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FAST LINER PROPOSAL

by.

A. R. Shepwnod, B. L. Freeman, R. A. Gerwin,
T. R. Jarboe, R. A. Krakowski, R. C. Malone,
J. Marshall, R. L. Miller, B. Suydam

with contributions from

R. L. Hagenson, E. L. Kemp,
R. W. Moses, Jr., C. E. Swannack

ABSTRACT

This is a proposal to study, both theoretically and
experimentally, the possibllity of making a fusion reactor
by magnetically impioding a cylindrical metallic shell on a
prepared plasma. The approach 1s characterized by the
following features: (1) the nonrotating 1liner would be
driven by ar axial current, (2) the plasma would also carry
an axial current that provides an azimuthal magnetic field
for thermal insulation in both the radial and longitudinal
directions, (3) seclid end plugs would be utilized to
prevent axial loss of particles, and (4) liner speeds would
be in the 100 cm/s range.

Our preliminary calculations indicate (1) that the
energetics are favorable (energy inputs of about 10 MJ
might produce a machine in the break-even regime), (2) that
radiation and heat losses could be made tolerable, (3) that
alpha-par 5lcle heating could be made very effective, and
(4) that Taylor instabilities in a fast 1liner might be
harmless  because of the large viscosities at high
pressures.

A preliminary conceptual design of the sort of fusion
reactor- that might result from such an approach is
discussed, as are some of the relevant reactor scaling

arguments.



1. INTRODUCTION

Liner systeﬁs use the kinetic energy of a rapidly implcding shell to
compress a plasma to high pressure. The external impulse accelerating the liner
is applied over a relatively large area, but the impulse decelerating it against
the plasma occurs over a much smaller area, and generally is applied for a
shorter time at the end of the implosion. The process can be visualized as an
energy compression system which produces much larger pressures on the plasma than
are applied to accelerate the liner. Impioding liner fusion systems would use

1the high pressure obtainable with liners to compress and heat a plasma to
thermonuclear temperatures at much higher density than in thermonuclear systems
limited by strength of materials. The high -density (1018-1021 em™3) short
burn-t Lme (10"6-.10'3 s) nature of this approach provides a fundamentally
different alternative to the present maln-line efforts being pursued within the
field of magnetic confinement. |

Tha'various approaches to fusion using imploding liners can be characterized
in terus of the liner velocilty as follows:

1) for a passive Liner (l.e., zero liner velocity) plasma heating must be
accomplished entirely by some means other than liner compression. The 1liner is
used for inertial confinement only. A group from the Kurchatov Institute™ has
suggested the use of liners in this ﬁanner to confine high-velocity
plasma streams produced by coaxial guns. Some proponents of fast high-density
Z-pinches suggest passive liner containment for those systems. By its nature the
passive 1liner tends to be an element of an approach that would be characterized
primarily by the plasma production and heating scheme.

(2) For a liner velocity in the 104-105 ecm/s range, the implosion time would
typically be of the order of 30-3000 Ms. For such times some form of magnetic
containment of the plasma’ is required.r dowever, the use of imploding liners
allows the confining magnetic fields to reach the megagauss range, so in

9 could be contained.

principle a 10-keV plasma having a density of 101
6

(3) With an initial liner velocity of the order of 10° em/s, ¢he implosion
time would be in the‘ 3-30 us range. These times are shorrt enough that wall
confinement becomes of interest. Magnetic fields are required for thermal
insulation, but not for containment. This B8 >> 1 regime has the advantage of
iess‘magnetic field energy, .and the wall-cenfined plasma approach could lead to a

more stable plasma containment system than might be expected with magnetic



confinement. The main plasma physies considerations are associated with
transport broblems such as pross-fieid heat conduction and particle lose caused
by magnetic field diffﬁsien into the imploding liner. An important uncertainty
assaciated with this attractive regimé‘lies in the problem of plasma‘preparatioh.,
02! em3 and 10 keV for a 1 us burn time
18 m™3 and 100 eV, for a

The required compressed plasma of about 1
implies .an initial density and temperature of . about 10
‘compression ratio of- 1000.

(3) Finally, if solid (or 1iquid) liner velocities of 107hcm/s could be.’
achieved, a véniety of approaches appear to be quite interesting. With such-a
high velocity, the plésma can be. shock-heated to an appreciable temperature‘
before final compression, -and the thermal relaxation time without magnetic fields
can be longer than the burn time. Although such high liner velocities appear to
be very difficult to achieve, the ANGARA e-beam experiment of Rudakoy2 can be
- considered to be a liner implosion of this class.

In the proposal which follows, we shall primarily be concerned with regime
(3), that is, with 1liner systems having a' wall-confined plasma and liner

6 em/s. We shall be considering nonrotating thin solid

velocities of about 10
liners driven by an axial current. The plasma is contained in the axial
direction by solid'end plugs, and it has an embedded azimuthal magnetic field for
thermal insulation, against heat flow-in the radial and axial directions. 3ome
advantages of this approach are: . ‘ ’ ' ’

(1) The wall confinemeﬁt of the plasma with 8 > 1 avoids the equilibrium and
stability problems that have plagued magnetie ,confinement schemes.  This is
potentially a tremendous advantage. ﬂ

(2) The azimuthal insulating magnetic field provides axial as well as radial
energy confinement. This leads to the possibility of short systems, that is,
less than a meter long. ' ’

(3) This same azimuthal magnetic field can cenfine axially and radially the
alpha-particles produced during thermonuclear burn, leading to greatly improved
reactor energetlcs. !

(4) The short liner implosioi time, implied by the fast 1liner velocity,
ameliorates the elastic-plastic and Athe Rayleigh-Taylor liner instabilities.
(For the Rayleigh-Taylor instability, thisfstatement is based upon a model for.
viscous damping, but there is also-experimental evidence to support -it. See Sec.

II1.E.)



(¢ 7 As opposed to a B drive field, a B, field gives increasing driving

pressure as the liner collapses and ‘gives higher eff1c1ency of energy transfer

to the limper. - '

(6) - From*l the reactor viewpoint, a high-power-dénsity, compact, and
: relatively simple system is conceivable.

Finally, it should be mentioned that idealized calcula*ions, presented in
Sec. ' III.A, which do not include plasma energy losses, indiecate that very
1nterest1ng experiments (Q approachlng 1) could be done for a 10-cm-long
liner with bank energies of a few megaJOules. ‘

’ There ére also disadvantages to the .approach:

(1j Energy losses due to line radiation and bremsstrahlung from the cold
. plasma near the walls and due to an associated convective flow of plasma ﬁoward
the walls may be severe. o

(2) The magnetic diffusion of the drive field into the liner is likely to be
a serious problem. It may be necessary to drive the liner with an external
current-carrying plasma rather than have the liner carry its own drive current.

(3) For a Be drive, with the liner carrying its own drive cuﬁrent, elther a
sliding or deformable current contact 1s required for at least part.of the liner
implosion. B S

(4) For a reactor, the required initial plasma (ni T 1x 1018 cm'3, Ti = 200
ev, Bi = 50 kG) falls into an unexplored region. At present we do not know how
to produce such a plasma.

(5) The reactor would involve a rapldly pulsed energy transfer system and an
explosive thermonuclear energy release.

The suggestion of an imploding liner approach to fusion is certainly not
new. An exhaustive history will nolL be attempted  here, but among the earlier
v paperé ‘are those of Linhar-t3 and Alikhanov et al.u It is well known that.at
present, the approach is being pursued in the USSR (e.g., fBudker,s Alikhanov'et
a1,6’7 and Rudakovz), in France (e.g., Rioux and Jablong) ahd in the USA at NRL
(e.g., Robson,9 and Turchi and Robsbn1?). The liner vélocity regime of 106 em/s
that we propose tc investigate has been considered previouslyu’6’7 but it ié not
clear that such velocities for magnetically driven liners have yet actually been
achieQed. - The present proposed program forms a natural complement to the NRL

4

LINUS progr‘ain,11 which is concerned with the 10 -‘lO5 em/s liner velocity regime.

The - two programs. involve different plasma problems and difflerent reactor



cedsiderations,'and both approaches show promise and should be exblored.

: The use of implodiné liners to heat and contain‘thermonuclearaplasmas
involves three physics pﬁqblem areas. These are (a) liner implosion, (b) initial
plasma preparation, and (¢) plasma containment in the liner during implosion and -
burn. ' These are discussed in the context of the present approach in the sections
which follow. The design of an imploding-liner fusion reactor would involve many
further problems, and preliminary con51derations of these are also discussed. '

.Section 1T contains_ the proposed LASL experimental program. This program
divides naturally into Lwo parts: the liner implosion and the plasma preparation.
A preliminary design for a cheap capaeitor bank for driving imploding liners is
discussed, and the results of some caleculations for ’circuiﬁ behavior and liner

trajectories are presented. The requirements for the 1initial plasma are
considered, assuming classical transport, and it 1is shown that <ch:: initial
econditions n, = 2x 1016 3, T, = 200 eV, B; = 20 kG would be sufficient for

'quite interesting experiments. Possible ways of producing such a plasma are
discussed, including gun inJection and two hard-core geometries. Finally, the
diagnostic requirements for 1llner Implosions and for the plasma preparation
program are considered. ‘ ,

Section IIT contalns theoretical considerations of several important topiecs.
Two models, one analytical and one numerical, are presented for the liner
dynamlcs and'plasma conditions. These models include the effects of liner
compresslbility but neglect plasma 1losses. The two models are found to be in
good agreement wlth each other. The analytical model predicts, for optimized

'conditions,
e V2 - 7.0 (B/VE, | (1-1)

where Q is the output fusion energy divided by the input liner energy, E is the
input liner energy (GJ), £ 1s the length of the system (m), and p is the density
of the 1liner (gm/em3) For a copper liner this would imply Q 1 for .a liner
input energy of only 20 MJ/m. Although the results from these models are very
encouraglng, a self-consistent calculation including plasma losses is required.
The numerical model 1s also used to indestigate the internal state of the liner.
It is found,thata(1) eompressibility effects do not cause the liner to melt, (2)
one can expect signifilcant viscosity. inhibition of Rayleigh-TaylSr instabilities,



(3) thgﬂ driving magnetic field may penetrate the liner before the liner reaches

;_‘ifs minimom radius, and (4) in a réactor the neutron flux from the burn might

vaporize - the 1liner. The predicted magnetic fileld diffusion into the liner, and
the aecompan}iﬁg melting of the liner, are of serious concern. Thicker than
optiﬁum liners may be required, or it may be necessary to drive the liner with a
plasma ‘instead of having the liner carry its own driving current.

Section III also contains discussioms of liner instabilities and of plasma
energy losses. Initial calculations show that the radial plasma losses can be
held to acceptable levels if the required plasma currents can be obtalned.
(These are about 1-2 MA for the reactor and about 1/4 MA for a good experiment.)
A pessimistic calculation for the energy loss down the axis indicates that this
loss might be significant at low input energies. The problem of bremsstrahlung
and line radiation from the cold plasma near the walls, and a possible assoclated
convective transport toward the walls, is not treated here. It is possible that'
these effecfs could cause gserious energy loss.’ Buckling and Rayleigh-Taylor
liner instabilities are not éxpected to be serious if the 1liner 1s driven hard
enough. For the elastic buckling instability this occurs because the driving
pressure exceeds the material yleld stress in a time short compared to the

instability growth time. An expression for thils latter time is given by Velikhov

et al, 12

tyuokle = (AE/C) (p/12E) /2 | | (1-2)

where E is Young’s modulus, ¢ is the material yleld stress, A is the 1liner
thickness, and ¢ is the materizl density. Typical values yileld thuckle of the
order of 10 us, which, for the liner drives being. proposed, is about a liner
implosioﬁ tiue and is long compared to the time for the yleld stress to be
~exceeded. The growth rate of. the fastest érowing Hayleigh-Taylor mode is
examined in the presence of viscous damping. An empirical model for the
:viscosity at high pressures.' is phesented, namely that the viscosity is
proportional to the preésure. Using. this model the Rayleigh-Taylor instability
of the inner liner surface is not expected to grow fast enough to be serious,
wheréas the 'inétébility of the outer surface during liner acceleration is
mérgiﬁal. In this context the magnetie field. diffusion into the 1liner is

expected to be beneficial.



Section IV containS‘preliminary considerations of the reactor that would
result from the proposed fast liner appréach to fusion. Such a reactor would
have the advantages of high-power-density and compactness and the disadvantages
of the reqﬁirements of large fast-pulsed energy release and transfer. For the
purposes of these reactor considerations, another‘ mo&el is introduced for the
combined plasma/imploding 1liner system. This modei assumes an incompresslible
liner, allows liner rotation for generality, and includes a simplified treatmeni
of axial plasma loss. For comparable cases this third model agrees fairly well
with the others. From the results  of this model a feasible but unoptimized -
reactor operating point is chosen. A description of a possible reactor concept
is presented. Basiecally thié conéept involves plunging a preformed liner into-'a
liquid - metal bath which absorbs the thermonuclear energy release. At this very
preliminary stage, of course, such a reactor concept can'only be regarded as an
’illustration of the general type of reactor that might eventually evolve. The
subjects of energy storage and transfer into the liner driving circuit and of
neutron energy deposition into the liner are also briefly considered..

‘Section V describes the proposed experimental SChedule in terms of an
orderly transition frcm the present Implosion Heating Experiment (IHX), oeglnning
when that experiment is completed. The 1level of effort would remain at the
present level of the IHX during the early exploratory phases of the program: |



SIL. PROPOSED LASL EXPERIMENTAL PROGRAM

Al . General Descriptlon

“We are proposing a three—element program (l1ner implosion, plasma prepara-
'tion, and theoret1cal support) to explore the liner 1mp1051on approach to fusion
in the 106 cm/s 11ner velocity regime. Such a program would form a natural com-
plementito the'NRL LINUS program,l1 which is concerned with the 10%-10° —cm/s
"liner veloeity regime. The present approach is based on the concept of a magnet-

1cally driven, thln, nonrotating, meta111c liner imploded at a velocity of about
l 6 em/s. The. geometry is roughly cylindrical, The liner is driven by a magnet-
iqvf;eld~1n the theta direction. The liner would either carry its own implosion
current (the "directly driven" case), or perhaps the current would pe carried by
Va’supplementary plasma just outside of the liner (the "plasma driven" case). The
initial plasma would be warm and dense (~200 eV and ~1018 em™3 ultimate goals)
" and would be protected against thermal 1osses by an embedded magnetic field 1n
‘the theta d1rection. Material end plugs would be employed.
A modest program, at first treating liner implosion and plasma preparation
. separately,'would lead later, assuming success, to liner compression of pla.ma
systems. A eheap 2;4~Mq capacitor bank would be constructed, mostly from sur-
.plus parts;‘ This bank would be used to implode small aluminum liners (e.g., 5-cm
udiameter,:o;Sfmm thick, and 10-cm long). For the initial implosions non-plasma
. loads, such as a Bz field or a compressed gas, would be employed. Liner veloci-
ties, symmetry of implosion, and efficiency of energy transfer from bank to
1iner‘are examples of quantities that would be méasured. The ultimate goals of
this portion of the experimental program would be to understand the relevant
physital.prOCesees occurring‘duringﬁthe liner implosion’and to obtain liner im-
plosion velocities of 10% cm/s.

- A parallel effort Would be directad towards the preparation of a suitable
plasma for the liner implosion. The initial goal for plasma preparation is '

n=2x 10" cn at T =200 eV with a 20-kG embedded field, whereas the ultimate

goal is n =1 x 10'8 em” 3 at 200 eV with 50-kG field. Containment and thermal
Kinsulation‘during implosion and burn appear to be adequate with wall-supported
diffuse Z—pinch plasmas. Such plasmas can be generated with coaxial gun-type
dlscharges, but some development will be requlred In a diffuse Z-pinch con-
tainmént system, end loss appears to be adequately reducible by material plugging,
either by liner implosion against plugs or by end closure by faster 1mplos1on of

the l1ner at the ends. Other: possibil1t1es for plasma preparatlon are: a) the




i .

electromagnetic shock tube approach, e.g., the early MAST experiments13 and the more
recent work at Columbia'University,14 and b) the explosion of a solid D2 thread.
The techniques and eduipment required for a magnetic liner drive are very
similar to those required for 6 pinches or Z pinches. They include large capaci-
tor banks or inductive energy storage systems with fast switching capable of
handling millions of amperes at tens of kV, The requirements for the plasma pro-
duction fall within the pulsed high-8 apprecach. Thus LASL is well equipped to
handle the liner dfive problems and also problems of initial plasma preparation
and containment. Many of the problems encountered in the diagnostics of the
liner implosion are very similar to those handled roﬁtinely at LASL, Finally we
have strong theoretical support available, intcluding numerical codes which have

been developed for other applicationms.

‘B, Liner Implosions

We plan to construct a bank to drive the liner from surplus capacitors taken
from the old Zeus bank. They are 14,7-uF, 20-kV capacitors that have 60-nH in-
ductance, and there are presently about 3000 of these available, About 800
would be used for this bank. These capacitors would be arranged with four in
series and 200 in parallel to make an §0-kV, 2.35~MJ bank. This bank would have
20 modules with 40 capacitors in each module. A schematic diagram of one such
‘module is shown in Fig. II-1. The switch could be a dielectric switch or possibly
a low-pressure switch. Group CTRTS at LASL has built and successfuliy tested di-
electric switches which were to be used in IHX aé a backup for the rail gaps.

The modules can be connected to the collector plate with cables in such a manner
as to give inductive isolation for each subgroup of four capacitors, as protec—

tion in case of individual capacitor failure. The 2-m-diameter collector plate is
shown in Fig. IT-2. The liner will bé housed inside a 1.3-m-diameter steel contain-
ment vessel. Presumably everything inside the vessel will be destroyed with each
shot and everything outside will be saved. The total weight of the vessel would be
over 3000 1lbs, and it should be capable of safely containing 6 MJ of energy.15

Z-pinch &rive is choéen for these experiments because for a given liner it
allows the use of a slower, less expensive bank to achieve the desired liner ve-
locity. Igﬂoring resistive losses, about 80% of the bank energy can be trans-
ferred to a liner with either a 6~pinch or Z-pinch drive. However, to get this
efficiency the bank must be much faster for a 6-pinch drive. With such a drive

the work must be done on the liner early in the implosion because the area of the
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liner drops later in time, causing a decrease cf the force on the liner., In the
Z-pinch case, the area decrease is more than compensated by che increase in mag-
netic field, B9 o 1/r. Alternatively, the L of the liner peaks early in time
for the 6-pinch drive, where 1 o vr, and increases monotonically in the Z-pinch
case where 1. o v/r. In order to get high transfer efficiency it is necessary
for the current to peak well before the L maximum because the rising L is needed
to transfer most of the inductive energy to the liner. Therefore, a slower and
thus less expensive bank can be used with a Z-pinch drive, because the L 1n this
case peaks later in time, Finally, O-pinch drives may introduce an azimuthal
asymmetry in the implosion because of end effects at the feed slot. The use of

Z-pinch drive however, introduces the problem of maintaining dynamic electrical

contact with the liner.

In designing the bank a thin liner model is used to calculate the dynamic
impedance of the liner., The circuit is shown in Fig. II-1, where C, R, and L
are due to the bank, transmission line, and cullector plates, and Zl is due to
the liner. When the switch is closed the liner moves under the influence of the
magnetic pressure, producing a dL/dt effect in the driving circuit. Estimating
150 1iH as the inductance per capacitor and its cable connection to the collector
plate, und assuming an insulation thickness between the collector plates of 0,2

cm, one finds L = 4.5 nH and C = 735 yF. The value of R will probably be deter-

mined primarily by the switch resistance and by the current contact to the
liner; thus it will not be known until we do the experiment. However, assuming
that R = 0.5 m@, it is possible with this 2.35-MJ bank and collector plate ar-
rangement to get 1,5 MJ into an aluminum liner of the dimensions r, = 2,5 cm,
§ = 0.8 mm,and £ = 10 cm, This corresponds to a liner velocity of 0.9 x 106
cm/s. The calculated circult behavior and liner trajectory for this case are
shown in Fig. II-3. For a smaller thinner liner, r, = 1.25 cem, § = 0.4 mm,and
2 = 10 cm, the liner enmergy would be 0.6 MJ with a corresponding velocity »f
1.2 x 10% cm/s. Velocities such as these are two or three times those reported
by Alikhanov6 for Z-pinch driven liners and are near the values given by
Knoepfel16 as the velocity limits for aluminum,

These velccity limits of Knoepfel are derived under the condition that the
dfiving current is carried by the metallic liner, with the assumption of a

planar geometry. In Section III.D the results of a calculation for magnetic

'



diffusion in a cylindrical geometiry are
presented. For the particular condi-
tions treated there, a liner velocity
of 5 x 105 cm/s was obtained. This
value is consistent with the correspond-
~ ing Knoepfel limiting velocity. Thus
there is reasor to suspect that magnetic
diffusion may limit the liner velocities
that can be obtained with the proposed
2.35-MJ bank to values below 10° cm/s.
If this turns out to be the case, it
might be possible to devise a plasma
drive for the liner, that is to have a
plasma just outside of the liner carry-
ing most of the drive current. For ex-
ample such a plasma might possibly be
created by coating the outside of the
liner with a low boiling point material
which would be ablated, ionized, and
heated during the early phases of the
implosion.

In summary, an inexpensive 2.35-MJ,
80-kV bank can be built from existing

capacitors. This bank is calculated to
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Calculated circuit and liner parameters
during an implosion of a liner onto
vacuum. The initial liner has r, = 2.5
cm, £ =10 cm, 6§ = 0.8 mm. The Series
resistance is 0.5 mQ.

be capable of driving reasonably sized aluminum liners to velocities of about

106 cm/s, but magnetic diffusion may limit the attainable velocity to a lower

value.

In the latter case a plasma drive could be attzmpted.

As was mentioned previously, the initial experiments (in this liner implo-

sion portion of the overall program) would be directed towards investigating the

liner implosion itself.

first.

liner would be investigated.

with sliding current contacts; if not, deformable contacts would be used.

rally the liner velccity would be measured.

Undoubtedly direct drive of the liner would be tried

The efficiency of transfer of bank energy into kinetic energy of the
Hopefully high efficiency (v 50%) can be achieved

Natu-

To investigate the possibility of

liner instabilities, the symmetry of the liner implosion would be studied, as
would be the symmetry of deceleration on a load such as a B, field.

12



- Liner Diagnostics

Tc accomplish the program just described, the following things need to be

determined:

‘a) the energy transfer from Bank to kinetic energy of liner

'b) the liner velocity' _

c) the energy transfer from liner to load

d) the symmetry.of the liner drive.

e) the symmetry of deceleration on a load.

Since the mass of the liner and the initial energy of the capacitor bank
can be measured accurately, the first two items are closely related. The usual
measurements of circuit parameters, such as the driving current and the collector
plate voltage, will help determine the energy,traﬁsfer from the bank to the liner.
Electrical contact probes can be used to measure the liner velocity. Flash x rays
can be used for this same measurement, and for investigating the symmetry of liner
dynamics as well, A freming camera, in conjunction with mirrors, may also be
useful for these velocity and symmetry measurements. A magnetic probe wopld be
used for measurements of the load pressure when BZ loads are employec. In short,
the standard diagnostics would be sufficient, at least at the start. The equip-

ment and expertise are available at LASL for all of these measurements.

C. Plasma Preparation

1. Requirements. In a lossless adiabatic compression T o r_q/i where T is

the plasma temperature., Assuming a radial compression ratio of 30:1 (28:1 has
been achieved17 for solid aluminum liners by the NRL group), the initial plasma
temperature must be about 100 eV if the final temperature is to be 10 keV. Ac-
cording to_the previous subsection, as much as 1.5 MJ could be transferred from
the capacitor bank to the liner. Assuming 1.0 MJ is transferred from the liner
to the plasma during the lossless compression to a temperature of 10 kev, an ini-
tial plasma energy of about 10 kJ-is required for energy balance. This ieifial
energy implies an initial plasma density of about 1 x 1018/cm3, if the 296 cm®
volume of the liner described in the previous subsection is used. Noting the
assumption of ideal lossless compression, perhaps n, .= 1zx 1018/cm3 and"

Ti = 200 eV are reasonable goals for the initial plasma. In the proposed experi-
ment the imp1051on time would be about 3 ps. Using the simplest estimate for

the radial heat 1oss from ion therma; conduction, it appears that an initial value

of about 50 kG for the embedded Be field will’ prov1de a thermal relaxation time

13



long‘compared to thevimploéion time. Ihus'fhe values n, =~ 1zx 1018/cm3,

i ~ 200 ev Bei % 50 kG are taken as ultimate goals for the initial plasma. .
Using- these values, ‘the class*cal times for electron-electron and ion~ion colli-
sions are 1 x 10-¥ s and 6 x 10 s,respectively, and the ion and electron cy-

- -1 ~-12
clotron times are mci =4 x 10 s, and Wee = 1x10 s.

v The following discussion supports the initial field wvalue of 50 kG, Since
~. the ratio ‘of unmagnetized to cross-field thermal conductlon is about 1/(w t )
and since the unmagnetized thermal conductivxty is proportional to 1/(111)}5 the
electron thermal conduction is only 10 of the ion thermal conduction, using
the aBove values for collision and cyclotron times. Also, at the beginning of
the implosion, the magnetic field does not greatly inhibit the ion thermal con-
duction. Thus one obtains a thermal relaxation time of about 6 us for the abrve
initial plasma conditions, using the Spitzer18 value for the ion thermal conduc-
tivity, and using L for the scale length for temperature gradients and nrf as
the area for thermal loss., This estimate of 6 us is long compared to the im=~
plosion time. At the end of the compression, ion cross-field thermal conduction
dominates, and a similar estimate gives a thermal relaxation time of 0.8 us,
which ie long compared to the dwell time (v 100 ns). The assumption of classical
heat loss is supported somewhat by the experiment of Feinberg and Gross, al-
though the plasma conditions are not the same.

The calculations used to obtain the above "ultimate goal" values for the
initial piasma conditions are admittedly very crude. The "optimized"” initial
conditions derived in Sec., III.A from the analytical scaling model are

= 5 x 1017/cm3 and’Ti ~ 500.eV. The estimates for thermal losses in Sec.

n
i .
III.C based on the same model imply a less stringent requirement of about 25 kG

for the initial magnetic field

The above two sets of conditions for the 1n1t1al plasma have been derived
from the viewpoint of making efficient use of the liner energy. Very interesting -
experiments, however, can be done with censiderably'relaxed conditions. Holding
the liner dimensions and the.initial temperature constant, conditions at lower
densities and magnetic fields can be found that should also be thermally insu-
lated. This can be seen by noting that the thermal relaxation time scales
roughly as B, /n times a function of the initlal temperature and radius. There-
fore, according to this method of estimating the required magnetic field, a

" plasma with the initial conditions I, = 200 eV, n, = 1x lOls/cm3, and Bi = 6 kG

14



should also be heated. However, this value of B is too small, for a B of
around 20 kG is requlred in order that at the end of compression the ion gyro-
radius be -small compared to the plasma radius. With B = 20 kG and T = 200 eV,
a valuefni =2x 1016 gives Bi ~ 1. These in1t1a1 condltlons make a nice goal
for the first liner-imploded plasma experiments. Such a plasma should allow
1nterest1ng experiments of liner-driven wall-supported plasmas, although non-

v optlmum use of the liner energy would result.

It should be emphasized that the method employed here of estimating the re-
quired insulating magnetic field is quite crude. Although reasonable agreement
is obtained with the better treatment of Sec. III.C, potentially important ef-
fects like convective flow and radiation from the cold plasma at the walls are

not “Included. .
2. Possible Methods. It was shown in the previous subsection that to take

.

good advantage of the liner energy in thevexperiments proposed above, the liner

should be imploded on a plasma having initial conditions approximately as
follows: n; = 1 x 10'°/cm®, T, = 200 eV, and B,, = 50 kG. On the other hand,

. the analytical scaling model of Sec. III.A suggests the following as ideal ini-
tial conditions: n; =5x 10} /cm3, Ty = 500 eV, and By; = 25 kG. Both of
these sets of conditions represeant plasmas rather different than thcse commonly
produced in the laboratory, especially When the required volume (= 200 cm3) and
lifetime(® 3 us) are considered. Thus an experimental program, directed towards
the eventual production of such plasmas, is required. Fortunately, interesting
liner implosion experiments can be done with initial plasmas having parameters
(e.g8., n, = 2 x 1016/cm3, Ti = 200 eV, and Bei = 20 kG) much closer to those that
can presently be obtained. To produce such a plasma in a geometry suiiable rfor
liner implosion, however, still requires an exploratory experimental program.

We are proposing such a program to complement the liner implosion effort.
Initially the emphasis would be on a flexible approach, that is on maintaining
the ability to try new ideas quickly until a particular approach proves espe-
cially promising. A small, very flexible capacitor bank facility is available
for such plasma preparation experiments. ) '

The remainder of this subsection describes several possible appranhes by

which the initial plasma might be produced
a.. Gun Injection. It may be possible ‘to prOV1de the initial plasma for

liner compression by plasma gun injection. Coax1a1 plasma gums, such as ‘those

described by Marshall and Henins20 and by Cheng and Wang,21 are presently capable
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of producing plasmas with energies and densities close to those required. At
LASL, for erample, gun plasmas having a density of 2 x 1017/cm3, a directed
energy of about 200 eV, and total energy 300 kJ have been produced. Gun plasmas
are believed to contain frozen-in Bé field, but the magnitude is unknown.

_ Gun 1njection is the main approach of the Soviet liner program. One of the
main problems with gun injection is transport of the plasma from the gun or
guns to the liner. In the Soviet approach this is being done in two ways, one

22 and the other by locating the guns

,dirgctlyradjacen; to the liner as in the experiments of Aiikhanov et 31.6 The

by transport along an axial magnetié field,

axial‘magnetic guide fie.. approach takes several forms. One is to inject pias-
mas ffpm the two ends of the system, with the two gun plasmas interacting in the
liner region to produce a stopped dense plasma. In general this ieads to a stan-
da;d_iinear 0-pinch situétibn,with particle and thermal end-loss difficulties dur-
ing compression leading to the reguirement of a long system. The tso gun plasmes

carry frozen-in B. fields in opposite directions. Thus it is difficult to see

how a two~gun appgoach can lead to a simple diffuse Z-pinch plasma of the kind de-
sired in a short system'with reasonablé hydromagnetic stability.

énother possibility with gun injection is to take the diffuser-compressor
apprcach studied by Zhitlukhin et al.,23 at the Kurchatov Institute. A gun plas-
ma injected into an axial magnetié field, which increases gradually with axial
position, can be compressed isentropically and be raised conside;ably in density
with its translational kinetic energy converted into thermal particle energy dur~
ing the compreésion. This process should also raise the frozen-in Be field and
produce the desired initial plasma .conditions, high density and reasonably large
frozen—~in Be. The Bz guide field would tend to be pushed outward by the plasma
and would form a buffer between plasma and liner, kept at low temperature by
axial héat conduction. The diffuser-compressor system would be particularly ap-

plicable to a highly ordered plasma like that produced by the deflagration gun of

. Cheng.21

It appears also to be possible to guide and compress plasma by simple con-
ducting walls. Zhitlukhin et al.,23 have demonstrated a tenfold compression
using converging copper plates, and conical compression has been demonstrated by
Dunne and Bénham24 in 1965 using a Xe plasma. Such a system would be desirable,
since it would require no axiai guide field. Whether it could be adapted to give

the desired conditions is not known. -

»
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Finally it should be pointed out that the diffuser—-compressor system might

well lead to a passive liner reactor concept.

2
Zhitlukhin et al., 3 have  observ-

ed a 60~fold 1¢asmg compression to a density of 1.5 x 1018/cm R startlng with a

Mach 5 gun placua With a flow speed of 2 x 10 cm/s-.

Presumably the compres-

sion ratio is limlted by the initial plasma temperature (10 eV in this case).

It would appear that a plasma from a Cheng deflagration gun, or a scale—up there-

of, would be capable of much greater compression, concelvably to the 10 /cm

range at thermonuclear temperatures.

3 .

A reactor based on such a liner system '

would be operationally attractive because of its simplicity.

b. Hardcore Gun Geometry.

is shown in Fig. II-4.

Another possible system for plasma production

It can be described as a diffuse wall—suppofted Z pinch.

This system and tha follow1ng explanation of its operation are suggested by the

coaxial gun experlments done in the past by John Marshall.

formed by a coaxial discharge between the liner and the hard core.

A pre-~plasma is

This drives a

B, magnetic piston away from the insulator, pushing magnetized plasma outward

against the liner.

When the discharge reaches the end of the center electrode,

the magnetic flux in the piston flows out, allowing the magnetized plasma to

PRE-PLASMA ‘ _
BANK !
{_,/ , l INSULATOR
= - ,«q" ]
;f |_—~HARD CORE
A
\
'},»LNER
\ ]
N E
X t\
VLA A T IS T I I,
5&x6&\woawvs ‘ N
Fig. II-4.

Conceptual drawing of an inverse-pinch
hard core liner implosion system.

collapse against the hard core. The
liner would then be imploded, short-
circuiting against the hard core, trap-
ping flux and plasma and compressing
them to high density. Most iikely not
all of these things will happen as vi-
suzlized so it would probably be neces-
sary to do avcertain amount of parameter
searching and diagnosis, just to prepare
a reasonable pfé—plasma. This hard-
core geometry may not be ideal, but the
system could provide a first plaéma for
liner implosions while other plasma
preparation schemes are developed.

c. Electromagnetic Shock Tube.

A possibility that has ‘the advantage of

good plasha—magﬁetic field mixing and

~ control over B is .the electromagnetic

shock tube approach similar to the early
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MAST experiments13 and the experiments of Gross et a1.14’26’27 With modest

. voltages and currents (40 kV and 10° A) one should be able to get magnetic piston
velocities of around 2 x 107 cm/s and densities of about,1017/cm3. Increasing
the voltage and current might produce plasmas approaching the desired-initial
plasmas. Plésmaé of T~ 500 eV and n ~ 10!%/cm3 have been produced by this
: n;éthod.z1 Figure II-5 shoWws a geometry that could be ﬁried; perhaps the central
conductor in the liner region could be a small wire of Li or D.

d. Exploding Solid D, Thread. Another possible source for the initial

I plasma is a deuterium thread heated to the approximate temperature with a large
current.” See Fig. II-6. The pinchk will be unstable causing a scrambling of

- field and plasma. It might be possible to adjust the external circuit so as to
give the desired plasma and field'conditions. It would require a 300-ym-diameter
thread of solid D. Threads of this size can be produced in one of the modes of

o
operation of the thermal spinner device of Jarboe and Baker.‘5

PRE-PLASMA
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PRE- PLASMA INSULATOR
BANK ! | /_
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-[_____ / L |~ SOLID
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HARD CORE — | I : “//—
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N f ’
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Fig. II-6.
Conceptual drawing of an inverse-pinch
hard-core liner implosion system
(sliding contact).

_ Fig. II-5. |
Schematic of liner and initial plasma-
" producing apparatus for the shock heat-—
ed initial plasma (deforming contact).
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3. Plasma Diagnostics. The goals of the plasma preparation experiments

have been described in terms of required values for the quantities n,, T., and ’
0, therefore we need to meagure all three of these quantities. During the ini-
tial phases of the plasma preparation experlments, it 1s desirable tc have some
relatively 31mple diagnostics to assess progress in plasma production without
the diagnostics themselves tequiring a great deal of effort. For example, dur~
ing this development phase the density:could be measured by counting fringes
in a Mach~Zehnder interferometer; a ten-fr1nge shift of 633-nm wavelength light
would be observed if the density were 3.5 x 10 /cm along 10 cm of length.
Such measurements are presently made on the IHX, although they are for area(
densities cnrresponding to less than a single fringe shift. The temperature can
be estimated by the technique of measuring the degree and rate of ionization of
impurity carbon atoms by observing carbon ion spectral lines. Alternatively,
the temperature can be measured by the double—fo1l transmlss1on soft x-ray tech-
nique. The measurement of Be may be a difficult task 1f magnetic probes prove
impractical. Measuring Faraday rotation is a pOSSlbillty, although the geometry
is not ideal because the magnetic field is azimuthal. For a 2.5-cm tangential
path near the wall, a rotation of 0.029 rad would occur if n = 2 x 10 /cm3,
BS = 20 kG, and A ='10.6 um. This amount of rotation is larger than those typi-
cally measured in IHK. For m = 2 x 1018/cm3, B =50 kG, and A = 0.633 um, the
rotation is 0.026 rad, which should also be measurable. Such Faraday rotation
measurements would probably be more straightforward than the preSent measurements
in IHX because the time scale will bz much longer and the/desired accuracy will
be less. '

These diagnosties should give a good estimate of the plasma parameters.

When we are confident that the plasma conditions are close to those desired,
T, n,s g%g-and ;;g can be measured using Thomson scattering. Accurate measure-
ments of Be are not really necessary slnce its only function is to lower %% and
%%. If the energy and particle loeses’afe to be tolerable during the = 3 us im-
plosion time, the desired conditians for the initial plasma are: %-g% and
i 32 <10%/s. R |

In contrast to separate plasma pfenaration experiments, diagnostic access

to the plasma of an iiploding liner system is expected tec be very poor. The
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plasma would be completely surrounded by metallic walls, and all diagnnstic
elements located cloée to the liner would be destroyed on each shot. Therefore,
the most promising diagnostic, assuming some degree of success, will be neutron
emission from the hot deuterium plasma.. The number of neutrons produced in the
liner-imploded plasma experimeﬂt will depend strongly'on the degree to which the
requirements of both the liner and the plasma experiments are met. There could
well be sufficient number to allow a méasurement of the ion temperature from the
broadening of the neutron velocity discfibﬁtion. Theﬁ, from the total number of

neutrons and the volume as measured by flash x rays, one can deduce n. If the

+

‘neutron yields are too small, a
plates to allow particles and radiation to escape.

small hole can be used in one of the end
In this case charged-particle

energy analyzers can be used, and spectroscopy and soft x-ray measurements can

be performed on the radiation to give further information on plasma parameters.

20



III. THEORY

A. Analytical Secaling Mcdel

An approximate analytic w.del has been constructed for the calculation of
the final plasma conditions, produced by adiabatic compression, énd the resulting
DT-burn effected by an imploding compressible liner. For the parameter regime of
interest to us, no shocks are produced in the liner material during the implosion

28

phase. The work differs from the fundamental- work of Shearer and Condit in the

following respects.

1. Cylindrical convergence of a possibly thick liner is allowed.
2. A simple Gruneisen equation of state is applied to the

liner.2? '
3. The parametric dependence of the final plasma temperature and

the gain (Q) on the initial conditions 1s emphasized. ‘
The simple 1liner equation of state used here is équivalent to a linear

variation of the bulk modulus with pressure,

B(P) = B, + B'P = pdP/dp (III-1)
where, for many metals of interest {copper, silver, go.d, aluminum),
B° = 5 (Ref. 30). The final results prove to be very insensitive to the elastic

modulus B,. The equation of state derivable from Eq. (III-1) can be uséd to
represent the compressional energy of the liner in the form shown below.
The key to the physics of the compressible liner lies in writing the liner

internal energy corresponding to Eq. (III-1) in the "symmetrlecal" form

. Bo P p-po)
W o= - I1I-

where w is the specific internal energy, and observing that for moderate material
compressions (p/po ~ 1.5, say), the pressufé term, P/B, dominates the density
term (p-py)/Pg- This gpproximation greatly facilitates the theory and proves
accurate for those implosions that are _sufficiently strong that, somewhere in

the liner, (p-py)/Py 1s not too small. ' [For' everywhere very small (P-P,)/P,, the
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two térms of Eq. (III-2) exactly cancel, and the liner behaves as an

:‘incompressible material.] lhe accuracy of Eq (III-2) is not very crucial,

'lc‘31nce only its 1ntegral over the liner cross sectlon enters the final results.

By means of . nq (III—2), system energy balance pressure balance across the
clnner liner surface, aud an approx1mate calculatlon of the pressure profile in
the l;ner,‘ it is p0331§le tc cbtain a ‘simple transcendental equation for a
supplementary Jariable €, in terms of which the energy - transfer efficiency
r;(initial- liner kinetic ‘energy, EL, 1nto flnal plasma thermal energy, pf) and
‘flnal plasma temperature can be expressed.
. The pressure profile is estimated in a maunner similar to that employed by
 Shearer -and Co'ndit,28 however, without neglecting cylindrical convergence
'effecta}' The essence of the method is to observe, from code runs, that the liner
moves rougnly as a whole, even for liners whose radius and thickness haQe become
comparaole. The fact. that each 1layer of 1liner undergoes roughly the same
acceleration implies that the force- on a layer, divided by all the liner mass
beyond that layer, is roughly independent of which layer is singled out. One can
thereby obtain a relation between the pressure profile and an integral of the
density profile. Since a further integral is performed to obtain the liner
internal energy, the results will be very"insensitive to the specifie density

enhancement profile. We have chosen the latter to be a flat profile, with p =~ Por

The equation for 0 then proves to be

2/3 '
B TR?
EELGQ —-,Ef—i‘) (1+2 023 6%3 @+1) | (III-3)

where Epl is the 1n1t1al plasma energy, Rpl is the initial plasma radius, and Apg
is the initial metal cross-sectional area. Equation (III-3) is trivial to solve
‘ numerically. Then the energy transfer efficiency, € = Epf/EL, can be expressed

as
£ = 17(1 +6) . » . o (III-4}

Thus, @ can be interpreted as the ratio of the liner internal energy to the

plasma energy, at peak compression. The final plasma temperature Ty can be

¢
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written as

5 ﬂ_Rzi 2/3
Tep =Ty P10 (1 + 3 8) 6 ]YI::_ . : (II1-5)

To calculate the system gain (fusion energy out relative to liner energy
in),'we first make a rough estimate of the bﬁrn time as the fusion energy divided
-by half the peak fusion power for a triangulaf power pulse. The energy
calculation involves a time integral of the fusion power over the liner motion.
Each point on the trajectory involves plasma conditions and liner conditions that
are expressible in terms of the final state and the fractional distance to be
traveled to reach the final radius. The "rough" estimate of the burn time made
here involves setting the temperature-dependence of LovV>pr « Tglasma: a good
approximation between 7 keV and 20 keV (see Ref. 28 and Table III-I).

TPBLE III-I.  RELATIVE VALUES OF <ov> ./To.

To(keV) = 8.0 9.0 10.0 11.0 12.0 13.0
ov>/12 = 183 196 206 213 219 222

T, (keV) = 14.0 15.0 6.0 17.0 8.0 19.0  20.0
(Uv>/T§ = 2o 225 225 ' 224 223 221 219

Then the trajectory integral can be done practically analytically. (The velocity
of the liner inner surface also enters the trajectory irtegral when convertling

the integration variable from time to plasma radius. This velocity is estimated
from conservation of energy and approximated by its values near the final state,

where most of the burn occurs.) The resulting expression for the burn time, T,

can be written as
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o abT 2 2 ' 1 . 28! .
1 ‘ﬁr-_ 2o ‘f_. , , =283 x 6(8): (III-6)
VLT Ty Vs A SRR T e ¢ D .

where £ 1s the system length and pj is the initial liner density in g/cm3. The
prefactor of 2 comes from dividing the energy by half the peak power. The
post~factor '(.285/.25) comés from a more accurate numerical evaluation <l>i“the
trajectdry integral. which is provisignally-evaluated analytically to be (u/4).

The trajectory integral, after much redpction, has the forn

o a \dS 7
] s

5

where § r’epre:;ents the fractional distance to the final radius. The post-factor,
G(9), is a complicated function of O that comes from an accurate : evaluation of
the mass-averaged root-mean-square liner velocity <u>. G(0) is always very close’
to 1.0, as ii;l.ustr’ated in Table III-II. '

TABLE III-II. VALUES OF G(g)

1/2
— 10/3 - 2€
G(e) =[7/3' - €+ (1-8)/V1+a6]

£(6) = 1/(148) and a(®) = 10 + 2596
6 = 1 2 3 y .5 6 7 8 9
G(6) = 1.010 1.025 1.041 1.054 1.065 1.075 1.084 1.091 1.098
e = | 1.0 2.0 © 3.0 4.9 5.0 6.0 7.0 8.0 9.0
g(e)_;"u__1.103 1.138  1.153  1.162 1.168 1.172  1.175 1.177  1.179
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To complete the calculation of the system gain, we write the fusion energy
.out (peak power times T/2 for a triangular power pulse) as Q times the input
liner energy, and the latter as (Epf/g). The resultiang Lawson-type expression

2an be written as

€ 12 f(ergs)
gnr T = yovopr = F(Te) (I11-7-a)

" where y is the energy yield (17.6 MeV) per D-T reaction, in ergs.

Here, according to¢ Glasstone and Lovber‘g,31 we have: taken

5.0 x 10=12 19.94 3

<Gv>pr = expl- —Fri———- em™/s (III-7-b)
T T;/3 (keV) [ Tl/3 (kev)

where the numerical coefficient of 3.68 has been changed to 5.0 to give better

agreement with the values of J. L. Tuck32 between 6 and 20 keV. Equations

(III-6) and (III-7) and the definition, € = (Epf/EL), can be folded together to

give an explicit expression for the normalized gain. It reads

y<Ov>prT
Q JB_. =5 "T‘/% eV(1-€) (EL/L) x —285 x 5(8) . (I1I-8)
1

12 T2(er‘gs)

(The appended prefactor of (1/2) comes from the fact that in a triangular power
pulse, the yield is the burn time times half the peak power). Because of the
approximate treatment of Eq. (III.2), Eg. (III-8) is only meaningful provided ¢

. N 3 3 3
is not very close to 1.0, i.e., for appreciable liner compressions.

33 of this analytic model with R. Malone’s computer code, CHAMISA,

Compérison
is displayed in Fig. III-1 and Table IIT-III. This sophisticated code is described
in Section III.B. It is seen that the transfer efficiencies, final temperatures,
and Q values are in excellent agreement. Thus, the approximate analytic model
can be used to check the code and for rapid and inexpensive exploration of the
initial parameter space, (E;, &, N= npiﬂRp*, Ts, ﬂﬁgi/ALi). Note that even in
the unpptimized case shown in the figure, break-even (Q = 1) at E; /8 = 100 Md/m
is predicted, or 10 MJ for a 10-cm-long liner. By optimization of density and
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Fig. I1I-1. Comparison of the model Fig. III-2. Relation between the
and the code, CHAMISA. . ' transfer efficiency and initial

. parameters.

temperature of the initial plasma, the gain can be doubled at E/f = 0.1 GJ/m,

next in this section. Note also that, in spite of the liner being compressible,

for N = 0.9 x 1020cm=1 and Ty = 0.22 keV. The optimization procedure is described

the energy transfer efficiencies remain quite high, € = 50 to 60%.

TABLE III-III. COMPARISON OF MODEL OPTIMIZATION WITH CODE OPTIMIZATION

Model Code

,[GVZF/pi]opt. | 2.7 . 3.4
Topt . [Hs] 1.6 : 19
(TpileVlope. 220 . 270
(Pprldynes/em?]) 1.2 x 1013 1.2 x 1013

, opt.
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Based upon +the above description and results of the model, it is now
possible to prescribe scaling laws that lead most directly to - high-Q machines.

Since Q essentially depends upon the product

%%’12 (E\Fe) ER

the best that one “ecan do, aside from increasing the liner energy, EL’ is to ’
maximize the first two factons. The € factor peaks at § = /2, € = 2/3.
According to Egs. (III-3) and (III-4), and the cofresponding solution p;otted in
Fig. III-2, we must then have an optimalAcombination of initial parameters,

P 2/3 .
Epi/g, R pi - )
EP—Z—' 1 = 0.6 . . (I11I-6
L2 0 LY} ‘ :
At ;he same time, since (<UV>DT/T%) has a broad maximum around T = 15 keV, we

then have from Eq. (I1I-5)

2 2/3
R
T (keV) [10 ——%i—;] = (15 kev)(8/9)%3 (II1-10)
or, also,
Ti(keV)(ngi/ALi)2/3 = 3.0 .  (11I-10-a)

Dividing Eq. (III-9) by Eq. (III-10) with a donversion from keV to ergs, we then
find the following optimal condition ' ‘

TE_LW = 9.0 x 1,06 ergs-1 » . (1II-11)

" where Ep/q is in ergs/em, or, also
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N[om=1] = 9.0 x 1020 (E_/g [GJ/m]), " ’ , (III-11-a)

r‘where N = npinRg is the plaama line density in cm’1 _Equation (III-11) just
Csays that for fixed final temperature and fixed efficieney, the liner energy per
"particte 1s an invariant.v Equations (III-10) and (III-11) constitute optimal

relations between the. initial parameters g “ , .
Under these oonditions, the system gain from Eq (I1I-8) will then scale

exactly as

oVer/py = 6.94 \(EL/D)[Ga/ml

‘or, also, rounding off slightly,

| [Q\Izw/p{]opt = 7.0NE/% [GJ/m] . S (I1I-12)

Other relaticns of interest under these optimal conditions are as follows.

The burn time under optimal conditions proves to be

Topt. = (0-5 Rpilem] Ajlem]A[E /% [GJ/-m])\IKDi/Zﬂ [usl , - (III-12-a)

where Ai is the initial liner thickness, and-the final plasma pressure under
optimal conditions is found to he
WL/Q

: [pr]opt = 5.0 gi= ' , _ (III-12-b)

The relations, Egs. (III-10-a), . (III-12), tIII-12—a), and (III-12-b) were

compared with a run of the code CHAMISA, for a copper liner, with (ngi/ALi) = 50
and EL/% = 0.15 GJ/m. The comparison is tabulated below. The agreement appears
to' be quite satisfactory.> Eq. (III-12) implies "break-even" with input energies
on the order of 20 MJ/m! fﬁ |

t
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Since there will probably be a practical upper limit to the initial plasma

volume density that can be achieved, Eq. (III-11) implies that

Rpi/\ﬂELﬁfj = const.' : (II1I-13)

Since there will also probably be a practical uppér limit to the initial plasma
temperature that can be achieved, Egqs. (III-10) and (III-13) imply

A;,1/(E;/2) = const. ' (I1I-1W)

But Apj = 2nRpy Ay, where A; is the initial liner tihickness. Again noting
Eq. (III-13), Eq. (III-14) becomes

Ai/\’(EL/é,) = const. ' ) . ' (III-15)

We conclude that, for given plasma initial density and initial temperature,  ‘the
scaling, Q ~ (Ele , can be achieved by simultaneously increasing the liner
initial radius and thickness aS\’(EL/E).

B. Numerical Code Capabilities

Detailed numerical calculations have been made i1n order to verify the
analytic' model discussed above and to provide information on the temporal

behavior of the syétem.
The basic features of the code, CHAMISA, which was used are summarized

below: . .
@ .~ One-dimensional cylindrical geometry (planar or spherical geometry
available also):
. Lagrangian hydrodynamics; treats liner compressibility.
e  Inviscid fluid flow; no elastic-plastic effects.
. One or two materiai temperatures (electrons and ions).
°

' Realistic material equations of state (calculated by Group T-4,
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LASL). Density and temperature based, tﬁeating solid, liquid, apd
gas phases, lonization, crystalline phase changes, and degeneracy.
Deseriptions of the methods used to calculate the equatioﬁs of
state and results , for severél materials are given in

Refs. 34,35,36.

‘e Thermal conductlon ‘(along or across a magnetic field).
° Magnetlc field diffu81on including temperature, density, and phase
change effects on the electrical resistivity. Ohmic heating of

liner treated. Altérnatively, the simple magnetic field boundary

condition options (see below) can be used if field diffusion is not

~of interest._-
° Thermonuclear burn.
) Boundary condition options fop liner dynamics:

- Constant or time-variable externél pressure.

- Adiabatic ideai gas. Can be used in conjunction with magnetic
field‘options below. Bremsstrahlung losses and thermonuclear
burn (DT plasma) monitored; no feedback to affect state of gas.

- Be magnet ic field generated by Z-pinch current in liner. Current
can be programmed in time in an arbitrary way or to describe a
driving circuit for the liner system. Fleld excluded from liner
(perfect conductor).

- B, magnetic field; constant total flux assumed. Field excluded
from liner (perfect conductor).

° Liner rotation.
The results of the calculations which have been made with this code appear

in various sections of this proposal. In particular, numerous parameter studies

of compressible 1liners driving adiabatic plasmas have been made to verify the

analytie model and scaling laws presented in Section III.A; appropriate results

. are presented there. In Section',III.C, simple scaling relations are used to

Obﬁain‘non-self—conéistent estimatss of plasma 1osst rates using the plasma
parameﬁebs obtained . from code calculations. “In Section III.D code results are

used extensively in a diScussion of the‘thermal state of the liner as determined

by aqiabatic.compressidn, shock and viscous heating, magnetic field diffusion and

bhmic heafigg} and neutron, energy deposition in the liner. Finally, in Section
IV, code éalculations are compared with an incompressible liner model used for
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cu.tain aspects of the reactor analysis.

It 1is clear from the list of code features that the numerical capability is
already available to go well beyond the prellmlnary calculations presented in
this proposal, especially in regard to .the interaction of the central plasma and
magnetic field with the liner. We propose to study the time-dependent problem,
with a spatially inhomogenecus plasma and a nonideal solid wall, which involfes
magnetic'field diffusion into the 1liner, thermal conduction to and into the
liner, and radiation from both the plasma and the ablated liner material. This
.czn also be done in the context of a liner implosion, in which the plasma energy
~gains and_losses'are calculated self-consistently.

Numefbus other codes are available within the Laboratory which complement
the capabilities of the code just described. In particular both one- and
two~dimensional codes37’38’39 exlst. which treat the elastic-plastic material
sfate which exists during the implosion phase. The two-dimensional code39 has
previcusly been used for analysis of the effects of yield strengthuo and

viscosityu1 on the development of ﬁayleigh-Taylor growth in solids.

c. State of the Plasma
l. Estimates Based on Analytical Model. 1In Sec. III1.A, an

approximate analytic model was constructed for'the elucidation of the final state
and burn of an adiabatically compressedl plasma imploded by a compressible
eylindrical liner. The notion of system optimization for a given' input energy
was introduced, and the'-scaling from one optimized system to the next with-
increasing input energy was displayed. In this subsection, we shall restrict our
attention to these optimiaed systems only, 'and shall roughly estimate their
losses due to bremsstrahlung and heat conduction, and their additional heating
due to 3.5-MeV alpha-particle redeposition. Clearly, the notien of an optimized
ideal systen, deribed'by neglecting these " losses and gains, is only sensible
provided that these effects prove to be small perturbatlons on the ldeal system

© itself.. '
For nonoptimized asystems, we can use the more general loss expressions in

conjunction with our short, fast, model code which basically involves just the
numerical solution of the transcendental equation for 8. We hereby propose to
carry out these more genéral parameter studies as part of our theoretical liner

program.
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a. Bremsstrahlung Losses. In’calcuiating these losses; we distinguish
two regions of time, the time during the implosion to the final state, and the

burn time. The fact that these regions have some overlap 1is of no great

importance to the following discussion.
" The instantaneous power density of bremsstrahlung radiation is

, 1/2 )
Pbrem = 5.35 x 10-2%4 12 T (keV) [ergs em-3s-11 . (III-16)

If we multiply by the instantanecus plasma volume and integrate over time wup tb
the final state, we get the bremsstrahlung energy lost during the implosion,
Eprem,f+ As earlier, it is useful to convert from an integral over time to one
over plasma radius, which involves dividing the integrand by a liner velocity
obtained from-global energy conservation. As before, we only require the liner

velocity near the final state. We then take the ratio of the lost bremsstrahlung
energy to the final plasma energy, and find

-2y
Ebr'em f"[27r 5.35 x 1072 N a0 .
% = \J(e )Ib (III—17)
- E5 rem >
b1 "4.8 x 1079 [2Tf(kev) L]— 2. e@)

where Py 1is the initial liner density in g/cm3, N is the plasma line density in
em=1, (E,/2) is the input energy in ergs/cm, and the functions €(6), a(G),'G(G)

are defined as follows.

e(g) = 1/(1+8)
al8) = 10 + 25 © : (II1-18)
G(B) =

[(2)(5/3-e) ] 1/2
7/3-€ + (1-8)7\]14&6»

Also, Ippenm 1s the final form of the trajectory integral,

Ippem = z 1.28 . , (11I-19)
ren /(ms) f<1+x2>873
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If' we now specialize Eq. (III-17) to an optimized system, whereing = 1/2,
Tr 215 keV, and N = [9.0 x 106 x (EpA& )1[em-1]1 with E A4 in ergs/em, then
Eq. (III-17) reduces to

Ebrem £ Jom ’ 2 E |
" = 8.4 x 10- L GJ , : -
[‘EEE‘*— 1 . T ] (IT11I-20)
opt. '

whefe Py is still in g/cm3, but how (EL/%) is .the input energy expressed in
gigagoules per meter. ‘ - :

We conclude that the input energy can become as 1arge as 100 GJ/m before the
bremsstrahlung losses during the implosion become comparable to the energy
obtained by the‘plasma from the liner.

.Next; »ﬁe suppose that' the plasma‘sits in its final state for a burn time,
and we .compare that time to a bremsstrahlung c¢ooling time. The latter is
estiMated by dividing the final plasma energy by the total bremsstrahlung power
radiated under final-state conditions. We find

Tpreng = Epr/% _ [3N Tp(ergs)] TRG
Porem’%  5.35x10-2% N2 T}/Z(keV)

o

or

1/ 2(kev)
4.8 x 10-9 f 2 : -
Tbr‘em = 5.35 X 10-274 N Terf‘ . (I1I-21)

We now divide this by the burn time estimated in Subsection III.A. The result is

Torem [P _ 4-8 x 1070 1}/3(keV) 5/3-8.‘J(EL/2) 1 |
t em  5.35 x 10723 N o i€ [-574 x G(0) x ~285]

(III-22)

where py is the initial liner density in g/cm3, and (EL/l) is the input. energy in
ergs/cm. Finally, we specialize this expression for an optimized system and find

(ITII-23)

Threm - E;] - 4.3 ,
T 2mjopt. (EL/LI[GI/m]
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; where (EL/E) is now in gigajoules per meter. We see that the input energy can be
:; as large as 10 GJ/m before the bremsstrahlung cooling. ‘time becomes as short as

bﬁz’the burn time. ' We conclude that for input energiles of less than a few GJ/m,

-bremsstrahlung losses from the body of the plasma will not be a serious concern.

b. Thermal Conduction Losses
: i. Introduction. We envision a B trapped in the plasma to provide
%hermal' insulation in the radial and axial directions. At the same time, we

suppose Bg is sufflciently small as not to 1nfluence the plasma dynamies. These

two conditions can be written; respectively, as

Wor T13 > 1
2055 Tpy > Bgy/8m

’ (III-21)

'Here, Wpj 1s the lon gyrofrequency, and 744, later sometimes called Tj, 1is an
ion-;on collision time, and all quantities are evaluated at the initial time.
[Hence Bpj means the initial Bg-.]

If we take, for simplicity,

V®ion/2Mppoton/ B /10) = 1,

‘where A is the Coulomb logarithm, these inequalifies can be written as

npilem=3] 1/2 172

(Tpi[kevi)3/2

2.7 x 10-15 < BpilGauss] < 2.8 x 10-” (n i[cm'3)] (Tpl[keV])

(III-25)

. where we have setuz'f i1 = 3% 1010\/—6 T3/2(kev)/n(em'3)

Here Bpy is a representative .value of the initial azimuthal magnetic field,
"apd Npi, and Tpi are respectively» the 1nitial plasma volume density and
temperature. The inequaiitiesrof Eq. (III-25) become more and more strongly
satisfied'f as "the adiabatie ebmpression of the plaSma proceeds. These
iinequalities have‘been'ﬁapped in Fig. IIi-3h We see that 4for; Tpi = 100 eV and
nﬁi * 3x 1017em;3, trapped fields of about 40 kgauss are required. For higher
‘Initial temperatures, the allowed range of fields becomes broader.
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Fig. III-3. Values of B, such that i) the ions are magnetized, ii) magnetic
pressure is small.

In this proposal, we do not present seif-consistent calculations of the
losses. Such complicated and detailed calculations are proposed for future work.
Here, we provisionally assume that the radial gradient length is on the order of
the instantaneous plasma radius. Thus, we mneglect the short transient time
required for the initial thin thermal boundary layer to relax to gross plasma
dimensions. One might expect the initial thermal boundary layer to be only a few
ion gyro-radii thick, and for initial densities like 1077 cm~3, temperatures like
100 eV, and magnetic fields 1like 50 kGauss, the 'relaxation time of such a
boundary 1layer is found to be only a few hundredths of a microsecond. This
transient phenomenon differs from the analogous one discussed by Jensen!t3 in that
the initial plasma here has a high density (1017 to 1078 cm=3) and 2 low
temperature (100 to 200 eV), whereas the one discussed by Ref. 43 has a density

of 1016 em=3 and kilovolt temperatures.

ii. Radial Ton Heat Conduction. The instantaneous radial ion heat

flux near the wall is approximated here by
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n . o . : -
Tp/Rp s (II1I-26)

~ kio
qion,r -~ Kl

where'Tp’is the central temperature, 'so that the total ion radial heat 1loss per

second per cm is
Ei,fn’.rl = 2 .<f°ln.Tp . . ' - (I11-27T)

Here the cross-fielo ion thermal conductlvity for Way T34 > 1 is given near the

. wall by
on L o np?Tp - 2 — T (111-28)
L Mien 3/2 T13 w2  mion Tiz(initial)el/2 ["Rg gi] 1tial
in ia

with Tii the jon-ion collision time referred to the ceﬁtral temperature, N the
line density; and both ‘are constants of the motion. Also, we have noted that
(RZp w2ci,) is a constant of the motion which we set to its initial value.
Finally, we have represented the temperature near the wall by some fraction, @,
times the central temperature..

The energy lost due to radial lon heat conductlon during the implosion to
the final state, Eion r,f» Can now be evaluated by the  same methods used for

bremsstrahlung. We find, after normalization to the finhal plasma energy,

Eidn r,f 2T ' '
el e L _ .. -
Ep,f Py = } (II1-29)

4 Tr(ergs)G(8)Ippen

™ : ’
3 (wciTii)in.éj/z(ﬂﬂzpi/ALi)(miQd“ci(in.))\J(EL/R)(ergs/cm)‘Jaue(5/3-e)

"where . Py 1is the liﬁer:initial density.in [g/cm3], énd "in." stands for Yinitial

“

value." ‘ -
Upon speciallization to an optimized system [G(®) = 1.07, © = /2, € = 2/3,
o'= 22.5, Tpe(ergs) = 1.6 « 10-9 Te(keV) = 1.6 x 109 x 15 keV] and noting that
Ibrem =1.28,'this becomes \ o
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[tion,r,f ,
Pi opt .

= 2.90 x 10-15 . (III-30)
(WeiTii)y, @1/2(WR2 /AL1) (mionwey (1n. ))V(Esz)[GJ/m]

Because T4 1s proportional to [T3/2/npi], this result can be further reduced by

means of the two optimization conditions derived earlier, namely

3/2
o = Lsten 2 x ®r9) (11131)

3/2
T 10

(keV) x ('rrR2 /A4
and
= {9.0 x 1020 x (EL/Q)[GJ/m]}c¢-1 . (I11-32)

In the further reduction of Eq. (III-30), we take my = 4500 mg, which

constitutes an average D,T mass.
If we also recall that
Rp(em)Bg(Gauss) = 2 x 105 x I (MA) (III-33)

where I, 1is the trapped axial plasma current (a constant of thé motion), then

Eq. (III-30) can finally be reduced to

[Eion,r, ] __71_ VE,/% [GJ/m] ; (III-34)

(I,[MAT)2

We coneclude that, if the instantaneous plasma radius is a relevant scale length,
' then the energy loss due to cross-field radial ion thermal conduction during the

liner implosion will not be a serious probleﬁ provided

I,IMA] > (Ep/% [GJ/m]) V4014 | ' (III-35)
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which means that I, must be at least one or two megamperes for input energiles
from .01 to 1 GJ/m, and, furthermore, this required plasma current scaling is
predicted to be rather insensitive to the input energy to the liner. These
values of plasma current are not 'inconsiStent with those allowed values of
B referred to in Pig. III-3 and in the introduction to this section. The
initlal trapped magnetic energies involved amount to only a few tenths of MJ per
meter.

Next, we consider the cooling time of this loss mechanism, during the final

state, compared to the burn time.

Dividing the final plasma energy by the radial ion heat conduction 1loss

rate, we find a cooling time,

miontii(in.)TRE, w2, (4
_ 3NTg(ergs) 5 W2 tomtid pi%i(in.)

2Tk Tr(ergs)  A4m Tr(ergs)

Tion,r (III-36)

where Ty is the central temperature, and (9T¢) again represents an outer

temperature. ‘The ratio of this time to the previously estimated burn time is

Tion,r J% = -3 (5/3-e)Vi-¢ 0 /2 myoqTys(in.) TR, wzi(in-@ ,
T ym € (574 6(8)-283) Tp(ergs) Y .

(III-37)

where Py s the liner initial density in (g/em3), and (Ep /%) is the input energy
in (ergs/cm). We specialize to an optimized system by writing 6 = 1/2, € = 2/3,

G(8) = 1.07, Tg(ergs) = 1.6 x 109 Tp(keV), with Tg(keV) = 15 keV.  Then
Eg. (III-37) becomes
Ton,r [P1 = .0078 91/2 132(1r; ) Ts44(in.) ) ‘/EL [GJ] (I11-38)
- Vaf T g (1) Tsine) = i 0] - (P11
opt. v

where the input energy is now in (GJ/m), and B {(in.) 1s the edge value of the
initial trapped magnetic fileld in ' gauss. Then, noting the dependence
Ty4(dn.) = (Tgéz/npi) and again making wuse of Eqs. (III-31), (III-32), ard
(I11-33), we find that Eq. (III-38) reduces to
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Ton,r [Pi - 1/2 2 y
[ T ‘JEF] ot 0.53 ¢ [I;(MA)] AJ(EL/Q)[GJ/m] . (I11-39)

- He again conclude that essentially condition (III-35) is required in order  that’

the radial heat-conduction cooling time exceeds the burn time.

iii. Axial Heat Conduction Diiven by Radial Gradients. Axial heat

flux driven across Bp by axlal temperature gradients should be relatively
unimportant compared to radial heat conduction driven by radial temperature
gradients, because the area at the end-plugs is generally much smaller than the
lateral surface of the 1liner. However, according to Br'aginslfc:iul,)“l2 tHere also
exists an axial heat flux driven by radial gradients, which we now discués. For
each specles, with We3Tij >> 1, this cross-effect heat flux has the form

q =58 ~ Tp | | (III-40)

where Tp and Rp are inétantaneous values ofvplasma temperature and radius, and
Wey = eBg/mygnc, with Bg being a representative azlmuthal wmagnetic tield. The
heat flux represented by Eq. (III-40) flows only along isotherms, producing
ncither cooling of the plasma nor changes in its éntropy. Also, this heat flux
is equal but oppositely directed for ions and electrons. However, it is not at
all clear what becomes of this benign situation near the end plugs, whére the
heat flux (of the jth species, say) turns the corner and flows (along isotherms)
togérds the axis with wejTj ~ 0. The reglon where the axis intersects the end
plug presents a complicated two-dimensional problem, exacerbated by the wide
range of values covered by wejTj as well aé by species coupling‘throqgh
equipartition. We propose to study this problem further. For now, nothing more
can be said as to whether the heat flux represented by Eq. (III-40) indeed
remains a benign phenomenon. : '

/

 iv. Axial Heat Conduction Near the Axis. We consider now the ~heat

conduction to the end plugs in reglons so near the axis that chTJ < -1, for

-
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P B

- | "hole,ion,f f2ﬂ = 0.46 % C (RgiAi [cm])A 1 : ..
B B LS N Iz[MA] VEL/% [GJ/m] (121-43)

‘*either'species. Thus, we exclude from the present discussion those hard-core

systems ‘mentioned eisewhere in this proposal. Such systems cannot have axial
loss of the type we now consider, but instead might suffer the usual problems of

- a"ﬁall' in a hot plasma environment. Within the context of a very pessimistic

Sver-éstimate derived later in this section, the total heat conduction out of

.,these._néar-axis "holes™ proves to be dominated by the ions, and can be obtailned,
to within a numerical coefficient C, by - just -multiplying Eq. (III-40) by the
"total area of an end-face! Thus, we write this power loss as

2 ' . 2
npT (ergs) 82 e NT

Q = C T ~ C = —_— T
hole, ion ionWoikp) P , (I11I-41)

where N is the plasma line density, and C is the numerical coefficient. Here we
havef-taken the representative"Valﬁe~ of Ee to be near the wall, as will be
justified by ﬁhe derivation that is presented later in this section. Then, we
have notéd that [Be(Rp) x Rpl 1is a constant of the motion and have used its
initial,value.’

Upon integration of this power over time up to the final state, we obtain
the energy lost to the plasma by this means during the implosion. The result,

relative to the final plasma energy, can be writteu

Enole,ion,f m_-Co Tplergs) Ay 1 G(0)Ippen . (I1II-42)
T Eap P ° 3% - . - '
Epf 1 3 e [BgRplyp. jlﬂ\}(EI_,/gz,)[er*gs/cm]\/20L6(5/3-€)

1/2

wﬁeré By is in Gauss, d is in g/ém3, and R ,' %2, and A are in"cm. Upon
0 i - fip - ALl !

; specialization to an optimized system, this becomes

3

opt.

One can also estimate the cooling time, Tpoje,jon during the final state, as

-tﬁe) final plasma; énergy divide& by the loss rateﬁgiveﬁ by Eq. (III-41). Here,
and aiSo,in'Eq: (III-43),. we pessimistically assume full thermal contact between



the entire plasma and the near-axis "pipe." One thus has

Thole,don = 3 Tp - 4 & (Fofplin (I1I-44)
N Tp

For an optimized system, this can be written

[Thole,ion]opt = {(HO/C) x 10-8 glem] I,[MA]} [see] . (II1-45)
Upon division of Eq. (III-45) by the burn time of an optimized system,
namely,
) L
— Jpl x 0.51 x Jpifalem®l 1076 oeey |
op%- VELZ [Ga/ml
one finds
- '3 —
"hole,ion [P1 =0.80 " ten-11 1,iMa1vE/L [GI/m] (III-U6)
T on opt. C  Rpibs

where 4A; 1is the initial thickness of the liner. Later in this section, we
roughly estimate that the numerical factor is C ¢ 7. However, we believe that
this value of C is probably orders of magnitude too large.

According to either Eq. (III-43) or Eq. (III-46), we then conclude that, if
Rpi ~ 49 and 45y ~ 0.1 cm, the heat loss due to this mechanism will not dominate

the input energy provided
I,[MA] > MJEL/Q [Gd/m] . (III-47)

-More generally, the condition that this near-axis heat loss be small can be

written as,

{(10 RpiA5/%) [cm]}
AJ(EL/2)[GI/m]

I,[MA] > (III-48-a)

We also recall Eq. (III-BS), s the condition that the radial heat conduction be

small,
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@1/4 (III-48-Db)
These conditions can be convenlently combined as
{(E /z)[GJ/nnHVu {(10 RpiA1/2) [em]}
L . pifi (II1-48-c)

I;[MA] > .
z q)1/4 '\[(WL T

This combined éondition reduces to Eq. (III-48-a) at low input energies, to

Eq. (III-48-b) at high input energles, and provides a reasonable transition at

intermediate input energiles. It 1s plotfed in Fig. II1I-4, with & = 1/16, and

(1O.Rp1Ai/2 [em]) as a parameter. [Recall that & is the plasma temperature near
the radial wall, divided by the central plasma temperature.] We see that the
plasma current needs to be several megamperes in order to keep the thermal losses
to aﬁ acceptably small levél, but we believe'thét the axial losses that appear to
dominate at low input energies constitute a great over-estimate. This is

discussed later.

We now present a dgrivation of the loss rate, Eq. (III-41)., Since Bg must -

vanish at r = 0, we suppdse it 1s proportional to r throughout the plasma. We
over;estimaté the heat loss in this axls region by supposing that By = O up to a
radius where @g3Ty = 1 for the ions, and weeTe = 1 for the electrons. We call
such a radius the "hcle" radius, one for each species, Phion and rpe. Within
this hole, each species is assumed to lose heat axially as if there were no

magnetic fleld. The hole radius for the jth species 1s calculated as follows,

(roi) . rgsB(RY
W,Ts: = 1 = Lo 0,3 (Ry)Ts = =2 ——B— W .(R.4)T.
cj"J By(Rp) ©3'°P7'J TR, B(Ry;) o3P
- Phi Boi (w J(Rp)T Yin. ' (III-49)
RD Rp . : ’ .

where R, 1s the instantaneous plasma radius and Rpi is the initial plasma radius.
‘Here we have made the approximation that Tj 1s 'Independent of position within the

plasma and hsve used the properties that RpBe(Rp) and Tj are constants of the

TN
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Fig. IITI-4. An estimate of axial plasma current required to keep thermal losses
below the input energy.

motion. We then find that the ratio of the electron hole-radius to the ion

hole-radius is.

Phe . of2%Me (I1I-50)
Thion Mion ,

The heat flux of the jtB species, in the absence of a magnetic field, 1is
approximated by '

Qjz = Kj" Tp/2y ' ' - (III-51)

where Rz is an axial gradient length for the temperature profile, and Tp is the
central plasma temperature. Note that, as in (i;),,the heat flux (and hence the
thermal conductivity) is calculated near the wall, whgre the temperature gradient
is well established, but not at the wall where complex interactions are

occurring.
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We now make a very pessimistlc assumption. We suppose that the unknown
axial grad;ent length, 22, is" _ggx short, on the order of the smallest
macroscoplc radial dimen31on of this model system, namely, ' ‘

Lz rpe s (111-52)
and wemfufthermorq suppose (pessimistically) that this holds. for both the
‘electrons and the ions because of équipartition. For nip, = 1018 em-3,
Tyn. = 100 eV, Bgy = 50 kG,'Rpi = 9 em, and a compression ratio of 30 to Rpr =
0.3 e, we find ry, = 3 x 10-4 em: . '
Then; the respective electron and ion power losses out of one end are given

LI

by

hion . ' (I1I-53-b)

thon = Ky Tp —hiof T,
e

'Noting Braginskii’s expr'ess:l.ons"2 for the parallel thermal conductivities, the

ratio of these two power losses is then

Qhe Kej r2he 3 Te/me 2me 3% _ 3 me
. =|3 =2 =2 Jffe | III-54
Qnion ‘Kﬂr ré;on L Ti/Mion] Mon 2 Ti 4 WM ( 54)

Thus, the ion heat loss dominates the electfon heat loss near the axis in this

model, because the cross;section of ﬁhe ion "pipe" i3 so much larger than that of

the electron "pipe" that it wins over the lérger electron thermal.conductivity.
From Eq. (III—53—b), and the expression for the 1ion thermal conductivity

near the end plug, namely

K 322_32;31 y5/2 | . ' (I11-55)

~where ‘T, and Tj are central values and (¥Tp) is the temperature near the end
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plug, one can estimate the ion power loss out of one end as

~ r
Quion = ™ Tp _%%gg Phion

With the help of Egs. (III-49), (III-50), and (III-51), this can be reduced to

.
Qnion = |y /2]y 228 (111-56)
hion 2me [RpBg(Rp)lin. © '

It is reasonable to assume a temperature drop by at least a factor 5 from the
body of the plasma to a point near the end plug, ¥ = 0.2. Then, with Mion = 4500
mg, the square bracket becomes ['--] ~0.85. If we substitute this into
Eq. (III-56), and/ double the result to allow for loss from the other end, we

finally have

2
N Tp

Qnion © % . (TII-57)

This completes the derivation of Eq. (III-41) where the numerical factor, C,
is now seen to be about 7. It should be noted that the derivation leading to
Eq. (III-57) and the further results of Eq. (III-43) and BEq. (III-46) invoked
either moderate or very pessimistic assumptions, namely:

i) Perfect thermal contact between the ion "hole" and the rest of the
plasma;

ii1) The axlal temperature-gradient length scale was set equal to the

smallest relevant radial dimension;
1ii) The temperature near the end plug was taken to be down only a
factor 5 from the central. temperature. ,
We particularly call attention to the small size of £, = rpe, earlier estimated
to be ~ 3x 10-4 em. & ﬁore relevant length for the near-axis axial heat loss
problem might be a mean free path. For the initial conditions assumed earlier in
order to estimate rpe, we find.@ee ~ 0.1 em and Aj; = 0.3 cm. Therefore, we
believe that the near-axis axial heat loss is probably several orders of
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maghifude. spaller than our estimate. In Fig. IIX-4, we have shown only the huge
over-estimate! Even - sc, we see that only a few megamperes _of plasma current
suffice to keep the losses below phe“input energy.

'¢. _ Alpha-particle Heatinz. In this section, we shall see that 1f the
initial"‘blaSmag can be properly prepared- (1017em=3 < npy < 1078en-3;
Tpi 2 100 eV), élso with sufficient axial current to mitigate thermal losses. as
discussed in the preceding secqions,lthen we should expect significant plasma
heating by alpha-particles during the bufn; We shall begin the heating estimate
by wfiting down " the expression for"the“energy loss of a test particle to a

baékground of field particles,uu
2 2
d€¢ ost =4_ ¥npie1q © field etestA F(x) A (III-58)
at _ Mred. Vtest

where mnoq, 1s the reduced mass, A is the Coulomb logarithm,

. : ' 2
m . -
F(x) = —2%  _ epf(x) - (2A]T) x e * ,
Mfield + Mgest : .

and

X = Vgest/Viieldy With Vrielqd = 4/2Tfield/Mfield

Because of their small mass field, electrons see a much bigger Coulomb
cross-section of the  test alpha-particle than do field ions. Hence; the alpha
test.péiticle will be slowed dbwn primairily because of' Coulomb 'scattering of
’electrons. When Eq._(III-58) is speclalized to an alpha test particle, and
electron field particlés, and a charéeteristic energy-loss time is defined by

< i gEal-? |
ta = lg;-ag— ) f | (III-59)

where Ey is the 3.5 MeV alpha energy, one finds

. ; 3 ' 1 C .
. MaMaV,
ta = Dellave |F(x ] . ITTo
nv A 321fe i [__}({_3)_ - ; | (III 60)
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For 2 keV ¢ Té < ©, the function, F(x)/x3, ranges frou 0.65 to 0.75. Therefore,
in .the remainder of this section, we shall replace F(x)/x3 by 0.70. Then
Eq. (III-60) gives Table III-IV.

TABLE III-IV. VALUES OF nt, SUCH THAT ALPHA PARTICLES LOSE
MOST OF THEIR ENERGY TO PLASMA ELECTRONS

Te = 2 keV nty = 2.8 x 1012 s/cem3
5 1.1 x 1013
10 - 3.2 x 1013
15 6.2 x 1013
20 9.2 x 1013

Ah alpha particle will have a chance to heat the plasma if its gyroradius is
;ess than the plasma radius. Suppose an "average" alpha is born at r = (1/2)Rp
with vi = vy = vp/A2 and vy = \2Eg/mp = 1.3 x 109 em/s. Also, suppose the plasma
axial current density is uniform. Then one can easily show that the gyro-radius,

Ry, of this "average" alpha is related to the plasma radius, Rp by

- Ia (I1I-61)

where I, 1s the total plasma current, and the characteristic current, IA, is

given by

I, =[L3..‘£&‘i_ = 1.9 MA .  (II1I-62)

A
Ho® ]mks units

Thus, if the plasma current exceeds about 2 megamperes, a large fraction of the
alpha particles that are born will not hit the wall at r = Rp. Their gyro-orbits
will ‘then 1lie in (r,z) planes and will drift axially to the end plugs with
guiding-center drifts composed of thé sum of VB and curvature drifts. These
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wdrifts are in opposite directions, and one has the following drift veloéipy
formula, in MKS units. ' '

. _qm R : ‘
vdr z % EA.;g %ﬂ -3 v2) : : (1I11-63)

Again, for an “average" aipha, we take r = (1/2)Ry, vﬁ = (ﬂ/2)v§, Yf (1/2)v2

;- and thereby obtain

Vdr = ——=

1. 1a vg. o (I11-64)
\ﬁ? Iz - .
Thus, 1f I, much exceeds 2 MA, the alpha particles will drift to the end plugs
much more slowly than their energy-velocity would indicate.

For an "average“ alpha born roughly in the center the nty, product can then

"‘-_ be written as.

.
ntge * 3 0 Vé?'=i§5 n é; - ~ (111-65)

Here, we have defined a representative alpha particle dwell time as
tgr = (1/2)2/v4p. But, the final plasma density can be written as

=po<-N N 1 '
nsngp = = N_ 4(o)8 . (III-66)
P " TRye2 ALy [ 2 /A1) Ty

in which 6 and a(8) have been defined in III-A. If our initial . parameters are
nearly optimal, as we assume, then 08 = 11.25, N[em=1] = 9.0 x 1020 Ep/% [Gd/m],
so Eq. (III-66) gives

n=c {1022 iL’f [G;/ml}_cm°3 . " (I1I-67)
tilem

Substitution of Eq. (III-67) into Eq. (III-65) provides
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EL/% [Gd/m] 2lem] I 3 '
x 22 LI -7 o~ 225 sec/cm3 . (I1I-68)
ntdr {0.7 x 10 ALi [sz] VA[CHI/S] Ia

Now, suppose in a machine with Q ~ 2, the follewing parameters.

E /% = 0.1 GJ/m
Ay = 10 em2
£~ 30 cem

I, =5Ma

Then, Eq. (III-68) yields
ntge = 4 x 1072 s/em3 . (I11-69)

Comparing with Table III-IV, we see that the above parameters are such that most
of the alpha particles that are produced ought to lose about one-tenth of their

energy to the 10-or 15-keV plasma.
To calculate the temperature increment produced by the alpha particles, we

need the burn fraction, fy,p,. This is written as follows.

fp - Total Yield . Qx (B /% [ergs/em])
urn (Yield per reaction)(Total no. of ions) (ylergs]) (N[em~1])

(II1-70)

For an optimized system, Q = TWNE/2)[GJ/m]{fo;/27, and N = {9.0 x 1020 (E;/g)
[GI/m]} em=1, and Eq. (III-70) becomes

[fburn]opt ~ 0.028 \/(EL/IL)[GJ/m] \/pi/zrr ) A (I11-71)

where, as always, Qi 1is the initial 1liner density in g/em3, Then, the

temperature increment, T,, can be found from the following equation,

-
b=
"

+ (FB)fourn - - . (11I-72)
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‘Here, (fAEA), wiphlo < fa <1, is the repfesentativé amount of energy lost by an
‘alpha particle. The fraction fa, is a function of plasma temperature defined by
£4(Tp) = ntgp/(nty) with nty given 1in Table ' III-IV. From Eq. (III-71), witn
Ep/% [GJ/m] = 0.1, we have fpypp.~ 0.01. Then from Eq. (III-72) with f4 = 0.1
and Ej = 3.5 x 103 keV, we find |

.I.;A = 1.2 keV. (EL/Q. = 0.1 GJ/HI) ‘ (III-73)

We.conciude that, with rather modest assumptions as to the input energy,
liner dimensions, and plasma current, the alpha particles will make a noticeable
contribution to the plasma temperature.

The scaling of the temperature increment, T,, with input energy is
interesting. For 'a given final plasma temperature, fj = (E_/%)/ALy, from
Eq. (III-68). From Eq. (III-T1), foupn “\EL/2. Then, Eq. (III-72) implies

Ty « (B/0)3 %/ ' (III-74)

for nearly optimal systems. If we scale up with Apy < E; /% as discussed earlier,
then ' ' ' ‘

Ty «\ELA . ‘ (III-T4-a)

fhus,.at E /% * 1 GJ/m, we would have Ty = 3.8 keV.

" These modest, but noticeable temperature increments will help to maintain
the plasma near the optimal DT reaction temperature (peak of <Gv>DT/Tgf) and will
mitigate the thermal 1losses. Also, the axial plasma currents required to keep
the alpha particles around are not inconsistent with those plasma currents needed
to keep thermal losses under control. ‘

To the extent that the initial liner cross section can be scaled up more
slowly than tﬁe input energy, the alpha heating will scale up more favorably than

is indicated by.Eq. (III-74-a).

d.  uther Minor Thermal Effecﬁé. The following mechanisms of thermal

transfer and cooling or heating were also considered in detaill and were found to
be completely negligible for the parameter regime of interest for our

contemplated liner implosions.’
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1. Axial convection of heat by the electrons due to the presence of
the plasma current. [Cold electrons enter one end and hot
electrons leave the other end.]
2. Radial heat flux caused by axial current flow in the presence of
Bg. ' [See Ref. 42]
. Work done by the thermal force. [See Ref. U42]
Ohmic Heating. [Although ohmic heating is negligible within the

W

&=

context of the final energy given to the plasma by the 1liner, it
might be a very important mechanism for attaining the 100 eV or so

required of the initial plasma.]

e. Summary and Conclusions. We have here made estimates of plasma
y2

thermal losses based on classical plasma transport theory, and an estimate of

alpha-particle heating based on Coulomb coliisions with electr'ons.ull Admittedly,
these estimates were so'primitive as to amount to 1little more *than dimensional
arguments. As part of our liner program, we hereby propése an intensive
theoretical and numerical effort, which would re-examine the losses and gains with
suitable detail and rigor. Moreover, this would entail an extensive parameter
study, not just limited to optimized systems only. Also, nonclassical transport
'(turbulence), and plasma-wall interactions7 would be seriously consildered.
Reference 7 has considered the phenomenon of radiation from a
magnetoplasma near a cold boundary. This type of calculation is very important
and has possibly serious consequences for our concept of a wall-supported plasma,
called "gas-kinetic confinement" by the Russians. We feel that this kind of work
needs to be re-done before it can be of use to us, for the following reasons:
i) The time-scales obtainable from Ref. 7 are of the same order as
our contemplated implosion and burn time scales, so thelr
assumption of a steady state is not valid for our situation.
ii) The presence of wall impurities was neglected.
iii) The bootstrap heating by alpha particles, which we feel could be
quite contributoryuin a liner reacfor systém; was neglected.
Thus, we propose, as part of oﬁf liner program, to re-think and re-do the problem
of radiation from the cold bOunqary'layer of our wall-supported plasma.
Although the primitive state of our present éalculations precludes the

attachment of literal significance tJ the detailed numerical results, these
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results pfobably are qualitatively meaningful. They suggest that:

1. Axial thermal losses near the axis of a nonhard-core system must
be guarded against, particularly at low input energles (~ .01
Gd/m); Howevér, we believe that we may have greatly over-estimated
these losses, for the several‘reasons already mentioned.

2. Radial thermal losses must be guarded against, particularly at
large input energies (~ 1 GJ/m);

3. Several megamperes of plasma current, probably less than 10 MA,
are required to keep these losses at an acceptable level;

g, Such plasma currents should be adequate to insure at 1least a
modest and possibly a very considerable amount of heating by the
alpha particles, in systems of bréak-even or better capability.

5. Bremsstrahlung from the bulk plasma 1s unimportant compared to
other losses; however, impurity radiation and cold, dense plasma
radiation at the plasma~wall ' interface could be important¥ and
needs to be studied in a seif—cdnsistent manner.

We repeat our intention to re-examine all of these guestions theoretically,
in a detaiied and self-consistent manner. We believe that cur personnel and our
computing facilitles are equal to the task.

2. Temporal Vafiation of Plasma Heating and Cooling Rates. In this

subsection we examine some of -the rates for plasma energy gain or loss from a
different point of view. Using the timé history of the plasma density and
temperature given by numerical calculations with the code CHAMISA, we display the
temporal variation of the loss rates. The calculations of the plasma state are
not self-consistent in that the plasma»densities and temperatures from the code
are based on the simple scaling reIationé for an adiabatically compressed ideal
gas. The loss rates are calculated in the sense of perturbation theury: the
losses do not feed back to influence the plasma state. The code calculations do
include the effects of liner compressibility. 1In future work it will be possible
to numerically model the plasma-liner interaction so that the plasma losses are
treated in a self-consistent way. The present discussion is intended only to
illustrate some of the basic phenomena.

The treatment is approximaté in two respects: (1) simple approximations are
used to estimate the relative magnitude of the various effects; and (2) no effort

is made here to calculate the interplay among the mechanisms.
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The following notation will be used; wunits in square brackets apply in

numerical expressions:

n = plasma ion (or electron) number density (DT plasma) [ecm~=3]
T = plasma temperature [eV]

R = plasma radius [cm] '

A = average ion atomic weight (= 2.5 for DT)

N = mR2n = line density [em=1]

Z = lonic charge (= 1 for DT)

nA = Coulomb logarithm

B = magnetic field imbedded in DT plasma [Gauss]

K = coefficient of thermal conductivity [erg/cm/s/eV]
Q = rate of energy loss or gain [erg/s/cm]

We,Wy = electron or ion gyrofrequencies [rad/s]

Te»Ty = electron or ion colllsion times [s]

Quantities with a subscript "o" refer to the initial value, while "f" refers to
the Final value at peak compression of the plasma. We deflne the radial

compression ratio

X = Ry/R . (I1I-75-a)

The basic model for the plasma is that of an ionized vy = 5/3 perfect gas. The
plasma is compressed adiabatically. Losses or gains, other than PdV work, are
not used to modify the plasma energy. Thelr magnitude 1s calculated from the
adiabatic plasma conditions; the self-consistent treatment of the various effects
will be done in more elaborate computer calculations in the future. For an

adiabatic plasma in cylindrical geometry, we have the scaling relations

n/ng

(R/R)2 = ¥° | (I1I-75-b)

T/Ty = (n/ny)2/3 = x¥/3 | - (III-75-c)

o

Note that N = mwR2n = No is independent of the compression ratic due to our
assumption that the 1liner is end-plugged. Most numerical examples will assume



‘":the initial values.T, = 100 eV, ny = 1 x 1078 em=3, Ry = 10 em, By = Byo = 30 kG,
and a compression - ratio ¥ = 103/2 required to bring the plasma to a peak
temperature (ho losses) of Tg = 10 keV. Figure III-5 illustrates the variation
in time. uear peak plasma compression of the inner liner radius, the liner kinetic
and internal energies, and the adiabatic plasma energy for a system with these
‘parameters. The" initial liner kinetic energy is 280 MJ/m. These values are not
optimal values in any sense, but ‘are used only to illustrate "typical"’ orders of
"magnitude of ‘the - various-rates and energies. ‘

We will use a single temperature description of . the DT‘ plasma. This 1is

valid if the electron-ion energy equillbration time18

= 3.18 x 108 4 T3/2/(22 n nh) s ' , (I1I-76)

is short compared to the other time scales in the problem With the specified
initial conditions, and taking18 ik = 9 :

1

independent of X (except for a weak dependence in nh). For n, = 1017 and
To = 100 eV, Tgy = 0.8 Ws.  Adiabatie compression keeps the ratic;Te/Ti fixed;
but near peak compression bremsstrahlung, ion thermal conduction, and apgarticle
energy deposition tend to cool or heat electrons or ions relative to the other
species. These processes act on a tmescale < 1 Us (see Fig.. III-6), and might
give Tg £ Ty for a short period but T, = Ty is generally a good approximation.
,The proposed full numerical calculations will allow Te £ Ty,

The fundamental energy input to the ‘plasma is just the adiabatic work done

on it by the incpming liner. The plasma energy per unit length is
= 3NkpT , . (ITI-77-2)

" which scales as Xu/3; for our usual parameters

Wy = 1. 5 X 10

P 11 x"/3ers/cm . - | (III-77-b)

Figure III.6 shows the rate of adiabatic work, —Pﬁ, as a function of time near
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peak compression:

PV = Wy = - (W3 (VR J (111-78)

where v = R is the velooity of the inner surface of the liner.
The other potential energy source for the plasma is ¢-particle heating
during the burn phase. The total thermonuclear power, éDT’ is also illustrated

in Fig. ITII-6. It is defined by ~

Qpr = R2 n? <Ov> , ' - 4 (III-79)

*
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’ where"ov3 is. defined in Eq. (III-7-b). For T < 10- keV, <ov> scales as TS,
s - 2-3, 80 that QDT scales roughly as X5. Note that the peak of Qpr is nearly
'coincident wif.h the peak 1oss rates '

The bremsstrahlung loss rate18 in the DT plasma when integrated over the

plasma cross section is
Qorem = 4-8 x 10725 B2 n2 11/2 x8/3 erg/s/en . © (I11-80-a)

Filgure III-6 shows the loss rate versus time ‘near peak compression -for a
compressible copper liner, with total energy 280 MJ/m, Ro'= 10 cm and plasma

parameters ng = 1018/cm3 and T, = 100 eV, for which
Qppep = 4-8 x 1014 x8/3 ergss/cm. (I1I-80-b)
It should be noted that the liner dynamles respond only to the plasma pressure
P= akaT = 2 kB(noTo)x10/3 ) | (III-81)

., so that in the adlabatlc approximation used here, the 1liner dynamics, the
.energies and radius curves in Fig. T1II-5, and the -PV curve in Fig. III-é are all
unchanged by variations of n, and To»whicn keep n, T, fixed. Figure 1III-6 shows
tiat ébrems is less than the compressional work rate ~PV during the implosion and
dominated by adiabatic expansion after pezk compression. Furthermore, holding
noTo constant, Qopem « no 1/2A can be decreased like T'3/2

and higher To;' The thermonuclear burn calculation also indicates that some

by going to lower n,

improvement in the burn rate, Q DT? also occurs in going to T = 200-300 eV while
decreasing n, correspondingly. This improvement occurs because <ov> for DT
reactions31 rises faster than T2 as the temperature increases, for T < 10 keV.
So the burn rate, Proportional to n2<ov> o« (nT)2[<on>/T2] is still an increasing
function of T. for given nT .

' For the conditions considered here, cross—field ion thermal conduction to
the 1liner appears to be the most serious loss. Work is in progress to make
detailed numerical calculations of the thermal conduction losses, which involves

the seif-consistent treatment of the thermal boundary layer of a wall-confined
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plasma with an embedded Bg. But for illustrative purposes we will use a simple
dimensional analysis method. We take the heat loss at the liner-plasma interface

to be

Qo = 2TR-K, VT, | (II11-82-a)
where Ki is the cross-field ion thermal conduct:].vit',yl'2
2
Ki = 2nkBT TiG(wiTi)/Mi (I11-8B2-b)
2 4 2
G(y) = (y° + 1.32)/(y" + 14.8 y° + 3.8) . . (IT1-82-c)

Mi is the ion mass, and kB {s Boltzmann’s constant. 1In the limit y >»> 1,
G(y) = y'z, which gives the usual 1/B2 scaling of Ki‘ Ky is evaluated at the
“ocentral® temperature T, rather than at some intermediate temperature &T, where
0-¢ & < 1. In the strong field limit (y > 1), Ky *9-1/2 50 taking & = 1 is no

worse than the other simplifications made here. We approximate the gradient by

-T/R, so that with the usual values of no and To and withuz

.= 2.1 x 107 242/ (n ) s, (II1I-83)
we get

Kil= 4.5 x 101 x1%3 a(y) : (III-8Y-a)

V=T, =027 X, pIiI-Bu-b)-
and

§;,, = 2.8 x 10 x"¥3 a(y) erg/s/em. ] (II1-85)

Values of dion have been plotted in Fig. III-6 for an initial By field of 30 kG.
It is assumed that this field will be produced with the initial plasma, either by
plasma gun 1injection or as the result of a Z~-current used to heat the initial

plasma (see Section II). Bg is also preferable to Bz in that it reduces axial
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thermal conduction losses to material plugs at the ends and inhibits axial
g-particle loss during the bdrn_phase; Bz does neither. If the internal plasma
current can be maintained dﬁring the final stages of the implosion, Be scales as

By -_-"Beox , o ' _ ‘ ~ (III-86)

&

wyich glves Bef = 1 MGvfor Xf = 30 and Beo = 30 kG.

Now consider the scaling of dion with the same liner dyﬁamics (noT° fixed)

but increasing To and decreasing no.' In the high field limit where G(y) = Y-z,

we have Ki = nT Ti/(@iTi)a‘Q:nT/Ti and éion o« nT2/—*ti = (nT)2 Tf3/2, the same
scaling 'as’ for bremsstrahlung losses. Going to higher_To and lower n, will
reduce dioh as T;3/2. Also, éion °=:B"2 so a larger initial field is desirable.
With By, = 60 kG and By, = 2 MG, dion would be another factor of 4 smaller; the -
liner dynamies are unchanged since even -with these filelds, the peak magnetic
pressure is less than 1% of’the plas..~ nressure. -

,'”ihe'résults obtained here are consistent with those obtained above with the
analytic model: (1) the dominant ldés mechanism is radial ion thermal conduction.
(2) Initial By flelds on the order of or greater than 30 kG will be required to
keep the radial thermal loss to a tolerable level. (3) Bremsstrahlung losses
from the bulk plasma are relatively unimportant. (%) The coincidence in time: of
the thermonuclear burn with the dominant losses iﬁplies that the deposition of a
significant fraction of the g-particle energy in the plasma {see Sectién III.C.1
above) can play an imporfant role in canceling the losses. (5) The adiabatic
work (-PV) dominates the losseé considered here until very near peak compreésion.

" The results presented above are based on highly simplified models, and more
quantitative results will be neéded, both for compapison with experiments and for
more accurate predictions of reactor feasibility. It was pbinted out in Section
III.B éhat, to a great extent, compqtér codes are presently available at LASL

which are capable of treating these problems.

D. Thermal State of the'Liner
The thermél» state of the liner during the implosion phase is of particular

importande in éonsidengtions of the Rayleigh-Taylor instability of a magnetically
driven 1liner. As shown in Section III.E, viscosity in the compressed liner

material .has a significant stabilizing ¢ihf1uence for the Raylelgh-Taylor
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instability. There 1is experimental and theoretical evidence38 that compressed
s0lids have a viscosity near 2 kilopoise, a value capable' of preventing serlous
Rayleigh-Taylor growth for the 1liner implosion conditions consi&ered'in this
propbéal. In fact, Russian exper'iments45 have found viscosities in aluﬁinum of
20 to 100 kilopoise. '

Two distinet modes of operation will be considered herc: the "ideal" case
(hereafter called A) in which the driving magnetic field does not penetrate the
liner, and the case (called B) in which the magnetic field completely penetrates
the liner. As will be shown, significant diffusion of the driving magnetic field
into the liner can be expected to occur during-the implosion phase if the applied
current is carried by the liner itself. Field penetration reduces the efficiency
with which electrical energy is conﬁerted to liner kinetic energy, but not by a
large factor. However, the chmic heating will cause all or a large portion of
the liner to melt. It i1s expected that melting will significantly reduce the
material viscosity and the associrled stabilizing‘effect of that viscosity. On
the other hand, as the L,%ield penetrates the liner, the conditions for
’ Rayleigh-Taylor growth changéﬂfin two ways which tend to reduce the growth: (%)
the driving force, grad(BZ), ‘is distributed over a slowly varying density
gradient within the 1line. an. (2) the maximum acceleration spends a relatively
short time near any particular mass element of - the 1liner as the field moves
through thé liner. The first effect reduces the local growth rate compared to
that for a sharp interface with a large density mismatch, while the second
reduces the growth time for a particular mass element.

it may be possible to approach the ideal 1limit of case A by causing the
driving ourrent to be carrled by a plasma layer adjacent to the liner.6 In this
case, the driving force remains at the plasma layer-liner density discontlnuity
during the entire acceleration time. However, because the magnetic field does
not penetrate the liner, the temperature of the liner is increzsed only a little
by adlabatlc compression. The tgmperature remains well below melting, so that
the viscosity should be large, reducing the growth of the Rayleigh-Taylor
instability. . , . '

‘The following discussion has three parts. We first consider heating
mechanisms other than ohmic heating; these deﬁermihe the liner state for case A.
Next we examine magnetib field diffusion and ohmic heating. Finally we consider
several processes which are important near peak compression; these do not
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influence the implosion phase but may affect -the dynamies of the liner-plasma
 -dnterface and the liner reexpansion. -

-y

‘1. No Magaetic Field Diffusion (Case A). The adiabatic compressional work -
done on the liner is.eonsiderable, but only a smallvfraetion of that energy goes
- into-an increase in tnelmaterial temperature. Writing the temperature, T, as a

' function of»spécific'VOlume, V=1/p,'anﬁ“entropy, S, we have

©dT = (3T/35)ydS + (BTANV .. (I1I-87)
1Forfan adiabétie.change, dS=0; then dT can be rewritten as

>@T

"

(38/3V) dV/(38/3T)

- (3P/8T)vdV/(BS/3T)V
) The specific heat at constant volume, CV’ is

Cy = T(BS/QT)V R
so the adiabatic temperature change satisfies

C,dT = - TEBP/aT)Vdv ' (ds = 0) , (III-88)

whereas the inter'na; enérgy satisfies

dU = - PQV (dS = 0) . (I11-89)
For iow - temperature solids compressed somewhat above normal density
(Ap/po > 0.1), the pressure is a weak function of temperature. If we write

C,dT = (320P/3gnT) dU  (dS = 0), (1II-90)

the 1logarithmic derivative gives"the frac@icn of the energy incréase_which goes

into increasing the tembérature. This derivative ranges from near unity at



normal conditions (room temperature, normal density po) to 10-2 at p/po=1.3 and
P=1012 dyne/em?2 (=1 Mbar), to 10-Y at p/po=3.1 and P=32 Mpbar (Ref. 46). The
remainder of dU goes into work done against the repulsive forces between atoms in
the solid lattice. The temperature increase when copper is compressed to a
density of about 11.5 gm/cm3 (p/po=1.3) at a final pressure of 1012 dyne/cm2 is

approximately

AT

+ (aznP/aznT)V(P/p)(Ap/p)/cV ' (I1I-91)

10

1072 1(10"2 dyne/en®)/11.5 gn/em31(0.3)/(5 x 1070 erg/gm/ev)

0.005eV = 60 K ,

which hardly changesthe temperature from its 1initial room -temperature value.
Numerical calculations with the code deseribed in Section III.B give an
integrated AT =0.016 eV. The essential point here 1s the presence of the
derivative (BlnP/BlnT)v in the temperature equation; were it not considered, one
would erroneously predict a temperature increase ~ 1 ev = 12 000 K, far above the
normal density melting temperature for copper of 1360 K = 0.117 eV (Ref. 47).

| Comparison of the final temperature calculated above (0.04 eV) with the
normal density melting temperature would suggest that there is little margin for
error in the crude calculation following Eq. (III-91). However, the melting
temperature is an incressing function of density. Kennedyus’u9 has shown thgt

the melting temperature of many metals follows the relation
Tm = Tpo [T+ Cp(1-po/0)1 , (111-92)

where Tmo is the melting temperature at normal density, Pos and Cm is constant
for a given metal. For aluminum, Tmo = 933 K (Ref. 47) and Cm = 5.14 (Ref. 49),

while for copper Cm = 4,00 (Ref. 50). At a compression p/po=1.3, the melting
temperature of copper 1is iIncreased. by a factor of = 1.92 to about 0.22 eV

= 2610 K. In fact, the melting temperature rises more rapidly with compression

than does the adiabatic temperature change:
dT/dTy = (B LnPARNT)y P/ (PoCyCpTmo) & 0.05 . (11I-93)

The conclusion 1s that adiabatic compression is unlikely to melt the liner.
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rFurthermore, the adiabatic temperature change is reversible, so the temperature
will drop'backlto room temperature when thetpressure is removed.

i_* Two other mechanisms which might heat the liner in case A are shock heating
‘and v1scous heating. ‘These are not reversible, although if heating occurs while
the material is compressed a subsequent expansion will 1lower the temperature
'accordingly' Shock heating does not ocecur because the liner motion tends to be
near sonic or subsonic. Also.the risetime for the applled field will be of the
rorder offseveral‘microseconds and 1s 1arger than the time for a sound wave to
move through.the iiner, A/eg where A isvthe<iiner thickness and ¢g is the sound
 speed. With 4 ¢ 0.5 cm and cs 2 5 x 105 em/s, B/eg € 1 ys. Viscous heating is
lunimportant because the iiner compression rate is small except near turnaround.
During the implosion phase div(v) < 105 s=1; with viscosity ~ 2 x 103 poise, the
viscous heating rate is < 2.x 1013 erg/cm3/s. The 'rate of change of the
~emperature is. ~ 40 eV/s, so that for a 25-us implosion the temperature rise is
only about 10-3 eV = 12 K. Even with larger viscositles the viscous heating is
not‘serious. ‘

The'conclusion for case A& is that in the absence" of magnetic field
-penetration of the liner, compressibility effects do not cause the liner to melt.

One can expect significant viscositv inhibition of Rayleigh-Taylor growth.

2. Magnetic Field Diffusion (Case B). As mentioned above, if the liner

' itself carriec the driving current, one must expect significant magnetic field
diffusion and ohmic . heating even in a good conductor like copper. This uill
cause :all or a large part of the liner to melt during the implosion phase.

However, the field penetration time is comparable.to the implosion time, so that
it 1is possible to_make either time shorter than the. other by changing the initial
liner radius or thickness ‘or the driving circuit characteristies. Work is in
progress to investigate the effects of changing the pratio of these times.

Because <the liner melts and becausepthe acceleration takes place in afnearly
uniform medium, considerations for the Rayleigh-Taylor instability are'quite
different than in case A. This topie is discussed in Section III.E. The present
discussion is concerned cnly with the phenomena of magnetic field diffusion and

ohmic heating during the implosion phase

Nonlinear magnetic field diffusion is treated in great detail by Knoepfe1 1

- The equations for field diffusion in cyiindrical geometry with a Z-current are
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dBg/dt + By(dv/ar) = (c2/4m)(3/3r)[(n/r)@/3r)(rEy)] (III-9%)

Jz = (e/¥m)(1/r)(3Ar)(rBy) , (III-95)

where Be is the magnetic field, v is the radial velocity, n is the resistivity,
and J; 1is the current density. The time derivative is the comoving derivative:
d/dt =3/0t + v(d3A r). The ohmic heating rate per unit volume is ndJd2. The
diffusion process 1is "nonlinear" because the resistivity is a strong function of
temperature: as an element of mass is heated, the resistivity increases, which in
turn increases both the local heating rate and diffusion coefficient.

In the code, CHAMISA, described in Section III.B, these equations are solved
simultanecusly with the equations for >the liner motion. The temperature and
density dependence of n used in the code are based on the empirical data given in
Tables 10.IV and 10.V of Reference 51. For copper this gives a resistivity in
the s0lid phase of phe form

N = nol 148 (T=Tg) 1(pg/0) 2T (111-96)

with ny = 1.58 x 10-18s, B = 59.7/eV, Ty = 0.0235 eV, and p, = 8.94 gm/cm3.
This 1is wused for temperatures 1less than the melting temperature given by the
Kennedy melt law discussed previously (Eq. III-92). At T = Tpoygy n has a
discontinuity, and for T > T .,i¢, N is taken to have the same form as in
Eq. (III-96) but with coefficients appropriate to the liquid phase. Figure III-7
shows a snapshot 1in time at 6.4 ys after the beginning of the implosion of a
copper liner by a constant current of 40 MA. The initial inner radius of the
liner was 10 cem and the thickness was 0.1 em. The liner has moved only 0.6 cm
but has a velocity of‘1.8 x 105 em/s. The outer part of the liner (to the right
of r = 9.48 cm) has meited while the inner part is stiil solid. This transition
is indicated by the sharp changes in the resistivity and current density. The
high reéistivity in the meltéd layer forces the current to be carried by the
solid layer. The arrow on the vertical axis labelled n, is the resistivity of
room - temperature copper. Melting occurs slightly below the normal meliting
temperature of copper, Ty, = 1360 K, because the density near the solid-liquid
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interface is slightly below normal density. The melting temperatures at relative
compressions p/Pg of 1.0 and 0.95 are indicated on the vertical axis. The

quantity II is called the current integral and 1s defined as

L
(m,t) f [J(m,t°)124E" , (II1-97)
(o}

+ where m denotes a Lagranglan mass element. The significance of ]I is as follows.

The local ohmic heating rate is
pCy(dT/dt) = nd2 . (III-98)

If we neglect the density dependence of n (take p = py) then from Eq. (III-96), n
is a known function of T and we can integrate Eq. (III-98):
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I(m,t) = ft J2dt”* = [T dT poCy(T)/N(T) . (II1-99)
o] “To
The rightmost expression depends only on the initial temperature Ty, the final
temperature T, and the properties Pos Cy(T), and n(T) of the material being
considered. The value of 1 required to raise the temperature of a solid from
room temperature (300 K) tc the normal density melting temperature is denoted by
Isy- For copper, gy = 8.9 x 108 42 s/em¥, while for aluminum, Mgy = 3.2 % 108
A2 s/em® (Ref. 51). Ilgg is also indicated on the vertical axis of Fig. III-7.

The time for the field to completely penetrate the liner, tpen’ can be estimated
roughly using Hsm’ if we assume that J = I/(ZHROAO) and take I to be constant (as

it is .in the numerical calculation considered here), then
Mgm = (I/2MR40)2 tpen -

Plugging in I = 4 x 107 a, Ro = 10 em, Ay = 0.1 cm, and the value of ligy for
copper, we get tpen = 22 Us. The numerical calculation gives tpen z 12 us.
Despite the fact that the field penetrates the liner well before the liner
reaches peak compression at 23 ps, the 1liner still attains a peak implosion
velocity of 5 x 105 em/s and produces a plasma volume compression of 103, with an
initial plasma of 1018 em=3 ion density and 100-eV .temperature. The assumption
of a constant current is somewhat optimistic, but most of the liner kinetic
energy is acquired before the entire liner becomes resistive. The conclusion is
that magnetic f{ield diffusion per se does not eliminate from consideration

configurations in which the liner itself carries the driving current.

3. Heating Near Peak Compression. Finally, we consider various mechanisms

which heat the liner near peak compression. The inner surface of the 1liner will
be heated by thermal conduction and bremsstrahlung x rays from the hot plasma and
by some fraction of the a=-particle energy reieased during the burn. The concern
for 1liner fusion schemes is that the ablated liner material will move across the
magnetic field lines "and contaminate the fuel plasma. The problem of a
wall-confined p;asma with an imbedded magnetic field is a very difficult one, and
most work to date has considered only the problem of plasma energy loss to a

cold, nonablating wall,7 witnh plasma densities considerably below those of
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interest for 1iners.19’u3’52 The work most relevant to the question of ablated
liner material contaminating the plasma are recent Russian liner experiments
which showed no impurities within the plasma. These experiments weré done with
liners having atlength of-1J cm, initiai radius of 6 em, and initial thickness of
0.1 em; the initial plasma parameters were a density of 3 x 1017 em-3 and a
temperature of 10 eV, ‘and cbqtaining‘ a magnetic field B, =104 G. Stable,
symmetric implosions giving volume compression' ratios of more than 100 were
obtained. These results are . very encouraging, not only for the gquestion of
plasma contamination, but because they indicate that magnetically driven
thin-waliled liners can be imploded stably and symmetrically.

The thermal state of the liner material during the post-implosion expansion
is largely determined by the =2nergy deposited by neutrons penetrating the liner
during the burn phaée. The vhermonuclear neutrons héve a mean free path which is
longer than the thickness of the compressed liher, but not by a large factor. As
a result, for an imploslon which produces a large neutron yield (@ > 1), one can
expect a non-negligible fraction of the neutron energy to be deposited in the
liner. We give here approximate results for the liner which has been used as an
example at other places in this proposal: a copper liner with Ry = 10 cm, Ao =
0.1 cem, Py = 8.9 gm/cm3; maximum liner kinetic energy = 280 MJ/m; and plasma
parameters ng, = 1078 cm=3 and T, = 100 eV. A peak volume compression of 103 was
reached, with iInner radius Ry = 0.31 cm, thickness Af = 0.7 cm, and an

integrated line density

br Bp = 7T o ar (I11-100)
Re
of 14.4 gm/em2. The mean density is br = 19 gm/cm3, twice normal density. The
nuclear vield, Y, is 1.23 GJ/m (assuming 17.6 MeV/reaction), and the peak neutron
production rate is &.4 x 1020 neutrons/m/us or 1.9 GJ/m/us.

Detailed neutron transport calculations including .elastic and inelastic
neutron scattering and gamma-ray transport have been made for 14.1-MeV neutrons
incident on the inner surface of aluminum and copper cylinders at normal
dehsity.53 Figure 12 1in Section IV shows the fraction of the neutron energy
deposited 1 in. cylinders of varying thickness. Because the fundamental
neutron-nucleus reaction scales  with the number density of nuelei, the

transmission through a thickness A; of material compressed to density py is
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roughiy the same as a thickness Ao = 0541/00 of normal densityﬂmaterial. At a
value of pA = 19 gm/cm, the energy absorbed in the liner is about 12% of the
incident neutron energy. If we define a characteristic value (P8)* for

transmission by
T = exp[-(pd)/(pM)*] (I11-101)

where T is the fracﬁion of incident -energy transmitted, then a fit ‘to the
calculated values of T shows that for copper, (PA)* is in fact nearly independent
of pA. At pA = 9 gm/em2, (PA)* = 160 gm/em2 wnile for PA greater than 30 gm/cm2,
(QA)* rapidly approaches an asymptotic vwalue of 113 gm/em?.  Because fele for the
liner is much smaller than the characteristic e-~folding value, the deposited
neutron energy denslity is simply proportional to 1/r in the liner. Thus the
inner edge of the liner will be heated more than the outer edge; we neglect this
variatlion 1in Che discussion below. The energy deposited in the liner causes the

temperature to reacha final value T2 given by
T
M(Up+Uy +j; CydT) =A, (0.8 Y) , (III-102)
v

where M is the mass per unit length of the liner, A, 1is the fraction of the
neutron energy deposited in the liner, and Y is the thermonuclear yield per unit
length; only 80% of the yield is in neutron energy. The heat of fusion, Up, for
copper is Up = 3.1 kecal/mole = 2.05 x 109 erg/gm, and the heat of vaporization is
U, = 72.8 keal/mole = 4.79 x 1010 erg/gm (Ref.54). The vaporization temperature
is T, = 2855 K = 0.246 eV (Ref. 54). The specific heat, Cy, is a slowly varying

function of temperature up to melting and even into the 1liquid phase,Su SO we
can simply write

Up + Uy +-CV(T2‘TV) = A, (0.8Y)/M . (III-103)
With A, = 12%, Y = 1.23 x 1074 erg/cw and M = 56 gm/cm, the right-hand side of

Eq. (III-103) equals 2.1 x 1011 erg/gm, which is significantly larger than Up +
Uy, so the liner will be heated above its vaporization temperature. Using Cy = 6
x 1010 erg/gm/eV appropriate to the vapor state,?? we get T, * 3 ev = 34 000 K;
note that T2> 10 Ty, a large margin for error. Such a liner will not rebound as
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shrapnei but as a hot gas. Tnis should significantly reduce the damage within
the reactor vessel. .
Some qualitatixe aspects of Egq. (III-103)-abe'worth pointing out. First of
all,. Y/M. = QUE /M) = ‘QV,Z/Z, where Ej, = MV, 2/2 is the liner energy per unit
; length and V;!is a characteristie velocity. A minimum condition for vaporization
¢ is. '

0.4 ApQV,2 2 Uy + Up = 5.0 x 1010 erg/g . (III-104)

<

fReactqf considerations require Q to be at least 5, so if we.take Q2 5 and Ap <

0}1;¢we find that a;'veiocity V¢ ~ 5 x. 105 em/s is sufficient to ensure

yabqrizatien:of the liner by neutron heating.

02

| . The vélue of A, depends, as discussed above, on the integrated mass . density

Ay

. at }peakj”compression ppbp. A simple soaling argument shows that ppAp must be 2
10 gm/cm2 for "interesting" liner implosions Az shown in Section III.A, the

, . optimal Q satisfies theprelation (Eq.: III-12)

4

]V2 (III-105)

Qopt = 7-0 [ELpi/2ﬂ s
where',the liner energy per unit length, E;, is in GJ/m and the initial Iiner
denSity, P15 is in gm/cm3, (Note change of notation: the energy per unit length,

denoted by EL/Q in Sections III.A and III.C, is denoted simply by Ej here.)

4

Writing E as MV*2/2, and using cgs units
- 3.5 x 10-T [ogm/m1 2y, | S (III-106)

with M'in gm/cm and V. in em/s. At peak compression of a strongly imploded '
liner, the. inner liner radius is small .compared to the thickness, so M = pfﬂA%.
Also, many numerical calculations have shown that pp/p; ~ 2-3 is typical in a

strong implosion. Taking pPr/Py = 3, ve get

' ephpzq 5x 100 em/s  gpop2 | | (11I-107)

; . *

“With Q 2 2'and Vv, <106 em/s, Pelp 2 10 gm/cn?. This, in turn, ensurés that the
fraction of neutron energy absorbed, A;, is > 10%.
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In conclusion, the implosion of a fast, thin liner to conditions giving a
thermonuclear yleld ratio Q > 1 will produce a neutron flux sufficiently intense
that the neutron energy deposited in the compressed and thickened (dué to
eylindrical convergence) liner will raise the temperatdre of the liner above the
* vaporization temperature. The detailed calculation above gave a liner
temperature, Ty, more than ten times  the vaporization temperature; while the
scaling arguments which followed indicated the general applicability of the

parameters used in the detailed calculation.
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~E.f- Liner Inqtabllitleq )
+ The high drlving B field we contemplate will very quiokly dr;ve the outer

layers of the liner beyond the yield point of the metal and into the range of
plastic behav1or. For ‘a directly driven liner (i.e.,..a liner carrying its own
driving current), fhe cur}ent carried - in the liner will wmelt the outer layers
through ohmic hegting."'Thus>at“some intermediate stage there will be an.cuter
layer of melted metal, beneath this will be a layer of normal material, and
finally,’ the innermost  layer will have yielded. At this stage the
Rayle;gh Taylor instability can develop in the outer layers and the inside 1ayer
-may be prone to buckling. Later on, even the innermost lavers beoomo plastic.
When the liner éollapsé is flnally stopped by the compressed plasma,
Rayleighhfaylor instabilities can develop on the inner surface. In this section
we examine Ehese.instabilities and conclude that they will probably do no serious
harm. )

A udique-feature of our proposed drive with a By field is the stiffening
effect which this field has. For example, the driving field will strongly
stabilize fliute modes, solthaﬁ the only possible Raylelsh-Taylor modes will be of
"the sausage type. Thus these modes can be studied by side-on X-ray flash
photbgraphy. If such instabilities are not observed, then we can safely ignore
this problen. If they are observed, we cdulduin principle measure wavelengths
and growth rates; these should lead to neﬁi experimental measurements of the

viscosity of the metal® of metals used.

1. The Bueklir. . Instability. In an earlier section of this report (Sec.

. I) a. formula was siven for the growth-rate of the buckling instability in the

f‘orm12

tbuokle = (Ev/o) (p/12E) V2. ' (II1I-108)

‘_In this e;pression E is Xoupg's modulus and © is the yield stress for the.
material id'question,.p'is its deﬁsity,and A. is the liner thickness. In deducing
this fbrmula, one,suppoées that the liner is drivén by a perturbatibn to the
pOint df plaétio yiéld of the inner surface in a negligible time. Thereafter the
‘load whloh produoeq buckling is equal to the yield streqs, and Young s modulus of

‘the unyieldlng‘ remainder of the’ qhell qupplles the restoring force. The growth
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rate of any perturbation depends on the mode number m; Eq. (III-108) 1is the
reciprocal growth rate for the fastest growing mode. ‘

In our case we are loading the liner quickly, therefore the correct value
for o should be the dynamic yield stress, not the static. Dynamic yield
strengthsss’uo.for metals ¢i Interest to us range from about 3.5 kbar for
aluminum to 10 kbar for steel. We have supposed that the first figure also
applies to copper and have prepared the following table of ‘buckling times,
calculated under the assumption that A = 0.1 em and ¢ = P(normal). Static yield
strengths of .metals tend to be three to four times less than those given,in Refs.
55 and 40 and their use would have given correspondingly longer buckling times.
The yield strengths quoted in Refs. 55 and 40 are, if anything, too high, so our

buckling times are probably pessimistic.

TABLE III-V
BUCKLING TIMES OF SEVERAL METALS TOGETHER WITH THE
PARAMETER VALUES ASSUMED. ALL ASSUME A = 0.1 CM

Metal E (kbar) o_(kbar) o (g/cm3) tbuckie(us)
Aluminum 700 3.5 2.699 1.3
Copper 1000 3.5 8.89 24.6
Steel 2000 10.0 7.8 11.4

According to Table III-V, the e-folding time of the buckling instability is
about the same as the collapse time, so the instability would only e-fold once or
twice. The actual situation is probably better than this, however, because as
the shell collapses, the thickness A increases with time, approximately linearly
over the major part of the collapse. Thus if the initial A were 0.1 cm, the
effective value (i.e., the time average over the 1nitial acceleration period)
would be more like 0.2 ¢m, doubling the growth times given in Table III-V. ' One
should also point out thaﬁ the dynamic yield strengtps used' in " Table 1III-V are
probably upper limits rather than accurate numbers, although Ref's. 40 and 55 seem
to agree reasonably well.

From - the above considerations we would expect the buckling instability to
grow at most two or three generations, provided the liner is driven hard enough.
This expectation is in full agreement with the experience of Fowler ahd

eo-workers.56’57’58 They employed explosively driven liners to compress an axial
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magnetic field. Their published data show implosions free of buckling; Fowler
\.nas,however,stated-in a private communication that .buckling was  observed on
" occasions when the liner was suffioiently gently driven.: The drive velocities in
the published experiments were of the order of magnitude of those we contemplate,
~ but. numerically somewhat smaller than what we hope to achieve. Allkhanov et al6
also report symmetrie implosions. for. negnetieally driven metallice 1liners. It

would appear that buckling will probably nct develop if our implosions go more or

less es-expected.

2. Rayleigh-Taylor Iggtggi;itx.‘ As we have seen, ohmic heating is very
likely to meltvthe outer layers of the liner for the case’ where the liner is
driven directlyu This has two consequences unfevorable to the implosion, namely,
energy dissipation through irreversible heating, and ultimate loss of driving
owing: to the field fully penetrating the‘shell. From the limited point of view
of the Rayleigh-Taylor instability,‘ however, the consequences of field
penetration are favorable, as we shall now explain. ‘

The electrilcal resistance of metals rises as the temperature rises. When
the melting point 1s reached, the resistivity commonly undergoes an upward jump
by a significant factor. Thus the magnetic’field penetrates the metal liner more
or less as a radiation front advances into cold material. The front encounters
cold material nhieh is relatively opaque (low resistance). Behind the front is
Jthe heated, relatively transparent (high-resistance) material. 1In the magnetic
case, there is, furthermore, behind the front, a melted _zone in which the
transparency (i.e., the eleetrieal resistivity) is even greater. To maintain the
flow of the magnetic field, the gradient. must be large in the cold (low-
resistance) region, smaller in the heated region, and quite small indeed in the
liquid region. This means that most of the current flow and hence the JxB
‘driving foree, is developed in' the unmelted region: Thus, once melting starts,
the principal driving force is developed .in the neighborhood of the liquid-solid
'boundary. As the density gradient here is wvery small, the Rayleigh-Taylor growth
,rate will be very small also. Furthermore, because this current-carrying layer
advanoes through the 1liner the growth time at any partioular layer is severely
1limited. .- . '

‘ We consider now the problems of Reyleigh-Taylorfinstabilities at the outer
fand inner surfaces, respectively, during the acceleration and during the bounce
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periods. Theoretical considerations suggest, and experimental evidence seems to
support the idea that at high pressure both liquids and solids stressed beyond
yield exhibit rather high viscosities. This is discussed in more detail beléw in
subsection Y4, where it is suggeéted that the viscosity may depend on pressure

roughly as

n = €p . (I11-109)

n being in poise, p'is in bars, and € = 0.06. If this be true, then viscosity
will quasi-stabilize the liner implosion very nicely; that is, it will not truly
stabilize it, but will reduce the maximum growth rate to a point where the
instability will not manifest itself in the short time available.

To see how this comes about we refer Chandrasekhar’s monumental treatise;59
the relevant formulas are given on page 447, Table XLVI. The formulas for kM’
the wave number of maximum growth rate, and vM’ the maximum growth rate are given

as

~
1]

a(ple/mey1/3, (I1I-110)

and

v, = b(pgZm) V3, (III-111)

M

where p is in g/cm3, g is in em/sz, and n is the viscosity in poise. The
constants a and b depend in a complicated fashion on the ratio (92-p1)/(p2+p1),
and are tabulated as functions of this parameter. Medium 1 (density p1) is
driving medium -2 (density p2) and Py > Pqe It is assumed in Chandrasekhar s
calculation that n,l/p1 = n2/02, therefore the p“s and n's on the right-hand sides
of Eqs. (III-110) and (III-111) above need no subscripts. The pressure p, in
bars, driving the liner is

-6 Lrg, | 4 (1I1-112)

‘where A is the effective liner thickness. Let t.denote the total acceleration

period and s denote the distance over which the acceleration takes place. Then
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. the ihstability growth in generations can be writ' en as

¥

wr = 100 b (4s/0er)V3. (I1I-113)
if ﬁq'éccept Eq. (III-109) for the viscosity. Here v denotes the peak velocity
to which the 1iner‘ is aqcelerated, or from which it is decelerated. Consider

first the instability af the outer surface during the acceleration. Iif the

ﬁ driving“ ﬁediumr_is a nondiffusing magnztic fieid or a plasma drive, pq = 0 and b
has»its*méximUm value b = 0.46. Setting € = 0.06, s = 2.5 cm, V = 106 em/s, and
Az 0.1 cm;’one finds v,c = 7.4. | _

For a plasma-driven liner this figure is merginal since exp(vMT) = 1600. On
one hand' for a directly driven liner it is too pessimistic, for the layer where
the prinéipal.drive is applied becomes buried in the metal [due to field
diffﬁsion] where the density discontinuity at the liquid-solid interface is
small. A density jump of 10%, for example, reduces the value of b *to 0.061.

-This has a very strong effect ion the value of VT On the other hand, the-
reduction of the viscosity by the heating caused by the magnetic diffusion may be
important. Egquation (III-109), with € = 0.06, was obtained by fitting shock data
in aluminum, and the shock pressures and irreversible heating were not enough to
melt thé metal. Some of the datal15 indicate that at melting temperature, € might
well drop by a factor of about 10, which would raise er by a facgor 2.2.
Presumably the first of these two effects can dominate the latter; for the work
of Alikhanov et alﬁ furnishes experimental eVidencé that direet drive ~ can indeed
be quasistéble.' Furthermore the estimate A = 0.1 cm is pessimistic. For as the
liner collapses, A increases. A more reasonabie estimate might be té set

Berrective = 2 Binitial, which buys a factor-of 1.3. Finally, from Eq. (III-113)

it is apparent that the instability can be ameliorated by making s shorter, v
larger, - or A thicker. This suggests using a more energetic and more impulsive
drive. ' ' »7

The fact that our. figures are marginal is not in itself a good reason to
rule out this approach. They are based on viscosities which are not very well
known and are more likely to be tbo low than too high, fd? all the experiments
measured viscosity versus pfessure in ‘shocked materials{ On the average,- shocked
material will be at reduced density and an elevated temperature, as compared with

 adiabatically compressed material at the same pressure, and both these effects
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reduce the viscosity. Finally we should mention that there are experimental data
which indicate that Rayleigh-Taylor instabilities may not cause trouble. We
quote the experiments of Fowler et a1.57’58 Their 1liners were impleded at
velocities close to what we contemplate. They were driven by explosives; thus
the 1liner materiai was shocked and, according to our above argument, should be
less stable than our adiabatic drive. ' .

The Rayleigh-Taylor instability of the inner liner surface can be treated in
a similar manner, if our model of the viscosity is not too far off at the high
pressures involved. The effective thickness, A in Eq. (III-113) stands for
Ap/2mRp,where A, 1s the metallic cross-sectional area and Rp 1s the plasma
radius. Since A hardly changes from its initial value, due to the very mcderate
changes in liner density then for a compression ratio of ~. 20, A increases
roﬁghly by 20 from its initial value. Conservatively, we take A ~ 10 Ay. Also,
the code CHAMISA indicates that the deceleration occurs over a distance, s,
comparable to the final racdius. Thus, taking s=(2.5 cm)/20=0.125 cm, (vMT) of
Eq. (III-113) becomes

VMT = 0.47 >f‘or e = .06
1.00 .006
2.16 .0006

It therefore appears that the Rayleigh-Taylor instability on the 1nside surface
is not necessarily detrimental. For a reactor with s=(10 om)/30=0.33 cm,_vﬂr is
larger by a factor of 1.8. The viscosity coefficient, € , of course is stil% not
known.

Thus the Rayleigh-Taylor instability of the inner liner surface may not be a
serious problem. 1In oloéing this discussion we refer again to the experiments of
Alikhanov and of Fowler. In the former work no incursion of impurities into the
plasma load was obsaerved. In the experiments of Fowler et al,, the lrnad was a
magnetic field (no plasma), but the high compression, indicated by the high
magnetic fields that were reached, implies that instability at the inner surface
did not spoil the implosion. In fact the field measurements show "a decreazing
magnetic fileld for about 2 us after peak compression before the signal ended by
probe destruction. Thus the probe survived through the peak compression, which

would have been unlikely if there had been a serious growth of instabilities on
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the inner surface.

3. Other Effects. Irregularitiéq of liner thickness from point to point
willi amplify upon collapse even without any instabillty whatsoever. This is

purely the result of convergent hydrodynamic flow which causes the liner to
thicken ag it collapses. This phenomenon simply establishes a relationship
between the compression desired and the necessary liner toierances. The greater
the com?ressién,;the more nearly uniform must be the liner. '

, Implosidns can also be spoiled by jefting ofllihér material and by spalling
of the inner surface. The great uniformity of magnetic pressure over the liner
R surface, in contrast with .what can occur wlith an explosive drive, w111 preclude
Jjetting provided the liner is seamless. Spalling is the result of reflection of
a'shock wave by a free surface. As our drive is shockless, spalling of the inner
surface cannof be a problem at any time during the compression phase. On the
rebound, tension will probably occur in the metal and, if sufficiently severe,

may break up the liner, but we are prepared to live with this.

4, Note on Viscosity. Viscosity of metals at high pressures is a field

about which our knowledge 1s quite meager. At present there are no equation-of-
state calculations of‘ which the authors. are aware'wﬁich make any attempt fo
compute viscosity, in the liquid or in the plastic state. It is possible to
make a relaéively crude theory, which does contaln sensible physics, but from
which it 1s very hard to extract reliable numbers. It predicts viscosity to be a
linear function ¢f the \pressupe, but with a complicated dependence on the
temperature.

Experimentally the case is not hopeléss, but it is far from satisfactory.
Mineev and Savinovus have measured the viscosity of aluminum, lead, and sodium
chloride by perturbing ‘a stable shock wave and observing the decay of the
perturbations.  Swanson and Mader38 have made one-dimensional shock oaloulations
with a code which includes elastic-plastic transitions, strain-hardening and
st}ain-rate effects in aluminum. By adjusting parameters of the ecalculation to
fit expérimental shiock wave data ﬁhey deduce a value for the viscosity. All in
all, 12 shots are ‘matched. Whit,e‘50 has found that he can fit“the Rayleigh-Taylor

ll"D by a purely hydrodynamical calculation using a

growth rate data of Barnes et a
61

semitheoretieal value of 1.4 kP, And finally, Perry and Mix have’ deduced a
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viscosity from an observed instability in a shocked aluminum plate. In this last

experiment, the reflection of the shock from the back of the plate accelerates
the surface outward. Subsequently, on rebound, the back surface accelerates
inward. During this inward acceleration an instability develops which 1s
interpreted as Rayleigh-Taylor. From its wavelength n = 1.7 kP 1s deduced.

In Fig. III-8 we have plotted all of the above results for aluminum as best
Wwe could, and have drawn in the straight line fit

n= 0.06 p, (III-114) -

n in poise and p in bars. This extrapolates to 6 c¢cP at one bar which i1s quite

reasonable for a liquid metal (mercury, for example, is 2 c¢P). The surprising

agreement of this extrapolation necessitates a few words of caution. The data of
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Fig. III-8.
Viscosity of aluminum as a function of pressure. In most cases
the pressure was produced by an explosive driven shock wave.
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Mineev and Savinov include shocks of températures ranging from 630 to 3500 K, and -

viscosity 1is known to depend"on- temperature. Swanson and Mader give shock
pbessuré for each shot but no temperature. They find that over the range 25 to
90 kbar the value . = 2 kP fits better than do 1 or 3 kP. We have therefore
plotﬁed their results as a rectangle covering thig range. Furthermore, the

quality -of their calculated fits to data depends on other parameters in addition
to the viscosity. The data of Barnes et al. gives only peak driving pressure,
thus the actual pressure during the Rayleigh-Taylor growth is only approximately
known,'and the temperature is not given. Finally Perry and Mix state only the
shock pressure whereas the  instability actually develops in the rarefaction
foilowing shock reflection, so the materlal is actually under tension. We have
plotted their point at a pressure corresponding to their shock pressure; this
questionable choice has been compensated by completely ignoring their point in
fitting the straight line, Eg. (I1II-114). The data we have plotted are all for
aluminum. Mineev and Savinovu5 also glve simllar data for lead with viscosities
‘very similar to those of aluminum; they conclude that the viscosity is not a
sensitive function of the metal.

It is clear from the above discussion that Eq. (III-114) 1s not an
established natural law. On the other hand, there 1s reason to hope that
Eq. (III-114) 1is order of magnitude correct for temperatures which are not too

high.
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IV. PRELIMINARY POWER REACTOR CON3IDERATIONS FOR INERTIALLY CONFINED PLASMA
SCHEMES BASED UPON IMPLODING LINERS

4, Introduction

In an imploding-liner fusion reactor the very dense plasma is heated and
confined inertially by the imploding liner. A continuous spectrum of operating
modes can be envisaged, varying from the -~ 105-m/s implosions associated with

pellet fusion to the ~ 10?-m/s slow compressions proposed by the NRL group.62

Very simple scaling lawsg’28 show that the ratic Q of thermonuciear yield to
initial 1liner energy  increases nonlinearly with both invested liner energy and
the inverse of the liner aspect ratio (ratio of initial inner radius to initial
thickness). Since low aspect ratio (i.e., massive) liners are typically slow,
this very simple scaling points to the desirability of slow implosions, as in the
NﬁL approach. Consideration of the shortcomings of this very simple scaling,
however, points to problems for the slow liner approach. For instance, the
constraints of particle/energy end loss (cylindricval geometries are being
considered), liner compressibility, and/or hydrodynamic (Rayleigh-Taylor)
stability of the 4inner 1liner surface gencrate optimum Q-values at higher and
higher liner aspect ratios (thinner and faster liners). The penalty incurred for
the nonideal behavior of both liner and plasma is the increase in liner kinetic
energy required to achieve a given system Q. The following sections give a
preliminary analytic rationale for considering intermediate~to-=fast (i.e., high
aspect ratio) imploding-liner fusion systems.

The preliminary nature of these "reactor" studies cannot be overemphasized.
The absence of in-depth systems studies and experimental results makes
comprehensive and self-consistent evaluation of the reactor poteﬁtia163 in terms
of "reactor desirability" (e.g., reactor size, duty cycle, cycle time, stored and
recirculating energy, plant factor, planned outages, siting/environmental
problems, and development costé), "oconfidence in physics assumptions® (e.g.,
equilibrium/stability, particle/heat transport, heating, impurity’effects, and
refueling) and "reactor technologies" (e.g., first-wall/blanket/shielding, energy
storage/transfer, fueling and dimpurity control, vacuum, system control, and
energy éopversion/recovery) illgadvised at this time. Nevertheless, the>materia1
oonfained herein gives a preliminary indication of the reactbr advantagés and
disadvantages portended by a faét_%iper inertially cgnfined' reactor (FLICR).

’
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I

" Specifically, the FLICR® approach ‘'heats . and confines the plasma on its own
timescélq, théreby ob#iating or é;lev{ating, ma jor prdblems’ associated with
élow-pulsed’ .or quaSi-steady-stéte éonfinement schemes. The major penalty
iﬁeupred is’ the requirement of large Pfast-pulsed' energy release and transfer.
Givén ah acceptable physies opérating point for FLICR, the technélogical task is
clear: how to efficientiy, economieaily, and répeatedly transfer‘large'amounts of
energy to a destructible liner/eleetrioalllead system while simultaneously
uinimizing damage to the more expeﬁsive, permanent structure surrounding the
..implosion/exblosion region. A very preliminary and sketchy scenario is given
which addresses this'problem. '

The desire and heed for compact high-overall--power~density (> 10 MW/m3)
fusion systems will require very fast burns simply because of the nature of the
'plasma ‘'medium. The attributes of compactness and a virtual decoupling of system
effieiency_from significant size scaling, should also result in considerably
reduced development -costs for a FLICR device. The aforementioned problems and
unknowns associated primarily with "reactor t;chnologies" are acknowledged but
are not significantly understood at present.- "Confidencé in physics assumptions®
is also poorly resolved (few relevant experiments have be~n made), although the
potential advantages portended by the FLICR approach may be truly significant.
The "reactor desirabilify“ of FLICR should be high from the viewpoint of size
(costs, degree of modularity, maintainability, etet§; power density, and

first-wall considerations.’

&

¥ <

B. Dvnamic, Incompreséible Liner Model
The results of preliminary studies of'frotationally stabilized imploding

liner fusion systems are discussed.’ An idealized model of an incompressible
cylindrical liner is developed, based on eariier work Dby Turchi,éu Shear'er',65
ahd Robson.9 ‘An energy principle ja -’ ﬁse&dto determine the liner and
thermonuciear burn dynamics in the presencetof axial, particle 1loss. A aimple
energy balance is used to relate liner characteristios to the required liner
efficiency (i.e., reversibility) for a given recirculating power fraction.

Aside from the assumption of incompressibility, this model is intended to be
more general than would be "required for the experimental approach of this
proposal or for the reactor concept that follows (Sec. IV. C). In this spirit,

the effects of the energy balance of a rotating liquid liner are included in this
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model. By considering the nonrotating case within the model, the results apply

equally well for a solid nonrotating liner.

1. Calculational Model. Referring to Fig. IV-1, a unit 1length % of

cylindrical liner is described by inner and outér radii rq and r,, respectively,
at time t after the implosion has commenced. Subscript "o refers to the initial

(t = 0) condition, and subscript nfn designates conditions at maximum
compression. The plasma radius is rns and for all cases considered here the
plasma is assumed to be wall-confined (r'p = rq). Axial particle 1loss is

described by a simple sonic flow model. An energy principle based upon the
initial and final states of the liner-plasma system is used to derive the liner
dynamical equation. The 1liner material 1s assumed to be an incompressible
liquid, and the plasma is assumed to behave as an ideal gas. A11 energies
(Fig. IV-1) are expressed per unit 1liner 1length, and, except for the plasma

temperature T(keV), mks units are used.

VOLUME COMPRESSION RATIO & = (r,g/¢)°

RADIAL KINETIC ENERGY Wyn
ROTATIONAL KINETIC ENERGY Wgd
PLASMA ENERGY Wpt

COMPRESSIQNAL ENERGY Wey b
END-LOSS ENERGY Weed

THERMONUCLEAR ENERGY Wyt
“po ¥ WkRo +Witgo ™ W +WKR +Wig +Wpy +Wg
Q= Wy /(Wcro +Wieo +Weo)

Fig. IV—]..

Illustration of liner geometric model
and list of key notation used in re-
actor analyses,
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a. Pressure-VYolume Work on Plasma. If k= Vo/V = (r'po/r'p)2 is

éefined as the volumetric plasma compression, the adiabatic relationship for a
: p;asma-_yith a particle 1line density N(m=1) that is depleted from an initial

~inventory N, by end loss is given‘by3l

(T/To) = " rng) ¢ ’ (IV-1)
where Y = (2 + £)/f, £ is the degree of freedom, § = 2<E>/f(kT) ~ i, and <E> 1is
the mean energy of end-loss plasma. The work va expended by the liner 1n
compressing the plasma from Lpo = r1olto rp = rq is equal to

< 146  y=2 :

Woy/Mpo = (.2/3)51 (/) 0 kY72 gk (1v-2)

For the case of no end loss (N/N, = 1) Eq. (IV-2) reduces to

WBy/Wpo = (2/3) (<"1 1y/¢y-1) (Iv-3)

wherg wpo = 3No(kTy) 1s the initlal plasma energy.

b. End-Loss Energy. The rate of partlicle end loss 1s assumed to be
given by
dN/dt = -~ N/ : (Iv-44)
gL = A/ 2vg (IV-4B)
Vg = (ykT/mi)VZ . _ : (IV=-4C)

The parameter L% equals the device length only when end loss 1is not inhibited by
a buffer magnetic field. The end-loss energy is given by

t
We = ovre) matt | (19-5)
- o ’ C

e

“where <E> is the average energy carried away by an end-loss particle. Typically,
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<E> 1s assumed equal to 3(kT).

e, Liner Radial Kinetic Energy. Designating u, as the radial liner

velocity at position r, the radial'kinetic energy 1s given by

rs 2
Wep = (1/2)/;1 2mrouZdr (IV-64)

ﬂp(P1ur1)2 n(ro/ry)

WxRo (np/2)(P10up10)2 Lno. (IV-6B)

Wgpe = 0 (maximum compression) . (Iv-6C)

For an incompressible 1liner the product ru, is a constant of radius and

o = (rpp/rqg)2.

d. Liner Rotationzl Kinetic Energy. The 1liquid 1liner 1s given an
initial, uniform angular frequency £, to stabilize Rayleigh-Taylor instabilities

at the inner liner surface when ul,.1 * 0 (maximum compression). Designating

ug = r(r) as the rotational velocity at position r and time t, the rotational
kinetic energy is given by

Wy

r
o = (172)f 2 2mrpu2ar (1V-7A)
rq

r
P J-Pf r302(r) dr . (1v-7B)

On the basis of mass conservation for an incompressible liner an element of liner
material positioned at r(o) at t=0 will be located at r(t) = [r(o)2
+ r% - r%O]1/2 at time t. Conservation of angular momentum for each liner

element requires

r2Q(r) = r(0)2Qy = Qo(re - r% + r%o) . (1v-8)

Substituting Eq. (IV-8) into Eq. (IV-7) leads to
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Wgep = (mp/¥) Q§P$O(d2-1) ‘ , (IV-94)

[Wgeo/k2(a2=1)1 {1 + k(a=1) 2 = 1

L2
=
<]

n

+ (k=1){Ux(o=1) + 2(k-1) 2[1 + clo~1)1}} . (IV-GB)

In the 1limit of high compressions with k(a~-1) >> 1 Eq. (IV-9B) approaches the
1imit wKe/WK90'+HK/(a+1); the considerable increase in rotational energy at high
compressions must be supplied by the initial radial energy WKR0-

e, Rayleigh-Igg;or Condition. Equating d(wKR + wKe)/dt to dwpv/dt
[Eq. (IV-2}], solving for dur1/dt at maximum compression (ul,.1 = 0), and equating
the radial de-acceleration to the centripetal acceleration r22(r) evaluated at

the inner radius glves the following relationship for Qg,

2
Qg [(a-1)(1 + L@:ll___)+ (R+2(1=1/R))An(1+R (a-1))]

1+ (a=1)

(Iv-10)

n

_ Y 1+8
= (W/3MPIRT(N/NG) ™% W /rag

where R designates the maximum compression (rgo/r1f)2. This expression is used
to determine the initlally uniform rotational frequency £, required to satisfy
the Rayleigh-Taylor condition at the inner surface rq4 under conditions of maximum

compression (ur,1 = 0, dup,/dt = - rQ2(rq), € = R).
f. Liner Dynamics. The major energy quantities that deseribe the

liner have been derived. The following energy balance 1s used to define the

liner dynamical equation for the ilncompressible case eing considered.

Wkro + Wggo + Wpo = WgRr +Wgg +Wp + Wgr, (IV-11)

where Wp = 3N(kT) is the plasma energy at time t > 0. Defining T = tup10/r10 and
substituting the previously derived energy quantities into Eq. (IV-11) leads to
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(de/d D)2 (1 + k(a-1)) = 4cY fno - 2(%"10'</ur10)2
x ([1+ k(a=1)12 = 1 - k2(a2-1)
+ (k=1) {4k(o=1) + 2(k-1) 2n[1 + k(a-1)1})

) 2 o2 of 146 Y290 | (1V-12)
[16Wpo/(3ﬂr1opur1o)] K I1 (W/Ng) M6 Y=Zac . ,

Equation (IV=12) is evaluated at the point of maximum compression
(dk/dT = 0) to determine the initial radial velocity Up,o in terms of the maximum
compression R. Equation (IV-10) is used to determine oy and, once a final
desired temperature is specified, Eq. (IV-1) is used to determine K. Obviously,
an iterative numerical procedure must be used when end loss (N/Ng # 1) occurs,

integration of (Eq. IV-4A) giving (N/N,) versus t.

2. Liner Energy Balance. As a measure of 1liner efficiency the

following ratio 1s defined,
Q = Wy/(Wgpo + Wggo + Wpo) (IV-13)
where Wy is the thermonuclear yield

t
Wy = (EN/Hﬂr%O)I kN2 <ov> dt (IV-144)
o]

w@v> = (5 x 10-18,72/3) ¢=19.99/TV3 (13,4) | (IV-14B)

A highly idealized energy flow diagram for a 1liner fusion power plant is
Illustrated in Fig. IV-2. An Iindication of the degree of 1liner reversibility
needed for a given circulating power fraction ¢ is n, defined as the fraction of
the total liner energy (Wggpp + Wggg) that is recovered reversibly each cycle.
Given the re-circulating or make-up energy Wo = (i-n)(Wypg + Wggp) + Wpo + Wgp,,
the electrical energy Wg = ngp [Wy + Wpo + (1 =n)(Wggp + Wggo) +Wgp)l, and
€ = Wyo/Wg, the required liner efficiency becomes
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7 {Weno+ Wiyo!

Wry= Wy # Wt (1-9)( “‘(m’wxao)

| Yer® tra¥m

We = Wep (1-¢)

Fig o« IV=2,

Schematic diagram of simple energy bal-
ance used to evaluate the dependence of
liner reversibility n required for a
given recirculating power fraction €

and thermal conversion efficiency Men®

n = {1-Qleny,/(1~engy)) = (g /W) T3/T1=QC0 /DT (1V-15)

Equation (IV-13) glves Q, and ng) represents the thermal-to-electric conversion
efficiency. The quantity €(n=0) designates the recirculating power fraction of a

*throwaway" liner reactor.

2. Results of Dynamical, Liner Reactor Calculations. The foregoing

definitions of Q, €,and n are used to give a preliminary estimate of the reactor
potential of an imploding=-liner fusion system. It is emphasized that detailed
design and systems studlies must follow on the basis of these preliminary results;
the intent here is ato glve general 1ndications and not to 'present a firm
operating point in either the physics or engineering sense. The significant
influence of liner compressibllity effects are not included in these results, but

are treated in Section III. B
a. Results from Incompressible Liner Model. The dependence of Q on the

initial 1liner inverse aspect ratio Agy/rqg for rqg = 0.1 m is depicted in
Fig. 1IV-3 for the values of rqips Ngs Tgsand Q4 indioated, . The effects of end
loss for the case of no Rayleigh-Taylor stabilization (¢, = 0) is shown in Fig.
I7<4 as a function of the effective length 2* [Eq. (IV-4B)], which describes the
line-density expohentiation time tg as a function of sonic velocity vg. Hence,
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% is not the true device length when poloidal field end loss inhibitlon is used,
but is used here only as a measure of end-loss reduction required relative to the
free streaming case. The optimum shown in the Q vs 8o/rqg dependence results
from the increased implosion time and integrated end loss as A, is increased;
without end loss Q increases monotonically with Aq. '

Shown also on Fig.IV-4 is the case where Rayleigh-Taylor stabilization is
imposed [Q, given by Eq. (IV-10)] for rqg = 0.10 m but without end loss (&* = «).
shown at Ay/rqg = 0.32. For thin 1liners the effective

small, Q is

An optimum Q 1is
burn time Tg = Wy/Py(max) is
Thickening the liner increases Q at the expense of increased radial

and, consequently,

thermonuclear
diminiéhed.

energy needed to supply the 1lncreased rotational energy at maximum compression,
R. For Ag/rqg 2 1.0,
becomes appreclable, eventually dominating Wy and decreasing Q.
shown by the ratilo Npy = wPV/(wKRO + WKBO) of pressure-volume

the rotational energy requirement
This latter

very thick liners,

effect is easily
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Fig. IV-3. Fig. IV-4.

Dependence of Q on liner aspect ratio

Dependence of Q on liner aspect ratio

Ao/r10 for an incompressible liner

(6 = 9.4 x 103 kg/m3), without end loss
(2* = ») and without rotation (QO = 0).

A /r1 for an incompressible liner,
igcluging end loss, but without rota-
tion. Also shown is a curve for no
end loss, but with rotation.
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» work‘and'fhe tota1fini@ial liner energy. From Eqs. (IV-6B), (IV-9B), and (IV-10)
in the limit K >>'1, it follows that,

(1Iv-16)

(/n oay o (y=1) K1E=DZ + B + 2 Snlk(@-1) + 11}
v T 2 (a=1) + k{1+n[k(a-1)1}

Depending on the relative values of o = (on/”1o)2 and K, Eg. (IV-16) exhibits
- two limits. If o is -~ j to. 2, Eq. (IV-16) predicts that Npy = /Y = 3/5 for
large K. On the other hand, for @ » 4 to 5, the quantity (1/Mpy = 1) appr'oiches
[(y-1)/2][a=-112/%n[k(0-1)], which diverges (i.e., Npy ~ 0) for very thick l%ﬁers

——
.

and any realistic value of K. "

‘b. Preliminary Indlcations of Liner Compressibility on Energy Balance.
For the example case considered here (no = 102"m'3, To = 0.1 keV,

k = 1000, Te = 10 keV), the piasma pressure exerted on the liner at maximum
cbmpression will be tremendous (32 MB). Clearly, liner compressibility effects
will be significant. Although these effects are considered in Section III, it
will be instructlve at this point tolexamine the effects of compressibility on
the foregoing reactor predictions. The inner radius trajectory and instantaneous
fusion power (20 MeV/n) as calculated from the present code are shouwn in
Fig. IV-5 as a function of time for a rip = 0.1 m, 8Ky/rqg = 0.01 liner which is
initially filled with an ng = 102”m-3, To = 0.1 keV plasma and compressed to 10
keV (x = 1000). Similar results obtained from the code CHAMISA (see Section
III.B) are also shown on Fig. IV-5, and Table IV-I gives a numerical comparison
" between these cases. Two compressible calculations are 1llustrated: a) the
initial liner kinetlc energy Wgpg is’ identical to that of th: incompressible case
(only 68% of the initial liner energy is converted to plasma energy), and b) the
initial 1liner energy ié sufficlient to insure that the compressed plasma
conditions (x = 1000, Tep = 10 keV) are identical to those specified in the
incompressidie calculation. Table IV-I and Fig. IV-5 show that for the same
initial 1liner energy the compressibility reduces the overall syste@_performance,
as measured by Q = Wy/(Wgpg + wpo)y by 55%, from the incompressible case. An
increase in the initial liner energy by a factor of 1.87 is required to achieve
the same compressed plasma conditions, and the efficiency of 1liner energy

transfer to the plasma deoreéses, but the increased fusion yileld Wy renders a Q
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TABLE IV-I.

COMPARISON OF LIN#R COMPRESSIBILITY EFFECTS FOR SAMPLE CASE(a)
Compresaible(b)

Incompressible Calculation with
Reference Same Initial
Cuse Liner Energy

Initial radial kinetic energy HKRO(HJ/m) 150. 150.

Mar{mum compression Kk = (r; .;lrlf)2 ) 1060, 567.

Initial radial velocity u-"'ln(mIS) 7.3x10° 7.3x10°

Maximun plasma temperature Tf(kev) 10.0 6.8

Radial kinetic energy at maximum compression HKRf(HJ/n) 0.0 4.0

Compressional energy in liner, HPV.L(HJ/E) 0.0 44,

(pyp * Ve Meo 0.0 032

Turn-around time T , (us) 13.3 13,3

Peak fusion power PN(H/m) x 10-'8 2.69 0,53

Total fusion energy HN(HJ/m) 7. 424,

Q = W/ (Wepg + Wpo) 5.1 2.8

Tt wH/l’H (us) 0.29 0.80

€{n=0) .41 0.66

<nt> x 102° (8/n®) 2.90 4.54

(8) 1,4 = 0.1 m, Bg/r1o = 0.01, ng = 1 x 10%* u=3, T, ~ 0.1 keV, p = 9.4 x 10° kg/m’®, flg = 0.0.

®ysckel equation of state used, p = 8.90 x 10? kg/m’.

~— INCOMPRESSILE LINER

~-—COMPRESSIBLE LINER WITH SAME LINER ENERGY AS INCOMPRESSIBLE CASF

===~ COMPRESSIBLE LINER WITH SAME FINAL FLASMA COMPRESSION AS
IKCONPRESSIBLE CASE
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Time dependence of the liner radius r, (relative to the

(v)

Compressible
Calculation
with Same
Final Conpression
281.
1000.
1.0x10%
10.0
27.0
100.
0.45
9.7
2.69
1400,
5.0
0.52
0.42
5.20

fusion power Py (20 MeV/n) for both compressible and incompressible liners

(o =9.4 x 103 kg/m3).' The incompressible case is calculated from
model and the compressible case is from the code CHAMISA.

the present

ipitial radius rlo) and
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value which equals that- predicted b& the incompressible calculation. As seen from
Fig. IV-5, the inoreased reaction yield is a consequence of the longer time spent
at higher compressions, which 1s a peoullarity of oompressional effects when the
same final state 1s achieved. The penalty extracted for this situation is the

considerable increase in initial liner energy wKR6 and initial 1liner velocity

“rqp* ‘ :
In view of the limits imposed by 1liner compressibility, the rqg = 0.1 m,

Ao/r10 0.01 case selected here for numerical examination represents a
"break-even"-to-marginal reactor . operating point. That 1s, éccording to
Eq. (IV-15) with Wg, = 0 and no direct recovery of liner energy [N = 0 ] such a
system would at besﬁ have an € = 0.66 recirculating power fraction.

As discussed in Section III the influence of liner compressibility on
reactor efficlency gives an optimum inltlal plasma density for a given nyT,
product . For the cases considered in Fig. IV-5 and Table Iv-1
(ngTg = 1.0 x 1023 kev/m3), these optimum Q-values are (ng = 0.33 x 102% m=3,
To = 0.30 keV) 4.50 and (n, = 0.50 x 1024 mn-3, To = 0.2 keV) 5.87, respectively.

Other concerns and uncertalnties are: a) mechanism and effioienéy -ofmgggggg__

transfer to the liner from either an inductive or capacitive store,
b) mechanical/hydrodynamic/thermal response of structure surrounding the liner,
c) degree of energy-transfer in both the liner and associated electrical lines
that 1s possible and/or necessary to assure a good recirculating power fraction,
and d) efficiency of initial plasma formation.

C. Preliminary Reactor Design Considerations
From the results presented in Table 1IV-I and the discussions given in

Section IV.B.2.b, interesting design points for a fast-liner inertially confined
reactor  (FLICR) may exist for ng ~ 0.5-1.0 x 1024 n-3, T, ~ 0.1-0.2 keV,
riqo ~ 0.1 mand Ay/rqg ~ 0.01 (Q ~ 4-6, €(n=0) ~ 0.3-.5) under the assumption of
effective radial and axlal plasma confinement by poloidal fields and the neglect
of energy transfer inefficlenciss. The liner radial kinetic energy Wggpy will be
in the range 150-300 MJ/m. Hence, if the liner length £ can be held below 1 m,
mechanical energy releases will be 1n the range 300-60C MJ/m (inecluding
alpha-particle and plasma kinetic energies); elearly, the liner per se and a
portion - of the power 1leads and pre-plasma Iinjector will be destroyed
(1 MJ = 0.24 kg TNT equivalent). This mechanical energy will be deposited
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ultimately as sensible heat to a high-temperature coolant and, therefore, will be
recoverable by the thermodynamic cycle. No attempt is made to recover the liner
energy directly (i.e., n = 0), as is proposed by NRL.62 The numerical values
given above in no way should be construed collectively as an optimized operating
point for a FLICR, but are used only to give an estimate of reactor silze cnd
operating mode. Since the ~ 1000 MJ/m fusion energy release corresponds to
~ 100 kWeh/m (1 kWeh = 9.0 MJ (thermal) at nTH = 0.4), the cost of materials and
re-fabrication of demcliished components must fit within thne constraint of ~ 10-20
$/m of totalvenergy release each pulse. Finally, a 100-MWe power station will

require ~ 5.10 s betweén power pulses, although a multi-liner system would allow
longer dwell times per liner (with added capital costs, ¢$/kWe). Although the
physies, technologleal, and economic constraints  summarized in Section

IV.B.2.b have yet to be quantitavely integrated into a consistent picture of the
FLICR, the following qualitative description does reflect the essential elements
of a fusion reactor as well as the major questions which eventually must be

resolved.

1. Description of Possible Reactor Embodiment. Figure IV-6 schematically

illustrates a reactor concept based upon the fast liner implosion. A precast
liner (solid Lip 4Pbg,g is used here, but a differentl material having higher
electrical conductivity would be required) (A) encased in an electrically
insulating cylindrical shell (e.g., glass) (B) is affixed to an insulating tube
(C) and plunged into a liquid-metal bath (Lij 4 Pbg,g) (D). The insertion of the
liner is rapidly followed by insertion of a long support tube (E) to form the
coaxial arrangement shown. Filling the support tube, coaxial insulating tube and
associated flat-plate insulation with liquid metal (e.g., Lig.q Pbo_g) forms a
current conductor for the Z-pinch plasma formation and the Z-pinch liner drive.
To the liner end of the support tube is fixed a small ampule of D-T fuel (F),
which upon emersion into hot liquid metal heats and ejects DT gas/liquid through
an orifice downward to the grounded end of the liner [refer to detail drawing on
Fig. (Iv-6)1]. Voltage 1s applied across the D-T fuel ampule by means of the
coaxial support tube (E), and the resulting discharge forms both the initial
plasma and poloidal insulating field onto which the liner eventually implodes.
Obvious stabllity questions arise with respect to the Z-pinch plasma discharge,

in that the liner requires ~ 10 us t£o reach maximum compression. Radlal current
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Schematic diagram of a fast~liner inertially confined reactor (FLICR). Refer to
text for description of operation.

feedplates (G) of liquild metal are used to minimize parasitic inductance, the
question of overall energy transfer being addressed in the following section.
The degree of demolition and damage to the supporting insulator structure is an
open question at present, but 1s amenable to calculation if and when more
detailled studies are required. It is postulated here that the liner and < 1 = of

support Iinsulator are destroyed each shot, but the more complex feedplate
Ainsulator and feedthroughs c¢an be recycled for many implosions. Given the
validity of this assumption, the tubular insulator of ~ 0.1- to 0.3-m diam and
< 1-m length (-~ 1-mm wall thickness) will be destroyed and enter the primary

Lig,q Pbp,g coolant as a s8lag and debris. Figure IV-6 shows the liner and
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associated apparatus (coaxial support tube (E) and D-T fuel ampule (F), flat
plate insulator (G), vessel cover (H), plumbing for injection of liquid-metal
conductors, ete.) in before, during, and after locations. A conveyor-belt
operation 1s proposed to 1insert, remove, and refurbish these liner assemblies
(J). Hence, the insulator represents the onily materials-related cost, and since
this insulator has virtually no structural, thermal, or radiation-damage
requirement, this cost should be small, but not negligible. Glass tubing of
this size and shape costs ~ 2.00 $/kgyand ~ 1.4 kg/m (rqg = 0.1 m, 1-mm
thickness) of the material would, be destroyed each shot. The major expense will
probably be related to capital and operating cost associatecd with repair and
refurbishment of the recovered liner stalk (e.g., liner casting, cutting and
grinding of damaged 1liner stalk, bonding of new liner/insulator and D-T
ampule/insulator to the liner stalk and support tube, fabrication of replacement
liner, ete.).

Clearly, numerous physics, technologlcal, and economic unknowns can be found
with the above described FLICR concept. For example: a) What is the MHD
stabllity of a wall-confined, dense Z-pinch? b) To what degree can the
postimplosion explosion be‘direoted'away from sensitive regions and be dissipated
as heat into the (multiphase, perhaps} liquid-metal cooclant? ¢) Can a mechanical
design for the proposed liner insertion and recovery be realized which has some
chance for fast (seconds, but probably not mirutes) and reliable operation?
d) Can 1liquid-metal conductors be flowed and reformed in a fashion indicated?
e) Can this system operate at a total cost of at most a few dollars per liner

and associated destroyed apparatus?

2. Liner Driving Circuit and Energ, 6 Transfer/Storage (ETS) Efficiency.

The rapid (10~20 us) energy transfer times envisaged for the FLICR eliminates
from consideration all but capacitive and induct ive (slow homopolar
motor/generator to charge a transfer inductor, which is rapldly switched into the
liner’ inductance) energy transfer and storage (ETS) systems. Examples of both
capacitive and inductive ETS were considered for driving the FLICR. Electrical
aspects of the liner assembly schematically depicted in Fig. IV-6 were idealized
according to Fig. IV-T. Shown also on Fig. IV-7 are the characteristic
dimensions and liner parameters used in tne single, unoptimized calculational
example. The results of the incompressible calculation summarized on Table IV-I

(Wgpg = 150 MJ/m) were used for an R = 0.30-m-long liner.
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form eircuit analysis of the reactor concept depicted im Fig. IV-6.

For the dimensiona given on Fig. IV-7, the transfer line inductance is
Ly = 12 nb and the liner inductance per se is giveun by

Lo(nh) = 60 Qn(ngo/nq) 60 fafadc/(c(@2-1)-1)1 , (IV=17)

where © = (Pqo/rq)2 and & = (rpg/ryg}? (See Sec, IV.B.1), the results of a
solution to the dynamic (eapaeitive ETS) eircuit equations show that the
implosion time is -~ 19 us (é@mpape@ to the ideal valué of 13.3us given in
Table IV-I). For this case the skin depth of Lig 4 Pbp,9 alloy is 1.4 mm. Since
this skin depth is greater than the initial 1liner thickness Ay = i.0 mm ohosen
for this caloulation, all of ' the liner is assumed to contribute to pesistive
heating., During the compression the liner thi@knes§ éxoeeds the 1.4=mm skin
depth, but at this point the ééak ourrent will be frozen inte the moving liner
and lit;l@ skin effect will be seen. Henee, the 1liner resaistance is fixed at
2.1 x 1054 Q. The coaxial feedline and the radial feed-plate, which for these
computaticns are assumed te have tae reqistivity of quper, suatained a joule loss
equivalent to one skinm depth (0.4 mm).
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a. Capacitive ETS Example. The electrical ¢ircuit used to model the
capacitive ETS system is deplcted on Fig. IV-8. The means by which the capacitor
is charged was not examined, nor were the resistances and inductances of the

capacitor bank and switches. The circuit equation is given by,

V(t) = q/C = I(Rt+R L,) + (Lt+L i o, (Iv-18)

2
where I = -q and ﬂg(nh/s) = (60/rp)fp.  The kinetio energy of the liner

[Eq. (Iveé)] is rewritten as,

Wgp = 0(Rarp)2 an(ro/ry) ‘* | (Iv=19)
where within the thin-liner approximation,

(rafrq) = (1 = 2rppbg/rd)l/2 | | (1Iv-20)
Finally, the foree balance on the liner can be approximated as,

Fo(Nt) = (I2/2)(dLg/drg) = = (3.0 x 1078/rp)12 | (IV-21)

The clreuit and l;nen-dydamios aduabions were numerically solved under this
thin-liner approximation. in the same manner as in Section II (see e.g.,
Fig., II-3). Table IV-II summarizes the calculational results. The liner radius,
driving current, voltage, and kinetie energy are shown as a function of time on
Fig. IV-9. Of the 68 MJ (227 MJ/m) initially stored in the capacitor bank 66% is
transferred to the liner, 18% is lost as resistive heating (mostly recovered as
senslble heat, see Fig.IVeﬁ);amd 5% remains in the capacitor bank. The remaining
113 4s stored inductively in the leads and liner and may be recovered in part,
depending on ecircuit dynamies after the liner inductance is disruptively removed
from the circuit (l.e., on how much of and the mode in which the circuit survives
the implesien). \ , '

It must be emphasized that the foregoing exampl@ is unoptimized, 1s based on
a. very simple oircuit anal@gy, evokes a thin-liner approxisation, and uses the
unoptimized limer parameters summarized in Table IV-I. More complete impedance
matehing between the capaciter, transfer lines and 1liner, and increased ETS
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TABLE IV-II1

SUMMARY OF CAPACITIVE ETS PARAMETERS USED T0 DRIVE THE
INCOMPRESSIBLE Lio.,Ph

3 LEINER CASE GIVEN IN TABLE IV=l

T19 Initial liner inmner .radius 0,10 m
.9 Initial liner thickoess G.001 o
L lineér length. 03 m
c ETS capacitor 2 of

v Inttial ETS capacitor vdl:age 260 kv
B ’ Inttial EIS capacitor energy 68 MJ
Eet? . Final ETS capacitor energy 3.6 MJ
Emi_(“) Final liner energy &S MT .
E&E Final fnductive energy T4 MY
B& Total resistive losses 12 W
Bae . Reeistive losses in liter 8 M
T2 Imploeion time 19 ys

c”coueaponda to initfal liner emexgy Wero £ used in the calculations

aumdarized in Table IV-I1.



efficlency 1s undoubtedly possible. Approximately 1/3 of the resistive energy
loss océurs in the Lig,1 Pb0_9 liner per se, and changing to a better conductor
for the liner material would reduce this loss. The ~ 2.1 x 10% Mu/m3 deposited
into this particular liner material is vorrisome from another viewpoint; an
appreciable portion of the liner would be vaporized by resistive heating alone
(3.4 x 104 MI/m3 required te vaporize this material starting from 300 K).

b.___ _Inductlve ETS Example. The use of inductive energy transfer and
storage 1s posaibly cheaper than the capacitive ETS described in the previous

section. An example of the I1nductive ETS system is depicted in Fig. IV-10
vherein a long~term energy storage (e.g., a homopolar motor/generatov66), CHps is
used to transfer energy Iinto a room-temperature storage coll, Lg on a ~ 30-ms
timescale. At the point of complete tranafer to Lg and for times short compared
to the - Cyp ~» Lg transfer time, the capacitive element Cyp (i.e., the homopolar)
appears as a short circuit to the current transients. The contactor switeh 83
isolates the load inductance Ly « Lg during the slow energy transfer to Lg.

When the current peak occurs in Lg (85 MA in this example), the switch S, is
closed and S4 is opened. A small reverse charge on the counterpulse capacitor
C(,p assures the current through Sy is zero to permit opening. The current from
Lg resonantly transfers to the load inductance Ly + Lg by means of the transfer
capaclitor Ccp' whioch 1is sized to glve the desired voltage and current risetime.
The switeh S, is opened at peak voltage (zero current in the Cep leg of the
cirouit), the currents in Lg and Ly + Ly now belng equal. The ouvrrent and
voltage waveforms are subsequently determined by the circuit L/R time constant,
which in part is determined by the liner dynamics. The circult equation

I=- (R + I';JL)!(LS + L+ LI (Iv-22)

is solved in conjunction with a liner dynamics equation [Eq. (IV-21)], the
results of which are glven on Fig. TV-11. The electrical model of the liner and
feedplate system 1s the same as that vused in the capacitive ETS example
(Fig. IV-7). Table IV-III summarlzes key numerical results. Of the energy used
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TABLE IV-III

SIMMARY OF INDUCTIVR ETS PARAMETERS USED TO DRIVE THE
INCOMPRESSIBLE M'O. 1“0.9 LINER CASE GIVEN IN TABLE Iv-1

e {ndtial Uer laner radiuve 0.10a
Ao initial liner thickness 0.00l »
£ liner length 0.30
Cyp homopolat -capacitance 20 &
ecp . _ cranafer capacitance Q.836 nl
"u? inicial homopolar voltage 1o v,
Ve peak’vel.tase at liner feedplate 260 kv
L, . scorage inductance 27.7 ch
LY taitial energy in howopolar 120 w2
!:w encrgy initially tranaferred to Ly _ 100 M2
Rat‘ £inal energy stored in l.. 2.4
‘!RE“) energy given to liner 6.8.3 w
‘&l’ - €4nal energy remaining in "‘t + I‘& _a.sm
lﬂ “u““ energy atored in cep oMW
ER mtgl restative losses 1010
‘tl. i implosion siwme 22.0 k9
% } time to charge l.. 37.0.s
time to chaxge Ly + t‘& &2 e
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by the liner system, Egy-Eq-Egr = 67.2‘MJ, 48.3 MJ is actually delivered ta the
‘plasma, resulting in a tranafer efficlency of 72%. This compares to the 66%
efficiency computed for the capacitive ETS example. The energy stored in Cop and
‘the final energy stored in Lg are assumed here to be reclaimable atinearly 100%
efficiency. Although unoptimized,both the capacitive and inductive ETS systems
are expected to have overall transfer efficiencies of - 70%.

3. Nuclear Heatingiof the Lineg_g;_ﬁé;;mgm_ggmgpg§sion. Although detailled
neutronic caloulations of the FLICR Lig ¢ Pbgy g blanket are premature, related
calculations have been made in support of the NRL liner reactor eoneept.53
Calculations have been made for the FLICR concept by Dudziak in order to estimate
the degree of nuclear (gamma/neutron) heating incurred within the fully

compressed Lig ¢ Pbg g 1liner. (These are the same calculations that are
discussed in Section III.D.3.) Figure IV-12 gives the fraction of the 14.1-MevV
(2.25-pJd) neutron energy deposited into compressed liners of varylng thicknesses '
and materials. A vacuum boundary condition is assumed at the outer radius of a
liner of gilven thickness. For the Lig ¢ Pbp g case being considered, the liner
thickness 1s 11.3 mm at maximum compression, and Fig. IV-12 indlecates 2 2% of the
14.1-MeV neutron energy is deposited. For the incompressible case given on Table
IV-1 the (20 MeV/n) fusion yleld is Wy = 771 MJ/m. Hence, the average energy
‘ density within the liner resulting from neutron/gamma heating amounts to
1.72 x 10% MJ/m3. Figure IV=13 shows 'the computed spatial distribution of
nuclear heating within Ifully eompreséed liners of various thicknesseé. The
peak-to-average energy density ils 3-4, so local heating near the inner surface
will be more severe than that given by the average value. Hence, nueclear heating
of the liner material is comparable to that predicted for joule heating in
Section IV.C.2.3, both being sufficiently high to vaporize a significant portion
of the liner. The spatlial and temporal behavior of both joule and nuclear
heating, the related evaporation rates, and the effects of these processes on
liner dynamics and thermonuclear yleld represents a complex problem which has yet
to be caleulaticnally explored. These preliminary estimates show, however, that
liner heating and mass transport may be quite important, and more detailed

analyses are certalnly warranted.
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calculation used normal densities and for four thicknesses, & ?Neutronlc

calculation used normal density and

cylindrical geometry.) :
cylindrical geometry.)

D. Summary and Conclusions

Although simple scaling assumptions point to relatively thick, slow liners,
aceounting:for the real and serious problems of hydrodynamie stability (of the
liner), 1liner compressibility, and plasma particle/energy end loss present
convineing arguments for very fast'implosions (5 10-20 us liner transit times,

S 1-us burn time). Physical countainment of the mechanical energy release and the
need for fast, high-voltage energy transfer represent serious disadvantages for
this cqncept, although the direct recovery of the postimplosibn liner energy is

not necessary for operation as an economie power reactor. Thé' compact, high-
power denqity characteristics of this syqtem of fer strong advantages. Numerous

. problems and/or uncertainties with respeot to ‘“reactor Qe81rabillty," physics
requirements, and teehnolegieal demands have been identifiled throughout the text.
Many of these preblems and/or uncertainties undoubtedly can be resolved or at
least put into a wmore quantitative perspective by detalled study and systems
‘eptimization, the results presented here being based entirely on unoptimized
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scoping - studies. The -absenee of a firm experimental baSis upon which to
extrapolate into and to evaluate the reactor regime, however, represents a mqjor
limitation %o the required parametric systems studies. In this context the fast
liner experiment is proposed to provide data and operating experience with which
to substantlate or to disprove the cautiously optimistic reactor projections made
herein. A parallel systems studles effort should also be maintained which will
analytically probe into these numerous uncertainties as well as incorporating
into the systems analyses new experimental findings.

Acknowledging, therefore, the need for more profound systems studies and
physics analysils, these scoping studies indicate that investments ~ 150 MJ/m into
a rqg = 0.10-m radius, Ay/rqg = 0.01 inverse aspect ratio liner will yield a
FLICR with a recirculation power fraction ¢ ~ 0.40, if none of the liner energy
is recovered and no plasma energy loss occurs. Radial and axial diffusion have
not been incorporated into this reactor analysis. The effeets ;of liner
compression will reguire a factor of 1.87 increase in liner energy, whereas the
transfer efficiency of either a capacitive or inductive ETS system will be on the
order of T0%; both inefficiencies will require ~ 400 MJ/m to be transferred to
the liner reactor to yileld 1400 MJ/m (20 MeV/n) of thermal energy. This example
is based upon the injection of 0.1-keV precompression plasma at a density of
1.0 x 102%,3~3, 1In addition to 1liner compressibllity, 1liner heating by both
return currents and fusion neutrons mav significantly affect plasma compression
if a less resistive/absorptivé liner cannot be found; increasing the liner
thickness will ameliorate the joule heating, while exacerbating nuclear heating. |

More realistic modeling of essential physics into the reactor analysis
(e.g., alpha-particle heating aad confinement, axial "and radial plasma
confinement, compression of buffer/insulating fields, liner heating and
evaporation, plasma injection, etc.) will undoubtedly influence significaatly the
reactor concept depilcted in Fig. IV-6. Aside from these aforementioned’

modelistic shortcomings, however, the problem of efficient blast confinement in a
way to minimize damage to expensive reactor components represents an engineering

challenge with deep economle  implications for the FLICR concept. The
compactness, high-power density, and relatively Inexpensive development cost
associated with' the FLICR, however, - definitely warrant more serious
consideration of the concept on both a physies and engineering (i.e., systems
studies) level.
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V. ESTIMATEQ.MANPOWER,"¢OST, AND. MILESTONES

It ds proposed that this experiment carry over directly from the<Implosion.
Héafing Experiment. The starting date would depend somewhat on. the final measure-
mentélbeing méde on. the IHX, But‘it coul& probably be started near the beginning
of FY 78.- ?he:level of effort proposed here for FY 78 represents orderly con-
tinvation of the THX pfogran and 1is regarded as’the lower limit of a viable
liner program. :

- The cost of thefplagma preparation experiments would be covered by the oper-
ations budget. . The liner drive bank will use about 800 14.6-uF 20-kV capacitors
that. weréﬁreqentiy'removed from the Zeus capécitor'bank. The cables are avail-
able from a supply of failled cables from the Scyllac and Scylla IV-P systems.

The bank will be switched by homemade solid dielectric switches. A major pro-
curement of 850 E will be required for collector plates, a blast chamber, and
some triggér comporents. The bank will be constructed by the group techhicians,
perhaps with help from summer students who are hired frqm a special budget.

Tahle V-I shows the manpower»reddirements for the first three fiscal years
and Table V-II gives estimated costs by fiscal year. The major procurement for
the second fiscal year is mostly for the replacement of liner'components destroy-
ed on each shot. In the third fiscal year the jﬁmp in major procurement repre-

sents a start towards development and acquiring parts for expanding the liner

dfive bank.

’

TABLE V-I .

MANPOWER REQUIREMENTS

FY 78 4.5 Scientific Staff
5.5 Other Technical

FY 79 5.5 Scientific Staff
.“ - 7.0 Other Technical

FY 80 5.5 Scientific Staff

1.0 Engineer
9.0 -Other Technjcal

X '.“102



TABLE V-1I

COST ESTIMATES

FY 78 FY 79 FY 80
Total man years 10.54 12.78 15.78
Manpower cost $560 k $740 k $1017 k
Major procurement 30 k 60 k 200 k

$§610 k $800 k $1217 k

Preliminary estimates for the time required for various activiti s after the

end of the IHX experiment (month 0) are (in months):

Plasma preparation éxperiments 0 on
Bank construction and testing " 0 to 12
Liner implosions without plasma 12 to 24
Liner implosions on plasma 24 on,
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