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Plasma liner driven magneto-inertial fusion (PLMIF) is a fusion energy concept that utilizes an impladg
plasma liner to shock heat and compress a magnetz¢arget plasma to fusion conditions. The fusion drn
fraction is linearly proportional to the confinement (or “dwell”) time of the liner-target system at peak
compression, and therefore it is important to estirate the dwell time accurately in order to assess ¢hfusion
energy Yyield and gain. In this work, the dwell tine has been estimated using the exact solution tosalf-
similar converging shock model. The dwell time wa$ound to be determined by the sum of the outgoing
shock and rarefaction times through the plasma lineat peak compression, and for typical PLMIF condifons
the dwell time was on the order of Jus. In addition, we show that the engineering gairi,e., the total energy
extracted for electricity (fusion plus expanded lier energy) divided by the energy required to produe the
liner, exceeds unity for a wide range of liner thiknesses and specific heat ratios
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1. Introduction

Magneto-inertial fusion (MIF) uses a magnetic figidan inertially confined fusing plasma to
reduce thermal losses and to enhance alpha pasttiideating of the fuel. This reduces the
areal densitygr) threshold for ignitioh allowing lower implosion velocities, or alternagly it
allows higher gain for a given implosion velocityThe magnetized target fusion (MTF)
approact® to MIF takes advantage of the former, while maigeet ICF takes advantage of the
latte®. In the MTF approach, batch-burn fusion is soutir<0.01 g/cnd by using a radially
imploding material liner (typically driven by puldgower) to compress and heat a magnetized

target plasma.



Of paramount importance to the success of the Magfaach is the liner. Solid liner implosion
technology for MTF is a fairly mature research gffo Experiments at AFRL-Kirtland routinely
demonstrate magnetically driven implosions of sainétal liners with good symmetry to
velocities of 10 km/s and a radial convergenceofaof 10. Most recently, the first successful
demonstration of an imploding solid liner with gestnic scale lengths and compression ratios
suitable for compressing a field reversed confiiora (FRC) target was achievefl
Radiographs indicated a 13 times radial compregsibo with no observable instability growth.
But solid liners may suffer from potential enginagrdifficulties in the context of a reactor
concept due to reasons such as non-reusabilityui@etaring costs, and debris deposits along

the interior of the wal.

Plasma liner driven magneto-inertial fusion (PLMIEJaims to overcome these problems at the
expense of requiring a higher implosion velocity tbe order of 100 km/s) compared to solid
liners (requiringg10 km/s) and lower hydrodynamic efficiency duertoreased liner thickness.
PLMIF has the primary benefit of potentially allowi all the driver hardware to be situated far
enough away so that they are not destroyed duanh shot, i.e., imploding plasma liners are a
potential solution to the “stand-off” problem. THavers could be, for example, pulsed plasma
accelerators, and other drivers such as plasma streams uselispssable electrod®shave
been considered. Since the liner is created byfdireation and merging of plasma jets, the

system is highly repeatable, eliminating the n@echanufacture a liner for each shot.

1.1.Plasma Liner Driven Magneto-inertial Fusion

In PLMIF a cylindrical or spherical plasma shellpibdes onto and compresses a magnetized

plasma. Once the liner has been formed and habedahe outer boundary of the target, the



evolution of the target and shock boundaries cadeseribed in five stages (1-5) as illustrated in
Figure 1. One can also identify four distinct mw (A-D) which can be defined by either the
target/liner interface or a shock. It should digonoted that this is an idealized representation,
and an actual system may be complicated by, amtmgr ¢things, gradients in the flow field,
asymmetries, and the possibility of a greater nunolbénternal shocks. We are also assuming
that this is a collision dominated hydrodynamicqass, since electron-ion collision times are
~1 ns while the implosion/expansion time scale isus:1 Exploratory research programs
involving lower peak densities (<30cm®) and temperatures >10 keV may have to account for
collisionless shocks and other kinetic effects.véitheless, the proceeding description allows a
reference for describing hydrodynamic implosioms] & will reflect the basic qualitative trends

of PLMIF flow evolution. Setting the complicatioaside, the five stages are:

1. The plasma liner (Region D) implodes from the radatiwhich it is formed to the target
radius. Both the target (Region A) and the lin@r @therwise undisturbed. The arrows
indicate the radially inward motion of the lineln Figure 1, stage 1 depicts the moment

at which the liner impacts the target.

2. A radially inward shock is launched at the targetfl interface, provided the liner

velocity exceeds the local target soundspeed. aF60/50 DT mixture, this criterion
isv, >254T,,/*[ km/§, requiringy, >80 km/s for a 0.1 keV target. A shocked layer of

target material (Region B) forms behind the shawit tavels inward. Liner compression

(Region D) continues throughout stages 1-4 andimsapily isentropic.

3. The shock reaches the origin, and the target has lbeen entirely shock heated.

Region A has been entirely replaced with RegionaBtive converging shock
3



4.

Immediately after shock collapse at Stage 3, aectdtd shock in the radially outward
direction is launched. The inner target materiibd the reflected shock (Region C)
will reach the highest temperatures and presswraagithe process. Once the reflected
shock reaches the target/liner boundary, it wtte reflect inward or continue outward.
The inward/outward reflected shocks become proyrelgsweaket? until the rising inner
target pressure matches the incoming dynamic peessiuthe liner, at which time a
stagnation shock will propagate radially outwartbtiyh the liner. The number, if any,
of the secondary converging/reflected shocks vaplehd on the strength of the mismatch
between the high dynamic pressure of the linerthedrelatively low static pressure of

the target.

The liner has completely stagnated, and the esystem behind the final outgoing shock

is denoted as region C, Figure 1.

Beyond stage 5, a rarefaction wave will travel aligiinward, disassembling the stagnated
liner/target system. Once the wave has reachedrigm, the target will no longer be confined.
The dwell time, as a function of liner thicknesstherefore approximated as the duration of the
outgoing shock through the target and liner (begmnat stage 3, i.e., point of peak
compression) plus the time of the rarefaction w@fer stage 5). Even though the fusion burn
may actually start a few 10’s of ns before peak m@ssion, we choose this point out of

convenience and to remain conservative in the cimedl calculation.

The physics basis for PLMIF has been explored b €hal'® and Knapp®, and the formation
of imploding plasma liners using merging high Maxhmber plasma jets was proposed by Thio

et al’? Los Alamos National Laboratory's SPHINX code wasd for the modeling effdft The
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modeling results indicate that the jets can forstadle, imploding liner both in a cylindrical and

spherical distribution and compress a target tonibauclear condition¥’.

Chen et af” explored the stability of spherically implodingoss using an unsteady self-similar
solution. Growth rates of the amplitudes of thetyg@ations exhibited a power law rather than
more deleterious exponential behavior during cogeece, and the amplitudes decrease to zero
as the shock waves reach the origin. The mainlgsion reached was that imploding shock
waves are stable near shock collapse. The Sphé&iweh experimenft was an outgrowth of
earlier cylindrical experiments, which built upametobservation that cylindrically imploding
shock waves were stable. Confinement of the deptesma hotspot exceededi® in some

cases.

0-D and 1-D models have been developed by °rHioln the 0-D cod® the implosion dynamics
have been studied in three phases: the prelimstaogk heating and compression, the acoustic
compression, and the confinement of the burningetaand liner. Results show that plasma jet
driven MTF has a potential for wall-plug gain ofegter than 50, with pulsed power drivers
available at existing state-of-the-art facilitedhe 1-D Lagrangian modélshowed that the
target ignition and burn can be achieved in a taojea 1 mg plasma, 10 cm initial diameter
imploded by a plasma liner with about 1 g of matertarget magnetic field of 10 T, and
implosion velocity of about 250 km/s. Without thegnetic field, the target temperature was
limited to about 1 keV. The latest thinking poittsusing a high Z liner with afterburner, in
which case the target magnetic field should be tedi¢o allow some alpha particles to escape

and heat the afterburrér



More recently, Parks has developed a new theotetiodel to estimate liner criteria for plasma
jet driven magneto-inertial fusion (PJM{) The peak pressure was shown to be strongly
dependent on the incoming ram pressure, &swllere C is the convergence ratio defined as the
merging radius divided by the stagnation radiusrtifermore, the dwell time was shown to be

~Ru /2, whereR is the target radius ang is the liner velocity. This result significantly

limited the fusion gain since the dwell time wasireated to be on the order of 100 ns. A key
result of the present paper is to show that thellcimee estimated using a converging shock

model is closer to 1 ps.

1.2.Outline

In this paper, we use the exact solution to thessedilar converging shock model to estimate
the dwell time. We choose the converging shock ehdecause it is an exact solution to a
subset of cases in the rich PLMIF parameter spdde self-similar model and its relevance to
PLMIF are described in section 2. Numerical resaftthe model are presented in section 3, and
these are used to estimate the dwell time baseth@rduration from peak compression to
expansion of twice the compressed radius in sedtioin Sec. 5, we argue that the engineering
gain, the total energy extracted for electricitys{bn plus expanded liner energy) divided by the
energy required to produce the liner is a morevegiefigure of merit for reactors than fusion
gain, which ignores the expanding plasma liner aswace of energy. We will show that even
without including the fusion power output, enginegrgain is a significant fraction of unity. A

summary will be given in section 6.



2. Self-Similar Model

For a uniform gas at rest obeying the adiabatiagtant gamma) ideal gas law, there is a
similarity solution for an infinite Mach number stkoconverging on the origin in cylindrical and
spherical symmetf}?3 Below we discuss the relevance of this solutorPLMIF, and we
summarize the self-similar solution to the conwveggishock problem for completeness (as
presented by Lazarus and Richtmé§én a technical report and later formalized by Lrags).
Finally, we discuss the application of the solutit,mm our problem and the scope of its

applicability.

2.1.Relevance of converging shock model to PLMIF

The physics of the converging shock problem is \gmyilar to that of a liner imploding on an
adiabatic target, which is why it was chosen toeginsights into PLMIF confinement. The
solution can be described referencing a plot of itedming and reflected shock trajectory,
Figure 2. Region A is an undisturbed region offemn gas located about r=0, into which a
radially imploding shock is propagating. For &0t behind the incoming shock, the solution to
Region B describes the radially imploding gas whiels been shock heated, compressed, and
accelerated by the shock. At t=0, the incomingckhoollapses on the origin. An outgoing
shock is produced by the reflection at the origimg for t>0, there exists a Region C for which
the solution describes the flow behind the outgaiefiected shock. These regions (A-C) in
Figure 2 are identified in the same manner as thoB&ure 1 to show that the convergence of a
shock onto an undisturbed cylindrical column oresphof gas followed by the reflection of the

shock at the origin is common to both the conveyginock solution and PLMIF.



There are some differences between the converghogksand PLMIF problems. The
converging shock problem has only three distinatys$, and they are illustrated in Figure 3 and

described as follows:

1. A converging shock implodes towards the center sratk heats an undisturbed region
of gas (Region A). The shocked gas extends taitgfand is denoted as Region B. This
is similar to Stage 2 of Figure 1, without a finiteploding liner (Region D) driving the
shock. The model assumes that the liner Mach nuxmdth respect to the target sound

speed) is infinite, and therefore the temperatarRegion A is assumed to be negligible.

Consequently, the density jump across the shockivaweRegion B is~(y+1)/(y—1)

in accordance with the hypersonic limit, and theckled pressure i4§7(,0\/|2), wherey,

is the liner velocity. The pressure and densit}y @ somewhat lower in region B in a
PLMIF target with finite temperature, depending tve local sound speed and liner

velocity.

2. The shock reaches the origin, and the target has lbeen entirely shock heated.

Region A has been entirely replaced with RegionaBtlve converging shock.

3. Immediately after shock collapse at Stage 2, aatigdoutward shock is launched. The
inner target material behind the reflected shoclkeg{®r C) will reach the highest
temperatures and pressures during the processce 8iere is no outer boundary, the
outgoing shock propagates into the incoming gasatdwnfinity for all t>0. It is
important to note that the density and pressuregegatly amplified in Region C behind

the 2nd shock.



Thus, the main qualitative differences between FEMhOd the converging shock solution are
that the PLMIF system has finite boundaries aneéasate liner (Region D) which drives the
imploding shock, and the initial “target” in the me@rging shock solution has negligible
temperature. Nevertheless, the physics of shoakrtgethe undisturbed Region A are identical
in both cases, presuming that the liner velocityeexis the target sound speed in the PLMIF case.
We use the solution to the converging shock marlgkin insights into the expansion velocity of
the target behind the outgoing shock (Region (3, idrefaction time of the shocked target,
relative shock and liner velocities, and dwell tirbased on the liner shock time plus the

rarefaction time.

2.2. Solution of the Converging Shock Model

The governing PDE’s for 1D cylindrical or spheripabblems are

a_'o+ a(’ou)+@ = (1)
ot or r
au au
R = 2
at ar Moar ( ) @
@-{- @+ 1)C£@+Qj_o (3)
ot or r

wherev = 1, 2 for cylindrical, spherical symmetry,is the spatial (radial) coordinatg, is the
mass densityu is the velocity, y is the specific heat ratio, and is the sound speed.

Equations (1)-(3) represent conservation of massnemtum, and energy, respectively. Using

the free parametersandk and trying the similarity variable



y=C+Inr=alnt, (4)

and the substitutions

u(r,t)z—%v(y), 5)

c(r,t):—%c(y), (6)
and

p(r1)=0rR(Y). )

the following three equations can be derived:

R'+(k +V+1) RV+( RV’ (8)

v +v)+V'(1+v)+9{(K+2)C+C'+g} ©
y R

2C(A+V)+2C'(1+V)+(y-1) q(v+ ) v+ V] (10)

Equations (8) - (10) are coupled ODE’s which ddsxthe self-similar behavior for continuous
flow. Since this problem involves two discontinest, it has to be divided into three distinct
regions (as shown in Figure 2). Out of conveniersiace the ODE’s of the model are
independent of y, Lazarus and Richtmeyer changateaimilarity variablex = -e’’“. For a
converging shock, a similarity solution requiresitta shock be at a constant value of the
similarity variable x, so that the physical boundeondition along the shock trajectogy.ti=r(t)

10



can be a boundary condition at some initial valtithe similarity coordinate x for the ODE'’s.

Accordingly, the shock trajectory must be describgd

Fynoee = A(-t) (11)

so that the shock path is x=-1. In terms of thmilarity variables V, C, and R, the jump

conditions across the shock are

y 1 2C°
1+V, = (1+v0) ) (12)
s _~02 -1 2 2
C =G +T[(1+Vo) _(1+ \/l)i| (13)
R(@+V)=R(1+\) (14)

There are several challenges involved in obtaimimoper solution. First, Egs. (8) - (10) need
to be decoupled and put into a form which guaranigeysical behavior. Specifically, the
solution must extend through x=0, and V and C rbestero at x=0. Second, the equations have
to be integrated separately in the reflected shmmke, and the two solutions must satisfy the
jump conditions at the shock boundary accordingds. (12)-(14). Finally, both Regions 2 and
3 have singularities that can occur during thegragon, so the free parameters need to be
chosen judiciously to avoid numerical difficultie§.o accomplish this, Lazarus and Richtmyer
used different, but equivalent forms of the decedDDE’s in each of the regions, which could
be reduced to two functions of C and V only. Eaeh was designed to give good behavior
required in Regions 2 and 3. Once a solution tsiobd for V and C, the physical variables v

and c can be calculated with Egs. (5) and (6). déresity in Region 2 was shown tc’be
11



e % G (1)) ]
pz(r't)_pz(x)_y_l X Cz(xo)[l"'vz()f)) (15)
where ¥»=-1,
_ 1-a
a_a(v+1) (16)
and
2a (v +1) a7

b:[y(v+1)—(v—1)]a—2

Behind the reflected shock in Region 3, the deristty

F )= o () = ECs(X) 1+V, (%) e
05 ()= 0, (x) pg(ﬁ){x Q(ﬁ)[hvs(ﬁ)J ] (18)

For the numerical integration of the converging chonodel it was necessary to use the

boundary conditions in (12)-(14) in order to creab@tinuity across the shock &t 0. For the

. . . . . NG
region behind the incoming shock, the independemtable used wasx:t(?j , and the

dependent variables wekgx)=-V(X)/ xand ¢(x)=C(X)/ x. The division byx gives nice

behavior at the singularity=C=0. Usingx=-1as the initial value, the integration must

proceed pask = 3, where g is unknown. As an effective way of handling thkmown value

AV NVO) de_ N,(V.C)

where
dx D(V,C) dx D(V,C)

of g, the equations were used in the f

12



D(V,C) = (1= vy’ - (¥’ (19)

N,(V,C)= p[V(1- vi+ p ¢~ pVvE x

_ _ P, (20)
N,(V,O)=d R~ B vx+ ptl 20
and the constants were
p,=1-a
P =E
iy
P, =(v+Da-1 (21)

b, :%[(y+l)(1—a)—m/(y—l)]

av
Pao =1—a—7(y—1)

For the region behind the reflected shock, thepededent variable used was kx 7, where k is

a free parameter that cancels out of the diffeaéptjuations and’is defined by

Jo=1+—VDA-D (22)
v+y-201-1)

The dependent variables werg) = -V (x) and c(t) :C(x)+%, and the differential equations

M, and% = iz[—1+ @a- ct)&] , Where
otE da t oE

. v
were used in the forr% =

E=(@-ctf-Q1-v)|t
M, =v(l-V)(l-aV)f - p,(1- ctf (v R) (23)

M, = (A= ct)’ (@ +22) - A V)= poV)+ o
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and the corresponding constants are

p,=a(v+1)
_ l-a
P v +D)
ot _(d-a) (24)
14

Pae =+ 2 (/-1)

P23 =%(y—1)(1—a).

The integration is carried out un¥ =-v andC =c-1/t match the target functions. The

interpolated value oK at which the match occurs is thgn

2.3.Scope of Study

The values oftrandg used were calculated by Lazarus and Richtmeyardicg to the values
of y =1.1, 1.4, 5/3, for both cylindrical and sphericgmmetries(v =1,2) , giving Six
permutations to study. Each solution represeriggraly of solutions for which the undisturbed
material density ahead of the incoming shock wagesdaasp, =4.15x 10° tgo, = 4.1! kg/m’®
(10* to 1G" #/m® in increments of 1 in lag space). Table 1 summarizes the specific heatsrati
and corresponding self-similar coefficients (takesm Ref.?%) for both cylindrical ¢=1) and
spherical y=2) symmetries. For each of the cases, the imgogelocity was varied as 50, 100,

200, and 400 km/s. Since the incoming velocityasconstant with radius, we satin Eq. (11)

to give the specified velocity at the leading edghind the incoming shock on the time scale

0.01/M [s] All cases were set up as iterations of everynpation of the chosen parameters.

14



3. Numerical Results

For illustrative purposes, we plot velocity, temgtere, density, and pressure vs. radius at fixed

time. The temporal and spatial evolution of thmnwfifield is qualitatively the same in all cases,
so we restrict the discussion to one cas®, (spherical symmetry)=1.67,v, =200 km/s, and
target density of ¥ m®. A 50/50 mixture of deuterium/tritium is assumed, the molecular

weight is 2.5 kg/kmol. For negative/positive tintege shock is propagating inward/outward,

respectively. The results are shown in Figurer430, -25, 25, and 50 ns.

At -50 ns, the leading edge of the incoming shaknoving at ~200 km/s and is physically
located at ~2 cm, Figure 4a. In 25 ns at consspeed, the liner would have moved 5 mm,
however, the lineacceleratesnto the origin and has instead moved 8 mm. Tdoelaration is
caused by a pressure gradient across the incorhimgk svhich increases with 1/r To a good

approximation, the kinetic energy of the liner @eerted entirely into thermal energy across the

shock, giving a leading edge temperaturev,éf/(SR), Figure 4b. The density jump is

~(y+1)/(y—l) in accordance with the jump conditions in the hgpaic limit. The static

pressure behind the shock is roughly equal to yimamhic pressure, and is not independent of

and p .

For t>0, the shock propagates radially outward.e Vhlocity varies from O at the origin to a
maximum (about 20% of the incoming liner veloci&y)d then drops sharply negative across the
outgoing shock, Figure 4a. A singularity existdhag origin, and the solution givds — o as

r - 0. T decreases monotonically with, dropping sharply across the shock, Figure 4b.

15



While empirical, we have found that the peak densits approximately

))—.7602y2+ 1.334+ 2.39

po((y+1)/(y—1 , where g, is the undisturbed target density. The density

tends toward O as - 0. The pressure is fairly constant behind the shétgure 4d, but
displays a mild pressure gradient toward the ongrich causes deceleration of the flow behind

the outgoing shock, Figure 4a.

4. Estimation of Dwell Time Using the Self-Similar Saltion

There are four characteristic velocities of intedaging confinement, the expansion speed of the
target(V,), the rate of propagation of the outgoing shock evétwough the linefv,), the
incoming liner velocity(v), and the rarefaction velocit{v,) . While the shock wave
propagates to the edge of the liner, the targeamotp at velocity, from the compressed target
radiusr, to an expanded radius of. The exact solution of the self similar model whahe

relative expansion velocity, /v, is only ~1 to 2%, Figure 5.

Sincev, is relatively small, the compressed target dogsempand significantly until after the
rarefaction wave reaches the target. Thus, weoappate the dwell timgz) in PLMIF as the

durationfrom peak compressioto the outgoing shock reaching the outer liner boundiner

compression time)lusthe rarefaction time,

(25)
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where v, is negative and, is the compressed liner thickness. To be condeejatve can

neglect the rarefaction time. Further, since #lésmilar model gives, ~ -v,, we can simplify

Eq. (25) to

T=— (26)

For a liner thickness of 0.15 m amdof 100 km/s, this gives a dwell time of 750 ns.

To strengthen our argument that Eq. (26) is a qwasee estimate for the dwell time, we can

calculate the dwell time using Eq. (25) and theetidependent solution to the converging shock
solution. To make this calculation, one has taamsan initial target radius and liner thickness.
The target boundary describing the compressedsaslithhen tracked in the solution by assuming

the target mass is constant. The start tinffeom which we compute the dwell time is found in
the solution when the outgoing shock passes thepueseed target radius. The dwell time is
then calculated to be-t +dt, wheret, is the time that the shock reaches the presciibed
thickness andit, is the rarefaction time.dt is estimated using the local soundspeed at the

‘liner’ edge just behind the outgoing shockiaand the outer radius of the compressed liner.

The results are shown below for an initially uncoegsed target radius of 5cm and a liner
thickness of 15 cm, Figure 6. The dwell time dases monotonically with liner velocity as
expected. Asg increases beyond 1.1, dwell time increases, leutdbults are nearly identical for
1.4 and 1.67. While not shown, we found the dweike to be insensitive to the choice of target
radius and to be linear with the prescribed litéckness. For a liner velocity of 100 km/s, we

calculated a dwell time of 446 with Eq. (25). This is considerably higher thia@ 750 ns result

17



of EQ. (26). The primary reason for the longer liiiieme is due to the slowing down of the
incoming flow as both r and t increase in the sotut Real systems may actually behave as the
solution. Liner expansion (in both directions) Mae significant if the Mach number is of the
order of 1, and the inner and outer liner edgetatitelerate and decelerate, respectively in the
reference frame of the target boundary therebyeaming the dwell time in comparison with

Eq. (26).

It is of interest to remark on the expansion rafithe target during liner compression. This was
determined numerically to be independent of therlimelocity and initial density and very
insensitive toy andv. With better than 10% accuracy, the expansion s 1.7 for all cases.

Collectively, our results show dwell times may ret#dally approach Lis.

5. Engineering Gain vs. Fusion Gain

Finally, we remark on the distinction between fusand engineering gain. For complete fuel
burn-up and 100% subsystem efficiencies, it has lskewn that the gai® is 292'°. In general,
for a 50/50 mixture of deuterium/tritium fuel whene includes the neutron energy and accounts

for the charged particle and thermal energy coneemsfficiencies, the fusion gain is

1,3.5x16 +7, 14.% 19
_ )

fusion 3T
keV

f 7T (27)

wherer), is the charged particle conversion efficiengyjs the thermal conversion efficiency,
Nz, is the electrical driver efficiencyy, is the hydrodynamic efficiency, and the burnup

fraction, f,, is given by
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“(’):[1+1,[w«;v>mj] )

n n
Note that f, reduces tofb(r)z[%j when [%j <<1. The hydrodynamic

efficiency, which is the efficiency in transferridiger to target energy, is given by (see Kef

Eq. 37)

n :%@_;ﬂ {1/y+[1+y+,/17+y(2+y)}/4}x{1+m} (29)

whereR is the target radiug, is the liner thicknesayl is the liner mach number, andis the

specific heat ratio. This efficiency has been shawbe very low (~1-5%) for PLMI®. If the

desired compressed target state is known, theneffigency helps to establish liner criteria
needed for ignition, and energy recovery from tlpamded liner following the fusion burn
becomes an important reactor consideration. Ins@ofh-based power plant, the liner energy
would be converted to electricity by whatever mebalsnces the additional infrastructure costs
against the economical benefits of electrical pomerduction. Thus, an overall engineering
gain accounting for liner energy recovery must beised in order to assess the feasibility of the

concept.

While the archetype of the best configuration istpebe envisaged, the choices of transduction
include flux compression of the expanding plasmaireg an applied magnetic field and/or the
thermal energy conversion using a Rankine cycley®n cycle, or other thermal-to-electric

conversion system. The charged particle conversitiniency ), can be estimated as ~50%,
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which is limited by the resistive losses in theuative recapture circuits and irreversibilities in
the compression of the charged particles agairesintagnetic field. The thermal conversion
efficiency is limited by the Carnot efficiency atite maximum effect heat transfer temperature

at the system boundary, and will typically resaly,i ~30%.

For the flux compression portion of energy recovdue to the expanding plasma liner, the

target/liner system rarefaction speed can be ajppaird as the soundspeed

Csystem: \/ 14 R ga;r systel (30)

The actual velocity will exceed the sound speedsbge factor up t@/(y—1)%. Loosely

defining the ‘temperature’ of the system by

E
Tsystem = SyST:;] ( Y- 1) (3 1)

ystem' \ gas

the kinetic energy of the expanding system is then

2
em

Es stem y_l
= O'ET]systenngasw%

ystem' * gas

=0.5/(V~ D E,giem

KE =0. Smystemc syst

(32)

If we define the maximum liner recovery gai@,(,, ) of the system as the kinetic energy divided

by the system energy, it reduces to

GIiner,max = 05y(y_ :I) (33)
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which is a function only of the specific heat ratidhis function is plotted from = 1.1 to 5/3,
Figure 7, which indicates that the liner energysionet have to be wasted; a significant fraction

is available for producing work, and monotonicafigreases withy.

Neglecting the thermal and radiative energy recp¥ierm the liner, the total engineering gain

for the reactor would be the contributions fromtbfatsion and liner energy recovery, given by

Geng = C;‘fus;ion + Gliner,mag E.,,7c

35x10G +n. 14.% 10
=, (7). Ed('k ng - J+0-5V(V-J)I7Eﬂc

target, keV

(34)

The electrical driver efficiency for a pulsed plasiccelerator with inductive recapture should
be about 50% on a full scale reactor. To justifis tassumption, other pulsed power plasma
accelerators have demonstrated similar or higHeriezicies. For example, the PIT thruster has
reported 50% efficiency over a wide operating rahgé Railguns with inductive recapture

have reported even higher efficienéfes

Using 7, =0.3, 77, =0.5, 7, =0.5, R=0.5cm, M =60, n=10* m~and T,

target,keV

=10 keV,

varying ¢ from 5 to 100 cm, and calculatirigwith Eq. (26), f, (7) with Eq. (28), andy,, with
Eqg. (29), we can ploG,, vs. ¢/, Figure 8. First we note that system gain dee®as

monotonically with liner thickness while increasingth y. However, choosing =15 cm and

v=1.67, the gain is 1.692. There are several realading to an engineering gain that exceeds
unity. First, we have shown that the dwell timeaninated by the outgoing shock propagation
time through the liner, not the target, and thexefis not independent of jet length. This makes

the engineering gain much less sensitive to jegtlethan the fusion gain. Second, we have
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included the thermal to electric conversion of pegh neutron energy, which approximately
doubles the fusion gain. Finally, the recoveryhedf expanded liner makes a contribution (~5 to

20%) to the overall energy output of the system.

In the gain calculations, we chose a compresseétaensity of 18 m™ to estimate what would

be needed fofs, ...~ 1 without secondary burn of liner material. Accadngtfor secondary

system
burn of the liner is beyond the scope of the pres@mk but could substantially increase the gain.
This transport mechanism is not limited to alphg@as$ition in the liner, and may occur via
several other mechanisms, including thermal condacnd radiative transport from the target,
alpha deposition in the magnetic diffusion layetha liner/target boundary, and shock heating

of the liner.

6. Concluding Remarks

Plasma liner driven magneto-inertial fusion (PLMI&)a fusion energy concept that utilizes an
imploding plasma liner to shock heat and compresmagnetized target plasma to fusion
conditions. The plasma liner approach seeks toesdds some of the engineering concerns of
the solid liner approach since liner formation epeatable on a time scale limited only by the
chamber evacuation time and recharge time on tpact@r bank. A number of theoretical
issues need to be addressed in further detail, @sithe stability of the compression and the flux

conserving properties of the liner.

Recent theoretical resutfssuggest that the dwell time for a target confibgda plasma liner is
of the order of 100 ns, which would significantignit the fusion yield produced by the burning
target. We used the exact solution to the selftameonverging shock model to show that the

dwell time for the same conditions may actuallydmeorder of magnitude longer, from 750 to
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4700 ns. There are several reasons for the Idimger First, the expansion velocity of the target
is only about 2-5% of the incoming liner velocitfhus, the dwell time of the target is going to

be determined by the sum of the outgoing shockrarefaction times. The propagation time of

the outgoing shock, which causes liner stagnatiess conservatively estimated to bE2y, ,

where / is the liner thickness ang is the liner velocity, and this served as a lolirait on the

calculated dwell time.

The engineering gain was found to be ~1.7. Sevenpbrtant factors contribute to a gain
exceeding unity. The longer dwell time leads tagher fusion fuel burn-up fraction. Including
the thermal recovery of the neutron energy rougtbubles the fusion gain, while the
contribution from the liner recovery is betweendb20%. We make a final remark that this
analysis neglects the bootstrap burn of the linaickv may be enabled by several transport

mechanisms and may contribute significantly toftrston power.
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Table 1. Specific heat ratiog)(and corresponding self-similar coefficients fofirdrical

(v=1) and spherica(v = 2) implosions.

v=1

Y a B
1.1  0.88524806  13.5364
1.4  0.83532320 2.81561

1.67 0.81562490 1.69479

v=2

Y a B
1.1 0.79596980  16.1541
1.4 0.71717450 2.68849

1.67 0.68837682 1.54790
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Figure 1. Stages (1-5) of target and liner comprs®n in PLMIF.
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Figure 2. r-t trajectories of incoming and refleced shocks.
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Figure 3. Stages (1-3) of solution to the self-silar converging shock problem.
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Figure 6. Dwell time determined from the self-simar model and Eq. (25).
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Figure 8. System gain vs. plasma jet lengtlf)(for a merging Mach number of 60.
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