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EXPERIMENTAL MEASUREMENT OF ABLATION EFFECTS IN PLASMA ARMATURE RAILGUNS

Jerald V. Parker and W, Mark Parsons

Abstract - Experimental evidence supportirg the im-
portance of ablation in plasma armature railguns is
pPresented. Experiments conducted using the HYVAX and
MID[-2 railguns are described. Jeveral indirect ef-
fects of ablation are identified from the experimental
results. An lmproved ablation model of plasra armature
dynamics 13 proposed which lncorporiates the rastrike
procaess.

INTRODUCTION

Since the first demonstration of a plasma armature
raflgun in 1977 (1] there has been little progress made
in achiaving the uitrahigh velocities whlch many inves-
tigators havae sought. It s now ugenerally recognizaed
that the performance of a plasma armature railgun 13
strongly degraded by wall ablation effects at veloctias
greater than 5-10 xm/s. Experimentil measurements on
the HYVAX rallgun at Los Alamos in 1334 (2] and subse-
quent 1analysis [3] have shown tnat most 2f the observad
performance loss can be accounted for by four physi:al
meahanlisms which are 4i{rect or indirect consequences >f
wall aplation.

These pi'ocessas 1ire:

1) Vlacous drag

2) Arc restrike

3) Klnetlc drag (mv affect)
4) Armature mass increise

The relative lmportinne of these processes (3 1p-
proximataely {n the srder llsted, although arc rastrike
may Jominate In 30me oxperiments.

In reference [2,3] the vulldisy of the ablation
model {3 supported by comparing the =~is.ared projactile
position varsns time %3 computer il:iition made u3slng
the LARGE <od=2 lncluding blation, Racently, this
comparison has bean extuided to (n2:lude 1 broad ringe
af matlgun axperiments [U4]. 193n igreement batwaen
theory ini experiment, witnout 1iny 1ijustible parame=
tora [n the ablition model, 138 2 porauasive but {ndl-
rect Irgument fivoring the abliation model.  The major
shortroming of tne dblation model 13 {ts fallurs to
treat the ar? rastrike proness. [n this papsr morns
dirgct aviiencea supporting the lmpartince nf ablation
pricasies {3 dearibed ind the relitionsnip between
ablation and rastri<e (3 Jdavaloped,

The first saeqtion deils with meizuraments made on
the HYVAX rallgun. m opapticular, detallad measurn-
merta af the ratl urpent Javelfwrm ara drasantsd and
analyzed to provide dJata on plisma irmature gurrant
1latribution,

Tha second 3e2tion prosenta racent results (rom
axparimanta on the MIDI-2 rallgun using the "fras ara"
technique to {nvostigate ablatlion il high veloctity ‘up
Lo 11 km/8). At high valocity only tasulabor blation
{3 absdarveu ind the maximum wre valoalty scalaa approx-
imateiy 33 %“he (nvarse sguara roon: of Lhe avarago mo-
lacular wealgnt of ths itnsulator matarial, Finally, *7e
rastrika are and (ta connastion «Lltn ablatin ta o
innd 1in datall, Tho  important procoasng lar'iag Lo
rastrike ara ldantifind and an improvad ablatisn modal
13 propused,

Manuseript racaivad

Work supportad by U,5. Dapartasnt o' tnoargy pnd the
1.5, Army, Balliati: Mlaslla Defenaa - Alvaneasg "aen:
nology ‘anter

fhe withors are with Los Alamoa Nt
Loa Alamoa, NM 97uhun
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HYVAX EXPERIMENTS

HYVAX-I railgun

The HYVAX rallgun was designed to be a five stage,
distributed device for hypervelocity techaology deve-
lopment. Mechanically It was to consist of nlne 1.22 =
seotlions and seven 0.3 m sections which contained feen-
throughs for current Lnput, These sections 2ould ©oe
aggembled Lln any order to obtaln the optimum -=2urrent
profile in the railgun. The full HYVAX rallgun w13
never issembled.

HYVAX-I {3 the phase I configuration »f HYVA(, 2
3ingle stage rallgun with three power input moiul-=3 it
the breech end and two 1.22 m modules > mpri3ing "=?
barrel. The usable axceleration langth ls 2.4 =,

The HYVAX rall configuration 13 shown !'n Flg. !'.
The bore diameter at assembly {s nominally 'J.3 =m 1n:
the inductiance gr2dient Is L'= 0.30 uH/a. A reamina
fixture (s ut{llzed to finish the bore to 1in 22uri%?
diimeter. Reamers ace aviallable In lnzcrement; ¢ 7, "¢
mm up to '2.7 mm. Experiments discussel D2ldw 44
bean conducted for vari{ous dlametars from 1',' .5 ''.,*
mm., The main l{asulator material whi{2n 3upp:urti %2>
rilla and 3sidewalls (3 131 unidirectionil fid2rgliias
apoxy 2omposite. Various sldewall In3er%ts hava Hzen
aviluated axperimentally. In ag4itis>n %, %he fliar-
gli3s-2poxy material tnaese lnalude 3-19, L2xin, 171
My~nalax. The external 3hell of the barrel {3 1 2.0 '
{.4. 3twel tube whlch provides mechani:il 3upport o r
the {nternial structure and provides a rallable vi-,-
um-tight ~ontainer.

MAGNETIC PROBkt

Fifs 1 t'ross gnction A7 Sha HYVAX rallgun
Injactor An Ingnitor {3 uged £ all HEVAX teoe ey

Tha Injactor barral (1 v ) mm .. atoe]l 5 ba 44 om

LNk, The bare ls reamsd dondeateds witn Mo ratid
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Timing For most experiments the electrical dis-
charge was triggered by a preset time delay generator.
This was generally satisfactory 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 reliable. Laser
attenuation waveforms were recorded and used toO measure
injection velocity. For some of the later tests a pair
of fast pressure switches was used to sense projectile
nosition and to provide a reliable trigger signal.

Fusing For most experiments the Zuse consisted of
10-12 turns of 0.2 mm diameter steel wire wound {n a
Sircumferencial groove at the rear adge of the projec-
tile. This form of fuse provided much more relizble
contact than the conventional metal [foil bonded to the
back surface of the projectile, A few experiments w~ore
performed Jith a static fuse consisting of a 0.05 mm
thick copper foil recessed into the wall of the rail-
gun,

Electrical System Three capacitor bank modules
provide elactrical power to the breech of HYVAX-I. Eacn
module has a capacitance of 1.3 mF and 1 maximum oper-
ating voltage of 20 kV. Two of the thre2 modules have
an 11 yH {nductor to limit thelr peak current to 175
kA. The third module has a 45 yH inductor and 3 maxi-
mum current of 30 kA, A typical :2urrent wavaform for
these three modules is shown by the 2urve marxked 'input
current” in Fig. 2. The low current module (3 trig-
gered at 200 us to provide an approxinataly flat-top
current wavaform,

Dlagnostics The diagnostics listed {n Table [ were
routinely used on each HYVAX test, Jreit care was
tiken %o i3olate the measuring apparatus {ron the rail-
gun. Voltage measurements were performed with 31 shunt
realstor and a current transtormer to avoid any elec-
trical 2onnections to the rallgun 1pparatus,

Exit velocity was measured in 31 two 3tition break-
wire switch which uti{lized 0.925 mm ilameter tungsten
wire. The wire switch was shialded by one or more
barfle plates to prevent falie 3ignals from debris and
plasma, Velocity measur2ments iare acourite to better
than ¢2%. The wire switah velocity {3 always compared
to tha velocity determined from mignetis nrobe data, If
there {3 1 significant diacrepincy tne wire switch data
{s di3cairded, This happened (n fower than 1% of the
HIVAX teats,

TABLE i HYVAX DIAGNOSTICS

uantlity Measurad Maasurement Taecnhni jue

[aput lurrant (3)
[nput Vol age .3)

Rogowski, paasive {ntagritor
shunt resistor, current trains-
former

B-dnt loop, passive {ntegrator
shunt resiator, current trans-
former

Injactlion Velocity (2) He-Ne laser neam, logarithmic
datantor

Tungstan wire screan (1 mil
d{a,), breaxk mods

Rail ‘urrent (3
Muzale voltagae (1)

axtt Velocity (2)

Moat of tha {nformation ibout plisma armature ba-
havior {s abtalned from an arriy of nine magnetin
probas [nstalled At 30.% om (ntarvals along tha harrael,
Probe position ta shown (n Fig. . Two probe oriuvnta-
tions have Yhaean utilizaed, "aro ocurrent aensing" with
tha loop axis parallel to the ralls and "ratl current
aanaing" with tha loop parpandicular to the rajls, Tha
autput f'rom thase probas can ba racorded diractly (aig-
nal 1 B) ar aftar {(ntagration (signala ), The diraoy
signals provide onily qualttative {atormation ind ware
dnad only on A Faw early tasts, The [ntegrated probe
3lknatls give a4 graat deal of tnaight Into tha plasma
Arnaturs hehavioe, The rall ~ureent arobs haa pravaen
partisularly uaeful for shtaining quanti*antive [(nforma-
tlon Bocause of tts Lmportanca, “he ragl cureant probeg

is discussed in more detail {n the next section,

Rail Current Diagnostic The rail current magnetic
probe can provide accurate, quantitative measurements
of the current fiowing i{n the rails at a given point.
However, these are significant limitations which musat
be understood when Interpeting the measurements, The
most important of these limitations are lim{ted apatial
resolution, coupling to the plasma current, and time-
dependent sensitivity,

Spatial resolution Is limited by the distance of
the probe from the railgun axis. [t can be shown for
simple geometries that the probe :ignal rises from zero
to maximum as the plasma moves a distance 1long the
ratls approximatley equal to tw.ce the distince of tne
probe from the ralls. Plasma current variatisns osver
distances much sSmaller than twize the rail to probe
spacing cannot be observed. Fer a plasma of finite
length, 1., the apparent length measgured by the ri3e of
the magneelc probe signal {s given by a sum {n Juaira-
tura; {.e,

et 2 2417
by = (12d)7e1 7] 2
where 1, {3 the apparent length and 1 13
axi{3 spacing. 3ince (1) {3 derived for simp IE RN
geometry {t 1s not useful for calculating 1y Trom val
ues of l,.  However, (1) does show that vil.-3 .f .
2id are reassnably iccurate, Far example, 1 om2i3ure
value of 1, =44 corresponds 3 1 “rue plismi lengin
2,5d, an arror of «i5%,

For HYVAX the probes are loztated 18 3nown .n Fig.
At 1 distance of 32 mm Cromothe axis.,  Useful meaguroe-
mants 2In be made of plasm:y varlations «<nion sazur dvar
a Jdistance greater than 'Ii-12 2m,

A rafl current probe2 {n3tillad {n the po3ttinn
fllustrited {n Fi{g. ! his some < supliing %> %he plismi
2urrent.,  Plisma current coupling produres tne nagativa
dlp {mmediately bLefore the ourrent rize wnith {3 3ean
an most Af the probe signals {n Fisg, 2, The amnlisiie
of tnils signal {s sensi{tive to the sharp rilinn 0
current  density at the plasma-nrojeatile
When the plasma separates f{rom the prayjassiie :
gradi=ant di{3anpears and the negative procariar sian
vinishes 13 anown by slignal #3 »f Fig, 2. Plasmi cir-
rent  compli®it2s the jguantitative Interpretatinn
ratl zurrent 3i2nala and (% 13 hegst Lo atiminate (& oy
praper placement 9f %he orabe onil (3ee foacrigtion f
the MIODI[-2 diignostic velrw),
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railgun probe the effect of magnetic fleld diffusion
into the adjacent steel shell results in a time-depend-
ent relationship between output voltage and current.
This is {llustrated by the calibration data shown in
Fig. 3.

T l T

/

PROBE SIGNAL (x10){mV)

100L-

S50 —

L CURRENT (kA)

0 Ll [ 1
1
TIME (ms)

Fig. 3 Time-dependent response of 3 rafl current probe

to a known input current

The data of Fig. 3 is taken by shorting the raflgun
muzzle and discharging the capacitor bank modules at
reduced voltage. This simple callibration technique s
another advantage of rail current probes. There {3 no
equivalent technique for irc curraent probes.

Accurately correcting f{or the time-dependent re-
sponse 13 very difficult due *o the Zomplex geometry
and time dependence of magnetic field diffusion, For
simple waveforms an approximate correction can be ob~
tained by assuming a simple exponentiil time li:pendence
for the field change due to diffusf{on. This leads to
an aquation relating czurrent to probe 3(gndal of the
rorm
V(t)=(A+B)I(L) - B;; t(t)expial t-t ) )dr (2)

Equation (2) can be used Lo aeviluate the constants
A, 8, and a by least 3quares fitting %o the 2alibriation
4at1.  Ince the constants A, B, 1ind 1 are determined
for 2 2lven probe the subsajuent axperimental Jata ecan
be orrected numeri{cally using the f(averse of

2y

t(t)-«:{vmmz Vighexplaio=t iy &

whera tha constints C, R, ind 8 are given by

noe (aeB)”! R o= x B/{AsB) 8 = a AC(AsB)

Applied to the calibration data shown in Fig. 3
this correction scheme reduces the fantor of 2 discrep-
ancies to less than 5%. For more complex waveforms the
correction 13 not 4s good, 13 avidencad by the nror-
rected magnetic probe aignals in Flg..l.

For axampla, in Flg, 2 there (3 1 ~lear Ai{ffarance
batwean the prote currenta and the lnput ocurrent At
lite time, although the 1grasment among probe signals
ta moderataly alose. Also the probe #3 ind #9 algnals
111 halow the bazaline when thay shoul! havae raturnaa
ta z2era, Nonethelasgs, this corrostion {oes poralt tomt -
qualitative avaluation of the curreat lavels in varisua
Arns which s vary d{ffloult using *he aneorracted
signals,

EXPERIMENTAL RESULTS
Ovar the past two years Gl oxpormenty

carrtiad out with the HYVAX ratlgun,
fnvastigatead the (nfluence of vartoud

Nive hooan
Yagty Nave
paramatory  oon

Thean

railgun performance {including peak current, insulator
ma.erial, injection velocity, injection gas, and fusing
technique. Overall railgun performance has been re-
ported elsewhere for many of these tes.s. Ir this
section the results of a 3ingle experinsent will be
examined in detafl.

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 aid in the {nterpretation
of the experiment the magnetic probe data, the wire
switch times and muzzle voltage signal are presented on
a position-time (x-t) diagram in Fig. 4.

TABLE 2: EXPSRIMENTAL CONDITIONS FOR HYVAX I-2

Projectile: Lexan 11,1 mm dia,

mass = 1,3 grams.

X 11 mm l.ng

Injector: Chemi{cal propellant
vy - 1.13 xm/s

Fuse: Iron, mass = 0.1 g

Raflgun: L' = 0.3 uH/m

Effective length = 2,1 m

Current = 2'0 kA (Fig. 2)

Initial air pressure = 53 Turn
Exit v2locity: 3.08 km/s

The horizontil lines labeled B3-89 in Fig. 4

drawn at the position »>f the corresponding magnatii®
probe. on each of these lines the times of riapiily
trcreasing probe signal (nigh current Jdensity) aire
arown by a thickening of the line, The line labsiat ™
marks the position of tne muzzle, The 1c2ented ragisn
on this l{ne indicates the muizle voltige 3pike »raavo!
when a current carrying plasma exits the muzzla. The

ars

pcints WSt an. WS3Z snow the time and posit{2n wnere
wire switch #1 and #2 were broken., The [n:iziil posi-
tion and velocity of the projectile, 13 fatarmineg bl

the laser detaction system, are shown by 1 3nore
gegment 2xtending to the left Oof the La=0 axis.

POSITION (m)

HYVAX |-21
o L L | |
1.0 0.8 1.0 1.6 2.0
TIME (ms)
Fig, 4 Pasttton-Tima plot for HYVAX tnst [-01
C o jootila, =seape U'ront)
™ot tn o visualizing the motiong Hanure el
the ratlgun the projectilsa patn {3 marke! by
Han and the loading odge of =ich high currsns ¢

region {3 connactad by 1 {ishad line,
Are langth  The lungtn of aach high cueron



can be determined from Fig. 4 by drawing a second line
the rear edge of each of the accented regions. The
vertical distance between this line and the line con-
necting the front edges gives the arc length. This
prncedure gives an arc length of 8 to 10 cm for all of
the arcs {n Fig. 4. Since the probe resolution is only
10-12 com all that can ve inferred is that the region of
nigh current density is 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 that the arc passing probe
#4 has a long tail of '>w current density., The end of
this tail passes probe #4 it 450 us when the primary
arc has already passed probe #5, approximately 30 cm
away.

The short, high current density arc s leaving
behind it a region filled with partially ionized, weak-
ly conducting gas. Thils region is bounded on the back
edge by the high pressure, neutral gas from the injec-
tor.

This picture of a high current arc fallowed by a
weakly conducting residue seems to be characteristic of
plastic {nsulators, partficularly pure L=xan, Tests
with Myecalex, a mlica-glass material, produce almost
uniform current density throughout the region the arc
traverses, The reason for this difference 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 ls
that the plasma {s being cooled by neutral gas vapor-
{zed from the plastics by a combination of stored heat
and heat transfer from the partially ilonized gas.

Restrike A long tall ¢© weakly conducting plasma
does not by {tself degrade rallgun performance. Unfor-
tunately this situation {s not stable, It 13 apparent
from the signal on probe #5 that a reginn of nhigh cur-
rent density has develop near the back edge >f the
conducting reglon,

The {nstabllity which causes the tralling or "re-
atrike" are involves the I-V chariacteristis of gas
discharges and the motion of the gzs benind the arz, In
g=2naral, gas iischarges exhibit a minimum operating
voltage at a particular current density, with higher
voltages required o bdoth increased and decreased
curreat density. The voltage Increase {3 usually small
a3 current s decreased (small negatlive resistance),
Therefore, small voltige changes can result {n large
nhanges {n the current lensity,

The voltage lncrease Wwhich creates the restrixe arc
{3 generated by the velocity difference betwsen the
maln are and the :rallling plasma., The weakly lonized
£33 behind the arc {9 moving more slowly 33 {3 claarly
shown by the valocity of the raestrike arc ({n Fig. 4.
The mechani{am responsitle for 3dlowing this gas may be
almple viscous drag or may be mixing Jdrag Adiua to neu-
tral vapor emittwsd by the walls after the primary arc
passes,

Regardless of the slowing machaniam thure (3 a
substantial valoclity difference between the primary arc
front and the low current tatl region., At 300 us, when
the main arc passes probe #4 (% (s carrying a currant
of approximately 180 kA at a veloclity of 2 «m/s. At
the same time the rear surface of the {onized raglon |s
moving 4t about 1.2 km/sec, This valocity difference
generates a voltage VP-L'IV-H3 volts. This voltage (a
suflficient to initiate 2 raestrike arc in the HYVAX
rallgun {(fiberglass-copper).

By U480 us the maln arc aurrent has fallen to 110
kAs Tha valocity difference (s 2.4-1,5=0,9 km/s and
the (nductive voltage ls 30 volts, Since both the
mAlh arce and the rastrlke arc are now operating at hilgh
aurrant density ‘and naarly squal voltagas) thls tnduc-
tiva voltign a0ty to reduce the curreant {n tan main
ara,

Conalder o+ olosad olrcult through tha raatyixe apro,
along ona rall, through tna main arce and bank long the

second rai{l. The sum of all the voltages muat equal
zero, Since the arc voltages are nearly equal and the
resistive drop in the rails is small the two {nductive
components must cancel. That is:

Ved (LD =L'I{av)eLl = 0 ()
at

Solving (4) for i glves;

I--Lavr=-ani (5)
T i

wnere £ |3 the separation between the two ircs., The
caleulated value of 1 from (5) ts 1. ,--2.9x10° ass.

The gxperimental value deduced }rom Fig, 2 {3 -2+
2.5 x 107 A/s, somewhat lower tnan the simple calzuli-
tion predicts., Nonetheless, the conclusion i3 inescip-
able. Once a restrike arc has formed the velol2isy
difference between {t and the main arc will 31432 1
continuous Jecrease in the main arc current.

The {mportance of the velocity differenzs 413 ra-
vealed dramatically in recent experiments whi:n inves-
tigated a statle fuse bdullt {nto the wall »>f =ne
rallgun, Whan this fuse 13 vaporized a larga fri:tion
of the fuse miterial {s only weakly tonized ini :3 Lors
il rest whi{le the primary arc acgeleratss L)y "~ oro-
J2otile velocity ( ! km/s8). In this cisa 1 »-it-i<e
ar? has already formed before the main are pi13s:s _ryoo
#3,

Restrike arc velocity Since the velozity 1{ffar-
ence between the main ar> and the restrixke ir2 i{niti-
ates restrike, {(t (s {mportant to understand wny %o
restrike Arc moves 30 slowly. The argument has bean
made many times that the restrike arc should 1iccelarat:
and catch up with the main arc. [t does not Int w2
reason appears Lo be vaporizatisn (not aplat{on) =f
wall material ifter the primary arc passes.

Far simplicity, conalder the situition 3hown (=
Fig., 4 at 1.2 ms, when both the projectile ing tne w1y
ar: have left tne barrel, The f{irst restri<e > i3
carrying a current of 90 kA ind the magneti: foroe
2xerted on [t {8 1215 N, Since the reatrixe ir> (3 not
accelarating this force must be balanced oy 3ome 1rag
force.

The ablatinn drag can be estimated us{nzg tne 1ni1-
tion model of [2]. For the measuraed arc v "wige, .-
rant and veloclty F, «mv=290 N. This acwoui-g £ 54
5f the required drag force. 35ince the restri.<e ar: i3
quite short and moving slowly the viscous driag -~ o~ 3
negligiole, 4 plausidble axplanation for “ne =3y
drig farce 13 ras{iuil gas Iln the raflgun 20re o0 Ly
being pushad along by -he raatrixe irce.

If a reg{dual 213 of denalty §, moving it velo:iny

&

YV, 12 awept up by n ar2 moving At valoastity V.. 1 e
rﬁree '
-. 2 [BETIRE
FemAv = &nr (Vr"vg)vr i

{3 axerted on the arc,

Assuming v, =0, the gas density tvequirad to 12:ount £or
A3E) qbaervgd valocity {s 4 mg/em?,  To avaporise 4niy
much plastic from the wall raquires an energy f »-
proxi{mataly 20 Joulas/cm of length.

When the primary arc naased this polnt (n tne b
r=l, the anargy dissipated (n the arc way H»n | -,
sufficiant to ablate and fonlze about ! mg/:mj o W
matarial.  Over half of this energy goas {ntoy 1ol
tion, If 1 signifticant fraction of this material o
anquantly ocools by conduction and radiwtion 1+ v
tony nd  elactinag recombing, moat of tha [l
anargy Wwill be convartaed to heat, [t appates Lyt
nhnrnSarw that the 20 J/em raquired ty vy, e
my/sam? of plastie into tha bore (a3 avallablo, =, o
axparimental nd heoretical work (s naedged o
Lhi4 nypothests, particularly a1 maasurement ' *.no -\



of neutral gas ejected following the primary arc. Also
a more detailed calculation of the viscous drag forces
involved in pushing this residual gas through the bar-
rel is needed.

The velocity of the restrike arc depends upon two
other experimental factors, injector gas and venting.
Changing inji:zction gas from gun powder products to
helium cau%es a small {ncrease {n restrike arc veloc-
ity, probably because a higher sound speed allows the
helium to push against the rear surface of the arc more
effectively. This 1s 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 velocity, Several experiments
werg carried out with HYVAX using two barrel sections
which had longitudinal cracks {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 1 significant
amount of carbon was blown into these cracks and once a
magnetic probe was blown out of the gun by gas venting
through these cracks.

The offect of the crack3 on restrixe arc velocity
i{s shown in Fig. 5. During projectile acceleration the
restrike arc {s moving 1.8-2.0 km/3s compared to 1,2-1,4
for the non-vented test. After the projectile exits
the gun the restrike ar¢c accalerates to 3 km/sec {n
contrast to tnhe continual 3slowing <wbserved without
venting. The higher rescrike arc velocity reduces the
inductive voltage difference between the two arcs, This
results in less tranafer of current to the rastrike
arce, At exit time the main arc current for the vented
test i3 80 kA, and the arc has not separated from the
projectile. Without venting the main arc current has
decreased to 48 kA and the irc nas 3senarated from the
projectile.
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Fig. 5 Position-Time plot for test [-2b {(Vantad)

Unfartunately thass atr{king valdyelty {ifferances
do not have A signiflcant averall offact sn perfHrm-
ance, The anergy dellivarad to the pra‘ortila {(n rthe
vantad test was increasad about 91 Hvar the non-vanted
tasty. Also, [t seamed vanting did nos have any moas-
uraabla affact on the primary ara, probadbly baciuse the
7rack opaned under the combinad (nflusnca of g1y pros-
sure and magnetic forces ifter tha primary 4r: passaed,

MIDI-2 EXPERIMENTS

MIDI-2 Rajlgun

The Los Alamos MIDI-Z2 railgun {s the second experi-
mental device built primarly to {nvestigate material
effects, The design emphasizes easy replacement of
internal parts and high quality diagnostics rather than
high performance.

A cross-section of MIDI-2 {s shown tn Fig. 6, The
outer containment 3shell is a 15 cm o0.4. x 7.5 cm {.d.
ficerglass cylinder 1,83 meters long. It is split the
full length, and stainless steel 0nolts are used to
close this gap and compress the irternal structure. The
rail and insulator elements are supported by four iden-
tical quadrant pleces made of G-10 fiberglass. By
eliminating all metal components except the compression
bolts, the time dependent perturbation oi the magnetic
probe signals results solely from current aiffusion
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 ~ii2
copper rails provide a calculated, L' of 0.32 uH/=m.
The structure 13 vacuum tight to 3 pressure of <37
m Torr.

Eiectrical power {3 provided by one module of the
HYVAX capacitor bank, Maximum design current {3 150
KA. After allowing for a connection region in the
braech the useable length (s 1,64 m, At tne present
time there i3 no Iinjection capability.

RAIL

MAGNETIC
PROBE

INSULATOR

SHELL

COMPRESSION BO'.T

Flg, 6 Crosa-section of the MIDL~2 ratlgun

nNiagnostics The diagnostics utilized with MIDI-"
are substantially the same as those used on HYVAX. Tho
des{gn and planement of the magnetic p~obes 113 hHaen
ahingsd to eliminace coupling of the ar: current mig:
neti{c fleld into the rail currant sensor,

I'he HYVAX magnetlc probes arse locatad on the at!
plane betwean the two ralls with the normal vaotr
the cofl orfantad in the y direction (see Fig., . 7
nliminate Loupling to the arc current the sansing oll
tn MIDI=2 wa ortantad {(n the x dirsction, pirallel
the are current,  Sines thare {3 no x component [+
rifl magnetie flald on the midpline (t (8 necatyry
ncvae the cotls off of tha midplane as shown [a ¥Fig, -,
e apiimum A{atance off the mii-plane was letorm! o
by ~alulating the x componont of the magnati: s,
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for uniform current {n the rails,

This improvement, plus the non-conducting shell, has
greatly incrsased the accuracy of rall current measure-
ments. Fig. 7 presents typical 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 current at late times, s
better than 13%. Also, the new probe position has
eliminated the negative precusor signal, as expected.

A total of ten magnetic probes are {nstalled on
MIDI-2. To improve resolution during the {nitial arc
motion the 3pacing 13 non-uniform. The probe posi-
tions, relative to the initial fuse location are 5, 12,
22, 35, 50, 65, 85, 110, 135 and 160 cm.

Experimental Resaults Only six test have been per-
formed with the MIDI<2, all directed at better under-
standing the effect of {insulator material on railgun
performance, Jecause the high velocity Interaction
between arc plasma and {nsulator is the area of great-
est uncertainty at this time, most of these tests were
performed in the "free-arc" mode, These tests are per-
formed without any projectile. A fine copper wire fuse
(mass = 2mg) s vaporized to form the plasma, which s
then accelerated very quickly to high veloclty. This
type of teat cannot be performed with the railgun com-
pletely evacuated because a 3mall fraction of the arc
material will be accelerated to very high velocity and
{nitiate a stationary arc wh»n {t reaches the muzzle.
To prevent this the railgun ‘s backfillad to a low
pressure. The air creates a well leflned arc front.

The experiment (s called "free arc" in the sensge
that the forces on the arc from the low pressure air
are substantially less than the forces tdo be measured,
i.e. ablation and viscous drag. A aimple criterion for
"free arc" behavior can be established by calculating
the velocity achievable {f only the forces due t»H the
air were present. The 1iir generates two forces, mv ind
viscous drag. Equating ihase forces to the magnetic
force givas

1 .
3 L'I%« (ph2e2C, M ivg?
h

where p = {nitial air density

h = 2ore helight

“e = friction coefficlent (« 0.003)
My = mass of accumulated alr,

Far the MIDI-2 experimental n~ondition (initi{al afr
pressure = 1C Torer, [ « 100 kA), tne 2alculated maxtmum
velocity s Z3 km/a. As long as tne experimental ve=
locity s substantially below 23 km/s the arc can be
conaidered "free" from forces acrising from the {nitl{al
alr fi{ll. Experimental verificati{on of the "free arc"
condition can also be obtained 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 magnatic
probs traces ls shown i{n Fig, 7 for the PVC {nsulator.
Analyais of all lour tests gave similar results, The
arc la accelerated {rom rest to a valocity of 8-11 xm/s
during the rising portion of the current pulae (0-150
us, 0«80 em) and tnen travels at :onstant veloclty for
the ramainder of the bdarral laength,

The final velocity achleved (9 different for aach
material; =10, 8.2 xm/s; Lexan, 8.9 wkm/s: PVc, 7.9
km/8 and polyethylene; 1!'.1 km/a, the higher valocl-~
tias corralate with decraeasing molecular walight a3
axpactad for ablation dominated motion., A praliminary
comparison with ablat{on model pred{rtiona has hean
mide using Lha LARGE rillgun code and Ly reported (n a
companion papar (4],

In the following dtacussion the <pertimental baer-
vatisna from the MIDI+2 tests will ba ompared to the

HYVAX results described earlier.

There are substantial differences between the plas-
ma conditions i{n MIDI-2 and in HYVAX. The most impor-+
tant difference is 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 given location i{s so brief that no
observable damage is done to tha copper rafls for the
first 130 cm of arc motion. This agrees with the LARGE
code prediction that copper ablation does not occur at
high velocity. Despite these differences the magnetic
probe results from MIDI-2 are very useful because tne
close probe spacing and increased accuracy give a more
detailed look at plasma devel: pment.
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Fig. 7 Rall current probe data from MIDI-2 tast #:

Arc length The spatlal development of the plasmi
can be obtained from the data of Fig. 7. The varti-al
height between two probe curves at a givean “inz {3 1
measure of the plasma current flowing in thne ragi:n
hetween those two probes, Table IIl presents th-3»
current differences at nine different times, For -Hn-
venience the times chosan correspond to the %i{me “no
plasma front irrives at each probe locatinn.

For axample, at S50 us the plasma {3 just reazning
probe #3. At that time 30 kA i3 flowing in the plismi
region bdetween probes 2 and 3 (10 cm) and 1) kA in tne
reglon between probes ! wnd 2 (7 ¢m). The pliasma o
approximately 15 om long it 59 u3,

At 110 us, when the plasma has ~2ached praobe #n,
there (3 a significant current flow{ng {(n the ragin
from probe #3 to probe #b, 1 length of 43 2m, At 1,
u3 the current density has ipparently reached the mint-
mum value which gives a positive dynamic raststin:e
~haractaristic. The inflection {n probe atgnal #5 at
40 kA marks the beginning of a aseparition {nto %W
diatlnct ~current carryling regions. The aentriesn (n
Table [II for times greater than 110 us 3how 1 :l-ar
patteri, of two current carrying regions.

Flg. 7 also shows a second separation later i1
time. The Inflectior (3 first seen on probe #3 v,
about 200 microseconds. The signal on probe #9 shows
two distinct plasma regions at 210 and 3'0 mi:rogo:-
onds. The davalopment and motion of these reatri«:
plasma reglonsg can be =2aen more clearly in Flg. 3.

The range of atable plasma current denaity -°'n o
astimatad from the magnetic probe data. Thae (nisiy
current risetime fcr aach probe, combined ~ttn
maasursd veloclity, ytelds aAn arc langth o0 pprave -
mately 14 cm. This Lmplias a maximum currant ton:
of 3 kA/om™e The .intum astable current fonsi'
ba calculated from the current flowing (n the ropo,
betwaan propes #U and #5 at 110 s {(Juat bafsrre "o
tion of the rastrikea ar2), The mintmum current o .
3 22 KA/'S am w105 wd/emt,  Currant depgih{an re s



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 for a "free arc" test on

MIDI-2

The relationship between current density and elec-
tric fleld and 1ts dependence on local zonditions must
play an l1mportant role in any Iimproved model of the
plasma armatuie, At present the i{nformation required
to quantify this relationsnip {3 not available and
further experimential wvork i3 needed,.

TABLE III: CURRENT OISTRIBUTION AT VARIOUS TIMES
FOR MIDI-2, TEST #3

Time 1-2 2-3 3-4 U4-5 5-6 6H-7 7-8 8-9 §-19
29 us 20 kA

50 19 30

72 315 38

32 3 8 23 3

110 2 4 oo17 22 34

136 ! 3 27 AUk

172 31720 6 56

200 8 20 5 23 48
240 9 u 8 19 82

Restrike Voltage The inductive voltaige developed
by tne primary arc {3 substantially higher for the
MIDI-2 experiments than for HYVAC-2 experiments. For
axample, at 100 microseconus, fthe inductive voltage
developed {3 (75 kA) (0,324 x 10°°)(7.6x107)=!86 volts
relative to a astationary conduction path near the fuse
position In the breech, In HYVAX experiments, restrike
occurred near the fuse position at a voltage of leas
than 42 volts, This contrasts markedly with the ab-
sence of restrike at a voltage of 80 v In the MIDI
teats,

The difference (n braakdown voltage may be due to
the low plasma density {(n the MIDI-2 experiments, how-
avar, there are two idditional experimentil .Jbserva-
tiona which suggest in altarnative axplanation. In ong
axperiment on MIDI-2, a loose Jjolnt (n the braach
caused some minor iraeing in the hreech region, In 1
sacond axpariment a Low mass projaectile was smployad
which slowed the arc. In both ~ases the ooppar rall
surface was melted locally by the Jdiichargs, In bhath
ca3ns restrike arcs wera ghsarved at 1 lower v:iltage (n
the raglon of melting., These observati{sni suggast thit
tha voltage requirad to [nitlate condu t{op 13 Iubgt«n
tiilly higher {n the abusence of urflita malting on the
copper ralls, Further tnvestigations of tnia affect,

with particular attention to alternat{ve rail materi-
als, may help in reducing restrike for some applica-
tions. However, it is unlikely that improved electrode
conditiona 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 {n the HYVAX
experiments. According to Fig. 8 the veloctity of the
first restrike arc is 3.2 km/s, and the second irc
reaches 2.5 km/s. This compares to only 1.2 to 1.4
km/s in the HYVAX experiments. The low restrike irz
velocity in HYVAX experiments was attributed to neutrial
residue left in the bore by the primary arc. This ex-
planation {s supported by the MIDI-2 results.

In Table IV, the velocity of several restrixe ir:s
{s tabulated along with the energy dissipated by tne
preceeding arc, There 13 a clear correlation between
the energy available to generate rest{dual Zas ind %ne
velocity of the following restrike arc, Attampis to
quantify this relationship have met with limited 3uc-
cess. The complexity of the physical processes in-
volved in energy transfer and turbulant flo¥ in the
resfdual gas make comparison among different rallguns
and different experimental s{tuations very Jdilffizul-,

TABLE [V: <ZOMPARISON OF RESTRIKE ARC VHELOTITY WITH

ENERGY DISSIPATED IN PREVIOUS ARC PAS3ASE

Restrike Dissipated
Experiment Velocity Energzy
HYVAX 1.2 km/s 56 J/cm
MIDI-2 3.2 km/s 8 J/:xm
2.5 «m/3 20 J/:m
2.1 xm/s3 26 J/cm
CONCLUSICNS

A detalled examinatinn of measured ourrent waive-
form3 from HYVAX and MTDI-2 tests proviies 3trong 2vi-
ience that simple ablation [2,3) is only 1 first »rior
model. The weakest =2lement of the simple dlatinn
model 13 {ts assumptisn of 1 uniform current 1eisity in
the plasma. £xperiments show that uniform urront
1engity {3 a valid dssumption only at =arly timey noe-
fore viacous Jdrag and viapor{zat{on have
strong velocity gradient along the Llangth oFf a2 o,
Once 1 sudstantlal veloclity gradient {3 estadbiifsh~!, 1
restrixe irc devaleps, diverting current from Sne pri-
mary are and reducing raitgun perfirmance. In "y
lageg the restrike 1r2 2auaes 1 greater parfirnian s
1o33 than direct iblation processes,

Rrgtrike {3 not 1 32parate mechaniam di{ati{nct {rom
ablation, but (3 an {ndirect consequence of %“ne vlii-
tion process, Ablation genarates the ras{dual mat=rii.
behind the primary irce which retards the motion of =n»
rastrike 1rc, The veloclty difference between primary
and reatri{ke 1re 2auses 1 voltage di{fference whi:n
Jacreases the current i(n the primary arc. From anothaer
polnt »f view, the restrike irc 13 only a liadblltvy (f
it has materlal, other than the projectlle, “o agn
againat, Ablatlon provides that mater{al,

The HYVAX nd MIDI-2 experiments praviie av{ton-o
Lo support tha follswing Llmproved model of *"he blat:n
prognss.
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1) The high temperatura plagma iblates 1 amal!
imount. Hf mass from the wall., This matari,
{3 fully {onlzed 1nd causes An ablitive Jdraw,

1) Visoous drag 1cts on tha are dboundiry, 3o«
and cooltre some fractlon of tha fontanmt 2,

3} The heat transferred to the wall an Snty e -



rial cools causes further vaporization of the
wall material. ODue to the lower temperature
this material 1is only weakly ilonized,

4) Mixing of the vaporized material into the tail
of the main arc i{ncreases the drag and further
lowers the temperature,

5) Ionic and molecular recombination releases
stored energy which 13 available to vaporize
more wall material,

5) The final state of the gas {n the bore behind
the primary arc {temperature, density, frac-
tional lonization, and velocity) is a complex
function of the wall material, the primary
arc power and velocity, and the electromag-
netic envircnmnent,

7) The electric field acting on the partially
lonized gas at each poir.. {n the bore i3 a
function of the relativ.: velocity of the
plasma and the magnet{., fie=ld.

8} Current density, powe- input, and ionization
rate at each point dep:nd on lacal 2lectric
field, atomic compositic.”, electron density,
neutral density and %“emperature., When a crl-
tical electric fleld [or power input) is ex-
ceeded, current i{ncreases rapidly forming a
locallzed rastrike arc,

Unfortunately this (improved model {3 virtually
useless for providing intuitive guidance {n the design
and improvement of future plasma armature EMLs, For
example, the simple ablation model predicts that a low
molecular weight material, such as polyethylene, will
give the lowest armature drag. However, plagtics have
a low vaporization energy, thus generating larger
amounts of residual gas {n tne bore iand increasing the
drag on any restrike arc, The relative importance of
these twe effects varies with the details of the wall
materials, the projectile velocity ind tne driving cur-
rent. Choosing the best insulator mater{al requires
either detailed calzulation or trial and error evalua-
tion.

The number of factors {nfluencing plasma hehavior
and the <omplexity of thefr interaction precludes 1ip-
plication of the improved model {n rallgun codes like
LARGE which attempt to proviie 1in overall calculation
of launcher performance. It 2ppeirs %hat further pro-
gress {n understanding plasma armature EMLs will re-
quire the development of a gpecialized calcoulational
model which can address time-dependent electrical,
thermal, chemical and mechaniczal processes in it leaast
on2 3pati{al dJimenslon. The alternat{ve |3 to move
toward EML 1eaigns which decouple the electrical system
from the restrike region (some form of 3egmentation) or
to develop a non-plasma armature.
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