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Abstracc

Plasma armature railguns have failed to
achieve the high velocities predicted in the early
1980's. Only a few exveriments in the last decade
have exceeded the velo:ity of 5.9 km/s obtained by
Rashleigh and Marshall in their pioneering plasma
armature experiments.! The apparent barrier at 5 to
7 km/s results from viscous and ablation drag on
neutral and fonized material in the railgun bore.

Iz has taken almost five years to understand
and demonstrate clearly the inter-relation of
ablatior, viscous drag, and arc restrike. In the
light of this improved understanding, it is time to
examine the future pcteatial of plasme armature
railguns.

Thers iy litctle vreason to hope that
conventional railguns will exceed a velocity of 8 to
10 km/s. New approachas based on reducing the amount
of material entering the bore or eliminating
electrical conduction appear promising. Based on
current undsrstanding a velocity of 20 to 25 km/s
appears possibla using afther .dvanced materials ni
novel railgun power systems.

lotceduaidion

Plasma armature rajlguns have been the
subject of active research and development since the
Rashleigh and Marshall paper was published in 1978.:
Following the publication of !, there was substantial
enthusiasm for the development of plasma armature
accelerators operating au: velocities of 20 to 50
km/s. The basis for thin optimism was a general
belief that plasaa armatures could vouple magnetic
force to projsctiles at almost any velocity un to the
speed of light and that the principal velocity
limitation was projectile-bore interactions.

After a decade of research, only thres
laboratoriesd.).' have repcrted achieving velccitles
significantly higher than the 5.9 km/s report hy
Rashleigh and Marshall. 't is now generally accapted
that the plasma armature jtself has strong
interactions with the railgun structure and thac
these {nteractions are the dominant factor limiting
the performance of plasma armature rallguns. 7The
first section of this pape: reviews the currenc
seni-.quan:itative model of plarma armature dynamics.
The importance of restrike conduction and thu kay
roles plssed by ablation and viscous drag in causing
reatrike ire discussed,
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The second section reviews the progress
which has been made toward eliminating or
circumventing restrike and plasma armature drag. A
number of ideas suggested in 1985° have been evaluated
experimentally in the past two years with encouraging
results,

Blaama Armature Dynamics

Our understanding of plasma armature
dynamics has improved steadily since 1984% when the
importance of wall ablation was first discussed.
Experiments on the HYVAX railgun at Los Alamos
culminated in a 1985 paper? which identified viscous
drag as a second important process and described the
phenomencn of current restrike. Although it was
recognizad at this time that ablation and viscous
.drag were closely coipled processes, the important
relationship between restrike and the ablation-drag
process was not appreciated.

By the Third EML Symposium in April 1986,
the experimental data base was much broader and a
coherent picture of the plasma armature was emerging.
The paper of Hawke, et al.’ summarized an extensive
series of experiments at Lawrence Livermore National
Labcratory and concluded that restrike was the most
important process limiting the performance of their
plasma armature railgun. At this same meeting,
Parker and rarsons® presented an improved, but
cualitative, model of the plasma armaturs. This
mudel rxplicitly recognized that restrike was a
direct result of viscous drag acting on neutral
material evaporated from the walls rather than on
ionized material ablataed from the walls,

Figure 1 {llustrates schematically the
processes which act upon the plasma armature in a
corventional rajflgun. The armature i{s depicted in a
quasi-equilibrium state achieved after ha\ing moved a
substantial distance, typically 50-100 diameters.

The phyaical state of sach region and the important
processes are summarized below.
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Fig. 1. Scliematic of the plasma armature in a
rajlgun, Varjous roglons tdenti{fied abova the
schematic and Important processes balow.



Primary Plasmg The plasma properties of the
primary plasma have been calculated by numerous
investigators and the details are available in . re
literature, For the present purpose, it is
sufficient to note that the plasma is highlv ionized,
at a temperature of 20,000-30,000°K and is
dissipating power at a level of several MW/cm?. Most
of the primary plasma is strongly magnetizad and the
boundary layers are thin due to magnetohydrodynamic
forces. This results in a rather high drag
~oefficient (C, = 0.003-0.005). Intense heat and
radiation flux at the walls is ablating material
which is ionized and added to the armatuie plasma.
The rate of mass addition ranges from 4 tc 8 x 107°
kg/J for plastic insulators up to 30-90 x 10°° kg,J
for metal rails. Electromagnetic force accelerart»s
the ablated material almost toc the velocity of the
main plasma. Viscous boundary forces slowly drag
most of this ablated material backward irto the
plasma tail region.

Plasma Talil As the ablated material is
dragged back, it continues to radiate and conduct
energy to the walls., The power flux is lower in the
tail region, howaver, and less of the wall material
{s {onized. The neutral gas from the walls begins to
mix into the plasmz, quenching the conductivity. A
cool boundary layer develop« that grows into the
plasma until finally the conductivity becomes tao low
for current to flow. This marks the end of the
plasma tail.

The amount of mass evaporated in the tail
region (s difficult to estimate. Table I summarized
the cclculated mass addition cocfficients for some
typical railgun materials in thres different modes:
ablation (fully ionjzed, 20,000°K), vaporization (1%
ionized, 5000°) and erosion (vapor - liquid). The
maximum mass ad .(tion rate for vaporization of wall
materials ranges from a «+ 25-40 x 10°° kg/J for single
plastics to a = 100-200 x 10°" kg/J for typical metal
raila. Since a large amount of the input energy is
still stored as ionization and dissociation in the
hotter parts of the plasma tail, the mass addition
coefficient will be lower than these nmaximum values
but still substantially higher than the ablation
values appropriate for the main plasma. A reasonable
astimate is that the mass added in the tail region {s
about twice again the masa ablated in the main plasma
region.

Table I

Valyes otgfor Various Materials angd Modes.

Vaporization Erosion
Material Ablation | (1% lonized) (eas-Hauid)
Copper e 118 g/MJ 143 - 1830 9/ MJ
Tungsten ~ 88 -~ 100 188 - 1878
Polyethylene 3.4 as ~ 800 - 4800
Levan ~ 8.0 ~ 40 ?
a-10 .77 ~ 40 ?

By nimple momentum and energy conmervation,
the conditions at the end of the plasma tail can bhe
sstimated. One unit of mass from the main plasma
(20,060-30,000°K, v = plasma valocity) mixes with two

units of cold gas at rest resulting in three units of
weakly ionized gas at a temperature of 6000°K -
10,000°K moving at a velocity about 1/3 the main
plasma velocity.

This model of the main plasma and the plasma
tail explains the apparent contradiction between the
early ablation model® that assumed that the armature
mass Iincreased continuously as ablated material
accumulated, and the experimental observation of
nearly constant plasma armature length. In
equilibrium, the armature mass is nearly constant.
Ablated material is continuously dragged back where
it mixes with cool gas from the wall, becomes less
conductive, and is lost from the armature. The
equilibriur length of the armature is determined
primarily by the rate of vaporization from the walls
and the rate of turbulent mixing of wall material
into the plasma. This model is in agreement with the
limiced experimental data available which shows a
linear scaling of equilibrium plasma length with bore
diameter.

Neutxral Region The gas entering the neutral

region is very hot and moving at a velocity
substantially below the plasma velocity. This gas is
in turbulent flow and both heat and momentum are
rapidly coupled to the walls. This causes further
wvaporization of material from the walls. Plastic
insulators are particularly viulnerable due to their
high vapor prassure and poor thermal conductivity.
Metal rails may not be vaporized if the rate of
conduction cooling into the rail exceeds the rate of
hesat input from the gas.

A reasonable estimate of ths mass denxsity in
the neucral region can be obtained by assuming that
one half of the energy dissipated in plasma armature
is used to gblate the metal rail ° .t that no
subsequent svaporation tal:es place. The other half
of the energy yvaporizea the insulator material at the
maximun rate of 50.100 x 10°° kg/J., The mass density
in the neutral region is thus given by

1V, ial + al)

6, = , .
v 2n Ry
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where I =« armature current
V, = armature voltage

a' = rail mass addition coefficient for
ablation

a' = {nsulator mass addition cosfficient
for vaporization

R = bore radius

<
]

plasma velocity

For expariment F) reported by Hawke’, Eqn. 1 predictw
a mans dansity of 3.4 kg/m? in tho neutral region wall
behind the plasma armature.

The gas valocity In the neutral region will
continue to decreass dus to viscous drag againat the
 walle and due to the admixture of materisl vaporized
from the inmulator., A lower bound to the gas
valocity ia met by the {njector gam which {s usually
moving about 10Y m/a,

Bamtxike Plasma The neutral rvegtion
discusned above {s not truiy veutral., The gas i
neutral only in the ssnse that the high gan density



and weak ionization result in a very low electrical
conductivity and no current flow is observed by
conventional diagnostics (resolution * 1-2 kA).
lowever, if a sufficiently high electric field is
applied to this gas, the resultant small current flow
will lead to run-away ionization and the
reestablisnment of a hot, low-density, highly ionized
plasma, the so-cailed restrike arc. The electric
field required to cause such a breakdown depends
primar:ly upon neutral gas density and level of
residua. ionization and secondarily on other factors,
such as; gas temperature, gas composition, and
electrode surface conditions.

In a railgun the electric field needed to
produce a breakdown is generated by the moving
magnetic field. A gas woving at velocity v,, located
behind a plasma armature moving at velocity v,,
experiences an electric fleld

Llive-vy + 17, 5
" (2)

€ =

where L is the inductance gradient, I is the current,
V,1s the armature voltage, and h {s an effective rail
separation. As the plasma armature velocity
incresses, the elactric field increasas until the
breakdown field is reached. Since tlie gas velocity
is lowest near the breech and rail damage is often
greatest near the breech, it is quite common for
breakdown to occur in the breech region. Breakdown
can be observed at almost any location behind the
armature, however, because so many variables
influence the breakdown strength of the gas. The
breakdown electric fleld can be found approximately
from experimental observations of restrike arc
formation. For the HYVAX and LTS prototype railguns,
the breakdown field was 400-500 V/cm. Lower values
are measured when the plasma armature causes gross
surface melting of the copper rails.

It iy apparent chat ablation providas the
ionized material in which the restrike arc forms.
But this is not the most serious effect of ablation.

neglected
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Flg. 2. Simplified illustration of a reatr «e arc

separated from the plasma armature by a column of
nautral gas.

Figure 2 shows a simpl{fied rostrike
vituation. For this analysis the neutral Ran (a
asgumed to have uniform density *» and velocity v
The plasma armature current !, s loss than the Inpur
current I, The difference I .1, flows through thae
restrike arc. The velocity of the restrike arc {s
determined by the density of the gas vwhich {t muat
acceleratas ahead of {t and tha viscous drag on that
gas. The velocity of the restrike arc can be found
by equating the magnetic pressure to the prossure

required to accelerate the neutral gas and maintain
it in motion against the viscous drag force.

1. 2
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where y is the usual ratio of specific heats,
C, is the drag coafficient, and 1, is the length of
the neutral gas region.

To illustrate the nagnitude of vy, Eqn. 3 can
be applied to the experiment of Hawke’ cited earlier.
Assume for the sake of argument a complete restrike
with I, = 0 and assume further that y = 1.4, v = 10°
m/s, 6 = 3.4 kg/m*, C, = 0.001, and ly = 1.0 m. Values
L and r are given in {7]. The calculated restrike
arc velocity is vy = 4.5 km/s, less than the achieved
projectile velocity of 5.1 km/s. Note thar this is
an upper bound on the restrike arc velocity siace
viscous drag on the restrika arc itself has been
The critical rolc cof ablation lies in the
“iyt. mass densities generated in the bore. This mass
prevents a restrike arc from overtaking and merging
with the plasma armature.

The temporal evolution of tlie restrike arc
{s also important in understanding observed railgun
performance. Refwrring again to Fig. 2 the rate of
change of the armature current can be calculated from
magnetic flux conservation, The magnetic flux
between the restrike arc and the plasma armature is

\

0 = L', (x, - x, (+4)

The cime rate of charge of ¢+ i{s equal to the loop
voltage, Neglacting resistive losses in the rails,
the loop voltage is the difference batween the
voltage drop across the restrike arc and the plaasma
armature. Thus

dai, -
e N N B T A 2 C 2RV B L O €5
dt
Since V, - V., Eqn. 5 can be rearranged to give an

effecctive time constant for armature curvent decay.

Lol [ Var Y') o ! (6)
Iyt Ng =\, r

As long as the restrike arc velocity is less than the
armature velocity, I, Is negative and tha armature
curreant will decrease. Note that the time constant
for the projectile force (1/1,2 dl1,2/dt) is one half

the value gliven by Eqn. 6.

A typical ti{me constant for current decay
after rewtrike can be calculated from Eqn. 6 assuming
Vo~ 6 km/n, V o | km/n and x, - %, ~ | metar. Thina
yields + = )00 ua for the current decay and 100 «a for
the force dacay. It i apparent whv restrike arca
are often correlated with a "sudden” loas of
acceleration,



Co json with Experiments

The simple ablation/drag model, without
restrike. has been compared with a variety of
experiments by Schnurr®. The comparisons are
generally quite good if the measured armature current
is used rather than the input current. Using the
measured armature current provides an ad hoc
correction for restrike.

The plasma armature model including restrike
is still a semi-quantilative description and detailed
numerical comparisons are not ye.. possible. It is
possible, however, to understand many of the observed
-haracteristics of plasma armature railguns and to
examine the scaling behavior of the extended model.

Acceleration The only parameter which has a
strong experimental correlation with railgun velocity
s acceleration. Table II shows this correlation for
soma of the highest velocity experiments performec.
The tinal velocities shown in Table TI scale with
acceleration approximately at ai/*.

Table Il
Summery Of Rosuits
Poak Pesk
Qrganiaation Velocity Mass  Current Pressure  Acceleralion
ANV 5.9km/s 28y 300FkA 18 X8I 738 KQee's
LLNL a6 1.0 J48 23 2000
Vought 0.2 2.8 560 83 2420
Waestinghouse .2 1.0 420 41 2000
LANL/LLNL 10 2.8 1200 130 8680

Why should the maximum velocity depend on
acceleration when restrika depends on velocity
accurding to Fqn. 2?7 The anawer lies in a closer
examinatior of the b.eakdown voltage ucaling. Most
plasma ionication phencmenon are functions of
+/n, the re:io of elactric field to particle density,
Assuming this is true for the reatrike broakdown,

then Eqns. ' and 2 can be solved for the velocity
which produces breakdown. Let the breakdown fisld
( € \..GN
(, - B R
NJ A

where sy 18 the neutral gas denaity, A is tha average
atomic weight of the gas, and (¢/N)* {x the thrushold
value for ele trical breakdown. Combining Eqns. 1
and ? and assuming the effoctive rall sepsration h =
L.4 r for a round bore gives

().’/(:)."nldﬁrdl,] 1

\ - \' ] . DN -
Anrv i’ 11

Bl ¢

()

Equation / predicts an armature velocity for remtrike
which {s independent of current but scales linearly
with the armature voltage V,. dince armature voltago
increames smlowly with current, the obamrved
dependeance of maximum velocity on accelarai’‘nn (x
partially explained by the high current densities
required to obtain high icceleration. Railguna

operating at high current actually insulate
themselves against restrike by filling the bore with
additional neucral gas.

There is a second reason why maximum
velocity is a function of acceleration. It was shown
above that armature force does not cease immediately
when restrike occurs but rather decays over a time
/2 where r is given by Eqn &é. Although r/2 is quite
small, there can be a significant velocity increase
in this time. For example, for Hawke's test F3, the
projectile acceleration deviates from the calculated
acceleration when the projectile velocity is 4.3 km/s
and the acceleration is 6.5 x 10® m/s. Assuming this
deviation marks the beginning of restrike, the
predicted force decay time from Eqn. 6 is 150 us. An
addltional velocity increase of 4V = 6.5 x 10® x 150 x
108 = 975 m/s can occur while current is transferring
from the armature to the rectrike arc. The measured
velocity increase after restrike for test F3 is 800
m/s in good agreement with the prediction.

The 10 km/s test reported by LANL/LLNL
achieved a peak acceleration of 6.4 x 107 m/s? (Table
{I). 1If restrike occurred at a velocity as low as 6
km/s, there was su’ficient time for the projectile to
reach 10 km/s zs the current decayed in the armatvre.
Tt is vnfortunate that few payloads can tolerats such
high levels of acceleration.

Materials The highest velocity plasma
armature railgun tests have all used plastic or
glass-reinforced plastic insulators. A number of
experiments performed with high temperature materials
have given disappointing results. This behavior can
be understood from the restrike velocity relationship
glven by Eqn. 7. If restrike limits velocity, then
the bust rasults will be obtained when

is large and the bore has a high particle Jensity to
insulate against breakdown. This quantity is
maximized by using materials with low atomic weight
(small A) and low heat of vaporization

(large a!)

The low density plastics auch as Lexan best satisfy
these requivemerta.

Attempts to use a mica-based insulator on
the HYVAX railgun are consistent with this model.
The mica insulator was ablated by the armatuie but
d1d not vaporize neutral material into the bore after
the armature passed. The plasma armature length
increased continuously (no quenching) and restrike
devaloped quickly in the plasma tail region. Tests
using mica {nsulation produced lower velocities than
cumparable tasts using G-10 insulation,

W¥hat Can be Dona to Incresss Performance
All of the available evidence points to arc

restrike am the principle velocity limiting process
In present plasma armature railgun. Both experiment

"and thenry prodict that velocities in excess of ¢ to

8 km/s will not he achieved unleasas reatrike is
contro!led,

Techniques for restrike control fall fnto
two hroad categories; techniques which eliminate
curront conduction and techniquas which eliminate
neutral gas from the railguns bore, FEach of these



eneral approaches is discussed below with examples
f specific techniques.

In some case, recent experimental work is
wailable to help in assessing the practicability of
‘estrike control.

Controlling Current Flow Restrike arc

mrrent can be eliminated in principle by
.nterrupting the current path, either inside the
:ailgun or in the external circuit. A number of the
:echniques which have bean suggested are described
riefly below.

Breukdown Voltage The breakdown voltage of

the gas in the bore can be increased by raising the
atomic number density or adding components which
increase dielectric strength. The measured breakdown
fields are s 500 V/cm while the fields generated in a
nigh velocity railgun may exceed 3000 V/cm. A
straightforward increase in number density by a
factor of 10 might provide ths required increase in
Lreakdown field. It is unlikely that cthe neucral
vaporization rate can be increased ten times,
however, because the armature power dissipation
cannot supply the heat of vaporization for this much
mazerial. External injeczion of cold gas has been
suggested but does not appear feasible due to the
short times involved.

The neutral vapor density might be increased
by coating the walls with a reactive material which
provids its own vaporization energy through chemical
reaction. A 200-300 um thick layer would provide the
required neutral density. Ignition energy is
available from the plasma armature. The practical
problem of renewing the wall coating wi ild probably
limit this technique to laboratory devices.

Adding electronegative atoms is a common
technique to increas:¢ the breakdown voltage. This
idea was evaluated on the HYVAX railgun by coating
the insulator surface with epoxy containing 10s
1ithium fluoride powder. An increase in armature
soltage was observed but the effect on restrike was
inconclusive., From other experimental data cn
halogen-gas mixtures an increase in breakdown voltage
of more than threefold is unlikely.

Excernai Cirguit Changes The classic

circuit solution to restrike is a multi-stage,
segmented railgun. By segmenting the railqun {unto
nany independent stages with independent power
supplies, restrike {s prevented in all but the active
stage. This concept has never been evaluated
experimentally hecause of several practical
difficulties. The langth of each stage is limited to
1 or 2 meters for effective restrike control. This
requires many stages with individual power supplies
and switching. Thare i{s a serious issus of magnetic
snergy lois when stages are switched off and an i{ssue
of arc danage to the inter-stage insulacion.

Recently a new type of segmented design, the
Segmentad Ra{l Surface (SRS) railgun, has been
developed and tested. Suppression of restrike was
demonstrated experimentally as well as increased
performance. The SRS railgun resolves several of the
{ssusa {nherent in a conventional segmented ra{lgun
but questions of mechanical and electrical complexity
are still present. Datalls of the SRS railpun are
presented in a companion paperid,

The distributed energy store railgun can
also be denigned to suppress rastrike, v nccomplish
restrike control the current wavetforms must he

..U02 yields My = 4.3 X 10 kg,

carefully adjusted to produce rear zero current in
the region where restrike might otherwise occur.

Zero current results in zero magnetic field and thus
no inductive voltage to create a restrike. The
theoretical feasibility of such a design was shown by
Parkeri! for the case of a short, well defined
armature. The interaction of the distributed circuit
tnning and a long plasma armature has not been
addressed. In any case, the analysis in !! shows that
the current in a distributed railgun returns to zero
about 4 to 5 stages behind the armature which might
require as many as 2 energy storage stages/meter.

The distributed energy storage design eliminates the
mechanical complexity of a segmented barrel but
retains the electrical complexity.

Neutral Gas Velocity The apparent electric
field acting in the restrike region can be lowered b
increasing the veloc.ty of the neutral gas. One way
to accomplish this is to use a high velocity injector
whose propellant gases help prevent slowing of the
ablated wall gases. This technique is incorporated
into the design of the Lethality Test System launcher
at Los Alamo3 National Laboratory and the STARFIRE
railgun at Sandia National Laboratory. Both systems
are designed with a two-stage hydrogen gun injector
operating at 6 to 8 km/c. The LTS launcher project

.was cancelled before experimental work could begin

but STARFIRE is nearly oparational and experimental
evaluation of this restrike control technique should
be nvailable soon.

If there is little or no mass in the bore of a
railgun, then a restrike arc can accelerate to high
velocity, overtake, and merge with the plasma

armature. The key question is "what is a littls
mass?"

The answer is, "#s much as the magnetic
force can move againat ~he viscous drag forcs."
Assuming for simplicity that the msss is uniformly
distributed, the viscous drag force can be written
approximately as?

> - 715 2
Fop 2C, D v (8)

whers C, is the drag coefficient, my ths mass carried
by the restrike current, and D the bore diameter.

The drag force increases during the launch as my and V
increase. At the end of launch, the drag force
should be a small fraction of the total applied force
in an afficient launcher. Choosing 30% as a
reasonable loss {n drive force, ona can solve for the
permissible muss, M,.

0.0751°1*D

A
g SR

(7

Applying Eqn. 9 to Hawke's test F}’ and
assuming V = 12 km/s (the design velocicy) and C, =
FEarlier the neutral
mass density for test £3 was estimated to be 3.4
kg/m*.  Multiplytng by the bore volume gives a total
neutral gas mass of 2 x 10°3 kg, about 50 times the
tolarable mass according to Fqu. 9. Fvan {f these
estimates are in error by a factor of 2 or 3, it ia
apparent that very large decreases in the ablation
and vaporization rates will be required, A number of



techniques for raducing ablation are described below
and assessed in light of this requirement.

Reduced Armature Prwer Since the ablated
mass is proportional to the energy dissipated in the
plasma armature, the reduction of armature power
dissipation s important. Power dissipation can be
reduced by lowering the armature voltage or the
armature current.

Voltage Reduction Lower plasma armature
voltage has been a continuing goal of many railgun
efforts during the past decade. Various techniques
have been suggesced, including seeding with easily
ionized atoms and careful control of plasma
composition and/or temperature. At present, there
are no published results demonstrating significant
volcage reductions. It seems unlikely that voltage
reductions of more than 30 to 50% will be achieved.
The most reliable voltage reduction technique is to
reduce the armature current. For typical railgun
condition, a 10% current decrease yields a 3 to 4%
voltage decrease.

Current Redyction Armature current can be
reduced by using augmenting turns or externally
generated magnetic fields. However, when the
armature current is reduced the average magnetic
field must be increased in proportion to maintain the
accelerating force. The transverse forces on the
structure increase rapidly resulting first in more a
massive structure and finally in stresses which
exceed the strangth of available materials. The
scaling of transverse force is easily expressed in
terms of the reduction in armature current. Let F, be
the transverse force on a conventional railgun
operating at current I ,, Then if the armature
current is decreased to I = RI,, the transverse force
on the augmented railgun is given by

L+R*Y?
)

,
P o= Fel

Reducing the aimature current by a factor of 2 (R =
0.5) gives F;*/F; = 1.56, for R = 0,133 Fy*/Fps = 2.78
and for R = 0.2 Fy*/F; = 6.76. Since conventional
railguns are already vperafing near the strength
limit of available ccnstruction materials, it is
unlikely that the arpature current can be reduced
moxe than a factor of 2 ox 3.

Combining voltage reduction and augmentsation
may reduce the power dissipation by a factor of 5.
Any furcher improvement must come ultimately from
{mprovid materials.

Inpxoved Rall and Insvlator Matexigls The
simples linear relation between armature power and
ablated mass density expresced by Eqn. 1 is an
spproximatinn which neglects the finite heat capacity
and thermal conductivity of the wall materials. This
approximction is ~ell justified for typical plastic
{nsulators and even for most metals at the heat
fluxes generated ir a ratlgun. It has besn
recognized for some years?, however, that copper
*hould be able to resict melting and vaporization at
high veloci-y (> 5 km/s8). Recently, Rosenvasser!
published a figure of merit quantifying the abflity
cf materials to resist brief, {ntensme heat pulsos.
Some of the bheat refractory ceramics possess a figure
of merit comparable to copper due to a combination ot
high melting temperature and moderate thermal
conduccivity, For los current and high velocity, it
should be possible to operats a raflgun without anv
wall vaporization or ablation.

(10)

This conjecture was tested at Los Alamos
using the MIDI-2 railgun equipped with copper rails
and sialon ceramic insulators. The tests were
performed in the "free-arc" mode so that high
velocities could be achieved at modest current.

Figure 3 shows a plot of plasma velocity
measured at three points along the barrel as a
function of plasma current. When the armature
current is less than 100 kA, the velocity increases
linearly with current as predicted by theory. The
curves lie below the theoretical curve by an amount
consistent with viscous drag on the armature plasma.
For these low current tests, there is no observable
change in the ceramic insulators. For tests at 100
kA and above, the insulators develop a greyish
coatiug which is more pronounced at higher current.
At the same time the velocity stops increasing with
current and the magnetic probe data show the onset of
restrike current. Figure 3 presents clear and
convineing evidence that it is pessible to operate a
railgun without ablation at low current and high
velocity. The issue i3 whether material properties
can be improved sufficiently to achieve similar
results for useful railgun currents and velocities.
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Flg. 3. Free-arc plasma velocity at three axiel
positions as a function of current showing onset of
{nsulator ablation.

Rosenwasser’'s figure of merit!? sets an upper
limit on the quantity Ft!/2 for a given matarial,
where F {s the heat flux aud t {s the exposure time.
The calculated figure of merit for sialon i{s 0.85 x
107 W a%/3/m3, The onset of damage shown in Fig. 3}
occurs at Ft'/2a ] 0 x 10’7 W s1/3/m?, {n good agrrnement
with the predicted value.

S{alon, a structural ceramic, does not have
a particular high figure of merit. Table III
presents the calculated figure of merit for a numher
of insulator and rail materials.




Table III

Figure of Merit for Some Candidate Railgun Materials

Material Figure of Merit Threshold Velocjty"
S10, (vit.) 0.24 x 107 3900 km/s
Sialon 0.85 310
Si,N, 1.55 120
Al,0, 2.06 53
Sic 3.58 18
BN (pyro) 4.2 13
¢ (diamond) ~21 0.7
Cu 3.5 18
Mo 4.6 10.6
W 5.8 6.7
C (graphite) 7.3 4.2

*) assuming 25 kA/mm armature current

The best candidate insulator i1s high quality
diamond. Although not yet available commercially,
thin, high qualicy diamond films have been grown
recently on SiC and other substrates. If diamond
films as thick as 200 micron become available on SiC
they would provide an unbeatable insulater material.

Is there any near term hope for ablation-
free operation? To answer this question, one can
calculate the values of Ftl/2 which oceur during
railg''n operation. Taking 25 kA/mm as a typical
operating current the armature power flux (w/m?) is
approximately F = 4.1 x 10% + 2.7 x 10%/D, where D is
the bore diameter in meters. The exposure time is
given by t = 1 /v. A reasonable value of 1, is about
5 times the bore diameter so

' ! 1.94x 107 | -}
Fti=|2.9%x10"D? - — |v ? (1

pi

where v is in units of km/s.

Insercing the figure of merit values from
Table I1I into Eqn. 11 yields the velocity threshold
for ablaction-free operation. The calculated
threshold velocities at the optimum bore diameter
(D ~ 6.7 cm) are shown in the third cclumn of Table
II1. The bad news {s that none of the commercial
ceramics are going to work in a conventional railgun.
The good news {s that the threshold veiocity scales
as the inverse square of the armature power., Given a
factor of 3 reduction in armature power from
augmentation and voltage reduction the threshold
valocities for commercial ceramics decrease to 3 - 6
kn/s aad for the rail materials to 1l - 2 km/s.

Conclusions

Conventional plasma armature rafilguns are
limited to velocities of 6 - 8 km/s by arc restrike.
To realize the hypervelocity potential of plasma
armature railguns, restrike must be eliminacted.

There are two promising approaches which are based on
demonstrated technology. The nearest term solution

is some form of circuit arrangement which eliminates
current flow in the restrike arc. Both segmented and
distributed configurations merit further development,
but major issues of electrical and mechauical
complexity must be addressed. On a longer term, the
development of advanced ceramics coupled with
augmentation to reduce armature power shows promise.
Special ittention will be required to injecting
projectiles at a velocity greater than the damage
threshold and to preforming the plasma armatures to
avoid local bore damage.

With restrike under control, the only plasma
related limitation will be viscous drag on the
armature plasma. Recent MIDI-2 experiments with a
hydrogen plasma armature have demonstrated armature
velocities in excess of 30 km/s so armature drag does
not appe&ar to be an issue in the 10 - 20 km/s
velocity regime.
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