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ABSTRACT .

Studies are underway to evaluate the linear mirror geometry as a candidate for a high-
fluence, neutron irradiation facility. This steady-state, low-Q design is currently perceived
to comprise a two-component plasma driv a by neutral beams with mirtor confinement of
the hot ions and with no electrostatic ax3al reduction in the warm ion end losses. Warm-
ion fueling and end-wall power density will require substantial cold plasma exterior to the
mirror cell and neutral gas near the end wall. In this paper, we evaluate to what extent
the loss power parallel to the axial magnetic field along open field lines is a function of
the escaping plasma and end-wall parameters. By allowing the source power to depend
directly on the plasma density and electron teraperature, several new conclusions may be
pertinent to closed field-line geometries with open field-line divertors. :

“This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
Laboratory under contract No. W-7405-ENG-48.
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I. INTRODUCTION

Airror-type plasmas with two distinct ion components were first modeled by R.F. Post
et al.! as fusion reactor candidates with
_ nuclear power out
= peutral beam power in

8]

The two ion components tonsisted of a high-energy deuterium component, injected from
neutral-beam sources (= 200 k1’). and a low-temperature tritium plasma target. With
the @ > 1 concept definition of electrostatic plus magretic confinernent geometries in
conventional tandem mirrors®? followed by thermal-barrier tandem mirrors,* the two-
component, large-mirror-ratio (R = 10}, single-cell geometry was set aside.

Recently, a renewed interest in the single-cell mirror has been driven by design studies®
for a steady-state, low @ plasma neutron source. To reduce the technology and physics
requirements, present designs use the minimum mirror ratio and radial well-depth for
micro- and macrostability requirements of the hot ions as well as electrostatic axial reduc-
tion in the end lasses of the warm ions.® This paper summarizes the axial power flow in
such a plasma neutron-source device at high density (n %10*® em~3) and at low electron
temperature (T, = 100 eV). An axial power ficw review is necessary because fueling re-
quirements of the warm ion component and pov.er density considerations at the end wall
will require substantjal cold plasma and neutral gas at the axial boundaries of the plasma.
These review calculations may also be relevant to the Gas Dynamic Trap® concept, which
employs collisional plasma densities external to the mirror cell for MBD stabilization.

Proposed operation at high enough densities and at low enough temperatures to de-
mand that electron collisionality be considered in power balance is somewhat novel to
past fusion-relevant mirror studies. However, design work on reactor-size tokamaks-for
example, INTOR?~has shown that low-temperature, collisional plasmas could solve the
problem of handling large heat fluxes (tens of megawatts) on divertor plates.® Maay of
the ideas and equations for this paper were stimulated by Refs. 9 and 10.

R.F. Post!? reviewed the earlier work of Hobbs and Wesson? and Morse'? on ther-
mal transport, including collisional eflects, in machines with open magnetic field lines.
However, Ref. 12 only considers uniformly distributed heating of electrons, and Ref. 13
forces the electron temperature to be zero at the end wall. The present paper adds the
appropriate equations and boundary conditions to relax these two cons'raints. Sec. IT
surnmarizes the power flow in classical, one jon-component plasmas in mirrors, and Sec.
IIT describes two-component thermal heat flow from hot ions to electrons to warm jons
with axial power loss dominated by thermal conductivity or convection along a plasma
column with open field lines that terminates in either a solid or a gas end-wall condition.}*
Section IV applies the model of Sec. Il to a specific case for jllustration and discussion.

HO. REVIEW OF A CLASSICAL, ONE
ION-COMPONENT MIRROR

This review of the classical, onie jon-component mirtor defines the various time scales
' pertinent to the two jon-component discussion of Sec. III.

Open magnetic field lines in a mirror device allow particles to esczpe axially by pitch
angle diffusion in velocity space in addition to radial spatial diffusion as in closed field-line
geometries. In a classical mirror machine with mirror ratio, R, there exists a single jon
component with an energy, Enx, and a density, ny,, = n, with n, egual to the electron



density. Because the electron tempertaure, 7, is always less than Ey, and the jon mass,
A 3- m, (the electron mass), the electrons pitch angle scatter much facter than the inns.
A pasitive electrostat,c potential, @q. develops with respect to the end wall to augment the
electron confinement, which allows the jon (magnetic only) and electron (magnetic plus
electrostatic) axial particle losses 1o remain equal. Mathematically, this result js given
b_l,xs

" T GUR) R capl T2 @)

where the ion-ion 90°, self-scattering time is

_ 2.5 x 108 Ep2 (ke V)M 2 (amu)

= ApoelnA @)
the electron self-scattering time is
. _llx 1019722 (ke V) \
- ndnA ! “)
and the coulomb logarithm
a2
A« In—=— (s)
ne

varies slowly from a value of 10 at 10 eV and 10'® em™? ‘0 a value of 20 at 10 ke? and
10'2 em~3. The vnits for ion or eleciron plasma density are ¢m =2 in every equation in
this paper. The term G(R) is a weak function of the mirror ratio, R, and has a nominal
value of three for practical values of R from 2 to 20. Equation (2) predicts values of ¢o/Te
which range from three to seven.

Energy »xchange between the hot ions and electrons is given by the electron “drag”
time necessary for an ion to have its energy lowered by one e-folding through collisions

with thermal electrons:
10 x 10PMT2?(keV)

T nlnA ©
For deuterium ions (Af = 2}, Eqs. (3) and (6) imply that
E
rlfor T, < 2) < 7 o)

Under the circumstances of Eq. (7), the main channel for axial power loss is through the
electron end losses. When the plasma density external to the mirror cell is low enough
tnat thermal conduction can be ignored {the opposite case is treated in detail in Sec. 111
on two ion-component plasmas), the minimum electron power loss is described by

”—-“"%“i = 20 (00 + T2) + Waecomtans T ()

where Lp, is the hot ion length; JiT7, is the current density of axial ion end losses per
end; and

o = JEET T~ recondary (9)
allows for a secondary electron-emission current at the end wall. It is guite cormmon to
represent J,.condary a$

A clectron
J-z:andarv = 1_-—/\1“::" = '\Jlol.f: ' (10)
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Figure 1: The measured electron temperature from TMX-U data vs the predicted value
from Eq. (11).

where X is the secondary emission coefficient and varjes for a cold, solid end wall from
0.4 to 0.9, depending on plasma parameters and end-wall conditions.' The magnitude
of JI can vary from the minimum value set by the classical axial particle losses of the
hot ions to many times this value due to marginal stability reguirements of “loss-cone”
velocity distribution instabilities.}??8

Combining Egs. (8) and (10) with 3 = kd—r; results in the familiar 5/2 scaling law
for T,:
” NNy Enve Lhot 1
52 = [ hot Zh . {11)
‘ o

Perhaps the best example of the 5/2 szaling law for 7, is given by a set of data from TMX-
U operation without thermal barriers shown in Fig. 1.}9 The measured on-axis central-cell
electron temperature data points are plotted against the predicted values from Eq.- (11}
using concwrent data for all input parameters and setting A equal to zero. The solid
line indicates perfect agreement between measurad and predicted values. A reasonable
assumption of A = 0.7 reduces the predicted value for T, by 18% for these data with
T = 5. The agreement in Fig. 1 is good enough to conclude that electron axial power
Joss for this data set is essentially classical because Eq. (11) predicts the measured values.

The next section addresses electron axial power losses when two ion components are
present, and the warm component is at sufficiently high enough density to require colli-
sional power losses to be considered.

1. TWO ION-COMPONENT AXIAL POWER FLOW

In this section, a set of analytical equations is used 1o describe the axial power flow
in a two jon-component plasma.?® Power flows from mirror-confined hot jons to thermal
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Figure 2: Schematic of the geormnetry used in Ref. (21) for boundary heat flow in a divertor.

electrons, which in turn heat a warm ion romponent. The electron density is high enough
to require that both conduction and convection axial power losses be considered.

The following discussion follows closely the work by Mahdavi et al. on power losses
along open field lines in the divertor of the D-11I tokamak.?! There is, however, one major
difference. Ref. 21 looks at various limits to the axial power losses for different vaiues of
n, without considering the dependence of the power input on plasma density and electron
terpperature: the following analysis allows for a direct dependence on n, and T, through
the jon-electron drag time given in Eq. {6). The geometry of Ref. 21 is given by Fig. 2,
which can be compared to the geometry presently under discussion in this paper {Fig. 3).
Figure 3 de:ines schematically the geometry in terms of three regions.

Region 1 represents the volume. ¥} = 2L, 4,, containing a population of mirror-
confined. hot jons of energy, Eny, and of density, np,,, with a dominant power loss at
T. < é"‘g‘ given by energy exchange with the electron population at a rate

ot (e %) Ene (V) V3 (em®)

kT2 (ev)
Ner{em =3}

P (W)= , (12)

where ¢ = 1.6 x 107'° J/eV and kg = 6 x107 5-em~2.eV =¥ for InA = 10 wit}: deuterium
{M = 2)hot jons {see Eqs. 5 through 7). The subscript 1 refers to parameter values
within Region 1. Also present in this region is a population of warm ijons of density,
Nyarm1, Which transits all three regions, as do the electrons, and which satisfies

Ne1 = Mhge + Nuarm] - (13)
Because the energy exchange time between the hot and warm ions is approximately 7;, ‘see
Eq. (3}, there is no appreciable power loss due to ion-ion collisions. The Subscript 1 has
been dropped from np, because the hot ions are modeled as having a finite density only

in Region 1. Therefore, at all points in > outside of Region 1, the following is assumed:

(14)

nl = "u.rarn'u

unless the conditions in Region 3 demand that a population of cold ions. nuq, be included
in the modeling. Strictly speaking, the hot ions and electrons could have different lengths
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Figure 3: Schematic of the geometry under discussion for axial power loss along open field
lines.

in Region 1. but this additional complexity to the equation can be ignored without any
changes in the desired conclusions.

Region 2 represents a collisionally dominated plasma column where the electron-
electron mean free path, Ace = te7ee, Can be expressed as

2 x 10T 2(eV)

)
mdnh (1s)

Xee =
and is small compared to the column lengtb. (Aee < L). Under these circumstances, the
power flow is described by the thermal conductivity expression®? derived by Spitzer

Pay(W) = ~ke T (e V)dT"(’)

Az(em®) {16)
where &, = i‘lnLA‘i W . eV~7/2.em=}, For reference, if A, > L, then collisionless power
flow due to thermal convection, as described in Eq. (8), is the proper expression to use.
Under these conditions, the Pastukhov!® potential, ¢y, lowers the electron particle flux,
which ensures that :he electron heat flux remains below the upper bound given by n,r.T..

For this paper’s osne-dimensional discussion of axial power flow. both radiation and
radial transport losses are ignored. The heat loss from the electron population in Region
2 due to warm jon-clectron energy equipartition is included by adding the ion-convection
losses to the electron-convection losses set by the end-wall boundary condition in Region 3.
The ion-conduction term is not included because the thermal conduction coefficient, A —tc,
for ions is (m,,".\!)i tinses smaller than the electron value. Thermal losses associated with
axial gradients in potential or density are assumed to be small compared to that associated
with the electron temperature gradient.



Region 3 represents the power flow limit of the total energy carried to the axial bound-
ary by an icn-electron par. This end-wall boundary condition'**2 can be written as:

Py = nglem™)ge,{em/s)daferm®) - arn)
. . R A R R
2T qrmal€l”) + 2Tealel’) ~ e /\Ta,ff‘ ) = CarearnleV)]
-19 ; . T ~ T\ V2,
where g = 1.6 = 10 C. Tyu-m is the warm ion temperature. and ¢, = (—'—l'ﬁ,‘:’:_‘—ﬂ) is

the ac..ustic speed. The product nge, plavs the same role in Eq. (17} as Ji27, does in Eq.
(8). The sheath potential. ¢ heath, can be related to the secondary electron-emission
coefficient, X, defined in Eq. (10), according to Hobbs and Wesson.!? through

12
9uheath = Tealn {([gfw:f) (1~ ))] , (18)

where 0 < A < 1-83 (M:"_"_‘)Uz ~ 0.9 for tritjum is the upper bound value set by an
electron emitting wall with a double sheath.!? The Hobbs and Wesson expression for P;
is proportional to te. not c,: therefore, according to their convention, P3 = %n,u.2T.F.
The term F(A) without sheath effects is one and, with sheath effects. varies frorn 0.12 (no
secondaries, A = 0) to 0.37 (double sheath, A = 0.9). This paper uses Eq. (17} because it
resembles more closely previous mirror power flow papers.1617.%0

Because the only power source in this problem is in Region 1, then as suggested in
Ref. 21, the following is true: '

%p, =P =P, (19)

where the factor 1/2 allows for the input power to flow symmetrically to each end wall. If
n, is large enough to assume T, = Tugrm at all z then Eq. (17) can be rewTitten as

Py(W) = nesqdskaT (1 + )i (20)

where the acoustic speed, ¢, = (2e-)"y, = ETH?(eV) with k, = 8 x 105 em/s -

eV =12 for tritons, and ¥ = qg'-'-ilﬂ- + 1-% For reference, the electron thermal velocity,
L 1

ve {em/fs) = (,-})’ =6x 107 T3{eV).

The integral solution to } P, = P; gives

ku:AZ

5 [qnhc:EholeAlnel] =T T, (21)

deer/'.’

where the units are defined in Eqs. (12) and (16) and where the ion-electron drag expres-
sion in brackets on the LHS has a direct dependence on both n. and T. in contrast to the
input power term in Eq. (4) of Ref. 21.

Rearranging the results from solving %P, = P; with the axial pres:ure balance assump-
tion, n.1Tey = ne37.s, gives an expression for the end-wall T, in terms of the midplane
value of To:

—5/2 Eyol4,
T2 p-b/2 Thet ) 92
i e kakgAs(v + 4) 22)



Equation (22) can be substituted into Eq. (21). and the result evaluated at = = L;
with T;2(L2) = T3 to produce an expression for T,y

(23)

T - [ZqunhmEAmL\-"\ﬂ—x-! TI8 _ ’["'hn:E)mrle-‘h ]7
U kekgd 1T [Rakgda(y + 4)

The immediate response to an equation such as Eq. {23) is that nothing physical can
depend on the electron temperature 1o the 21st power! However, except for minor changes
in defiritions of lengihs and the acoustic speed. Eq. (23} is exactly the result one would
obtain from Eq. (5} of Ref. 21 if the input power term were yeplaced by the ion-electron
drag expression. Eq. (12). with a n.T.">" dependence.?

By examining the limits where either one or the other term on the RHS of Eq. (23)
dominates, one can further explain the sensitivity to the magnitude of T,y. In the extreme
conduction (large n., ) limit to the power flaw where T,; is commonly assumed 1o be near
zero, the T,; solution to Eq. {21) with Te2(L2) = T.3 = 0 js the same as one would derive
from Eq. (23} by ignoring the second term of the RHS of Eq. (23}. The result is

T = Beonds (24)

where Eq. {23} has been rewritten as

T3 = BeonaTlf + Cloner (25)

In the extreme convection (low n;) limit to the power flow where d7./d- is near zero,
the solution to Eq. (22) with T3 = T, is the same as one would derive from Eq. (23) by
ignering the first term of the R¥S of Eq. {23). The result is

T3 = Coome- (26)
This result has one more 1/2 power for T; than the 5/2 sealing law of Eq. (11) because
Ji has been replaced by n.gc, with ¢, x T‘l’h".

Therefore, Eq. (23) can be considered the complete solution to axial power flow dom-
inated by electron losses in open-field lines with an input power dependent upon the
electron temperature. The lirnits of the RHS terms of Eg. (23) represent the cases of ther-
mal conduction or convection dominance. Assume for now that the product of the hot jon
parameters, ninoe, Enaey Ly, and A; is constant, i.e., the total energy stored in the hot ions
does not change, If Eq. {24) describes the proper limit to Eq. (23)-that is \he conduction
limit~then T.; depends on (Lan,y/42)"*. If Eq. (26) describes the proper approximation
1o Eq. {23)-that is the convection limit-then T,; depends on [A3(y + 4)]'/3.

Section IV evaluates the electron temperature for a mirror plasma neutron source
where actual valyes for the plasma parameters are substituted into Eq. (23).

IV. ELECTRON TEMPERATURE FOR A MIRROR PLASMA
NEUTRON SOURCE

Preliminary designs® exist to evaluate a plasma neutron source as described in Sec. L.
The present concept of a high-intensity (5-10 M#/m?), high-fluence D-T neutron source
consists of a linear, two-component plasmal in which injected energetic deuterons react
with a warm tritjum target. High-energy neutral beams (E\njeciior. = 200 k1") of deuterium
atoms are ionized in the warm, dense tritium target plasma. and the deuterons are trapped



fous with the target

in a quadnpodendrrer field. As the denterons slow dawn oy ¢ 7L
inreract with the tritim to generate the desired -7 fusion neutron fiax
sing processes. onl_\
degragde in energy to

electrons.
Since the drag 10:5 on the electrons is rapid compared to ion-sca:
low mirror ratio is required 1o ronfine the hot ions. The deutercr.
the point where nuclear interaciion becomes improbable. and they sontinue to cool unril
they join the warm target population and diffuse out the ends of the device. The heated
electrons share their eneray by frequemt collisions with target ions. 0 Thugrm = T, in the
warm plasma. Beyond each end of the quadrupoie. a transition region comprised of a
soienoidal field guides the warm plasma column to the end regions.

The de:ired neutron flux of 3-16 MU /m? is achieved at mirimum beam power -2
50 M1V by adjusting the many parameters of the device 1o an optimum combination «hat is
consistent with technological and physics constraints. One of those constraints is the axia!
electron temperature profile. The end-wall boundary conditicns play & dominant role in
determining the electron power balance. A solid end wal! is questioneble for a steady-state
device because of the neat load and spurtering effects [10}. A gas ex.d wall [14] is a possible
solution to these two difficulties. but the additional power drain aszociated with ionization,
radiation. and charge-exchange losses due to plasma-neur:l ator icteractions in the end
segion can lower the effective end wall T.. Therefore. electron thermal conduction, as
well as convection. has been modeled [Eq. (23) of Sec. HII' to evaiuate the axial electron
temperature. The effect of having a solid versus gas end wall can be ociunded. in a
simplistic sense, by allowing A to equal zero for an ideal solid end wall and by setting A
equal to the worst-case value for an eleciron-emitting end wall,’? A = 0.9, as a pessimistic
value for a gas end wall. The valve of v varies frorn 3.5 to 10 for A variations from 0 to
NS, respectively.

The geometry (see Fig. 1) and the plasma paramete: design values for *'i2 plasma
neutron source concept are summarized in Table 1. When evaluated with the values from
Tahle 1, Eq. {23) becomes

LaBs [22x10°]"
2l = . & _— 27
TS [ 1x10 B, ] TS + " ] (27)

where Ay /4> 10 Eq. (23) has been replaced with the ratio of magnetic field strength in
Regions ! and 2 using magnetic flux conservation. The thermal convectior limit (see Eqs.
25 and 26) of Eq. (27) gives T {™v*"°" = 140 ¢V for an ideal end wall with 4 = 3.3. For
the worst-case 4 = 10 (vsed to appreximate any deleterious effects from a gas end wall),
oo = 100 €V, In order for the thermal conduction limit {see Eqs. 24 and 25} of Eq.
{27) to give Ty 2 140 eV the column length, L2, must be greater than 170 on. Worth
checking is the fact that at n_ = 10*%am~3, T, = 140 eV, and L: = 170 em, La/Aec > 4.
which satisfies the Spitzer thermal conducm)ty requirement, A < L.

Due 10 end-wull power loading concerns, as well as fueling for :ke warm ions, the end
wall for the plasma neutron source of Table 1 is envisioned ta be a “gas exhaust” chamber
similar to that described in Ref. (14j. The associated lower effective end-wall T, requires
a column length, Lq, long enough to allow Spitzer tliermal conductivity to isalate Regions
1 and 3. Under these cnnditions, one can caculate the dependence of the Lot-ion power
losses, Py, by substituting the conduction limit of Eq. (27) into Eq. (12). The vesilt of
this substitution is

’r B] ~3/10
v
Rence, a longer columnn length /.5 and a higher magnetic field 5: .o Region 2, compared
to Region 1, would lower the required neutral beam power.

PEnducton (1) = 3.7 x 108 (28}



1a Nestron Scacree

nes for a Nirror Plis

Region 1 {54 =4 T)
"ot to. length. 2L,
" Yot jon radius, ry
Cross-sectional area, Ay
Hot jon mass, Mi,,
Warm ion mass. M.cem
Total electron density, neg

[EIRR

Het jon density. nop: 0.4 5 16°%em™

© Warm ion density. nygrm) ! 0.6 x 10-5c—"3
¢ | Hot ion energy, Eno: = E_(E &« E.) | 60 keV i
Warm ion temper~ture, Twarmi ! T . ‘

) Eleztron temperature. T,y determines .n Sec. IV )

|
i Region 2 (B2 =12T) f Value :
Transition length. L- { determined in Sec. IV
Tross-sectiona) area. A2 = 22 i 17 em?
" T.egion 3 ] Value K
" Plasma sheath potential 3.5 (solid wall) i
. Cross-secticnal areza, A3 = A 17 om? i
. Regions 1,2, and 3 Value
_Coulomb logarithm. inA 10

Equation (28) with TABLE 1 values of B; = 4 T and B; = 12 T (.Aichium-tin technol-
ogv) with L2 = 170 em gives P. = 57 M1V, Extending L- from 170 to 500 omn reduces P;
from 37 te .1 MW, which is below the 50-MW design level varget velue. For L, = 500 em,
the conduciion limit for T,; is 175 €. The longer length, even at T,y = 175 eV, stil' sat-
isfes Aee < Lo

V. DISCUSSION

Equation 23 describes the desendence of the midpiane clectron t ‘mperature, I,1, upon
the esca ing plasma parameters {i.e.. ccilisionality) and the end-wall boundary conditions
(i.e., secondary elactrons). The input power to the electrons is not assumed to be indepen-
dent of T, but is allowed to vary according to Eg {12), which describes energy exchange
between the hot jon species and electrons. The large exponent “alues for T, in Eq. (23}
come about {rom simultaneously satisfying the extreme litnits of thermal transport given
by cznduction (Eq. 24) aud by convection (Eq. 26). When applied to the practical prob-
Jern of a mirror-based, plasma neutron source {see Sec. IV). Eq. {23) allows the plasma
column length to be determined within the limits of available neutral beam power, of
magnetic field strength, and of uncertainties in axial bourdary conditions.
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