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A REFERENCE THETA PINCH REACTOR (RTPR):

A STUDY OF A PULSRD HIGH-BETA FUSION REACTOR BASED ON THE THETA PINCH

by

S. C. Burnett, W. R. Ellis, T. A. Oliphsnt, and F. L. Ribe

ABSTRACT

A design study of a pulsed high-beta e-pinch reactor is presented.
In the reference design developed here, the reactor generates 1.8 GWe
with a duty factor chosen to limit the first wall nuclear power loading
to 3.5 Mw/m2. Magnetic energy is switched reversibly into the compress-
ion coil from a cryogenic magnetic energy store situated outside the
reactor core. The compression coil is protected from excessivenuclear
radiationand heating by a portion of the neutron-moderating,tritium-
breeding blanket. The blanket, in its present configuration,operates
at a temperatureof 800° C and hae a breeding ratio of about 1.12.
Flushing of He4 and refueling between burning pulses is accomplishedby
flowing D-T gss through the discharge chamber. Some advantages of
pulsed systems
Energy flow in
culating power

with respect to steady-state systems are discussed.
the reactor is calculated,and it is shown that the cir–
fraction for the total system is approximately10%.

I. INTRODUCTION

Previous feasibilitystudies
1,2,3

of pulsed 8-

pinch reactors have dealt with systems in which a

single-turn coil furnished both the implosionheat-

ing and adiabatic compressionfields, as is the case

in most present day e-pinch experiments. The msg-

net coil was situated inside the neutron blanket

and was gas-cooled. Such a system presents diffi-

culties having to do with materials properties of

the compressioncoil and with obtaining a sufficient-

ly large excess of reactor energy output over the

joule losses incurred in producing the magnetic

field.

In this paper we describe a e-pinch reactor

based on a more sophisticatedsystem, namely the
4,5,6

staged o pinch, so called because it employs

separate energy sources for the implosion-heating

and adiabatic-compressionstages. The implosion-

heating coil is thin and liquid-metal-cooled. It

is connected to a low-energy,high-voltage circuit

whose cost and energy content are minor factors in

the overall energy storage system, The energy in

the magnetic compressionfield, which is preponder-

ant, is furnished by a low voltage, multiturn coil

which produces a more slowly rising magnetic field

appropriate to adiabatic compression of the implos-

ion-heatedplasma. Such a coil is economical of

joule electrical losses and leads to a satisfactory

excess of reactor power output (low circulating

power fraction). The compressioncoil is also of

sufficient size to accommodate an inner neutron-

moderating blanket.

The system which we describe below has not

been optimized in a systematicway, and represents

only one choice among many possible sets of param-

eters. In order to obtain specific results from

the calculations,we have selected parameters

which tend, in general, to minimize the core size.

Some of the concepts and parameters presented here

will doubtless not survive a detailed engineering

study of the reactor system. Quantitieswhich

might change include plasma parameters (such as the

starting temperature),the strength of the msg-

netic field, or constructionmaterials, such as the

1



first wall insulator.

The purpose of this report, therefore,is not

to give a detailed design study, but to present a

self-consistent,introductoryanalysis of the e-

pinch reactor concept which includes the Important

physics. Improvementsare expected as iterations

are carried out. The relative ease with which a

favorable energy balance is obtained in the present

case is indicativeof the baaic reactor potential

of the e-pinch system.

II. BASIC PRINCIPLES OF TRE STAGED 9-PINCH RRACTOR

Figure 1 shows schematicallythe essential

elements of a staged e-pinch. In the shock-heating*

stage a magnetic field Bs having a risetime of a

few tens of nsec and a magnitude of a few tens of kG

drives the implosion of a fully ionized plasma whose
15 -3

initial density is of the order of 10 cm . After

the ion energy associatedwith the radially directed

motion of the plasma implosionhas been thermalized,

the plasma assumes a temperatureTE, characteristic

of equilibrationof ions and electrons. The plasma

radius a = ~b, whereb is the radius of the im-

plosion-~eatingcoil (Fig. 2). In Fig. 1 the dark-

ly shaded areas representmagnetic field perpendic-

ular to the plane of the figure. After a few Psec

the adiabatic compressionfield (risetimea few

msec and maximum value Box 100 to 200 kG) is applied

by energizing the compressioncoil (Fig. lc). The

arrow in Fig. lC indicates the direction of magnetic

energy flow into the system. The plaams is com-

pressed to a smaller radius xob and its temperature

is raised to a value T = 10-20 keV. As the D-T0
plasma burns for several tens of msec, it produces

3.5-MeV~-particleswhich partially thermalizewith

the D-T ions and the electrons aa the burned frac-

tion of plasma increases to about 10Z ; as a result

the plasma is further heated. Given that the ratio

8 of plasma pressure to confiningmagnetic pressure+

B2/&l, is approximatelyunity, and assuming B to be

approximatelyconstant (B = Be), the plasma expands

against the magnetic field, doing work AWwhich is

about 7% of the thermonuclearenergy produced by

*The sort of shock heating we are discussinghere
can more properly be called “piston heating” or
“implosionheating”, since the magnetic field be-
haves as a piston which ideally projects the ions
forward at twice its velocity into a field-free
region ahead of the sheath.

IMPLD%3N HEATING

A) IMPLOSION HEATING B) EQUILIBRATION

ONo-0
i

PLASM

C) ADIABATIC COMPRESSION O) BURNING ANO
OIRECT CONVERSION

Fig. 1. Illustratingplasma heating and burning
in a staged e-pinch reactor.

DENSITY

I‘A

Fig. 2. Illustratingthe processes involved in
ideal implosion heating.

D-T fusion. This work produces an emf which forces

magnetfc energy out of the compression coil (cf. the

arrow in Fig. ld) and back into the compressionmag-

netic energy store. This high-P, a-particle heating

and direct conversionhas been treated in Refs. 1

and i’.

.
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III. PLASMA HEATING

We will use the subscript “o” to refer to the

plasma state at the end of the adiabatic compress-

ion phase, which is also taken as the start of the

thermonuclear“burn”. To obtain a plasma tempera-

ture kTo after compression,for a given compression

ratio x = aolb (wherea.
0

is the compressedplasma

radiua), we find from the adiabatic law

where the subscript “E” refers to the

state of the ions and electrons after

(1)

equilibration

the implosion

heating and at the start of the compression. The

quantity f is the number of degrees of freedom ac-

quiring energy during the radial compression;f is

generally between 2 and 3, depending on the density

of the plasma and the time scale of the compression,

and is related to the ratio of specific heats y by

f+2
y. — .

f
(2)

Equation (1) specifies the amount of shock

heating which is required in order to reach a start-

ing temperaturekTo. To relate the required im-

plosion-producedtemperatureTE to quantities of

practical interest such as filling pressure and

applied implosion-heatingvoltage, we require a

model of the shock heating process. A simple shock

heating model has been described in Ref. (6) and is

given in Appendix A.

A. Summary of Shock Heating Results

The shock heating requirements can be studied

by taking as independentvariables the first wall

radius b, compressionratio X. (= so/b), compression

magnetic field Bo, and compressedplasma temperature

kTo at the start of the burn. Limiting considera-

tion to the free-expansioncase (x~H = 0.76), drop-

ping all primes for convenience,and taking y = 5/3

for the ratio of specific heats, we arrive at the

followingrelations [equation (9), for example,

is obtained by substituting (A-8), (A-12), (A-15),

and (A-21) into (A-23)]:

(x \l.66

uBs(kG) = B. ~
. (3)

~2x2

PA (mTorr)= 0 0
(2.386)2kT

o

B2
no (cm-3)= 1.24 x 1013

E&

()

1.33
kTSH (keV) = 2 ~ kT

0

()

x 1.33
kTE(keV) = ~ kT

0

()x .665 1/2
us (cm/psec)= 18.2 & (kTo)

Vs (kV) = 1.54 b X.7’3 Bo(kTo)l’2

(4)

(6)

(7)

(8)

(9)

v

EQ (kV/cm)= # = 0.245 x
7/3

Bo(kT#/2 (10)
0

In all of the above equations B. is in kG, kTo

is in keV, and b is in cm. The quantity Bs is the

magnetic field required for implosion heating, PA

is the ambient filling pressure at 300”K in mTorr,

no is the particle density after compression,kTSH

is the ion temperatureimparted by the shock (before

equilibration),kTE is the ion and electron temper-

ature after equilibration,us is the sheath (piston)

velocity, Vs is the back emf induced around the

coil, and Ee is the azimuthal electric field at the

insulatingwall.

‘ The parameters Xo, Bo, and b have been varied

to determine the implosion heating requirements for

various starting temperatureskTo. Figure 3 illus-

trates the effect of varying X. between 0.25 and

0.30 for b = 20 cm, B. = 150 kG, and kTo in the

range 5 to 22.5 keV.

IV. SCALING LAWS FOR THERMONUCLEARPOWRR PRODUCTION

We consider the thermonuclearburn to begin

when the compression field reaches its final value

B.. Each neutron produced from D-T fusion is

assumed to carry an energy ~ = 18.9 MeV = 2.0 x

10-12J.* For a plasma of radius a and plasma

*
~ = 14.1 MeV k“metic birth energy, plus 4.8 MeV
from the Li6(n,a)T reaction in the blanket.

3
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0.6~30
w

0.4:20
m

0.2 10

“OL1---13
06610121416162022

kTo (koV)

PLASMA TEMPERATURE AFTER COMPRESSION

Fig. 3. Plasma back EMF, sheath velocity, filling
pressure, and compressedplasma density
versus starting D-T plasma temperaturefor
a 20 cm wall radius.

density n (%=~=~), theinstantaneo.s thermo-

nuclear power per unit length produced in the lith-

ium blanket is

Pn = (lT/4)a2n2Qn~ (11)

—
where O’Vis the Maxwell-averagedD-T cross section.

If we express B. in kG, then before appreciable

bumup occurs, pressure balance at ~ = 1 requires,

from Eq. (5),

nokTo =1.24 X1013B~ (cm-3 keV).

Substitutinginto (11) we obtain

Pn = 1.94 x 106”B~a2Qn~/(kTo)2 ~/m) (12)

for a in cm and B. in kG, where the density does not

appear explicitly. The quantity ~~/(kTo)2 = 2.2

x 10-’4 “cm3/keV-secfor kT = 15 keV. Its value at
o

other temperaturesis tabulated in Ref. 1.

v. PARAMkTER SELECTION FOR THE REFERENCE THETA-

PINCH REACTOR (RTPR)

According to Eq.(11) one would like to have the

plasma density n~ as large as possible in order to

maximize reactor power output. This is equivalent

to having B. as large as possible, afnce power pro-

duction scales as B! whereas joule losses scale as

B:. In practice B. will probably be limited to the

range 100-200 kG by the strength of materials (200

kG produces a pressure of 24,000 lb/in2 on the com-

pression coil). In this reference design we shall

take B = 150 kG. For kTo between 10 and 20 keV,
16

this f~xes no between 1.4 and 2.8 x 10 cm-3, the

range encountered in present day e-pinch experiments.

The scaling laws for plasma heating are sum-

marized in Eqs. (3)-(10). It is seen that the com-

pression ratio X. should be kept as small as possi-

ble, consistentwith anticipatedwall stabilization

requirements,in order to minimize the necessary

implosion heating. Calculationsshow that a reas-

onable toroidal aspect ratio R/a, and hence plant

size, can be obtained for X. = 0.30, while keeping

the starting number density,or pressure,andplaama

back emf Vs within reasonable limits. The filling

pressure can be reduced, which aids implosion heat-

ing, by achieving pressure balance with high initial

temperatureas opposed to particle density. We

therefore choose kTo = 15 keV for the Reference

Theta Pinch Reactor, which givea no = 1.86 x 10
16

cm-’. The wall radius b ia selected on the basis

of implosionheating considerationsand calcula-

tions of the overall energy balance for the RTPR

for various assumed blanket geometries. The choice

of b = 30 cm is found to give a satisfactoryoverall

energy balance and tritium breeding ratio in the

blanket.

These quantities specify the RTPR plaema at

the start of the bum, as shown in Fig. 4. The

dotted line gives the values correspondingto a

starting temperatureof 15 keV. The parameters for

the atart of the thermonuclearburn are listed in

Table I.

.

.
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TABLE I

RTPR - Some Parameters at Start of Burn

Symbol Definition Value

B. Compression field

x Compressionratio (aO/b)
o

b Radius of shock heating coil

kTo Electron and ion temperature

ao

‘TSH

kTE

Bs

u
s

v~

E.

PA

n
o

$

150 kG

0.30

30 cm

at start of burn 15 keV

Plasma radius at start of burn

Shock temperatureof ions (before equilibration)

Electron and ion temperature (after equilibration)

Implosionheating field

Implosionvelocity

Plasma back emf

Implosion heating electric field

Ambient filling pressure

n
Ion density (~ = ~ = f) at start of burn

Ratio of plaams to magnetic pressure

o~$ ; I I I 10810!21416182022
kTo[keV)

PLAS!AA TEMPERATU?EAFTER COMPRESSION

Fig. 4. Summary of heating parameters for the
Reference Theta Pinch Reactor (wall radius
= 30 cm).

9 cm

8.7 keV

4.35 keV

31.8 kG

38 cmfpsec

1.62 MV

8.6 kV/cm

23.7 mTorr

-1

VI. TIME HISTORY OF THE THERMONUCLEARCYCLE

The Reference Theta Pinch Reactor is designed

for repetitive pulsed operation. Figure 5 shows

schematicallythe main events in the cyclic time

history. The implosion field Bs is applied sudden-

ly and sustained for a time sufficient for the

equilibratedplasma of temperatureTE to be “picked

up” by the compression field. The rise time of the

compression field B. is taken as 10 msec, and the

compression field is held constant during the burn

time T of 100 msec. The plasma st the start of the

burn is designated as state “o”. The plasma st the

end of the burn is designsted as state “f”. At the

end of the burn the plasma contains approximately

11% helium ions. The magnetic field is then relaxed

to some lower value which allows expansion of the

plasma column radially to the vicinity of the wall

and extinguishes the burn. Neutral gas flows be-

tween the wall and the plasma boundary, removing

heat from the column and neutralizing the plasma.

5
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Fig. 5. Schematic of magnetic field waveform.

During the remainder of the cycle “off time,” the

plasma and hot gas are fluehad out of the system

and replaced by fresh plasma with negligible helium

content. The refueling cycle is described in more

detail in Sec. IX.

The ratio ~ of the cycle time Tc to the burn-

ing time T determines the average thermal power

loading PW on the reactor first wall, which is the

implosion heating coil in the present case. The

cycle time T= = 10 sec is chosen to limit PW to

3.5 MW/m2 (350 W/cmz) in the RTPR, giving a reactor

duty factor (G-l) of 1%. The instantaneousloading

during the burning pulse exceeds Pw by about two

orders of magnitude. Heat transferwill not balance

heat deposition during the burning pulse, and care

must be taken to design for reasonable temperature

rises and thermal gradients in the first-wall and

blanket materials. During the off-time of the

reactor cycle, heat transfer from liquid lithium at

the first wall and in the blanket reduces the mater-

ial temperaturesto their ambient values. The same

choice of duty factor which places Pw in the 3.5

MW/m2 range also leads to reasonablevalues of heat-

transfer coefficient,i.e., to reasonable flow con-

ditions for the lithium.

An important feature of the pulsed reactor

with a small duty factor is that during heat trans-

fer the lithium need not be pumped across the mag-

netic field. Thus it does not incur electromagnetic

pumping losses, as in a steady-statereactor. Also,

during heat transfer, the lithium flow is not along

magnetic lines, since the field is absent. Thus

the flow retains ita turbulent character,which is

prevented in the steady-fieldcase. This allows

the field-freeheat-transfercoefficient in a

pulsed reactor to be an order of magnitude higher

than is possible in eteady atate systems.

VII. PULSED MAGNETIC EWERGY STORAGE FOR ADIABATIC

COMPRESSION

Reversible magnetic energy transfer and storage

systems appropriate to the compressionphase of

pulsed, high-beta reactors have been studied in de-

tail by K: Thomassen (Ref. 11). A summary is given

here of the torque-freesystem designed for the RTPR.

The cryogenic magnetic energy source must supply

the magnetic compression energy in pulses of - 10

msec risetime and . 100 msec duration, separated by

times of - 10 seconds. A circuit which would accom-

plish this pulsed energy transfer in a reversible

manner ia shown in Fig. 6. Large amounts of mag-

netic energy (- 315-MJ per meter of reactor length)

are stored in the cryogenic storage system, which

in this example consists of modules containing three

neeted spherical coils and a transformer.

The two inner spherical coils of a module (each

of which alone produces a uniform field in its in-

terior and an exterior dipole field) have their mag-

netic fields at right angles, so are in quadrature,

or uncoupled. This pair rotates inside the outer

coil, alternately aligning the outer coil with one

or the other of the inner coils. The coupling of

the two inner coils to the outer coil varies as

sin 8 and cos 8 respectively,and if the radii of

the two inner coils are properly chosen, the total

system energy is independentof the innercoils’ po-

sition (6). Thus, the rotor can be turned with zero

torque in theory. This torque-freesystem was first
12

proposed by P. F. Smith of the Rutherford Labora-

tory, and further developed by Smith and Lewin13

and Thomassen.ll

By rotating the inner coils from o = - 90° to

13= -I-90” the currents in the various circuits are

those shown in Fig. 7. The energy to the load in-

creases as sinze to the final value. The circuit

theory for this system is given in Appendix B, where

we show that more than 60% of the energy stored in

the system can be transferredto and recovered from

the load.

In the present design
11

each module transfer=

140-MJ (of 225 MJ) to the load, and will drive-2/3

of a meter. The module parameters are listed in

Table II. The design requires only that one choose

the transferredenergy, the magnetic field strength

in coil 1 (sctingalone), and the current density

in the superconductor. From these follow the coil

6
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(b)

MPS

L4 Fig. 7. Current variation with 6 for the circuit
af Fig. 6 (a).

LTfJ
\ L2

Fig. 6. (a): Circuit model of the energy transfer 23.32MJ

system in (b).

.S (a) a~=w

Coils 2 and 3 are mechani-
cally linked and electricallyin quadra-
ture. Energy is coupled out of Coil 3
thraugh the energy storage transformer
to load Coil 4.

radii, number af ampere-turns,superconductorvolume

and mass and currents. The amount of energy stored

in various regions at the initial (8 = - 90”), in-

termediate (6 = O“) and final (e = 90”) stages is

shown in Fig. 8. To recover the energy one simply

rotatea the coils back to their initial positions.

The advantagesof this system are the high en-

ergy transfer ratio and the ability to synthesize

an arbitrary current pulse in the load coil. Also,

the system is stationarybetween pulses so the av-

erage superconductinga.c. losses should be small.

The only disadvantageis that considerableinertial

energy must be expended (55 MJ) to raise the field

in 10 msec. This inertial energy scales as
~413B-513J-l

, with W = energy, B = field strength,

and J = current density. Developmentsin super-

conducting technologywill obviously help to alle-

viate this difficulty. With a superconductorcap-
5able of 10 A/cm2 at 100 kG the inertial energy

will be only 10% of the stored energy, so that the

internal energy can then be used to supply the in-

ertial requirement. The method has been described

by Smith and Lewin.
13

VIII, FUEL BURNUP AND DIRECT EWERGY CONVERSION

The scaling laws for power production Pn in

Sec. IV are accurate for a plasma of unvarying

properties, i.e., for negligible D-T burnup. As

(b)

23.32MJ

@p”3-
23.32 MJ

‘. /,, 21.73 MJ
/

/

(c)

@32.91-

~;;-;, ‘/

\\\\\ /:

‘/
,,

Fig. 8. Distributionof stored energy for: (a)
e=-90” (b) 0=0° (C) e=90°.

the burn proceeds however, 3.52 MeV alpha (Cl)par-

ticles are produced which constitute an energy

source in the plasma column. The large energy depo-

sition in the plasma makes the thermonuclearburn

in a e uinch a non-linear, dynamic process which

requires computer solution for realistic answers.

7



TAELE II - Design Parameters for a SuperconductingEnergy Transfer Module

Symbol Definition < Value

<
coupling coefficient 0.98

k: coupling coefficient

.1 transfer efficiency

0.9

62.3 %

B field strength of coil 1 60 kG
01

‘MS

‘MT

total magnetic energy stored

energy transferred to load

225 MJ

140 MJ

‘1
coil radius 1.47 m

‘2
coil radius 1.17 m

‘3
coil radius 1.42 m

‘1=1
ampere turns 2.10 x 107 A

‘2=2

‘3=3

J

ampere turns

ampere turns

current density

61 coil thickness

62
coil thickness

63
coil thickness

‘1
superconductor

‘2
superconductor

‘3
superconductor

I
wl

I
02

I
lJ3

1.68 x 107 A

1.14 x 107 A

105 A/cm2

moment of inertia

4.56 mm

4.56 mm

2.56 mu

volume
12 b x ~04cm3

.

7 85 x ~04cm3
volume .

e 47 x ~04cm3
volume .

moment of inertia

moment of inertia

1710 kg m2

554 kg mz

669 kg m2

We can get an estimate of the ~-particle heat- where

ing effect by calculatingthe pressure increase in

the plasma column which would occur if expansion P. = 2no kTo (14)

were prevented (for example, by increasing the ex-

ternal field Be). After the burn the final particle is the particle pressure at the start of the burn,

pressure would be given by ~f is the final number density of ~-particles, and

2
Pf = P. ‘S%xf %

(13) ‘a =
3.52 MeV is the a-particle birth energy. .



.

.

.

The fractionalburnup of fuel ions is given by

2naf
fB = + 2n

‘f ~f

where nf i.athe final

zero expansion,

=n‘f 0 - 2~f .

(15)

ion density. In the case of

(16)

(Two ions are involved in the production of a single

~ particle). Combining (13) - (16) yields the

pressure ratio as

Pf _‘BEti
“1+6kTP. o

(17)

= 1+ 39.1 fB (18)

for Em = 3.52 MeV and kTo = 15 keV. Equation (18)

is plotted in Fig. 9. The internal pressure would

increase nearly five-fold for a 10% fuel bumup, and

forty-fold for complete burnup. This pressure is

available to do work against the magnetic field.

For the case of a p = 1 plasma and a constant

external field Bo, the ~-psrticle pressure will

cause the plasma to

to final radius af,

AW=n (B&)

expand from initial radius a.

doing an amount of work

(a;- a~). (19)

This work is available to the driving magnetic ener-

gy source at essentially100% efficiency. Together

with the regulation of the burn which it entails,

the plasma expansion constitutesa major advantage

of the e-pinch reactor over low P systems.

A. A Computer Program for Burnup.

A progrsm7 has been written for the CDC 7600

which computes the effects of burnup and a-particle

production on the plasma parameters,net power pro-

duction, bremsstrahlunglosses, etc., as a function

of the burning time. The procedure involves numer-

ical solution of the Fokker-,Planckequation. The

various particle distributionfunctionsare obtained

from which the physical quantities of interest such

as the number densities and temperaturesfor the

I I 1 I

10- NO-EXPANSION CASE

8 -

-o

L ——— .—— ___

4 -

2 -

I
o . I I 1 I 1

0 5 10 Is 20 25

fB(fuelburnup,O/~)

Fig. 9. Pressure increase as a function of fuel
burnup for the case when no plasma expan-
sion is allowed.

plasma electrons, ions, and ffparticles, the amount

of direct conversionwork AW, etc., are calculated.

The quantity AW/Pn’r,calculatedentirely from the

Fokker-Planckcode, is found to have a value 0.07(to

within l%)during the entire 100 msec burn. The

quantity Pn is calculated in its time dependent form

from Eq. (11).

Figure 10 shows the variation of the particle

temperaturesand densities for the RTPR as a func-

tion of the burn time. The large initial reaction

rate produces a rapid buildup of u particles. The

~-particle partial pressure causes the plasma column

to expand. Due essentially to adiabatic decompress-

ion, the ion and electron temperaturesdrop during

the first few msec of the burn, before appreciable

energy trsnsfer occurs between the hot ~’s and the

plasma particles. As the burn proceeds, the ~ par-

ticles preferentiallyheat the electrons,whose

temperaturealways leads the ion temperature,even

though the electrons undergo bremsstrahlungradia-

tion cooling (an effect included in the code).

As burnup progresses, the plasma expands and

the density decreases monotonically in time. After

the start of the burn the

greater than the fuel ion

electron density is always

density n by an amount

n
e

=n+2~ (20)

9
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BURNING TIME T(fnSeC)

Fig. 10. Computed electron and ion temperatures,
alpha particle energy, ion density, alpha
particle density, and integratedLawson
parameter as a function of the burn time
‘T.

since the total number of electrons is not changed

during burnup. The ion deneity variation leads to

a non-linear variation of the integratedLawson

parameter liTas a function of the burn time (Fig.

10). The final value for the RTPR after 100 maec

ia - 8 x 10~4 cm-3 see, leading to a satisfactory

energy surplus for the overall reactor system.

Figure 11 shows the effect of

on thermonuclearpower production,

and plasma radius. The quantity

T-

W JP(t)clt
n on

<0 = PnoT

plasma expansion

bremsstrahlung,

(21)

20 I I I 1 I I 1 I I
REFERENCE THETA PINCH REACTOR

BO=150kG

[

“ 1.8.
0
0
CJ

kTo~15 keV
/-i

aO=9cm /-l

—.——————— ——————— 4

o.40~uJJJ
60 60 100

8URNING TIME T(mSt?C)

Fig. 11. Computed plasma radius, neutron energy
production, and bremsstrahlungenergy
production as a function of the burn time
T.

compares the Fokker-Planckresult for the thermonu-

clear energy per unit length, to that calculated from

(12) asauming initial conditionsa. and kTo and mul-

tiplying by the burn time T (i.e. no burnup is con-

sidered in Eq.(12)). Figure 11 alao gives the quan-

titY wBRl~BRo*which compares the Fokker-Planckre-

sult for bremsstrahlungradiation loas to the anal-

ytic calculation based on initial conditions:

w
BRo

=1.72 xl~34a~n~(kTo)1/2T M.J/m (22)

for kTo in keV.

Table III summarizes some plasma conditionsbe-

fore and after the 100 msec burn.

Ix. GAS DYNAMIC FLUSHING AND REFUELING

b attractive feature of a pulsed fusion reac-

tor is the possibility of removing the alpha-particle

“ash” resulting form the deuterium-tritium(D-T) .

10



TABLE III

RTPR - PLasme ParametersDuring Burn (B. = Bf = 150 kG)

Symbol Definition Value

a Initial plasma radius 9.0 cm
o

af
Final plaama radius 17.33 cm

kTo

kTif

kTef

ELYf

n
o

‘f

nef

‘fff

in

fB

T=

T

-1
E

Initf.aLtemperature (ions &

Final ion temperature

Final electron temperature

electrons)

l?inel~-particle

Initial particle

mean energy

density (ion and electron)

Final ion density

Final electron density

Final ~-particle density

Integrated

Fractional

Cycle time

Burn time

Lawson parameter

fuel burnup

15 keV

26.7 keV

37.5 keV

1.39 MeV

1.86 x 1016 cm-3

4.37 X1015 as-3

4.91X1015 CSI-3

2.72 x 1014 cm-3

8 x 1014 cm-3 sec

-11%

10 sec

0.10 sec

1%Duty factor

fuel burnup and injecting new fuel by D-T gas flow lation are taken from the final conditions of the

between burning pulaea. Thus, no diverter is re- plasma burn aa given in Table 111. Thus ne = 4.91

quired, aa in the case of a steady-state toroidal x 10 cm , n = 4.37 x 10 cm-3~ % = 2.72x 1014

reactor. A blanket of gas between the hot central cm-3~5Ea ~31.39 MeV, kTe =’~7.5 keV,kTi = 26.7 keV,

plasma and the first wall can be used to cool, neu- and a = 17.33 cm. Since energy equipartitionamong

tralize, and replace the partially burned D-T plas- the alphaa, ions, and eLectrons takes place in a

ma. Sputteringproblems are alleviated, since heat time short compared to the flushing time (which is

transfer to the wall, which would otherwise occur of the order of 10 aec), it may be assumed to take

by energetic ions, should now occur primarily by place instantaneouslyat the beginning

means of neutral atom thermal conduction and to a ing operation. The equilibrium plasma

lesser extent by ultraviolet and visible radiation. at af = 17.33 cm is then given by:

A. Initial Conditions.

The initial conditions for the flushing calcu-

of the flush-

temperature



kT; =
(naEa)f+; (nf kTif+nefkTef)

3 (naf + nf + nef)
2

59.2 keV.

(23)

The total energy content of the plasma (including

a-particles) is given by

= 1.3 x 105 J/cm

of reactor length. If this heat is extracted by

thermal conduction to the walls through an inter-

vening neutral gas layer, the total heat delivered

to the first wall is 670 .j/cm2. If this heat is

extracted in .10 see, then the average thermal
2

wall loading from the plasma after-heat is -67 W/cm .

The plasma burn is quenched prior to the flush-

ing operation by allowing the plasma to expand adia-

batically to the vicinity of the wall, dropping both

the temperatureand density. If the plasma radius

increases from 17.33 cm to, say, 25 cm, still main-

taining a 13= 1 plasma, the temperaturedrops from

59.2 keV to 36.4 keV, the density drops by a factor

of 2.08, and tbe reaction rate decreases correspond–

ingly. The expansion is accomplishedby decreasing

the magnetic field from 150 to 81 kG.

B. Model of Plasma Cooling.

We now assume that further heat production in

the plasma is negligible and compute the plasma

temperatureprofile, ionizationprofile, and heat

transfer to the wall on the followingmodel. cool

(800 “C) D-T fuel is assumed to flow into the

annular region between the plasma and the wall in

a time short compared to the cooling time, and the
15

neutral atom density is taken to be 1.67 x 10
-3

cm , i.e., the starting density required for the

next pulse. The magnetic field is programmed to

decrease in some manner with time. In the caae

discussed here, B(t) is chosen so that the magnetic

field interface remains stationaryat a = 25 cm as

the plasma cools.

Collisionsare assumed to maintain a comnon

temperaturefor ions, neutrals, and electrons. The

wall is maintained isothermallyat 800 “C (0.07 ev),

and the gas layer immediatelyadjacent ie thus al-

most totally neutral. Adjacent to the hot plasma

the gas layer becomes completely ionized. The ion-

ization profile, and hence the heat transfermechan-

ism, is strongly radius-dependent,and requires a

fine mesh for the computations. Ion-neutralrecom-

bination coefficientsare taken from Bates, Kingston,

and McWhirter.14
When the hot plasma contacts the cool gas layer,

a rapid transfer of heat takes place out of the

plasma, ionizing the neutrals and very quickly es-

tablishinga quasi-steadytemperatureprofile. Ther-

mal conductivityin a partially ionized gas is a

strong function of the degree of ionization,which

depends on the local temperatureand density. These

in turn depend on the heat conduction, so that a

self-consistentproblem must be solved.

Although the magnetic field interface and wall

radius are fixed, there will be internal motion in

the gas layer as a result of pressure gradients a-

rising from the changing temperatureprofile as heat

flows through the layer. The net effect of this

motion is to shift some of the gas layer material

closer to the wall,leavinga sparser density of

ions just outafde the magnetic field interface. As

15
pointed out by Lehnert, there will be a flow of

ions and neutrals relative to each other driven by

the separate pressure gradients. However, this

flow is strongly limited by ~ . V ~ terms in the

momentum equations and will have little effect on

the overall temperatureprofiles.16

In the preliminary calculationpresented in

this section, the gas layer ia assumed rigid so

that this motion is ignored and pointwise pressure

balance is not maintained witbfn the layer. How-

ever, the qualitative features of thermal conduction

and ionization rates, which are the most important

physical phenomena, are still well represented. A

fully self-consistent,hydrostaticpressure balance

adjustment is being added to the computer program

and the improved results will appear as a separate

LA report In the near future along with a more de-

tailed discussion of the flushing problem.

c. ComputationalResults.

Results are represented in Figs. 12 and 13 for

the cooling model described above, wherein the mag-

netic field interface is held fixed at a = 25 cm.

In this case the temperaturegradient driving the

.

.

.
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Fig. 12. Computed curves of plsems temperatureas
a function of radius and time during the
flushing cycle.

heat flow is a function of time though the reduction

of the upper (plasma) temperature. The heat is taken

out of the plasma approximatelylinearly in time,

with the plasma temperature falling to 10.3 keV in

1.6 sec. By 2.7 sec the temperatureprofile is flat,

and the entire gsa-fillinghas the uniform tempera-

ture of 800 “C. At this time mixing begina between

the old gas and the new, and the now neutralized he-

lium can be flushed out of the chamber in the remain-

ing seven seconds or so of the cycle. The heat

transfer rate to the wall can be increased, and the

heat load reduced, by decreasing the amount of init-

ial decompression to, say, 20 cm, if desired, since

the width of the temperaturegradient can be used to

regulate the heat flow.

The “brasking point” or “foot” of the tempera-

ture profiles, which is a distinguishingfeature,

occurs at the transition from ion to neutral atom

populations and reflects the fact that atom thermal

conduction is much faster than ion thermal conduc-

tion, and requires a temperaturegradient which is

correspondinglyorders of magnitude smaller. The

time specified in Figs. 12 and 13 is counted from

the start of the conductionproblem, i.e. after

adiabatic decompression,which is .0.1 sec after

r
the start of the cycle.

1 I
/

x. THE OVERALL REACTOR SYSTEM.

A schematic diazram of the overall reactor svs-

IOok
z
0
c
ay
z0
i-2w
~
u 50 -
e.

o I 1
0 10 20 30

RAOluS(cm)

Fig. 13. Typical computed curve for ionization
level vs radius (at t = 1.6 aec) in the
flushing cycle.

tem17,18
is shown in Fig. 14. The implosion heat-

ing coil with a number of radial transmission–line

feeds (8 are shown) is surroundedby a Li-Be-C blan-

ket which has three functions: (a) It absorbs all

but a few percent of the 14-MeV neutron energy from

the plasma, which the flowing lithium carries out to

heat exchangers in the electrical generating plant.

(b) It breeds tritium by means of the Li7(n,n-a)T
6

reaction for fast neutrons and the Li (n,~)T resc-

tion for slow neutrons. (c) The high Reynolds-num-

ber flow of liquid lithium cools the first wall(im-

plosion-heatingcoil).

Outside the inner blanket region is the mult.i-

turn compression coil which is energized by the

slowly rising current (-10 kA per cm of its length)

from the secondary of the cryogenic magnetic energy

store. The compression coil consists of the coiled

UP earallel-sheet transmissionlines which bring in

the high voltage (V6 of Eq. (9)) to the feed slots

13
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Fig. 14. Schematic cross section view of the RTPR.
The reactor core and compressioncoil are
shown on the right and the METS system is
shown on the left.

of the implosion-heatingcoil. Each aide of the

horizontal feed of the secondsrycoil also serves

as a ground plane for the high-voltageimplosion-

heating circuit (includingcrowbar capacitors for

sustaining the implosion-heatingfield Bs). Each

transmissionline delivers a feed point voltage Vfp
to one of the radial feed alots, where Vfp

ia of the

order of Vs divided by the number of feed points.

In the case of the RTPR, Vfp
is approximately50-kV

for 32 feed slots. Eight feed slots are shown in

Fig. 14 for the purposes of illustration. A disc-

ussion of possible circuitry for accomplishingthis

dual use of the coiled up transmissionlines is giv-

en in Appendix C.

Outaide the compressioncoil and its titanium

coil backing is the remainder of the neutron blanket

for “mopping-up” the last few percent of neutron

energy and breeding the laat few percent of tritium.

Unlike the inner blanket, which would run at -800 “C

to provide high thermal efficiencyof the generating

plant, this portion of blanket could run substan-

tially cooler. Surrounding the outer blanket is a

radiation shield, and beyond the shield the radially

emerging transmisa.tonlines are brought around to

make contact with the secondary-coilcurrent feeds

and the high-voltageimplosion-heatingcircuits.

To the left are shown the cryogenic energy storage

and transfer coils of Fig. 8 in their dewar.

have been determined for the RTPR blanket model shown

in Fig. 15. These spectral-spatialdata have been

analyzed”to determine quantities of interest such as

the breeding ratio, energy deposition, displacements

per atom (dpa),helium production,and transmutation.

The RTPR neutronic analysis given here is by Dud-

ziak.19 ‘l!hiswork has evolved from previous neutronic
20,21

studies by Bell.

All neutronics traneport calculationswere per-

formed with the DTF-IV discrete-ordinatescode,
22

using S4 quadrature in a one-dimensionalcylindrical

geometry. Cross-sectionsfor the 9 materials com-

posing the reactor blanket were 100-group, infinite-

ly dilute, P3 multigroup values processed from the

ENDF-111 data file
23

into the GAM-11 energy struc-
24

ture. A uniformly distributedvolumetric source

was placed in a plaama region with a 15-cm mean ra-

dius. At the outer surface of the mop-up blanket

(r = 155 cm), a vacuum boundary conditionwas assumed.

Adequacy of an S4 - P3 analysis to predict an inte-

gral quantity such as breeding ratio within -2% (as

compared to S12 - P3) was shown previously for a

CTR blanket benchmark.
25

Many studies, including
26

one for a CTR benchmark, have demonstrated the

sufficiencyof a P3 truncationof scatteringma-

trices, and of the uniform source assumption.

Because the e-pinch reactor concept is not

sensitive to neutron transport through the outer

shield (i.e., no superconducting-coilmegnet sur-

rounds the reactor), the model ended at the “mop-up”

blanket. This blanket provides a very minor con-

tribution of 0.003 to the total breeding ratio of

Fig. 15. Model~
tronics

CENTIMETERS

the RTPR blanket used for neu-
calculationa.

*

...

XI. NEUTRONICS CALCUT.ATIONSAND BLANKET DESIGN.

Neutron flux and reaction rate distributions
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1.07*, so it may well be replaced by shielding in

future RTPR designs.

Approximately432 of the breeding occurs in

the first Li region (66v/oLi, 25v/o Be, 4V10 A1203,

5v/o Nb) and 27% in the graphite region (lOv/oLi,

86v/o C, 2v/o Nb, 2v/o A1203), with the remainder

in the 95a/o enriched 6Li region (92v/oLi, 4“/0

A1203, and 4v/o Nb). Atom number densities were

calculated for a uniform blanket temperatureof

800 “C, except for the graphite region (1000 “C),

compression coil (20 “C), and mop-up blanket (500 “C)

The lithium in the outer, or mop-up, blanket

need not circulate,but its asaumed 500 “C tempera-

ture is high enough for the lithium to be molten

and phase-stable,and low enough to be compatible

with, if desired, a stainless steel caaing (not

shown) ahead of the shield.

Aa with all CTR concepts,radiatton damage to

the firat wall is of major concern. Accordingly,

helium-productionand atom-displacementrates have

been determined for tbe niobium structure,assuming

a 3.5 MW/m2 time-averagewall loading. Valuea of

97 ppm He/yr and 59 dpa/yr were determined for the

inner surface of the first wall. These compare with

values of 94 ppmfyr and 74 dpa/yr for a reference

ORNL tokamak reactor
27

at the same wall loading.

Displacement damage, computed using recently avail-
28

able damage functions, is approximatelyhslf that

for structuralmateriala of a typical experimental

fast breeder reactor. However, possible synergistic

effects of displacementdamage and much higher He

production in CTR’a are still unknown.

Neutron heating in the Cu of the compression

coil (67v/0 Cu, 33v/o Al O ) ia of considerableim-
23

portance becauae of heat removal requirements. Us-

ing multigroup kerma factors,
29

the neutron energy

deposition in Cu waa found to be representableaa

0.1178 exp-[0.1243 (r-70)]W/cm3, for 70 < r < 110.-.
At an incident 14-MeV current on the firat wall of

3.5 MW/m2, total neutron heating in the Cu coil is

-31O W per cm of reactor length. Detailed spatial

calculationsof gamma-ray energy deposition are now

in progreaa; however, total gamma heating in the

*Accounting for resonance self-shieldingin Nb may
raiae the breeding ratio by about 5%. Similarly,
addition of 10v/o Li in the compressioncoil re-
gion i.ncreaseathe breeding ratio by 4%.

Cu coil has been approximated from Q-values as

-3.51 kW per cm, or -0.155 W/cm3 averaged over the
**

coil volume and ten-secondpulse cycle.

The overall tritium breeding ratio is defined

by

.+
T=% (24)

N

.+
where N ia the rate of trltlum production and ~

is the rate of tritium consumption. For the RTPR
.-

we use T = 1.1, and N --200g/day for a 10 sec

cycle time and a reactor length of 350 m. The trit-

ium doubling time is given by
30

I +1
ex tin B sat

‘d =
fi-(T-l) ‘

(25)

(neglectingradioactive decay), where Iex min ia

the minimum tritium inventory external to the blan-

ket and is taken in the present case to be ten times

the daily consumption, i.e., a total of 2000 g. The

saturated blanket inventory is proportional to the

breeding ratio and inversely proportional to the re-

moval constant A:

I
Ti-

Bsat=~ “ (26)

The mean residence time for tritium in the

blanket ia 11A days, e.g., 1 = 10/day. Substituting

the above values into (25) gives a tritium doubling

time of 101 days for the RTPR, or about three and

one-third months.

In summary the RTPR has an adequate breed-

ing ratio, which has been conservativelycalculated

by ignoring resonance self-shieldingin the struc-

ture. The “mop-up” blanket contributes little to

the breeding, and may be eliminated in favor of

slightly more Li within the inner blanket if nec-

essary. Alternate design options desirable from a

neutronica viewpoint are: (1) Replace the graphite

with BeO, possibly eliminatingNb cladding; (2) In-

troduce Li in the Cu compression coil to reduce the

‘Addition of Li to tbe compreaafon coil will de-
crease the effective Q-value and thus nuclear
heating, as well as enhancing breeding.



Present loss of -11% of the neutrons by capture in

CU; and (3) SubstituteMO for Nb in the Structure

whenever possible,but especially from the first

wall through the graphite region.

Energy deposition in the Cu is low enough to

allow reasonable cooling system parameters.

XII. JOULE LOSSES IN THE REACTOR CORE AND COM-

PRESSION COIL

A. Contributionto Joule Losses.

In Figs. 14, 15, and 16 we define the reactor

core aa that portion of the reactor inside the com-

pression coil. In the presence of the rising and

falling compressionfield there will be eddy-current

losses in the conductinglithium and carbon of the

blanket, as well as in the turns of the compression

coil itself. By suitably subdividingthe conduc-

tors, however, these eddy-currentlosses can be made

arbitrarily small. In addition, the compression

field must “soak” through the refractorymetal wall

of the shock-heatingcoil resulting in some joule

loss from the currents induced in this process. Fin-

ally the current in the compressioncoil which pro-

duces the compressionfield (transportcurrent, see

below) will produce the equivalentof d.c. joule

losses for the duration T of the compressionpulse.

These losses reflect significantlyinto the energy

balance of the reactor.

B. Joule Losses of the Tranaport Current.

The current in a pulsed solenoid has two com-

ponents, as shown in Fig. 17A. The transport cur-

rent jT furnishes the magnetic field B in the coil

bore according to Ampere’s law V x% = 0.4m~. The

eddy current density jE, arising from the time var-

iation of magnetic field, forms closed paths in the

windings and doea not contribute to the magnetic

field on axis. It is governed by Faraday’s law of

induction Vx~= -10-8 3$/3t. These twocomPon-

ents are illustratedin Fig. 17B and discussed in

Appendix E.

llheenergy loss from transport current is the

same as for d.c. current. Using Ampere’s law, we

have for the current density

jT = B010.4 rAARc, (27)

where ARC is the total compressioncoil thickness,

INSULATION
+tla COOUNG

Fig. 16.

and A is

If iiciS

Illustrationof a possible reactor core
and compressioncoil in the RTPR.

the volume filling factor of the conductor.

the mean coil radius,

AR
iic=Rco+~ , (28)

where Rco is the inside radius of the compression

coil, the total joule energy loss per unit length

WT in the coil due to the driving (transport)cur-

rent during a flat-toppedpulse of duration ‘Tand

rise time TR (see Fig. 17c) is given by Eqa. (E-17)

and (E-18) of Appendix E:

2iT~c,lB:
W* = (T +&R)

(0.402 MRC

(29)

=4.0 XIO-4@(T+$TR). (MJ/m)(30)
c

where I is the coil reaistivity. For the Reference

Theta Pinch Reactor we have: B~ = 150 kG, ii = 90

cm, T = 0.1 see, T = 0.01 see, X = 0.7, AR: = 40

Cm, andlcu = 1.7 ~ 10-6 ohm-cm (for 20 ‘C copper),

giving* WT = 5.24 MJ/m.

‘This analysis neglects joule losses in the compress-
ion coil incurred during flushing and refueling
(Sec. TX). Power production during this phase of
the cycle ia also neglected when calculatingthe
energy balance of the reactor (See.XIV).

,
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Fig. 17. A. Multiturn magnetic compression coil
showing transport and eddy currents
and the radii Rco, R=*, and EC.

B. Radial distributionof magnetic field,
transport current, and eddy current.

c. Time variation of magnetic field,
transport current, and eddy current.

c. Joule Eddy-CurrentLosses io the Compression

~

Figure 17 shows achemsticallythe magnetic

compressionpulse of the reactor, having a linearly

rising portion of duration TR. For such a magnetic

field the electrical skin depth (AppendixD) is

given by 62
ER

= 1/2 x 108 TTR . (31)

In Appendix E the joule energy loss due to eddy cur-

rents induced in the coil during the rising and fall-

ing portions of the magnetic waveforms is shown to be

2Tiic,qB: TR

()

~2AR2d2

WE =
c— . (32)

(o.@’l)z MRc 45.6 6;R

where d is the coil layer thickness. Eliminating~

between (3L) and (32) yields

10-12~cB~ AARcd2
WE =

5.73 6~

The total joule loss in the
. . .

the pulse is given by

(33). M.lfm

compression coil during

The condition that the eddy current loss be only 2%

of the transport current loss (WE/WT= 0.02) is that

d2;”:$r+;’3’R)(oo2)’35)
c

Setting TR =

(31). For T

is given by,

10-2 see, we find 6 = 0.92 cm from
ER

= 10-1 sec. the coil winding thickness

from (35):

d<.94 mm.

This criterion is met in the coil design of Fig. 16.

For double element

factor of A = 0.7,

mission line is

transmissionlines and a filling

the number of turns per trans-

AAR

‘=(2)(32Td
= 4.5 ,

assuming 32 feed points. The total number of turne

in the compression coil is thue 32 N, or 144 turns.

(For triple element transmissionlines, N = 3 turns

for 32 feed points and the total number of turns ia

96).



1). Joule Loss of CompressionField Energy in the

Implosion-HeatingCoil.

When the compressionfield B is applied it must

penetrate the wall of the implosion-heatingcoil.

It is easily ahown that the resistive Iosa of energy

‘ES
in this penetrationprocess is related to the

energy WBS whtch 1s finally stored in the implosion-

heating coil by

‘E/wBs= 2cY/(1+Cr), (36)

where ~ is the ratio of the L/R time of the shock-

heating coil to TR, and we have counted leases both

on the rise and fall of the B field. For a single-

turn coil,

1,/R= ~bAb X 10-9/P ~
a a

(37)

where b is the shock-coilradius and Ab is its

thickness. The quantity Ps measures the ratio of

length of the coil perimeter plus radial Wb trans-

mission-line conductorsto that of the coil per-

imeter above, assuming the coil and tranamisaion-

line conductors to have the same thickness Ab.

From Fig. 16 we find P = 4.4 for b = 30 cm. For

800 “C Wb,,~S6X10g50hm-CRI. For Ab=O.3cm

we calculateL/R = 0.21 msec and U = 0.021. The

magnetic energy stored in the compressioncoil is

given by

WB = (B~/L3T)(RR~2)x 10-U MJ/m . (38)

where R: is an effectiveradius for magnetic energy

storage (in cm),

(39)

and B. is measured in Gauss.

For Rco = 70 cm and ARc = 40 cm, R: = 83.33 cm

and

wB = 195 MJlm .

‘BS
= (b/R;)zWB

(40)

= 25 MJ]m . (41)

and

‘ES
= 1.06 M.J/m. (42)

E. Eddy-CurrentLosses in the Blanket.

In Fig. 16 ceramic separatorsare shown which

divide the niobium-encasedlithium and carbon re-

gions into narrow radial segments. It is easily

shown that for segments of width h much less than

their lengtha, the eddy-currentjoule losses in the

blanket region per unit length, W;, normalized to the

total stored magnetic energy, (38), is

(43)

*2
where f

A
is the fraction of the area fiR which iS

c

occupied by the blanket material. For lithium at

800 “C, ~Li = 1.9 X 10-4 ohm-cm, 6ER = 9.75 cm, and

fA= 0.21 (Fig. 15). If we limit the eddy current

losses in the lithium to, say, 0.25% of WB, then

W~(Li) = 0.5 MJ/m

and

~i =2.7 cm.

For the carbon portion of the blanket we find

1 = 2,1 x 10
-3

.C
ohm-cm (for 1000 “C), 6ER = 32 cm,

and fA = 0.32. For carbon eddy-currentlosses e-

(44)

-.
qual to, say, 0.1% of WB,

w;(c) = 0.195 MJlm

and

hc = 4.5 cm.

These h values correspond to

spacings for the insulators,

16.

F. Summary.

(45)

physically realistic

aa illustratedin Fig.

All transport current losses are incurred in

the compressioncoil, and for the RTPR design, as-

suming a trapezoidalcurrent pulse, are

WT = 5.24 MJlm.

.
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me eddy-currentlosses have several components:

WE in the compressioncoil, WES in the shock coil,

and W~(Li) and W;(C) in the blanket, and these total

to

/

MECH.CNICALSTRESS, DIELECTRIC STRESS

w = 1.86 14JfIn.
E–total

-t
8111

> NEUTRONS, BRiMSSTRAHLUNG j!

The eddy-currentlosses are adjustable in that they 1- !8
z 11

can be reduced by further subdivisionof the elec-
Z ,1
w
+

11
II

trically conductingmaterials in the blanket into z II
MAGNETIC FIELO II

smaller unit cells. In this design the eddy-current
11

,2

II
,1

losses constitute25% of the total joule losses of
II

__________ -__, -

7.09 MJlln.
‘\._

I ‘--1

XIII. MECHANICAL STRESS, RADIATION,AND HEAT 1
- 10 SEC

1

TRANSFER AT THE FIRST WALL TIME

.

.

A. Time History.

In a pulsed theta-pinchreactor the mechanical,

dielectric, and thermal stresses” in the first wall

facing the plasma are cyclic with period T=, having

approximatelythe time history shown schematically

in Fig. 18.

During the implosion-heatingphase, which lasts
15

about 2 msec, the plasma has a density of --3x 10
-3

cm and a temperatureof-5 keV (Table I). There

is negligibleneutronradiation and bremmstrahlung

during this phase of the discharge. The sudden

application of the implosion field at t = O re-

quires of the order of 1.6 MV around the inside of

the first wall, which is also the implosion-heating

coil. The correspondingelectrical stress in the

first wall dielectric (A1203 in the RTPR) is .9

kV/cm (22 V/roil)and lasts for the risetime of the

current, -100 nsec. The 31.8-kG implosion-heating

field exerts an outward pressure of -36 Atmospheres

(600 psi) on the Wb coil, giving rise to a hoop

stress (in the absence of radial supports):

SH=$

= 60,000 @

(46)

(P = 600 psi, b = 30 cm, and Ab = Nb wall thickness

= 0.3 cm). This stress will be substantiallyre-

duced, depending on the reinforcing structure

through the blanket. The L/R the of the Nb coil

is --200I@ec (Eq. 37), and therefore the implosion-

heating circuit has crowbar capacitors (Fig. 14)

Fig. 18. Time history of the radiation and mechan-
ical stress for the first wall of a pulsed
e pinch reactor.

to sustain the current,

During the 100 msec bum the first wall under-

goes a photon flux of bremsstrahlungand cyclotron

radiation, and a particle flux of 14 MeV neutrons

(whichpenetrate the wall) and charged particles

due to diffusion across the confining magnetic field

B. (whichmay causefirst surface sputtering). A
33

—
study of time dependent diffusion in a theta pinch

has shown that the charged particle loss to the

wall during the burn is negligible (<<1%) for dif-

fusion rates up to 100 times the classical value in

the present case. The temperaturerise in the Nb

wall due to neutron energy deposition has been cal-

culated to be quite small, less than 5 “C. Similar-

ly the temperaturerise due to eddy current losses

in the Nb wall (W = 1.06 N.J/m)is--75 “C when
ES

heat conduction to the flowing Li coolant is com-

pletely neglected. When heat conduction is includ-

ed in the analysis the temperatureexcursion in the

Nb shell is limited to a few tens of ‘C.

B. BremsstrahlungAbsorption.

In the RTPR a major source of first wall heat

is bremsstrahlungabsorption.

With the inclusion of burnup effects, the in-

cident bremsstrahlungenergy flux on the first wall

is given by

()w
BR

‘BRO

‘$——BR = WBR 2rrb
M.1/m2

0

(47)
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where the quantity (WBR/WBR ) is plotted in Fig. 11

and W~R is given by Eq. (2!!).We find
o

+BR = 0.57 MJlls2.

The bremsstrahlungradiation is peaked at s

wavelength3$hichis a function of kTe :

a 6.200 0
BR = kTe(keV) A “

(48:

From the Te curve in Fig. 10, the electron tempera-

ture ie seen to vary from a startingvalue of 15

keV to 38 keV (Table III) during the burn. Assum-

ing an average value of 2S keV, tbe wavelength
o

A~R = 0.25 A is found to lie in the hard x-ray re-

gion of the spectrum.

A computer study has been made of the absorp-

tion of the bremsstrahlungspectrum from plasmas

of various temperatureson a compositeA1203 - Wb

first wall. Figure 19 shows the result, where we

plot the percent of the total incident energy which

is absorbed vs. the thicknessof the A1203 insula-

tor. Correspondingto 25 keV and l-mm thickness of

‘1203’ approximately60% of $IBR,or 0.34 ~~fm2, ia

absorbed in the first wall insulator. The remein-

ing 40% is transmittedto the libinterfacewhere

it is absorbed in a very thin layer (.0.01mm),

owing to the high atomic mass number. The Nb wall

has a thickness Ab = 3 mm, and its outer surface

is maintained at an assumed constant temperature

of 800 ‘C by the liquid Li flow.

The radiated cyclotron energy (peak wsve-

length-1 mm) lies in the far infrared region of

the spectrum where it is eaaily reflected by the

walls. The high plasma beta and aelf-absorption

effects limit cyclotron radiation to less than 1%
33

of the bremsstrahlungradiated energy.

c. TemperatureRise.

A detailed radiation-absorptionand heat-

transfer study has been done numerically for the

Composite firet wall described above, and the re-

sults are shown in Fig. 20. The incident brems-

strahlung has been computed as a function of time

from the burnup code of Sec. VIII. The absorp-

tion as a function of distance and time in the

Fig. 19.

‘i203 ‘s

I ! I 1 I kTe

//

35
40

A1203WALL THICKNESS (mm)

The percent of incident bremsstrahlung
radiation energy which is absorbed in the
first wall insulator (A1203)plotted
against the wall thickness,for a number
of different values of the electron tem-
perature of the plasma which emits the
radiation.

then derived from the curves of Fig. 19,

and the heat conduction equation is solved for the

resultant temperaturedistributionin the wall as

a function of time. The burn is asaumed to stop at

100 msec, and the plasma to cool down so as not to

produce any further significantbremsstrahlungra-

diation thereafter. The T(r) profiles in Fig. 20

are plotted for six successive times, starting at

10 msec after the beginning of the burn. Each curve

is also identified by the dimensionlessquantity

(Ar +Ab)/6T(Wb), where Ar -tAb is tbe total wall

thicknesa(4w in this case), and 6T is the thermal

skin depth for niobium,

(49)

.

= 0.41 K cm
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-1 IIWULATCX

(AL203)

(Nb)

~r+Ab

CURVE TIME (ins)8T(f:b)

a 10 9.66

b 30 5.58

,C 100 3.06

d 200 2.16

e 400 1.53

f 1000 0.97

Ff —-,

800
0 I 2 3 4

RADIAL DISTANCE r (mm)
FROM FIRST WALL SURFACE

Fig. 20. Temperatureprofiles in the composite
A1.O.-Nb first wall, resultin~ from
br~m~strahlungenergy absorpt~on (see Fig.
19), plotted for various times during the
burn and subsequent cooling.

where t is the time ~ Sec. The maximum tempera-

ture excursion in the wall, shown by curve c, is

- 100”C and occurs at 100 msec on the inside surface.

After 1 sec (curve f) the temperatureprofile is

nearly flat once more, and the wall is ready for an-

other cycle. The quantity (Ar + Ab)/bT (Nb) is ap-

proximately unity at 1 see, and the thermal skin

depth 6T (Nb) ia thus a good measure of the dis-

tance over which heat can be removed from the first

wall by the flowing Li coolant.

XIV. ENERGY BALANCE, CIRCULATINGPOWER FRACTION,

AND PLANT EFFICIENCY

Considering the overall energy balance of the

reactor we take account of the core and compression

coil joule losses and make an estimate of the ex-

penditure of energy WA used in driving the electri-

cal generatingplant and auxiliaries such as cool-

ant pumps. There is in addition an energy loss

in the cryogenic circuit which will depend on
‘Sc
the choice of superconductingor cryogenic mater-

ials used.

In describing the energy balance, we use the

quantity M to indicate the excess of electrical en-
35ergy ovqr losaea. Thus

TIT
[‘n + ‘BR + (Wp)f + (N#a)f + WES + W~(Li) + W;(C

1

[= M (Wp)i+ (WL - AtO + wSc

UT (wo)=Mwi

(50)

(51)

where the bracket on the left side of Eq. (50) re-

presents energy available as high grade heat (-800”c)

and the bracket on the right represents energy losses

which must be supplied during each burning pulse.

Table IV defines the various quantities appearing

in Eqs. (50) and (51), and their calculated magni-

tudes are given for a burning time of T = 100 msec.

The final plasma energy, for example, is given by

(Wp)f= ;[nefkTef +nfkTif]”a~

where the various quantities appearing in

9 (52)

(52) can

be found in Table 111. Note that the energy multi-

plication factor Q (the ratio of total reactor en-

ergy W. to the total plasma preparation energy Wi),

is given by

‘oQ.+- .
i T

The plant circulating-energyfraction is

(53)

(54)

The quantity WA is the energy per pulse associated

with operating the electrical power plant and aux-

iliaries such as coolant pumping. We assume

~=3%
w

. In addition, the losses WSC in the super-

g

conducting energy storage circuit of the reactor,

a quantity presently unknown, must be taken into

account.
lf ‘e limit ‘SC ‘0’ ‘ay’ 0“5% ‘f ‘BO

(the

peak energy stored in the cryogenic system), then

‘Sc
= 1.57 NJ/m
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TABLE~~IV

ENERGY VALUES IN THE REFERENCE THETA PINCH REACTOR

Symbol Definition Value

(Wp)~

‘ES

w;(Li)

w;(c)

‘E

‘T

‘L

‘Sc

AW

‘i

‘BR

Wn

(Wp)~

(NaE=)~

‘o

w
g

‘A

‘c

we

‘Bo

1$

‘k

TIP

Q

e

M

22

Initial Plasma Energy = 3no kTo(fia~)

Joule Eddy Current Losses in Shock Heating Coil

Joule Eddy Current Losses in Li Blanket

Joule Eddy Current Losses in C Blanket

Joule Eddy Current Losses in Compression Coil

Joule Tranaport Current Losses in CompressionCoil

Resistive Energy Losses (total)= WES +W~(Li) +W~(C) +WE+WT

Energy Losses in CryogenicMagnetic Energy Storage System

Direct Conversion Energy (High+ Plasma Expanaion)

Total Plasma Preparation Energy = (Wp)i + WL + WSC - AW

3.41 MJlm

1.06 MJlm

.50 14J/m

.19 NJ/m

.10 NJlm

5.24 MJ/m

7.09 MJhn

1.57 MJlm

6.14 MJlm

5.93 MJlm

BremsstrahlungEnergy

ThermonuclearNeutron

Final Plasma Energy

Loss 1.08 MJfm

Energy (~ = 18.9 MeV) 88.40 MJ/m

6.88 MJlm

Final Alpha Particle Energy

Tbtal Reactor Energy = WBR + Wn + WES + W~(Li) + w;(c) + (Wp)f + (NaEu)f

Groaa Electrical Energy = ~TWo

Thermal ConversionLosses = 32 Wg

CirculatinfjEnergy = Wi + WA

Net Electrical Energy (= W - Wc)
g

Peak Magnetic Energy in Cryogenic System

Thermal Conversion Efficiency

Direct Conversion Efficiency

Overall Plant Efficiency

Energy MultiplicationFactor

Fractional CirculatingPower

=Wlw
Oi

=w/w
Cg

Excess of Electrical Energy Over Loasea

5.70 tiJ/m

103.81 MJ/m

60.21 MJ/m

1.80 NJ/m

7.73 MJlm

52.48 M.T/m

315. MJlm

58%

100%

50.1%

17.s

12.8%

10.2

.

.



TABLE IV

(continued)

.

.

.

.

‘T

‘T

Pe

L

and

Burning Tine

Cycle Time

Duty Factor (= T/Tc)

Reactor

Reactor

Reactor

Thermal Power = WOL/Tc

Net Electrical Power = ~ipPT

Length

e = 12.8%

M = 10.2

Q=17.5 .

The Carnot efficiencyof an ideal heat engine

working between an upper temperatureof 800 “C

(1100 “K) and a lower temperatureof 300 “K is

(1100- 300)/1100= 0.73. By using a potassium top-

ping cycle, as shown in Fig. 21, the actual thermal

efficiency of an operating plant may be greater than

60%. We will assume U = 0.58 in the present study.
T

The overall plant efficiency

TIP= TIT(1 - e) (55)

ie then 50.1%.

In this discussionwe have followed the param-
36

eter definitions suggested by Persiani, et al.

Figure 22 is an energy flow diagram for the pulsed

e-pinch reactor which alao follows the usage given

by these authors.

An inspection of Table IV shows that the dom-

inant term in the energy balance equation is Wn,

aa indeed it.must be if losses are to be small com-

pared to the thermonuclearpower. The quantities

Wn, WBR, (W ) , (nuEu)fand AW are computed by means
pf

of the burnup code described in Sec. VIII. We note

that the energy produced by direct conversion

(AW= 6.14 MJ/m) as the high+ plasma expands

against the confiningmagnetic field during the

burn nearly equals the total joule losses (WL =

7.09 MJ/m) in the reactor core, thus substantially

100 msec

10 sec

0.01

3.6 GWth

1.8 GWe

350 m

~1 I ~ ,1
TRITIUM

T+K
OEUTERIUM TRITIuM T

SEPARATION
IMPURITIES

STORAGE STORAGE SYSTEM
D T

LI+T K

(
LITFNUM HPOTASSIUM
SLANKET . BOILER

O-T D-T I LI+T

& CONOENSER

HELIUM
STEAM FEEO

PURGING t3 ~ wATER

O-T RECYCLING
SYSTEM

sTEAM
STEAM

RETURN

L

STEAM MWe
TuRBINE OUT

1i 1

Fig. 21. Block diagram of possible tritium separa-
tion and energy-removalsystems.

reducing the circulatingpower requirementsof the

reactor. The circulating power fraction (12.8% in

the present example) can be reduced below 10% quite

readily by incr~sing the burn time (to 125 msec,

for example), or by increasing the magnetic field

(to 165 kG, for example) [see Eq. 12]. In fact it

seems clear that the flexibilityof the pulsed system,

through its adjustable duty cycle, permits the per-

turbation of the present reference reactor into a

system with an arbitrarily small circulating power

fraction.

Rv. INTEGRATEDWALL LOADING, DUTY FACTOR, AND PLANT

ELECTRICAL OUTPUT

A. Wall Loading

The duty factor of the reactor L
-1

is related

to the burn time (T = 0.10 see) by

E
-1

= T/Tc . (56)
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The cycle time T= is determinedby the requirement
,

that the average first wall nuclear throughput,

Wn
14.06 MeV-—

‘W - 2mb Tc
Qn

(57)

where Qn = 18.9 MeV, be limited to 3.5 MW/m2

(350 wlcm2). For Wn = 88.4 MJ/m (Table IV), Eq.

(57) gives

‘r = 10 sec.
c

The correspondingaverage primary neutron flu-

ence on the first wall (i.e. neglecting back-
15 2scatter) ia 1.4 x 10 neutronsfcm /pulse. The

time averaged primary neutron current is 1.4 x

1014/cm2/see)and during the burn the instantaneous

current is 1.4 x 10161cm2/sec. The primary neutron

current accounts for approximately1/4 of the total

neutron flux through the first wall. The primary

neutron,currentintegrated over one year of contin-
21

uous operation of the reactor is 4.4 x 10 neutronsl

cm2/yr through the first wall.

B. Plant Thermal and Electrical Power

The thermal power of the reactor is

WL
PT.+ Mw , (58)

c

where W
o

= 103.8 MJ/m (Table IV), and L is the

length of the reactor in meters. For a reactor

length of 350 m (toroidalmajor radius = 56 m), we

have

PT = 3.63 GW.

ENERGY FLOW DIAGRAM FOR REFERENCE THETA PINCH REACTOR

PLASMA PREPARATION I POWER SOURCE
I

I POWER CONVERSION
I I

I I
I

I I

c1 I
LOSSES I
WL,w~c I

I
I
I
I

I
I

lw w,

TI

I
I
I
I
I

I POWER
1 DISTRIBUTION

I

I

I

“+’Eal
Fig. 22. Energy Flow Diagram for Reference Theta Pinch Reactor
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The net electricalpower output (power on the line)

is

Pe=llP
PT

(59)

where “l]= 50.1% is the overall plant efficiency.
P

Hence

Pe =1.82 GW .

The power output per unit length is 1820/L =

5.2 MW/m, and the energy output “on the line” per

unit length of reactor is

we = PeTclL

= 52 MJ/mlpulse.

A figure of merit which is sometimes applied to

thermonuclearreactors is the ratio of the magnetic

energy stored in the cryogenic system to the elec-

trical power output. Thus

(60)

w
315

+) = n = 61
J/W. (61)

c. Direct Conversion

The direct conversionenergy AW expressed as a

fraction of

AW .
q

the output energy is

6.14
— = 12% .

52
(62)

It was found in Section VIII that the direct con-

version energy expressed as a fraction of the neu-

tron energy deposited in the blanket was 7%, i.e.

AW
~

= 0.07 .

The differencebetween 12% and 7% is not un-

like the thermal efficiency of the reactor power

plant, i.e., 50%.

XVI. CONCLUSIONS

As opposed to a steady-statesystem, a pulsed

thermonuclearreactor ia considerablydifferent

both in its plasma physics characteristicsand in

the approach to basic design problems. The pulsed

device we have outlined operates at a high beta val-

ue and at higher plasma densities than steady-state

reactors, but since the pulsed system is “on” for

only a few percent of time an acceptablewall

loading can be realized with a much smaller vacuum

chamber radius than in steady-statesystems such as

Tokamaks.

There are other significantadvantages in using

a pulsed high-beta plasma as the reactor energy

source, They include the fact that there is no flow

of liquid metal across magnetic field lines during

98%!of the coolant cycle. The pulsed containment

field lies outside the superconductingcoil and thus

the value of the superconductingmagnetic field is

independentof that of the compressional field.

Fueling and flushing of the plasma between burning

pulses can probably be accomplishedwithout diver-

ters by continuouslyflowing D-T gaa through the

discharge chamber. During this recycling process

heat transfer from the plasma to the first wall is

expected to depend primarily on atom thermal trans-

port and visible and uv radiation in the region of

neutral gas surrounding the core. Direct energy

conversion by the expansion of the high-beta plasma

against the confining magnetic field during burning

(about 7% of the thermonuclearenergy and-12% of

the electrical energy) furnishes the joule losses

in the room temperaturecompression coil. The

calculationsof Section XV indicate that no net

electrical input to the magnetic compression system

may be necessary.

The reactor parameters presented here are not

unique; however, they are self consistent and pro-

vide for a reasonable energy balance and circulating

power fraction. Iterationsare planned in the fu-

ture to improve these results, by varying the reac-

tor parameters Bo, T, kTo, etc. in the calculations.

Final parameters will be obtained on the basis of

scientific information gained in the Scyllac exper-
~ment37,38 39

and later experiments which demonstrate

the staged e-pinch concept, as well, of course, as

future technologicaldevelopments.
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APPENDIX A

I. A MODEL OF IMPLOSIONHRATING

In the umde16’8 taken here (see Fig. 2 ), a

aheath separatinga magnetic field B~ and the plasma

advances radially inward at a speed us, projecting

ions ahead of it at a speed 2us. The ambient plas-

ma filling density inside this “magneticpiston” is

nA~ and the plasma ahead of the piston is assumed

to be relativelycold (. 1 ev). Only ions are as-

sumed to gain energy, and the electrons remain cold

but fully ionized. (In practice there is some joule

heating of the electrons in the aheath; however,

this heating is much less than that of the ions.)

Plasma-simulationstudiesg show that the actual pro-

ceaa whereby the ions are given a spread of energies

from an ideal sheath can be one of repeatedly bouric-

ing off the sheath wall aa they pass through the

center of the discharge tube, leading to piston os-

cillations which finally (on a scale of 0.1 Laec)

settle down to some sheath radius bx
SFI

at the end

of the shock phaae.

Simple dynamical considerationsshow that the

firat ions projected from the sheath will hit it

again after pasaing through the axis of the dis-

charge when the sheath has advanced to x = 1/3. As

an average approximationto the actual train of e-

vents We asaume that all of the ions inside the

aheath at this instant thermalize to a temperature

‘SH
and then push the sheath back to xSH, doing an

amount of work (B~/~)Hb2[x~H -(1/3)2] againat the

constant field Bs. Hence

nb2nA[l - (1/3)2] [1/2 mi(2us)2] = 3/2nb2nAkTSH

+ 1/8 b2B;[x;H - (1/3)21, (A-1)

where mi ia the ion mass.

The momentum of the projected ions is related

to Bs by

(A-2)

After the piston-heatedplasma becomes quiescent,

pressure balance requires

(nA/x~H)kTSH=B~/8n . (A-3)

Substituting (A-3) and (A-2) into (A-1) we find

‘SH
= (2/5]1’2= 0.632 . (A-4)

Note that us = (kTSH/2mi)
112,X

SH ‘
2.20 x 10’

[kT~H(keV)]l/2. The initial back emf around the in-

side of the discharge tube Is given by

V6=21T X10
-8

busBa (volts).

SubstitutingEqa. (A-2) and (A-3),

()-8 TT
1/2

va.lo—
4minA

bB~

3

()

-8 n ‘A
bkTSH

=4X1O — —.
m. 2
1

‘SH

(A-5)

(A-6)

-24
In more convenientunits (for mi = 4.15 x 10 g, an

“average” D-T ion),

Vs(kV) = 0.517 X 10
2 1/2

‘6 b Ba/PA
(A-7)

l/2bkT ~kev), (x
= 3.68PA SH SH = 0.632)

where pA is the ambient filling pressure in mTorr,

b is in cm and Bs ia in gauss.

11. EQUILIBRATIONOF IONS AND ELECTRONS

After the implosion,but before the slow adia-

batic compressionhas progressed very far, the

electrons and ions will come to the same temperature

TE by means of collisions. We assume this process

to begin at x = XSH, Ti = TSH, Te = O and to end at

x=x,T=T
Ei e = TE, while the magnetic field main-

tains the constant

TE = $TSH

‘E = ‘SH

aE = aSH

and we write (A-3)

value Bs. Thus

(A-8)

(A-9)

(A-1O)

as

.
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III.

with

Sec.

2nAkTE = x~H (B~/&T). (A-n) ‘ B~/8TI= 4nAmiu~ . (A-18)

ADIABATIC COMPRESSION

During compressionthe plasma behaves as a gas

specific heat ratio y = 5/3, such that, from

111, Eqs. (1) and (2), (kT) a2’(Y-1)= constant.

We denote the temperatureof the thermalized ions

after the free expansion and reflection by T“ and
SH

the fractionaltube radius by x“
SH“

Thus

If subscript “o” refers to the plasma state at the

end of the compression,then

(X~H)2B~/8N= nAkT~H . (A-19)

()
2(y- 1)

‘SH
TO=TE ~

o
(A-12)

Note that us = (kT~H /4mf)
112,X.

SH
= 1.29 X 107

[kT~H(keV)]l/2. Correspondingto (A-1) we now have

n = nAlx~ .
0

(A-13)
lTb2nA[l- (1/3)2][1/2mi(2us)2] (A-20)

.
Pressure balance, 2nkT = B’/&l, then requires

= 3/2nb2nAkT~H - 1/8 b2B~(l - X:;),

Bo/Bs = (xsH/xo)y= (To/TE)[-1, (A_,,,

where the final compressionfield ia given by

where the last term representswork done on the

plasma after the velocity-reversingreflection.

Solving (A-20), (A-19) and (A-18)yields

[pAkTo(keV)]1’2
Bo(kG) = 2.386 .

x
(A-15)

o

.
‘SH

= (26145)1/2= 0.76. (A-21)

Since the ions sre accelerated by 2-1/2Bs, we have

Substituting (A-6) and (A-n) into (A-12),we ob-

tain (for y = 5/3)
V;= 21/2 m X 10-8 busBs

2y 1/2

kTo = $ ‘SH
m.
1

2(y - 1)
x

1/2
o ‘A

Vs

z- (A-16)
()

1/2
= 10-8 ~ bB~ ;

16minA
(A-22)

V;(kV) = 0.259 X 10
2 1/2

‘6 bBs/pA

Vs(kV)
kTo(keV) = 0.0737

112X 4/3 “
bpA o

(A-17)

(A-23)
1/2

= 1.275 PA bkT~H(keV). (X~H = 0.76)

IV. SHOCK FIELDS PROGRAMMED FOR FREE

THE IONS

EXPANSION OF

In order to obtain lower compression (larger

XSH) for a given Bs and Vs, a magnetic field hav-

ing the time history shown in Fig. A-1 may be

used.10 An initial piston field of magnitude
2-1/2

Bs is suddenly removed at time tl when the

sheath has arrived at x = 1/3. A larger field ia

reapplied at 3/2 tl, when all ions have advanced

to approximatelythe opposite wall, and reflects

them all at velocity 2us. In contrast to express-

ion (A-2),we now have

A
-1/2

es

2 ‘s

*
t, 3/2t,

TIME

Fig. A-1. Time history of magnetic field for free
expansion of the ions following the
initial sheath implosion.
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After adiabatic compreaaion,the Plaa~ temperature Vi (kV)

is thue kT~ (keV) = 0.272 112X 4/3
bpA ~

(x~H)2y mil/2V!
kT’ = -@-- s; (A-24)
0 ~3/2 ~ 2(y - 1) 1/2 b ‘0= X;ll

= 0.76.

0 ‘A

APPEWOIX B

MAGNETIC ENERGY TSAWSFER

From the circuit of Fig. 6 (a), the flux link-

age in each circuit ia constant:

In

Llil ‘“21 ‘2 ‘“31 ‘3 = Const

‘2i2 ‘“21il
= const

(l +4)L3i3+ M31i1+Mpsj4 = const

(1 +m) L4i4 +F$Si3 = conat.

normalized form, with x
j

= ~ij and8 =~~,

Xl + k21x2 + k31x3 = yl

‘2 + k21xl = Y2

(B-1)

(l +J)x3+k31x1+Bx4 = Y3

9X3+ (1 +m)x4 - Y4.

We alao define k2 L.L
2

ijlj = ‘ij”
Now if the system ie energizedwith colla 1

and 2 uncoupled the flux linkage Y2 = O. Solutions

to Eq. (B-1) are then

Kxl = yl

‘2 = - ‘21X1

‘3 = - ‘31X1

(B-2)

where

AND STORAGE

‘4
= b(km + k31)x1

b= P

l+.t+m+Am(l- <)

a= l+m l+b<l

l+m+.t+lm(l-<)
1+2

K = 1 - kjl - ~31Xl

’21 = ‘o
Cos e

’31
=kmsinfJ.

(A-25)

.

.

(B-3)

(B-4)

(B-5)

(B-6)

The e variation in (B-5) and (B-6) is a property of

the spherical coils in quadrature.

To find the condition under which the energy

is independentof angle we calculate the total

stored energy in the system:

w=+ [x~+x~+x~(l+i) +x~(l+ m)] +k21x1x2

+ k31xlx3 ‘B ‘3X4 ‘~(K+@k~)x:.

The above equation is independentof angle if K =

constant, since K = constant alao mskea x1
constant.

A constant K ia achieved if the coil radii are re-

lated by:

(B-7)
.
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Then,

w=~(l–k~+bk~)x: ,

~k2 k2 ~
‘4 I’m—..

(B-8)

< q “ (B-9)

This ratio is maximized when

l+m

[ 1

&my 112
21 = l-k~+— (B-1O)

l+m(l -<)
l+m ,

The transferredenergy is further maximized by making

m = ‘1; ‘hat ‘s’

‘4
1T

= g(m)

and g(ml) is a maximum. For reasonable choices of

coupling coefficients,i.e. < = 0.98 and k2 = 0.9,
m

we find 2
1 = 1.811, ml = 1.38, and g(ml) = 0.6232.

These values were used in the design discussed

in Sec. VII.

IMPLOSION-HRATINGCIRCUIT ARRANGEMENT

APPENDLX C

FOR DRIVING COMPRESSIONCURRENT THROUGH

TRANSMISSIONLINRS

A schematic diagram for accomplishingthe cir- ,,is used to switch on its series capacitor to sustain

cuit connections is shown in Fig. C-1, where for

simplicitywe show an implosion-heatingcoil fed by

a single Blum3.ein(3-conductor)tranamissi.online

of one turn. Here the left-hand compression coil

carries current clockwise from a secondary-coilfeed

over ita length (not shown, but of the order of 1

m). l%is current then flows axially to the right-

hand compression coil and emerges clockwise to the

other secondary-coilfeed. In order to keep the

voltage in the implosion-heatingcoil from being

induced and multiplied in the multiple turns of

compression coil two alternativesare possible:

(a) The two resistors shown by dashed lines may

be used to provide short circuits to the fast chang-

ing return flux of the implosion-heatingcoil, thus

allowing no net flux to thread the compression coil.

The resistors (e.g., thin stainless-steelstraps)

would be permeable to the slowly rising compression

field as it flows through them with negligible en-

ergy loss. (b) The fast return flux can be allowed

to thread all of the coiled-up turns. Adjacent

compression coils are shorted together at their in-

puts by the small capacitor shown by means of the

dashed lines. The induced voltage is absorbed in

the multiple coiled-up turns.

At the outer ends of each of the transmission

lines are shown two spark gaps. The inner one

initiates the transmission line voltage wave from

its charged center conductor. The outer spark gap

the implosion-heatingfield until the compression

field “overtakes it” in the adiabatic compression

process (cf. Fig. 5). The chokes allow passage of

the slowly changing compression current to the three

transmission-lineconductors in parallel while ab-

sorbing the implosion-heatingvoltages.

IM

TRANSMISSION LIFE

Fig. C-1. Schematic diagram showing dual use of the
coiled-up implosion-heatingtransmission
lines as compression coils.

29



SKIN DEPTH FOR A

APPENDIX D

LINEARLY RISING

Maxwell’s equationawith Ohm’s law can be stated:

+

vxi=lo-a~ (D-1)

vx$=r).411 ~ , (D-2)
u

where I ia the resistivity in ohm-cm, B is in gauss

and

The

and

E is in volt/cm. Thus

corresponding (heat

Jaeger (Ref. 31, p.

aB= K&
at ax2 ‘

Taking

(D-3)

flow) expression of Carslaw

32)

10%1
‘=imii “

Blpo = B. t/TR ,o&tGTR

we find (Ref. 31, p. 63, case (ii))

B(x,t) = 4 B. &
[)

i2erfc ~ .
R

(D-4)

Att=

B
—

MAGNETIC FIELD

‘R’
the fractionalvalue

(x, TR)

~= 4 i2erfc(y)’

Y=+

of B is

(D-6)

(D-7)

In particular,we are interested in the e
-1

value of B(x,7R). From Carslaw and Yaeger, p. 485,

this occurs at y = 0.40. Thus, setting x = 6ER,

6

*
= 0.40 (D-8)

and

62
ER

= 0.51x 108~TR (D-9)

(D-1O)

where 6m is identified as the electrical skin depth

appropriate to the linearly rising (or falling) por-

(D-5) tion of the msgnetic field waveform.

APPENDIX E

JOULE HEATING IN A MULTITURN COIL DURING A TRAPEZOIDAL CURRENT PULSE

We consider the situation illustrated in Fig. The coordinate x = O is taken at the left edge of

17A where a v-layered coil has applied to it a trap- the ith current layer. We treat the problem of

ezoidal pulse of magnetic field and tranaport current eddy-currentloss during the linear rise of B and

with risetime TR and duration T. During the rise- jT.

time there is a component .jEof eddy current density From Ampere’s law, B and j in the conductor

which ia small compared to the transport current are related by

density jT. The total current density is

ll=jT+jE. (jE << jT) (E-1) g= o.41Tj. (E-2)

\

,
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Substituting (E-1)
~th

conductor (cf.

B=Bi+0.4TI

ana Integratingover x in the

Fig. 17A),

~ (.jT+ jE) dx. (E-3)

Ohm’s law and Faraday’s law of induction give

(E-4)aJ=-;o-8 aB ,
ax K

where j is given by (E-l); B is given by (E-3); and

~ is the coil resistivityin ohm-cm. Substituting

and noting that ajE/at = ajT/ax = O, we have

a~E. ~
[

-10-8 aBi
aj

‘F 1
~ + 0.4TI $ x

-10-8
‘q- [ IBi + O.@ jTx .

Integrating,

-8

(

2

jE - ;:R
-—

)

Biox+ 0.4njT: +C ,

where B is the field strength at time T at the
~th ‘0

R
conductor,correspondingto B = 150 kG for the

o
field inside V conductors. C ia a constant such

f
that jEdx = O, in order that jE have no trans-

0
port component. Thus

- 10-8
jE – ~7R

——

[
‘io 1

(x-+) +0.4? &g).

(E-5)

Substituting (E-5) into (E-l),and noting that

‘io
=~Bo=C1.~jTld

and

~2_l
— x 108 TTR

ER–2

(AppendixD), we obtain

ji(t) =.+ -~ [
i(x -$ +; (X2

_ $]

R 2V6~

(E-6)

for the total current density in the ith conductor

as a function of time for a linearly rising magnetic

field. The power dissipated in length 1 of the ith

conductor is given by

(E-7)

where RCi is the distance from the axis of the mul-

titurn coil to the center of the i
th

conductor.

Squaring and integratingyields:

2

Pi(t) = 211Rci~LL

[V2 1(0.4w)2d

L“2

( )1
~+~+~ .

46:

The total power dissipated

tained by summing over i:

P(t) =1 Pi(t) .
i=l

Noting that

v
xi= Y@#

i=l

t2

~
R

(E-8)

in v layers is ob-

(E-9)

(E-1O)

; ~2 =V(v+l)(h+l)

i=l
-6

and substituting (E-8) and (E-1O) into

(E-9),we obtain (forv>>l)

31



.
2T~c VA Bz 2

[

~ ~ 2v2d4
P(t) =

o %+(”
1

. (E-n)

(0.4W)2 Vd TR 144 6E:

The mean radius ~c is the radius t~Rthe center of

the v-turn coil, i.e., R= = Rco + ~ , where Rco

is the inside radius of the coil and ARc is its

thickness. From Fig. lJA we see:

d=@c (E-12)

(E-13)

where d is the thicknessof a conducting layer, ~

is the space for insulationbetween conducting lay-

ers, and A is the conductorvolume fraction. In

terms of 1,

2n~cTlABj

[

2 (0.4@ 2A2AR:d2
P(t) = ~+

1

.

(0.@)2k~c TR 144 64m

(E-14)

To get the total resistive energy losses ~ in the

coil during the rising and falling portions of the

magnetic waveform we integrateover O <t< TR and

multiply by two:

217iic%$ B: TR

%“
(0.41T)2a ARc

Of this the amount

[

~2 ~2 d2

++
c

I
(E-15)

45.6 6;R “

(E-16)

is the eddy current loss. The loss from transport

current during the main pulse duration T is

and the loss from transport

2TEc~lB~T

ET(T) =
(o.41T)%Rc ‘

rising and falling portions

The

the

and

(E-17)

current during the

of the waveform ia

2iTEc~~B:
ET(TR) = (;TR) . (E-18)

(o.411)2aARc

total joule loss in the compressioncoil during

trapezoidalpulse is given by

‘m = EE+ET (T) +ET (TR),

the energy loss WJC per unit length is

‘JC
= EJcll. .

(E-19)

(E-20)

Similarly, the other individualenergy losses per

unit length are found from W = E/L.

.

.

.
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