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DESIGI STUDIES OF MIRROR MACHINE REACTORS *
by

R. W. Werner, G. A. Carlson, Jack Hovingh
Jd. D, Lee and M. A. Peterson

The purpose of this paper is to provide an overview of the mirror fusion
reactor desfgn study elucidated in our comprehensive report, "Progress Report
#2 on the Dasign Considerations for a Low Power Experimental Mirror Fusion
Reactor®.’ The general methodology used in the study will be discussed, the
reactar will be described and some design alternatives to the present approach
enumerated.

The system chosen for this design study 1s a mirror machine with direct con-
version using D-T fuel. The nominal power outnut {s 200 megawatts. The coil
geometry is the Yin Yang, minimm |B] with a vacuum mirror ratio of 3.2 The coil
is of particular ut{lity because of its simple conductor shapes and because the
tio separate conductors, by proper B field biasing, allow the charged particles
to escape preferent{ally through one mirror only and through a relatjvely small
"window® of that mirror. This is necessary for direct converter economy. Fipgure
1 shows a view of the Yin Yang coils, the plasma contained therein and some rep-
resentative field Yines.

POWER LEVELS IN THE SYSTEM

Typical paier levels in the system are indicated In Figure 2 which shows
schematically the major system components, the power flow and the energy balance.
Starting at the injector, energetic deuterons and tritons in the form of nevtral
particles sre injectad into the reactor where they are jonized and tragped in
the plasma, From th{s plasma as a consequence of the D-T reactfons, 14.1 MV
neutrons and 3.5 MeV alzha particles are produced as fusion power. This is what
we tern the firgt stage of energy amplification fn the reactor and we define this
amplification for our purpsses as: § = Fusion Power/Trapped Injected Power. The
neutrons that are produced enter the enveloping bianket wnich may be imagined to
be the second stage of a Wwo stage amplifier and vhich has an energy oultiphcation
of value m.  This m value in conjunction with Q, the energy amplification of the
plasma ftself, is a paramcter of utmost significance for mirror machines. Other
authors use this Q. preduce and call 1t Q. Me shall keep the two quantities
separzted beccuse they ray be independantly varfed and a1 iz a blonket desion para.
meler whiie G is a ploske physics parasater. The blunket, {i 2dcition to its
aplifier role, converts neutron kinstic energy to therwal encrgy and concorrestly

- Wark rerforngd under the auspices of ;he U. 5. Ate=ic Eosergy Cormission.
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breeds tritive. The thermal energy froo the blasket {3 converiad to elestrizity
in an external converter. Charged particies, as tho other eneryetic source
{vither a3 alphis Fraa the DY reaction, or as unreacted D's and T's} are con-
verted to vseful entrgy in the direct converter where again, kinetdc eserqy s
changed in farm - this tine to high voltage D.C. This divcct convers:on of
chirged particis anargy is a feature at presant unique to nirror zichine dosigns
but spalicable to othar reactors #iso. The tharmal energy fron bioth the direct
cenverter and the {njector caused by D.C. inefficigncy fs also thermally converted
to glectricily. The powsr meobers of Figure 2 are presented & A% exzople to
domonstrle & net power oulpul of « 170 1. The actual ocponent efficlencies,
the G, and the blanket anersy sulliplicaticn, &, play & large role in success or
fatlure of oirrer nachines. Far instance, §f tie pariseter & i3 increased from
5.1 0 (2.0) the set slecirical power ovtput iy oore than doudled - fron 170 to
10 M. Inis will de discussad subsequently.

D PLASHA

In our calgulations for cirror sachine reactor studies, we 5tart with the
pravioasly defired quintity, Q. which provides the physfcs base for the sub
seqant enginerring calculations, Ne have delemaiced § to have & value of 1.2
for tiis particu¥ar study. The § i3 calculated by starting wizh the dicensionless
relio & defised by:

£ n “'
# H
§ © {1}

: . 3 .,
.;.url z"o 5u.uu" z’a

his # i3 sy than or equa) o unity by definition aay may b¢ furtior lioited
by piarae stabiVicy requineseris. ¥e wlect o wid o Yin Yang contsinment cane
figurstion wnich has & naarly spherical sinfee §3) plasny voloee, Ve J316T0

ek for this ccallyuration 3 tay be a3 lerge as 0,25,

Heet, o sormhit arbitrary Caclsion was mady o growide 2 viswer olrror
ritle R'“ 3.0, I f3 a cospromise value Bised on Uie comsidorations: (1)
AT coralynt 2, the fusfca power dansity iacreates with the fourth pewer 5¢ 8y vt
s dscresring 2bn asd ool ger unit pewgr, (21 The comtabment parantler, 9,
ingresias i@ e log of ke airror ratle, but {3) s&“ is Vinbied by topere
condpieing tecimalery tad e stranglh of stroctury) agtacials. Than, fene en
rparredp it wrostion t3r e plases nirede retie,’

8 . ;’.“.!5,. i}
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He calcolate R = 2,2,

futch, Boldren, Killeen and Hirin® present rcsults of Fokier-Planck calcu-
latinns for Q values of DT systers as a function of R and injection encrov. An
extension of their reported results® ylelds Figure 3 for R = 7.7, The Q values

1.4
1.3

1.2 ¥

1_ 3 i 'y o s i

Q 107 200 300 400 500 600

£, Xa¥

Flgure 3 - Q as a Function of Injuctfon Energy for R = 1.7

of figure 3 Includs Futch, et a1's esticated 403 contafauent eaharcecan® for a
narrow angle source injecting perpendicular 6 the cagnetfc field. Althowgh 3§
maziniyes 3t an injpction energy near 200 Xo¥, operaticn ot Whis low an energy
would require & prohibitively Jarge direct conver™ir for this particuler concept.
Aftcr savoral {teratfons, we chooso & 8 end T fnfection energy of 530 Ket, Than
from Figure 3, we have Q « §,2.

It must bo explios{zed that the value Of § and § used in this stuly cannot
he wiened a3 final pleswa pargseters, lavestigetions of plasza stahility
facklovatle 3) and torg sopbisté alrd conte’=sunt analytc: Jizticwahls @Y are
sdjor ongalng projects tn We ol rrar cachite projras, tordey nd natson’ ano
Hal)® ary scorahiat £ore pessizestic thin us concernfeg achievabie & and plas=a
cirror ratia. for & long plassma and Boae ® 3.0, Cordey and Uatsen predict »
rarizny § v 0,75 At the boundary of BID fustability ard then calzaists {frea
Eq. 12)} » masomes plas=s ofrror razio B » 5.0, For a splorizal plasss asg e
833 koo 3.0, MaY prodiets @ ramimm 8 0 4.2 {mai) coes mot ne Dueties 2G.




Sinoe ¢ scaded Iy Koy R, sail’e prediollen Laabl el 0 0 B0 mpdedtien
in Q. On B olutr hind, recant coasideration of wfsctrodic effests in Ui
Fokker-Plastk egualiony indicales thal Wi § welues celcwioled by fulch, et al
way br low by & fattor of 2,V

tn thils study we e tic valor Q@ = 1.2 wilh the recogniticn Pl e flne}
value "2y be eithgr Bighar or loumr, 0 68 13 outh lower Cur reclor syslien 2ay
br unacceptadle Sacavse of Jow syslam efffclency. If 1t 65 Migher, we wi)) have
& wtlconed facrgase §n rpaster system efficteacy aad & roducticn o clrculeling
pour,

Ve vie the resolls of the Fokker-Planck calewlations by fulch et 2} o specify
the relative densitfes and mesn anergies of the plasmy specins. Faod §3 fejected
at the relative rate D/7 = 1.6/1.0 In order to achiove equd) D and ¥ plazmy
densities. For the chosen fnjection energy of 550 Ee}, the playns density ratlios
at stesdy state aro D/T/afa = 1/000.06/2.12. ¥he cxan erergies of the various
plasce cosponants are:

E, = 500 xev L5 T, - w0

Appronimately 65 of the fnjected D and 10% of the injected T undergoss ther
eonuclear burn,  The mean anergies of the escaping chared particles {after
passing through the plaiss ssbipolar potentisl of 280 Ko} are:

Centy,p ° 550 Ket Entr,1 5%
tiif!.& =5 Bext TR

The escaping U anc T fons have 3 einioun etorgy cqual Lo the plasta patentials
the escaging alpha particles have a minimus enorgy egual to beice the slam
potantial.

for plas=a cirror ratios between 5 and 10, Moir® estimates Uhe exan plassa
energles £ to be related to kT by:

E» 1.BKT (A Haiellan distribution would have [ = 1.5 k7) {3

Ke set ln."‘ = 50 kG to limit the saxirua field at the conductar nearest
the wirror to socething less than 200 k5. Then, froo Cquatien (1] Uie plasma
cemponent densfties are:

ny = oy = 0.6 x 16 e
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Uslng these cemponent densilies and the % values caleglazaz by Fulch,
€2 2l, nt Finy thet the plasss Ris ¢ fusicn pouer demsity of . 4% ,'x_:/e"‘.

The Yin Tenj conisinnas? =agnet wis siced Lo provide the containmen? volume
aecessary for the desfred fusion pewer, 580 M. The rezulifug ~acnet has 2
radius to the center of the fen coils of 10 o, 3 fan micplane seperstion of 4.1k,
end & fan uiden of 6.6 = az sham {a Figure &,

The cputer code MAFCO xas used to caleulate the cajnet fields.' Figure
S shouws the sagnetis fleld Mines {sali¢ lnzs) aad the closed constant .37 con-
tours {dashed 1inos) of the eagnelic well, The vatuw efrror ratio §s 3.0 end
B° 11 SO &G. CLach ¢ofl requires & tota) of J.d x ms ampere turns.

The nearly ellipioidal volume (nside the last closed contour of {S] is
120 3, Taxiag this Lo be tie voluse of the dense plascs {with the previcusly
calculated fusion power density) we culculate the total fusfon power of 590 B,

A separate BAFCO calculation ylelded a canimun field within the conductor
reglen of 163 aG, or 105 greater than the oirror field.

The cold supsrconductor eaterfals are assund to be niobiun-titants {used
fo the bower fiald strergth reglons 3 50 kG) ard nfesfum-tin, bath in & copper
satria,

¥ith these calculations completed wo coepile Tadle 1 which su=s up those
quantitfes which cay be considered to be bastcally physics in origin, Table 2
suos up other quantities which are (sulsequently) caleulated using data froa
Table 1. Threie latter quantities ore oore enginesring dozinated althoush there
13 & strong physics-engineering interaction {avolved in o1l of our calculations.
It should bo pointed out that all the quantitics we specify are the result of
& large nurher of eerations, both for the design of & single cozponent and for
tht enlire sysles design, Ke have not yot Brought reactor systeo analysis to a
poirg of caticization by cosputer since we feel this to be procature. Bt feplicit
in 211 of cur crlculetions §3 o search for coasistency ard 3 strong atlespt ©
ke foke setount 211 peicveal effacla,  For nsltencd, dismaters, wal? thicknevses
wand rolerfai chofce for coolent tudbes are selocted an i~ bisfs of neubronics,
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SYSIER BERINSICE D CAARACTERISTICS OF A 200 e
OV KIAROR RIACTOR WETH DIREST CONRERSION
PONER BRUDLIKG COXPOIEHRS

Plasny

Shape - Elliproidal (Minicun 8 Yaluze)

2 Axis Interzept » 3.5
Q= 1.2

Volue « 130 m”

Density n= 1.2 x )
8.8

Magnee Lol
Relon

webénm
ths42a

Central Fleld = 50 &G
Mirror Field = 150 kG

First Wall
¥all Loading « 1.7 Kisol

Synchrotron Radfation = 2.5 » 1072 1/
Bressstrahlung = 2.5 x 107 Kizel

Power Bistributiss
= 530 EX
= 490 M

PFusion

2

TABLE 2

SYSTEN DINZNSIGN KD CHARACYERISTICS OF A 200 fide
7 RIAROR REACTOR WITH DIRECT CORVERSIONH

GENERAL S1ZES

Blsnket

Thickness * 1. a ave.
Individual Tebe Disn. = 06 m
Shepe = Conforss to Field Lines
Cozpasitian = LiaCeFeslii

Energy Multiplicatien = 1,1-1.2
Tritium 8reeding Ratio » 1,0-1.4
Exoander

Expansion Ratio = 100

Expander Angle 8 « 240°

f @ Funanitar o 670 Ke¥

Bean Bafght ot Hirror Exit » 0.74 m

3eam Arco at Hirror » 1.5 n

Bemm Height @ Expander Exit = 0.87

Redius v 76 @

Infector
Injected Power = 490 Kd

Ave, Injection Energy = 550 Kev
Total Injectiocn Current = 830 a

Max, Current Deasity = 20 ma/\:m2

Injection firea Required = £ m
Type = Heutral Beam
Ho. Injectors = Unknown

o, of Accelerating Stages = Unknown

£ollector

Depth = 22 m

Nuzber of Elements = 20
Focusing = Electrostatic
fon Pouer = 610 M4



heat transfer, sputtering, spolling, uall laading, »cailedility, chesfstry,
corrosion, allcwable creep stress, etc. These considerations dre not necess-
arily detailed in our Progress Report #2, but cay be found in gur reference
materfal.'? MWith the basic groundwork established we can bricfly discuss the
fadividual cosponents.

THE INJECTOR SYSTEM

The mirror sachine reactor requires the continupus injection of high energy
particies to maintain the plasze against end losses. This particular design re-
quires the injection and trapping of 550 asps of 550 KeV deuterfum ates and 3%
anps of 550 KeV tritium atoms into a nearly spherical plasma. The total power
of the trapped injected besm is 490 M. The efficiency of the injection system
has a strong nfluence on the overall reacter systes efficiency.

The injection systea 1s shown in Figure 6. Pesitive fons are produced in 2
source and accelevated to an energy of €. These jons are passed through an
aikal{ metal vapor cel) which produces negative fons from the positive fons
entering the cell. We are interested in negative fons because at enerples greater
than 100 KeV the efficlencles of neuiratization of b” s . 65-50% whereas for 0°
1t {s - 20%. Hegative 1ons can be produced directly by an fon source or by electron
capture by a positive ion beam in a gas or vapor cell. The negative fons are
accsierated to the desired injection energy, neutralized, and the neutral atons
are injected into the pla=ma, the fans not meutralized are magnetically separated
from the neutrals and guided inte a direct converter where a fraction of thefr
energy 1s recovered., Some of the injected seutrals chargz exchange with the
trapped reactor plasma fons Such that the neitrals formed deposit their epargy
over the reactor Tirst wo1l. The portion of the irircted beam which passes con-
pletzly through the reacic: Flzzma may be styipped of an electron and the energy
partially recovered in a second direct converter.

As suggested by this figure with its numerous stages, we studied an "in
rrinciple® injoctrr as a complete sub-system s4arting with the ian szurc: an)’
ending with the trapping efficlency of neutrals entering the plasma. To our
knowledge this study {s the first of its kind, Our findings {indicate that injector
efficiencies of BB are possible provided that very closc attention Le given to
thermal recovery of th> kinetfc energy losses. Figure ? indicates the injectoer
system elemants and their inafvidual effect on overall injection efficiency.
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Notice that the D' to D™ conversion loss is greater than the sum of all other
losses.

NEUTRONICS

The blanket concept chosen for this design study employs iiquid lithium to
perfor)n the three functions of tritium breeding, heat transfer, and neutron
moderation. The coolant tubes containing flowing Vithium follew the magnetic
field 1ines as closely as possible. A large number of such tubes surround the
plasma to intercept the D-T neutrons. In this blanket thermal-hydrawiic design,
we found that tube routing on a path comprised of circular arcs is sufficiently
close to the path of the actual magnetic field lines so that pressure drop
penalties associated with MiD effects of flowing lithium in B fields are acceptably
Tow. This we had previously postulated but now we have a specific design. Figure
8 15 a gencral view of a blanket which conforms to field lines. HWe found that the
bulge shown in the blanket in the vicinity of the plasma is actually not necessary.
In our neutronics calculations, we have taken into account the real blanket geometry,
the effects of voids and coupled neutron-gamma effects. We have found that voids
of approximately 202 which are a consequence of using individual tunes in a square
pack array for our blanket, have negligible effect on tritium generation or energy
generation. The investigation of the effects caused by the blanket geometry dic-
tated by the Yin Yang coil showed minor differences between “real" geor:*ry and
our original assumption of a blanket representztion hy a series of spherical shells.
For this current study we chose a blanket whose composition was very simpic. Sim-
plicity has {ts attributes but a very important outcome is that the price we paid
for simplicity was a low value for m, the blanket energy multiplication. The value
of mwas 1.1. The importance of this parameter can be seen in thz following table
vhere we compared the "simple" blanket with a blanket in vhich ths multiplication
is 2.0. The most significant effect of increasing m is the factor cf two decrease
in circulating power shown in Table 3 as injector power/net electrical. The means
for increasing m are straightforward. We can trade the excess tritium generation
for energy production by making compositional changes in the blanket; e.g., sub-
stitute sodium ror some of the 1{ "fum and add materials with high {n,2r) charac-
teristics such as beryllium or lead. The 1imit of m is not clear. Ina blanket
study for Astren'? we were able to obtain values of m of -1.85 with tritium bresd-
ing of 1.2, IT the tritfum bresding were allcwad to approach unity, then an m of
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TABLE 3
Simple Better Better
Blanket Blanket Blanket & Higheyr
pc
q 1.2 1.2 \._z
H 11 2,0 2.9
ac 0.70 e.70 0.5
nr 0.:!5 0.45 0.45
n 0.88 0.88 0.88
Aux Pover 20 W 20 M 20 M
"Syt 2% . 3% asx
Injecter power
m 3.3 16 1.4

2 seems in order for a conventional blanket. Values of m greater than 2 can be
obtained via a fissiondag blanket in which case values may be as high as - 30.
This hybridfzation of fusfon and fission warrants serious consideration for all
reactor concepts. 1t is simply not sufficient to stay with the “purist” attitude
of “fusfon only" and {gnore a clearly viable means of utilizing the energetic

14 Me¥ neutrons to the manimum extent,

This s 11lustrated in the following summary of a parametric study which
compares direct conversion with a fissfoning blanket.:- For the direct conversion
case we set m = 2.0. For the fissfon blanket case there is no direct converter
and jon enevgy 15 thermally converted at 45%. Figures 9 and 10 show system
efficiency and the 1mpbrtnnt quaniity, the ratio of Injected pewer to net power
as a function of Q for an pe of 70 and 90% for the direct converter anc m = 5
and 30 for the fissioning blanket.

We have used {n our study the direct converter of Post which he first dis-
cussed at the 1968 Culham Conference ™ An interesting alternate design is one
proposad by Mnir which he calls the "Vemstien Biind" concent 15 This degiqn may
be an attractive possibility to use with a fission blanket. Direct conversion
efficiencies ae lower (-~ 65% for 4 collectors, 59% for 2 and 4B% for 1) but the
system is physically smaller and utilizes {on energies that are lower with a
consequent increase in Q {recall Figure 3}. Since direct conversion is in essence
a “tapping cycie® f.e.,
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et = Mpg ¥ (1-apc) Therral

we would be remiss in examining systems {f we did not consider direct con-
version of the {on energy in parallel with a fissioning blanket. Figure

11 shows the consequencé of usin both the Mofr direct converter at 655 for
My and the fissioniag blanket for m = 5, 30. The fissioning blanket in wuich
the fons are only thermally converted {5 shown for comparison. As either Q
or m decreases the value of direct conversion 1s apparent 1n decreasing cir-
culating power.

We have been asked why we chose ~ 200 MWe for the reactor size in this
study as opposed to 1000 e since the latter is representative of commercial
power plants. There are several reasons. First, we are not designing a r:om-
mercial reactor, There are many steps to be taken before anyone in the fusien
reactor area can credibly get to this point. We do not choose to call this a
reference study for a commercial design but more appropriately a detaiied study
to determine what 1t 1s that needs attention, both scientifically and technol-
ogically, to make mirror machines attractive reactors. Secondly, we wished to
make a point that mirror machines may be uniquely qual{fied to be small reactors
tf that 1s.desired. In support of this sma'l'lnes's,capabi'lfty, Figure 12 {s
reproduced from our Wisconsin paper.’® Hotice that at - 200 MWe and higher,
the cost of a mirror reactor with direct conversion {s a weak function of power
output. Roughly, for that particular study, capital costs are only about 35%
‘more per KW at 200 MW than at 1000 MH. This result; that mirror reactors can
be constructed relatively economically at power levels lower than the "nom" is
in rather striking contrast to the predicticns for other fusion reacters. The
addition of a fissioning blanket to this reactor with a Pest converter o1 a Moir
converter would allow electrical output to be increased tc values of commercial
interest at probably small incremental costs. Finally, 1f this study is accepted
as one dealing y:i th an "experfmental"‘ reactor, (one presumably preceding a com-
mercial plant), then from a funding standpoing, We must be concerned not with
duilars per kilawatt as our principal criteria but in the totzl d:1lars ir-olved.
For equal risk, and certainly there will be risk {nvolved, the Congress of the
Unfted States or any funding agericy, would be more 'réceptive to funding, for
exar-le, a hundred mi11ion doiler venture than one costing a billion.

v
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In retrospect, Progress Report 2 was an extresely valusble exercise - not
only 1n its explicit determinations but also in 1¢s implicit findings. Explicitly
we found:

1. Multftubular blankets of rather simple shapes (circular arcs) can have
adequate conformity to the magnetic field limes to permit the use of ficwing
Hthium coolant.

2. Gammz ray transport in the blanket can have a Yarge effect on Tocai energy
depositions.

3. The heteragenity of this multitubulai blanket has a negligible effect on
neutronic performance.

4. "In principle® injection efficiencies of ~ 83% can be achieved.

8. Selective leakage can be achieved with an "in principle" efficiency of 95%.
Selective leakage means that by local biasing of the B field in the mirror
region escaping charged particles do so through a small “window". The
area of the window sizes the expander.

Implicitly, we found:

1. As presently envisioned the "standard” mirror machine with a Post-type
direct converter is a margina) performer. Acceptable plant efficiency
will require the attainment of classically predicted containment and care-
ful attenticn to the design of the 1njection and direct conversion systems.

2. The circulating power {and hence the required efficiency of the injection
and conversion systems) can be considerably reduced by designing blankets
with high energy mu'l.tiplicntiun.

3. Design of the hardware; e.g. mzin coil perturbation, auxiliary colls,
electrostatic stopper grids to accomplish selective leakage should proceed.

4. A design and test program for injector systems should be initiated with
the object of maximizing performance.

5.  Superconductor development should be accelerated to produce fields > 150 k@.

6. Model tests on flowing Tithium in B fields should be continued. .
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