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J I. INTRODUCTION

! In & recent publication1 we examined the susceptibility of reilgun arcs
. to the Rayleigh-Taylor interchange instability. It was concluded that these
s, plasmas were unstable and that the growth rates were usually large enough for
:* effects of the instability to be seen in experiments of interest. In this
WY report we will be interested in extending the previous analysis to another
:ﬁ type of Rayleigh-Taylor effect, i.e., the current-filamentation instability.

The two types of instability are differentiated according to the manner in
which the initial steady state of the plasma is disturbed: In the interchange
N case, the perturbation wave vector lies in the same direction as the steady-
;t state current; in the current-filamentation case, it lies along the same di-

: rection as the steady-state induction field.

N

The basic model and procedure will be the same as for our previous analy-
sis. In particular, we will modify as needed the formalism worked out by

) Tsai, Liskow,and Wilcox (TLW)? to treat both types of instability in an accel-
:{ erating plasma. These authors considered a plasms in which the conductivity
| varied linearly with the density, which had infinitely extended tails, and
b

{ which was accelerated electromagnetically without a projectile. They concluded
that the plasma was subject to both types of instability, with the interchange
* case having the larger growth rate. As pointed out in Ref. 1, however, it is

# rore appropriate in railgun applications to assume constant conductivity for

j the arc. Under this assumption the arc becomes completely confined by the
ragnetic field end consideration rust be given not only to differences in the
solution of the plasma equations, but also to the boundary conditions that

must hold at the interface between the plasma and the vacuum. In addition,
beth the steady-state and perturbed solutions are significantly affected by

the projectile and its presence must be carefully accounted for.

o

Zch

The basic model to be used is shown in Fig. 1 and is identical to that
assured in Ref. 1. The upper and lower sides in the figure represent rails
which carry current in the direction indicated. The current also flows through
a plasma arc located in between x = 0 and x = —-2. The entire current configu-
ration produces a megnetic fielé which interacts with the arc current to pro-
duce, via the stazndzarad Ix3 force, a very high-pressure plasma. This plasna
then accelerates the projectile (shaded area) down the gun tube. It has been
shown3 previously that the arc approaches a steady state in the accelerating
frare of reference. In this calculation, as in our previous stability analy-

sis, the steady state is subjected to perturbations in order to examine its
subsequent behavior.

o >
o -
o ad e

ot e g, 3

Irovell, dJokn D., "Interchangce Instability in Railgun Arcs,'" Phys. FRev. A. 34,
2Z€Z (198¢). See also Ballistic Research Laboratory Report No. BRL-TR-2276,
Jav. 1387,

L, we, Liszow, ., and Wilecox, T., "Rayleigh-Taylor Instabilitiee of an
nz Trin Plaera," Prus. Fluide 24, 1€7¢ (1981).
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x=—£ x=0

Figure 1. Model for stability calculations.

The assurptions indicated and discussed in Ref. 1 will also be made in
this calculation: Firest, we will asswme that the rails are perfect conduct-~
crs and are infinitely extended in the z direction. Second, we will assume
that the temperature within the arc is constant in both space ard time. The
spatial uniforrmity has teen shown to be a fair assumption from our previous
steady~stete analysis, and tempcrzl uniformity has been suggested as reason=
able because of the extreme susceptibility of the arc to redistion. In gen-
eral, temporally isothermal conditions can be expected to result if rsdiative
losses rapidly smocth out temperature changes that would occur both because
of Joule heating and because of local expansions and compressions within the
arc., Finally, and most important, we neglect resistive effects in calculat-
ing the growth rates of the instabilities. In other words, finite conducti-
vity is accounted for in obtaining the steady-state solution but, in the
perturbation, the conductivity is assumed to be infinite. It is not known
how reasonable this commonly nade assumption is for railgun arcs and consid-
eration of finite-conductivity effects is much needed. Some efforts under-
way to account for finite conductivity will be discussed in Sec. V.

The report is organized as follows. In Sec., II the basic formalism
needed to carry out the calculation is presented. Much of this formslism is
also contained in Ref. 2, but is indicated here as well in order to set the
notation. In Sec. III the calculation is carried through. In Sec. IV the
results are discussed, compared with the results of TLW, and compared with
the results for the interchange instability.
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II. FORMALISM

We choose the origin of the coordinate system to be located at the back
of the projectile and to move with it. All guantities calculated are those
measured by an observer in the accelerating reference frame. Let p, P and v
be the density, pressure and velocity in the arc. Let f, B and § be the
electric-field intensity, the magnetic-induction field, and the current den-
sity. Let o be the conductivity and a the acceleration. We then assume that
the arc is governed by the standard magnetohydrodynamic equations:

> >

%ﬂ +9 .« (pv) =0 (1)

->
av -> - -> -> -> ->
P 5% +pv e W+ VP=JXB-pa (2)
->

b > 5B

VXE-®= ot (3)

> > -> > >

vxB=u, V-+-B=0 (L)

-> > -> >

J=c(E+vxB) (5)
and

N S U c = Koo . (€)

TN e

0

Equations (1) and (2) express mass and momentum conservation; Egs. (3) and
() are Maxwell egustions; Eg. (5) is Ohm's law; end Eq. (6) is the isotherral
equation of state. In Eg. (6) o represents the ratio of electrons to heavy
perticles in the ri

asmz, kp 1s Boltzmann's constant, T is the temperature,
or neutral) mass. Physically, K represents the sguare of
tion velocity in the plaswa under iscthermal ~rnditiorns.

t
e
ard li» is the ion
TYCpaga
free-space permesbility.

the cCOJSth¢l o)
In Eg. ‘=) u is th

e shown in Ref. 1 Egs. (2)-(6) can be partially uncourled tc produce
exrressicns for B and v One finds
-+ ->
> - >
A -> - - o - -~
E ¢ x(vxr) +=[I x (v xB)+ v2E] (7)
a- uc - ¢
anc
N
> > > - > > > - - g
o s o= 1 1o - {
SO ,3 e TV +E T ==[(B. v) B 5 ¥V B oo . |
.
-t 1.
Conseguen<lv, Egsz. (1%, (T) an3 (£} can be solved to cctc“"1rr K oRnov,
ar.i tnz remeinirs rlssre variatles deterninel fror Eze. 107
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According to the standard procedure used in stability analysis, we as-
sume that the solution to Eq. (1), (7) and (8) can be represented by the
steady~state solution plus a small time~dependent correction, i.e., for each
function

-+

F(xpt) = Folx) + By (xpt) (9)

1

Furthermore for the current-filamentation instability, the spatial and time
dependence of each fl is assumed to be of the form

-~ ~

>

FGat) = Floet B2 = ot JF ) e (20)

- ~
Here k = kaz is the perturbation wave number and « the angular frequency.

For any given real value of k, w must be determined from the calculation.

If, then, Im(w) > 0, the perturbation grows in time and the plasma is un-
stable. The assumption that the perturbation wave number has only a z com—
ponent (lies along the direction of the unperturbed i field) should be+con-
trasted with the interchange instability treated previously, in which k was
assumed to have only a y component (be along the direction of the unperturbed
current).

The egquations thet must be obeyed in the steady state are obtained by
substituting Ez. (9) into Eqe, (1), (7) and (8), retaining only the lowest~
order terms, and noting that v = 0 in the steady state. One finds

d2B dc. dB
_O = —1" —'—O '—9 (11)
Gx* CO ax ax
and
3 B @B
S (N A
= = = av e aO (12)

Sirilarly, the first-order equetions are obtained by substituting Eq.
(9), with each fl represcnted by Eq. (10), into Egs. (1), (7) and (8) and

retaining only the first-order terms. The following equations then result:

-iu:l + ((Ole) + 1k fo Vq, = 0 (13)
4 Elx =<k By oy (1L)
X = {z. v, V7 (1%)

e e W e T e e N S e e e e et A el et et e
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B B

- Kor + 0 B 4 4% g 1k

mpole-xolfu Blz+ ” B uBO le+plao (16)
le

iwpovlz =31 k X Py = o BO (17)

where the primes denote differentiation with respect to x. The expressions
for B1 and vy, &re not included since they do not affect the dispersion re-

lation. These variables can therefore be set equal to zero without asny loss
of generality.

Equations (13)-(17) can be simplified so that all plasma variables are
expressed in terms of vy by the following operations. We first substitute
Eq. (14) into Eq. (17) and the result into Eq. (13) to produce

1 . k"B, :
buey = grmieg Lt legvd " T B Vi (18)

Similarly, we substitue Eq. (1k) into Eq. (17) and Eq. (18) into the result
to yield

12 BO -
ogvy, = e Klegvnd " T Bo Vi (a9}

Finally, a single, second-order differential equation for vy, can be obtained
by using Egs. (19), (15) and (1%) in Eq. (16). The result is

(20)

{21)
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Evidently, then, once Eq. (20) has been solved for viy, results for 01> Vig?
B, and B, follow from Egs. (18), (19), (14) and (ll§, respectively.

We next observe that Eqs. (1)-(6) hold not only in the plasma but in the
vacuun as well with p = 0 and ¢ = 0. They therefore imply certain boundary
conditions that must hold at the interface between the plasmes and the vacuum
if, as in the case considered here, the plasma is completely confined by the
magnetic field. These boundary conditions have been derived for a general
case by Krusksl and Schwartzschild. For the case at hand we have

ne[Bl=0 (23)
W3* = n x [B) (2k)
nx [2] = (n-9)(B) (25)
[Ko + -g—z} =0 . (26)

~

Here n represents the unit normal to the separating surface (pointing toward
the plasmz) and the brackets denote the change in the quantity in question as
the interface is crossed. The parameter J* represents the surface current.
These conditions are necessary to yield the value of the derivative of Vi at

x = =%,, needed to solve Eq. (20) numerically as well as to join the vacuunm
fields to those in the plasma.

ITI. CALCULATIONS

In the previous section the formalism needed to determine the suscepti-
tility of the arc tec the current-filamentation instability was presented. In
this section the calculation is actually carried through.

In Ref. 1 the solution of the steady-state equations, i.e., Egs. (11)
and (12) was obtained for ¢ = constant. We found

By=-uix/tya, » -1, <x<0 (27)

ﬁo = uj as Y -« {(x < - 20
and

2(1+)o, -x(1+x/2,) o
= 1 -y 2 = (1+y)e ] . (2
CC 2 2 L M X ;
* %o 0
Sivernl, N oni Soncartaecnili, Mo, "Some Inetghilivies of ¢ Corplctely Ivu-
{zcl Zisermz," Fros. I. Sc2, Lowmdow Ser. £ L&, I8d (18i<).
€




E) |_'
5“' In these equations, j represents the current per unit height on the rail sur-
\ﬁﬁ: face, 20 is the steady-state length of the arc, B is the ratio of the arc-to-
3

' projectile mass, and oy is the area density of the arc. The parameter x is
s I given explicitly by
AV
'3 v 2
o X = W P Sof (29)
W 2Kp (1+8) K ’
2 £
S and must satisfy the transcendental equation

.
:Q 2(1+8) 1+x -x
b 1==——2 [1+x/2- (1~e )] . (30)
=, B X X

4
rqs The constraint imposed by Eq. (30) determines the unperturbed arc length 20.
)
l‘.'
Wy We now proceed to determine the electromagnetic fields within the vacuum
$\ to the left of the plasma. These fields are necessary to match the boundary
a conditions implied by Egs. (23)-(26). In the vacuum we have for the first-
Wby
! order fields
: ~"; > V > V
::‘\: VX§1=O,V'_§1=O (31)
@ B
O s N S (32)

i B T 1 y
) &
994 . |
- The superscript V has been attached to differentiate the vacuum fields from
:{ﬁ those in the plasma. If we make the assumption that the spatial and time de-
U pendence of these first-order quantities is as given in Eq. (9), Egs. (31) and
J (32) are easily solved to yield*
N
.o:.! 5 gV k(x+zo) i¢
; '/_1 1x ~ “1x € €
ﬁ., )Y
B ;
e B =0 (33)
ly
.
.q:) BV . }}V k(X‘H?,O) ei(b
‘o 1z~ C1x © :
4O
~ l
and

o
e
.::;:
o
e s
\“: “ie oomelicr onis. tne cage » > 0. It can be showi that the resulting disper-
fﬁ: sim. relatione, Zicoussel suleczuently iwm Fige £ and &, devend only on |k|.
sjﬂ
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et i Al 8 0 0 4 o 8 0 a 2us A s Lalk ke Aok Aad f """I"!"H"‘l""»‘“l’m!‘-m“

- 0
Elx Elx € €
~ k{x+2.) i¢
EXy =-wkB e  Oe (3)
v = k(x+lo) io
ElZ =i Elxe e .

In these equations BXx and EXX are constants which must be determined from
the boundary conditions.

In the steady state the equation of the surface which separates the
plasma and the vacuum is given by x = -20 and the unit normal to the surface

is simply ﬁo =a. In the verturbed configuration, the equation of the sur-
face is

x = - 20 + 6x(z,t) (35)

where dx is given to first order by

iv

s (2,1) = —2 ¢ (36)

and where vy = Viy (x = -20). Consequently, in the perturbed state the unit
normal to the interface is, to first order, given by
Vok i¢ °

N - e’ a,

We finally observe that for zeroth~ and first-order quantities ?0 and ?1, we
have through terms of first-order

1 C 1 0
and (38)
R R afo
-9+ &) = - + (—= & o e
O( 2O “x) O( 20) (ax )x = -EO X
We now use the results of Eqs. (36)-(38), the plasma equatiors [Egs.
(1&), (16,, (iL) &ri (15)], and the steadv-state results [Eqs. (27) and (28)]
tc satisfv the toundary conditions revrresented by Eqs. (23)-(26). One finds
after algebre trat these cenditions implv the following results:
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sV
Elx =0
where vé neans the derivative of le at x = - 20 Evidently all constants

have now been expressed in terms of Vg and the derivative VO’ necessary to
solve Eq. (20) has been obtained.

It remains now onlv to solve Eq. (20). Tn addition to the condition on

Viy at x = = EO’ it is epparent that Vix must also satisfy the condition

le(x =0) =0, (ko)

i.e., the plasmz velocity (in the moving reference frame) must vanish at the
projectile surface. For any given value of k, this condition can be satisfied
only for certain discrete values of w? and, if any or tnese is negative, the
corresponding mode and hence the plasma is unstable.

Our procedure for solving Eq. (20) has been to assume values of k? and
very .2until the boundary condition set forth in Eq. (LO) was satisfied. By
corntinuing tnis procedure for various values of k?, the dispersion curve, w
versus k, can be corbutec. Prior to carrying out the numerical integretion

ve have expressed thne coefficients in Eq. (21) in terms of dimensionless
quantities
B R.cC — — wt
B = _C o= Y s k = k., and w = 9 .
0w o e, 0 VK

We have also made the transformation z = 1 + x/RO which maps the interval
(-2 O,O) into (C,1). _Tt is then found that the dispersion curve for the dimen-
sionless variables, . versus k, depends only on 8.

The numerical integration has been carried out for a wide range of
values of £. Tyvpical of the results obtained are those shown in Fig. 2 in
whicr |u|/y is plotted versus |k|/x for B8 = 0.05, 0.1 and 0.5, and in Fi:. 3
for £ = 1.0, 3.C arni 5.C. These curves constitute the centrel result of our
celculatiorn arni zre discussed in the following section.
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IV. DISCUSSION

Qur physical understanding of the dispersion curves in Figs. 2 and 3 can
be described as follows. For the very-long-wavelength modes (small k), the
perturbation is hardly felt in local regions of the plasma and the growth
rate, which is proportional to w, decreases with increasing wavelength. How-
ever, the deformation of the plasma with k parallel to 0 requires a bending

of the lines of magnetic induction in order that the % field remain divergence-
less. The bending of the lines is evident since le # 0. The bent field lines

now exert a staebilizing force on the plasma corresponding to an interaction
of the unperturbed induction field with the component of the first-order cur-
rent produced by le (see the penultimate term on the right-hand side of Eg.

(16)]. Tne strength of this stabilizing force increases as k increases and
the lines become more severely bent. Thus, for sufficiently large k, this
restoring force can counteract the destabilizing reaction force (plao) and

the plasma is stabilized, This situation should be compared to the interchange
instabilityl in which the induction lines become stretched or compressed, but
not bent, and « continues to grow as k increases.

The instability produced by §fl§o is sometimes referred to as the
current~filamentation instability. This descriptive title is applicable be-
cause the bent field lines tend to ''squeeze off" or pinch areas of the plasra
in which the currernt dernsity will be high compared to that in the btulk of the
gas. If the plasrzs is unstable the current density in these filaments will
grow in time. The filamentary behavior is not possible without a bending
of the induction lires since the forrmation of filaments clearly requires 3B
ferces in toth Cartesian directione normzl to the direction of current flow.

from Figs. 2 and 3 that for values of & > 0.5 the plasme

becormes stal z
R /v LS (L1)
cr
C.ooo,
R, = W ) . (L2)

Consequently, for fixed ¥ (or temperature, the destatilizing reaction force
increases as ¢p increases and larger values of k are needed to produce stabil-

ityr. Alternatively, for fixed ¢,, the arc length increases as T increases and
the density at locel pointes in the arc is reduced. Correspondingly, the re-
action force is also reduced and stabvilization can occur for smaller values of
¥. Tre same result indicat=d by Eq. (42) was found by TLW? for a plasma with
condurntivity rroporticnel to the dernsity, which was accelerated without & pro-
Jectile, and whieh had irnfinitely extended tails.
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For values of £ £ 0.5, the stability condition indicated in (42) becomes
less severe as can be seen in Figs. 2 and 3. Perhaps the reason for the re-
laxation of the criterion at these small values of B is that stabilization
occurs at wavelengths sufficiently long that size effects are important. 1In
other words, these long-wavelength modes '"see" that there is a fixed boundary
at the projectile surface and the boundary exerts a stabilizing effect.? In
general, the boundary becomes important for k losl. It 1s a fairly simple

exercise to show for the curves in Figs. 2 and 3 that kslo< 1l for values of
8 £ 1, but not for larger values of B.

It is apparent that the maximum value of w occurs in each of the curves
at pbints near ks/2. We may write for these maxima

1= (u3)
L= g}
X
Clelon .,
W = 'A:_—u' \*-')4)

where C(£) arpezrs tc approach a numerical value of about 0.2 as R becomes
lerge. That the rmaximum growth rate should increase with a., and decrease

with K, is evident fror. previous discussion. Condition (hh? should be com-
pared with the mexirur growth rate obtained by TLW, namely,

N =(.c :A/v;.: . ()"5)

it trerefcre arrezrs trhat the growth rates of the instability for the constant-
conductivity case ere smaller than for the case worked out by TLW, particu-

larly for small values cf £. Undoubtedly, the greater stability is at least

paertly ettrivutzble tc tre Tinite-size effect discussed in reference te Eg.

(2", A grarh cf C'f) versus £ is shown in Fig. 4 for the values of g indi-
S. ¢

)
ar.t 3, as well as for a few addiiinonal ones.

There rermzins the question of whether the instability is of any import-
ance in resilgun experirents. Evidently, rapidly accelerating, fairly cold,
long arcs are the best candidates for demonstrating the effects of the in-
statility, & set of conditions not easily achieved. As examples for discus-
clon we heve considered in Tatle I three sets of data. The first two corres-
pond to actual experirental measurements on railguns; the last case s hypo-
theticel as discussed.

. . . .. - . — .
Civn T Somnn Teler Tele a0 L, Trivielrles of Flgewn Fiueloe (Malrooo-

- o - - - B TP Tt T P SR
A T o T L L N T T UL B o O U T P R SR G
NSNS SANLY A 5-,\ W e e . - RN IN It e T e e T ks v T
n A, T ot e ) :

~
ot

»
-, -
» WV y




& " Ve R WY WY - DV RV SEPT LT T WY VICY TR Y Wi _an o Iy . ey W T e

)|
"
g
N
K
Wy
l
1
W
l
’r'
U
MY
i
o
' .
- ™
. =
- N
K- o
L.~ =
s 3]
' v
) (45
iy [«
[ 2]
N T
(3 t
=
(1Y ~—
o o
N 1S
P q:
- +
¢
5° =
D" <
&
©
(7
e E
=
"'
- 1 =
-. ln (%
To) ] 4
~ — — o o 2
N N . o . N ot
= S o o o © -
‘:
-
L8

C(8)

--
L3RR RPLINA

..
@ -
o
I

R I Vet e B IR e - Nt m? - N AN Raa® o W W, o A, Y -
L O Pt TR o \ v ¢
‘lxu, ‘F ¥ "c‘lhh_ $ "\. o ,lr""’.‘l’. - tld‘“!'l'—"a. o % q'l ?..

o

D Y . TR G Y - wgw "ew w ™
"0:'!':'!!.',!0.‘_ Pttt 2 -»!'0.:’0.\ .!.0 % .o"m -’0.«‘?

a




*pPIOU ARUNIBYFO SSITUN GHI 2D S11UN 17V
x

sur g° 1 Al €60°0 T 0°1 ¥ 0T X 00y v 008 - 2L°0 »oa X g£°2 IIT

660 L6 #500°0 6£0°0 920°0 ¥ 0T X #°T V¥ 008  OTf ogo QT XTI IT
nT 68T  €£000°0 6200°0  G6TO0°0 X T ¥ 8°T W 00T 09T  nno'0 0T X 274 1
2, s, (9)0 X g I, T 0, 0y 0, asmy

¥SIOALIT LITTIQRIS JO UOIIBTNOTR) J0) »amg  *I FIAV]

- A Pt oF TS P X X JNJNI\&R- ] L &J-fnlil.n...lnf. y f. . n‘A--\ Y I“l’l Wu\uht.\h\l“ ,L.f\.l‘.w‘ J v. _f... ........ e _Oil
K A A > g X N, * - . A A A 1

(3




- T T T TR TS T 1o T rom

The first case in Table I corresponds to an experiment6 carried out by
Jamison and Burden on a small, one-half-inch, square-bore railgun at BRL. A
2.5 g projectile was accelerated using an aluminum arc (Mg » 4.6 x 10-26 kg)
to about a kilometer per second. Measurements of ag, 10, the current i, and

the muzzle voltage Vg were made at various points along the gun tube; the
valucs indicated in the table were obtained at a point about 15 cm from the
breech. The arc temperature was very roughly approximated by assuming that

one-third of the measured muzzle voltage corresponded to a resistive drop
across the plasma7 and calculating the conductivity o of the arc. The temper-
ature was then inferred from the theoretical expression3 for the Spitzer con-
ductivity which gives o as a function of T. The arc was assumed to be singly
ionized. Once these parameters are known K, x and B follow from Egs. (6),
(29) and (30), and C(£) can be obtained by interpolation using the data in
Fig. 4. Finally, «_and k_ follow from Eqs. (44) and (42), and the e-folding
time associated with the miximum growth rate as well as the stabilizing wave-
length from the expressions

te =T (L6)
- = o :l: . (L‘?)
Tre roaonitiie ot toe laet two guartitiee indicates that the instability is
Loterly res_lsicle iro tnis experirent., Not only is the e~folding time orders
of mapritiie larsar than tine acceleration t'me, but also the wavelengths as-
gooistel Witn the instelility ere large compared to the railgun dimensions in
+re 1 direstiir inze ascountel for in the model).
m e ececor.l case considered in Table I corresponds to diesgnostic data re-
certly terern tv Jemiscrn ani Purdens orn CEECMATE, the two-inch, nare-hore
e i lear gt Mawwe Ll levcoratories, In this case an aluminur arc wa: "c
scooelernte & L. & ojroje~rile, Values c¢f EC’ VC’ and 1 were again t di~-
restly fror tre data, tLt tns accelerslion was calculated fror the ¢ ent
&ri lassurel) iniuctarce graiternt of the reilgun, namely, 0.L wi/e. sm=
rersture arni rerzinins jarameters were then calculated in & manner identica.
tc tre* for Cace I. Note that evern though the arc is nearly an order of mag-
nitude lornser then before, the terperature smaller, and the acceleration nearly
SN fr, *re irstatrility is apparently still unimportant. In

oo large for the instability to have any

(N C Furden, k.S., "Measuremente of the Svc-
“~ e . . . r -

e G Are armature,'” IEEE Trane. Magv.
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Finally, we consider a hypothetical case, similar to Case I, but for =a
longer arc and higher current. We choose the arc material to be copper
(Mg ~ 1.1 x 107 25 kg), assume a current of 800 kA, & projectile mass of 2.5
- end take g = 1. The temperature was approximated by scaling the vealue for
Case I according to previously derived scaling relations.? The plasms was
assumed to be doubly ionized here since the temperature turns out to be some-
what higher than in Case I. These parametcrs are then sufficient to specify
the steady state of the arc, and the remaining variables in the table can be
calculated as before. We did use the scaling relations to obtain the accel-
eration from Case I, rather than use Eq. (29), since this theoretical result
is known to overestimate the acceleration substantially.3’9 Obviously, now,
the acceleration and arc length are enormous; indeed, it is doubtful that
small railguns could withstand these large currents and very long railguns
would be necessary to accelerate such long arcs. At any rate, the e-folcding
time tg is sufficiently short that instability effects might be seen. How-
ever, A_ is still toc long to be allowed by any practical railgun.

£

In sumrmary, it appears that the current-filamentation instability is
virtuelly ne importance in railgun applications, at least whenever macrosc
rroiectiles ere accelerated. Evidently, the wavelengths at which stabili
ticn coccurs are generally long compared to reasonatle railgun d1meﬁs-c*s,

tires are generally long compared to typical acceleration ti
¢n snould be contrasted with that for the interchange incstar

i wnich the growtnh rates always increase with decreasing wavelengtn, ant e?
fects of tre instzbility are alwzys expected to be important in reileur er;li-

Irrrevermerts in tne present model are not likely to result in any crance
ir the t=zsic conclusion concerning the importence of the current-filarentaticr
iretarility irn rzllgsun accelerators. Probably the greatest lirmitation of the
rciel is the assumrticn ¢f infinite conductivity in the dispersion calcule-
Tlions. A ', nowevar, one would expect that finite conductivity woull
reduce ire growin rates even rore. This conclusion aggears to be consistent
with recent wors by S1cxri® ang by Huerta &and Decker. Sloen has carrie:
cut oscrme limitirr-czse calculations and speculated that growth rates shoull
iecresse witr decrezcins cenductivity. Huerta and Decker have includec the
effects ¢f firite conductivity in the TLW model and werred cut the interchans«
czse exylisizly. Althourh thelr work is apparently still underwayr, esrly re-
sulte arrear to te consistent with Sloan's speculastion.

o7 y el Leoav ] Erries, Jad wo=Dimenstonal Plasrma Model ror te
Aro=lrles Fo0l Zan, " Sl Arrll F £0¢f (186:L). Sec cler Fouell,
Sy Day Moscel e oSl Moas] Dgnuw,co in the Fail Gun,'" 5211{e-
: MR TrLtIr. Fenirr TE=0L4E8, October 1860,

Sy MU, e Donedaepations cf Renletigh-Taulor Imstability iv Armaiure
Clrem o, Repearos Aeecnlaoteoe Ferort Noo I-ARA-80-U-F0, 1EEF,
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