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EXPERIMENTAL MEASUREMENT OF ABLATION EFFECTS IN PLASMA ARMATURE RAILGUNS

Jerald V. Parker and W. Mark Parsons

Abatract - Experimental evidence supporting the im=
portance of ablation in plasma armature raflguns |{s
presented. Experiments conducted using the HYVAX and
MID[-2 railguns are described. Several {ndlrect ef-
fects of ablation are {dentified from the experimental
results. An improved ablat{on model of plasra armature
dynami{cs 19 proposed whlch lncorporates the restrike
process.

INTRODUCTION

Since the first demonstration of a plasma armaturs
railgun in 1977 [1] there has been little progress made
{n achieving the ultrahigh velocities whirch many lnveg-
tigators hava sought. It s now generally recognizad
that the performance of a plasma armature ra{lgun {3
strongly degraded by wall ablation effects at veloct!as
greater than 5-10 xkm/s. Experimentil measurements on
the HYVAX ra{lgun at Los Alamos {n 1334 [2] and subse-
quent analysis [3] have gshown tnat most 2f the observed
perfarmance loss can be accounted for by four physi:qal
meahanisms which iare 4irect or (ndirect consequences >f
wall aplation,

These pirocesses 1re:

1} Viscous drag

2) Arc restrike

3) Klnetio drag {(mv effeot)
4) Armature mass increase

The relative importinne of tnese prn-:esses {3 1ip~-
proximately {n the arder l{sted, 1{%nough are reastrike
may .Jominate {n nsome <xpariments.

In raference [2,3) the v-slidity of the ablatioan
model (s supported by <omparing tne ==1is.ured projactile
posi=ion varsns time %2 20mputer i) :4i1tion made u3ing
the LARGE <nade (Inecluding 1blation. R22ently, this
comparison has heen extsided %o {(n21ude 1 broad ringe
9f raligun axperiments [4]. ‘lose igreement batween
theory ani aexperiment, witnout 1iny tljustibla parame=
tera {n the abiition model, 1s * porauasive but {ndi-
rect arjgument fiavoring the ablation mndel., The mijor
shortraming of tne ablat'!an model (3 (ts fallura to
treit the arc raatrike process. {n this piper morn
4iraet avilence aupporting tne {(mpartance of ablatisn
priousies 13 es:ribed nd the relat{ionsnip between
ablation and resnri<e (1 Jdavaioped,

The first saction deils with mnrizureaments made on
the YYVAX raflgin. nonarticular, deti{iad meisura-
merta »f tha ra!! urrent Javelrm ara hrasantsd and
analyzed to previde Jata on plisma irmature ourrdnt
distribution,

Tha second section prasaentd raecent rasuits from
axparimanta on the MIDI-2 ralldun using the "fras ra”
te:hnijque to {nvostigate ablation L high velocity “up
to Il km/8). At Righ valoecity oniy 'naulator bilation
{3 absarvea and the maximum arc valoclty 1cales approx-
{mateiy a8 %ha (nvarse sjuara ront »f the avaraign m)-
leculir welght of the {nsulator matartii, Finally, *~»
rastrika are and 1ta 2onnation Witn abiatl sn {3 e
{nnd 1n datafl. The importaat proceyptesy leatag Lo
rastrike ara {dantif{ad and an Ilmpraved antat i may
13 propused,
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HYVAX EXPERIMENTS

HYVAX-I rallgun

The HYVAX rallgun was designed to be a five stage,
dlstributed device for hypervelocity tachaology deva-
lopment, Mechanically {t was to consist of nlne 1.22 m
seotlons and seven 0.3 m sectlons which contained feen-
throughs for current {nput. These sections could be
13sambled (n any order to obtaln the optimum -<urrent
proflle {n the raflgun. MMe full HYVAX riilgun wi3
nevar assembled.

HYVAX-I {3 tne phase I configuration f HYVA(, 1
3{ngle stage rallgun with three power lnput m23iu.=3 1%
tha breech end and two 1.22 m modules . mpri3:ng *=?
barrel. The usable acceleration langtn is 2.4 7.

The HYVAX rail configuration s shown :n Fig., .
The bore diameter at assembly {s nominaliy '2.3 mm ang
the inductiance gr2dient s L'~ 0,30 pH/m., A reami-g
fixtura (s utilized to finish the bore "o in 12ruri%:
df{ameter. Reamers ace aviallable {n (nzrements H© 7. ¢
mm up to 12.7 mm. Experiments discussed Dd2low N1/
been conducted for various diametars from 1°,! .5 *'.:
mm, The main (asulator materfal whi2>h 3upp:irti %1
ri1ila and asildewalls (s 23 unidirectional fidergiias
epOXy 2omposfite, Various sidewall {n3er%s hav2
aviluited axperimentally. In agdition =, -he fin.r
gliss-epoxy material tnese (nclude ::-13, L=2x1n,
My~calax. The external ihell of the barrel {3 1 '2.. '=
{.4. 3teel tube which provides mechani:.l aippiwr: © r
tne {atarnal strunture and provides a reliable vy .-
um-tight —onta{ner.

MAGNETIC PROBkt

Fige U riroan anction o7 the HYVAX railgun
Injestor  An lufetor 19 uand for il HYVAX e s
Tha Injactor bareal (1 1 L2 mm o0l gten]l %abe 44 ww
iong. fhe bore 1s peamed congontrid with tae rafi g
bore. Thras 1{fferant breadh asembi{aan wra Jnet 4.0
Lhid el tepending apon the driving motiam,
driving meetix avaliable arey
T rlsms = A polyathylana plasma genery' ot .
1S afactriaoal d{aenards,
U hemteal ¢ Doubia-hased plat o powter 0
4.5 grama) witn afs el tdn
tinn.
te felium = A 1)) PR helium eosoervatr wi'n
sfactrtially aetivitad a1
phragm.



Timing For most experiments the electrical dis-
charge was triggered by a preset time delay generator.
This was generally satlsfactory because all three {(n-
jectors had very reproducible acceleration characteris-
tics. Attempts to use a laser triggering system were
unsuccessful because the signal was not rellable., Laser
attenuation waveforms were recorded and used to measure
{njection veloclity. For some of the later tests a palr
of fast pressure switches was used to sense projectile
nosition and to provide a reliable trigger signal.

Fusing For most experiments the Cuse cons{sted of
10-12 turns of 0.2 mm diameter steel wire wound {n a
2ircumferencial groove at tne rear adge of the projec-
tile. This form of fuse provided much more relliable
contact than the conventional metal foll bonded to the
back surface of the projectile. A few experiments wcre
performed #ith a static fuse consisting of a 0,05 mm
thick copper foll recessed i{nto the wall of the rail-
gun,

Electrical System Three capaclitor bank modules
provide elactrical power to the breecn of HYVAX:I. Eacn
module has a capacitance of t.3 mF and a maximum oper-
ating voltage of 20 kV, Two of tne three modules have
an 11 uH inductor to limit tnelr peak current to 175
kA. The third module nas a 45 yH {nductor and 1 max!-
mum current of 30 kA, A typical :urrent wavaform for
these three modules {3 shown by the ~urve marked ‘'input
current” In Fig. 2. The low curts2nt module {3 trig-
gered at 200 us to provide an approxtmit2ly flat-top
current wavaform,

Dlagnostics The dlagnostics listed in Tible I were
routinely used on each HYVAX test, Jreat care was
taken %o lsolate the measuring ipparatus !row tne rifl-
gun., Voltage measurements were performed with 1 shunt
reajstor and a current tLranstormer to avoid any elec-
trical connections to the raligun 1pparatus,

Exit velocity was measured {n 3 two 3tit{on break-
wire switch which utilized 0.025 mm {lameter tungsten
wire. The wire switch was shialded by oue or more
baffle plates to prevent falie 3ignals from <ebris and
plisma, Velocity measureoments ire acturite to better
thin t7%, The wire switzh veliclity (3 1lways compared
to the velocity ‘determined from magnetic nrobe Jdata, If
there {3 1 significant discrepincy tne wire swi{tch data
{3 di3cirdaed. This happened 1a fewer than 19% of the
HIVAX rasts,

TABLE [+ HYVAX DIAGNOSTISS

uantity Meisurad Measurament Tachni jue

Input arrent (3)
Input Volcoage 13)

Rogowskl, passive inragritor
shunt res{stor, currant tring-
former

B-/nt loop, passive {(ntegrator
Shunt rasi{ator, .:urrent trans-
former

Injaction Velocity {2) He-Ne laser peam, logarithmic
datantor

Tungsten wire seraan (1 mil
4{a,), break moda

Raf{l “urrent (3!
Muzz{2 voltiga 1)

axit Yeloefty (2)

Moat of tha {nformation about plisma armature be-
hvior (s obtainad from an array of niae magnet|:
probes installed at 30,5 om {ntarvals along ths barrel,
Proba position {3 shown {n Fig. !'. Two probe orienta-
tions have Ybean utilized, "ir2 current aensing' with
tha loop axis parallel to the ral{s andl "rall current
denaing” with tha loop parpandicular to tire rai{s. The
qutput fram thasa probaes can ba racorded di{rantly (a{g-
nal a1 B) or aftar {htagration (aignala T), The Jdire.y
1{gnals provide oniy squatitative {atf.amat{on nd wapn
daad only an a4 faw early Laeats, The [nlegrated probe
3iRnAls give a4 graat deal of (na{ght {ato tha plaama
arnaturs bhehavioe, Thae il ~uaresant prann hag proven
nrtiaalarly agaful for sbtatning juantt’ viva {(aforma -
tion, Bacause of (e {mportanca, Lhe Pl arrant oroba

{s discussed in more deta{l {n the next section,

Rall Current Diagnostic The rail current magnetic
probe can provide accurate, quantitative measurements
of the current flowing in the rails at a given point.
However, these are slgnificant limitations which must
be understood when (nterpeting the measurements. The
most important of these limitations are limited spatial
resolution, coupling to the plasma current, and time-
dependent sens{tivity.

Spatial resolution ls limited by the distance of
the probe from the rallgun axis. It can be shown for
simpie geometries that the probe ignal rises from zern
to maximum as the plasma moves a distance 1long the
ralls approximatley equal to tw.ce tne di3tinze of tne
probe from the rafls. Plasma cirrent variatizns osver
distances much smaller than twixe the riil to probe
spacing cannot be observed, Fecr a plasma of finie
length, i,, the apparent length measured by tne r:.ze 27
the magneelc probe si{gnal {s given by 3 3sum {n juaira-
tura; |,e.

e > .1/
1, = l20)7e )2
where l1 {2 tne apparent length and 3 13 &tn2
axi{3 spacing. 3ince (1) {3 derived for simplifi:
genmetry {t 13 not useful for calculating 1, Srom o oval
ues of 1,. However, (1) Joas show that vil.-.s .f L,
444 1re reasonably ccupate,  For examile. 1 M2adare
vilue of 1l.=44 2orresponds =3 1 *rug piasmi lenain
2,5d, an arror of =i5%,

For HYVAX the probes ir2 loziated 13 3noWen tn ®{g.
it 1 distance of 32 mm Sr:m otne axis,  Jaeful meagure-
mants =21In be made of plasm: variitions «&ni:n Jecupr v
1 distance greater than :'J-12 2m,

A riafl wourrent probe {n3tiiled {n tne postiinn
{llustrited {n Fig., ! his some ::upiing %> %“he dlismy
Jurrent.  Plasma current coupliag produr=2s tne nags 3
1ip Immediately btefore the current ri3e whi i3 n
oM most Af the probe s{gnals {n Fl4, 'y Meoamaii=gte
of tnals signal {3 sensitive to the sharp «£ritimn o
current Jen3tny at tne plasma-orajeat!le LN T
When the plasma separates from tne proje AR
gradi=2nt Ji3asp21rs and “he negitive procac i Lot
vinishes 13 anown by aignal # »f F{g, 2 Plaismy -
rent compli{>it23 the juantitatlive {(nturprotit!sn
r1{l 2urrent a3{gnals ind (% 18 best to aiiminat.
praper plicement Hf %he vrobe enll (3ee {oacriph!on 2F
the MIDI-2 A{aignostic beiiw),
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rallgun probe the effect of magnetic fleld diffusion
into the adjacent steel shell results ln a time-depend-
ent relationship between output voltage and current,
This is {llustrated by the callbration data shown In
Fig. 3.

T l T

/

PROBE SIGNAL (x10)mV)

100L-

50 —

L CURRENT (kA)

o Ll [ 1
1
TIME (ms)

F{g. 3 Timeo-dependent ~esponse of a rail .urrent probe

to a known input current

The data of Fig. 3 {3 taken by shorting the railgun
muzzZle and discharging the capacitor bank modules at
reduced voltage., This simple calibration technique 13
another advantage of raill =urrent probes. There {3 no
equivalent technique for arc current probes.

Accurately correcting f{or the t{ime-dependent ra-
sponse {3 very diff{cult due %0 the lomplex geometry
and time dependence of magnetic fleld {1ffuston. For
simple waveforms an approximate correction can be ob-
tained by assuming 2 simple exponentiil time l2pendence
for the fleld cnange due :o diffusfon. This leads to
an equation relating ~urren? to probe s{gnal of tne
form

N
V(t)=(A+B)I(t) - B é

T(t)explaic-t))dr (2)

Equation (2) can be used %o eviluate the constants
A, 8, and a by least squares fitting %o the :alibrition
Jata, Jnce the wonstants A, B, 1nd 2 are determined
far 1 2iven probe the subasjuent experimantal daty can
be :orrected numerically using the (nverde Of [2),

rm-c{v(twa? Vigiaxplaie-tilte ] (31
b}
where tha 2onstants C, R, ind 8 are gi{ven by

0o (aeB)"! R « a1 8/(A+B) g = AC(ASB)

Applied to the «calibration data shown {n Fig, 3
this norrection scheme reducas the factor of .2 discraep-
anclies to less than 5%, For more complex wiveforms the
correction {3 not as good, 13 avidenced by the wor-
rected magnetic probe aignals in Fig,..

For axample, in Fig, 2 thare {3 1 ~lear Adiffarance
birtween the pra'e currents nd the lnput ocurrent At
lite time, although tha 1grasement mong probe signals
{1 modarataly ulose, Also rtha probe #3 nd #9 afinals
111 be{ow tha basaline when thay anoult nava retuarnay
£t e, Nopethelass, this corpaation loes porale tomf -
qualitative aviluition of the curreat lavely tn varioua
Arecs whisn 1a vapy difftealt aszing  “hn serracted
algnals,

EXPERIMENTAL RGN, TS
Ovar the past two ysirg G esxpsirtaentn yeve honn

vcarriad out with the HYVAX raflgun, VR Tty e
{nvastigatea tha (nfluence of varioat jorramatses or

rajlgun performance {ncludlng peak current, {nsulator
ma:erial, injection velocity, injection gas, and fusing
technique. Overall rallgun performance has been re-
ported elsewhere for many of these tes.s,. In this
section the results of a single experlaent will be
examined {n detall.

The test conditions for HYVAX test 1-2! are summa-
rized in Table II, The magnetic probe data for this
test are shown {n Fig. 2. To aild {n the Interpretation
of the experi{ment the magnet{c probe data, the wire
switch times and muzzle voltage s{gnral are presented on
a position-time (x-t) diagram ln Fig. 4.

TABLE 2: EXPSRIMENTAL CONDITIONS FOR HYVAX -2

Projectile: Lexan !t.,! mm dila., x 11 mm l.ng

mass = {,3 grams.

Injector: Chemical propellant
vy - t.13 km/s

Fuse: Iron, mass = 0.1 g

Raligun; L' « 0.3 yH/m

Effective length = 2,1 m

Current = 2'0 kA (Fig. 2)

initial air pressure = 33 Tur-
Exit veloclty: 3.08 km/s

Tne horizontil lines labeled B3-B9 {n Fig, 3§

drawn at the position »>f the corresponding magrati:
probe. 2n each of these lines the times of rapilil/
{rcreasing probe signal /nigh current Jdensaity) are
srown by a thickening of *he line. The line labeiat ™
marks the position of tne muzzle. The ic2ented rag
on this line {ndicates the mudzle voltige spixkae r21*!
when 1 current carrying plasma exits the muzzila. The
pcints WS! ani W32 snow the time 3Ind posrtian wnere
wire switch #1 and #2 were broken, Tho (nitial poai-
tion ind velncity of the projectile, 13 fatarmineg bl
the liser det=otion system, are shown by 1 anore i
segment 2xtending to the left Of the Lad ax(s.

- s q‘..._—:,—-..-_—M |
E —~—~»—-——w-—7;<h~—-«—-39 l
-
z e e !
S NP S, :
= - ’
& ‘
O ‘
a
HYVAX t-21 |
1
» L L | | |
3.0 0.8 1.0 1.8 2.0 2.5

TIME (ms)

FIg, U Pasftion-Tima pl:t for HYVAX tnost [-1

f P At L L, e -0t {190Y)

Yol in o vidmiliaing Lhe mobiong oceure el
e rallgun the projectils patn 13 market by
ttae andd tha laadi{ng edga of 921c¢h high curren®
regton {3 connasttad by 1 {ishad line,

Are length The, lungtn of oach high cureene



can be detarmined from Fig. 4 by drawing a second line
the rear edge of each of the accented regions. The
vert{ical d{stance between this line and the line con-
necting the front edges glves the arc¢ length, This
prncedure gives an arc length of 8 to 10 cm for all of
the arcs in Fig. 4, Since the probe resolution (s only
10-12 cm all that can be (nferred (s that the reglon of
nigh current density {s less than 10 cm long.

Examining the lower current density regions gives a
somewhat different picture, Comparing the signals from
probes #3 and #4 in Fig., 2 {t is apparent from the
slower rise and rounded top “hat tne arc passing probe
#4 has a long tall of 'y w current density., The end of
this tall passes probe #4 at 450 us wnen the primary
arc has already passed probe #5, approximately 30 cm
away.

The short, high current density arc (s leaving
behind {t a region filled with partially lonized, weak-
ly conducting gas. This reglon {3 bounded on the back
edge by the high pressure, neutral gas from the injec-
tor.

Thi{s picture of 3 hian current arc f-ollowed by a
weakly conducting reslidue seems %o be character{sti: of
plastic {nsulators, particularly pure Lu<an, Tests
with Myecalex, a mlca-glass material, produce almost
uniform current density throughout the region the arc
traverses, The reason for this Jdifference {s not un-
derstood, It may be a function of the atomic composi -
tion of the plasma, particularly the large amount of
hydrogen from the plastics, Another possiollity s
that the plasma ls being cooled by neutral gas vapor-
{zed from the plast{cs by a combination of stored heat
and heat transfer from the partially fonlzed gas.

Restrike A long tail ¢© weakly conducting plasma
does not by {tself degrade railgun performance. !nfor-
tunately this situation (s not stable., It {s apparent
from the si{gnal on probe #5 that 1 reginn of high cur-
rent dJdensity has develop near the back odge of the
vonducting region.

The i{nstability which causes the trailing or "re-
strike” are involves the I-V charicteristis »of gas
discharges and the motion of the gas behind the arqc, [n
g=2naral, gas 1lscharges exhibit a minimum operating
voltage at a3 particular current density, with higher
voitages required for both ({ncreased and decreased
curreat density, The voltage increase {s usually small
a8 current s dacreased (small negative resistancae),
Therefore, small vol%ige -<hanges can result {n large
changes {n the current lensity.

The voltige lncrease which creates the restrixke arc
{s generatead by the valocity Jdifference betwaen the
maln are and the ¢ralling plasma, The weakly {onized
813 behind the arc {9 moving more slowly 33 {3 claarly
shown by thae valocity of the restrlke arc {n Flg, U4,
The mechani{sm responsi®le for slowing this gas may ba
almple viscous drag or may be mixing drag A1ua to neu-
tral vapor emittsd by the walls after the primary arc
passes,

Regardless of the slowing mechanism thuere (3 a
substantial valocity difference between the primary ara
front iand the low current tall reglon, At 300 us, when
the main arc passes probe #4 (L (s carrying a currant
of approximately 180 kA at a velocity of 2 <m/s, At
the same time the rear surface of the {onized ragion ts
moving 4t about 1,2 km/se¢, This valocity differance
generates a voltage V. =L'Iveld3 volts. This voltage (2
sufficlient to Initiate 2 reastrike arc In the HYVAX
+allgun {fiberglass-copper),

By 450 us the main are aurrent has fallen to 110
kA, Tha valocity difference {s 2,4-1,5«),9 km/s and
the {nductive voltage s 10 volts, Since both tha
maih arc and the rastrike arc ars now opaeriting avn high
currant dansity ‘and nearly eaqual voltagas) this 1nduc=
tive voltagn a2ts ro reduce the uvurrent (n ina main
arae,

tonatder o :lovad afreult through tha raateiza e,
along one rail, through tna maln arc and back 1long the

second rail. The sum of all the voltages must equal
zero, Since the arc voltages are nearly equal and the
resisti{ve drop in the rails is small the two {nduct{ve
components must cancel., That {s:

JeLt = 0 (4)

vV =d (LI) = L'I{av

4
d

Solving (4) for t glves;

I a-Lrav 1= ¢
T

X35 (5)
i

wnere % (s the separation between the two agns. The
calculated value of [ from (5) {s c3]2""2.9x157 A/s,
The gxperlmental value deduced }rom Fig.e 2 13 -2+
J.5 x A/s, somewhat lower tnan the simple calzauii-
tion predxyts. Nonetheless, the conclusion i3 inescap-
able, once a restrike arc has formed tne veldreity
difference between it and the main arc will :3.s:
Jontinuous dlecrease {n the maln arc current.

The {mportance of the velocity differen2: <13 ro-
vealed dramati{cally (n recent experiments wni:n inves-
tigated a 3tatic fuse bullt {nto the wall »f <ne
raflgun. When this fuse (s vaporized a larga fri:%:oin
2f the fuse miteri{al {s only weakly {onized in1 =3 Lare
it rest while the primary arc accelerates 4> "=
J2otile velocity ( 1 km/3). In this c182 1 ~imri<e
ar: has already formed before the main 1r¢ pi3ses oo
#3.

Restrike arc veloclity Since the velo2xlty 1irMter-
ence between the maln ar: and the restrixe ir? in{%-!-
ates restrike, {t {3 {important to understand wny %o
restrike arc moves 30 slowly. The argument has beuen
made many t.mes that the restrike arc should iccelarat»
and catch up with the main arc. It does not 1y *n»
reason appears Lo be vaporizatisn (not ablat{ont -V
wall materi{al 1fter the primary arc passes.

Far simpliecity, conalder the situiti{on 3hd>4n i~
Fig. 4 at 1,2 ms, when both the projectile ing %=ae =iy
arc have left tne barrel. The first restrixe r: 3
carrying a current of 90 kA aind the magneti: fir:ie
2Xerted on {t {3 1215 N, Since the rastrike ir: '3 n>.
ancelerating this force must be balanced oy 3ome irag
force.

The ablation drag <can be estimated usinz <ne na-
tion model of 2], For thes measurad arc v nage, -
rent and veloclty F, ehve290 N. Tals aczdunzs Iip %4
5f the required drag force. 3Since the resti:<e ar: i3
quite short and moving slowly the viscous drag 1 1=
n2gligidle, 4 plausible aexplanation for %2 =7y
4rig force {8 resiiutl gas in the rallgun Hore 4hio:n
bef{ng pushad along hy “he raatrike iro.

{f 2 residual 213 of denalty §, moving 1t v,
) r oawept up hy in ara moving 1t valosity vV,
F§rvn ‘

Ny 2
FemAv = Anr (vr-vg)vr 0

{3 axerted on the arc,

Assuming v_=0, the gas density regquirad to i::unt £
L he qbaervgd valocity (s 4 mg/om To aviporis: thty
mucn plastic from the wall raquires an energy Hf -
proximataely 20 .mules/cm of {ength.

When the primary are naased this point In tne e
rel, the 2nargy «Jdi{ssipated (n the arc wan o o,
sufficiant to ablate and {onlze about ! mg/,mj R I
matarial, Over half »f tnils anergy goes (nt> 1! )
tion, If 1 significant fraction of this maserpal 1
asquantly uvoola by wconduction and radiation o o
ting nd elnctiina rescombing, moat of tha frsetie
2nergy Wwill be convartad to heat, ({t appairs . L1.c
nhnvuSvrq that the 20 Jd/am reguirsd =) v, o
mg/ -’ of plastic {nto the bors (3 avaliabio,
oxparimental ind ‘“neoretical work (s ngmifet .
thi4 nypothesis, particularly a maasurement ! “ros -4



of neutral gas ejected following the primary arc. Also
4 more detailed calculation of the viscous drag forces
involved {n pushing this residual gas through the bar«
rel |s needed.

The velocity of the restrike arc depends upon two
other experimental factors, {njestor gas and venting.
Changing {nji:ction gas from gun powder products to
helium cau%es a small {ncrease in restrike ar¢ veloc-
{ty, probably because a higher sound speed allows the
hel{um to push against the rear surface of the arc¢ more
effectively. This s a small effect and has no ob~-
served consequences for rallgun performance.

Venting of the railgun bore has a significant ef-
fect on restrike arc veloclty, Several experiments
were carriad out with HYVAX using two barrel secti{ons
which had longltudinal c¢racks {n the {nsulator for
nearly the full length., These cracks were the result
of an earlier test and their width was uncontrolled.
Experimentally, it was observed that a1 significant
amount of carbon was blown 1nto these cracks and once a
magnetic probe was blown out of the gun by gas venting
through these cracks.

The effect of the cracks on restrike arc velocity
!s shown in Flg, 5. During projectile acceleration the
restrike arc {s moving 1.3-2.0 km/s compared to 1,2-1.4
for the non-vented test. After the projectile exits
the gun the restrike ar¢ accelerates to 3 km/sec |(n
contrast to tne continual slowing <bserved without
venting, The higher restrike arc velocity reduces the
{nductive voltage difference between the two arcs, Thls
results In less transfar of current to “he restrike
arc, At exit time the main arc current for the vented
test 13 80 kA, and the arc has not separated from the
projectile, Without venting the main arc current has
decreased to 48 kA and tne irc has senarated from the
projectile,
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Fig. 5 Pasition-Time plot for tast I-26 iVentad)

Unfortunately thasae atriking vel) ity t{fferences
do not nave A signifioant overall orfect on perfHrm-
ande, The anergy delivarad to tne pre's:lita (n the
vantad test was increaasd out 4% var the non-vant.ed
tasts. Also, {(t seamed vanting ot nos hive any meds-
araabla affact 5n the primary arae, probibly baciuse the
2rack opened under the combinad {nflunine af 319 pros-
sure 4nd magnetic foroces ifter tha primary 4r: passaed,

MIDI-2 EXPERIMENTS

MIDI-«2 Rallgun

The Los Alamos MIDI-2 rallgun s the second experi-
mental device bullt primarly to Investigate material
effects, The design emphasizes easy replacement of
{rternal parts and high quality dlagnostics rather than
high performance.

A cross-section of MIDI-2 is shown in Fig., 6, The
outer containment shell (s a !5 cm o.d, x 7.5 cm {.d.
ficerglass cylinder 1.83 meters long. It (s split the
full lengtn, and stainless steel onolts are used to
close this gap and compress the irternal structure. The
rall and {nsulator elements are supported by four {den-
tical quadrant pleces made of G-10 fiberglass. By
eliminating all metal components except the compression
bolts, the time dependent perturbation o the magnatlc
probe signals results solely from current a{ffusion
into the rails, a 20% effect. The bore {s nominally
square, 9.5 mm x 9.5 mm. The 9.5 mm thick x 13 mm ~i12
copper rails provide a calculated, L' of 0,32 uH/=m.
The structure {3 vacuum tight to a pressure of <37
m Torr.

Eirectrical power {s provided by one module of the
HYVAX capacitor bank. Max{mum design current {3 150
KA. After allowing for a connection region in the
breech the useable length (3 1.64 m, At tne present
time there {3 no Injection capability.

RAIL

MAGNETIC
PROBE

INSULATOR

SHELL

COMPRESSION BO'.T

Fig, 6 Cross-section ot thae MIDI~! ratlgun

Niagnostics The diagnostics utilized witn MIDI-"'
are substant{ally the same as those used on HYVAX. The
design and placement of the magnetic probes "ia Haen
sningsd to eliminace coupling of the ar: current mig:
neti{ic fleld {nto the raill currant sensor,

fhe HYVAX magnetic probes are locatad on the nf.!-
plane betwasan the two rafls with the normal vaot)p +f
the woll oriented in the y direction (see Ftg, ).,
n{iminats .oupiing to the arc current the sansing !
ta 4{DI=2 e ortentad {n the x dirsction, pirallel * ¢
tno ke carrsant,  Sin2s thare {3 no x componant f ¢
riil magneti: flald on the midpling {t {8 neaesyaey

ncve the oofils off of tha midplane as ahown tn 2,

e spiimum flatance off tna m{d plane Was latoern! oo
by =2al:iulating the x cnmponont of thy magnati: Pto.!



for uniform current (n the rails,

This lmprovement, plus the non=conducting shell, has
greatly incrsased the accuracy of rall current measure-
ments. Fig. T presents typlcal data from a MIDI-2
test. The signals have been corrected using the tech-
nique described previously. Both the agreement among
magnetic probe signals, and the agreement betseen mag-
netic probe current and input c¢urrent at late times, {s
better than 3%. Also, the new probe position has
eliminated the negat{ve precusor signal, as expected,

A total of ten magnetic probes are {nstalled on
MIDI-2. To Improve resolution during the (nitial arc
motion the spacing 1s non-uniform. The probe posi-
tions, relative to the {nitial fuse location are 5, 12,
22, 35, 50, 65, 85, 110, 125 and 160 cm.

Experimental Results Only six test have been per-
formed with the MIDI<2, all directed at better under-
standing the cffect of {nsulator material on rafilgun
performance, Jecause the high velocity (nteraction
between arc plasma and {nsulator i3 the area of great-
est uncertainty at this time, most of these test3 were
performed {n the "free-arc"” mode, These tests are per-
formed without any projectile. A fine copper wire fuse
(mass = 2mg) s vaporized to form tne plasma, which {s
then accelerated very quickly to high veloclity. This
type of test cannot be performed with the rallgun com-
pletely evacuated because a 3mall fraction of the arc
mater{al will be accelerated to very high velocity and
{nit{ate a stationary arc wh'n (% reaches the muzzle.
To prevent this the raflgun ‘s backfillad to a low
pressure., The air creates a well .efined arc front.

The experiment (s called 'frea arc2” in the sense
that the forces on the arc from th2 low pressure alir
are substantially less than the forces to be measured,
{.e, ablation and viscous drag. A simple zriterion for
"“free arc" behavior can be establ!{shed by calculating
the velocity achievable {f only the forces due to the
alr were present. The iir generates two forces, fmv ind
viscous drag, Equating ihese forces to the magnetic
force glves

1
3 L'I%= [pn2e2C, M, Jv 2
n

where p = {nitlal air density

h = bore height

p = friction coefficlernt (« 0,003)
h = mass of accumulated air,

For the MIDI-2 experimental <ondition ({n{tial atr
prassure = 1C Torr, [ = 100 kA), tne 2alculated maximum
velocity (s 23 km/3. As long as tnhe experimental ve-
locity 1s substantially below 23 km/s the arc can be
considered "free" from forces acising from the {nitiil
alr f£11l, Experimental verification of the "fraee arc"
condition cian 4lso be obtalned by varying the {(nitial
alr pressure.

The four "free arc" tests ware performed using
{nsulators made of G-10, Laxan, polyvinyl chloride
(PVC) and polyethylene. A typlcal set of magnetic
proba traces s shown in Fig, 7 for the PVC insulator.
Analyais of all lour tests gave similar results, The
arc {3 accelerated from rest to a valoalty of 8-+11 xm/s
during the rising portion of the current pulae (0-150
us, 0+80 em) and then travels at :onstant velocity for
the ramainder of the bdarral length.

The final velocity achieved {8 differant for aach
materialsy ¢=10, 8,2 km/s; Lexan, 8,9 km/s: PVC, 7,
km/8 and polyethylene; 11,1 km/s, The nigher veloci-
tias corrnlate with decreasing molscular weight a3
axpectad for ablation dominated motion. A praliminary
comparison with ablation model pred{:tinny hiy bhean
mide using tha LARGE riflgun «<ode and {3 raeported {(n 1
vompanion papar (4],

In the following Jiscussfon the “xperimental .+bger=
vatisna from the MIDI+2 tests wiil ba ompared Lo the

HYVAX results described earlier.

There are substantial differences between the plas-
ma conditions {n MIDI-2 and in HYVAX. The most impor=
tant difference {8 the lower plasma density resulting
from the absence of a projectile and from a lower cur-
rent. This causes tae plasma voltage to be lower,
1004120 v compared to 180-200 volts in HYVAX. The sec-
ond difference 13 the high velocity. The residence
time of the arc in a glven location is 30 brief that no
observable damage {3 done to th2 copper rails for the
first 130 cm of arc motion. This agrees with the LARGE
code predictlon that copper ablation does not occur at
high veloclity. Despite these differences the magnetic
probe results from M[DI-2 are very useful because =ne
close probe spacing and {ncreased accuracy glve a mor?
deta{led look at plasma devel>pment.
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Fig, 7 Rall current prabe data from MIDI-2 tast #°:

Arc length The spatlal development of the pliimi
can be obtained from the data of Fig. 7. The varti .
height between two probe curves at a givan “iaz i3 1
measure of tne plasma current flowlng In the ragi:n
between those two probes. Table IIl preseats th=an
current differences at nine differant times. or -
venlence the times chosan correspond to the *{me ‘no
plasma front irrives at each probe locatinn.

For 2xample, at 50 us the plasma (s just raai:nlne
probe #3. At that time 30 kA {3 flowing {n the plism
region between probas 2 and 3 (10 c¢m) and 1) kA {n nne
region between probes ! nd 2 (7 cm). The plisma s
approximately 15 cm long 1t 59 us,

At 110 us, when the plisma his :reached probe i+,
there {3 2 significant current flowing (n the ragi:n
from probe #3 to probe #b, 1 length of 43 2am, AL 1%,
u3 the current 1ensity has 1i1pparently reached the minl-
mum value which glves a positive dynamic raea3fatin:o
~haracter{stic, The {nfiection {n probe signal 2% v
40 kA mairks the beginning of a separiat{sn (nty %w)
distinct current carrylng regions, The entrien
Table JII for times greater than 110 us show 1 :ian
patter:. of two current carrying regions,

Fig, 7 also shows 1 second separation later i
t'me, The (nflectior {3 first seen on probe ¥3
about 200 microseconds. The signal on probe #9 shuw!
two distinct plasma regions at 210 and 310 ml:roge:-
unds. The davalopmant and motion of these realrla:
plasma reglons cin be =2aen more clearly (n F{g, 3.

The range »f atable plasma current fenaity ‘'n
astimatad from tne magnetic probe data. The ot
current risetime feor s2ach probe, .(ombined 4:itn .
measurad velocity, yields an are langth Of
mataly 14 cm. This implies A maximum currant toees
of 3 rAsem=, The .ini.um stable current fenst'
ba calasulatad from tha qurrent flowing In the o,
betwaan proves A4 and #5 at 110 us (Just bafrre v
tion of tne rastrika .ra!, The minimum :urrent e
L3 22 4AZ15 wm o 1,5 wA/emY,  cureant donathfen reo .
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1,5 4 to 3 kA/cm2 correspond to the minimum operating
voltage at MIDI-2 conditions of temperature, density
and composition. In HYVAX experiment I-21 the stable
current density is greater than 10 kA/cm®.
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Fig. 8 Position-Time plot faor a "free arc" test on

MIDI-2

The relationship between current density and elec-
tric field and {t3s dependence on local z2ondit{ons must
play an Important role {n any improved model of the
plasma armature, At present the {nformatisn required
to quantify this relationsnip {3 not avallable and
further experimentil work (s needed.

TABLE III: CURRENT DISTRIBUTION AT VARIOU3 TIMES
FOR MIDI-2, TEST #3

Time 1.2 2-3 3-4 U-5 5-6 6H-7 7-8 8-9 9-10
29 us 20 kA

50 10 30

72 3 15 38

32 3 8 23 36

110 2 4 17 22 34

136 t 3 2 27 5 ub

172 3 17 20 b 56

200 8 20 5 23 48
24Q 9 4 8 19 52

Rastrike Voltage The Inductive voltage developed
by *ne primary 1irc |8 substantially higher for the
MIDI-2 experiments than for HYVAC-2 experiments. For
axample, at 100 microseconus, t%e {nductive voltage
devaloped (3 (75 kA) (0.324 x 1079)(7.6x10°)=!36 volts
relat{ve to a astationary conduction path near tne fuse
position {n the breech. In HYVAX experiments, restrike
occurred near the fuse position at a voltage of less
than 40 volts, This contrasts markedly with the Ab-
sence of restrike at a voltage of 80 v (n the MIDI
teats,

The difference {n breakdown voltage may be due to
tha low plasma density {n the MIDI-2 experiments, how-
evar, there are two idditlional experimental observa-
tionas which suggest an attaernative axplanatiyrn, In ons
axperimeant on MIDI-2, a loose jolnt In the braesch
caused some minor ireing In the breech region, In 1
39cond a3xpariment a ("W miss projectiie was employed
which slowed the aro, In both <ases tha »opper rall
surface was meitad locally by tha Jlschargs.  In borr
24308 rastrike ares wera ohbsarved at 1 lawer v:ltige 1n
the ragion of melting, These observatinns suggast thit
the voltage raquired to {(nitiate -mndu t{on 13 tubstin
tivlly higherr (n the absencs of gurfiza malting Hn the
vopper ralls. Further {nvestigations of tnis affect,

with particular attention to alternative ra{l materi-
als, may help In reducing restrike for some applica-
tiong. However, It 1s unlikely that {mproved electrode
conditions will Increase the breakdown voltage more
than 150 to 200 volts since most metals will support a
high current density glow discharge at voitages of 150
to 200 volts,

Restrike Arc Velocity. The restrike arc velocity
{s higher in the MIDI-2 experiments than in the HYVAX
experiments. According to Flg. 8 the velocity of “he
first restrike arc s 3.2 xm/s, and the second 1irc
reaches 2.5 km/s. This compares to only 1.2 to 1.4
km/s {n the HYVAX experiments. The low restrixe iar~?
velocity in HYVAX experiments wad attributed %o neutral
residue left In the bore by the primary arc., This ex-
planation {3 supported by the MIDI-2 results.

In Table [V, the velocity of several restrixe ir:?s
{s tabulated along with the energy dissipateq by tne
preceeding arc. There {3 a clear correlation between
the energy available to generate residual Zas ind <ae
velocity of the following restrike arc, Attempis o
quanti{fy this relationship have met with limited a3uc-
cess. The complexity of the physical processes in-
volved (n energy transfer and turbulent flo¥w {n tne
residual gas make compari{ison among different raflguns
and different experimental s{tuations very JdiZfixui-,

TABLE [V: ZOMPARISON OF RESTRIKE ARC VELOTIT? W(TH

ZNERGx DISSIPATED IN PREVIOUS ARZ PASSASE

Restrike Dissipated
Experiment Valoelity Enerazy
HYVAX 1,2 km/s 56 J/cm
MIDI-2 3.2 km/s 8 J’:m
2.5 km/s 20 ./ m
2.1 xm/s3 26 J/em

A detailed examinatinn of measured 2Jurrant Wive-
farm3 from HYVAX and MTDI-2 tests proviies itrang »vi-
ience that simple ablation [2,3] is only 3 rirst srion
model. The weakest <alement of t{he afmp'e dlatiHn
model 1s 1ts assumption of 3 uniform current {ezsity in
the plasma. Experiments show that uniform
1ensity s a vilid assumption only at «earty timey oe-
fore viacous drig and vipor{zation have
strong velocity gradient along the langth of _ae o,
Once 1 substantial velocl®y gradient {3 a2s3tibilana:,
restrie irc devaleps, diverting currant from o ot
mary are and redusing riitgun perfairmanae In 1y
1309 the restrike 1r? 3uaes 1 greater parlormnan o
1033 than tlrect ablation processes.

A2strike {3 not 1 32parate mechanism {atinct franm
iblation, but {3 an {ndirect consequence of %ne 11hi1-
tion process. Ablatisn genaerates the residuil mataria]
hehind the primary ir2 which retards She motion of *a»
restrixke irc, The veloclty difference between primary
ind restrike rc 23auses A voltage difference whi:cn
Jacrenses thae zurrent (n the primary arc., From another
point of view, thy restrike arc {3 only a liabllity (¢
{t has material, other than the projectile, o paan
agalnat, Ablation provides that material

Tha HYVAX 1wt MIDI-2 experiments provite oviten o
%0 3upport tha folloawing lmprovaed modal of *te 1blat:
process.

yrttanT

Sraitaet

') The high tamperatura pf{agma iblates 1 ami,l
wmount. Hf mass from tne wall, This matapriy
{3 fully tonlzed ind causas An Abiitive r i,

') Visoous srag 1cts on thae arc beundiry, 3. Wit
and wonllee some fraction of tha f{onfast 2,

3V The heat transferred to the wall an tnfy e .-



rial cools causes further vaporization of the
wall material. Due to the lower temperature
this material 18 only weakly lonized.

4) Mixing of the vaporlized material {nto the tafll
of the maln ar¢ lncreases the drag and further
lowers the temperature.

5) Ionic¢c and molecular recombination releases
stored energy which {s available to vaporize
more wall materlal.

§) The final state of the gas {n the bore behind
the primary arc {(temperature, density, frac-
tional lonlization, and veloclityv) (3 a complex
function of the wall mater{al, the primary
arc power and velocity, and tne electromag-
net{c environnent,

7) The electric fileld acting on the partially
fonized gas at each poir.: {n the bore s 3
function of the relativ.: velocliy of the
plasma and the magneti . field.

8) Current density, powe- {nput, and ion{zation
rate at each polnt depvnd on lacal =2lectric
field, atomic compositic.'. electron density,
neutral density and “-emperature, When a cri-
tical electric field .ar power input’ is ex-
ceedad, current {ncreases rapldly forming a
localized rastrike arc,

Unfortunately th{s {mproved model (s virtually
ugzeless for providing intuitive guidance (n the design
and improvement of future plasma armature EMLsS, For
example, the simple ablition model predicts that a low
molecular welght materi{al, sSuch as polyethylene, will
give the lowest armature drag. However, ptlistics have
a low vaporization energy, thus generating larger
amounts oOf residual gas (n tne bore ind {ncreasing the
dr2g onh any restrike arc. The relative {mportance »f
these twc effects var{es with the detifls »f tne wall
materials, the projectile velocity 1nd tne driving cur-
rent. Choosing the best {nsulator mater{il requlres
elther detailed calzulation or trial and error evalua-
tion.

The number of factors (nfluencing plasma hehavior
and the =omplexity of their {nterictlon precludes ip-
plication of the {mproved model In rallgun codes like
LARGE which atlempt %2 proviie an averall ~alculation
of launcher performiance. It 2ppeirs that further pro-
gress {n understanding plasma armature EMLs will re=
qQuire tne development of a speciallized caleulational
model which can address ‘time-dependent electrical,
thermal, chemical an4 mechanizil processes (n it leaat
on?* 3patial imension. The alternati{ve 1|3 to move
toward EML lealgns which decouple the electrical system
from the restrike region (soma form of 3egmentation) or
to develop a non-plasma armature.
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