 2. Near 
support stations, OH coils are located. Plasmas with large 
major radii are created there and translated and compressed 
to the cooking chamber. Neutral beam could be injected either 
at the location of OH coils or the location at the cooking 
chamber (as shown in Pig. 2). Both divertors and TSS.B. 
injectors could be moved. (The movement time may be as high 
as 24 hours.) The power supplies could be made common to all 
the tokamaks. 

The TF coil ring could be pulled by the support ring. Since 
the distance between the coil and the support ring is perhaps 
-30 m, the adequate thermal insulation could be provided to 
make the transition of support structures from big. He 
temperature to ambient temperature. 

Finally the suggested schedule for enacting this device 
is shown in Fig. 3. Since the tokamak itself is similar to 
TFTR/JT-60/JET, if these devices are successful, a small 
extrapolation is only necessary for OCLATOR. Translation/ 
compression have been experimented in ATC and the capability 
is not the necessary prerequisite for the reactor. We note 
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because of the common TF coil, EPR and DEMO could be built with 
short time interval between two. 

The structure problem associated with the ring coil 
should not be too difficult as to render this concept 
impossible. Mechanically and thermally this coil design 
should be less complex than conventional superconducting 
toroidal field coils. We note that ths poloidal field is 
almost always parallel to the TF coil current. 

Ref. 1. S. Yoshikawa, OCLATOR, PPPL-1632, 1980. 

* 
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FIGURE CAPTIONS 

Fig. 1. OCLATOR of permanently located blanket. 

Fig. 2. Enlargement of a section between two support stations. 
The plasma is formed near the OH coils and translated and 
compressed to the site where (in this case) the 
poloidal divertor is installed. 

Fig. 3. Suggested schedule for OCLATOR. The total cost using 
"quartet" concept should be between 5 to 10 billion 
dollars. 
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OCLATOR #1 

BLANKET AND SHIELD PESIGN 

If the blanket or shield need not be serviced during the 
plant life tir«e (which ror the sake of argument, set at 30 
years), then the problems associated with remote handling and 
assembly would be removed. On the other hand, looking for very 
specialized material to withstand large neutron doses ends up, 
most likely, a very expensive solution. The concept of OCLATOK 
hopefully will solve this problem by reducing the annual neutron 

2 dose to the blanket surface to the order of 0.4 Mw/m so that 
2 

for the plant lifetime total dose is approximately 10 Mw Y/ra 
It is hoped that very common material such as magnetic stainless 
steel, water (could be D_0), common lithium compound are only 
ingredients for the : 1anket, The more complex blanket is needed, 
of course, if one has to construct a hybrid reactor. By locat
ing the blanket farther away from the toroidal plasma, the 
temperature excursion in the blanket for non-steady tokamak 
operation may be reduced. The design of shield around the 
toroidal field coil requires more considerations. We shall 
discuss these in separate sections. 

1) Neutron loading 

The blanket configuration is shown ii Pig. 1. The 
blanket need not occupy the total volume as shown in Fig. 1. 
Especially near the support station, there will be some radia
tion barriers and access doors. So p-ssumably the blanket 
are?, may be 80% of the total area, which is 1ir2R. R c. The 
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location of burning toroidal plasma could be located along the 
TF coil. Hence, to the first order, we expect the blanket is 
uniformly exposed to neutron dose. 

Then the neutron dose would be given by 

4 
5 ™ f 

N ~ 4iri.0.8R R. C E> 

Here P is the thermal output of a toroidal D,T plasma, f is 
the duty factor, N is the averaga number of toruses. Suppose 
Pf = 2GW, N = 10, R = 150. Then ' c 

P N = ^ - Hw/m 
a 

2 So if R, = 1J m, P = 0.22 MW/m . Here even allowing for the 
2 

spatial variation of neutron loading, 0.4 Mw/tn could be 
achieved. We note that the instantaneous power load could be 
higher by a factor of up to 5. 

2) Temperature excursion of blanket 

The temperature variation in the blanket for non-steady 
tokamak will be discussed here. We assume a rather conservative 
example that the heat removal rate is constant in time, then 
the temperature excursion may be expressed as 

;'W T T„ 
&T(°c) = -4 ° B 

C J d K V TD 
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here yW is the wall loading (w ) multiplied by the factor, Y, 
due to nuclear reaction in the blanket. C T is 4.2 Joules/Cal. 
d is the e-folding depth of neutrons to the blanket, T D is the 
hurn time, T R is the down time, and K is the heat capacity of 

2 the blanket. We take \W at the pLasma surface 2tW/itt',. d = 25 cm, 
T,. = 200 sec, T^ = 50 sec, K = 1 Cal/cm3/deg. Then the tempera-
ture excursion of a blanket at the plasma surface will be ^>m!S°C. 

If the blanket wall radius, K., is increased, the temperature 
excursion will be reduced. If the neutron source is extended 
in the direction of toroidal major axis, the temperature 
excursion is 1/Rh, and if th«i neutron source is located at the 

2 2-1 toroidal minor axis, then AT* (R, - R ) . Both cases are b p 
shown in Fig. 2. The actual curve, which depends on (among 
other things) the property of TF coil shield, should lie between 
the two curves. 

3) TF coil shield design 

2 The neutron wall loading is probably 2Mw/m at the 
immediate vicinity of the plasma. The average dose, however, 
could be reduced by locating plasmas at different axial 
position. Hence the average power load, P , for the shield is 

~ PfN a 
P = 5 N 41^0.6K b o 

where a is the fraction of neutron bombarding on the shield 
where 60% of the shield surface is exposed to plasmas. Choosing 
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a = 22%, b = 3.5m, we get P^ = ^^|Z Mw/m2 =0.28 Mw/m2. 

Thus again the neutron loading could be low enough so that the 
shield could last 30 years. However, the thermal cycling 
probably necessitates the change in 15 years which are deemed 
not too difficult. 

The temperature excursion is expected to be about 
75°C with the constant cooling flow. It is hoped, however, 
by lowering the shield temperature, and aiming for simpler 
construction (small or no breeding), the lifetime of the shield 
could be prolonged. 

Ref. 1 See "OCLATOR" General Descriptions. 
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PIGURE CAPTIONS 

Fig. 1. Schematic drawing of blankets. 

Fig. 2. Graph of temperature excursions, 6T, vs the 
location of the blanket surtace. 
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OCLATOR #2 

RIPPLE EFFECTS 

In ETF workshop reports on ripple, there is a set of 
figures. These figures are very useful to arrive at the 
design of a conventional tokamak reactor. However, when the 
number cf ripples in the azimuthal directions is reduced to 
n = 1, 2,,..10, the simple criterion may not suffice. In fact 
even in the aforementioned report, an allowance was made for 
the local ripple produced by the bundle divertor. We shall 
here re-examine the underlying assumptions for ripple and 
bring an argument which suggests (but does not prove) that the 
ripple effect is important only if 

B" i £ "TIT ( 1> 
o n q 

where e is r/R, q = q(r) and r is the minor radius at the 
location of the magnetic surface and AB is the field ripple 
(peak to 0) at the location. The number of modes, n, has 
a strong impact on allowable ripple AB/B . 

Along the magnetic field line, the field variation will 
be given by 

B - B = f (<|>) = B £ cose + AB c ,^'n* + 5 ) (2} 

where 9 is the angle around the minor axis, <J is the angle 
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around the major axis, 6 is the arbitrary angle (0 < 6 < 2^) 
depending upon where the field line originates. (Fig. 1) £lso 

9 = | • (3) 

In qerieral q, £, AB, and B are functions of <j>, but for the 
first order approximation, we may let these quantities constant. 
Then the conditions that f ($) has more than one minimum and 
maximum (for arbitrary 6) is f'(0) should have more than 2 0's 
in 0 < * < 2Ttq. The condition is satisfied if 

B e , 
-|_ + AB n > 0 (4) 

or 
AB/B > E/n 2q 2 (5) 

recovering Eq. (1). 
Jf inequality (5) is not satisfied, there will be only one 

minimum that is there is no local trapping of particles. under 
that condition, the ripple loss due to the locally trapped 
particle disappears. Of course far any AB =j= 0, the azimuthal 
symmetry is violated. Hence canonical angular momentum is not 
conserved. Thus we no longer have iron-clad guarantees that a 
particle is absolutely trapped. However the reverse, that the 
particles (especially trapped particles by toroidal effect) 
will escape in rather fast pace, is not guaranteed. One may 
compare with the trapping of a particle in simple mirror geometry 
whose i/armor radius is comparable with the linear dimension tf>f 
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the mirror. The particle, whose orbit does not include the 
symmetric axis, is not necessarily lost from the mirror. More 
detailed calculation is necessary to follow the orbit of the 
particle under ripple and some numerical experiment must be 
conducted to estimate the loss for small field error Treverse 
of (5)] with the inclusion of collision. 

Short of these calculations, it appears to the author that 
if the inequality (5) is not satisfied, the ripple loss may 
not be severe. 

It is instructive to calculate the inequality (5). The 
result is given below: 

£ n q AB/B(%) Comment 

V 5 18 2 0 . 0 1 5 PLT 

1 /5 12 2 0 . 0 3 4 E T F - d e s i g n I 

1 /5 8 2 0 . 0 7 8 E T P - d e s i g n H 

1/4 2 2 1 . 5 6 OCLATOR 

TABLE 1. Allowable field ripple 

Incidentally the inequality (5) is the condition of having 
more than a single mirror closely placed near the maximum major 
radius. Therefore the effect of locally trapped particles may 
not be significant until AB/B exceeds the quantities of Table 1 
by a factor of 3 or so. 
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FIGURE CAPTION 

Fig. 1. variation of the magnetic field strength following 
a magnetic field lina. Both toroidal field and 
ripple variations, are shown. 
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CONDITION FOR RIPPLE TO CAUSE TRAPPING 

i 
Field Variation ( € « I) € = a / R 

f[<f>)z B o€Cos0 + AB Cos(ntf + S) 
= E0€Cos<£/q +ABCos{n<£ + 8) 

B 0<-Cos(^/q) 
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OCLATOR #3 
S. Yoshikawa and M. Pelovitz 

MAGNETIC FIELD CONFIGURATION 

A simple, single circular coil produces the field which 
is not ccmĉ jQl-cSc cixclas. In ordex to reduce the field 
ripple tQ less than 1%, perhaps the aspect ratio should be as 
high as 1.00 or more. But field configurations of a high aspect 
ratio coil could be made nearly concentric by applying a 
suitable verticpl field. Figure 1 shows the difference between 
simple field configuration of a circular coil, without and with 
a vertical field. in what follows we shall analytically 
calculate, two-dimensional straight conductor geometry and then 
present numerical results of realistic geometry of circular 
conductors. Finally, possible variations of the design by 
meetns of the use o£ magnetic state-sria2 such as iron c-rs, 

magnetic steel, etc., and the use of the ripple reducing coils 
to double up as bundle divertors will be discussed. 

1) Two dimensional, straight conductor configurations. 

In (x,y) coordinates, there are three pairs of straight 
(in the 2-direction) conductors located. They are symue.rically 
located atx--=-b = ± j b , ± •=• b, and ± b. Also y-0. The 
second pair, i.e. located at x = 0 and x = b is the equivalent 



mm*™.*--
OCLATOR #3 

-27-

of the circular toroidal field coils and the remaining two 
pairs carry current to adjust the field at x = 0, so that the 
ripple is minimized. By the symmetry, field ripple at x = b 
is also minimized. 

The current strength in order of increasing x is then 
(-a, 1, Y/ -Vi -l,ct)r where a and y are the positive numbers to 
be determined. The two dimensional magnetic surface functions 
are given by 

if = I -J- In T\ = -f In vl + I J l n r (1) 
j=l 3 2 2 j(*2) Z J 

with 

rj = (x-Xj)- + y% r^ H x^ + y z i r a . (2J 

Expanding near origin in \x/x.\ (j ̂  2), we get 

~f in r 2 + l' b. In X^ - x j ' h + { y2 _ x2, j' Ii_ 
3 2x_.-

2 3 V 1 I-i 5r 4 

+ (3xy - x J) i -K + 0 ((-^) ) • (3) 

Using a, y, the first order and second order in |x/x.| expansion 
can be eliminated if; 

8 (a + y) -~. 3 
} (4) 

128y = 32a + 9 

i. 
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or 

• - & ' - £ • 
The change in the magnetic surface away from circle 

near the origin is then given by 

A,- i o . I . 3 3 2 
£ = (x3 - 3xy2) I - L - 8.97 * - ^ -

x. b 
3 

3 
= 8.97 ̂ y cos38 . (6) 

b 
The field ripple is proportional to Ar/'r, so the field ripple 

3 3 
(maximum to average) is 8.97 fr /b ) . If we let r = 7.5 m 

(outer edge of plasma) and b = 150 m, then the ripple is 
1.12 x i o - 3 . 

2) Numerical calculation of circular geometry 

Numerical calculation with a vertical field applied is 
shown in Fig. 2. The field ripple is of the order of 1%. 

For removing the second moment, realistic geometry is 
constructed by using two additional rings located at R = 40 m, 
R = 150 m. The result is shown in Fig. 3. This roughly 
corresponds to the analytical result of the previous section. 
For practical application, the largest coil radius should be 
about 120 m. 
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3) Other ideas 

The location of ripple reducing coils could be varied for 
a practical reactor. A big, force-transfer coil of Fig., 2 of 
Ref. 1 is probably needed. But the third coil to reduce the 
second order ripple effect may be located clc .e to the TF coil 
and could be used as the coil for the bundle divertor. 

The field ripple could be corrected by means other than 
additional coils to the force-transfer coil. In fact by 
making the blanket magnetic as well as the use of iron sand for 
concrete etc., one should be able to provide adequate magnetic 
shielding to the reactor. In separate articles of OCLATOR 
memos, these considerations were used to minimize the size of 
OCLATOR so that EPR, DEMO, first commercial reactor could be 
produced for less total capital investment. 

Ref. 1. "OCLATOR" General Description I. 
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FIGURE CAPTIONS 

Fig* 1» Effects of vertical field to make the magnetic 
surface nearly concentric. (la) without vertical 
field, (lb) with vertical field. 

Fig. 2. (or Table 2). Table of field strengths for the 
case of Fig. lb. Radial and vertical field strength 
are shown as a function of position on a given 
magnetic surface. The magnitude of B and the 
deviation, (B-B)/B where B = (B + B . )/2 in 

max min 
% form is also shown, x corresponds to radial 
variable, R, and y corresponds to z in the text. 

Fig. 3. Partial optimization of field ripples for two 
outer rings shown in Pig. 3a. Currents are 
adjusted to make the liople minimum for the 
magnetic surface originating R = 69 m, z = 0 m. 
Table of field variations are also attached. In table 
x corresponds to R, y corresponds to a. 
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72.233 6.346 2.7115E-08 1.0620E-08 2 . 9 1 2 H - 0 8 - 2 . 1 3 
73.402 6.708 2.8383E-08 5.50J6E-09 2.8911E-08 - 2 . 8 3 
74.618 6.852 2.8963E-08 2.3619E-10 Z.B964E-C8 - 2 . 6 6 
75.839 6.772 2,8653£-08 -5 .0584E-09 2.9096E-08 - 2 . 2 1 
77.025 6.472 2.7471E-08 -1 .0234E-08 2.9315E-08 - 1 . 4 8 
78.139 5.965 2.5528E-08 -1 .5087E-08 2.9653E-08 - . 3 4 
79.116 5.268 2.2604E-0B -1 .9523E-08 2.9868E-08 . 3 8 
80.012 4.404 1.8932E-08 -2 .3403E-03 3.0102E-08 1.17 
80.712 3.400 1.4580E-O8 -2 .6585E-08 3.0320E-08 1.90 
81.222 2.287 9.6727E-09 -2 .8914E-08 3.0489E-08 2.47 
81.526 1.101 4.3886E-09 -3 .0271E-08 3.0588E-08 2.80 
81.614 - . 1 1 9 -1 .0656E-09 -3.C592E-08 3.0610E-08 2.88 
61.484 -1 .336 -6.477PE-09 -2 .9861E-03 3.O556E-08 2,69 
81.139 - 2 . 5 1 1 -1.1637E-08 -2 .8113E-08 3.0426E-08 2.26 
80.591 -3 .605 -1.6343E-08 -2 .5434E-08 3.0232E-08 1.61 
79.858 -4 .585 -2.C43EE-08 -2 .1962E-08 3.0001E-08 . 8 3 
78.962 -5 .419 -2.3P22E-08 -1 .7852E-08 2.9769F-08 . 0 5 
77.932 - 6 . 0 8 1 -2 .6136E-08 -1 .3238E-08 2.9565E-C9 - . 6 4 
76.802 -6 .550 -2 .6006E-08 -8.2505E-C9 2.9196E-08 - 1 . 8 8 
75.606 -6 .809 -2 .6861E-08 -3 .0154E-09 2.9018E-08 - 2 . 4 8 
71.383 -6 .647 - 2 . 8 8 2 2 f - 0 6 2.2770E-09 2.B912E-08 - 2 . 8 3 
73.173 - 6 . 6 6 1 -2.7912E-OB 7.4872E-09 2.8899E-08 - 2 . 8 8 
72.017 -6.2E9 -2.6301E-08 1.2468E-08 2.9107E-08 - 2 . 1 8 
70.952 -5 .656 -2 .37116-08 1.7012E-08 2.9183E-08 - 1 , 9 2 
70.011 -1 .873 -2 .0392F-08 2.10545-08 2.9311E-08 - 1 . 4 9 
6 9.225 -3 .935 -1 .6410E-08 2.4468E-08 2.9462E-08 - . 9 8 
68.617 -2 .872 -1 .1865E-08 2.7119E-08 2.9601E-08 - . 5 2 
68.208 -1 .719 -6 .9003E-09 2.P89CE-0S 2.9703F-08 - . 1 7 
66.009 - . 5 1 1 -1.6896E-Q9 2 .9702E-0* 2.9750E-08 - . 0 1 



X Y B-RAO B-VER B-NET 
69.0*15 .733 5.0043E-09 3.4450E-OB 3.4811E-08 
69 .321 1.925 1.1946E-0B 3.25nOF-08 3.4701F-08 
69.836 3.035 1.8295E-08 2.9256E-08 3.45O6E-08 
70.569 4 .015 2.37456-08 2.4701E-08 3.4263E-08 
71.487 4 .824 2.B122E-08 1.9199E-08 3.4050E-08 
72.551 5.427 3.12196-08 1.Z939E-08 3.3793F-08 
73.717 5.799 3.3087E-08 6.0787E-09 3.3640E-08 
74.934 5.917 3.3628E-08 -9 .9989E-10 3.3643E-08 
76.1«9 5.777 3.2754E-08 -8 .0420E-09 3.3727E-08 
77.309 5.386 3.G590E-08 -1 .4757E-08 3.3963£-08 
78.364 4 .767 2.6991E-08 -Z .0812E-08 3.4083E-08 
79.267 3.942 2.2245E-08 -2 .6052E-08 3.4257E-08 
79.982 2.949 1.6519E-08 -3.0214E-O8 3.4435E-08 
R0.476 1.830 1.0014E-08 -3 .3100E-0B 3.4581E=0B 
BO.734 .634 3.0127E-09 -3 .4526E-08 3.4658E-08 
80.738 - . 5 6 9 -4 .1393E-09 -3 .4401E-08 3.4649E-08 
80.492 - 1 . 7 8 8 -1 .1082E-08 -3 .2732E-08 3.4557E-08 
80.005 - 2 . 9 1 0 -1 .7475E-08 -2 .9630E-08 3.4399F-08 
79.299 - 3 . 9 0 9 •2.3054E-O8 -2 .5284E-0P 3.4216E-08 
78.402 - 4 . 7 4 1 -2 .7757E-08 -1 .9883E-0B 3.4144E-08 
77.352 - 5 . 3 6 9 -3.0951E-O8 -1 .3740E-08 3.3863E-08 
76.196 - 5 . 7 7 0 -3 .2963E-08 -6 .9532E-09 3.3688E-08 
74.982 - 5 . 9 2 0 -3 .3612E-0e 1.0302E-10 3.3613E-08 
73.76". - 5 .613 -3 .2850E-08 7.1521E-09 3.3619E-08 
72,595 - 5 . 4 J 2 -3 .0907E-08 1.3958E-08 3.3913E-08 
71.525 - 4 . 8 6 ' -2 .7498E-08 2 .006Pf -08 3.4Q4ZE-08 
70.60C -4 .05P -2 .2959E-08 2.5430E-08 3.4261E-08 
69.851? - 3 . 0 8 5 -1 .7369E-06 2.9804F-08 3.4496E-06 
65.332 - l . ? f rC -1 .0925E-08 3.2910E-08 3.4676E-08 
69.044 - . 7 9 1 -3 .9440f . -09 3.4545F-08 3.4769E-08 

http://-3.9440f.-09


<'p*^--' 

X Y B-RAD R-VER B-NET X DIF 
70.05* .7 33 7.07621-09 4.0741E-08 4.1351E-08 1.64 
7 0 . 3 d l . ' J l l 1.6733F-08 3.7612E-0B 4.1166E-08 i . i e 
70.966 2.973 2 .M96E-06 3.22006-08 4.08B7E-08 . 5 0 
71.830 3.857 3.2067E-08 2.4962E-08 4.0653E-08 - . 0 8 
72 .e t5 4.508 3.6909E-08 1.619BE-08 4.0307E-08 - . 9 3 
74.026 4.686 3.96196-08 6.5810E-09 4.01626-08 - 1 . 2 9 
75.247 4.964 3.9929E-08 -3 .4293E-09 4.0076E-06 - 1 . 5 0 
76.449 4,738 3.78151-08 -1 .3188E-08 4.0049E-08 - 1 . 5 6 
77.557 4.223 3.3615E-08 -2 .21266-08 4.0243F.-08 - 1 . 0 9 
78.507 3.453 2.7245F-08 -2 .9694E-08 4.0299E-08 - . 9 5 
79.241 2.476 1.93136-08 -3 .55456-08 4.0453E-08 - . 5 7 
79.716 1.349 1.0098E-08 -3 .9325E-08 4.06006-08 - . 2 1 
79.901 .141 1.7573E-10 -4 .0648E-08 4.0646E-08 - . 0 9 
79.766 -1 .076 -9.7559E-09 -3 .9408E-08 4.0598E-08 - . 2 1 
79.376 -2 .228 -1.9002E-08 -3 .5707E-08 4.0446E-08 - . 5 6 
78.698 -3 .246 -2.6976E-08 -2 .99216-08 4.0286E-08 - . 9 8 
77.794 -4 .069 -3.3396E-08 -2 .24166-08 4.0221E-08 - 1 . 1 4 
76.717 -4 .647 -3.7664E-08 -1.3526E-08 4.0020E-08 -1 .64 
75.531 -4 .943 -3.9658E-08 -3 .8029E-09 4.0039E-08 - 1 . 5 9 
74.309 - 4 . 9 3 6 -3.9635E-08 6.189'<E-09 4.0116E-08 - 1 . 4 0 
73.126 -4 .626 -3.7015E-08 1.5808E-08 4.0249E-08 - 1 . 0 7 
72.055 -4 .036 -3.2290E-06 2.4597E-08 4.0591E-08 - . 2 3 
71.160 -3 .205 -2.5487E-06 3.18816-08 4.0816E-08 . 3 2 
70.494 - 2 . 1 6 0 -1.7105E-08 3.7359E-08 4.1069E-08 . 9 9 
70.096 -1 .024 -7 .52096-09 4.05836.-08 4.1274E-08 1.45 

« 



H 

X Y 9-RAD p-VER P-NFT T, OIF 
71.066 .731 1 . 1 0 5 U - 0 8 5.0358E-08 5.1752E-08 2.27 
71.47' . 1.882 2.56736-08 4.4399E-0R 5 .1287r -08 1.35 
72.208 2,858 3.7215E-08 3.4530E-03 5.0767E-OS . 3 2 
73.198 3.573 4.5516E-08 2.1428E-03 S.0308E-C8 - . 5 9 
74.356 3.951 4.95e6E-08 6.4984E-09 5.0010E-08 - 1 . 1 7 
75.579 3.959 4.8952E-08 -8 .8063E-09 4.9738E-06 - 1 . 7 1 
76.744 3.596 4.3754E-08 -2 .3242E-08 4.9544E-08 - 2 . 1 0 
77.743 2.804 3.471BE-C8 -3 .5273E-03 4.9493E-08 - 2 . 2 0 
78.490 1.926 2.2877E-08 -4 .4157E-08 4.9732F-08 - 1 . 7 3 
78.913 .783 8.3584E-09 -4 .9201E-Q8 4.9906E-Q8 - 1 . 3 8 
7B.967 - . 4 3 7 -6 .9659E-09 -4 .9412E-08 4.9901E-08 - 1 . 3 9 
78.648 - 1 . 6 1 5 -J .1633E-08 -4 .48C0E-08 4.9749E-08 - 1 . 6 9 
77.986 -2 .642 -3 .3721E-08 -3 .6179E-08 4.9457F-0S - 2 . 2 7 
77.054 - 3 . 4 2 9 -4 .3026E-08 -2 .4470E-08 4.9498E-0B - 2 . 1 9 
75.926 - 3 . 8 9 6 -4 .8606E-08 -1 .0196E-08 4.9664E-08 - 1 . 8 6 
74,710 -3 .997 -4 .9668E-08 5.0402E-09 4.9923E-08 - 1 . 3 5 
73.520 - 3 . 7 2 5 -4 .6036E-08 2.0O18E-08 5.0201E-08 - . 8 0 
72.470 -3 .103 -3.B139F-08 3.3369F-08 5.0676F-0? . 1 4 
71.653 - 2 . 1 9 5 -2 .6909E-08 4.3465E-08 5.1120E-08 1.02 
71.142 - 1 . 0 8 6 -1 .2599E-08 5.CO61E-08 5.1622E-08 2.01 

t 

3 
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r Y R-R40 P-VE« B-NET r. O I F • 
4 7 . 0 3 7 . 7 3 * 2 . S 4 1 7 E - 0 9 2 . 5 1 4 1 E - 0 9 2 . 5 3 1 3 E - 0 8 - 3 . 8 3 
6 7 . 2 6 0 1 . 9 3 6 7 . 0 8 9 8 E - 0 9 2 . 4 4 4 0 E - 0 8 Z . 5 4 4 B E - 0 8 - 3 . 3 2 
6 7 . 6 7 7 3 . 0 8 9 1 . 1 0 6 1 E - 0 8 Z . 3 1 5 3 E - 0 8 Z . 5 6 5 9 F - 0 P - 2 . 5 Z 
6 6 . 2 7 5 4 . 1 5 7 1 . 4 7 5 4 E - 0 B 2 . 1 Z 8 6 F - 0 8 2 . 5 8 9 9 F - 0 8 - 1 . 6 1 
6 9 . 0 3 5 5 . 1 1 7 1 . 8 0 7 1 E - D 8 1 . P S 6 5 E - 0 8 2 . 6 1 2 3 E - 0 8 - . 7 5 
6 9 . 9 3 6 5 . " 4 6 2 . 0 9 2 9 E - O 8 1 . 5 9 3 6 E - 0 8 2 . 6 3 0 6 F - 0 8 - . 0 6 
7 0 . 9 5 5 6 . 6 2 6 Z . 3 2 6 1 E - 0 8 1 . 2 5 6 4 E - 0 3 2 . 6 4 3 7 E - 0 & . 4 4 
7 2 . 0 6 6 7 . 1 3 9 2 .5012E-OB B . 8 2 4 5 E - 0 9 Z . 6 5 2 3 F - 0 8 . 7 6 
7 3 . 2 4 4 7 . 4 7 3 2 . 5 9 4 6 E - 0 8 4 . 7 6 3 0 E - 0 9 2 . 6 3 7 9 E - 0 8 . 2 2 
7 4 . 4 6 C 7 . 6 1 * 2 . 6 3 8 7 E - 0 6 5 . 6 6 2 1 E - 1 0 2 . 6 3 9 3 F - C B . 2 7 
7 5 . 6 1 3 7 . 5 6 3 2 . 6 1 6 9 E - 0 B - 2 . 6 7 9 4 E - 0 9 Z . 6 4 2 7 E - 0 8 . 4 0 
76.BB2 7 . 3 1 " , Z . 5 3 0 9 E - 0 8 - 7 , B 6 7 * f - 0 9 2 . 6 5 0 4 E - O 8 . 6 9 
7 5 . 0 2 6 6 .e7« 2 . 3 9 3 6 c - 0 8 - l i i e 6 0 t - 0 8 2 . 6 7 1 3 E - 0 8 1 . 4 9 
7 9 . 0 6 5 6 . 2 6 ' 2 . X 7 8 7 E - 0 6 - l . E 5 9 6 i - C 8 2 . 6 7 9 S F - 0 8 l .BO '• 
6 0 . 0 3 2 5 . I P * 1 .90e3E-OP - 1 . P 9 7 3 E - 0 8 Z . 6 9 1 0 E - 0 B 2 . 2 3 i. 
B0 .S43 4 . 5 7 1 1 . 5 8 7 3 E - 0 P - 2 . 1 B 9 7 c - o q 2 . 7 0 4 4 F - 0 8 2 . 7 5 1 
B1.496 3 .536 1 . 2 2 1 P E - 0 8 - 2 . 4 2 7 7 S - Q B 2 . 7 1 7 8 E - 0 8 3 . 2 5 
8 1 . 9 7 5 2 . * 0 « 8 . 2 0 5 7 E - 0 9 - 2 . 6 0 Z 5 E - 0 8 2 . 7 2 8 8 F - 0 P 3 . 6 7 j 
CZ .267 1 . 2 2 0 3 . 9 4 P 3 E - 0 9 - 2 . 7 C 7 1 E - 0 8 Z . 7 3 5 8 E - 0 8 3 . 9 4 ) 
F 2 . 3 6 5 - . 0 0 0 - 4 . 2 B 0 7 E - 1 0 - 2 . 7 3 7 5 E - 0 S 2 . 7 3 7 8 F - 0 8 4 . 0 1 I 
8 Z . 2 6 7 - 1 . 2 2 1 T 4 . 7 9 1 0 E - C 0 - 2 . 6 9 2 3 E - 0 B 2 . 7 3 4 6 E - 0 P 3 , 8 9 I 
P I . 0 7 5 - 2 . 4 1 0 - 9 . C 0 9 0 F - C C - 2 . 5 7 3 5 5 - 0 8 2 . 7 2 6 6 E - 0 8 3 . 5 0 i 
?x.*<;7 - 3 . 5 3 7 - 1 . 2 9 5 F = - D F - : . 3 B 5 t F - C 8 2 . 7 1 4 8 E - 0 P 3 . 1 4 
?C.?45 - 4 . 5 7 2 - 1 . 6 5 2 9 F - C P - 2 . 1 3 6 3 F - 0 B Z . 7 0 1 1 E - 0 e 2 . 6 2 u 
• . . u 3 « - i . 4 S C - 1 . 9 b ' 3 £ - c e - ; . F 3 « 5 f - 0 8 2 . 6 B 7 7 E - 0 8 2 . U f 
7 9 . 0 6 7 - 6 . 2 * 6 - 2 . 2 2 3 9 E - C 8 - 1 . 4 8 9 5 F - 0 8 2 . 6 7 6 6 E - 0 B 1 . 6 9 ; 
7 8 . 0 2 ? - i . f c C - 2 . 4 2 7 3 E - 0 P - 1 . 1 0 9 P F - 0 8 2 . 6 6 9 0 J - 0 B l . ' O 
7 6 . B " 5 - 7 . 3 1 8 - 2 . 5 5 0 7 E - C ? - 7 . 0 6 7 8 ^ - 0 9 2 . 6 4 6 8 F - 0 E . 5 i .; 
75 .6P6 - 7 . 5 6 7 - 2 . 6 2 4 7 E - C P - 2 . B 6 3 7 E r - 0 9 2 . 6 4 0 3 F - C B • 3 i ; 
7<, .463 - 7 . 6 2 , 1 - 2 . 6 3 3 6 E - C B 1 . 3 7 5 2 E - 0 9 2 . 6 3 7 2 E - 0 B . 1 9 ;! 
7 3 . 2 4 7 - 7 . 4 7 * - 2 . 5 7 7 4 E - 0 8 5 . 5 4 5 5 E - 0 9 2 . 6 3 6 4 E - 0 8 . ] * • 
7 2 . 0 6 9 - 7 . 1 4 6 - 2 . 4 7 0 7 E - O 8 9 . 5 5 1 2 e - 0 9 2 . 6 4 8 9 E - 0 B . 6 4 
7 0 . 9 5 7 - 6 . 6 3 * - 2 . 2 8 4 5 E - 0 B 1 . 3 2 2 1 E r 0 R 2 . .6394F-CP .2P 
6 9 . 9 3 7 - 5 . 9 5 6 - 2 . 0 4 1 2 E - O B 1 . 6 5 0 7 E - 0 B 2 . 6 2 5 1 E - 0 e - . 2 7 
6 9 . 0 3 5 - 5 . 1 2 8 - 1 . 7 4 6 6 E - C 8 1 . 9 3 3 8 E - 0 » Z . 6 C 5 e E - 0 P - 1 . 0 0 
6 6 . 2 7 4 - 4 . 1 6 9 - 1 . 4 0 7 B E - O B 2 . 1 6 5 Z E - 0 8 2 . 5 8 2 6 f - 0 E - l . P B 
6 7 . 6 7 4 - 3 . 1 0 2 - 1 . 0 3 3 3 F - O B 2 . 3 4 0 7 E - 0 8 2 . 5 5 8 6 E - 0 8 - 2 . 7 9 i 
6 7 . 2 5 * - 1 . 9 5 2 - 6 . 3 Z 9 Z E - 0 9 2 . 4 5 8 2 E - 0 8 2 . 5 3 8 3 6 - 0 8 - 3 . 5 6 j 

- 4 . 0 1 j 6 7 . 0 2 8 - . 7 4 9 - 2 . 1 6 9 4 E - 0 9 Z . 5 1 7 Z E - 0 8 Z . 5 2 6 5 E - 0 8 
- 3 . 5 6 j 
- 4 . 0 1 j 



X 1 F-R&D E>-VE« B-MET * 01F 
6 6 . 0 4 1 . 7 3 * 3 . 7 8 7 1 E - 0 9 2 . 8 9 7 4 J - 0 8 2 . 9 2 2 0 E - 0 8 - 2 . 0 2 
6 6 . 2 9 0 1 . 9 3 2 9 . 0 9 7 0 E - 0 9 2 . 7 8 8 6 E - 0 8 2 . 9 3 3 2 E - 0 8 - 1 . 6 * 
6 8 . 7 5 * 3 . 0 6 5 1 . 4 1 0 3 6 - 0 8 2 . 5 O 0 7 E - O 8 2 . 9 4 9 7 E - 0 8 - 1 . 0 9 
6 9 . 4 1 5 4 . 0 9 4 1 . 8 6 3 2 E - 0 8 2 . 3 0 8 7 F - 0 8 2 . O 6 6 7 E - 0 8 - . 5 2 
7 0 . 2 5 C 4 . 9 8 S 2 . 2 5 3 4 E - Q 6 1 . 9 5 1 2 E - 0 8 2 . 9 8 0 7 E - 0 8 - . 0 5 
7 1 . 2 3 0 5 . 7 2 3 2 . 5 7 0 1 E - O 8 1 . 5 2 9 5 E - 0 8 2 . 9 O 0 8 E - C 8 . 2 9 
7 2 . 3 2 * 6 . 2 7 2 2 . 8 0 5 3 F - O 8 1 . 0 5 5 4 S - O 8 2 . 9 9 7 3 E - 0 S . 5 1 
7 3 . 4 9 7 6 . 6 2 1 2 . 9 2 9 2 E - 0 * " 5 . 3 5 1 4 E - 0 9 2 . 9 7 7 7 E - 0 8 - . 1 5 
7 * . 7 1 * 6 . 7 5 2 2 . 9 7 6 6 E - 0 8 - 1 . 7 8 3 7 E - 1 1 2 . 9 7 6 6 E - 0 8 - . 1 8 
7 5 . 9 3 5 6 .6C2 2 . 9 2 7 9 E - 0 8 - 5 . 4 1 2 3 E - 0 9 i . 9 7 7 5 E - 0 e - . 1 6 
7 7 . 1 1 ? 6 . 3 5 2 2 . 7 8 e 4 E - 0 8 - 1 . 0 6 5 8 E - O B 2 . 9 8 5 I E - 0 8 . 1 0 
7 8 . 2 2 8 5 .P35 2 . 5 6 8 0 E - 0 6 - 1 . 5 5 3 5 E - 0 8 3 . 0 0 1 3 E - 0 8 . 6 4 
7 9 . 2 2 6 5 . 1 2 7 2 . 2 5 1 7 £ - 0 8 - 1 . 9 9 I 2 F - 0 9 3 . 0 0 8 5 E - O 8 . 6 8 
E Q . O H 4 . 2 5 1 1 . B 6 2 Z E - 0 8 - 2 . 3 7 7 4 E - 0 8 3 . 0 1 9 9 E - 0 8 1 . 2 7 
P 0 . 7 6 3 3 . 2 3 5 1 .4079F-O?. - Z « 6 ' i 5 . a T - 0 3 3 . 0 3 2 4 E - 0 8 1 . 6 9 
e l . 2 5 1 2 . 1 1 3 9 . D 1 8 3 E - 0 Q - E . 9 0 5 ° F - 0 8 3 . 0 4 2 6 E - 0 8 2 . 0 3 
8 1 . 5 2 8 . 9 2 0 3 . 6 2 3 8 5 - 0 9 - 3 . 0 2 6 B E - 0 9 3 . 0 4 8 4 F - 0 8 2 . 2 2 
? 1 . 5 8 4 - . 3 0 2 - 1 . 9 0 3 6 E - 0 9 - 3 . 0 4 3 1 E - 0 8 3 . 0 4 9 1 E - 0 8 2 . 2 4 
S I . 4 1 9 - 1 . 5 1 5 - 7 . 3 6 0 4 E - 0 9 - 2 . O 5 4 3 E - 0 8 3 . 0 4 4 6 F - 0 " 2 . 0 9 
e t . 0 3 7 - 2 . 6 7 6 - 1 . 2 5 4 4 E - 0 8 - 2 . 7 6 4 1 E - C 8 3 . 0 3 5 4 E - 0 6 1 . 7 9 
e o . 4 5 i - 3 . 7 5 2 - 1 . 7 2 6 3 t - 0 ? - 7 . 4 e i P = - 0 f l 3 . 0 2 3 1 E - 0 8 1 .37 
7 9 . 6 8 1 - 4 . 7 0 4 - C . 1 3 6 7 E - 0 6 - 2 . 1 2 1 1 ? - O e 3 . 0 1 0 7 E - C ! . 9 6 
7 6 . 7 5 2 - 5 . 5 0 1 - 2 . 4 7 6 1 P - 0 P - 1 . 6 9 6 « i : - 0 8 3 . 0 0 1 7 F - O P . 6 6 
- " . 6 9 * - i . m — 2 . 7 ? £Cr-O? - : . 2 2 1 6 E - 0 9 2 . 9 9 8 2 E - C 8 . 5 4 
7 6 . 5 4 5 - 6 . 5 3 5 - 2 . 8 9 1 2 E - 0 8 - 7 . 0 8 2 6 E - 0 9 2 . 9 7 6 7 E - 0 8 - . 1 8 
7 5 . 3 3 6 - 6 . 7 3 9 - 2 . 9 6 9 7 E - 0 9 - 1 . 7 2 1 6 E - 0 9 2 . 9 7 4 7 E - 0 B - . 2 5 
71V.114 - 6 . 7 2 0 - Z . 9 5 2 3 S - 0 3 3 . 6 6 S 7 ? - 0 O 2 . 9 7 5 0 E - 0 ? - . 2 4 
7 2 . 9 1 4 - 6 . * 3 2 - 2 . 8 4 2 9 F - 0 * ( = . 9 1 7 » ? - 0 9 2 . 0 7 9 5 E - 0 > ' - . 0 * 
7 1 . 7 7 5 - 6 . 0 3 4 - 2 . 6 5 1 6 5 = - 0 8 1 . 3 8 ? ? E - 0 8 2 . 9 9 0 5 F - 0 e .26 
7C-.73Z - 5 . 1 9 2 - 2 . 3 6 0 3 F - 0 8 1 . 8 2 1 4 E - C 8 Z . 9 8 1 4 E - C 8 - . 0 2 
6 5 . 9 1 9 - 4 . 5 7 P - 1 . 9 9 3 1 E - 0 9 2 . 1 9 O 7 E - 0 8 2 . 9 6 P 4 F - 0 8 - . 4 6 
6 ° . 0 6 4 - 3 . 6 1 4 - 1 . 5 5 9 7 E - 0 8 2 . 5 0 6 1 E - 0 8 2 . 9 5 1 8 F - 0 P - ! . D 2 
6 6 . 4 9 5 - 2 . 5 3 0 - 1 . 0 7 3 6 E - 0 8 2 . 7 3 0 9 E - 0 8 2 . 9 3 4 3 F - 0 8 - 1 . 6 0 
f .B .133 - 1 . 3 6 1 - S . 5 1 7 3 F - 0 9 2 . 8 6 8 0 E - 0 9 2 . 9 2 0 6 E - 0 R - 2 . 0 6 
6 7 . 9 0 2 - . 1 4 6 - 1 . 1 7 6 7 5 - 1 0 2 . 9 1 5 2 E - 0 9 2 . 9 1 5 2 F - 0 8 - 2 . 2 4 



X >; R-RAD B-VER a-NET 
6 9 . 0 * 7 . 7 3 3 5 . P 9 8 P E - 0 9 3 . 3 9 8 9 5 - 0 9 3 . 4 3 6 9 E - 0 8 
6 9 . 3 3 1 1 . "23 1 . 2 1 6 7 E - 0 8 3 , 2 2 1 6 5 - 0 6 3 . 4 4 * * 6 - 0 8 
69 .8SO 3.0 . :7 1 .B700E-08 2 . 9 0 2 6 E - 0 8 3 . 4 5 2 8 F - 0 8 
7 0 . 6 0 J 3 . 9 9 6 2 . 4 3 1 4 E - 0 8 2 . 4 5 8 4 E - 0 8 3 . 4 5 7 7 E - 0 B 
.71 .534 4 . 7 9 2 2 .BB23E-06 1 . 9 1 4 1 E - 0 8 3 . 4 6 0 0 E - 0 8 
7 2 . 6 0 5 5 . 363 3 . 1 9 7 4 E - 0 8 1 . 2 8 6 4 5 - 0 S 3 . 4 4 6 4 E - 0 8 
7 3 . 7 7 5 5 . 7 * 4 3 . 3 8 5 0 6 - 0 8 5 . 9 3 5 2 F - C 9 3 . 4 3 6 6 E - 0 8 
7 * . 9 9 3 5.BS3 3 . 4 Z 8 6 E - 0 B - 1 . 2 3 9 1 E - 0 9 3 . 4 3 0 8 6 - 0 8 
7 6 . 2 0 8 5 . 7 0 6 3 .322BE-0B - 8 . 3 6 5 1 E - 0 9 3 . 4 2 6 5 E - 0 8 
7 7 . 3 6 * 5 .30F 3 . 0 8 8 4 E - 0 8 - 1 . 5 1 1 6 E - 0 8 3 . 4 3 8 4 E - 0 8 
7 8 . 4 1 4 4 . 6 6 0 . 2 . 7 0 0 * E - O e - 2 . 1 1 7 Z E - 0 8 3 .4314E-OB 
7 9 . 3 1 C 3 . B * T 2 . 2 O 3 5 E - 0 6 - 2 . S 3 S * F - v ) 9 3 . 4 3 5 2 E - 0 8 
eo.cis 2 . 8 4 i 1 . H 2 0 E - 0 B - 3 . C 4 1 9 E - 0 8 3 . 4 4 2 6 6 - 0 8 
SO . 4 »3 1 .720 O . 4 6 9 9 E - 0 9 - 3 . 3 1 7 7 E - 0 B 3 . 4 5 0 2 E - 0 8 
8 0 . 7 2 9 . 5 2 0 Z . 3 6 7 3 E - 0 9 - 3 . 4 4 6 1 E - C B 3 . 4 5 4 2 E - 0 8 
" 0 . 7 1 0 - . 7 0 ? - 4 . 8 * 8 * E - 0 9 - 3 . 4 1 9 0 r - 0 9 3 . 4 5 3 2 E - 0 8 
CO.437 - 1 . 6 9 6 - 1 . 1 8 2 9 E - 0 8 - 3 . 2 3 B O E - 0 8 3 . 4 4 7 3 E - 0 8 
7 9 . = 2 3 - 3 . 0 0 6 - 1 . F 2 4 9 E - 9 8 - 2 . 9 1 4 7 t - 0 8 3 . 4 3 8 9 E - 0 R 
7 9 . 1 8 9 - 3 . 9 8 * - 2 . 3 3 E 3 E - 0 P - 2 . 4 6 7 7 E - 0 8 3 . 4 3 2 1 E - 0 B 
7 9 . 2 6 8 - 4 . 7 9 0 - ? , B4iC = -()R - l . ° 1 5 i f - 0 B 3 . 4 2 9 4 E - 0 8 
7 7 . 1 9 9 - 5 . 3 5 ! : - 3 . 1 7 3 9 F - 0 B - l . 2 9 f . 3 E . - C f 3 . 4 2 4 6 E - 0 B 
7 6 . Q 3 1 - 5 . 7 4 7 - 3 . 3 7 3 3 E - 0 B - 5 . 6 4 3 « = - 0 9 3 .4Z53E-CB 
• ; • • . " i * - 5 . 8 5 7 -Z.<,2T>.z-09 i.rr20=-o<> 3 . 4 3 0 0 E - 0 8 
7 3 . 5 9 8 - 5 . 7 1 1 - 3 . 3 3 2 9 F - 0 8 8 . 3 3 0 8 E - 0 9 3 . 4 3 5 4 E - 0 P 
7 2 . 4 * 0 - 5 . 3 1 7 - 3 . 1 1 1 6 E - 0 8 1 . 5 0 9 1 E - 0 8 3 . 4 5 9 Z E - 0 8 
7 1 . 3 0 6 - 4 . 6 9 4 - Z . 7 3 9 5 E - 0 8 2 . 1 0 5 9 E - Q 8 3 . 4 5 5 4 F - 0 * 
7 0 . 4 » 1 - 3 . 5 7 2 - Z . 2 5 C 7 E - 0 8 2 . 6 1 7 6 E - 0 8 3 . 4 5 2 2 6 - C B 
6 9 . 7 t 3 - 2 . B R 1 - 1 . 5 5 7 2 E - 0 6 3 .C2DBF-08 3 . 4 4 5 5 E - C 8 
£ 9 . 2 6 6 - 1 . 7 6 2 - 9 . B 4 4 0 E - 0 9 3 . 2 9 Z 3 E - 0 8 3 . 4 3 6 3 E - 0 ? 
6 9 . 0 1 8 - . 5 6 5 - 2 . 6 6 2 1 E - 0 9 3 . * 1 9 6 f - 0 9 3 . 4 3 0 0 E - 0 6 
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X Y 8-RAO B-VrR 8-NET 
70.055 .733 7.1635E-09 4.0384E-08 4.1015E-08 
70.389 1 .90 * 1.6956E-08 3.73S2E-08 4.1020E-08 
71.002 2.966 2.5579E-08 3.2056E-08 4.1011E-08 
71.855 3 .8*2 3.2617E-06 2.4S95E-08 4.1032E-08 
72 .6 °5 4.484 3.7532E-08 1.6129F-08 4.0651E-08 
74 .061 4.8S<> 4.02426-08 6.44501-09 4.0755C-08 
75.281 4.926 4.0443E-08 - 3 . 6 5 2 8 £ - 0 9 4.O6O8E-08 
76.*ei 4.695 3.S134E-08 -1 .3472E-08 4.0444E-08 
77.588 4*175 3.3703E-08 -2.242OE-08 4.0479E-08 
78.533 3.400 Z.7115E-08 -2 .99286 -08 4.0385F-08 
79.260 2.417 1.9001E-08 -3 .5682E-08 4.0426E-O8 
79.725 1.286 9.6477E-09 -3 .9332E-08 4.0498E-08 
79.896 .076 -3 .5812E-10 -4 .0517E-06 4.051fE-0? 
79.763 - 1 . 1 3 " -1 .0338E-08 -3 .9147F-08 4,O4fl«E-0fi 
79.334 - 2 . 2 8 * -1 .9613E-08 -3.533OE-08 4.0408E-08 
78.638 - 3 . 2 8 9 -2 .7619E-08 -E.O444E-08 4.0370E-08 
77.717 - 4 . 0 9 3 -3 .40766-08 -Z .1824E-08 4.0465E-08 
76.628 - 4 . 6 4 8 -3 .8344E-08 -1.2809E-O8 4.0427E-0? 
75.436 - 4 . 9 1 7 -4 .0474E-08 -2 .9641E-09 4.0583E-C8 
7 4 . 2 1 * - 4 . 885 -4.0097E-Oe 7.1097=-09 4,07225-05 
73.037 -4 .553 -3 .7230E-08 1.6725E-C8 4.O814E-0P 
71.577 -3 .944 -3.2173E-0? J.5376E-0? 4.0976F-0B 
71.096 - 3 . 0 5 7 -2 .5040E-06 3.240ZE-O8 4.0950E-08 
? " , v. i •• -2.D6C -1.6351E-0P 3 .7^475-0? 4.0953E-08 
7<J.C74 - . 8 9 6 -6 .53e9E-09 * .C414E-08 4.0940E-08 



X Y »-RAD tt-VER B-NET Z PIF 
71.06P .731 1.1129S-06 5.0296^-08 5.1513E-0B 1.96 
71.479 1.880 2.5886E-08 4.4231F-08 5.1249E-08 1.43 
72.219 2.652 3.7573f-08 3.4454---08 5.0979E-OB . 9 0 
73.212 3.561 4.5993E-0P 2.1363E-08 5.0712E-08 . 3 7 
74.375 3.035 5.0073b-0e t .3724E-09 5.0476E-OB - . 1 0 
75.595 3.939 4.9318E-OS -Q.0G70E-O9 5.C133E-08 - . 7 7 
76.760. 3.57? 4.3906F-0e -2 .3 *76E-08 « .9799f -08 -1 .45 
77.757 2.667 3.4655E-GB -3 .5447E-08 4.9573E-08 - 1 . 8 8 
7e.500 1.Z4P 2.2634E-08 - 4 . 4 246E-08 4 .9700f -08 - 1 . 6 3 
76.916 .751 7.9853E-09 -4.9149E-0B 4.9793E-08 - 1 . 4 5 
7K.960 - . 4 c c -7 .4049F-09 -4.O233E-0B 4.9786F-0I 1 - 1 . 4 6 
78.629 - l . f r " . ' - : .21CRF-06 -4.450SE-on 4.S694E-08 - 1 . 6 4 
77.9J7 - 2 . t t ; -3 .4222J-06 -2 . ;61EE-0B 4.9537E-C8 - 1 . 9 6 
77.013 - 3 . « 3 r - ' .3576.- -OF -2 .3087F-06 4.9742E-08 -1 .55 
7S.S7t, - 5 . " = -4 .413°?- , . ' ' -V.fiGlS'--09 5.0068F-OF - . 9 0 
74.661 -3 .$74 —,.C077E-0E 5.73C3E-09 5.O404E-O? - . 2 4 
73.474 -3.6S7 -< . *14«E-05 ^ C722E-08 S.Cfc30f-06 . 2 1 
7Z.A31 -3 .053 -3 .7966E-08 ? . i VS5E-0B 5.090ZE-08 . 7 5 
71,623 -2 .137 -2 .6441F-0e 4.3764E-08 5 . U 3 1 F - 0 8 1.20 
"1.126 -1.C2Z - i . i s ? ' E - c e 5.CC14E-1? S.1399E-08 1.73 
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OCI.ATOR #4 

VARIATIONS 

Although the author feels that the original OCLATOR 
configuration with 150 in diameter is probably ideal for the 
future energy needs of the world in the early twenty-first 
century, it is conceivable that, for demonstration purposes, 
a smaller version may be needed. In here we discuss the 
smaller version of the devices with superconducting toroidal 
field coils. In the following article (#5), devices with 
copper conductors will be discussed. 

1. Variation I "QUARTET" 

For designing experiments for the EPR and DEMO, it is 
rather cumbersome to build a coil which can have 10 tokamaks. 
The configuration in Fig. 1 (or modification of it) should toe 
able for experimental purposes of two to four tokamaks or 
other toroidal devices. An advantage of this configuration is 
the additional toroidal device could be constructed even when 
the first torus is in the experimental stage. The magnetic 
field could be pulsed off for the construction phase when the 
access to the chamber is needed. 
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The field ripple could be smoothed out by applying adequate 
field correction loops. Obviously this addition is cumbersome but 
the price must be paid for reducing the total capital investment. 

2. Variation II "RONDO" 

Still reducing the size is possible, if the ripple 
requirement is less restrictive than hitherto assumed,especially 
for n = 2, 3. (See memo #2). Under that condition the configura
tion shown in Fig. 2 may be possible. The size of the ring 
is determined by the fact that the blanket should be located 
about 15 m from the ring. Thus reducing the ring diameter to 
less than 40 m does not make too much sense. The center 
pole which reminds one the configuration of the spherator,not 
only supports the ceiling, but also allows the current to flow. 
If the center pole's diameter is made about 1/5 of the TF coil 
diameter and the superconducting coil in the Dole has 1/2 of 
the pole's diameter, then the coil is capable of providing the 
vertical [to the plasma in conventional sense) field for 
toroidal equilibrium. 

3. variation III "FANTASIES" 

These are variations which have marginal chance of success, 
but may result in greatest simplifications if successful. 

For example, in Fig. 3, two tokamaks are proposed to be 
made in two legs of a single, racetrack TF coil. The direction 
of the ohmic heating current is opposite for two legs. Then at 
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the center, the poloidal field (in a conventional sense) of 
tokamak plasma is zero. Thus the plasma will stream out along 
the toroidal field to the separatrice which work as natural 
bundle divertors. 

H. P.Furth proposed an elongated tokamak in the z-direc-
tion (again in conventional sense). Two of these could be 
draped very nicely around the racetrack or small circular TP 
coil. 

It appears very important to know experimentally what 
kind of ripples are more damaging than others and to design 
the device accordingly. 
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PIGURE CAPTIONS 

Fig. 1. "Quartet" configuration. Four tokamaks could be 
located in this arrangement. Convenient for test
ing purposes such as EPR, DEMO etc. 

Fig. 2. "Rondo" configuration. If ripples are not so 
serious, tokamaks surrounding a smaller diameter 
TF coil might be more advantageous. 

Fig. 3. "Fantasy" - I . A race-track TF coil could maintain 
twins o£ tokamaks. The plasma could be led away 
through the natural separatrix to the divertor 
chambers. 
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VARIATION I 
SMALL VERSION OF OCLATOR 

Force Transfer 
Coil 

P i g . 1 - (Memo #4) 
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VARIATION H REACTOR WITH LARGE 
FIELD VARIATION 

-Blanket 

60m 

F i g . 2 - (Memo #4) 



VARIATION JE NATURAL BUNDLE OIVERTORS FOR TWIWS 

F i g . 3 - (Memo #4) 



1/31/80 -51-

OCLATOR #5 

PROPOSED EXPERIMENTS 

Whether OCLATOR works or not, it appears that the allow
able ripple affects the cost consideration of toroidal reactors 
enormously. Ripples with low mode numbers n=l,2,3,4 may not 
be so serious as ripples of the higher mode numbers. The experi
ment and theoretical estimate will probably be carried out in 
ISX, PLT and other tokamaks. However some experimental versions 
of OCLATOR might have a certain attractiveness in testing the 
idea of plasma scenarios and the effect of ripples in realistic 
geometry. 

Three experiments are considered useful for the eventual 
realization of OCLATOR type reactors, as well as testing low n 
number ripples. 

1. Copper large aspect ratio coil experiment 

Some advantages of OCLATOR comes from the theoretical 
(ana reasonable in view of ATC) expectations that the tokamak 
plasmas could be compressed and translated along the toroidal 
field coil. A copper coil hoop with minor radius 14 cm, major 
radius 300 cm may be constructed as the miniature version of 
OCLATOR. (See OCLATOR general description I). The current in 
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the ring coil is pulsed with the total current of 4.5 MA 
corresponding to the magnetic field 30 kC5 at minor radius of 
30 cm. Several experiments (say 4) could be conducted 
simultaneously around this ring. We can test ideas of divertor, 
translation, compression, OH start-up, etc. Of course, if 
necessary, a part of the 6 m diameter hoop could be constructed 
in place of the total ring, but the total ring could be 
considered as the scale model of the eventual reactor: hence, 
from the engineering point of view, the construction of the 
total ring will bring up the salient engineering difficulties 
and understandings. 

Some of the engineering parameters ».re given below: 

300 cm 
14 cm 
4.5 MA 
91 MW (n = 3 x 10~ 6 ohm-cm) 
11.6 yH + 

117 MJ + 

Table Design Parameters of Ring. 

The rest of the designs shcild not require large power require
ment. The existing PPPL motor generator sets for PLT/PDX is 
capable of 200 MW * 2sec. (nominal). 

The force transfer coil redices this stored energy and 
inductance. 

R c 
a c 
I(max) 
2 RI 

iL.' 
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2. Experiment-to prepare for variation I, "QUARTET" 

In Memo #4 (Variations), a smaller version of OCLATOR 
called quartet was proposed for EPR, DEMO and first commercial 
reactor. To prepare for it, a copper coil, quartet type device 
could be constructed with the aim of studying the reactor grade 
plasmas in the quartet geometry, which may be called "Proto-
Quartet." 

The parameters of the coil are given in the Table below: 

Coil Parameters for Proto-Quartet 

Minor Radius 1 m 
One Side of Quartet 10 m 
Total Resistance (ufi) 0.38 (n = 3 x 10~ £2cm) 
Inductance (fjH) 14.8 
Total Current (MA) 30 
j LI 2 (GJ) 6.7+ 
RI 2 (MW) 342 
Field 2m from the center 
of coil (KG) 

With force-transfer coil or iron core, this energy could be 
reduced significantly. 
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3. Ignition experiments 

It may be useful to conduct an experiment of the ETF 
size device to test the ignition. If the ignition experiments 
to be conducted are few (say 1,000 shots) considerable reduc
tion in shielding could result. Also the copper conductor 
will improve the neutron dose requirement. Thus it is quite 
conceivable to construct a conventional tokamak with 4 coils 
to test the main points of the OCLATOR concept such as tokamak 
preparation, translation, compression, divertora, etc. 

4. Other experiments 

In addition to these experiments, other experiments 
described in the previous memo (#4, Variations) could be 
conducted in small scales. These ideas, if successful, could 
end up with better utilization of the TF coils to the point, 
the capital cost per power generated could be reduced. Also 
these advanced versions should make D, D or advanced fuel 
reactors more realizable. 
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OCLATOR #6 

ON DIVERTORS 

Both poloidal and bundle divertors could be placed in 
this configuration. However it is conceivable that the 
divertor may not be needed. The resnon is the vacuum chamber 
volume is much larger than the plasma volume. Hence by 
adequately providing exhaust channels in the blanket (but 
still stopping neutrons by adequate channel designs) the loss 
of recycled particles through these channels could be made 
20 ~ 30% or even more. The design is not difficult. The 
concept is similar to the idea of limiter + vacuum hole. 
(See Ref.l.) 

Ref. 1. J. F. Schivell, PPPL-1342 (June, 1977). 



-56-

OCLATOR #7 

SYSTEMS CONSIDERATIONS AND SITING 

In General Description I, the OCLATOR system and siting 
requirements were discussed. Further thoughts on that sub
ject are given here. 

The thermal output from the reactor will be of the order 
of 20 GW. Unfortunately the continuous supply of 20 RW is 
not expected because of the plant shutdown etc. Nonetheless 
storing the !,&at in a large water reservior for a month 
(2 km x 2 Xm x 150 m depth) seems not too outrageous. Then 
hopefully except for major shutdown (for which chemical fuel 
must be substituted) the excess heat could be used as space 
heating. The thermal output is equivalent to 1/4 to 1/2 
million barrels/day of oil. This heat should be sufficient for 
space heating of a city with a population of one to two million. 

The electric output may be too large for general consumer 
power distribution systems, as the back-up power stations may 
require too high capital investments and chemical fuel reserve. 
The main output of this power plant should then either couple 
to national grid of enormous power rating (say 200 RWe total 
output), or else primarily used for the industrial use. The 
latter use could be assisted by the use of thermal output as 
process heat. Chemical plants such as fertilizer, refineries 
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of metal, synthetic fuel plants, etc., may be conveniently 
powered by one or two of these fusion power plants. 

The total power shutdown of one OCLATOR site comes about 
only if the coil fails. Thus the design of the ring must be 
perfected to the point it is almost fail-safe. Alternatively 
if the ripple considerations are not so s&rious as presently 
enviJaged, then smaller diameter versions such as "Rondo" or 
"Quartet" types may be used. These decisions could be made 
later and the optimum choices are decided upon the political, 
economical situations of energy supplies as well as the 
environmental and other considerations. 

The OCLATOR plant could also be used as the manufacturing 
plant for tritium and (if needed) fissile material. If the 
future experiments show that low n mode ripples are not too 
serious, a large minor radius, D-D reactors could he built, 
around the standard 150-200 m diameter TF coil. 

i 

\ 
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APPENDIX 

Main Factors for Increasing Cost in ETF/INTOR 
(Prepared for Workshop for Advanced Tokamaks held in Princeton 

February 6-7, 1980) 
1. Energy Cost 

I would like to discuss the cost problem of reactor 
designs. As you know, usually any discipline has its guiding 
principle and if you know what it is, it is not difficult to 
figure out why a particular point is made. For example, 
politics is concerned with the control of resources, while 
economy is concerned with allocation of resources. Please 
compare with the special relativity which is based on the 
fact that light velocity is constant. 

Economical cost, i.e., dollars, is usually divided into 
labor and economical rent. This is true for almost all the 
manufacturing such as clothing, cars, and so on. In making 
power-plants, this simplistic division suffers from the fact 
that to produce the product (i.e. energy) requires its own 
energy for construction of the plant. Thus the cost of 
energy production must be given by 

Energy + Labor + Economical Rent. 

Obviously the requirement for any energy 
producing system is that the product is larger than the 
energy input. 

.; 
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Of course, I am not including the energy content of 
fuel. The fuel won't be used unless the power plant can 
utilize it. Thus the energy cost is composed of the capital 
energy required to construct the plant and the operating 
energy required to operate the plant. In Riacroeconomic sense, 
for example, the capital energy cost for coal-fired power 
plants includes the opening of mines, railroad-lines, as well 
as the power generating plant. The operating cost includes the 
energy needed at mines, and transportation. The integrated 
energy need of a plant and the energy production may look
like fig. 1. 

The unfortunate part is any alternative energy 
system tends to have a long energy repayment time (Fig. 1), 
It is stated that the fission reactor is 6 ~ 8 yrs, and the 
breeder could be as long as 15 years. 

There is a rough proportionality between the energy 
cost and economical cost for any society. That is partly due to 
the optimization mechanism where the optimum reaches when the 
ratio of labor manhours divided by the energy BTU's becomes 
the norm of a given society. For example, this ratio is high 
in China and very low in the U.S. 

So unless we make the reactor cheap, the energy 
repayment time becomes too long for a reactor to be of any 
use to a society, unless the society depends on very cheap 
labor and unless the power plant could be made with material 
such as stones, soil, etc. is.g.t hydroelectric plant }. 
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Thus for a fusion reactor to be successful we must 
pay serious attention to reducing the cost. 

2. Critiques of INTQF/ETF. 

INTOR/ETF is probably the best design attempt ever 
undertaken, given the constraints, they are: 

i) D,T reactor, no hybrid 
ii) - lGWe reactor 
iii) Quasi-steady(no bomb) 
iv) Toroidal. 

It is well-known that B„_„, 6, KT_ influences the cost. For 
max l 

example the cost is approximately proportional to g - 2' 5. 
Somewhat subtler but we know relatively well at 

this point is the effect of allowable ripple to the cost. The 
ETF workshop at MIT gave us the guideline which in return 
determines the cost. 

Now for the remaining time I would like to address 
one of the two complicated cost-push factors of a toroidal 
reactor. 

The problem is machine integration and remote handling/ 
maintenance. There is no question that this subject determines 
the main part of the cost. As we know very well, that, if we 
could somehow increase the size of the toroidal field coil, 
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there will be no or very little problem with the remote handling/ 
maintenance and the physics problems such as locating divertors, 
etc. Also, once the TF coil diameter is large, the blanket 
could be recessed, so that the neutron loading per unit areas 

2 

could be lowered to the point and the MW\'/m ' criterion could 
be lowered. 

Of course increasing the size of the TF coil increases 
the cost. But it looks like an ETF design with 8 TF coils 
with larger diameter seems to us, ETF design people, to be 
better than 12 coils originally proposed by ORNL TNS studies. 

The idea of increasing the TF coil size of course 
increases the size of the total reactor, hence apparently it 
increases the cost. But we must distinguish between the 
increase without reducing complexity and the one with the 
reduction in complexity. I discussed this in relation to TMI 

1-2 
incident. 

I'll talk about a still more avant-garde idea in 
Topic II of this workshop. The idea is called OCLATOR. 
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