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SCALING LAWS FOR THE LINEAR THETA PINCH, I:
A COMPARISON OF MAGNETIC AND LASER HEATING

W. R. Ellis and G. A. Sawver

ABSTRACT

The scaling laws for a linear theta-pinch reactor are developad.
Conventional magnetic heating and laser heating of the plasma are com-

pared,

It 1s shown that,if a confining magnetic field of 400 kG is

used, 1 power producing reactor need be only 1.2 km long.

I, INTRODUCTION
Recent interest has been expressed by Dawson,

1,2,3 and others in the proposal

Hertzberg, Vlases,
to heat a long, dense plasma column with a CO2 la=-
ser beam, This type of heating has been proposed
in conjunction with large axial magnetic fields of
the type found in conventional linear 9 -pinches,
but of substantially higher field strength - up to
one megagauvss in some cases. The present report
examines the feasibility and necessity of such high
fields, and compares the performance of the high
field, laser-heated pinch with that of a convention~
al, magnetically hcated ©~pinch operated at the

same field strength.

It is well-known that operation at higher field
strengths reduces the length requirements for a
linear reactor. Operation at megagauss field
strengths, as has been optimistically proposed by
gome proponents of the laser~heating methed, re-
duces the length requirements of a reactor to

around 200 meters for an nt of 1015 CI.3

Such
a proposal is obvicusly attractive, but appears to
be a practical impossibility on the basis of pres-
ent day high-field technology.

We undertake to derive some basic scaling re-

gec,

laticnships which will apply to either of thege
reactor concepts. The scaling laws are based upon
idealized reacter and plusma physics models and

emphasize basic physics as opposed to engineering.

We assume throughout that the length of a linear

reactor is determ'ned by particle end loss rather
than by axial electron thermal conduction. Radial
diffusion and heat traasport are assumed small com—
pared to axial losses. In order to avoid specific
designs for the compression coil and blanket, an
overall energy balance for the reactor systems has
not been attempted. However, sceling laws for the
thermal ocutput power and magnetic energy storage re-
quirements have been derived, based on a compres-
sion coil located inside the blanket.

In order to minimize the length ( and hence
cost) of the power plant, a theta-pirch reactor
should operate at the highest possible plasma den~
sity, and therefore, for a given temperatur:, at
the highest poosible magnetic field. We find that
300-5C0 kG fields are experimentally obtainable,
and that a reactor can probably be as short as 1 km
with only self-mirroring to reduce the end loss.

We select operation at 400 kG as a reasonable design
polat for the high-density theta pinch in the pres-
ent study,

For a conventional magnetically heated ©-pinch
operated at 400 kG ve arrive at the following set
of self-consistent reactor parameters: a coil radius
b of v 2 cm, a plasms radius a 0£f0.15 e¢m, a plasma
7, 2 minimum length L = 1,2 km,
and & stored magnetic energy EH of v 1 GJ,

For & laser-heated € pinch, we find that lager
absorption length considerations impose a length
requirement which 1is easily compatible with the

density o of 2 x 101

L
i



length required by end loss considerations, In or-
der to keep the required laser energy reasonably

low, it is neceusary to keep the plasma radius small,
a few mm., We conclude that a laser-heated reactor
might have parameters B = 400 kG, b = 1.0 cm, a =
alcm, n =2 x 10", L = 1.2 kn, B, = 250 1J, and
laser output energy EL = 5 MJ,

From this preliminary study, we are unable to
reach any persuasive conclusions regarding the de-
sirability of laser-heating over conventional theta-
pinch heating, or vice versa, Rather, they appear
to us at this time to be altermative methods whose
The best
system may well involve some features of both, such

as laser preheat followed by adiabatic magnetic com~

relative merits require further study.

pression. In such a hybrid system, the laser heat-
ing would replace the shock-heating stage of - con-
ventional O-pinch.

We note, finally, that the high density linear
O-pinch as modeled here has some inhereat advantages
over conventional toroidal designs from a reactor
point of view., These include easy aceezss from the
ends, a much smaller minimum plant size, and more
efficient ase of the magnetic field.

The laser method, of course, does not lend it-

self readily to a toroidal design.

II. MAGNET1C PRESSURE CONSIDERATIONS
A. Plasma Pressure Balance

A plasma coafined in equilibrium in a magnetic
field has a density proportional to BBZ/T, assuming

equal electron and ion temperatures:

2
n= 1,24 x 103 BB (O =3 IeN)

kT (keV) °

For plasmas of thermonuclear interest, kT is
limited to the approximate range 5 < kT < 15 keV,
and for our calculaticns we will assume kT =10
keV during the "burn". Eq. (1) is plotted in Fig.
1 for the case B = 1. We see that for "typical®
U~pinch reactor parameters,4 KT = 10 keV, B = 150
kG, the ion density which can be contained is v 2,8
x 1016 cm-a.
ties, the magnetic field strength must increase

at 108 em 3, for

In order to operate at higher densi-

quadratically in proportion.
example, the required magnetic field strength is
about 900 kG.

B, Strength of Materials

The maximum magnetic field that can be used
will be governed by strength of materials since the
coil winding must be capable of supporting the mag-
netic pressure produced by the confinement field,

whether dc or pulsed.
1, Pulsed Fields.
by single turn solemoids as in theta pinches, the

For pulsed fields producesd

magnetic pressure must be supported by the first
coil surface. Knoepfel5 gives a complete discussion
of pulsed field techniques,
netic pressure (in psi) which 1is associated with

The pres—

Figure 2 shows the mag-

the magnetic field strength B (in kG).
sure exerted by a one megagauss field is nearly

600,000 psi, which is above the yield strength of
any presently known structural material. Maraging
steel is capable of holding about 600 kG, and 7075
aluminum (of which the Scyllac coll is made), apbout
300 kG.
where flux i3 concentrated at the cormers.

The single-turn coils fail at the ends
Typical
field strengths may be twice the axis field strength
even with rounding of the cormers. The highest
field on axis achieved at LASL in single~turn-steel-
mirror coils for Scyllac is about 250 kG.6 A single-
turn bubble chamber magnet has been reported to a-
chieve 3C0 kG.7 About 300 kG probably represents
the state of the art in pulsed coils of several cen-
These field
levels are accomplished in massive single-turn

Generally, other designs such as helix

timeter bore that survive many pulses.
solenoids,

Q
coils have not done as well,”

Pressure Balance

B(kG)

[

133l

'_
i

B
d. '°l7 nl! '°l9

alem™3)

Fig. 1. Magnetic field required for pressure

balance.



Pressure (psi)

'o ¥ T ljllll‘l 13 T llll’ll T T' LILBLER"
L 3
i :
-1
}- -
5
107 — Med earbon—e —J
- steel 51
s ]
L -4
/
4 2.8
e S -—
ll: & E
X ]
[ J
- .
3
107 -
3 3
. ]
lOz — -3°
= -
10 (W ;nnl 12 llLl_lJ] NI R YR
4 0 ’ 100 1000

Blkg)

Fig. 2. Magnetic pressure vs B.

Knoepfel and Lupi have recently written an ex~
cellent review article on pulsed fields9 in vhich
they report achieving 650 kG in a 1 cm bore coil.
This coll represents the present state of the art
for coils which survive many pulses and have a
field volume of more than 1 cm3. It was made of
massive steel jaws which enclosed a shaped tantalum
insert to concentrate the flux. The impact
strength or toughness of tantailum and its high
melting point are the properties that make it a
deeirable material for high-field solenoids. At
650 kG, the surface magnetic pressure exceeds the
yield strength of tantalum by a factor four, but
it yields onty gradually to successive impucts and
is able to survive more than 20 pulses. However,
at 650 kG, the high welting point of tantalum is
more important than its strength. Surface melting
due to resistive heating of the surface 18 a major

consideration at high fields. The critical magnetic
field for melting depends on the current pulse shape,
but is typically 500-700 kG for copper and 660-930
kG for tantalum.

It is possible, in principle, to eliminate the
problems of surface pressure and melting that are
characteristic of single-turn solenuids by layering
or litzing the coil, Some attempts have been made
to make multilayer coils,10 but the highest fields
achieved are less than those for single~layer sole-
noids. Since such coils are necessarily complex,
they will be subject to new strength and cost con-
siderations. We suspect that practical field lim-
its are not far different from those fri single-
layer solenoids.

Higher magnetic fields have been made, of
course, but the methods are not suitable for CTR
use, Fields up to about 200 kG have been reached
in small coils (v 5 mm bore) of limited lifetime!® 13
znd stiil higher fields, up to 10 MG, have been a-
chieved with high explosives.s’lé

2, DC Fields, If DC fields or slowly vary-
ing pulse fields are produced, skin effect is not
a factor and the first surface need not bear the
total pressure. Strength, however, is not the lim-
iting parameter. Power cousumption and cooling
problems are formidable at fields above about 200
kG, and the largest fields reported are about 250
kG.9’15’16'17 Bruce Montgomery at the Francis Bit-
ter National Magnet Laboratory has described plans
for a hybrid conventional-superconducting magnet
to operate at 250 kG in a 3-cm bore.15 Its power
consumption will be 6 MW,

Superconducting coils would eliminate the ex-
cessive power consumption of dc coils, but the best
superconducting coils at present are made of Nb3sn'
which has a critical field of 160 kG at 4.2 °K. A
150 kG superconductor magnet has been constructed.l7
A higher critical field of 410 kG exists for
NbAlGe alloy18 but magnets have not been fabricated.

3. Maximum Practical Magnetic Fields, The
largest magnetic filelds have been obtained in sin-
gle-turn solenoids. The limits for coils that last
many shots are about 600 kG for coils of 1 cm bore
and 300 kG for colls of 10 cm bore., One MG is def-
inately out of reach with present technology.




III. SCALING LAWS FOR THERMONUCLEAR POWER PRODUC-~
TION IN A PULSED REACTOR .

The average thermal power output per unit

length in a pulsed reactor is

E

=2 &3]

Pm _
L L ’

-
6 |-

where Te is the cycle time, i.e. the number of sec-
onds between the start of successive burning pulses,
and En/L is the energy release per unit length per

burning pulse.

A. Rate of Energy Production

In a thermonuclear plasma containing deuterium
(D) ard tritium (T) ioms, the reaction rate is giv-

en by
R =0, a, ov reactions/cm3/sec 3

where Ov is the Maxwell-averaged D-T cross-section
and n, and n, are the density of deuterium and
tritium, respectively. If we assume a 50-50 mix-
ture of D-T (:D == r/2) and assign an energy
release of Q“ per reactinn, the rate of energy

production per unit length of reactor becones

an“q ov . (4)

In a "burning pulse" of duration g the ener-

gy release is

B or 22 =
T =% @ n Q“ av Ty N (5)
and the thermal power output, from Eq. (2), is

P
. T 2 2 —
= gz an Qnov o (6)

nv—l lw'-'

Equation (5) for the energy released per unit
length of reactor is worth some comments. Re -

arranging we have

allere we take Q@ = 14,1 MeV birth energy per neu-
tron, plus 4.8 Bev from the 1Li® (n,a) T breeding
reaction in the blanket. The 3,52 MeV birth ener-
gy of the confined alpha particles is not counted
in Qn' The quantity P_ refers to the energy re-
lecase associated with neutrons.

E 2 T ——
ﬁ:anx-meB]. %)

In most cases of interest the quantity nT, will have
a well-defined value, e.g., 0T, = 1015 cm_g sec for
a net power-producing reactor. The temperature in
a reactor will also have a well-defined value, e.g.,
KT = 10 keV. Qn is a constant by definition: Qn =
18.9 MeV = 3,03 x 10712 joules. Thus the quantity

in brackets is constant for a given reactor, i.e.,

En 2
7~ = a'n x constant . (8)

Furthermore, since the units of nTB are cm_3 sec

3

and the -.nits of Ov are cm sec-l, the product nT

For nT, = 1015
Be 3

cm.3 sec and XT = 10 keV (3; =1,1 x10 cm
Thus the constant in Eq., (8) has

B
Ov is a dimensionless constant,

sec—l),
ATy Ov = 0.11.
the units of Qn‘ or energy; in couvenient units,

E
2 (M) a?(em) nlem ™2y x 2.6 x 10°177.(9)

The quantity 32n in Eq. (7) is simply the line den-
sity, or total particles per unit length, which is
proportional to the filling pressure, other things

being equal.-THét is, the output power of a pulsed

reactor,
P 2 -3
Th _a (cm) n(em 7) -17
T MW) = —_——_-—TC(SEC) x [2.6 x 10 1£10)

is directly proportional to the filling pressure,
and the burning time, g decreases inversely with
the compressed density achieved.

Finally, from the pressure balance condition,

Eq. (1), we.can replace n by BZ:

2
aZB X constant

2

]

=

[}

aZ(emy B2(k6) x [3.22 x 10°

B. First Wall Loading and Maximum Cycle Rate

In a pulsed reactor the cycle time T, is an
adjustable parameter which can be used to limit the

neutron load at the first wall resulting from



uncollided (14.06 MeV) neutrons to 3.5 Mi/m> (350

watts/cmz) or less.a The wall loading, F;/A, is

E
= _ n 14,06 1
Pw/ A= 1 Q 27mbT
n [+3

(12)

0.118 M
b (m) Tc(sec) 2

fﬂﬂx
L \m
Thug, for a fixed output energy per unit length of
reactor per pulse, En/L = constant, ?;/A can be con-
trolled by varying either b or Tc' However, for a
fixed oEFput power per unit length, En/LTc = con-
stant, Pw/A can only be adjusted by varying b. If
we removed these restrictions on energy and power,

then ?;/A scales as, from Eqs. (9) and (12),

2
7 = 31
Pw/A = T X  constant
c
(13a)
2 -3
_ a (em) nfem 7) [ -16| MW
Blem) T (s6c) x 3,07 x 10 3
c m
or, in terms of B, using (1),
- 32 Bz
Pw/A = X T x cons?. (13b)
2 2

MW

a2 fem) B (k6) [3.80 x 10“’] .
m

b (cm) Tc(sec)

Finally we calculate the thermal power output
per unit length of the reactor, from Eq. (2) and
(12):

.

P,
__Eh = 8.47 x 1072 b(cm) P /A <ﬂ2> M (14)
w o m

Note that the thermal power output per unit length
is independent of all plasma properties, and is de-
termined only by the coil radius and acceptable wall
loading. It is also independent of the magnetic

field.

IV. SCALING LAWS FOR THE LINEAR U~PINCH

Scaling laws for the linear Y-pinch are de-
rived below in which the independent variable is
taken to be the magnetic field strength, B.
A, Length of a ©-Pinch Reactor

If we assume a B = 1 plasma at an average

temperature of 10 keV in the reactor during the

burn [for example, kT equals 5 keV at the start of
ignitfon and 15 keV at the finish, due to a particle
heating], then the average density during the burn
is given by, from (1),

7= 1.24 x 102 82k6) em> . (15)

1, Lawson Criterion, The Lawson criterion is

taken to be, for a net power-producing reactor,
T, = 1015 cm“3 sec ' (16)
Eliminating n between (15) and (16) yields

Ty = §g§ sec an
B

for B in kG. In a recent RTPR design, 19for exam-—

ple, B is 110 kG and Ty 1is approximately 80 msec.

2, End Loss Time. We assume that confinement

is limited by particle lcas out of the open ends
of the b-pinch, If we define the end-loss rate in
terms of an effective e-folding time,

dn 1
8 - - = n 18)
dat TEL

and assume the maximum ioss rate for a Maxwellian

distribution of velocities (i.e., a full loss-cone),

then the loss time has been given by Freidberg20

1/2
1/2 /nm
- [z i L
TeL = <2> (kr) n (19

where m, is the mass of an "average" D-T ion,

1
_ oyt
my = 2

as

= 4.2 x 107%* grams, (20)

L is the total length of the ¥-pinch, and

+ A-
R —— (21)
applied

n =

is a "mirror" parameter which includes both applied-
mirror and self-mirroring effects. Rapplied
for no applied mirrors, in which case n = 1/2 and

TEL(sec)= 4,1 x 1078 L(m) . (22)



For an applied mirror ratio of 4, Ty, (sec) = 10-6

L(m), etc. For the remainder of this report, we
will assume only self-mirroring, R = 1.

Taylor and Wesson2l have also treated the prob-
lem of end loss from a ©-pinch, taking as their mod-
el a steady, ideal MHD flow through a magnetic ori-
fice. Their model predicts a self-mirroring (R =
end loss time of

1/2
1/2
1 L
Drw =(¥) (kr) o (19a)

where ¥ 1s the ratio of specific heats, taken here

as 5/3, and the mirror parameter is

Moy = 2918 . (21a)

The Taylor-Wesson model predicts the unrealis—
tic result of zero end-loss for B = 1 (i.e.,perfect
self-mirroring) and agrees numerically with the
Freidberg formula for B = 0.97. In view of these
facts, the Taylor-Wesson model is poorly suited to
our 8 = 1 assumption, and will not be used.

Recent experiment522 on a 5 meter linear 6-
pinch at LASL give times shorter than Eq. (19) by
a factor of 2 to 3, but confirm the scaling with L
and kT,

For the purposes of this report we will use
the uncorrected Freldberg formula, Eq. (22). This
assumption is justified because of (a) a lack of
experimental data in long, collisionless O-pinches,
and (b) the likelihopod that some form of end-stop-
pering (effective R > 1) will be applied.

3. End-Loss Length. An estimate of the ma-
chine length L can be cbtained by equating the burn
time from the Lawson criterion,Eq. (17),to the end
loss time,Eq. (22). Thus

8
L = 1,97 x 10 meters, 23)

8% (kG)
or in terms of the density,

. 20
L= 2.44x 10 meters . (24)

n(ca )
Equations (23) and (24) are plotted in Figs. (3)
and (4) as the curves for T = 1015 m_a sec., Al-
s0 shown are curves for ntT = 10 4, which is the

appropriate T value for a scientific feasibility
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experiment. Increasing B from 100 kG to 500 kG
will reduce the length of a 9-pinch reactor from
19.7 km (12,2 miles) to 788 meters (.49 miles),
which Is equivalent to a reductiocn in capital cost
for the reactor of about a factor of 25 - a very

desirable result,

B, Optimum Coil Bore.

The optimum length for a O=-pinch reactor is
clearly the minimum length, but the optimum bore is
not so easily defined., In the discussion below we
examine the optimum bore, bopt(B)’ which results
from considering 4 different conceptual models of
the plasma heating., We conclude that a reasonable
pt =~ 2 cm, independent of B. This con-
clusion leads to a magnetic energy storage require-

ment for the reactor which is also independent of B,

choice Is b
[

as discussed in Sec. IV-D,

1. Model 1: Staged 6-Pinch with Adiabatic
Compreggion and Fast Implosion Heating.

{a). Choice of Compression Ratio. In

the staged 9-pinch concept,4 plasma heating is ac-
complished by a combination of shock (or implesion)
heating and subsequent adiabatic compressiom in a
rising magnetic field. The minimum coil bore of
such a device is determined by the compression ra-
tio X, = a/b (b is the coil radius) and the minimum
radius a to which the plasma can be compressed,

In the toroidal Y-pinch design,“ a bal-
ance must be struck between wall stabilization con-
siderations on the one hand, which require "fat"
plasmas (large a/b ratio), and practical limits to
Eg on the other hand, which require "skiony" plas~
mas (small a/b ratio), In the linear 6-pinch con-
cept, the plasma ig theoretically MHD stable. There
is no need for wall stabilization, and the conflict
which arises in the toroidal case disappears. In
the linear 6-pinch, therefore, we anticipate the
use of large compression ratios and a large amount
of compressional heating.

We will assume throughout that the igni-
tion temperature 1s 5 keV, and that the plasma beta
is unity at ignition,

For a programmed implosion (the so~called
"free-expansion" model) where the equilibrium ra-
dius after the implosirr. (befc¢re adiabatic coupres-
sion is a = 0.76b, (xs = 0,76), the final tempera-

ture reached after compression is related to the

applied electric field, Eg» by 4,19

/3

K\ _ 7 172
B (.._.)~ 0.244 X_ {kT(keV)] '€ B(KG).  (25)

cm

For kT = 5 keV, and the same units,

773
Eg = 0.546 X B . (26)

Since applied Eb's in the several kV/cm range are
technologically difficult to achieve, we will limi?’
consideration here to Ey = 4 kV/cm and rely on gd~
iabatic compression for the remainder of the heat-
ing. In this case (26) becomes

1,30
X = . (27)
o = BT 4q

(). Minimum Plasma Radius, We will es-

timate the minimum plasma radius in two ways: 1)
by assuming that the plasma in.compression has a
radius given by the “sheath width" c/wpi; and 2)
by assuming that the plasma radius is liwmited to
an ion gyroradius. The two methods are easily
shown to be equivalent, and for 8 = 1, they give
the same answer, For brevity, we will only develop
the gyroradius model here.

The gyroradius, T for a particle of charge
q, mass m, and velocity v 1is, in MKS units,

mv
g = 3 (28)
Since there are two degrees of freedom perpen-
dicular to the magnetic field lines, the energy cof
gyration, 1/2 mvz, is equal to kT for a Maxwellian
distribution, giving

. QKs) (29)

Neglecting alpha particles (which, for
early times, do not exist), the largest gyroradius
in the plasma 1s, from (29), associated with tri-
tons, At 5 keV the triton gyroradius is

£y (1) = E%%:’)Z o . 30)

Now assuming that a = rB(T) yields, from (30),



16.2 a (1)

X = T(em) BGRG) ~ b °*

and from Egs.(31) and (27),

boin * R ;2;:;) B . (32)
as the minimum coll radius consistent with heating
to S keV,

At 100 ¥G, 300 kG, and 500 kG, b
0.90 ¢m, 0,48 cm, and 0,36 co respectively.
coil radi{ are small compared to conventional -

n is
These

pinch machines, and while advantageous from the
viecwpoint of making large fields, would probably
not permit efficient implosion heating, since the
sheath wideh during iuplosion, (c/upi v 1 enm),
would exceed the coil radius bmtn'

2. Model 2: Adiabatic Caompression Aloae. The
linear Y=pinch is capabdble, in principle, of reach-
ing its ipaition temperature of 5 keV by adiabatic
compression alone. If we take the starting radius
for comprission as b, and assume a typical preion-
ization teaperature of 2 oV for thc starting tem-
perature T,, then from the adiabatic lav (assuming

3 degrees of freedom d.e.,r = 5/3):

T, a 4/3
'T—z' =(§) . (33

b 2 e cm . (34)

At 100 kG, 300 kG, and 500 kG, bmin is 57 cm, 19 cnm,
and 1} cm,respectively. These radii are so large
that the magnetic cnergy storage requirements would
be prohibitive. In addition, operation at high
ficlds would e ruled out by strength-of-materials
considerations. These facts suggest that some form
of preheating 18 practically unavoidable in a v-

pinch, prior to adiabatic compression.

3. Model 3: Ianclude Self~Consistent Eb for

Adiabatic Compression. A certain amount of E, is

automatically provided in a ®-pinch, according to

Fareday's law:

7XE = - -g—f (MKS) . (35)

In convenient units this seclf-consistent ficld is

given by
\ -8
g (kY)Y . 10 b(cn) B(kG) (16)
°] cn/ 2 Tr
where T, is the risetime of the B field in seconds.

R
1f we cxpress the risetime of the field as the

fraction a of the burn tire, rR/'rB = «, then from
Eq. (17)

§%§~2 sec . (37}
B™ (kG) .

Combining Eqs.(36) and (37) yields the self-consis-

tent electric field:

-8
. (e} . 10 3
By (cm) 1612 a be o, (38)

The appropriate value of xs for a linearlyris-
ing B field (TR >> implosiun time) has been estima-
ted by Rib4 as xs = 0.3. In this case the co-
efficient in Eq. (25) nmust be increased by a factor
proportional to X 1%/3, 1.c. €0.76/0.3)1%3 = 22.2,

Thus

kv ) . 773 1/2
E, (E;) 5.4 X [kT(keV) ] * B(KE).
(39)

Eliminating E,, between Eqs.(38) and (39) yields the
comprussion factor (for 5 keV):
3/7

2
-12 v B
0 e . (40)

X = {2.57 x1
(-]
Finally, eliminating Xo between Eqgs.(31) and
(40) yields the self-consistent solution for bmin:
3/1G

4
b = 211x10"a

cm . (41)
min B13/10 (xG)

Thus, for example, if @ = 0.1 (1'R = 18/10)'for B =
100 kG, 300 kG, and 500 kG, we find bmin = 27 cm, 6.4
cm, and 3.3 cm respectively. These values for b are
better than Model 2, where EB was neglected, but not
competitive with Model 1, where EU was applied by
scparately-energized shock circuits. This 1is be-
cauge the self-consistent Ey fleld will be smaller
than any reasonable value of the applied EO ficld

by the ratio of rise times. In the 300 kG case a-
bove, for example, T = 806/B2 = 8.96 msec, T, = TB/

10 = 0.896 msec, and E, = 11 V/cm. The concliusion



is that the self-consisteant Eg doesn’t help much.

4. Model 4: Legislate b = Constant. In many

respects, the most satisfactory scaling law for
b(B) 1is perhaps the most obvious - namely, legisla-
ting b = constant, independent of the magnetic
field.

If conventional implosion heating is used in
a device with a fixed bore of, say, b = 2 cm, then
the calculations given above for Model 1 show that
the plasma can be heated to ignition while at the
same time being gsomewhat "under-compressed.” This
would produce a reactor plasma similar to the plas~
mas being studied in the Los Alamos Scylla series
of experiments {(a v 3=4 rB).

From Bq. (26) the compression ratiac is given

by

(42)

Ey (kV/cm) 3/7
X =2« |1.83 .
o b B(kG)

For b = 2 cm, the plasma radius after compression
is
£5>/7 (kv/cm)

a = 2,59 =T @ . (43)
B3 7 xG)

Por a rather wodest applied electric field of, say,
Eg = 500 V/cu, the radius a(B) is given by

a=— %'92 cm . (44)
B (kG)

For B = 100, 300, and 500 kG, we find a = 0.27 cm,
0.17 em, and 0.13 cm, respectively, These numbers
correspond to a few gyroradii in each case, which
is probably more realistic than assuming a = one
gyroradius. Por the remainder of this paper we
will use the scaling results given in Model 4, and
assume that b = 2 cm, independent of B.

C. Alpha Particle Plasma Sheaths.

As the thermonuclear burn progresses,alpha
particles are produced in the plasma with a birth
energy of 3.52 MeV. Thece particles will be con-
fined by the magnetic field ind at the end of the
burn the plasma will contain v 5% alpha particles.
At 3.52 MeV, the alpha particle gyroradius is given
by

rgla) = 'ziu(fgg) . (45

In order to avoid alpha particls collisions
with the coil wall, the alpha particle gyroradius
rB(G). should be kept smaller than b. This requires
operation at field strengths above 137 kG for b =
2 cm.

The question of the development of alpha par-
ticle sheaths during the burn is an important one
for any thermonuclear plasma whose radius is compa-
rable in size to an alpha particle gyroradius. A
proper treatment of the problem would have to allow
for the development of space-charge electric fields
in a realistic way. This is a problem area which'
should be given further study, since it is critical
for acsurately predicting the burn dynamics in a
small radius 9-pinch.

D. Filling Pressure.
Assuming 100X particle sweep-up during com-

pression, the plasma density at the ignition point
is related to the filling gas pressure P, (assuming
T = 20° C) and the compression ratio by

13 p
7 x 10 o _(mTorr) . (46)

X 2
o

n (cm-3) =

Prom the above discussion (Model 4), we have,
for Ey = 500 V/cm,

. 0% @

X =
357 (ke)

2
] b
and from pressure balance (assuming kT = 5 keV),

ny, = 2.48 x 1012 82 (e) em 3. (48)

1,

Thus the filling pressure is simply related to B by
p, = 3-27x 1072 887 (k6) wTorr . (49)

For B = 100, 300, and 500 kG, the required filling
pressures are 6.3, 22, and 40 mTorr, which are rea-

sonable values.

E. Coil Volume and Stored Magnetic Emergy.
The magnetic field fills the cylindrical coil

volume,
2
v=wdb L, (50)

where b = 2 ¢m and L is given by Eq. (23).



Subatituting, and keeping all lengths in centimeters,

11
v = 2:48 x 10

g e’ . (s1)
82 (k6)

The total stored magnetic energy is

2
B
By =&

x V(cm3) x 106 ergs (52)

Eliminating V between Eqs.
3

for B expressed in kG.
(51) and (52) gives, using 101 erg = 1 43,

Eh = 987 MJ , (53)
independent of the magnetic field stremgth. This
value for EM is a very modest number, as reactor
requirements go. In the RTPR deslgn.l9
the postulated energy storage is about 90 times

for example,

this value.

F. Energy and Power Qutput.

The output energy per unit lemngth scales as,

from Eq. (8),

= a2 n x constant . (54)

r'=m

Since we have n scaling as BZIEq. (15)1,and a sca-
1ing as 8-3/7 [Eq. (44)] , En/L scales as

E
Iﬂ = 88/7 X constant. (55)
The total energy output per pulse scales as L x
En/L, thus
_ constant
E = —3377—-— . (56)

The remarkable fact here is that the energy per
pulse decreases as B increases, which is not an im-
tuitive result.
The output power (thermal) scales as
a2 n L

™ - %
c

57)

P, X constant,

where the cycle time, Tc’ is assumed to be deter-

mined by first-wall loading restrictions. Since
T /A scales as
W
- a2 n
Pw/A “ % T, X constant (58)

10

and both F;IA and b are constants, by choice, T
scales as
2
7. = 8" n x constant. 59)
Thus the cycle time is simply proportional to
Rn/L. the znergy per unit length. Substituting Eq.
(59) into Eq. (57) gives the scaling law for the

total output powver:

P =

t
Th L x constan

(60)

=- constant!ﬂz .

Thus the output power decreases as 1/82. lead~
ing to the conclusion that smaller power plants

necessitate higher fields.

V. [LASER ABSORPTION LENGTH

The basic process for absorption of laser light
in a plasma is classical inverse bremsstrahlungﬁs
Inverse bremsstrahlurg is equivalent to plasma re-
sistance and the formulas can be derived from resis-
tance concepts.

Dawson and collaborators have postulated en-
hanced absorption when the laser radiation is near
the plasma frequency or twice the plasma frequency.3
The necessary couditions for this mechanism do not
prevail in the proposed experimei = with CO2 lasers.
It has also been shown theoretically that nonlinear
back-scatter processes, i.e., stimulated Raman scat-
tering and stimulated Brillouin scattering, can pre-~
vent absorption of the laser light. This phenom~
enon has not yet been observed experimentally.

We assume here that only classical inverse
bremsstrahlung will be opefative. The absorption
coefficient in this case has been recently updated

by Dawson and Johnston:27

2,2
Z2 0 A &n AQN) 1

373 7, 2\172
&T) (1 - /xpe)

30

K =8.66 x 10~

(61)
where K is in cm-1 for a, in cm-a, A and Ape in cm,
and kT fa eV. The A(X) term in Eq. {42) is indepen-
dent of density: A(A) = 5.15 x 1073 [kT(eV)]J/2 e
(cm). For z.= 1 and 10.6 B laser light, the absorp~

tion length, 4, = K.l, is given by



~3I\Lf2
£, = 1.03 x 10%° prenp? [ el N
N nz{cnq} 4n A(R) 1687 }

{62}

Eq. (62) is plotted in Figs. 5 and 6. The ab~
sorption lengths are agreeably short for tempera-
tures below 1 keV and densicies above 101? cu‘a,
but at a reacter ignitton tespersture of 5 keV and
2 density of 4 x 10%7 em >, the absorption length
is approximately 161 m.

Experimental confirmation of Eq. (B2} over an
interesting regime of parameters is still lacking.
Recent uca:uzeaen:sza of ‘cb
1-2 eV garee with Eg. (62) within about a factor of

2, but suggest a stronger density dependeace than

in an argon plasma at

nﬁ- We will sssume that ‘nb is corzrectly given by
Eq. (62} in this report.
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Vi. EQUATIONS OF STATE AND MOTION FOR A LASER~HEAT-
ED PLASMA COLUMN

A. Introduction.

We consider the problem of a long, dense, ini-
tially cold plasma column, confined by an axial mag-
netic field, which is heated along its length by
We ad-
dress the question of how the plasma will respend

laser trradiation (inverse bremsstrahlung).

to such heating, assuming that it occurs uniformly
along the column length. 1In particular, we wish

to determine whether the plasma accommodates a chang-
ing radial pressure balance by altering its beta
value, its particle density, or both. This requires
that we know how the plasma beta, density, and ra-
dius vary as a function of the imposed temperature

increase and the initial conditions. Using a sharp

11



boundacy HiHD mudel, we find that the plassa tends
te fncrease its beta vaiue firse, without signifi-
cantly incrcasing 1ts radius, up to P 1/2. Further
increases in tenperature incrcase both beta and ra-
dins together until p is ncarly unity. Thereafter,
the plasma achicves pressurce balance entirely by
mcans of radial cxpansion, further decrcasing 1ts
dengity dicectly as 1/7T.

B. _The Modol,

We take a sharp bouadary MiD =odel for the
ploagen eolu=n, snd assumc that all properties, in-
cluding heat addition, are unifors along the length.
Explicicly our assumptions are:

1. Chorge noutralicy (nc =" n)

2. Cozmon temperatute for clectrons and ions

(TE - T1 = T) )
3. Conetant line densicy (N = Ma'n = constant)

4. Constant internal £lux (¢i = ﬂaza1 - con-
stant)

5. Counstaant external £ield (Eo = constant) )
6. Radial pressure balance B = 1 - (Bilﬂo) )
7. Beftaition of beta (kT = pD2/8N)

€. Solution.

Rewziting the assumptions:

<
na” = constaat {63)
B‘az = constant (64)
Eiifl~§ = constant (65)
gl = oconstant - {66)

Substituting Eq. (65) into Eq. (64):

32 i=p = congtant . {67)

Substituting Eq. (63) into Eq. (66):

~L = constant . (68)
a’p

Substituting Eq. (67) into Eq. (68):

/1B

F) T = constant. (69)

Equations {63)-(69) represent conservation
laws which must be satisfied as the plasma temper-
ature changes. If the plasma state is character-
ized at some time by the quantities ag, po, Ng»
and To’ at some later time the plasma properties

are a, ¥, n,and T > To' The conservation equations

(63), (68), and {62) require that:

12

n,3, = na (7o)
:
72— o oy

3, 90 ap

-5 -

A po T o Ji:b T 72
B, o [ -

Equation (72) i5 quadratic in p/po. with solution

P 2 /

. e (;_) hoo b0
Bo 2(1-50) T, \/ b: (T/E‘o)2 )

(73)

In terms of Eq. (73) the plasma bera, radius .and

density variations are given by

2 T

o= z:" (L)z \/1’ 24f1‘°°)7 -1
-8, 17, 2 (1)’
Q [+
(74)
. o 1/2
a, " \BR®, (73
2

oo, {1
n, (a/ac) (76)

as functions of the independent variable T/To and
initial conditions hc. ass and nc.

Our model describes both heating and cooling
of the plasma column but we will restrict our atten-

tion here to the heating case, T/T > 1.

D. Discussion.

Figures 7 and 8 show how the plasma density,
beta, and radius change as a function of tempera~
ture for two particular initial conditions: (a)
Bo = 0.01 and (b) bo = 0.20.

The (a) case, bo = 0.01, corresponds {(for ex-
ample) to a plasma of initial density 1018 cm"3 in
a 300 kG field at an initial temperature of 10 eV.
The (b) case, po = 0,20, would correspond to the
same plasma at a starting temperature of 200 eV.
In case (a), the value T/To = 1000 corresponds to
a plasma temperature of 10 keV; in case (b) the 10

keV point is given by T/To = 50.
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Comparing the plasma parameters in cases (a)
and (b) at the starting temperature and at the T =
10 keV point, we see that the plasma heating can be
divided into three fairly distinct regimes. The
first regime occurs when the plasma beta is low.
in the low beta regime, heating is manifested almost
encirely as a beta increase, with negligible expan-
sion taking place. In case {a), beta increases by
roughly a factor of 50, up to B ~ ,5, while the ra-
In this phase «f the heat-
In the

dius increases only 25%.
ing, beta increases about linearly with T.
second regime, beta has a value of a few times 10_1,
and heating is accompanied by substantial changes

in both beta and radius. 1In the third regime, the
beta curve flattens out near a value of unity, and
all heating is accommodated by radial expansion.

In this regime, the plasma density is inversely

Effect of Heating or Plosma Rodius
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Fig. 8. Effect of uniform axial hesting on plasma

radius.

proportional to temperature, n <« 1/T.

E. Conclusioms.

A laser-heated plasma column accommodates a
heat input which is uniform along its length by in-
1f beta is ini-
tially low, the heating acts to increase beta with-

creasing both its beta and radius.

out appreciably affecting the radius up to beta
values of a few tens of percent. Thereafter, beta
and radius both increase until beta reaches approx-
imately unity. Further heating is accomplished by
a P = 1 expansion of the plasma with n = % . At a
temperature of 10 keV, the column beta is v 0.99,

irrespective of the starting conditions.

VII. SCALING LAWS FOR A LASER-HEATED REACTOR

In the calculations which follow, we assume
that laser-heating of a long plasma column is a
technical reality, and we investigate the scaling

13
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with B. That is, we assume conditions of clawsical
absorption of the radiation by inverse bremsstrah-
lung, absence of anomalous back~scatter effects,
and a favorable density profile "dipped” in the
middle to focus the laser beam initially, if nec-
essary.

The important question of channeling the las-
er beam along a long narrow column of plasma has
been addressed both theoretically 29’aa’aland ex-
and it is generally accepted that
The back~

perimentally,2
channeling of the laser beam 1s possible.
scatter problem 1s discussed in Sec. VII-E.
A, Length of a Laser-Heated Reactor.

As in the cage of the linear O-pinch, Sec. IV,
we assume that the minimum length of the reactcy
is governed by end-loss congiderations. Prom Egs.
(23) and (24). the reactor length scales as 1/B2
or 1/n, but until these quantities are specified
the reactor length still remains arbitrary.

1. Matching Absorption Length to Reactor
Length. The minimum laser energy EL required is
the energy needed to raise the plasma particles to
their ignition temperature of 5 keV along the col-

umn length. Any excess heating of the input end
above 5 keV will, of course, raise the minimum re-~
quirement, as will any scattering losses incurred
along the column or from the open ends. One can
minimize EL in this respect by matching the reactor
length, L, to the laser absorption length, Aab’
Equating L [Eq. (24)] and Zab [Eq. (62)], ne-

glecting the X/kp term, yields

1.03x 10 an? _ 2.4 x 107 an
2 — ’
ne znl\ n
where both L and Aab are expressed in cm. Solving

for n, at the ignition point (kT = 5 keV and (ne)ig
= 2 ;b and denoting this value of n, by (ne):g
yields the match condition density as:

* -
)y, = 5.28 x 10 en 2. 8)

In order for the laser beam to be absorbed
before exiting the plasma column, the particle den~

sity at ignition must satisfy

*
(ne)ig > (ne)l.g , a9

where (ne)Ig is given by Eq. (78). This requirement
is easily satisfied. For an ignition density of

5.3 x 1016 cm, the average density (assuming kT =
10 kev) 1s 2.6 x 10*® co”3,
magnetic field of 146 kG, from Eq. (1), and a mini-
Furthermore, to avoid

This corresponds to a

mum reactor lemgth of 9.24 lkm.
the possibilities of alpha particle collisions with
the wall the magnetic field should exceed 137 kG
for a 2 cm radius coil (Sec., IV-C). Thus the laser
abgorption requirements are automatically met in a
fusion reactor operating in the 150 kG range or a-
bove.

2. Selection of Magnetic Field. For a design

point, we choose B = 400 kG. The scaling iaws of

Sec. IV then yield the following reactor parameters:

_3, den~

average density during burn n=2x 1017 cm
-3
o >

sity at ignition (5 keV) (ne)ig =4 x 1017 cl
reactor length L = 1200 n, and burn time Ty = 5
msec. The laser absorption length at ignition is

lab = 161 m.

B. Laser Energy Requirements.

The laser energy requirements may be treated
in two parts: (1) the energy required to heat the
plasma to 5 keV (intrinsic energy requirement) and
(2) energy wasted in unavoidable losses or excess
local heating above 5 keV.

1. Plasma Energy Content. The kinetic energy

density associated with a Maxwellian plasma 1is

nk(Te + Ti)’ and for a P = 1 plasma this will equal
the magnetic energy density excluded, BZ/BH. Thus
the total energy in the plasma column may be writ-

ten

x W a’ x L, (80)

where a is the plasma radius and L is the column
length. In more convenient units

Ep(J) = 1.25 32 (kG) 32 (cm) L (m) . (81)

Eq. (8l1) is plotted in Fig. 9 as EP/L in J/meter.

Substituting Eq. (23) for the end~loss length,

_ 1.97 x 10

(23)
8% (xG)

L meters

into Eq. ¢(81) and identifying Ep as the intrinsic

laser energy yields
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Fig. 9. Energy content of a B = 1 plasma column as
a function of magnetic field strength and

plasma diameter.
E (3) = 2.46 x 10° a® (cu). (82)

We note that the laser energy in Eq. (82) is inde-
pendent of B, of n, and of L. EL depends only on

the plasma cross-sectional area, and minimizing the
plasma radius a will therefore minimize the size of

the laser required.
a. Plasma Radius. The minimum plasma

radius quoted for the laser-heated reactor varies
greatly, depending or the source.l_3 The absolute
minimum is set by an ion gyroradius. Thus, from
Eq. (30):
. _le.2

rB(T) = Bacy cm , (83)
where rB(T) 1s the triton gyroradius at 5 keV. For
B = 400 kG, rB(T) is 0.41 mm.

Humphries 29'30has calculated mode struc-
tures for a muitiple-pass laser heating system using
A = 10.6 B, and has found beam widths of 1-3 mnm.

Dawson3 has estimated the minimum radius
at 1-2 cm, the exact value depending on the rate of
radial diffusion and conduction losses.

The alpha particle gyroradius may set a
lower limit or the plasma column size of 1-2 cm, at
some stage in the burn, as discussed in Sec. IV. C.
It is not yet clear to what extent this restriction
will conflict with the assumption of a much small-
er plasma columm (1-2 mm) during the ignition phase.

For a = 1 cm, Eq. (8%) requires a laser
energy of v 250 MJ; for a = 1 mm, the requirement
is v 2,5 MJ. 2.5 MJ is roughly two orders of mag-
nitude above presently available N2-CO2 laser sys-
tems operated in the long-pulse mode:‘.!2

2. Unavoidable Light Losses. For a 400 kG
field, the ratic of reactor length to absorption
length is L/f-ab = 8.6. In this situation, there
should be negligible light loss out of the open

ends of the plasma column, and the losses incurred

wili be due primarily to overheating at the input

end.
a. The Plasma as a Light Pipe. In order

for the laser beam to be used efficiently, the la-
ser light must be able to propagate from the hot
regions of the column to the cold, unheated regions
without a great deal of "over-heating" in the hot
regions. That is, the plasma must rapidly become
transparent to the laser beam above 5 keV. Other-
wise, the laser energy requirements will become
prohibitive. It is also unfortunately true that
as the plasma becomes transparent, it may lose its
ability to focus the laser beam along the field
lines. Thus side-scatter, or possibly even com-
plete loss of the beam, may become a problem.

b. Plasma Transparency vs Temperature.
Two factors work to make the plasma become trans-

parent quite rapidiy above 5 keV, The first of
these is the explicit increase of the absorption
length with temperature, as given by Eq. (62).
For densities less than "v 1018 cm-3, zab is given

by

1,03 x 1077 [kT(evy ]/ 2 6
2 -3 :
n, (em ) £n A

Lab (em) =

15



The second factor is the decrease in den-~
sity, which is also a consequence of higher temper-
atures. From the equation~of-state study in Sec.
Vi, we found that the plasma beta is approximately
unity at igrition, irrespective of the detailed
starting conditions. In this regime the plasma re-
gponds to heating by a B = 1 expansion, i.e.,n «

1/T. The exact relatiouship is, from Eq. (1),

1.24 x 1013 B2 (kG) . (85)

kT (eV)

n (cm—a) =
Substituting n from Eq. (85) into Eq. (B4) yields

2.12 x 10 fergevyf’? 1
£n {1.56 % 10° [KT(kev)]¥2) 8% (k) (86)

Lah (cm) =

for kT in keV. In the case where B = 400 kG,

8.28 x 10% [iT(kev)]’’? . (87)
&n {1.54 x 10° [kT(keV)]3/2]

Thus Eab is a strong function of temperature.

ﬁab(cm) =

An increase in k1 from 5 keV to 10 keV would in-
crease £ab by a factor of 10.6, from 161 m to 1700
m, which is greater than the length of the reactor.
To put it another way,if we require that the tem—
peratute everywhere along the plasma column be
raised to > 5 keV, then about 80% or so of the col-
umn rust be heated to around 10 keV in order to
achieve the necessary transparency to ignite the
final 20% of plasma.

3. Summary of Losses. The intrinsic laser

energy requirements can be kept to about 2.5 MI by
restricting a te 1 mm. Neglecting losses from the
euds, the remaining energy losses are due to plas—
ma transparency requirements, which lead to over-
heating. We find these losses to be approximately
100Z of the intrinsic energy requirements. Taken
together, these lead to a minimum laser energy of
v 5 MJ.

It may be desirable to heat the plasma column
from both ends, utilizing a dual laser system. The
laser development problem can be alleviated con-
siderably by "stacking" a number of smaller lasers
and combining the beams at a common focus.

C. Laser Power Requirements.

For a repetitively pulsed reactor with cycle
time Tc, the input power required by the laser is

16

P =
L Tan

watts, (88)

where nL is the electrical-energy-to-light effic-
iency of the laser, and EL is the laser energy out-
put in joules. If the laser is used to heat a fu-
sion reactor plasma to ignition, then the fact that
one must obtain more useful fusion energy than is
required by the laser (by at least a factor of 10
if the reactor is to be interesting) puts a high
premium on laser efficiemncy.

The C02~NZ laser system 1is fortunately a good
performer in this respect, especially in the slow-
For example, 1if EL =

5 MJ and TC = 0.5 sec, then the presently obtain-

pulse (Psec time scale) mode.

able value of s about 30%, leads to a laser inmput
power (pump) requirement of approximately 30 MW.
D. Magnetic Energy Storage Requirements.

The minimum magnetic energy storage require-
ment is set by the choice of coil bore, as discussed

in Sec. IV:
2.2
EM = 2,46 x 10" b~ (cm) MJ ., (89)

Since there 1s no magnetic compression in the
laser system, it would seem that the coil could
have a much smaller diameter than its theta-pinch
counterpart, and other authors have pointed this
out.3 However, the alpha particles, with a birth
energy of 3.52 MeV, can collide with the wall un-

less their gyroradius

272

rp (@) = i?EET cm (90)

does not exceed b. At 400 kG, the alpha gvroradius

is 0.7 cm. Thus the coil radius b must be at least
this large, plus the plasma radius (0.1 cm). For

b = 1.0 cm, the magnetic storage requirement, from
Eq. (89), 1s v 250 MJ. This, we note, is some 50

times the required laser energy.

E. The Backscatter Problem.

An example will illustrate the backscatter

problem. Consider a reactor operating with a 400

kG field: the reactor length is & 1200 meters, the

17 -3

ion density is 2 x 107" cm ~, and the burn time is

"~ 5 milliseconds. If the laser supplies its ener-

gy in a 500 ps pulse, then the "risetime' for



heating is 500 fs, or about 1/10 of the burn time;
if the laser pulse is 50 ps long, then the heating
time is about 1% of the burn time. The beam power
of the laser in these two cases will be 1010 watts
or 1011
beam power density will therefore be 3 x 10
3 x 1012

which is above the theoretically predicted threshold

watts, respectively, for EL = 5 MJ. The
11
or

watts/cmz, respectively, for a = 1 mm,

for large anomalous backscatter.

A possible way around this dilemma is to use
the laser beam to heat the plasma prior to adiabatic
compression in a rising magnetic field. In this
scheme the laser replaces shock-heating as the pre-—
heat stage, which would benefit the 8-pinch by re-
moving this component outside the reactor. It would
also benefit the laser by greatly reducing the en-
ergy requirements, since the plasma would now be
heated to ignition by magnetic compression. Back-
scatter is theoretically reduced because the laser
energy is down(by about an order of magnitude) and
the cross-sectional area of the beam is increased
(by roughly a factor of (1 cm/0.1 cm)2 = 100). Thus
the beam power density is reduced approximately
three orders of magnitude. There are difficulties
involving the laser penetration distance, however,
and we will not dwell on this problem any further,
as there is as yet no experimental verification of

the backscatter predictions.

REACTOR PARAMETERS AT 400 kG
Once the magnetic field has been specified,

VIII.

the other reactor parameters follow immediately,
because B has been kept as the independent variable
in the equations. The two reactor models require
different-sized coil bores because compressiomal
heating is not required in the laser-heated reactor
case. Ortherwise, they are generally similar.

A. Theta-Pinch Reactor.

For B = 400 kG, and an assumed plasma temper-
ature kT = 10 keV and nT = 1015 m_3 sec, we have:
5=2x107 a3, b=2.0cm a=0.15cm L =1.2

km, EM = 987 MJ, and TB = 5 msec.

From the scaling law discussica in Sec. III,

5 22

F/L=3.22x10"a" B MI/m , (91)
for a in cm and B in kG. Substituting,
En/L = 0.116 MI/m . (92)

For a reacter length of 1.2 km,
E = 139M] . (93)

The cycle time is determined by the permissible
wall loading, ?;/A. From Eq. (13b),

az B2
— )
b P /A
w

(94)

lH

T =3.80 x 10°%
[o]

~

vhere T 1is in seconds for P /A in MW/w?. An upper
limit for P /A is probably 3. 5 MH/m .4 Choosing a

more conservative value of 2.0 Mi/m° yields
T _ = 0.34 sec. (95)

With this choice of cycle time, the thermal

power is calculated from Eq. (2):

Prn = r-:n/'rc (96)

]

409 MW .

The electrical output from the plant is rela~
ted to PTh by

Pelec =n PTh ’ 6N
where 1 is the overall thermal conversion efficien-
cy of the plant. Assuming n = 0.50 yields

Polec = 205 Mue . (98)
This 1s a relatively small output for a fu-
sion reactor (RTPR, for example, has an output of
several GW), which is advantageous from the point
of view of capital costs, siting, small users, etc.
A useful figure of merit for measuring how

efficiently magnetic field is utilized in a fusion

reactor is given by

i (99)

elec

Tm =37

i.e., the ratio of stored magnetic energy to plant

electrical output. Substituting, we find

T =4.,8 sec.

m

That is, the reactor running at full power would

17



completely charge the magnetic energy storage sys-—
tem in 4.8 seconds.
B. Laser-Heated Reactor.

For B = 400 kG, kT = 10 keV, and uf = 10

2 x 107 3, b= 1.0 cm,

15

<:m_3 sec, we find: =

a=0.10cm, L = 1.2 km, EH = 250 MJ, and Tp = 5
msec.

Following the same procedure used in Sec. VIII-
A above, we have evaluated En/L, En, Tc, PTh’ Pelec’
and Ta for the laser-heated reactor case. The re~

sults are given in Table I.

TABLE I
REACTOR PARAMETERS AT 400 kG

Laser—Heated

Quantity Symbol Units 0-Pinch Reactor
Reactor

Lawson parameter ;}B cm_3 sec 1015 1015
Magnetic field B kG 400 400
Average temperature kT keV 10 10
Average ion density n cm-3 2 x 1017 2 x 1017
Plasma radius a cm 0.15 0.10
Coil radius b cm 2.0 1.0
Reactor lengch L km 1.2 1.2
Burn time TB msec 5 5
Energy per unit length En/L MI/m 0.12 0.05
Total energy En MJ 140 62
Cycle time Tc sec 0.34 0.30
Thermal power PTh MW 409 207
Electrical power Pelec MWe 205 103
Quality factor ™ sec 4.8 2.4

MJ 987 246

Magnetic energy storage

By

C. Summary and Conclusions.

We have attempted to provide a basis for com-
paring the magnetically heated 6-pinch reactor and
its laser-heated counterpart, using the same ground
rules for both. We have not attempted to do a de-
tailed energy balance in either case, since that
world require specific models for reactor compo -
nents which are not yet designed. In the spirit
of falrness. we have given both models equal ne-
glect in this regard.

Some differences between the two reactor mod-
els are apparent in Table I. The laser-heated
reactor would appear to have some advantages, rel-
atively minor, over the theta pinch, namely: a
smaller plant size (by a factor of 2), a smaller
amount of stored magnetic energy (by a factor of
4), a smaller bore - and hence, presumably, less

difficulty in reaching 400 kG without damaging

the coil - (by a factor of 2), and more efficient

use of its magnetic field, as measured by the TM

parameter (by a factor of 2). These advantages all
accrue from the smaller coil bore, which is made

" possible by eliminating compressional heating. A-
gainst these advantages must be set the difficulty
of procuring at least 5 MJ of laser light, 3 times
a second (a laser input energy of "~ 50 MW), and the
largely unknown physics problems involved in heat-
ing a plasma filament over 1000 meters long to a
temperature of 5 keV by means of photon absorption
from the ends.

The linear Y-pinch, on the other hand, involves
more familiar technology, and, if 400 kG is indeed
feasible, then this geometry offers some attractive
advantages over toroidal reactor designs. As com-

pared to the current RTPR design,19 the linear 6-

Pinch reactor discussed above requires about 80



times less magnetic energy storage, 1/10 the minimum
plant size, and a more efficient utilization of mag-
netic field, based on the TM parameter, of about a
factor of 15.

We conclude that the high field reactor con-
cept is worthy of further study. The laser method
of heating provides a possible alternative to con-
ventional magnetic heating, but it is presently un-
known whether the laser method will work, and if so,
whether 5 MJ lasers will become available.

A hybrid system involving some combination of
laser and magnetic heating is also a possibility

which should be explored.
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