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A B S T R A C T 

In the framework of system studies on pulsed high-6 fusion re

actors a parameter study of a reactor based on a screw pinch with cir

cular cross-section has been performed. The plasma is heated to ignition 

in two stages. Firstly, the coid plasma is heated by fast implosion in 

order to guarantee pitch conservation of the inward moving magnetic 

field lines. The relevant implosion theory has been generalized to a 

• • 1 plasma. In the second stage an adiabatic compression heats the 

plasma to the ignition temperature, then ct-particle heating takes over. 

For stability reasons ö is kept below 0.25. Other constraints imposed 

on the calculations are a wall loading of 2 MW/m- , a maximum poloidal 

electric field strength at the first wall of 3 -* 10s V/m, a blanket 

thickness of 0.8 m, and a down time of 0 s between two burning phases 

to allov. for pumping and refuelling. The choice of a particular set of 

basic parameter values is justified by global design considerations of 

the reactor. These considerations, e.g. on blanket design and electro-

technical requirements, are presented in this report in some detail. 

A computer programme searches, by iteration on the filling density and 

the bias field, for optimal reactors, i.e. for which at a given ther

mal output the net efficiency is a maximum. 

The parameters of a Referencr Screw-Pinch Reactor and some other 

numerical examples are given. The main conclusions are: 

1. The net efficiency, although increasing with output energy, is low 

because of ohmic losses in the compression co.il system. 

2. The application of sustained fields, generated by superconducting 

coils to reduce these ohmic losses, is problematical. 

3. A belt-shaped screw pinch, in which higher values of 6 may be reached, 

improves the net efficiency and alleviates the technological require

ments, 

4. Heating by implosion and adiabatic compression of a plasma wjth 

values of 8 as low as considered here, is inefficient. Therefore, 

other means of heating the plasma to ignition may be attractive. 
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The v o r k  presented in this report is the result of a systems 
study on pulsed high-$ reactors that began early in 1975. At that time 

it was found useful to have an approach towards a fusion reactor beside 

the Tokamak, in case the latter approach would meet with serious diffi- 

culties. Stimulating examples of high-@ reactor designs were already at 

hand. tie mention the highly elaborated Reference Theta Pinch Reactor 

(RTPR) design at Lor ~lamos", and the Reversed Field Pinch Reactor 

(RFPR) at ~uiham*), which stresses physical basis rather than techno- 

logical details. A third pulse? high-5 configuration is the screupinch. 

Separate capacitor banks for toroidal and poloidal field components are 
fired in such a way that the magnetic field applied at the wall has a 

pitch that is constant in tiae. Flux conservation during the ensueing 

implosion of the preionized plasma causes the pitch of the magnetic 

field lines in the tenuous plasma outride the dense central column to 

be uniform along the minor radius. At Jutphaas, the screw pinch SPICA 

showed good experimental results, and theciretical predictions of equi- 

librium and IWD-stability procerties were encouragingly favourable. 
3 1 Tnis was canfinned by recent experimental and theoretical results . 

The extrapolation of the screw pinch to the reactor regime was lagging 

behind the two other schemes so that an investigation in that direction 

seemed appropriate. 

As a first step towards the goal of a Conceptual Screw-Pinch 

Reactor a parameter study was performed. A fast implosion of a plasma 

sheath followed by adiabatic compression was chosen for heating, as in 

the RTPR. It can guarantee the pitch conservation of the magneticfield 

lines ir. the dangerous period of low plasaa tenperaturc. This docs not 

mean that other or auxiliary nethads of heating should be rejected. On 
account of the identical heating methods the RTPR-design and the screw- 

pinch reactor (SPR) design will have many points in common, but there 

are diffxences as well. The SPR can do without the auxiliary coils for 

equilibriumand stability and it might be smaller than the RTPR. A dis- 

advantage of the SPR is its rather modest R of 25% IRTPR close to l o o % ) ,  
an expressicn of the higher requirements on magnetic energy. Comparison 

between the RFPR and the SPR is not easy because their physics princi- 

ples differ: the RFPR has a slow build-up with a plasma that is ohmical- 

ly heated. 

At the beginning of the parameter study of the SPR two types of 

design Mer? envisaged, both with resistive coils. The first, most de- 

tailed design which is the subject of this report, has a circular cross- 

section (Fig. 1 ) .  Large ohmic losses in the compression coil(s) of such 



an SPR, seriously limiting the net efficiency, led us to consider also 

the concept of a sustained-field reactor (Fig. 2 ) . Continuously operat

ing superconducting coils providing the large magnetic field during the 

burning phase then guard against the ohmic losses. The second design 

utilizes a reactor vessel of rectangular cross-section (Pig. 3 ) , and 

aims at the advantages of a higher Maximum 8. This will be the subject 

of a forthcoming report. 

In Section 2 the plasma physics model underlying the parameter 

calculations is outlined. The technological model, yielding a number of 

fundamental parameters that form the starting-point of the numerical 

study, is described in Sections 3 (blanket), 4 (coil systems), 5 (ener

gy transfer and storage systems), 6 (thermal conversion), and 7 (down

time processes). Section t gives the mathematical description of the 

various stages in the operation cycle and the way in which the formulae 

have been assembled in a computer programme. In Section 9 we present the 

parameters of a Reference Screw Pinch Reactor with circular cross-

section, and the result of a variation of some of these parameters. Al

so, some attention is given to the sustained-field method. Finally, in 

Section 10, we state some conclusions and further points of discussion. 

A condensed version of this parameter study has been given else-
4) wiere 

2. PLASMA PHYSICS MODEL 

In the calculations the toroidal field was assumed to be homoge

neous inside the torus (cylindrical e-pinch). As the pitch of the mag

netic-field lines is so large that the poloidal magnetic-field energy 

inside the torus is only a few per cent of the total magnetic energy, 

the magnetic pressure of the poloidal magnetic field was neglected in 

the description of implosion and compression. Still, as we shall see, 

the ohmic losses in a poloidal field coil ma) Jk>t be neglected. The 

aspect ratio of 3, corresponding to a rather fat torus, had to be 

chosen so snail because for a reasonably well-centred plasma column in 

a screw-pinch configuration the quantity $A should not exceed 0.75 (see 

Ref. 4a). By using a vertical field we could circumvent this restric

tion, but this possibility has not been investigated in detail. 

The time history of the magnetic field strength, the plasma ra

dius, and the temperature are shown in Fig. 4. At time t • 0 a preion-

ized 50-501 D-T plasma in a bias field B is assumed to be present. A 

fast rising magnetic field is applied which makes the plasma implode. 

The complicated phenomenon of implosion is made still more complex by 

the presence of a bias field. A number of models exist varying in 
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complexity from the simple free-particle and snovplough models to a 

hybrid description, where electrons are treated as a fluid, and ions 

are treated as particles. Ue used the free-particle model modified in 

a straightforward way to account for the presence of the bias field. 

However, it was verified that more accurate models alter the results 

only slightly, although for a very fast rising external field the final 

state of the imploded plasma is determined by the pressure and energy 

balances only, the time-dependent analysis is indispensable to find the 

maximum electric field strength at the thin insulating layer on the 

metallic first wall. This electric field is caused by the change of flux 

between the first wall and the inward moving plasma sheath. The value 

of this field strength should be kept below the technological limit 

which was taken to be 3 * 10s V/m. 

After thermalization of the ions and electrons a slowly rising 

large magnetic field adiaratically compresses the plasma and heats it 

up to the ignition temperature for fusion. During the adiabatic com

pression the value of S decreases. Then J-par tides take over the 

heating of the plasma and raise 3 at the same time. 

At some instant during the burning phase the maximum 8 that is 

permissible for reasons of equilibrium and stability is reached. Here

after, 6 should be kept on this level, for example by adding impurities 

which, while increasing the plasma density, lowers the temperature and 

enhances the radiation losses. At the end of the bvrn time the ash is 

removed and new fuel is introduced into the reactor chamber. For these 

operations a down tir.e is needed, during which the magnetic field is 

switched off. In all calculations, the down time is taken to be 

8 seconds. Thereafter, a new operation cycle begins. 

In the computations various loss processes like ohmic losses in 

the compression coil system and radiation losses are taken into account 

in the over-all energy balance. Apart from the physical constraints al

ready mentioned a number of constraints of technological origin are im

posed, to be discussed in Sections 3-7. 

The possibility to avoid large ohmic losses by application of a 

sustained-field method has also been investigated. A constant toroidal 

magnetic field is generated by superconducting coils. This field aids 

to keep the plasma compressed during the burning phase. Implosion, adia

batic compression, and field control are achieved by counterfields gen

erated by normally conducting coils. The time-history of the toroidal 

magnetic field strength in such a sustained-field reactor is shown in 

Fig. 7. Some problems of this method are treated in Sub-section 4.5, 

and a discussion is given in Sub-section 9.3. Here we mention two 

plasma physics problems probably inherent to this method. 
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Firstly, the continually present toroidal magnetic field nay hamper the 

quenching of the burn at the end of the burn time. Secondly, a relative-* 

ly small field ripple caused by the superconducting coils gives rise to 

a relatively large ripple in the bias field before inplosion (difference 

of two large quantities). 

3. BLANKET DESIGN CONSIDERATIONS 

In this report the blanket surrounding the plasma torus has not 

been studied extensively because it was felt that existing references 

on various blanket concepts contain sufficient information to judge if 

specific requirements with respect to a screw pinch can be met. 

In table I a review is given of the blanket composition of the leading 

fusion reactor concepts * * ' ' * ' . Those materials arm given, 

which are selected for structural material, tritium breeder, neutron 

multiplier, shield, etc. The table also shows the neutron wall loading, 

the blanket and shield thickness, the total thermal power, the Li and 

T inventories, and the tritium breeding ratio. 

In the tokamak designs blanket thicknesses of 73 to 100 cm are 

proposed. The "VrPR-design, however, is a special case. Close behind the 

blanket normal conducting coils with a thickness of about 40 cm com

pletely enclose the blanket segments and therefore these coils act as a 

reflector and influence the blanket neutronics. The result of this is 

the lower value of 40 cm for the blanket thickness. 

In our SPR-proposal the coils will not completely enclose the 

blanket segments, but will be tapered as discussed in the next chapter. 

The main reasons for this deviation from the RTPR-design are the very 

much smaller aspect ratio of the torus for the SPR and the choice for 

gas cooling. Tapered coils lead to a reduced copper weight without sub

stantially increasing the resistance and gas cooling requires more 

space for cooling ducts than liquid lithium as in the case of the RTPR. 

Therefore the reflector function of the SPR-coils is less than for the 

coils in the RTPR-design and the required blanket thickness will be 

more than 40 cm. So for our study we have chosen the blanket thickness 

tv be 80 cm, which is close to the value for tokamak reactors. 

The thickness of the blanket influences the diameter of the coils 

surrounding the blanket (see figure 1) and hence the ohmic losses and 

the ETS-energy. However, due to the large minor radius of the torus 

(4.6 m) the influence is small. 

It will be shown in Section 4 for the reference case that 20 cm 

decrease in blanket thickness increases the net efficiency from 18.5% 

to 19.5%. Nevertheless,it is worthwhile in further work to optimize the 
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blanket on minimum costs. 

The tritium breeding ratio is veil above one in all designs. If 

we take 80 cm as available for the blanket in our study, the attainment 

of an acceptable tritium breeding ratio is supposed to be no problem. 

Helium gas is proposed as the coolant for the blanket instead of 

lithium, as adopted in the RTPR-design. In spite of the high heat trans

fer rate at rather low static pressure level liquid lithium is not at

tractive as a coolant for a number of reasons. It seems impossible for 

the lithium coolant in the blanket to flow everywhere in the direction 

of the magnetic field lines, even when a complex structure of coolant 

channels could be designed. Due to KHD-forces on the lithium flow one 

must expect that a considerable reduction or perhaps a complete stag

nation of the coolant flow appears during the implosion and burning 

phase. So, for the case of the reference screw-pine-- reactor with a 

duty cycle of 52 per cent one cannot count upon cooling during about 

half the tine, just in the period that the heat is produced in the 

blanket. 

Furthermore, the choice of helium as coolant leaves freedom in the 

selection of breeding method, as this cooling does not put strong de

mands on lithium inventory and/or isotopic composition ' . This is 

illustrated in table I; the helium-cooled blankets have generally a low

er lithium and tritium inventory compared to the lithium-cooled blan

kets. A lower lithium inventory has another small profit in reducing 

the energy loss by eddy currents in the lithium metal. 

Finally,the use of liquid lithium will require a secondary loop, 

as it is expected that the primary loop with lithium through the blan

ket may not be connected directly to the steam generating loop. Whether 

one should choose the "standard Li" blanket (as in OWMAK-I) or the 

"low Li and T" blanket (as in UUPAK-ll) is an open question at the mo

ment. In the first case the high tritium inventory is a problem and in 

the second case the use on the scarce beryllium as a neutron multiplier 

is questionable. 

The neutrons escaping from the plasma with an energy of 1-1.1 MeV 

are slowed down in the blanket, where the kinetic energy is converted 

to heat througn collisions and nuclear reactions. Most nuclear reac

tions are exoenergetic, so a certain amount of excess energy is gener

ated in the blanket above the incident neutron energy. Per 14.1 MeV 

neutron about !6 to 19 MeV nuclear heating is generated in the blanket. 

Including the 3.5 MeV energy deposition of the o-particles an energy 

multiplication of 1.1 to 1.5 per nuclear fusion is mentioned. The val

ues given in Refs. 5, 9 and 11 are the most reliable and therefore a 

value of Q • 1.2 for the energy multiplication in the blanket has bsen 
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Table I. Blanket concepts of different fusion reactor derigns 

< 
1 reactor design 
| reference 

reactor type 

thermal power (MW th) 

neutron wall 
loading (NW/m2) 

major radius (m) 

first wall 

radius (m) 

thickness (cm) 

composition 

blanket 

thickness (m) 

T-breeder 

n-multiplier 

moderator 

reflector 

srruct. mat. 

coolant 

shield 

thickness (m) 

composition 

Li-inventory 
in blanket (tons) 

T-inventory 
in blanket (g) 

Be-inventory (tons) 

T-breeding ratio 

T-production (kg/d) 

Be-consumption 
'kg/yr) 

energy multipli
cation (Q ) 

Mil 

UWMAK-I 
5 

Tokamak 

5000 

1.25 

13 

5.5 

0.4 

316SS 

0.73 

Li(nat.) 

-

Li,SS 

SS 

SS 

Li 

0.78 

Pb.SS.B^C 

1700 

8700 

-

1.49 

1.06 

-

1.15 

0RNL 
6 

Tokamak 

1000 

0.69 

10.5 

3.5 

0.25 

Nb 

1.0 

Li(nat.) 

-

Li.C 

C 

Nb 

Li 

1.0 

C,Pb 

460 

400 

-

1.52 

0.77 

-

1.31 

PPPL 
7 

Tokamak 

5300 

1.76 

10.5 

3.6 

1 

PEI6 

0.74 

Li in Flibe 

Be in Flibe 

Flibe 

-

PE16 

He 

c:so 
concrete 

163 

560 

250 

1.04 

0.55 

144 

1.52 

RTPR 
8 

theta pinch 

3600 

2 

56 

0.5 

0.1 

Nb 

0.40 

Li(nat.)Li (90Z) 

Be 

Li, Cu 

C.Cu 

Nb 

Li 

_ 

-

100 

53 

51 

i.ll 

0.22 

83 

1.37 
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Table I. Blanket concepts of different fusion reactor designs (continued) 

reactor design 
reference 

• reactor type 

|thermal power (MW th) 

neutron wall 
loading (MW/m2) 

major radius (m) 

first wall 

radius (m) 

thickness (cm) 

composition 

blanket 

thickness (m) 

T-breeder 

n-multiplier 

moderator 

reflector 

struct, mat. 

coolant 

shield 

thickness (m) 

composition 

1 
!.i -inventory 
in blanket (tons) 

T-inventory 
in blanket (g) 

Be-inventory (tons) 

T-breeding ratio 

T-productiun (kg/d) 

Be-consumption 
(kg/yr) 

energy multipli
cation (Q ) 

m 

UWMAK-II 
9 

Tokamak 

5000 

1.16 

13 

5.5 

0.9 

316SS 

0.89 (incl. headers) 

LiA102 (90Z
6Li) 

Be 

Be 

C 

SS 

He 

1.00 

Pb.SS.B.C 

80 

130 

433 

1.19 

0.86 

452 

1.22 

CTRD 
10 

Tokamak 

5000 

0.83 

16.7 

5.8 

0.5 

V,Cr,Ti 

0.90 

Li (90Z) 

Be 

Be,C 

C 

V.Cr.Ti 

He 

^ 1 

37 

160 

530 

1.22 

0.75 

665 

1.47 

UWMAK-III 
II 

Tokamak 

4735 

1.91 

8.1 

3.I5(midplane) 

0.4 

Mo 

0.94 

Li 

C 

C 

Mo,Ti,Zr,C 

He/Li 

0.75-1 

B.C/SS 
4 

480 

1700 

1.074-1.3 

0.67 

1.23 

Fintor 1 
12 

Tokamak 

90 

0.07 

9.0 

2.25 

2.5 

SS 

0.8 

Li 

SS 

SS 

He 

0.75 

B, C powder 

350 

* 1.3 

0.015 

1.16 
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assumed in this study. 

The power balance of the total reactor system is written as 

Pnet r)thPth~Pcirc Pcirc 
n .. = - s — * & = n net Pk. P.. 'th P , Q 

th th fus m 

i n which Pfch » p
f u s Q m » p

f u s = 4it2Ab2Pw and P c i r c = c i r c u l a t i n g power, 
that is the power required for plasma confinement and heating = ohmic 

losses + ETS losses - P„ + PETS* F o r t o* a m ak s with small circulating 

power n_et will be nearly independent of the 0-value but for our SPR 

with high circulating power P_irc * 1.29 GW and P. = 5 GW (see 

table V), we can find that an increase of 10% in the Q -value will in-
m 

crease the net power P__t from 1.11 GW to 1.35 GW. 
For a proper calculation of n .we should estimate the Q_-value 

net m 

with a high degree of accuracy and possibly optimize the energy multi

plication of the blanket. 

One of the main engineering problems is the composition of the 

first wall of the torus, keeping in mind that periodical replacement 

will probably be necessary. The first wall is subjected to radiation 

damage from neutron and ion radiation emitted by the plasma. This ra

diation causes loss in ductility, swelling and erosion of the material. 

Furthermore, significant changes in compositions of the alloys can be 

generated. 

The effects of different types of radiation damage on the first 

wall materials stainless steel and niobium-zirconium alloys have been 
13 14)* 

studied in detail by the Wisconsin Fusion Reactor Design Team ' 
From the r-.suits of this study it appears that the most serious effect 

of neut: jn radiation and thus the major limitation to increase wall 

loading and/or operating time is the reduction in ductility due to 

displacement damage. 

As mentioned in Ref. 14, the radioactivity (in Curies) of the 

first wall after 10 years of operation is slightly higher than the ra

dioactivity after 2 years of operation. Thus, operating times as long 

as possible seem favourable from the point of view of waste handling 

and storage. An economic study for UWMAK-I and II (Refs. 5 and 9) showed 

that the optimum wall replacement interval is about 6 months to remove 

those parts of the blanket which have already irradiated during 2 years. 

This optimum schedule for replacing wall segments was determined by an 

economic balance of the costs of keeping spare wall segments in store, 

the costs of replacements and the loss of income during the shutdown 

period. 
*) See Appendix I for some background information. 

14 



For our study we choose a wall loading of P = 2 MW/m: to obtain 
w 

an acceptable number of replacements during the lifetime of the reac

tor. This figure of 2 HW/m: consists of 1.6 MW/m; neutron wall loading 

and 0.4 MW/m'' radiation load stemming from the energy of the alpha par

ticles in the plasma. The value of 1.6 MW/m2 for neutron wall loading 

is near the highest value for a tokamak design in the table. 

As reported in (14) and elsewhere, the best structural materials 

with respect to low induced radioactivity, biological hazards and after-

heat seem to be vanadium and aluminium, followed by stainless steel, 

.ind after that niobium. 

As proposed in (15) the first wall can be protected against ero

sion (i.e. sputtering and blistering) by a woven carbon curtain mounted 

on the plasma side of the first wall. This curtain also protects the 

plasma from high Z-impurities. Such a curtain can be replaced relative

ly easy because it is not itself a structural or vacuum tight material. 

A drawback of the application of a carbon curtain may be a reduction 

of tritium breeding in the blanket. 

The blanket will have to be built up to many segments and modules 

in order to provide easy replacement. Between segments (and modules) 

slits in poloidal and toroidal direction will be provided to allow pen

etration of the magnetic field into the plasma volume during the very 

short implosion phase. The insulating layers between the segments and 

the modules must withstand the electric field generated during this phase. 

4. COIL SYSTEMS 

In a screw-pinch reactor the heating of the plasma will occur 

in three stages, the implosion, the adiabatic compression and the r.-par-

ticle heating stage. The total magnetic field in the reactor is form

ed by a superposition of implosion and compression fields. Moreover, 

the flux of the implosion field as well as that of the compression 

field should develop along helical lines, this is: the flux should con

tain a toroidal (B ) and a poloidal (B.) part. For the toroidal magnet

ic field as a function of time see Fig. 4. The implosion field and the 

compression field should be generated by completely separated coil 

systems because of the large differences in time scale, maximum magnet

ic field strength and energy supply for the two fields. 

Helical fields can be generated by helical coils or by separate 

systems of toroidal field (TF) coils and poloidal field (PF) coils. 

While helical coils would be the best solution regarding ohmic losses, 

dimensions, and weight, as will be shown in Sub-section 4.3, the con

struction of these coils offers enormous problems. Therefore, the solu

tion of separate TF- and PF-coils has been considered, which offers 
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the possibility to vary the B /Bg-ratio locally and integrally, and 

which is favourable for a modular construction of the reactor. 

Since the TF-implosion coil (index i) is situated inside the 

TF-compression coil (index c) and coil c has been short-circuited 

by the ETS, coil i not only has to generate magnetic field inside the 

coil, but it also has to compensate for the counterfield generated by 

the current induced in coil c. As a result, the energy supplied to coil 

i should be increased by a factor 1/(1-*? ) in order to get the same 

magnetic field strength within coil i as with coil c in open circuit. 

In this factor the coupling factor < * M. //L L . Due to the presence 

of a conducting plasma and because a large part of the blanket excludes 

fast magnetic field changes, the distance between the implosion and 

the compression coil need not be more than 0.3 m. 

The same reasoning applies to a current-conducting screen in 

the place of coil c. 

4.1 Implosion coil system 

In the calculational model the implosion coil system is situat

ed between blanket and compression coil system. The problem of inducing 

high voltages in the compression coil by the fast rising implosion 

field is avoided by connecting the compression coil to its energy sup

ply system (ETS) first and only then connecting the implosion coil to 

its own supply system. The compression winding will then be closed via 

the internal inductance L s of the ETS-system, so the coupling factor. 

<. between the two windings becomes important. The coupling is re

duced because plasma and blanket are well-conducting and the ETS-induc

tance is not negligible. 

To energize the implosion coil a fast capacitive storage bank 

is suggested. The field energy of the implosion coil system is about 

800 MJ for the reference reactor. The encapsulating walls of the blan

ket segments are consider,d sufficiently good conductors to prevent 

the implosion field from penetrating into the blanket. To achieve this, 

short-circuit currents wil', flow in the encapsulating walls. The ac

companying ohmic and eddy-current losses are neglected in our calcu

lation. 

The implosion coil system is considered as consisting of 

TF-coils only. While in fact a helical field is needed, the influence 

of helical coils or additional PF-coils on losses, energy consumption 

and coil weight is not important in the overall energy balance and is 

not taken into account. 
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4.2 Compression coil system 

The rise time, maximum field strength and energy of the compres

sion field are much larger than those of the implosion field. As a re

sult of the slower field rise the compression field will penetrate into 

the blanket. For the supply of the field energy of about 200 GJ for the 

reference reactor, an inertial storage system seems appropriate. At the 

end of each burning cycle the energy, diminished by ohmic and eddy-

current losses of the field coils, will be regained in the storage sys

tem. In Section 5 the energy transfer and storage system is considered 

in more detail. 

The losses and weight of the compression coil system depend on 

the choice between helical coils or separate TF- and PF-coils and, for 

the case of separate coils, on the question if the TF-coils are situat

ed inside or outside the PF-coils. 

Other important factors are the filling factor f of the wind

ings and the degree of tapering f . The filling factor is the ratio of 

useful coil volume to gross coil volume. The difference between these 

two volumes is needed for insulation, support, cooling ducts, and for 

transition of parallel conductors. For the filling factor a fixed value 

of 0.7 has been chosen. 

In a modular construction of a toroidal reactor, the torus is 

divided into wedge-shaped modules. If this shape would merely be con

tinued in the coils, no space would be available for cooling ducts for 

the blanket and for current connections between the coils and the ener

gy supply system. The coils are tapered, as indicated in Fig. 5, and 

thus space is acquired for the provisions mentioned. Decisive herein 

is the degree of tapering f. =• a/tr. Without tapering f • 0 and the 

coil will assume constant width. 

4.3 Comparison 

In this sub-section the influences of the choice between helical 

coils and separate TF- and PF-coils, of the positioning of the TF-coil 

inside or outside the PF-coil and of the degree of tapering are studied 

in some detail. When separate coil systems are considered, the total 

thickness of the coils, that is the same for all cases, is distributed 

in such a way that the mean current densities in the PF- and TF-coils 

are equal. The basic coil design consists of separate TF- and PF-coils, 

in which the TF-coil is not tapered. The PF-coil should be distributed 

over the small circumference in such a way that the first wall is a 

flux surface. For the calculation of the mass and the ohmic losses it 
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is assumed that the distribution is homogeneous. B2 is the same for all 

cases. The thickness of the helical coil is taken equal to the total 

thickness of TF- and PF-coils (dfc + d ), and a helical coil is not 

tapered either. The influence of tapering of the TF-coil -a studied by 

considering the case f » 0.5. As indicated in Fig. 5, the decrease of 

winding resistance is important for 0 <_ f < 0.5, but less so for f 

between 0.5 and 1.0. 

An important parameter is the ratio between the primary toroidal 

and poloidal currents f = IQ/I • This ratio is determined by the value 
S 17 2 

of the safety factor q at the first wall: 

In a screw pinch the toroidal plasma current density „ ~ b? *9 
%, T 

^ R2 *zp 
is approximately homogeneous and the relation between the toroidal 
plasma current and the primary toroidal current is 

I 4n(8R/J ) - 2 
^£= E , 
z ln(8P./b) -3/2 

where r is the mean radius of the PF-coil. In the comparison 2 values 

of a were chosen. 

In Fig. 6 a sketch of the TF-coil and the PF-coil is given for 

the basic design (I). Use is made of the following parameters of the 

reference reactor: R = 13.8 m, b » 4.6 n, d. = 0.8 m, d. = 0.3 m, 
b ic 

dc = 2.8 m (under the assumption of a uniform distribution of the current 

over the small circumference of the torus). Hence, the inner radius of 

the coil system is r • 5.7 m (« b + d.+ d. ) . With these data and the 

relations of Appendix II we obtain the design parameters for the dif

ferent coil systems studied, see table II. 

TABLE II 

Coil design parameters 

I 

II 

III 

IV 

V 

VI 

VII 

TF/PF 
or 

helical 

TF/PF 

helical 

TF/PF 

TF/PF 

TF/PF 

TF/PF 

helical 

PF coil 
outside/in
side TF-coil 

outside 

-

outside 

inside 

inside 

outside 

-

% 

2 

2 

2 

2 

2 

1.3 

1.3 

ft 

0.0 

0.0 

0.5 

0.0 

0.5 

0.0 

0.0 

rt 

5.7 

-

5.7 

5.93 

6.17 

5.7 

-

dt 

2.53 

-

2.32 

2.57 

2.33 

2.4 

-

rp 

8.23 

-

8.02 

5.7 

5.7 

8.1 

-

dp 

0.27 

-

0.48 

0.23 

0.47 

0.40 

-
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In table III the calculated losses and weights of the coils are 

compared with the basic coil design. Eddy-current losses have been ne

glected. The formulas used are given in Appendix II. 

Although application of helical coils reduces the losses and 

the mass in the untapered case considerably,a modular construction of 

a helical coil system meets serious technological difficulties. There 

is little difference between the situation where the PF-coil iiï placed 

inside, respectively outside the TF-coil. A modular construction of 

the TF-coils is, however, much easier when the PF-coil is placed out

side the TF-coil. Moreover, the case where the PF-coil is situated in

side becomes less favourable when the PF-coil is not distributed homo

geneously. Tapering of coils is a good solution if f. <_ 0.5. In the 

reference reactor case III has been chosen because of the low energy 

losses, even though this case shows a considerably higher copper weight 

compared to case I. 

With an average effective B of 6.3 T during the burning phase, 

a duty factor t./t = 0.5, a filling factor f =* 0.7 and copper as con

ductor material at a mean temperature of about 60 °C (p * 2 * 10~8 Qm) 

with a specific mass y • 8.9 * 103 kg/m3, the ohmic losses averaged 

over the cycle time for case III will amount to: Pfc = 0.73 GW (TF-coils), 

P = 0.22 GW (PF-coils), Pfl » 0.95 GW (total). The masses of the coils 

will be: Gfc = 45 x io
6 kg (TF-coils), G - 14 x 106 kg (PF-coils), 

G = 59 x io6 kg (total). 

TABLE III 

I 

II 

III 

IV 

V 

VI 

VII 

coil design 

basic 

helical coils 

basic, but ft=0.5 

basic, but TF-coil 
outside (ft=0) 

basic, but TF-coil 
outside and f =0.5 

basic, but qw»l,3 

helical, but «^"1.3 

normalized losses 

TF-coil 
(Pt) 

0.76 

0.42 

0.81 

0.45 

0.77 

PF-coil (v 
0.24 

0.13 

0,15 

0.08 

C.38 

total 
<pn> 

l 

0.74 

0.55 

0.97 

0.53 

1,15 

0.75 

normalized weights 

TF-coil 
(Gt) 

0.76 

1.43 

0.76 

1.52 

0.73 

PF-coil 
(V 
0.24 

0.42 

0.14 

0,30 

0.36 

total 
(G) 

1 

0.81 

1.85 

0.90 

1.81 

1.08 

0.81 
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4.4 Discussion 

Water cooling of the coils keeps the windings at the Mean tem

perature of about 60 °C, the resistivity of the coil Material p is then 

2 ' 10"" <::m. It has been considered to operate the coils at a tempera

ture of 300 °c, using the coil losses for preheating in the thermal con

version cycle. Due to the Much higher coil losses at this temperature 

the over-all efficiency of the reactor is not improved. Besides, cool

ing with liquid nitrogen would not mean an improvement. Against a re

duction of the ohmic losses would stand an increase of losses in cool

ing equipment. The ohmic losses would be eliminated if the coils could 

be made superconducting, but superconductors can only be used in a sus

tained-field scheme because of the necessary fast flux change. 

By means of an appropriate sub-division of the coils in series-

and-parallel-connected sections it is possible to keep the mean per

centage of eddy-current losses less than 10% of the ohmic losses. A 

small decrease (" 2%) of the obmic losses at the sane coil weight is 

possible by choosing the thickness of the TF-coil larger at small ma

jor radius. This could be combined with a reduced blanket thickness at 

small major radius, where the copper coils cover the blanket complete

ly. The possibility has not been worked out in detail. 

Although copper is chosen as conductor material, the use of al

uminium coils, while not changing the eddy-current losses, would result 

in lower weight and cost of the coils. However, the coil thickness has 

to be increased, the total energy of the ETS would be somewhat higher 

and it might be necessary to increase the aspect ratio of the torus, 

in order to maintain sufficient winding space in the centre hole of the 

torus. 

4.5 Sustained field 

The screw-pinch reactor with sustained field has been proposed 

in an attempt to reduce the coil losses and to improve the over-all 

efficiency. The sustained field should be generated by superconducting 

coils (see Fig. 2). The compression and implosion coils are wound 

around a smaller circumference. They can be pulsed by the ETS-supply 

and capacitor bank. The compression and implosion fields are initially 

opposed to the sustained field, giving a dip down to the bias value B . 

The magnetic field as a function of time is shown in Pig. 7. The value 

of the bias field is rather critical for stability reasons and it may 

be a difficult technical problem to keep tolerances within acceptable 
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limits, because they are determined by the difference between two big 

Ampère-turns quantities. Also, the field must be sufficiently ripple-

free around the torus. To protect the superconductor against rapid flux 

changes a copper or aluminium screen should be interposed between the 

compression coil and the sustained-field winding. To avoid the enormous 

complexity of a sustained helical field generated by separate supercon

ducting TF- and PF-coils, the PF-field is assumed to be generated by 

normal conducting coils. These are situated in the space between the 

compression coil and the screen. For the reactor calculations the PF-part 

is therefore not influenced by the sustained-field system. 

The TF-system needs another method of calculation because of the 

interaction between the superconducting coil and the screen. When a cur

rent I is delivered to the compression TF-coil by the ETS, a counter

acting current I( is induced in the screen. The coupling factor K is 

approximately equal to r /r . In addition, ohmic losses in the screen 

have to be taken into account. 

When the compression TF-field current forces the central field 

to the bias value, both the energy of the sustained field and the energy 

of the ETS are concentrated in the region between the compression coil 

and the screen. Thus, the electrodynamic forces are considerably higher 

in a sustained-field system as compared to a normal system. 

4.6 Electrodynamic forces 

Without a detailed force calculation it is possible to give an 

impression of the stress on the toroidal field coils using the formula 

for the magnetic pressure pM * B
2/2y . Supposing that the tensile 

strength of the coil conductor material withstands this pressure, the 

stress at the inner side of the coil is approximately 

27rR(b+db+dic+Wt) 
0 ' PM 2,rdt(R-b-db-dic-Wt>fc ' 

For the reference reactor with B „ „ * 7.1 T, we find 
3HMIX 

T = 16.8*107 N/m2. This is rather near the allowable limit for copper. 

For the sustained-field reactor the situation is more serious 

because the field between the compression coil and the screen is a 
factor (1 - K * ) " 1 stronger. For *„„ » 0.7, p„ increases by a factor cs cs n 

of 4. Moreover, the widths of the compression coil and the screen are 

considerably smaller (both * 0.5 m). This means that the tensile strength 

limit is exceeded by far. This might present unsurmountable problems 

in design and construction of shield, coils, and supports. 
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5. ENERGY TRANSFER AND STORAGE SYSTEM (ETS) 

The operation of a screw-pinch reactor based on the staged heat

ing principle will require two different types of energy storage and 

transfer systems. The first system has to supply the implosion field 

energy, the second delivers the compression field energy. 

5.1 Implosion-field storage system 

This system has to supply the implosion field energy (approx. 

800 HJ) and must be discharged into the implosion coils within a few 

us, about 10 ms after closing of the compression circuit. 

Such a fast discharge can be realized with a capacitor storage. 

The specific weight of storage capacitors is approx. 30 tons per MJ, 

and the specific volume is 25 ra3/MJ. For 800 MJ a huge installation 

with a total weight of about 24000 tons and a net volume of about 

2 x IO1* m3 results. In a modular reactor design these capacitor banks 

must be installed around the circumference of the torus in order to 

obtain equal length for the connecting cables. 

Fast switching can be obtained with triggered vacuum gaps, which 

are capable of preventing current reversal in the implosion circuits. 

At the end of the implosion stage the capaciv.ors will have a consider

able residual voltage with reversed polarity. The energy remaining in 

the capacitors might be recoverable, but has been considered as a loss 

in this study. 

The energy to charge the capacitor banks is obtained from the 

electrical power plant. The charging process should be completed in a 

time interval somewhat shorter than the cycle time of the reactor 

(16 s and 17 s resp.). The charging unit (transformer-rectifier) rating 

must be 80° *W - 50 HW. 
16s 

5.2 Compression-field storage system 

The large compression energy of some 200 GJ has to be stored 

and recovered at a high efficiency in order to achieve an acceptable 

over-all efficiency of the reactor plant. Evidently, capacitor storage 

is impossible. Inductive energy storage in normal conducting coils 

suffers from high losses, whereas superconducting coils cannot be 

realized for fast pulsating fields (required rate of change 50 T/s, 

admitted rate for superconductors * 1 T/s). The only remaining storage 

will be inertial storage with two possible methods to extract the 

energy electrically, either with synchronous ac-generators or with 

homopolar generators. 
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5.2.1 Synchronous generator storage 

Synchronous generators have been developed with ratings over 

1000 MVA. There is a broad experience in power generating stations for 

continuous use and in short-circuit plants for impulse duties. The ef

ficiency of these generators under steady full load conditions is bet

ter than 98%. 

A combination of a synchronous generator and a flywheel has 

been developed for the Hendelstein VII experiment at Garching. The use

ful stored energy is 1.45 GJ and the generator rating is 167 MVA. A 

rectifier-invertor must be used to convert the ac into dc for the com

pression coils and to make recuperation of energy possible. 

A possible variation from 100% to 70% of the maximum peripheral 

speed (approx. 250 m/s) makes only half of the stored energy extract-

able. With existing technologies the mass supported by two bearings 

should not exceed 200 tons. 

In one generator-flywheel set the useful stored energy is 

h * h m v2 - VB* 200 * 2502 J - 1.6 GJ. For a reactor design with 200 GJ 
9 9 

compression field energy 125 generator sets have to be built. The gen

erator rating depends on the rise time of the compression field, which 

is 0.1 s in our study. With a constant generator voltage U a linearly 

rising current i * r—t is obtained. At the current maximum the com

pression field energy is \ !•,,*-.,.• The generator and convertor ratings 

are both P - U i * -=£*-». For 200 GJ in 0.1 s the total installed 
c max t 

rating is 4000 GVA, this is 32 GVA for each generator-convertor set. 

Since this is far beyond the possibilities of present synchronous gen

erators, this method of storing the compression energy in our reactor 

design has been discarded. 

5.2.2 Homopolar generator storage 

For stationary applications as motor drive up to 3 MW, homopolar 

machines with superconductive field windings have been developed re

cently. Upscaling in a range of 100-1000 MW as a generator is still 

rather questionable. For pulsed applications prototype machines have 

been built in the 5-20 MJ range. In the RTPR-design disc type homopolar 

machines were proposed, also with superconducting field coils. 

To gain an impression of the dimensions and weights of a 200 GJ 

homopolar generator plant we developed some preliminary thoughts about 

a multiple disc design. A disc of 1.2 m diameter and 0.1 m thick Cu 

alloy weighs approx. 1 ton, its stored inertial energy at a peripheral 
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speed, v , of 200 m/s being 10 MJ. For 200 GJ 20,000 discs will be needed. 
g 

With 100 discs in a single machine its axial length is 12 m and 200 ma

chines have to be installed. To obtain a magnetic field of 5 T in a 

'2 m long 1.3 diameter cylinder 50 MA-turns should be delivered by the 

superconducting field coil. Nith a superconductor - matrix ratio 1 : 9 

and 1000 A/ram2 in the superconductor an effective coil section of 0.5m2 

is necessary. The coil volume is 2.1 m3 and its weight is 19 tons. The 

total weight of such a 1 GJ homopolar generator will be 150 tons. The 

stored energy in the field coil at 5 T (10 HJ/m3) is 200 HJ, being 20% 

of the stored energy. The voltage induced in a disc is given by 

At 5 T this voltage will not exceed 300 V. If series connection of all 

the discs can be realized, a 30 kV machine is possible. Accurate regu

lation of the compression field current will be extremely difficult due 

to the stationary superconducting field and the fact that one should 

accept a sine wave shaped compression current, decaying exponentially 

in a clamped mode. 

It is evident that serious problems must be solved before such 

machines become feasible. Problems with high currents, high speed 

brushes, electrodynamic forces during fast transients, and reaction of 

disc current and superconductive field coils are a few of the uncer

tainties. 

An efficiency of 98% as for stationary machines, may be an ul

timate value under these conditions of fast energy transfer. In a re

cent publication on a design of a 1.3 GJ homopolar machine , a 95% 

efficiency has been claimed. 

6. THERMAL CONVERSION AND ENERGY BALANCE 

It looks preferable to cool the blanket with helium, because the 

advantages of helium, which is chemically inert and show* no MHD-inter

actions that could lead to flow stagnation, are thought to outweigh the 

disadvantages of a high pressure level and a low heat transfer rate. 

Sufficient cooling can be realized with moderate pumping power and with 

the use of only a few per cent of the blanket volume for coolant chan

nels. This is due to the rather low power density in the blanket 

(about 2 MW/m3). 

The conversion in electricity can be realized either by a con

ventional steam cycle with helium-steam generators or by a combined 

gas turbine-steam cycle. The first one has been applied in high temper

ature gas-cooled fission reactors. 
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Literature data on thermal efficiencies nth for som* cycles ere 

summarized in table IV. The pumping power of the cycle and the auxil

iary power requirements for plant control and instrumentation have been 

taken into account. Power requirements that are typical for fusion re

actor plants, such as losses of magnetic field energy and tritium re

covery, differ considerably in the various reactor systems, and have 

been excluded. The circulating power leads to an extra penalty on the 

reactor output, so that the net plant efficiency will be smaller. 

TABLE TV 

PPL7) 

ü^•OU^-type9, 

17) 
fission reactor hTGR ' 

net 
electric 
power 
(GMe) 

2.0 

1.3 

0.34 

Max. 
helium 

HP*-

(38 

1093 

7SS 

Max. 
helium 
pressure 
(bar) 

SO 

21 

49 

cycle 

steam 

gas turbine/ 
steam 

steam 

1..1. 
th 
(%) 

40 

42 

39 

Zn the present study ntn has been fixed to 40%. An increase of 

rKh to values of the order of 55% might be realized by means of the 
in 

potassium topping cycle, proposed by Praas ', but for the time being, 

there are no indications that this cycle can be used in large size 

plants. 

Por the energy flow diagram of the RSPR, see Fig. 8. 

7. THE DOHW TIME 

During the dow: time (defined as the period in which there is 

no magnetic field), the plasma must cool down and the reactor is cleaned 

and refuelled. To this purpose a period of 8 seconds ha»» been selected 

for the reference screw-pinch reactor. 

7,1 Plasma cooling 

At the end of the burn phase the plasma consists of a mixture 

of D- and T-ions, and impurities (mainly He and C) at a temperature of 

approximately 10 keV. It is assumed that the plasma energy, which is 

about 1.5 GJ, is transported as heat to the first wall. In order to 

protect the first wall against an unacceptable high heat load, the 

cooling period should be sufficiently long. Conparing the plasma energy 

25 



with the nominal thermal load of the first wall (due to e.m. radiation) 

during the burning phase (* 2.3 GW), we expect no excess of heat load 

at cooling down the plasma in about 1 second. 

7.2 Removal of fuel ash and impurities 

During the cooling period a quantity of deuterium gas can be 

supplied to the reactor to such an amount, that the ratio of impurities 

to D-atoms is equal to the value that is tolerable at the start of the 

next implosion phase. An impurity level of 0.5% of low-Z impurities 

will be acceptable. So for the reference reactor the concentration of 

D must be enlarged to about 4 * 10?0 m"3, which amounts to letting 15 g 

D-gas into the reactor chamber. The pressure in the torus will be 

53 mtorr at a temperature of 1000 K. Then the D-concentration must be 

reduce 1 to the value suitable for the next pulse, i.e. a reduction of 

the pressure to about 1.5 mtorr. A period of 5 s is reserved for pump

ing time. Based on simplified vacuum formulas for hydrogen gas, and 

neglecting gas emission from the walls, the required effective pumping 

rate is 4100 m3/s. This may be realized by the use of Rootspumps of 

10 m3/s each, like in the RTPR-design. The dimensions of the pumps are 

1.4 x 1.4 x 3.2 m and the power consumption is 100 kW. The pumping rate 

to be installed will be considerably higher due to the duct resistan-

ces. Nevertheless, it looks feasible to realize the necessary pumping 

capacity, using only a few per cent of the torus wall surface as a 

pumping opening. More than 600 pumps will be necessary, with a total 

power consumption of about 60 MW during the pumping time of 5 s. The 

plant efficiency is therefore not seriously affected. 

After the pumping period the impurity level will be sufficiently 

low at the desired deuterium concentration. The next 2 seconds can be 

used for the supply of tritium gas (0.8 g) and for preionization. 

The conclusion is that a down time of 8 s looks feasible for this 

type of reactor. 

8. MODEL FOR THE CALCULATION OF REACTOR PARAMETERS 

8.1 Plasma formation 

We suppose that a plasma is formed by some preionization method. 

Also, a bias field can be applied by one of the following three methods 

(see Fig. 9). 
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I. BQ is made by the «diabetic compression circuit alone. This has 

the advantage of allowing a good preionixaticn. Crowbarring fol

lows after a quarter period of the implosion circuit. 

II. B is made by the adiabatic compression circuit plus a counter-

field from the implosion circuit, clamped after three quarters 

of the period. This favours a low implosion energy Fince only 

one half of the implosion current is needed. 

III. Method III follows the scheme of II but after one half period 

the energy source is switched off. After the implosion the mag

netic fields in the torus and in the conducting part of the 

blanket are approximately equal so that equalization of the mag

netic field on a longer time-scale offers no serious problems 

for the crowbar system. For the RSPR this method was chosen. 

8.2 Implosion 

The geometry and some circuit parameters for a screw pinch with 

circular cross-section are shown in Fig. 10. The rise time of the mag

netic field is much 3maller than the implosion time. This makes the 

energy, absorbed by the plasma during the implosion process, almost in-
19) dependent of the details of the implosion mechanism . However, one 

has to choose some implosion model in order to calculate the speed of 

the imploding sheath and Ew, the azimuthal field strength at the wall. 

He used a modified free-particle model after having verified that more 

sophisticated models give approximately the same results. The basic 

equations describing the implosion phase are: 

d w o b 2 

Plasma circuit: ̂  L (I +I.+I ) • 0; L • -|g- y2. (8.1) 

Here y * £ is the normalized sheath radius. 

Implosion circuit: 

57 + Le T T + Li -aé + Mic -df + ar V P " ° ' (8'2) 

in which 

u0b
2 

Mic * Li " -ÏR- + Lbf' 
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, where a. is the non-

L. , is the self-inductance of the space between the first wall and the 
^ f li0{(b+d.)2-b

2}ab 
implosion coil. It is equal to 5= 

conducting part of the blanket. 

dlc dl. d 

Compression circuit: ( y i ^ l "dF + Mic "dT + dt V P * °' (8.3) 

Elimination of I yields: 

Ci
 + Le dt + dt 

»ob 

ubf 
+ - i s - "-y2> «W o. (8.4) 

Lef dt dt (s, (i-y2)J(ii+ic) o. (8.5) 

where L , is the self-inductance of the compression circuit outside 

the implosion coil. The sum of the magnetic flux enclosed by the com

pression coil and flux in the ETS-system has been assumed constant. 

The values of L and L___ are derived from the input parameters 
e ET& 

A, and X that determine the ratio between the magnetic energies in the 

tube and in the external inductances: A. = 
W ° b 2 , * »ob2 

2Ri; a n d >c - m^s 

Equation of motion: 
dt 

L_4wonomib2 

. - . v 2 

Bo 

(8.6) 

where B = 2ïïR 
n is the filling density, and m. is the average 

ion mass. The equations (8.4) to (8.6) are solved numerically. The 

electric field strength at the first wall is given by 

b d Ew = IdT <B<l-y*>> (8.7) 

Ew shows a maximum value E , attained roughly at the end of the rise 

time T of the implosion field. Danger of breakdown along the insulation 

of the first wall of the reactor sets an upper limit to E _ . We took 
r r wm 

this limit to be 3 * 105 V/m. 

After the implosion the electrons and ions thermalize to the 

same temperature T . During the equilibrium the flux enclosed by the 

compression coil is kept constant. The final state is determined by 
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the energy balance and the pressure balance. The plasma energy N is 

equal to the work done by the external field minus the energy increase 

of the bias field: 

yeq B2 
W
P *

 We * "bias " - f T ? 1 **>22**2Yay - J± '*2rt (jf- - l) U.8) r • o o v eq ' 

^ = ° «? + 2 _ , (8.9) 
2po y2 2w y-*eq oJeq 

where the index eq indicates equilibrium values. The values of y„, and 
«S 

kT can be calculated from the values at the time of crowbar with 
eq 

Eqs. (8.8) and (8.9). Furthermore, 

2n kT 
S = o eg _ 

y2 B2 /2y 'eq eq' Mo 

On a longer time-scale, which is still short compared to the time-

scale for compression, equalization of the magnetic fields in the 

blanket and in the torus volume takes place. 

Eddy-current losses in the blanket have been neglected. 

8.3 Adiabatic compression 

The parameter set corresponding to the standard reactor (to be 

given in Section 4) has been calculated with time-dependent equations. 

They comprise the following particle balances and the energy balance 

containing the most important particle and energy sources and their 

losses: 

dn_ 2n_ . 
-3T- = ~ 3* - n_n_<ov>__ - n2<ov>__ 
dt y dt D T DT D DD 

(8.10) 

dnT 2nT dv 

It ' - T dt • nDV°V>DT + H'°V>DD (8'n) 

d ( V n H e 3 ) 2 ( n a + n H e 3 ) dv 

—hr* V s - aï * "DV^DT
 +

 K<^DD < 8 - 1 2 > 
dn 2n . 

~dt " " "y2 St + H<av>DD ( 8 ' 1 3 ) 
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^ - - ^ Ü [ + s n <*•"> 

dn 2n ... 
e = S & • Z S|l. (8.15) 

dt y dt h h 

The first terms at the right-hand side are related to the expansion of 

the plasma. S. denotes a source term of injected heavy particles. It 

was set equal to zero in the adiabatic compression phase but it was 

non-zero in the burning phase, where the same set of equations was 

used. 

Pressure balance: 

•> B2 

B2 _ . ,„_ 1L» ^ o = (n +In.)kT • — (8.16) 
6 * 2u v" 

(8.17) 

Energy balance: 

dW d*L_ dW__ dWD dW. . dW , 
p DT DP B bias rad 

dt dt dt dt dt " dt ' 

where the kinetic energy in the plasma, W , is given by 

W = 4 (n +In,)kTy2V (V = torus volume 2n2b2R), (8.18) 

p i e l 
DT the production rate of a-particle energy by DT-reactions, . , is 

given by 

dWDT 
= nnn_<ov>n_Q v

2V , dt "D"T "' DTV<* 

with 

<av>DT = 1.08*10~28 (kT)" / s e x p ( - l .08x10"" (kT)~ / a ) [m3s"» J 

and the energy of the a - p a r t i c l e s 

Qa = 5.63*10"13 [J] ( = 3.52 MeV) , (8.19) 

dWDD the production rate of charged particles by DD-reactions, . , is 

given by 

—£?• = Hn2<av>„„ Qu , _ y?V , 
dt D DD He',p,T * 
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with 

<ov> =* 6.3x10" 31 (kT)"^ exp(-1.05xiO-"(kT)"l/3)[«3s-1J 
DD 

and 

ÖHe3.p.T - 3.88x10^3 {J] , (8.20) 

(it is assumed that the two DD-reactions have equal cross-sections), 

the work done per time unit by the external field, dW_/dt, is 

dW, 

St 
B B2 ... d 

fu. o 
2y |ï v , (8.21) 

the rate of energy increase of the bias field, dwbias/'dt' i s 

_ J g « , . — 2 _ 2y |X V . (8.22) 
d t 2V0Y> d t 

The rate of the radiation loss is composed of four terms: 

SSS . fïk + i + ïl +
 dWrec 

dt dt et dt dt ' 

with 

d Whr k 

-TJS£ - 3.8xl0"2 9 ne(E22n i) (kT) V v (Bremsstrahlung loss) (8.23) 

dW B2 

-ST- * > x0.39x -2 n kTy2V (cyclotron radiation loss), 
at c i, e 

20) where the reabsorption coefficient y is given by 

v = 3 . 3 X 1 0 - 2 ' (kT,3/2 f ! 2 | %
( b y r V M l • 2 - 8 6 X l ° " 7 b y l H , ( 8 . 2 4 , 

c t y 2 j e I R/kT > 

d W l . - 3 / 
- ^ - 5 . 6 7 x i 0 " 6 1 t n e n n

Z h < K T ) V 2 y ( l i n e radiation l o s s ) , (8.25) 

dw . 
— — - 2.24X10"'6 n nhZMkT) * y

2V (recombinative radia-
a c e n n tion loss). (8.26) 

In Eq. (8,24) the assumption is made that the first wall does not 

reflect the radiation. In Eq. (8.25) only line radiation by carbon, 

Zh • 6, was taken into account. In practice **,, W , and W turn out 
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to give small contributions (* 90% of the radiation is carried away by 

Bremsstrahlung). 

In the numerical calculation the magnetic field increases 

linearly with time, dB/dt = 50 T/s, during the compression phase. This 

phase ends when dW _/dt + dW_D/dt = I*(dW ,/dt). The parameter r is op

timized with respect to the final efficiency of the power plant. For 

the RSPR the optimal value of r turns out to be 1.7. 

The results in this report were calculated with the time-depen

dent equations. A much simpler description of the adiabatic compression 

phase turned out to give approximately the same results. The equations 

to be used in the simple approximation are time-independent and read 

as follows: 

Adiabatic compression law 
y2 

*eq 

kT 
_JË3 
kT 
a 

(8.27) 

Definition of 8 : 
2nokTa (8.28) 

B2 = B2 

a eq eq 

kT 
KT" 
eq 

J + (1-6 
eq' 

kT 

kT, 
eq' 

(8.29) 

In Eq. (8.29) Eq, (8.27) and the pressure balances in the initial 

(index eq) and final (index a) state have been combined. 

Since in this simplified model radiation losses are neglected, 

the ignition temperature T should be chosen somewhat higher than the 

value at which energy production by fusion is equal to the energy lost 

by radiation. Agreement with the more accurate calculation is establish

ed by faking kT = 6 keV. Besides, this agreement requires dB/dt in 

the time-dependent calculation to be at least 50 Ts"1 and the impurity 

level to be very low (e.g. percentage of carbon < 1%). 

In the calculation of the compression bank energy, the energy 

that is left behind in the ETS-inductance is not included. 

8.4 Burning phase 

In the burning phase we distinguish three parts. In the first 

part of the burning phase the temperature is increasing because the 

energy production by a-particles exceeds the radiation loss. The 8-

value of the plasma increases with the temperature. After the 8-value 
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surpasses 20%, impurities are injected in the plasma in such a way 

that when 6 reaches 25% the energy increase by charged fusion particles 

and the energy loss by radiation are equal. At the end of the first 

phase the plasma has therefore reached its maximum 0-value and the tem

perature is adjusted to the value corresponding to the lower (thermal

ly unstable) equilibrium point. Due to the high plasma density in the 

screw pinch the upper (stable) equilibrium temperature is inconvenient

ly high. 

Because at the end of the compression phase the plasma is rather 

overcompressed, the magnetic field decreases during the first part of 

the burning phase. The negative parameter B is optimized with respect 

to the reactor efficiency. In the RSPR the optimum value of B turns 

out to be -2 T/s and the magnetic field decreases during the first 

part of the burning phase from 7.1 T to 5.7 T. 

During the second part of the burning phase the plasma is kept 
in the lower equilibrium point by magnetic field control. Due to the 
increasing burnup and an increasing impurity (He) level the equilibrium 
temperature value shifts upward with time. As the B-value of the plas
ma remains at 0 • 25%, this means that he magnetic field also in-

max 

creases during the second part of the burning phase. 

The second part of the burning phase ends when the extrapolated 

amount of fusion energy produced in one cycle equals the prescribed 

amount of thermal output power multiplied by the cycle time (which is 

also calculated by extrapolation). 

In the third part of the burning phase the magnetic field is no 

longer increased but it is kept constant. The plasma is therefore al

lowed to cool down. The calculation ends when the plasma temperature 

has fallen below 500 eV. At that point it is assumed that injection of 

a large amount of D- prevents plasma-wall contact and the magnetic 

field is switched off. A small correction is performed in case the 

extrapolation at the end of the second part of the burning phase was 

not exact. 

The equations that are used for the description of the burning 

phase are the same as those given in Section 8.3 (Eq, (8.10) - (8.26)), 

Although for the results given in this report the described time-

dependent calculation was used, it should be noted that a much simpler 

calculation gives approximately the same results. 

In the first part (until 6 « Bmjllf, indicated by index b) we use 

the pressure balances 

• (i-0 , 2_ , ^ a *»x (8,30) 
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where 8, is given by Eq. (8.28), and 
a 

a i ,_o i _ o 
,,-e ) , ̂ i _ , (8.31) 

'Vb 
Jo " *»jt 

to find the plasma radius at the end of the first part of the burning 

phase. 

The external magnetic field is kept constant, and kT. is given 

fay 
V b 2vo kT^ - -£-^ — s . (8.32) b 2iT _2 

a 

Before the second part of the burning phase starts, impurities 
are added (thereby increasing the density and lowering the temperature) 
to the extent that o-particle heating and radiation cooling cancel. 

The second part of the burning phase is then described by 

n (0) 
nD(t> ' l,nD(6?<av>DTt • <8-33> 

where it is assumed that <ov>D_ is constant, 

fccPfu. = J ̂ ( U Q ^ c v ^ b ^ R d t " V o v >DT Vyb nD ( 0 ) l^6)<av>DTtb' 

(8.34) 

' d o i m - ^ - S < = 8 8 ) ' (8'35> 

2 W n V 

(8.36) 

t V 

From these equations the effective burn time t. is calculated, t. is 

somewhat shorter (1.5 s) than the time during which the external mag

netic field keeps the plasma compressed: the heating and cooling of 

the plasma take about 1.5 s. 

To obtain agreement with the time-dependent calculation, the 

burnup should be restricted to a maximum of 25%. 
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8.5 Computer programme 

The mathematical relations describing the phases a to d have 

been collected and translated into the computer progress» SPREAK. The 

complete set of equations is numerically solved, starting with a number 

of input parameters that can be chosen arbitrarily and for the major 

part fora physical or technological constraints already discussed in 

Sections 2 to 7. These parameters are the aspect ratio of the reactor 

vessel A, the maximum 0 of the plasma, the thermal output power Pfcn» 

the wall loading P^, the upper limit of the maximum electric field 

strength at the first wall E„_, the efficiency of the ETS n___, the 
wm LIS 

thermal conversion efficiency n n, the down time t -t. , the blanket 

thickness d. , the non-conducting part of the blanket ab, the energy 

multiplication factor of the blanket o , the thickness of the TF-com-

pression coil d , the thickness of the PF-compression coil d , the dis

tance between the blanket and the compression coil d., the specific 

resistance of the coil material p, the filling factor of the compres

sion coil f , the specific mass of copper y, the parameters A. and > , 

the safety factor at the wall q^.and w/2 A C. . 

In the calculational procedure some checks have been built in. 

The programme iterates on the voltage of the implosion bank until E,_ 
WSH 

assumes the prescribed value. If the calculated 6 after implosion and 

therntalization turns out to be too large, a higher value of the bias 

magnetic field is chosen. This is also done when the burnup rises above 

that value compatible with active control of the maximum 0. 

The complete set of constraints does not fully determine the 

reactor parameters. The freedom is used to perform an optimization pro

cess. In the calculations presented here the net efficiency of the re

actor is maximized. 

A block diagram of SPREAK is shown in Fig. 11. 

9. RESULTS 

9.1 Parameters of a Reference Screw-Pinch Reactor 

The computer programme SPREAK has been run with the set of input 

parameters including the constraints discussed in Sections 2 - 7 . To

gether with the output parameters they build up what can be called a 

Reference Screw-Pinch Reactor (RSPR). Input and output parameters of 

the RSPR are listed in table V. 
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TABU V 

Parameters of Reference Screw-Pinch Reactor 

Input parameters 

aspect ratio 

maximum 6 

thermal output power 

wall loading 

A • 

• — • 
Pth' 
P ' 
w 

maximum E-field at the wall I • 

ETS-efficiency 

thermal conversion ef
ficiency 

down time 

blanket thickness 

non-conducting part of 
the blanket 

energy multiplication 
factor of the blanket 

thickness of the TF com
pression coil 

thickness of the PF com

pression coil 

distance between blanket 
and compression coil 

specific resistance of 
the compression coil 

filling factor of the com
pression coil 

specific mass of copper 

safety factor at the wall 

IT 
2 

nETS " 

nth* 
t -tt • 
c b 

V 
° b ' 

V 
V 
d > 
p 

"ie' 

P • 

f « 
c 

Y - J 

A.-

X • 
c 

«w' 

*7i' 

' 3 

• 0.25 

> 6 CU 

> 2 Ml/m2 

» 3*l05V/i 

• 0.98 

• 0.4 

• 8 s 

• 0.8 m 

• 0.1 

• 1.2 

• 2.3 m 

• 0.5 m 

• 0.3 m 

• 2*l0"88m 

• 0.7 

1900 kg/m3 

• 5 

• 3 

> 2 

• 1.8 ps 

Output parameters 

small radius of the first wall b > 

large radius of the torus R • 

minimum plasma radius by. • 

implosion energy W. > 

adiabatic compression energy W > 

burn time t. > 

bias field B • 
o 

B after implosion B • 
•o, 

B after compression B • 

T after implosion T > 

mean T during the burn T. > 

degree of ion impurities (C) 

• 4.6 m 

• 13.8 m 

> 0.92 m 

• 813 MJ 

> 232 CJ 

' 8.9 s 

' 0.27 T 

• 0.63 T 

• 7.1 T 

• 1 keV 

• 10 keV 

0.05 

(Zef£ - 1.25) 

filling density n » 5.3* 

burnup 

0'9 m-3 

20* 

r • i. / 

B « -2 T/s 

copper weight of TF-system C -4.5xl07 kg 

copper weight of PF-system C • 1.4* 

relative copper weight of 

07 kg 

TF-coils • PF-coils g - 40 kg/kW^ 

net electric output power P „ • 
net 

net efficiency n » * 
net 

I.I GW 

18.5Z 

9.2 Variation of parameters and discussion 

The influence of varying input parameters has been examined in 

such a way that in all computer runs only one parameter deviated from 

its reference value. 

The effects of emax, A, nETS, P,rf, Ê ^ , Pth, dc, tapering, dfc, 

nnet and g are shown in Fig. 12. and t -t. c D on W. , V Ba 
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Por commercial power reactors not only the net efficiency but 

also the relative unit cost (capital costs per kW ) is an important 

quantity. For the RSPR a rough estimate of the total capital costs has 

shown that the copper coils may contribute to about one third of the 

capital costs of the complete power station. Because at this moment a 

real cost evaluation for a future reactor is afflicted with many doubts 

and uncertainties, the relative copper weight g (kg Cu/kw) is chosen 

in this study to indicate the effect of parameter variation on economy. 

The RSPR shows a relatively low efficiency of 18.5%. This is 

predominantly caused by the ohmic losses in the compression coil during 

the long burn period (even in this situation a thick, partly tapered 

coil is imperative). For the ignition, some overcompression is required 

and this enhances the ohmic losses. The parameter to which these losses 

are most sensitive is the maximum 0 of the plasma. Figure 12a shows 

clearly the profits for B = 50%, possibly attainable in a belt screw 

pinch. The decrease of B at increasing 0 is roughly explained by the 
i • 

relation B2/2y = - 2nkT, since n and T during the burn are insensitive a o p 
to changes of the input parameters. 

The maximum in the curve of n . vs A (Fig. 12b), together with 
the physics limitation of 6A < 0.75 and the technical limitations dem
onstrate the correctness of the choice A = 3. The maximum can be under
stood as follows. At constant P . and P the volume of the reactor is 
proportional to A . At large A the relatively small volume requires a 
higher plasma density. This makes the implosion heating less effective, 
thus leading to large quantities of adiabatic compression energy neces
sary to reach ignition. The resulting ohmic losses then press down the 
nnet* At verv s m aH A tne ohmic losses are enhanced by quite a differ
ent effect. Because the value of q - B /AB. is to be kept constant, a 
small A means a large B. and the ohmic losses in the toroidal coil 
again lower the net efficiency. 

Figure 12c shows clearly the necessity of a very high n E T S. At 
values above 0.98 the ohmic losses determine the net efficiency. The 
maximization of n__t is then equivalent to a minimization of the ohmic 
losses, obviously resulting in a very short burn time. In order to 
reach the fixed energy production, the plasma must be strongly compres
sed. This explains the steeply rising parts of the curves for B and 
Wa. At lower values of n E T S (< 98%) maximum efficiency and minimum ETS-
energy go together. At n E T S =0.85 the net efficiency drops below zero. 

Figure 12d shows that variation of P leads either to a large 
magnetic compression field or to a high implosion energy. Since 
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b = J- <pth/APw)^ a n d R * Tn (APth/Pw)^' a h i g h w a l 1 l o a d i n9 w i l 1 b e 

realized in a relatively small reactor. Then a high plasma density is 

needed (fusion reaction rate <* n2V). At the high density the implosion 

is not very effective, the temperature after implosion is low, so that 

the adiabatic compression field should be high. We note in passing that 

due to the small reactor volume the steep increase of B is not accom-

panied by an increase in compression energy W . At higher values of P 

the relative copper weight, i.e. the relative unit costs, will be re

duced. The simultaneous reduction in n t is less important. At low P 

the above reasoning is reversed. 

A further increase of Ê _ above its reference value 3*105 V/m 
wm 

(Fig. 12e) does not seem attractive as the gain in r\ t and g is paid 

by a steep increase of W,. 

The net efficiency increases with the thermal power of the re

actor (Fig. I2f). Again, according to the formulas for b and R written 

above, an increase of P . is coupled with an enlargement of the reactor 

volume V(<* P 2 ) . This entails a large amount of required magnetic 

energy. However, n <* (ptn/
v) a pth D e c o m e s smaller, the temperature 

after implosion rises (and with it W,), and a lower value of B is suf-

ficient to reach ignition. Above 6 GW the relative gain in efficiency 

becomes small while the size of the reactor with its large volume of 

electric?1 equipment becomes impractical. n becomes zero at 
Pth " 2 GW-

If ntn could be enhanced (topping cycle) the net efficiency of 

the reactor would be enhanced by the same absolute amount. A larger 

thickness of the compression coils (Fig. 12g) would help in reducing 

the ohmic losses, but the value of 2.3 m is already formidable 

(59,000 tons) and further increase is uneconomic. The coils should be 

tapered 50% along the minor radius (Fig. 12h) as a compromise between 

accessibility for piping etc. and low ohmic losses. The copper weight 

factor g is nearly minimal for the tapered coils in the reference case. 

From Fig. 12i it can be seen that variation of the blanket thick

ness hardly affects W4, W_ or B . As was stated before in Section 3, 

a proper calculation of Q is more needed than a minimization of the 

blanket thickness. 

The down time t "tb of 8 seconds for the RSPR (Fig. 12j) is the 

best choice with respect to minimum B and W,. Larger down times re-
3 3 

quire higher plasma densities and magnetic field strengths and the im

provement of net efficiency and relative copper weight is marginal. 
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9.3 Discussion of the sustained-field —thod 

An indication of the gain, that can be obtained by application 

of a sustained toroidal Magnetic field, is found by straightforward 

calculation of the losses in a sustained-field reactor that has the 

sas» burn parameters as the RSPR. The major losses in the RSPR are: 

ohmic losses in the TF-coil: P » 0.7J GH 

ohaic losses in the PF-coil: P * 0.22 GW 
P 

loss in ETS-systeai : »L_& - 0.28 GH 
implosion bank loss : P. • 0.05 GM. 

In the sustained-field reactor P, is essentially the same as in 

the RSPR. P is somewhat smaller because the thinner TF-coil allows a 

better coupling of the PF-coil and the plasma. The ETS-energy is un

favourably influenced by the induced current in the screen. On the 

other hand, a gain in ETS-energy is obtained by the effect of super

position of the sustained field and the expression field at the end 

of the compression phase. The ETS-losses become: 

P . 12m ,?» us (B»c-».o/-
CTS "ETS * 2vo t Cl-c» i ' 

c cs 

In the calculation of P. the losses in the screen are included: 

t t 
p* - r- f «iV+1«".>dt * r- (T^I2 *C*"C* * f <»«.-»> 2dt. 

t t c J c e s s t c U o J ( 1 , 2 I sc 
U CS v 

If we choose as a reasonable value * _ * 0.7 and if we take the 
cs 

thickness of the screen such that the current densities in the TF-com

pression coil and the screen are equal, we find that the total weight 

of the coils (including a superconductor matrix 0.S m thick) is half 

the RSPR-value if the thickness dfc of the TF-compression coil is 0.46 m. 

The distance between the compression coil and the screen becomes 2 m. 

The optimum value of the magnetic field produced by the super

conducting coils, i.e. the value for which the total loss is a minimum, 

turns out to be B • 6.0 T. The losses then become: 
sc 

PETS * °'27 GW'' P * °'14 GHi Pt*Ps * °' 1 3* 0- 0 9 " °'22 G"-

The final efficiency of the screw-pinch reactor with sustained 

toroidal magnetic field is n_et * 29%. A slightly higher value of n t 

may be reached when the parameters of the reactor are optimized with 

respect to the sustained-field method. 
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10. CONCLUSIONS 

1. The net efficiency of the reference screw-pinch reactor (RSPR) 

design with circular minor cross-section, normal conducting coils, and 

a maximum 6-value of 25%, is too low (̂  19%) to be of economical in

terest. This low value, which is mainly due to the high ohmic losses 

in the coils, decreases even more when the rather optimistic value for 

the ETS-efficiency (98%) is reduced to a more realistic one. 

2. The economics of the RSPR is badly influenced by the investments 

necessary for the large quantities of high-grade materials for the 

coils and the ETS. The total weight of high-grade material for the 

RSPR is over 100,000 tons of which 59,000 tons of copper for the coils, 

24,000 tons for the capacitor banks and 30,000 for the ETS. These fig

ures are one order of magnitude larger than those for a comparable 
9) reference tokamak and two orders of magnitude higher than for a fos-

sile or nuclear fuelled steam supply system. 

3. For the reference case separate B -and B .-coils are assumed. Ap-
z u 

plication of a helical coil system would lead to some .small improve

ments in the net output and in the weight of the coils. However, the 

complexity of the construction of helical coils presents an engineering 

conflict with the necessary modular build-up of the reactor system. 

4. The net efficiency can be increased to about 29% by the applica

tion of super-conducting coils for the toroidal field in a sustained-

field mode. In this approach a conducting screen between the normal 

conducting implosion and compression coil and the super-conducting coil 

is needed to protect the super-conducting coil from the fast rising im

plosion and compression fields. In this approach a reduction of the 

total weight of the coil systems is achieved, while the ETS-rating re

mains the same. However, it leads to a very complex construction, in 

which mechanical forces between the super-conducting coil, the screen, 

and the normal coil are very large. 

5. Our parameter study shows clearly the benefit of an increase of 

6 above the stability limit for a circular cross-section screw pinch, 

which was assumed to be 25%. Recent theoretical considerations on 

MHD-stability of a belt-shaped plasma in a screw pinch indicate that 

such a plasma can be stably confined at attractively high values of 6. 

A similar parameter study for a belt screw-pinch reactor is needed to 

determine the size of the coil systems, the necessary energy supply, 
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and the engineering problems associated with a belt screw-pinch reactor 

system. 

6. Magnetic implosion and adiabatic compression of a plasma with 

6 appreciably lower than one are inefficient heating methods since 

the major part of the work done by the external magnetic field is used 

to compress the bias field instead of heating the plasma. It may be 

profitable to look for measures to improve the energy balance. One way 

to achieve this would be the ionization of injected pellets or parti

cles just outside the central plasma core, and subsequent heating of 

this newly created plasma by the thermonuclear inner plasma. 
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APPENDIX I 

RADIATION DAMAGE LIMITATIONS 

The first wall and the blanket segments close to it would ex

perience high neutron and ion bombardments. These fluxes and the result

ing damage limit the lifetime of the first wall and blanket modules. 

The major radiation damage problems are the loss in ductility (due to 

embrittlement and flux hardening), swelling and erosion (due to sput

tering and blistering). 

Calculations performed by the Wisconsin Fusion Reactor Design 

Team have shown the following: 

. Based on 47 atom displacements per 1023 n/cm2 for 316 SS and an ar

bitrarily chosen lower limit of 0.5% for the uniform elongation as 

ductility criterium, the integral neutron wall loading of a 316 SS 

first wall at 500 °C is restricted to about 2 MWyr/m2. 

. For a maximum swelling limit of 10%, cold-worked 316 SS at 500 °C 

will reach this limit after about 6 MWyr/m2 of integral neutron wall 

loading. 

Cold-worked 316 SS is about a factor of 10 more resistant to swelling 

than annealed SS and swelling is high between 0.3 and 0.5 of the ab

solute melting point. 

. The total erosion rate for the UHMAK-I first wall is calculated to 

be 0.22 mm/yr. The sputtering rate is dominant in this wall erosion. 

With an erosion limit of 3 mm for the first wall the maximum toler

able integral neutral wall loading is about 2 MWyr/m2. 

14) Transmutation considerations ' have shown that more or less 

significant changes in compositions of alloys can be generated. The 

chemical change of vanadium-titanium alloys appears to be minimal, so 

there seems to be no significant limitations of this alloy due to 

transmutations up to perhaps 30 MWyr/m2. 

In niobium-zirconium alloys high Zr-production rates take place 

which reduce the ductility. Setting the solubility limit of Zr in Nb 

at 15 at.% the integral neutron wall loading of Nb-Zr alloy is restrict

ed to about 100 MWyr/m2. 

In 316 SS high Mn-production rates take place which make the 

steel behave more like the 200 series alloy. The change in Fe and Ni, 

however, is within the composition limits of 316 SS. Up to about 

10 MWyr/m2 the alloy changes in 316 SS should present no particular 

problem. 
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APPENDIX II 

FORMULAS USED IN COMPARISON OF COIL SYSTEMS 

The following notation has been used: 

Inner minor radius of coil x: r 

Thickness of coil : d 

Mean radius of coil x : r = r + W . 

In the following we have collected formulas for the ohmic losses 

and the copper weight G for TF-, PF- and helical coils for some special 

cases. In the formulas for the ohmic losses the eddy-current losses ' 

have been disregarded. 

Tapered TF-coil 

For the tapered coils the ohmic losses and copper weight are in 

good approximation given by 

P = i2 -Ê. _t Pt h fc dt 
l-f. 

R - (rt+^dt) cosTrf. 

and 

+ r arctg • tg U f.)* —r=-
TT(R2-?2)* 1 Z fc l»-rt 

• Q (II.1) 

Gfc = Y(2ÏÏ)2 fc rt«dt {R-(l-ft)'(rt+idt) cosirft - ± rtsimrft}. 

(II.2) 

For a halfway tapered TF-coil the losses and the copper weight are 
approximately given by 

p
t hi?; 

"j 2arctg / (R+f t)/(R-? t) 
2R ir /Wr=T[ 

and 

C t = Y < 2 n ) ' f c r t d t (R - X4\ 

(II.3) 

(11.4) 

For the untapered coil: 

, p rt 
p = T2 ± cut R- (rt+Wt) 

(II.5) 
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and 

Gfc - Y(2»)
2f ? td t(R-ï t-W t>. (II.«) 

PF-coil 

PP = 
'I ' 

c
 VP 

and 

Gp = ï ( 2 i r ) 2 f c t e p d p . 

(II-7) 

(II.8) 

Combination of TF- and PF-coil 

Thickness total coil systen: d * d. + d . 
c t p 

Total ohmic losses 

Total copper weight 

n 
pt + V 

G » Gt + Gp. 

Between dt and d the following relation is valid: 

untapered: dk(R - rfc - dfc) *
 d
p'

r
p
 + *d

p
)f

s • 

j 2arctg /T^T^TWT^ 
halfway tapered: d,. = d_r t p p 2R it •RT^rf 

(II.9) 

(11.10) 

These relations correspond with the condition of equal average current 

densities in TF- and PF-coils. 

There are two different cases: 

1. PF-coils outside TF-coils: r - rt + d . 

2. PF-coils inside TF-coils: r.. = r + d . 
t p p 

Helical coil 

Total ohmic losses: P * 1? ± ln-r fj \A U+tg2*) , 

where 
"c" ""c'~c'~c 

tg* 
<B-'c-dc)I» 

Ve 

(11.11) 

Total weight: 

Gc = y(2*)2fc(R-rc-dc)rcdc 
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LIST OF SYMBOLS 

A aspect ratio of torus » R/b 

a see Fig. 5 

a. non-conducting part of blanket 
D 

B general symbol for magnetic field strength 

B external magnetic field strength after adiabatic compression 

B-~ external magnetic field strength after implosion 

B applied bias field in the plasma 

B sustained field produced by superconducting coils 

B toroidal component of the magnetic field strength 

B„ poloidal component of the magnetic field strength 

B -J- during the first burning stage 

b small radius of the first wall 

b^b. see Fig. 5 

S ratio of kinetic plasma pressure to confining magnetic pressure 

Ba 6 after adiabatic compression 

S. 6 at the end of the first burning stage 

3 8 after implosion 
eq w 

6 maximum value of 6 allowed by equilibrium and stability 
max 

C, capacity of implosion bank 

T see sub-section 8,3 

Y specific mass of conductor material 

y reabsorption coefficient in formula for cyclotron radiation loss 

d. blanket thickness 
c t p 

d._ distance between implosion and compression coil systems 

d thickness of PF-coil 

d thickness of the screen 

dfc thickness of TF-coil 

Ew electric field strength at the first wall 
E _ maximum electric field strength at the first wall during implosion. 
Wm 
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E„_ maximum electric field strength allowable at the first wall 
MB 

n___ efficiency of magnetic energy transfer and storage system 

n net efficiency of the fusion reactor 

nth thermal conversion efficiency 
f filling factor of the coils c 

f screw factor Ig/I2 

f degree of tapering — 

G total weight of the coils 

G weight of PF-coil 
P * 

G weight of TF-coil 

g relative copper weight of TF + PF-coils 

current in Ampëre-turns in compression coils 

^ current in Ampère-turns in implosion coil 

poloidal plasma current 

induced current in the screen 

current in PF-coil 

toroidal plasma current 

current in TF-coil 

maximum current in synchronous generator 

j . current density in coil j 

k Boltzmann's constant 

coupling factor between coils i and j 

Lbf self-inductance of the space between the first wall and the im

plosion coil 

L self-inductance of the compression coil 

L external self-inductance of implosion circuit 

L - self-inductance of part of the compression circuit outside the 

implosion coil 

LE__ self-inductance of ETS-system 

L self-inductance of synchronous generator circuit 

P 

s 

z 

ZP 

Kij 

L^ self-inductance of implosion coil 

L, self-inductance of coil j 
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L self-inductance of the plasma 

vi b 2 

o 
\ 

\ 

C 2 R LETS 

^o b 2 

i 2RL 
e 

M. mutual inductance between implosion and compression coils 

m general symbol for mass 

m mass of flywheel in synchronous generator 

mi average ion mass of the fuel 

\i permeability of free space 

n. number density of heavy particles 

n. number density of ions of species i 

n filling density 

P synchronous generator rating 

P , circulating power 

PETS l ° s s e s i n ETS-system 

P, produced fusion power averaged over one cycle time 

P . net electric output power 

P ohmic losses in PF-coil 
P 

Ps ohmic losses in the screen 

P ohmic losses in TF-coil 

P ^ thermal output power, including energy multiplication in the 

blanket 
th 

P total wall loading 

P total ohmic losses 

p magnetic pressure 

Q„ 3 T charged-particle energy produced per DD-fusion 

Q, charge of implosion bank 

Q energy multiplication factor in the blanket 

Q u-partiele energy produced per DT-fusion 
Bz q safety factor T B -

q safety factor at the first wall 

R large radius of torus 
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R. resistancc of coil j 

R see Fig. 5 

r. inner radius of homopolar generator disc 

r. inner radius of coil j 

r. mean radius of coil j 
3 

r t outer radius of homopolar generator disc 

p specific resistance of conductor material 

S. source term of injected heavy particles 
n 

a stress in coil system 

<av> rate coefficient for various nuclear reactions 

T plasma temperature 

T plasma temperature after adiabatic compression 

T. plasma temperature at the end of the first burning stage 

T equilibrium temperature of electrons and ions after implosion 

t time variable 

t. burn time during one cycle of the reactor 

t cycle time of the reactor 

e poloidal angular coordinate 

U synchronous generator voltage 

UA voltage induced in a disc of a homopolar generator 

UQ voltage of implosion bank 

V reactor volume enclosed by first wall 

v general symbol for speed 

v peripheral speed of flywheel or homopolar generator disc 

W adiabatic compression energy 
a 

W external magnetic field energy inside first wall 

W. . energy increase of bias field after implosion 

Wbr radiated bremsstrahlung energy 

Wc energy lost by cyclotron radiation 

WDD charged-particle energy produced by DD-reactions 

W__ i-particle energy produced by DT-reactions 

W work done by the external implosion field 48 



U. energy in implosion bank 

W„ line radiation loss 
A. 

W kinetic energy of the plasma 

W . total irradiated energy 

W energy loss by «combinative radiation 

y normalized radial variable r/b 

ya normalized plasma radius after adiabatic compression 

yb normalized plasma radius at the end of the first burning stage 

y__ equilibrium radius after implosio" 

Z charge state of ions of species i 
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Fig. 5 Influence of tapering on the resistance of the compression coil. 



Fig. 6 Configuration of untapered toroidal and poloidal field coils as used in the calculations of section 4.3 



Fig. 7 Time dependence of the magnetic-field strength in a screw-pinch reactor with sustained field. 



\-5/<ao5) 

ohmic lossts 

BLANKET 

a m » u 

j (OM) \ y 

o ETS lossts 

0waste haat 
(ISO) 

rth 

(100) 

THERMAL 
CONVERSION oss tltctric gross < 

(2A0) 
net 

salable m 
(1.12) 

AUXIL. 

eire 

(ue) 

Fig. 8 Energy flow diagram of the SPR. data ara given for the reference case, in GW. 



Fig. 9 The three ways of applying the bias field. 
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Fig. 12a Effactt of 0 ^ , A, TJETS , ?w, E ^ , P {h, dc taptring ratio, db and 

t c - , b o n W . , W a , B ê , W a n d g . 
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