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Tan Tandem Mirror Experiment [TMX) {5 heiag huilt at Uivermore to
trst the princinles of the new tandem mirror reactor concept. In this
concept the fusion nYlasma is eanfinad in a2 long snlenaid terminated at
sach end by mivror machinas of the macnetic-wa21l tyne,  High density
plasmas are maintained in each of the mirror ond ¢211s hy neutra)l
injection at hign cnerqies (up tn 1 Mev in a high O reactor). The usual
positive ambipolar potential that automatically develops in each mirror
cell serves as an electrostatic barrier that confines ions in tha
solenoid for many collision times, and the very stahle plasmas in these
end cells "anchor" each flux tube, thereby assuring MHD stability of the
system up to betas of order unity in the solenoid. The THMX will test
these main features of the tandem mirror idsa end will also investigate
optimum means of suppressing loss cone instabilities in the end cells
hased on methods demonstrated in the 2XIIB experiment. The end cells
will be similar in size and injected power to 2XI[B, but some injectors
will operate at 40 kV. Expected parameters are nr + 1011 cn-3 sec at ion
energies of 20 keV in the end plugs and nt ~ 1-3 x 10! em™’ sec in the
solennid at ion temperatures up to 2 keV if auxiliary beam heating is
applied to the solenoid. The solenoid field will be variable up to about
4 kG and the length is 5 meters. The facility is nearing completion (18
months construction time) and experiments are expected to begin early in
1979,

* This work was performed under the ausnices of the U. S. Department
of Energy by the Lawrence Livermore Laboratory under contract number
W-7405-ENG-48,



Tandam Mirror Physics and T4

The Tandem Mirror Expariment ‘TMX), nnw in the last stages of con-
struction at the Lawrence Uivermore Laboratory, is designed fo test the
principles of tha new tandem mirror connent that <hould ba able to achieva
Q = 5 or more, where (0 is the ratio of the fusion pawer produced to the
neutral heam injection power necassary to sustain the p]asma£1’21A1though
the tandem mirror geametry was first published hy Xelley in 1967,L3]
full importance of the concept has only emerged in the last two years.
Kelley's objective was to reduce the deleterious effects of the ambipolar
patential on mirror confinement in a large mirrar central cell protected
by two smaller mirror machines at each end. The new idea, developed
independently at Novosibirsk and Livermore, qgaes further in turning the

potential into an asset, as follows.*

Figure 1 shows the essential parts of a tandem mirror machine,
Mirror coils of the baseball typs are placed aft either end of the sole-
noid. Beams of high-enerrqy nautral atoms are injected into the hasehall
coils; the result is a high-dansity, mirror-confined nlasma in each coil.
A gas -- deuterium and tritium in a reactor -- is injected into the
solenoid. Hot electrons tnat pass freely heotween the central solenaidal
call and the end cells ionize the injected gas, creating and maintaining
a plasma in the central cell that has a lower density than the plasma in
the end cells. The ions in the central cell are confined radially by the
solenoidal magnetic field and longitudinally hy the mirror machines at
either end. Although continuous input power is required to sustain the
plasma in the end cells, the cverall Q can be high because the volume of
the plasma in the central cell greatly exceads that in the end cells.

The longitudinal confinement provided by the mirror machines results
from a difference in the electrostatic potentials of the plugs and the

* The following dascription is ahstracted from 8. G. Logan, "Energy
Technology and Review," Lawrence Livermore Laboratory, July 1977.
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snlmnid, called a "gpobential well," that canfines ians in the solenoid.
To illustrate hew this well is formed, wo shas ir Tia. 2 the variations

with distance alang the avis of the tandam mirrcor system of the maqnebic
Finld strangsh and tha varions parnicla densizies.

Bacausz of their smaller aass and laraer volacity, oloctrons inand to
scatter and to escape alang the magnatic fisid linas from the plugs and
enlenoin much Faster ithan the ians. As a ~ougit {see Fig, ?2), the elec-
tron density tends ia drop stigatly halow the ion dopsity in hoth the

phigs and snlenoid.  This differsnce in densiry is maintained hecause hath
th2 2lugs and the solennid then deyelop ennougin pasitive rharqge witn
rospect to ihe end walls of tha system to Y=ep the eleciron Inss rate
enual to the ion loss rate. Only a very slinkt difference Letween the

ion and elactron densities is reguired to set up large positive potential
enargias that are several times tne electron temperature.  This potential,
called the "ambipolar potantial,” develops automatically in all mirror
machines to con“ine the electrnans. Singe the nositive pntential in-

creases with the density of the electrons, and since the electron density

s

in the piluns is higher than that in the solennid, in the tandem arrange-

mant the pliag plasimas are more pasitive than the salennid plasma.

This potential difference hatween the plugs and the solenaid makes the
patential harrier that confines ions in the snlennid. Depending on the
plug-to-solenoid density ratio and the electron temperature fwhich deter-
mines the magnitude of the potential well), it can take a hundred ion-ion
collision times hefore the ions overcome the potential barrier, leave the
potential well, and leak through the plugs. (For example, in present-day
experiments the electrons are confined saome 1000 collision times by the

amhipolar potential.)

The plugs also provide a sufficient average centering magnetic force
to provide MHD stability of plasma in the solenoid. Without the plugs,
the shape of the field at the ends of the solenoid would allow sideways
motion of plasma -- an interchange instability.

In a fusion reactor burning deuterium and tritium in the solenoid,
fusion alpha particles (helium-4) horn in the solenuid plasma from the



deuterium-tritium reaction can provide a large fraction of the heat input
required to maintain tha temperatures of the electrons and the solenoid
ions. The rest of the reguired energy input tn ths solenoid plasma can
originate with thz energaric fons in the plugs. These fons lose energy

to the electrons that pass freely belween the end cells and the central
cell. The electrons in turn transfer enerqgy to the solennid ions, which
are cooler than the elactrons. In this way, a large fraction of the
neutral-heam power required to maintain the plugs is also used to heat the
solengid fons. Tt will also somebimes he advantageous to provide
auxiliary heating of the elecirans, by ECRH or othar means, or heating of

the jons, by neutral heams in the solenoid.

Because of the long confinement time of ions in the soleanid, the
heat injected via the plugs goes a loang way, sustaining a very large
volume of plasma in the solensid. The Q of this system is large because
it is equal to the solenoid fusion power {which is proportioral to the
plasma valume in the solenaid) divided hy the powar of the neutral beams

being injected into the plugs {the only external power input),

The purpase of the 7Y is to provide a proof-of-principle evaluation
of the tandem mirror concept as rapidly as pnssible.  To do this, the

experiment must:

(1) Demonstrate the establishment and maintenance of a potential

well hetween two mirror plasmas.

{2) Show that high- 8, minimum-B mirror nlasmas (the plug plasmas)
can provide MHD stability for a high-g plasma in the straight
solenoid ( 8 is the usual ratic of plasma pressure to the
pressure of tHe confining magnetic field).

{3) Investigate the microinstability of the end plugs, in combi-
nation with the solenoid, in order to learn how to take maximum
advantage of plasma flowing out af the solenaid in stabilizing
loss cone instabilities (in particular, the DCLC mode).
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{4) Investigate electron heat losses to the end walls.

To amplify on the third and fourth points, thz theory of the DCLC
mode developed in conjunction with 2X1IB experirents should apply to the
mirror plugs of the tandem nmirror system;[AJ this theory vias used to
predict the bas=2line performance of TMX. An important objective of TMX
experiments is to verify quantitatively the applicability of this theory
to the tandem mirror and to implement further stahilization techniques
now being investigated in 2XIIB. A corollary should he a significant
reduction in electron heat losses, In ?XITB, stability has hecn ohtained
by streaming cold plasma through the system. Since the ambipolar poten-
tial turns away most of the stream, a Targe excess of stream is needed to
obtain the necessary nenetratinn of stream through the hot plasma and this
excess represents a large veat sin<. In the tandem mirror, the stabiliz-
ing stream can be supplied by the plasma leaking ouf cof the solenoid; the
stabilization shauld he achievad more efficizantly; and consequently elec-
tron heat Tnsses should ha2 small, as in an ideal, isolated mirror system.
Moreogver, according to theory, less stream is ~equired as the plasma

radius increases, and new data from 24T{3 appears to verify this point.

The principal question regarding MHD stability is the heta-Timit due
to the "ballooning" mode. ‘hereas the end plugs are magnetic wells and
the solenoid is "neutral”, the transition regicn where flux emerging from
the end plugs joins the solenoid necessarily has bad curvature. The
strong stabilization in the end plugs tends to "anchor" cach flux tube
and thereby prevent instability. However, as the beta increases, finally
the ptasma in the transition has enough energy to bend field lines and
become unstable by itself. This is prevented so long as y < VA/Lt where
y is the growth rate, Va is the Alfven speed and Lt is the length of
the transition regionﬁsj Roughly, this stability condition gives

¥ 1

‘(",L <-L——'\z T_—T (1.)
?
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from which we see that the system should he stahle up to g ~ 1. Detrsilad
calculations also give a aigh beta threshold, in the range 0.5 or more

depending on field line shape.[5]

Besides the beta limit, the main quantitative questicns to be inves-
tigated in T™X arz the temperaturas and confinament time predicted hy the
theory, as follows. If the density in the plugs UR is greater than that
in the solenoid Nes the reguirement nf quasi-neutrality establishes a
potential difference ?i hatwean the two regions; this is how the ions
are confined as descrihed ahove. For a Balt nrann distribution of elec-

trons, ¢i is given hy

nD
0. 7 Te In (;—) . (2)
C

Central-cell ions with energies = vjare confined in this axial potential

well for a time rirequired for them to diffuse upward in energy ahove

the barrier height. For i ~ ZT], where T; is the ion temperature,
T, is given by Pastukhov as ted:
°5 %5
15 = 745 g(R) (—T? exp T (3)

where Tii is the ion-ion collision time, and g(R) is a slow function of
the central-cell mirror ratio R. Substituting eq. (2) into eq. (3) gives

T T,

Te n n e
T5 =145 9(R) (T—) n (ER) (;;!) . (4)

i C

This is the basic resuit for confinement in a tandem mirror that
determines the temperature and density in steady-state and, from these,
the Q of the system. The relevant quantities are:

1.2 .
Peusion = 4 ¢ (UVDT )c B Ve (5)

_ 5. 0 .
pinjection =2 T%?T Vp (6)

{two plugs)
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P]OSS = ‘_[-]— (Q_i+ T i + (,f)e + Te) = -’—E—]— (10-12 Te> (7)

where subscrints p and ¢ denote the end plugs and solenoid, respectively.
These quantities represent the fusion power produced (neglacting power
made in the end plugs); the power injected into the end plugs; and the
power lost from the solenoid by ions and electrons leaking over their re-

spective potential barriers.

In eq. (6), the hot ion lifetime oY T Ty in the end plugs.
Since T “ Tq, most of the injectinn power contributes to heating the
solenoid (via the passing electrons), as do alpha particles from DT reac-
tions (if the alphas are well-confined). Equating heat inputs and losses,
we obtain in steady-state

P+ C s = - .
c fp P1nJect1on p1oss fapfusmn

(8)
where PC represents any auxiliary heating in addition to power injected
jnto the plugs; fp = (T/Td) and f_ < 0.2 (since £, = 3.5 MeV = 0.2 En)'
If Te # Ti’ we would require an additional energy halance equation to

couple the ions and electrons.

Eq. (8) is the hasis for predicting temperatures in TMX. The same
relationship would determine temperatures in a reactor and hence the
fusion reaction rate and Q. It is useful to write Q in two ways, as

follows. First

p .
Q = pusion ={g (ne), (ovpp) ¢~ (9)

P, . .
injection c 0

m
N
S —
3 =]
O
<t =<
(e}
—

for P. = 0. In this form, the main role of the power balance, eq. (8), is
to determine T. and hence <GVDT) in the solenoid. Equivalently, if eq.(8)

is satisfied,

p .

fusion

Q:f = f (10)
P Pross ~Ta Pfusion p 1~ fa q



where

0 = Prusion N{l_ - (,:7—*> . 5?P\‘Ti 70 <n—Q)T1} (11)
0 Ploss o ‘4( "ii)c . DTYC 0-12 7 }l<nc) “An :
Comparing these equivalent expressions for 0 with that for the standard
mirror, we se2 that in each case the first factor in hrackets has the form
of "0" for one collision time [of ians in the plug, in eq. (9), or in the
solenoid, in eq. (10)) and hence not surprisingly these factors will turn
out to he at most of order unity. The other factors express the improve-
ment over the standard mirror. In the second expression, egs. (10) and
(11), the improvement depends primarily on the density ratio np/nC which,
according to eq. (2), determines the height of the potential barrier con-
fining the ions. Fram this we conclude that a high value of § requires a
high value of np/”c’ typically of aorder np/nC w5 to 10 depending on the
role of alpha heating (if alphas are confined, Q = 5 would represent
“ignition" in the solenoid). The other expression for Q, eq. (9), dis-
plays the dependence of Q on VC/Vp in order that the power needed to main-
tain the plugs he <mall compared to the power produced in the solenoid.
From this we conclude that, since np/nC ~5 - 10, a large Q also requires
VC/Vp « 500 -~ 1000. Finally, to obtain T; in the thermonuclear regime
(10's of keV) it is necessary that E0 he many 100's of keV to avoid ex-
pelling ions from the plugs by the total potential o; * b ™ 10 Te (see
Fig. 2).

Typical results are shown in Fig. 3, which plots Q versus np/nC for a
fixed injection energy, Eg = 1 MeV. Values of VC/Vp (also plotted) were
in this case chosen to maximize Q at each value of ”p/”c- As anticipated,
in principle § increases indefinitely as np/nC and VC/Vp are increased,
but practical constraints will limit the actual § achievable; praobably
g ~5 to 10 is acceptahle. The principal limitation is the density Mo
that can be achieved in the end plug. As we have seen, np must be several
in the solenoid in order to obtain a large potential

times the density n_
must not be too small (*~10'* em™3) in

harrier. On the other hand, ne
order to achieve an interesting fusion power output per unit volume in the



solenoid. Thus ng in the end cells must be 10" - 10'S cm™” and, as
noted abagve, the ign enargy there must be 100's of keV in order that Ti
reacnh useful values. This simultaneous demand for both high density and
high ion energy reguires both a high value of the magnetic field in the
end plug (100-150 kilogauss) and a plasma beta around unity. On the other
hand, the much larger solenoid where mast of tha fusion reactions occur is
relatively uncomplicated -~ circular coils at fields of 25 kilogauss or
less -~ and the solenoid is distinctly separated from the end plugs. Thus,
the nuclear processes and heat recovery are well isplated from the more
sophisticated plasma technology in the end plugs. This separation of
functions is perhaps the most important aspect of the tandem mirrar from
the viewpoint of reactor design and development.

The addition of various auxiliary heating methods may considerably im-
prove the tandem mircar performance. For example, according to eq. (41,
for a given n /nc the jon Tifetime increases markedly if Te > Ti or, con-
versely, np/nC could be less for the same T For this reason, direct
heating of the elsctrons may be advantageous. Similarly, R.F. heating of
jons in the end plugs may increase EO heyond the reach of neutral
beams, or do so more easily.

For TMX to provide the groundwork for a tandem mirror reactor, the
characteristics of the TMX plasma have been chosen as nearly in proportion
to the correspanding reactor characteristics as possihle. Tahle [ com~
pares parameters for a ™R at Q = 5 with TMX parameters for the “refer-
ence" case in which all input power is provided by the neutral beams in
the plugs (Pc = 0) in eq. (8}.[7] Table Il presents TMX parameters with
auxiliary neutral beams (2 20-KV beams in the solenoid) to increase'Ti

in the central ceﬂ.7



Table I.

Parameaters for a conceptual tandem mirror reactor (TMR) with a system Q
of 5 and for the LLL tandem mirror experiment (TMX}. Parameters of the
TMX are roughly proportional to those of the TMR; the confinement mechan-

ism is similar.

Parameter TMR TMX*
Enerqgy of neutral beams injected

into the plug, keV 1200 40
Magnetic field in the plug, T 16 1.0
Ion density in tne plug,

particles/cm3 8.5 x 1014 5 x 1013

Ton density in the solenoid,

partides/cm3 1
Electron temperature, keV 43 0.2
Potential barrier for electrons,

keV 260 1.1
Temperature of solenoid ions,

keV 30 0.08
Potential harrier for ions,

keV 92 0.29
Ratio of ion confinement time

to ion-ion collision time 100 140
Magnetic field in the solenoid, T 2 0.05
Ratio of plasma pressure in the

solenoid to magnetic-field

pressure in the solenoid 0.7 0.5
Length of plasma in the solenoid, m 100 5.5
Ratio of plasma volume in the

solenoid to that in the plugs 430 570

* For the case in which the plugs above heat the central cell via the
electrons; higher ion temperaturss can be cbtained by neutral beam
injection in the salenoid (Table 2).
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Tahle IT
Parameters with gas feed plus 20-%eV neutral heams at 60A (incident).?

Parameter . Value
Electron
Temperature, Te 0.29 keV
Confining potential, B 1.5 keV
Plug
Ton cu-rent (trapped, ver plug), jpvpa 5 A .
Confinement product, (nx)p 4.9 1ﬂ‘] cm'3's
Central cell
, 13 cn™d
EYectroq den51ty, e 1.9 x 1073 3
Maxwellian density, . 1.4 x 10" cm
Energetic tail density (from
slowing-down beam), ny, 0.5 x 1013 cq3m
Maxwellian temperature, T 0.28 keV

W
Total average energy

(including energetic tail), Ec 2.0 keV
Confining ion potential, ﬁi 0.238 keV
Maxwellian confinemart product, 5.3 x 1070 cm"3‘s
" dgas n__-3
Overall conf:nement procuct, (nr)C 1.25 x 10" 'cm “°s
Radius, e 15 cm
Magretic field, Bc 1.9 kG
Mirror ratio, Rc; R 10.5 (tc mirrors);
5.3 {to plug midplane)
Beta, BC 0.54
Maxwellian Larmor radius, oy 1.7 cm
20-keV Larmor radius, Poskay '15 cm
Total ion current, qjcVC 210 A

3 36 A attenuated in plasma. Plug parameters are the same as in Table
1 except as indicated. The term "Maxwellian" refers to the gas feed jon
component; "energetic tail" refers to the beam ion component.
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X8 experiwent.  The ead nluge are neariy ideatinal tg 24118 jn grale
and injection nower, bul the ficld diratinn i Yana=r [a foy sacnnds in

TMX), and some of the injoctnrg aperata ab A0 WY,

Each plug has 1?2 injectnrs; of thece, faur inject 40-¥2"% Yoams o
neutral dedterium and oigqht iniect 2N-keV hoams of neatral dogtoriun,

Each injector delivers abnut 1 MW of power in a 25-ms pylsa,
R | D

Ciohteen coils are nysed on TAY /Fin. 4Y. Fach plug ronsists af a
haseball cail with the mirear finlds qugmenta! By two f-shaned cpils
located in the jaws of the hasehall cail.  Six larqe, rirq-3haped coils
create the snlennidal magnetic field. At each end of the <olepgid, there
are= har-shaped quadrupole magnets tn provide a transitinon from the fan-
shaped field of the plug coil to the cylindrical “ield of the snlenn d.
A1l coils are copper, water-conled, and operate far a few <=cands hy dc
power supplies. The dc power now avaziladle will Yimit the magnatic field
strength of the two mirror systems tn 1.0 T at the midplane. Fig. 5, shows

the ™x machine as it will appear when comnlets,

Because the plugs were chosen ta he of 27113 size, the averall
scale of TMX is determinad by the 1-m mirror-to-mirror lenqgth of each
baseball coil. Adding a 5-m-laong solenaid {for a high-Q tandem reactor
the plasma volume of the solenoid must he large cempared to that of the
end plugs) and end tanks beyond the plugs to dispose of the plasma losses
brings the total machine length to a Tittle over l5m.

The TMX is Tlocated in the area previously occupied by the Baseball
IT experimental facility at LLL, which was shut down and removed to make
room for TMX. Fig. 6 shows the construction site. A 0.6-m-thick con-
crete wal: will comnletely surround the experiment to shield personnel
from the possibly large neutron fluxes produced by deuterium-deuterium

fusion reactions.

By using some existing facilities it has heen possible to construct
TMX in about 18 months at a total cost of about $11 million. Ne hope to
complete the facility shortly and begin experiments early in 1979,
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