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JOULE LOSSES iy LINEAR © PINCHES :
LASER VS MAGNETIC HEATING

!

Willian R. Ellis

Los Alamos Scientific Laboratory

Los Alamos, New Mexico

Summary

The dec joule losses per unit length in a Y-pinch
compression coil are calculated and compared to the
thermonuclear energy production for two different meth—
ods of plasma heating. In the first method, conven~
tional staged Y-pinch heating is assumed. 1In the sec~
ond method laser heating by long wavelength irradia-
tion from the ends is assumed. Reactor parameters are
calculated, and it is shown that for circulating power
fract{ons to be 20% or less, the plasma radius must be
at least a few cm in size.

I. Introduction.

The basic motivation for studying straight €-
pinch reactor designs is to have a viable back-up con-
cept for toroidal Scyllac reactor studies.

It is widely accepted that the main virtues of the
straight 9-pinch over other configurations such as to-
roidal Scyllac and Tokamak are its ease of plasma heat-~
ing and its desirable plasma stability properties. The
problem with linear ¢-pinches, of course, is end loss,
whereby, without mirrors, particles stream out the ends
at essentially the ion thermal velocity. It can be
shown, however, that the use of mirrors is not the best
way in which to use the maximum field, B, obtainable

in a 6-pinch. The maximum nT product results, other
things being equal, when B = B,, along the entire
piucit colusu, aud wvascgucaily the mirzco zasiz 1o e

nity.

In a recent LAMS report,l Ellis and Sawyer con=
sidered the problem of laser heating vs conventional
magnetic heating (shock heating followed by adiabatic
compression) in an unmirrored linear O~pinch geometry.
Scaling laws were derived for reactor length, confine-
ment time, ion density, cycle time, etc, as functions
of the magnetic field strength, B, , based upon the
assumption that particle eud loss is the dominant mech-
anism limiting plasma confinement. With the further
assumption that the plasma was highly compressed (i.e.,
plasma radius equal to a few ion gyroradii), the ther-
monuclear energy produced per unit length and the la-
gser energy required for heating were derived. These
assumptions lead to values of the plasma radius of 1-2
mm, laser energies of 5-10 MJ, and power plants in tle
few hundred MWe range.

In this paper we extend the previous analysis of
E£llis and Sawyer to include the Important energy loss
mechanism of joule losses in the compression coil.
These losses can be substantial, and theoretically it
is predicted that the thermonuclear power can be made
v dominate, resulting in an acceptably low circulat-
ing power fraction, only if the plasma radius is in-
creased from its minimum value. Our calculations show
. that the minimum plasma radius must be of the order of
a few cm, instead of a few mm, with concomitant in-
creases in the size of the plant, magnetic and laser
enargy storage requirements, etc.

II. Review of 6-Pinch Scaling Laws.

Scaling laws have been derived1 tor the linear 6-
pinch, assuming that plasma loss out of the ends at
essentially the ion thermal velocity is the dominant

loss mechanism 1imiting plasma cenfinement. Radial
diffusion and axial thermal conduction are asgumed to
be small compared to particle end losses. We further
assume no applied mirrorsi equaa electron and ion tem-
peratures, P = 1, nT = 10 5 cm™? sec for the reactor,
and kT = 10 keV during the burn.

The required scaling laws are reproduced below
with the magnetic field B, as the independent variable:

Ion Density

n = 1.24 x 1012 B o))
Confinement Time
T = 806/8 @
Reactor Length
L = 1.97 x 10°/8? e
Plasma Thermal Energy Content
E =262 W (@
Plant Thermal Powexr Output
P, =1.67 x 10’ = /E':\ MW
th B2 \A / th 3
o

The units are magnetic field B_ in kG, ion density
n in cm'a, confinement time T in sec, reactor length L
in ¥m, plasma radiu: a in cm, first wall radius b in
cm, and average wall loading (from primary neutron flux),
(P,/A) in MW/m*.

It can be seen from these equations that unless
B, is large, the reactor size becomes_unwieldy. For
example 1f B = 100 kG, b = 10 cm and Py/A = 3.5 MW/m?
(a commonly quoted valme)“ then the reactor length is
19.7 lm (12.2 miles) and the thermal power ia 58.5 GWpp-.
It follows that the way to reduce the plant size, and
hence cost, is to make B, as large as possible.

I1I. Maximum Practical Magnetic Fielr.

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 magnetic
pressure produced bv the confincment field, whether dc
or pulsed.

A nurvey1 of the iiterature on high magnetic field
technology Indicates chat the largest nagne:ic fields
have been obtained in single turn solen~fds.” The
limits for coils thar last many shots ar. about 600 G
for cnils of 1 cm bore and 300 kG for coils of 10 cm
bore. One MG is definitely out of reach with present
technology.

IV, Compression Coil Design.

In this paper we will be considering magnetic


http://Fle.tr

o . %

fields 1in cthe range 100-400 &C, cozresponding o moag-
natic pressures in the rangs 6000-96,000 psfl. The
yield points of some posaible cotl matectals are plot-
ted against magnutic pressuce in Fig. L. Since the
coil material should also be a good aelectrical conduc-
tor to minimize joule losuwen, the best cholce appears
to be Be-Cu, with & yileld strengch of 1.5 x 109 pat,

We will sssumc that the Y-pinch coil is located inaide
the breeding blanket (probably necessary wicth the high
£i.2ds assuced here), in which case Lt vill operate "
hot. The resistiviey of 8o~Cu at S00°C 3 n = S x 10
fi~cm. The ccil thickness (b (see Fig. 2) will be takon
as 10 ca, a comprosise dotvoen noutron dazage affaects
and strength requirements. The coil radius b depends
in 2 complicated way on the choice of 5,, plasza heat-
ing mechanisne, aee, Tiiz dependence will %& dldcudicd
in detail below.

V. Joule Lusses {n the Compression Coll,

Joule losses in the compression celi ef 2 pulsed
rosctor avte of two types. The eddy current losses a~
rise fron time variations of the magnetic fisld, and
can bs minimized by laminar construciion. The dc, of
transport current, losses arc zssociated with the sole-
noidal field B,, and are subject only te minor comtrol.
In the cslculations which follow we will s9sume that
addy current losses are negligibly sezll conpared o
the tramsport current losses, vhich may be optimistic.

During one burning pulse Zhie transport current
losses per unit lengeh of ctha ceacior are

. + ob
e n 32) 2r dr (6)
b

wwnmn Aanwdwn Addavwdbhumlam 4= -\-:
A - - wet
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-
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coil. Equation (6) is minimized when 3(r) reachss its
steady state solution, 1i.e., satisfies the tine inde-
pendent diffusion equation. This solution fs

<
'o r<bhd

() = ¢
%E gcsr}
‘e a (c/b) b<r<e

where ¢ = b + 4b is the cuter coil rsdius as shown in
Pig. 2. Although the compression coil is shown in Fig.
2 as & one turn solenoid for simplicity, in practice
laminstions will definicely be required if B(r) szzains
the steady state distridbuticn given by £q. (7) on the
maillisecond time scales of interest. The skin depth
sssociated with o risei-me of 1 asec and 2 coil resis-
tivity of 5 x 107° C-cm i3 0.7 cm.

The raquired distribution j(r) is calculated from

9% 8 =p, j. InMKS units,
B
ed o
=7 i em @)
By direct integrat‘an we then find
t n ot e
- . 2 )
L 2 )
“o &a (c/b)

Substicuting from Eq. (2) for ¥ eliminaces bﬁ:

g 32x1009
- i (o)
in (1 + %—)

vhere EJ/L is ta ¥J/n for o tn {-co.

Thus joule losses are only weakly geometry depen-
dant, and tn particular are independent of the auzber
of turns., Once n i3 fixed, the joule losses are essen-
efaldly fixed also.

VI. Magnetic Energy Stoyed ¢n the Cotl.

Tne magnetic energy stored in the coil includes a
contribution froz the coll thickness 3b:

b+ &b »e¢
2
By "I ”—zp@ M ar (11)
[»] . [}

(7) for B(r) and integrating ylelds

ﬂbzl Eg
B " "%

D

Substituting Eq.

(12)

(L +f)

vhere f represents magnotic energy stored in the coll
vall:

2 2 2
te/y) - —felbl ‘% (1 --‘-’—5)-3’—2- (a $(1 + In %J
{dn e/b) e e
(13)
Finally, substituxing from Eq. [3) for L yields
Bo- 26607 (14 ) (14)

vhere Ey 13 in Ml for b in ca.

VII. Thermonuclear Energy Production in the Plasma.

In one pulse the thermonuclear energy produced per
unit length 48 given by

E
tﬁ - nalafqove (1s)

3}ba

where Q is the snergy released per reaction, ov is the
Hlxvtll-lvnraied 0-T cross-seqtion (equal to 1.1 x

1016 cud sec”! ar 10 keV), and T is the burn time. If
ve take Q = 18.9 MeV/reaction® (vhich s somevhat pes-
simistic, since it ignores the Ji§2 MeV enocgy of the
trapped alpha parzicle), a7 = 2017 en~) soc, and n from
2g3. (1) (the pressure balince condition), ve obtain

-5 2 .2

3.22 x 10 " » Bo (16)

g
L G
L

vhere E./L 1s in HJ/m for a 4n cm and B {n kG. For a
given magnetic fleld, E,/L (s thus direccly proportion-
sl to the pilas=a cross-sectional area.

)
From I%.1 H;V bireh energy per neutron plus 4.8 MeV
from the Li”(n, o) T breading reaction in the blankec.
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VIIl. Piant Cilrculating Power ¥raction,

We form the dimennsionless Tatlo of Jjoule losses
to thermonuclear encegy production from Egs. (10) and
1%4):

(=)

x 9
Ei - 9.94 x 10 an

a el(ea) ni(uc; in (1 N é‘—’i)

The ratio E4/E, aust be less than unity for any
visble reactor. For example, (n tha RIPR tornidal
reactor dasign,” E,/E as defiaed here i 6.22, com-
paced to the total cireculating pover fractien of 12.B83%.
Circulating power fvactlions greater than about 101 are
usuaily coasldered unacceptable in 3 teactor. There-
fore ve will assumo Ey/¥, = 1/2€0.20) = 0.30 fa the
following caleulations, which is prodably at the uppey
limit of acceptable values.

In order to obtain closed~forn anzlrtic solutions
for s and b, ve replace the logaritha term fn fq. (17)
by its expansion

2 -3

1a01 + 88 2[» ) (18)

* 1

For 28/&b > 1, Eq. (1B) is accurate to better thanm
10X. For the snallest value of b discussed fn this
paper, b » 2.17 cm, Egq. (13) s 4tll) accurate to bet-
ter than 20X. With this sudstitution, Eq. (17) bdecomas

; L B)
7 - e 210 I ==

= 19)
- 2" 3

(cm, f-em, kG). Note thar £/E, is minimized by opar-
ating at the largest possible valuz of B,.

IX.- Conventional ¥-Pimeh Roactor Paraceters.

In conventional ¥-pinches, plawyma heating is ac~
coaplished {n stages™ by 5 combination of shock (or
implosion) heating folloved by sdiabatic compression
to the ignition temperature in & rising magnezic field.
Using the 30 called “free-expansion” i=plosion model
{(which predicts o first stage equilidrium position at
a/b « 0.76) Ribe has calculated the finil temperature
sfter coopression, kT,, as a function of Bg, Eg, and
conpression ratio:

7/3

e, (.:.E.) - 0,244 (:—"—) ikTo(ch)ll',z

We denote the ignition-state quanticties (a,, ny,
¥Tos Bp) by a subscript "o’ to distinguish then from
the avarage quantities during the burn (a, n, kT, B).
I ve sesume kT, » 5 kgv and kT =~ 10 keV, as predicted
by computer burn codes? (kT > kT, because of alpha
particle heating), then the average and ignition val-
uss are related spproxinately by a = 2 a5, 0= 1/2

B, (kG). (20)

o, B = By, and kT = ZkTo. Thus Eq. (20) bLeconmes
lo(kc) /7
b=0,55a W (21)

ry(ca)

(b in cm for a in cm). Substituting b frecam Eq. (21)

iaco Eq. (19) yisldas

3
B oemmnd®a |, L ma(m ) (22)
E T2 & 3 ’
n a B ?
o
b
Equation (22) is quadratic in a°, with zolution
a~ =8+ ﬁ L ! em (23)
E
vhere 3~ « B (k) ?i}
n
137
B e sy 0? Amm [T OO)
: ab{cm) £, (¥ /cm) |

Y =~ 4,97 % 10° n(f~ca)

By ifmspection, a will be minimized by chuosing
both Ey and 3 is latge as possidble. Ia zthe gollavlns
exacples vo will Fix ?3/’ - 0, 1. 5= 5 x 1070 fi-em,

&b = 1D ca, and ?NJA «?3.5 W/al, as discussed ptevicus-

ly.
Exanple 1: 8= 200 kG, Ey = 2 k¥W/co.

These might be reasonsble cholces for a linear
reactor. We caleulate a = 5.97 co and b = 23.6 eo.
Ttou Eq31 (1) to {3} and {l4) it folious that 6o = 5 x

20 mzzz, L7 4.9 M, fﬂ - 1A 1, and

ol€ - =22, L

rn-uscw

Lxazple 2; 3= 400 kG, By = & kV/em.

This is a more extreme casc. We calculate: a =
2.00 cm, b = 7.92 cm, n = 2 x 1017 ¢n~3, ¥ = 5 msec,
Le*1l.2 im, !H » 29 CJ, and PTh - 2.9 GW.

In Example ! the requirements on B, and Eg are
relatively modest, and yield a large, but conceivadle,
power plant. In Example 2, the values of B, and Ey are
wore difficult eo achieve, but the plaat size is much
smaller. Somewhete {n between there will exist an op-
timum compromise set of parameters.

X. laser-flcated U--Pinch Reactor Parameters.

One proposal for a fusion rcactor is based ipon
s magnetically confined plasma column which {3 hwated
to ignition via long wuveguggth (e.g., 10.6 B} laser
irradiation from the ends. Some potential problem
areas in this echeme which require further investiga-
tion are the beam channeling problem, anomalous back-
scatter, size of laser, etc. For the purposes of this
paper ve will assume that laser heating is possible.
Based on simple encrgy arguments, similar to those em
ploved for the conventional v-pinch reactor adbove, we
next proceed to calculate the reactor parameters and
the required laser energy, as was done .oovc for the
case of the conventional magnetically heated 9-pinch,

From Eq. (4), the 5l¢sma thermal energy content
at 10 keV is Ep = 246 a* MJ, for a given in cm. The
laser energy required to ignite the plasma at 5 keV is
therefore 1/2 E,, assuming no loss of laser light or
ovarheating at the ends. The overheating effect has
previously been estimated ! Fllis and Sawyer™ at
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roughly a factor of 2 enarpy penslty for lascr.heated
systams of 3 koV temperature ard kb lengths. Therefore

eha laser encrgy reguired will be approximacely

T, - us oi(em) Wi (24)

The cot) radiuz b in a laser heated reactor csn
be Buch mmaller than in & conventional ¢-pinch reactor
bacause no coapressional heating is involved. To avold
alphs particle collisions with the wvall we vequire thac

¥ satialy

boeatr (™) {25}

where rp(@) = 2722/3{kC) s ctha alpha gyroradius in cm
et .52 NeV. Substitutiag b fros By. (25} into Eq. {19)
again yields a quodratic ggquation in &, with solution

- -0 'O -w
P :& + %]

et <o (26)

E
where a°7 © I:(kﬁl [E"']

8°° « - 9.9 x 107 n(f~ca)/ibics)

2.7 x 1642

e ,
YU 24,87 x 10 +m ni{fi~ca) .

Ia cthis prodlen, since Ey is sot danvolved, B, is the
only fras paramater.

As In the ¥-pinch cyse, Sec. IX, ve will assume
Ihu g A, n e 5 x 30° feem, Ab = 10 ca, snd P“/A -
3!3 /m® 38 reasonable chosces for a high-fisld reac-
tor. We than consider operation at two valiues of the
sagnatic field, B, = 200 and B, = 400 kG.

Bxsaple 13 B = 200 G,

In this csge ve_csalculate & = 1.5C ca3, b = 4.86
em, ne5x20t®cad, T e 20usec, L=b9ke, By
14.2 GJ, Ppy, » 7.1 GW, and Bf = 3.0 GJ.

For comparison with the reactor length-of 4.9 Im
the laser absorption length for 10.6 # radiaction is

given by

_2.12 x 10° gm 1
¥ (27)
" 1.5 x 10 (m”’) »°
For S

vhere £ 18 in kn for kT in keV and B in kG.
keV scd 200 kG we calculate 43 = 2.6 im, and hence
L/&gp = 1.9. In this case, where the reactor length
48 less than two absorption lengths at ignition, some
lasar energy may be lost from the ocpen ends of the
pinch. This could have the effect of increasing Ej
from 3 GJ to, say, 5 GJ.

2: B = 400 kG.

A7 in the caee of the conventional Y-pinch 400 kG
represen:s a rather extrems value of magnetic field.
This case probably yields the minimum practical plasma
radius, and hence the minimum laser energy require-
Ilnt!, Ve calcullt. a=1l,49 cm, b= 2,17 ¢cn, n = 2
x 10 cn™d » T=508ec, L = 1.2 km, By = 5.3 GJ, PTh

- 0.7% GV and E, - 0.546 GJ.

For B = 400 kG, we calculate A, p = 162 asters and
hence L/E3, = 7.4, This value is large enough to Imply
eseenticlly toral sbsorption of the laser encrgy by the
plasza.

A1. Discussion and Conclusions.

In this paper ve have estimated the foule losses
in & Y-pinch coil by assuming that certatn of the cotl
parameters - nazely the resistivity and wall thickness
~ are essentially fixed puznauzers. Cuertalnly the val-
ues used here (h =« 5 x 107° f~vty and 4b = 10 ¢o) can~
not be lovercd appreciably without affecting credibil-
tty of the reactor. The vesistivity of pure copper,
for example, (s ~ 1.7 x 1079 {l=zm at room temporature,
a very unlikely operating point for an inside coll.

Mary of the enrrgy losses associated with a fusion
reacior have been neglected 4n the above, Such as eddy
current losses, pusping losses, etc. On the other hand
sone sources of recoverable cnorgy have also been ne-
glectad: direc. conversion from the alpha particle
heating snd expansion, the recoverable fraction of joule
Sceses in the hot cell, etc. These items have all been
luaped together {n our basic assumption of a 20X cir-
culating pover fraction, based upon energy flow calcu-
lsrtons for the RIPR.Z

In order fo kesp the length and power output of a
straight reactor to reasgnable proportions, it appears
that operation at high magnotic fields, in the range
of 200 to 400 w0, is desirable. At such high field
strengths, 1t is probable that the compression coil
ahould be locsted inside the lithium blanketr, as as-
sumad in the present paper. If an ocutside coil were
sssuped instead, the minizmum value of the cofil radius
h wmld inrronse hy narhane balf s maror Fram rhe ual-
ues calculsted in this paper. This would be a diffi~
cult proposition from the staadpoint of both serength
of materials and magnetic energy storage requiremants.
An inside coil, on the other hand, {3 subject to heat-
ing and structursl damaze fron the intense bremsstrah-
lung, neutron and gammz-ray fluxes it encounters, and
a caveful study will be required to see if it can sur-
vive in such an environzment.

Looking beyond the coil problem.,a linear high-
field reactor is not without attractions. It {s das~
ically » simple design, lends i{tsclf to modular con-
struction, and provides ready access from the ends.
The resctor thermal output power and magnetic energy
storage requirements are rodest vhen compared to some
other fusion reactor designs, at least in the 400 kC
case.

0f the two plasma heating methods considerce Lwnre,
the magnetic hesting scheme would seem preferable. It
is true that the laser heating nethod provides a soume-
what smaller power plant, but against this possible
sdvantage aust be set the difficulty of reliably pro-
curing st least 500 MJ of iaser energy per pulse (ap-
proximately once per second), and the largely unknown
physics problems involved in hesting a plasma fi{lament
over 1000 meters long by means of photon absorpticn
from the ends.

The conventional &~pinch, on the other hand, in-
volvee more familiar technology and a proven method
for producing thermonuciear pilacmas.

VWa concluda that plasms radii in the seversl cm
range, which are required to keep the circulating pow-
er fraction below 202, are acceptable in a linear 8-
pinch reactor vhich uses conventional magnatic heating
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techniques. In the case of laser heating without
magnetic comprenafon, however, the required laser en~
argy is unconmiortably large by present standards.
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Figure Captfiona
Pig. 1. Magnetic Pressure vs Magnetic Field Strength.

rig. 2. Linesr O~Pinch Geometry.
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