"s

LA-4828-MS

AN INFORMAL REPORT REPR @?IFF“T]QN

e 3 CopPy

Parameter Study
of a Long, Separated-Shock ® Pinch
with Superconducting

Inductive-Energy Storage

i

3 9338 00362 81
_

il

i

LOS ALAMOS NATIONAL LABOR.

JI

Jd

o+

los alamos
scientific laboratory

of the University of California
LOS ALAMOS, NEW MEXICO 87544

UNITED STATES
ATOMIC ENERGY COMMISSION
CONTRACT W-7408-ENG. 36



This report was prepared as an account of work sponsored by the United
States Government. Neither the United States nor the United States Atomic
Energy Commission, nor any of their employees, nor any of their contrac-
tors, subcontractors, or their employees, makes any warranty, express or im-
plied, or assumes any legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus, product or process dis-
closed, or represents that its use would not infringe privately owned rights.

This report, like other special-purpose documents in the LA. . .MS series, has not
been reviewed or verified for accuracy in the interest of prompt distribution.

Printed in the United States of America. Available from
National Technical Information Service
U. S. Department of Commerce
5285 Port Royal Road
Springfield, Virginia 22151
Price: Printed Copy $3.00; Microfiche $0.95



LA-4828-MS
( An Informal Report
> UC-20

ISSUED: December 1971

+
°

loss/\alamos
scientific laboratory
of the University of California
LOS ALAMOS, NEW MEXICO 87544

Parameter Study
of a Long, Separated-Shock ® Pinch

with Superconducting

Inductive-Energy Storagé

i
I

)

=== (V)

=2
el

] '

i=9 by
é#%

%g ‘ F L. Ribe
-1 !

§===

39338

il


ABOUT THIS REPORT
This official electronic version was created by scanning
the best available paper or microfiche copy of the 
original report at a 300 dpi resolution.  Original 
color illustrations appear as black and white images.

For additional information or comments, contact: 
Library Without Walls Project 
Los Alamos National Laboratory Research Library
Los Alamos, NM 87544 
Phone: (505)667-4448 
E-mail: lwwp@lanl.gov



PARAMETFR STUDY OF A LONG, SEPARATED-SHOCK © PINCH

WITH SUPERCONDUCTING INDUCTIVE-ENERGY STORAGE

by
F. L. Ribe

ABSTRACT

Pregsent G=pinch experiments involve high-f plasmas with ares com-
pression ratios of the order of 4O, using high-voltage capecitors to
provide both the early shock heating (during the first few tenths usec)
and the later adiabatic compression, in a single=turn coil. 1In the
seperated=shock concept"” the shock heating is done by high=voltage
circuits whose energy content is only a few percent of that of the
total system. The compression magnetic energy, which is preponderant,
is contained in & multiturn coil with slow rise time (of the order
of milligseconds) appropriate to adiabatic compression of the plasma in
long systems. The area compression ratios are less than 10. Physical
parameters and coste of & large system, appropriate to a scientific
feasibility experiment at kTy ~ 10 keV and nT ~ 10'* cm™® sec are de-
rived in this report. The shock heating is calculated on the basis
of plasma sheaths driven by Blumlein transmission lines; elthough
other electrical circuits might be used. The adiabatic compression
field is assumed to be energized by a superconducting inductive energy
source, switched by normale-going superconductors.

MAGNETIC FIELD

I.  PIASMA HEATING B,

A. Shock Heating

In the model’ taken here (Fig. 1) a sheath sep-
arating a magnetic field Bs and the plasma advances @
redially inward at a speed Vgs projecting ions ahead
of it at a speed 2vs. The plasma £illing density
inside this "magnetic piston" is n,, and the plasma
shead of the piston is assumed to be cold (~ 1 eV PLASMA SHEATH
in practice). Only ions are assumed to gain energy,
and the electrons remain cold. (In practice there
is some Joule heating of the electrons in the sheath;
however, this heating is much less than that of the
ions.) Plasma~simulation studiesh show that the ac- DENSITY

SHOCK HEATING
ColL

DISCHARGE
TUBE

ZERO-MAGNETIC-
FIELD REGION

tual process whereby the ions are given a spread of MAGNETIC
energies from an ideal sheath is one of repeatedly FIELD

bouncing off the sheath wall as they pass through

the center of the discharge tube, leading to oscii- ¥

lations which finally (on a scale of 0.1 psec) set-

tle down to some sheath radius beH at the end of Fig. 1. TIllustrating the quantities involved in a
the shock phase. Another likely physical process magnetically driven plasme sheath.



for imparting a spread of ion velocities is that the
sheath becomes corrugated by Teylor or other instab-
ilities so that ions bouncing off it are reflected
in random directions, spreading energy into two or
three degrees of freedom.

Simple dynamical considerations show that all
of the ions projected from the sheath will hit it
egein after passing through the axis of the dis=
charge when the sheath has advanced to Xq = 1/3.

As an average approximation to the actual trein of
events we assume that all of the ions inslde the
sheath at this instant thermalize and then push the
sheath back to Xges doing an amount of work
(Bi/&r)n‘nz[xgH - (1/3)2] against the constant field

B8 . Hence

wongl1 = (1/3)°101/2 mi(2vs)2] =3/2 n’banokTSH

+1/8 b2B§[x§H - /51, ()

where m, is the ion mass., The momentum of the pro=-

jected ions is related to 138 by

2
B§/8ﬂ =2m,n,v . (2)

After the piston~-heated plasme becomes quiescent,
pressure balance requires

(“o/xgn)kTsx = Bi/&r . (3)

Note that vg = (kTSH/Qmi)%/xSH =2.20 x 107
[kTSH(keV)]t. Substituting (3) end (2) into (1),
we find

xgy = 2/5)8= 0.632 . ()

The initial back emf around the inside of the
discharge tube is given by

8

v, =2r X 10" bv B, , (Volts) (5)
Substituting Eqs. (2) and (3),
-8/ 1x 3 D
v, =10 (r—mino) -
©n # bkT,
-4 x 10780 S (6)
17 =xgy

In more convenient units (for m = 4.15 x 10'21‘ g,
an "average" D-T ion),
v, (kV) =0.517 x 106 v Bi/pg

= 3,68 pgbk'l‘sﬂ(kev) ’ (xSH = 0.6%2) (7)

where 1) is the filling pressure in mT, b is in em
and Bs is in gauss.
B. Equilibration of Ions and Electrons

After the shock, but before the slow adiabatic
compression has progressed very far, the electrons

and ions will come to the same temperature by means

of collisions. We assume this process to begin at

X =X -Oandtoenda.txaxE,T

s Y1 < T Te
= TE’ while the magnetic field maintains the con-

stent value B,. Thus T, = 1/2 Toys Xg = Xgpp» ond
we write (3) as

i

2n kT, = xgH(Bi/Bx) . (8)

C. Isenthalpic Expansion

Before considering the adiabatic compression
to the final plasma state, we consider the option
of suddenly expending the shock-heated equilibrated
plasma without its doing work or exchanging heat
with its surroundings. To accomplish this the field
B, would suddenly be removed for a time ~ 0.3 b/vth'
Then & field xSHBs would be reapplied. is
the ion thermal velocity.

Here Vin
The plasma temperature
remains constant at TE’ but the compression factor
increases from Xoy to 1.

D. Adiabatic Compression

During this process the plasme behaves as a

fluid, with specific~heat ratio y =5/3, for which
(xT) x2(7 - :Se Iet subscript f refer to

the final, compressed plasma state. Then

= const.

2(y - 1)
Ty = TEC%) (9)
n, = no/xi . (10)

Pressure balance, 2nkT = Be/Bx then requires
Y - 2(y = 1)
Bf/Bs = (st xf) = (Tf/TE) ’ (11)

where the final compression field is given by

(pokT,(keV) ]%

B,(kG) = 2,386 — =, (12)

Substituting (6) and (8) into (9), we obtain (for
7 =5/3)

2y 3
T = 108 Xgy il _Yg_ (13)
T 8:?72 xf2(7 - 1) ;g? b



v, (kv)
kT, (keV) = 0.0737 o (1)
Po *¢
Figure 2 is a graph of the verious plasme and field
parameters for kT, =5 keVand b = 8 cm.
For the case (primed) with added isenthalpic
expansion we set x = 1 after equilibration so that

BY/B, =x; (15)
/1, = xf-2(7 -1) (16)
Then Q
8 X nt vV
r _ 10 SH i's
s xf?(v - 1) ;g 5 @)
, Vs(kV)
ka(keV) = 0.136 . (18)
bpy %X

E. Free Expansion of the Ionss

In order to obtain lower compression (la.rger
xSH) for a given B_ and V_, a magnetic field having
the time history shovm in Fig. 3 may be used. An
initial piston field of megnitude 2 Bs is sudden-
1y removed at time to when the sheath has arrived
at x, = 1/3. A larger field is reapplied at 3/2
to, when all lons have advanced to the opposite
wvall, and reflects them all at velocity 2Vs‘ In
contrast to expression (2), we now have

2
Bs/8n = hnomivi . (19)

We denote the temperature of the thermalized ions
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Fig. 2. Plasma heating parameters versus filling

pressure for various compression ratios x.
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Fig., 3., Time history of magnetic field for free
expansion of the ions following the initial
implosion.

after the free expansion and reflection by TS’},I
Thus

r1\2. 2 _ v
(xSH Bs/8n = kT - (20)
Note that vg = (kTs'}'{/hmi)é/xé}'{ =1.29 x 107
[kTs'}'{(keV)]k. Corresponding to (1) we now have
2 2 2
o nl1 = (1/3)7301/2 m, (2v )]
=35/2 Abon KT/ - 1/8 b2B2(1 - x"2) (21)
0" "SH ] SH ’
where the last term represents work done on the
plasma after the reversing reflection. Solving
(21), (20) and (19) yields
Xgy = (26/!:,5)é =0.76 . (22)

Since the ions are accelerated by 2-§ Bs, we have

re i‘ -8
Vs =2% g x 10 bvsBS
- 2
=10 8(—3-——1 ”“‘1“0)% bE ; (23)
e - 6 2 i
vy (xv) =0.259 x 10 st/po

= 1.275 pgkaS'}'{(keV). (xgy = 0-76)(2k)

After adiabatic compression
G A Ry
8 lxgy)” mi Vg

sr _ 10 -
e T E T - 3D (®)
£ 0
(X4 VS’,(kV) e
kTg (xev) =o0.272 575 - (xSH = 0.76)(26)
bpo X

Figure 4 is a graph of the quantities B, Bgs g

and Vs” versus filling pressure P for the final
s =0.3 and 0.4. A finel D-T

jon temperature thf.' = 10 keV is assumed,

compression factor x
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Fig. 4. Plasma heating parameters versus filling

pressure for various compression ratios
Xp. Free expansion of the ions after the
initial implosion is assumed.

II. A SHOCK-HEATING CIRCUIT

Figure 5 shows & shock~heating coil with a
Blumlein transmission line connected at each of two
feed slots. The charge voltage VBL is that between
each half of each Blumlein line. The total voltage
developed by the lines, considering the coil as an
open circuit, is

Vo =3 Vpy, » 1)
where NBL is the total number of transmission lines.

The characteristic impedance of each half of each
line is

- -8 %
ZBL =0.4x x 10 ety /e” w

=377 tBL/e* W, (onms) (2)

where e is the dielectric constant of the insulator
(for Mylar € =3), tpy, is the spacing of a half
Blumlein line, w is its width, and ¢ is the speed
of light in cm/sec.

When the shock-heating switches are closed, a

voltage 2V__ is applied after one wave transit time

BL
over the length "BL' It lasts for a time
.. )
=3
BL VBL
where
v =</ S (%)

Cc ==
o Te
Lo,
SHOCK
Rew HEATING
COiL
'BL
le— VOLTAGE
SHOCK VeL
SPARK |
GAPS\?_J CHAR. IMP
Z Y
~“8L c
@ SHOCK CROWBAR Q
SPARK GAPS
Fig. 5. Blumlein-line driven shock heating coil

switch capacitor crowbar.

is the phase velocity in the line, The rise time
of the current in the coil (when there is no plas-

ma) is
L
SH
T. TEE— - (5)
r BL

The coil current rises according to the rela-
tion

-t/'r
I=Iy(1-e 7) (6)
to a final value
V.
BL
- (1)
IBL ZBL

This must match the current necessary to produce
the shock magnetic field Bs in length !'SH of the
shock coil. If we specialize to the case of Mylar
insulation whose dielectric strength is taken as
1.18 x 106 V/em (3 xV/mil), we have

-6
= . 8
tpy =0.85 X 107 Vg (8)




Using (2), we derive the width of the transmission
lines

weL85 x0T . (em) ©)

III. COUPLING OF THE PLASMA AND THE SHOCK~-HEATING

CIRCUIT

Having established the parameters of the shock-
heating circuit, we now give an approximate treat-
ment of the effect of the plasma back emf on the
current driven by the Blumlein lines. We consider
the situation at early times, x = 'I:/1'r < 1, when
the sheath has not moved appreciably from its ini-
Using (1.6), (I.7) and (IV.3),
the plasma back emf is given by

v, =af ,

S

tial position x =1,

(volts) (1)

where I is the shock-coil current in amperes, and

A = (0.4m)% x 107 Tt ¥ b
" (mi"o) a

=0.973 x 1070 P (/D) @)

P5 *su

A diagram of the shock circuit is given in Fig. 6.
Thus

2NBLZBLI + ILSH = ZNBLVBL - A12 . (3)

Setting a = AiL/2NVBL = A]’BL/ENBLZBL and y = I/IBL,
this reduces to

ayfax =1 -y - oy . (1)

For y =0 at x =0 the solution is

tanh™t ———-§1 * 29 . tann~t ———11
* (1 + ba) : (1 + ba)
=)t g, (5)
2N, Z
BL “BL Lsh
— 2
2Ng VaL V.= Al

ok |

Fig. 6. Circuit diagram of the shock~heating cir-

cuit,

with the limit for a - O given by log (1L - y) =x,
2

Graphs of I/I,; and oy = vs/QNBLVBL versus t/7_

are given in Fig. 7. It is seen that the back emf

Vs reduces the attainable currents and coil vol-

tages from their velues I‘BL and 2NBLVBL in the sime

ple line=driven circuit.

IV. THE MAGNETIC COMPRESSION CIRCUIT, LAYOUT AND
NOTATION
A schematic arrangement of the magnetic come
pression circuit is shown in Fig. 8.
conducting storage coil is assumed to consist of
stabilized NbTi windings at 4°X, surrounded by a
secondary at room temperature, or possibly 78 K.

The super=-

The superconducting switch RSC’ on going normal,
reaches a value st, much greater than that of the
ballast resistor RB, which therefore dissipates
most of the energy involved in the resistive magne-
tic energy transfer.

In the following the subseripts SH, C, P, and
S refer to the shock, compression, primary and sec-
ondary coils, respectively. The subscript O refers
to conditions before switching the magnetic energy.
A radial section through a coil is shown in Fig. 9:

AR = ectual thickness of coil (em)

v =no. of coil layers in AR

coil volume filling factor
length of coil subdivision (cm)
= fnv = total number of turns

in one coil subdivision*
1= N/ =no. of turns per em (em™

A
2
N

)

ARSC = thickness of superconducting
material in AR, (em)
B = magnetic induction in a
solenoid (@)
R, =mean coil radius (cm)
2 2 -8
W =1.25 B R x 10 = magnetic

epnergy per unit length of
solenoid (J/cm) (1)
W‘c = 4W = magnetic energy per

coil subdivision C)) (2)

coupling coefficient from

=
1]

primary to secondary of
storage coil

*In the case of a onme-turn coil, as in a conven-~
tional © pinch, N =1 is associated with the length
2.
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Fig. 7. Shock~coil current and voltage as functions
of time for various plasma-sheath back-emf
paremeters.

I = B/O.kx = current per unit j = AB/O.LxAR = XIl/AR = average
length of solenoid (a/cm) (3) current density of solenoid (A/cma) (5)
I= £Il/N = I‘L/Nl = current per 3ge = IlP/ARSC = superconducting
turn (a) (4) current density in primary
solenoid (A/cme) (6)

n TURNS/cm/LAYER
COMPRESSION  SUPERCONDUCTING

CoIL STORAGE COIL AT - —_
T N TURNS IN
y, . ONE COIL
B SUBDIVISION
A 4 -
PRIMARY SECONDARY —> |[¢&—v LAYERS
Fig. 8. Schematic diagram of the compression-field AR IN AR
circuit of a separated-shock © pinch with
cryogenic inductive energy storage. Fig. 9. Radial section of compression coil.




L, = hxaaeni x 1077 = inductance
per unit length

L = (hxeazx\re/z) x 10~ = induc-
tance of one coil subdivision (H) (8)

7 = containment time of plasma

switching (IL/R) time of

current from storage to

(8/em) (7)

-
i

compression coil (rise time) (sec)

N = resistivity (ohmecm)
nSC = normal resistivity of
super~-conductor (ohm~cm)
ncom = resistivity of normal

superconductor and stabilize
ing matrix
o = fraction of initial primary
energy Wy, dissipated in the
superconducting switch
X = Lc/Ls = ratio of inductances
of compression coil and induc~
tive-storage secondary
thickness of winding o AR/\:)}
a =ratio of area of superconductor

[}

plus stabilizing matrix to area
of superconductor in switch
material

V. RESISTIVE SWITCHING OF MAGNETIC ENERGY WITH
MUTUAL INDUCTANCE
Figure 10 shows the circuit of the inductive-
storage circuit after the resistance of the transfer
element has changed from zero to R. Ilet IO be the
initial current in I’P’ which is the storage inductor
whose corresponding initial stored energy 1s wPO
= kLPIg After the switching has taken place

Lp ké —t/Ts
I = (_L_s') Ty olt-e ) (1)
=t/

IP = I'PO e s (2)
where

T __12 Sl +x) =k

s R 1+ x
is the rise time of the compression field, and

X = LC/LS (1})

x =¥ /Ll - (5)

The energy dissipated in R is

_l+x=k
W= =15 x "o - (6)
The energy transferred to the load I’C is
xk
W, = = | . (7)
c (a+ x)2 PO

The energy remaining in Lg (and filling I.?) is

Wy = ?1—‘:—)55 Weg - (8)
The transferred energy is a maximum when x = 1.
For k =1 one half of the energy wPo is dissipated
and the secondary and load inductors each get one

quarter.

VI. RELATIONS BETWEEN THE INDUCTANCES IN MAGNETIC
ENERGY STORAGE
In the following we take L, =Lg (x =1). Since
Wy = (k/b,)wPo we have

Ry = (2/x*)R B, /B 5 (1)

where RC and BC are given. We also take RS/RP
(~ 1.1) as given, thus determining x = (RP/RS).
The field BPO will be taken as an independent ver-
iable. We shall also take the initial current IPO
in a primary-coil subdivision as an independent

varisble. We then find

Np = Bpotp/0.bnly, - @)

< ~— >
Is-‘-Ic IP
L. L EL, R
k

Fig. 10, Diagram of inductively driven circuit.



From the condition LSl = Lyps we have

Ve note that

Iy = Byto /0., . (1)

VII. RELATIONS IN THE SUPERCONDUCTING CIRCUIT
A. The Superconducting Switch
From (V.7) we have, for x =1,

b

Woo = MypT = W - (1)
Trom (V.3), for x =1,

L. 2

1P P k

R = T (1-5)’ @)
W.2

R:Efek_'ﬁ cP ()
Ts PO

The voltage across the resistors shortly after the
instant of switching is

W,
u(2 - x) Yc'p
By = RI "Lr—)'?s"“' (1)

Referring to Fig. 8, R = RBRSC/(RB + RSC). Ve
shall assume that RSC >> RB so that R = RB' In
order that only a fraction ¢ of the energy WPO of
the superconducting coil be dissipated in RSC , and
hence appear as a load on the refrigerator, we set

2 .k
R =25 R
22 = x)® Yetp 5)
kep T

S

Let ASC be the cross sectional area of superconduc-
tor carrying IPO in RSC before the switching takes
place end let tsc be the length of superconductor.
Let jg, be the (near-critical) current density of
the superconductor before switching. Then from (5)

fse _2(2 - x)° _Yete
s’
eom aASC @ TsdgcAgc

where a is the area ratio of stabilizing matrix
material plus superconductor to superconductor.
It is estima.teds that values of a as small as 1.5
can be7attained.

%
cm is

1

The volume of superconductor in

2 aW. L
2(2 - k) c’P
Vsc = *schsc =T we £ (6)
s com"SC

In terms of the switching voltage E_., the area of
the superconductor is gotten from (U):

Ay = 42 - x) "o’ . (7
C k TsEOJSC
The length of superconductor is VSC/ASC:
el
2 -k 0
A = T— . (8)
sC ® com®SC

In order to express in terms of presently available,
fabricated, stranded superconductor we note the em~
piricel value jg, =5 X 10° Afent for braided NbTi
switches™ and estimate” the value W, =5 X 10~
ohme~cm for NbTi stabilized in a CulNi or German-
silver matrix.

B. The Superconducting Primary Solenoid In order
to express in terms of presently availsble, fabri-

cated superconductor we note the following empiri-
cal relationship between Jq. (in A/cma) and By, in

G for Bpofso kG:

= 9 2
Bpodsc 6 x 10”7 AG/em” . (9)
Let ARSC be the thickness of superconductor in the
primary solenoid. Using (9):

B ~10 2
MR, = PO =1.%3 X 10 B . (10)
¢ Fh— *ig PO

The volume of superconductor in length l’P is then

- . -9 4
Voo 2rR L AR 1.67 x 10 !.PRCBPOBC/R ,

PP SC
(11)
where we have used (VI.1).

VIII. PARAMETERS OF A 10-XEV SCIENTIFIC FEASIBILITY
EXPERIMENT
A. Choice of Shock and Compression-Coil Dimen=
sions and Fields
We start with a considerably larger discharge

tube {about a factor of 2) than those in previous

experiments and proceed outward.
Inner radius of discharge tube =b =12 cm.
Inner radius of shock heating coil = xcb
=13 cm.
Thickness of shock heating coil = 0.5 cm.
Outer radius of shock heating coil = 13.5 cm.




In choosing the inner radius Rc =16 cm of the com-
pression coil we leave space for shock-circult con-
nections and insulation around the shock«heating
coll. We assume room-temperature copper (7 = 1.73
X 10-6 ohm-cm) and a containment time of 42 ms or
oreater.

As a convenient value we choose the compres-
sion~coil thickness ATc =2.5 cem. The L/R decay
time of the compression coil is then

- I -
T, =2 AR, X 10 /1 =0.15 sec . (1)
The skin depth in the copper is approximately
b % %
5 = 1.1 x 107 77 7 . ()

It 1s shown else~
represents ap-

We choose & rise time Ty = 2 ms.

where9 that eddy-~current loss WEE

proximately the following fraction of the "d.c.”

joule loss WE during the pulse of compression field:

Vge/iy = ——=% - 3)

If we choose a S5-layer coil (v =5) with a filling
factor A = 0.7, the winding thickness if

d a ARC/S).% =0.6 cm , )

corresponding to WEE/WE as 0.01.

B. Plasma and Magnetic-Field Parameters )
From the curves of Fig. 4 we see that a D=T

ion temperature ka = 10 XeV (8.9 keV for D-D) can

be obtained at a filling pressure Pg of about 3 mT

and a final radial compression factor Xo = 0.3.
The corresponding final magnetic field at 8 =1 is
43 xG. Allowing for losses and experimental leti-
tude, we choosge

B e = 60 kG

B, = 9.2 kG 5 o3

ne =30 x107 em 7 .
Correspondingly, the maximm plasmse back emf Vs
= 153 kV. The shock and pre-compression tempera-
tures are given by

KTgy = 2kTE = 5.8 keV,

and the shock velacity is

vy =3.11 x 107 cm/sec .

We note that the shock-coil inductence outside the

initial plasme sheath, for LSH = 100 cm, is

bt X 10-9(xi - 1)b2/zsn =9.8 nH .

This corresponds to 4.9 nH for each of the two Blume
lein feeds. We assume 10 nH total parasitic induc~
tance. Thus we take the initial inductance in se-
ries with the plasms sheath at one feed slot to be

LSH=10nH.

The trensit time of the plasma sheath to the center
of the shock coil is approximately 122 em/3%.1 x 107
cm/sec = 0.39 psec. We assume that a sufficient
approximation to ideal behavior can be echieved
with a rise time 7 =0.10 usec. From (I11.5) the
the characteristic impedance is

g = LSH/2Tr = 0.050 ohm .

If the current I, = BL/ZBL were completely effec~
tive in producing B we should require 0.73 MA/m.
However Fig. 7 shows that the plasma back emf has
the effect of raising this by a factor of about

2.2(c » 2.2). Thus we have

IBL =1.6 MA
VBL =80 kV .

From Fig. 7 (for @ =2.2) we find that at t ~ .
the plasme back emf is

Ve = 0.45(2

NBLVBL) = 145 xV .

This is approximately consistent with the value

(153 kV) obtained from Fig. 4. The length of the
line is given by

for = 2/3 % = U5 meters .
v_ €
. s
From (II.8) the thickness of mylar insuletion must
be

tBL = 0.68 mu .
From (II.9) the width of the Blumlein line must bve

w = 3.0 meters .



C. The Inductive Storage Secondary Circuit

This circuit consists of the compression coil
and the single-turn secondary of the inductive en-
ergy store (Fig. 8). It must receive an amount of
energy equal to that of the compression coil. Fron

(Iv.1) for B, =B, = 60 kG

We = 1.15 MI/m .

We teke a magnetic field

BPO = 20 kG

in the primery, superconducting storaege coil and
assume & coupling coefficient k¥ = 0.85. Using
(vI.1), we derive for the primary and secondary

coil radii:
R, = 104 cm

Rs=122cm.

The number of turns per unit length of compression
coil is given by (VI.3):

-1
N =T6ecm™ .
For v = 5 layers, we arrive at

n, = 1.5 turns/ cm/layer .

The current per turn is
B

c
Le "5 5a— o =6.24 xA .

As a check we note that the inductances of the sec-
ondary and compression coil per unit length are the
same:

22 -9
Lig = lr RCNic X 10°7 = 0.58 mH

= bPRS -9
Lyg = 4Rg x 1077 =0.58 mH .

The linear current density in the secondary is 6.24

kA/cm, and the secondary magnetic field is

By = O.br x 6.24 =17.84 kG.

From (IV.1) the secondary-coil magnetic energy is
Wy =1.15 MJ/m

(the same as Wm). The maximum voltage on the sec-
ondary is approximately

10

o

-8 278
vs-lo nRs—=l.8kV.

D. The Superconducting Primary Circuit
From (VII.%4) the maximum primary voltage over
length !’P is related to LPO by the relation

- 7
EOIPO/!,P 3.11 x 10' .

For BPO = 20 kG the ampere turns per cm are
'

Nplpo = BPO/O.’m =1.59 X 101‘ .

We assign es & maximm velue, V, = 40 kvV. The
"charging" current oo is assigned the value 25 kA.
Thus the module length is !‘P = %2 cm, and NlP =
0.63 turns/cm. Thus e braided superconducting ca-
ble would have e width of about 1.6 em. From
(VII.9) and (VII.10) the superconductor thickness
is

MRy~ = 0.053 em ,

SC
and the volume per meter length is
Voo = 3-48 x 107 e/m

E. The Superconducting Switches

From (VIT.10) the volume of switch supercon-
ductor is

214
Vgg 2—‘5— ’ cmj/cm
where ncom is taken as 5.5 X :LO"5 cohm-cm, & = 1.5

and T =2 X 10~ sec. If we take the volume of
switches to be 1.6 times that of the windings, we
find

o =214(1.5 x 3480) =0.038 .

The energy dissipated in the superconducting switch
is

Worsg = (Hp/k)Wg = 0.18W, =2.05 x 10° J/u .

If there is one discharge every 15 minutes the
power to be removed by the refrigerator et 4°K is

P = 230 watts/m .

DISS

Using (VII.8), the length of superconductor in each
gwitch is




Loo = 268 meters .

The superconductor volume is 5.6 x 10° o /n.

IX. COST ESTIMATE OF A 10~-KEV SCIENTIFIC FEASIBIL-
ITY EXPERIMENT
A. Superconductor Circuilt
For each meter of length we have found volume
of coil and switch superconductor = 9.1 X 103

o’ Jr.

Cost at $i.9/cx> for fabricated coil wire $17.2 K/m
The coil form is backed by an outer
shell of stainless steel with a working
stress o = 18.8 kpsl. Tts thickness is
t =0.59 x 1076 BgoRP/c =1lh em .
Tts volume for one meter length is
Vgg =200 ARt = 0.95 X 10° ed/m .
Tts weight is
7.8% 0.95 % 105/l+.5l+ X 10° = 1632 1b/m.

Cost at $2/1b for fabricated coil backing $ 3.3 K/m

Cost of plastic inside coil form, 2 cm

thick at $1.5/1b. $ 0.9 ¥K/m
Labor for fabricetion and assembly of

one~layer coil $ L7 K/m
Total cost of primery coil plus switch $23.1 X/m

B. Primary-coil Dewaxr
The cost is scaled from an existing 13-foot
Dewar, 30 feet long, assuming that the joints of a
long system will cost the same as the ends of the
pregent Dewer, which has a 1.25" Al inner vessel
and & /8" S.S. outer vessel.

The cost of the pre-

sent Dewar is about $13 K/mter, including supports.

As a basic scaling we assume

8 _ $1550 D1.6 ,

vhere D is the diemeter in meters. Thus

cost « (volume)o'

Cost of 2.5-m diameter Dewar: $ 6.7 K/m
Installation at 4.7 man-day

/m($100/man~day) $ 0.45K/m
Dewar cost with in;ga]_lntion $7.2K/m

C. Refrigeration

(1.) Radiation and support loss at 4¥°K. Ex-
perience’® indicates a figure of 0.026 watt/ftZ,
which corresponds to

Q =0.9 D, , vatts (*°K)/m
where D, 1is the inner diameter of the Dewar in
meters. In our case Q ~ 2.2 w/m and is neglible.
(2.) 1ead-in loss at U°K.° Experience indi-
cates a figure of 2 w/kA. The ballast resistors
connected every 32 cm could cause an appreciable

in

heat loss. However we propose to make this negli-
ble by using pneumatically driven "banana-plug"
switches (at 25 kA pulse rating) to break thermal
contact during the times between pulses.

(3.) Dissipation in the superconducting swit-
ches. In Section (VIII.E) we found a refrigeration
requirement of 230 watts/m, assuming 15 minutes
between discharges. From Strobridge'su and
Fra.a.s'sl2 curves for refrigeration capacities in
the 10° to 10°-watt (300°K) range we find

1 = fraction of Carnot efficiency = 0.33 .

Thug the input power to the refrigerator is given by

input power _ 1 300 - L - 222
47X power R» L °

In our case the refrigeration power is thus

P, =222 x2%0 =51.1 kW/m .

in

For a 100-m length we are in the range of 5000 kW
total. From Strobridge’'s Fig. 4 we find e unit cost

of $%380/kW. Thus we have:

Refrigerator cost at $380/kW $19.4 K/m

For a labor cost we assume U man-days per meter at
$100/man~-day. Thus
Refrigerator installation $ 0.4 K/m

Totel refrigerator cost (15 min)
D. The Primary Cha.rging Circuit

$19.8 X/m

Figure 11 shows the charging circuit with its
Each primery module of length zp has its
superconducting switch in the normal state and the
voltage VG is increased until the current IPO is
built up. The superconducting switches are brought

generator.

to their superconducting state, and the generator
The isolating swit-
ches are then opened, leaving the circulating cur-
rents LPO in each module loop as shown. We assume
that a2ll primary modules are charged in series. Thus
for a device 100 meters in length the total primery

inductance, from (IV.7) with Np = 0.63 turns/em and

current IG i1s reduced to zero.

1



SUPERCONOUCTING SWITCHES
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Fig. 11. Charging circult for superconducting prie

mary coils.

Ry = 104 em, would be

I.P-1.7H.

Assuming a charge time of 300 sec to 25,000 A,
we arrive at an average charging voltege of Tl volts.
This indicates that rectifier supplies would be ap-
propriate for this application. Their rating would
be in the range of 1800 kVA. We take a unit cost
of $0.21 K/kVA and arrive at

cost of charging generators at
$0.21 Xx/xva $ 3.6 X/m
To this we add the cost of the isolation swit=-
ches (3 per meter), rated at 4O kV, 25 kA when

closed. Each is estimated to cost $0.5 K. Thus
Cost of isolating switches $ 1.5 K/m
Cost of primary charging circuit $4% X/m

E. The Secondary Coil

We take a single turn of radius Rs = 122 cm,
one cm thick for self support, since there is no
apprecisble magnetic pressure. At $0.56/1b the
material cost for 550 1b 18 o $300/m. Fabrication
is taken as $300. Installation at 2 man-days is
$200.

Coat of secondary
F. The Ballast Resistors
Each must carry a peak current of 25 kA and
dissipate 2.3/t o 0.6 MJ. Thus, for a temperature
rise of 20°C, electrolytic resistors, each with a
volume of sbout 13 liters, are suitable. These are
estimated to cost $40 each including labor. With
allowance for the banana contactors of $70 per pair

$1 Xm

we arrive at

Cost of ballast resistors and contactors
with labor

$1

" K/m

G. Unit Energy Cost of the Superconducting Induc=-

tive Energy Source

We neglect the cost of triggering, since pulses
to drive the superconducting switches normal can
probably be derived from the shock-heating circuit.
Adding the above figures and allowing 10% for con=
tingencies, we arrive at a total cost of $58 X/m.
Since we deliver 1.15 X 106 joules to the compres-
sion coil, this gives a unit cost of 5¢/J.

H. The Compression Coil

We assume water~-cooled squere copper stock
wound into pancakes in & conventional manner. The
cost of material, fabrication and potting and mis-

cellaneous fittings is taken as $2.0 K/m. Installa-
tion at 4 man days per meter is $400. Thus
Cost of compression coil $2 X/m

I. Compression~Coil Backing

We congider of high strength stainless-steel
backing of both the 37-cm coil and its horizontal
feed. Material cost of 1550 lbs at $0.60/1b =
$928/m. Fabrication and miscellaneous fitting =
$1700/m. Installation (2 man days/m) = $200. Thus

$3 K/m

Cost of compression-coil backing

J. Shock~Heating Apparatus

We estimate this item at the total cost per
joule of the Scyllac device, exclusive of the build-
ing. The figure $0.6/J includes materials, parts
and labor.

In the present experiment the shock magnetic
field is 9.3 kG (Fig. L4 at 3 mT with Xp = 0.3). The
energy in the 12-cm radius coil is thus 16 kJ/m.
Assuming equal energies in the Blumlein-line and the
capacitive crow bar circuit (32 kJ/m in all), we

arrive at

Cost of shockeheating epparatus $192  X/m
K. Unit cost of the overall system

Superconducting coil and switch $23  K/m
Dewar $7 k/m
Refrigeration $20 X/m
Primary charging circuit $% KX/m
Secondary coil $1 K/nm
Ballast resistors and contactors $1 X/m
Compression coil and backing $5 ¥/m
Shock-heating apparatus $19 K/m
Contingeney for miscellsneous items (20%) $16 K/m
Total cost $95 X/m




Total energy in compression and shock

systems

1180 Kj/m
8¢/

Unit energy cost of © pinch

L. Total Cost of the @ Pinch System

For a toroidal system we take an estimated cir-
cumference of 180 meters (see Section X below),
arriving at a total @ pinch cost of $17 M. The

present low compression design is not suitable for
a linear experiment, since the low density and
correspondingly long containment time would require
an excessive length (Section X below).

M. Building Costs

For the toroidal experiment we consider a build-

ing roughly 230~ft square at $105/ﬁ:2, giving a
building cost of about $5.6 M.

X. THE OVERALL SYSTEM
A conceptual view of a portion of a separated-
shock © pinch, based on the foregoing parameter
Here the Blumlein lines
are shown folded to accommodate their length. 1In
addition each shock heating coil is shown as fed
from its two ends by two Blumlein lines. This ar=
rangement presents insulation and parastic induce
tance difficulties which may be better met by other
geometrical configurations.

study, is shown in Fig. 12.

In any case the high
voltage pulse from the shock-heating circuit must
not be allowed to couple to the slow compression
circuit. This can be accomplished by surrounding
the shock-heating coil by thin cylinders of (for
example) stainless steel which return the magnetic
flux of these coils inside the compression coils.
The rise times of the shock and compression circuits
are greatly different., Therefore one can choose the
thickness of these cylinders to lie between the skin
depths corresponding to these times in order to pro-
vide this isolation with little joule-heating loss
as the compression field penetrates the cylinders.
The length of a toroidal system is determined
by considerations of toroidal equilibrium and MHD
stability. We assume the ¢ =1, O helical system
presently being tested in the Seyllae experiment;.l3
The minimum aspect ratio is set by conaiderations
of the strength and wavelength of the helical fields
and the plasma radius. The ratio of shoeck-coil rae~
dius to plasma radius, for wall stabilization of the
m = 1 MHD mode, will be important. On the basis of
present theoretical and experimental indications a

COPPER SECONDARY

SuEERSNGETOR

COMPRESSION COIL.

Fl
COIL FORM

BLUMLEIN LINE

SHOCK CROWBAR
CAPACITORS

Fig. 12. Conceptual view of a portion of a separa-

ted-shock @ pinch.

rough estimate of the diameter a toroidel device is
from 50 to 70 meters.
mein components of a toroidal device is shown in
Fig. 13.

The length f"l‘h of & linear system is determined
by loss of the ions at their thermal speed through
ends constricted by mirrors and is given ‘ny:L

A conceptual drawing of the

by = @/ rgrp fo) (1)

Fl
T = (2k’l‘/mi)" =0.9 x ].O8 cm/sec and t A
0.042 sec is the burning time of the D-T plasma.
The factor ey is the high~f mirror ratio. We assume

where v,

B =0.9 and vacuum mirrors of 2.5, leading to oy
= 9. Thus a device about S-km long is indicated.

A conceptual diagram is given in Fig. 1.
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SUPERCONDUCTING
STORAGE MAGNET

SHOCK HEATING BANK
Fig. 13.

Conceptual view of a toroidal separated-
shock © pinch.

SUPERCONDUCTING
STORAGE MAGNET

SHOCK HEATING BANK

COMPRESSION COIL

Fig. 14. Conceptuel view of a linear separated-

shock @ pinch.
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