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RAILGUNS POWERED BY EXPLOSIVE DRIVEN FLUX COMPRESSION GENERATORS

C. M. Fowler, E. L. Zimmermann, C. E, Cummings, R. F. Davidson,
E. Foley, R. S. Hawke**, J, F, Kerrisk, J. V, Parker, W. M, Pavsons,
D. R, Peterson***, N, M, Schnurr, and P, M, Stanley

Abstract - Explosive driven flux compression genera-
tors (FCG’s) are single-shot devices that convert part
of the energy of high explosives into elec‘romagnetic
energy. Some classes of these generators have served
quite well as railgun power sources. In this paper
and the following paper we describe strip and helical
type PCG's, both of wiich are in use in the Los Alamos
railgun program. Advantages and disadvantages these
generators have for railgun power supplies will be
discussed, together with experimental results obtraiied
and some of the diagnostics we have found particularly
useful.

INTRODUCTION

In most of the present U. S. railgun programs,
prime energy 1s supplied by homopolar generators or
capacitor banks., Often the energy is first delivered
to an inductive storage unit to which the rails are
either attached, or switched in ’ater. In this and
the following paper we survey that part of the Los
Alamos program, much of which was done jointly with
Lawrence Livermore National Laboratory, in which ex-
plosive~driven flux compression generators (FCC’s)
serve as the prime power source. The next section 1Js
devoted to a brief discussion of FCG’'s with emphssis
on the two types we have found particularly useful -
the strip generator and the helical generator. Some
of the advantages and disadvantages of these power
supplies are noted. A few of the disgnostics found to
be particularly useful are then discussed. Included
here are some measurements of plasma arc resistance
for a large bore gun. Following this discussion,
results of a single experiment are cited in which we
believe it probable that a small tantalum projectile
was accelerated to a velocity of order 10 km/sec., The
limited diagnostic evidence available, tozether with
the best modeling we can make in a reasonable way, are
presented to the reader, whoae conclusions are left to
his own judgement. The major points of the paper are
summarized in the final section.

FLUX COMPRESSION GENERATORS

Elements of FCG Operation

Explosive driven flux compresdion generatora are
single-ehot devices that conver. par. of the energy of
explosives into slectromagnatic energy. Generally
spesking, the devices coneist of a conducting cavity
containing magnetic flux in which pert ¢r all of the
conductors ars overleld with explosive. Upon explo-
-aive detonstion, the moving conductors work egainet
the flux, thus imperting magnetic energy to the sys-
tem, From a lumped paramster \iewpoint, the process
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may be viewed as one in which the circuit inductance
is forcibly reduced. In Fig. 1, the variable inductor
L(t) represents the FCG, L, a load to be energized and
I the cur~ent flowing in tﬁe system (I, and Lj are in-
itial current and genarator inductnnce?.

o ,V\,_NV\__.“.
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Pig. 1. Circuit schematics for load L; powered by
flux compression generstor L(t).

The system resistance is given by R. The corraspond-
ing circuit equation is -

;:_(L(:)+L1)I+IR-0 . (1

If there was no circuit resistsnce, (all the cavity
bounding elements were perfect conductors), then cir-
cuit flux would be conserved, o:

0o = (L(*) + LI = (Lg + LI, (2)

At genarator burnout, whars the ganerator inductence
has been Euduced to zero, *hs final losd current end
energy, Lll /2 are incressed by a factor (L°+L1)/L1.
or

I/I5 = E/By ~ (Lo + 11)/1) 3

As sesn from (1), circuit rssietive elsmsnts lesd
to e loes of flux with s conssquent raduction of both
currant and energy.

Strip and Helical FCG's

FCG'a are constructed in s veristy of typss, de-
pending upon ths losd requirsments. We discuss ‘wers
the two typss we have used to powet reilguns, the
strip and tha helical generstor. A mors gensrel in-
troducto.v discussion of thesa dev'ces, together with
s rather comprshensive lumped circait enslysis, are
avatlable {n [1]. The strip gensrstor shrwn
schematically on Fig. 2 hee bec. uend moat often se @
railgun pownar source at Los Alemus. Typicelly, the
generstor consists of long perellel etrips of copper,
one of which 1as overleid witLh explonive strips; an in-
put hlock for leads trom a cepacitor benk thet



- lenter tne

supplies the inirial flux to the system; aad an sutput

block for conaections <o the load. Ir the preseat
situation, tne 1ioad consi=ts of the railgun,
occasionally preceded by a ballast storage {aductor.

Ia one such generator, the zopper strips are Z.-m
long, 57 mm wije, and 1.€ mm thick, and tha separatica
between them is i =m. Two layers of C-8 Detasheet

explosive, 51 mm wide, are placed over tre upper
copper strip. To minimize expansion >f gzeneratsr :om-
ronents from wmagnetic forces, steel b»allast bars,

50.8 um wide bv i2.7 am -0 25.2 mma t*ic%, are laid cn
top cf the Detasheet explosive and directlyv under the
bottom copper strip. The wedge-shaped input aad out-
put blocks are cut from 55.3 mm square brass bar stick
and tnen drilled and tapped individually to accommo-
date cable input header attuchments a=d t> make output
conaections o thke varisus loads tested.
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Fig. <. Stris generatzr ccaporents.
itfter flux frzm a zapazitar %anx 1s 1iatroduced

1n"S the generator and the load, the 1etorator is
f:red. The inscut slat 18 -l-sed ro trep rke flux, and
detcnation crzreeds down the Jetasteet strips. wren

the tcr plate is irivea -rt: tre bottsm plate, it
cuates the flux ints the lz2si. Nearlv all uvf the d1-
2e741-ne %ave teen varied ‘> meet dJifferent condi-
t121s. Loocer stri; leniths wave ranged from I to
3.5 meters, widers frsm $5.9 te iZ2 mm and thicxneases
from 1.6 to ,.2 mm_ witr zzrrasconding changea {~ the
‘apui and sut;ut Eliexk i1imensiora, ani 11 the
thickness a:o wijth :f the eaplosive layers.

“igure Js e1ows trhg bas!c c:mponents >f e “elical
*Vpe generstor. At the lcwer rignt 1s an  externel
1jed 91l which ie t5 be s~2rgized bv the generetor.
Tha generet:z: itself zonsiete >f an axternsal %elizal
winding, an  explogive-losded wetsl cylinder, or
arzatare. i¢nd inpar and cutput 1nsilering epecers to
armatste .n tre “alix. Initiel flux 1s
eupp led tz the .~c~eretor end series load cril from a
capacitor *ark. It -an be see~ that the armatire ir-
sslf ssrves es ;ett o tre zonducting clrcuit, When
tha explceive 1. istOnate-, the armature expards,
resuleing i~ . -cnica: zetai front wcviag with aexplo-
aive detonatl- - welccity. The 1atonaricn 1a so timed
t-at this coai1cail front shorta 3at the gengratsr input
8T Or "@Ar REAK - rrea” or. ejuivele=ily., reak flux In
the gsrerator. Thir almo effectively 1soletes the ca-
racitor barx frsr the gvate~, After cloaurs of the
Tirrent inpuLt, the cantzal  fronmt preceelda  dow-, the
armatire, -2ntactirg e *ellccl t-rsn in a mora or
iene wipirg fashi~n. Figure b gives a =ilew =f ghe
R~narator falrls lacte ir tre det--atiza atag..
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Tte ceatral
generator soxme time afrer
detonated.

tte exzlosive %was been

The iaductaace of the ge.eratzr is r-ugklivy
prsoorrticnal ts  the square =f the nuaber =f t:oras iz
the melix, and inversely prozsrtizial ©o the  lengt:
over wikich the turcs are spaced. G3Jecause of the wul-
ticle tirns, these Zenerators usually %ave much jarger
iritial 1inductances ther thcse af cther ciasses. As
seean from (37, thev generally have much =igher gain
cacability t*an trhat of otker geserator tvpes. 3irze
currenzs normally iicrease during generator turn time,
the ccnductors are siormally widened towards the gener-
atr oSutput to accommcdate the larger <curreats.
Unlike stri; generstors, it is difficult and exrensive
to bulld treae generators wit: burn times longer than
twsz or three hundred micrcaecsnda Zonsequently, we
have jsed these gzenerstors to> anergize an indictive
store to which the railgun is attached. inscesd of
driving the railgun directly, ae 1ie freauently tke
case with the atrip generstors. Desig: details ¥
thie generator are given in tne following comranizn
pager [2Z] as well ae 1te appiication tc accelerate
zaseive projectiles.

Adventages and Disadventegeas of FCG's

Tha most obvious dissdvantsge of PCG e 1a the use
of explosives with their conssduent nazarde and de-
struction of genarator ccmponants. Another facior 1s
that their operf~rmance 1{e Jeusily bestter when they
opsrats ii: & high energy density environment. Thuas,
it bacomes inconvenient (and expensiva) tc use them 10
low lavel test serises thet resduire many shots. Gn tras
Jther hand, we have fouad them verv usaef.l wres
averated at aigh current lavels. WYa heve fired as
mery @@ four such shots in @ 4ny. The limiting fector
hes not besa the replecement o>f the FCG'e @0 much as
the ti=e rejuired to refurbis™ or replece tre reilzuns
"hg=selves, since cthey usually euffor significant
damage frzm czarrying lerge <currents. The reiigu-~s
are, of courss, srotectsd from aeny direct explosive
deTags.

Am~ng the adventages of YCii'a are rortability a-d
versatilicv. As an example of portability. 1a a
aeriag of experiments, FCG's ware ceed as rocket-borne
rlanma gun power esprliss, reguiring weigh's and
vol:m2e Jf 3nly a few parcent of those 11 mors



conventional 3upplies [3]. They could slso prove use-
ful 1in remote locations where it might lLe impractical
to m3uat c<snventional suprlies. Within Iimits, gener-
ators can be designed to meet various requircd test
conditions. Tne strip generator, for example, can be
2asily modified in a aumber of ways [&]), These in-
clude 2as¥ adjustment af conductor lengths for pulse
lengtn contral, altering rhe conductor widths along
the generator to meet varving current requirements,
changing the 1iater-conductor distance and, within
limite, varving the spacing as well as he conductor
widths to vary the inductance gradient .long the gen-
erator. Various combinations of more than one genera-
tor can be used. By adding a third, isclated, element
to the railgun breech connections, two generators nave
been fired 1in parallel, but remain series connected.
ag seen in Fig. 4. This results in doubling tke gen-
erator inductance without increasing the burnout time.
On the other hand by s mply connecting the generatora
In series and firing sequentially, both the generator
inductance and pulse length would be doubled.
Peterson [5] has also pointed out some of the
advantages of phase <{iring several generators con-
anected at different atztions in long railguns.

- AL

Fig. «. Photograph showing CWOo S8trip generstors
series connected to a railgui. In this shot the
generestors were fired 1in ,arallel. Saeni at the
lover left sre s witness plate 'a front of the gun
and a 2.1 m long x-ray film cass tte.

More then wmost power sources, th. effectiveness
of FCi's relies to s considersble extent -n minimizing
flux lossse, @8 can be ssen from (3;. Among thas
losass ere panstretion of flux into the skin of metal
conductors end pocketing of flux. This let sr loss
occurs whe. the moving conductors closa off ps.t of
the ~-ircuit prematursly, thus isoleting thie par. of

“the flux from the wuoceful part of the eystim,
Bichkenkov [6] diacussss thass losses in some detell.
Normally, PCG conductors ers thick comparsd to ekin-
depth panetration distences. Howavar. for hydrodynem-
ic reasons, moving etrip genarator conductore ere rel-
atively thin - e fev millimetars or leass. Additionsl
losses can occur by flux lesking through thess conduc-
tors, for eufficientl" long pulees, wruch -3 thcse
requirad for some reilgu:.. spplicetions [7].

For plesma erc driven raetilguns, the arc
resistence leads to flux losses. According to ilj,
thin 1e g'ven hy the time i{ntegral of the arc volt.ge.
A= an gxample of the magnitude of tnis loss, conelisr
a strip generator of initisl inductance 1.3 uH, loaced
by a current of $.67 MA, Theae are typical veluer.

The initial generitor flux {s 1.0 Webars. If the
piasma arc voltage were 500 V, 257 of the iritiel flux
would be lost in 500 us. As a means of reducing thie
loss, solid armatures might be better, particularly
when accelerating large masses to moderate velocities.

USEPUL DIAGNOSTICS

Some of the diagnostics we have found particular-
ly wuseful are described in this section. These in-
clude plasms armature voltage, magnetic probes for
monitoring both current and position of the projectile
in the gun, and flash x-ray diagnostics.

Plasma Armature Voltage

The HIMASS tests, treated in detail in the fol-
lawing companion paper [2], are excellent examples of
the utility of FCG's in obmaining preliminary experi-
mental results withoat a lai'‘ge inveatment {n
specialired egquipment and facilities. One of the ia-
portant 1issues addressed in the HIMASS teets is the
scaling of plasma armaturea voltage with bore diameter.

The plasma armature voltage 41s an important
parameter ln the design of future large bore lsunchers
bacause it directly determines the power dissipation
in the bore and, indirectly. such factors as system
efficiency and wall ablatioa. Scaling to large diame-
ter has generally required extrspolation using the
large data base for bore dJdiameters lesa then 2 :m.
This extrapolation is unreliable because electrode and
material effecta play an important, and generally
unquantified, role for small bore diameter.

Plasma armature voltage was measured during the
HIMASS tests by connectinz a 94 ii resistor scross the
rails at the wmuizle. The cucrent through this
resistor wvas measured with a curruent trensformer
(Pearson model 4ll) to ensure {isolatiun of rhe
measuring apparatse from the reilgun. The current
transfcrmer was shielded with 5.4 mm of {iron to
prevent false signsls from the atrong ambient magnetic
fielda.

The racorded voltega weveform is shown in Pig. Z.
The input current weveform is aleo ehown for i1efer-
ence. Ine following festures are noteworthy.

The high voltege epike et 95 s {is genarated by
the veporizution of the aluminum foil fuus. Plasma
measurenante basgin only after the voltegs rerurns to s
steady velue.

The large double wepikc a: about 600 ua 1ia
generated by veristicns 1in dI7dt ceused by tha PCG
coil structure. Thie festurs cen be removad uring the
recorded dl/dr waveform end edjust'ng the plesna
ermatuce ind.ctunce t9 eliminste cthe Couble ,esk
structurs. The bee- :=: .raction is obtaingd for s fuse
inductence of %0 ar. a ressonsbls velus {for this
pliema-reil geome:try- The correctesd voltege wavefora
1s shown by the deshad line ia Fig. 3.

There sre threa distinct phasss o  operstion
1llustreted in Fig. % The first phass axtends from u
tu 430 ue. ‘ere thes ~urrent wevaform is @ Quarter
cycle einueoid w!rh e peak current of 157 kA. The
current per unit reilgun wideth ;e emall {2 kA/am) and
the plesma reeistence 13 high f:-i0 mi} Borh tha powsr
end snergy input rra emall, epproxirsrely 100 kwWfcc
and 30 J/cc respactively.

During the escond phe,e from 430 to 630 ug the
current riseses repidly to @ ~sak of 2.n A, The power
input and aenergy 17pul riss drewrticelly end the
plassa hecomes highly ionized. The pask powar reachss



3.7 MW/cc and the energy input to the plasma reaches
280 J/cc. During this phase the resistance drops
rapidly to 0.5 af.

3

— MEASURED
9 1
——= CORRECTED (40nH)

I T

MUZZLE YOLTAGE (kv)
CURRENT (MA)

TIME (ms)

Fig. 5. Solid curves show measured muzzle voltage and
current from a 102 mm bore railgun shot. The cor-
rected muzzle voltage is shown by dashed lines.

The final phase extends from peak current to the
end of current flow. During this period the plasma
resistance is nearly constant at 0.5 m] even though
substantial power and energy continue to be dissipated
in the plasma. Only at late times when the current
has fallen below 10Z of its peak value does the plasma
resistance begin to rise.

This behavior suggests that the fonization level
in the plasma adjusts very rapidly (10’s of micro-
seconds) to increasing current but only slowly as the
current decreases. Since equilibrium ionization 1s
reached rapidly we believe that the voltage measured
at and shortly after peak current is representative of
the operating voltuge at 2.6 MA despite the fact that
this is far from a steady state measurement.

Magnetic Probes

An arrey of maguetic pickup probes snaced aloug
the railgun barrel ia routinely wwpluyed in all tests.
Depending upon position and orientation various infor-
mation concerning the projectile and plaama armature
may be derived from these probes. A typical applica-
tion 1s 1llustrated in Fig. 1 of Ref. [2] for a recent
HIMASS test. In this case, the probes sre positioned
on the outaide surface of the barrel. Frequently,
however, they are placed in recessed holes drilled in
the barrel to bring them closer to the rails.
Typicelly the probas pickup coils consist of 10 turns
of #28 copper wire, wound clossly on a 12 mm diemeter
form.

The output from each coil is integrated with a
passive integrutor and recorded on an oascilloscops.
*Yeuslly 5 me integretor time constants ere sufficiant.
To provide quantitative data the entirs array is celi-
breted prior to tlhie Lest by shorting the muzzle and
discherging a capnc¢itor bank through the gun st & low
current (100 kA). The calibrstion wavefnrms show that
the coils heve a time dependent responss due to cur-
rent diffueion into the raile. Por qualitative inter-
pratation this time depsndence can be neglected. For
quantitetive measursments an algorithm hes been devel-
opad to rer we ths time~dependent effects. For the
HIMASS ahot describad in Ref. [2], the probss had a
msssursd rasponss of 0.25 V/MA st esrly time fslling
to 0.16 V/MA st lats time.

The probe signals are quite useful, When no cur-
rent breakdowns occur between the ~urrent source and
the projectile, the probe signals ultimately sacale
with the railgun input current. This scaling occurs
after a finite pulse risetime starting at the time the
projectile passes the probe station. The risetime
length allows a qualitative estimate of the length of
the plasma armature. When current breakdowns do
occur, as happened on other shots, the probe signals
from stations corresponding to positions reaclied by
the projectile after breakdown show lack of scaling
with the input current signal. These signals alilow at
least an approximate calculation of the actual plasma
arc current, which might be substantially less than
the total {input current.

Flash X-Ray Diagnostics

Two flash x-rays (Hewlett-Packard, equivalent
Model 43733A, 300 kV at remote heads) are normally
used on every shot to photograph the prolectile after
1t leaves the gun. Since the heads are fired at dif-
ferent presct times, the film imares allow calculation
of the projectile velocity 1in air. Figure & of
Ref., [2] 18 a good example of such a rcecord. From
this film it was determined that the 600 g lexan pro-
jectile reached a velocity of 1.0 km/s. The beams are
sufficiently intense that they can film reliably over
projectile travel distances greater than four meters.
The cassettes are loaded with a double layer of film
and sandwiched between image enhancement screens.
Occasionally imperfections are noticed on the films,
probably arising from our development process. The
use of double films, developed separately, allows
{dentification of such flaws. The two x-ray heads are
positioned 1in such a way that the projectile shadow-
graphs appear at different vertical heights on the
film, Thus, the vertical location of the projectile
image on the film plane 1identifies the particular
x-ray head responsible for the image, and the time
(preset) at which it was taken.

Fig. 6. Lowar view: x-rey photograph of compound pro-
Jectils in fres flight. The stesl hell wan
ariginelly at the front of ths lsxan sabot. Uppar
view: x-ray photogreph teken shortly after projes-
tile struck a stesl witness plates.



Such time {identiffcation 1is unnecessary when both
images are observed, but is invaluable when one of the
images 1s wmissed, a not infrequent occurrence,
Although our other diagnostics have substantially
improved, when there is disagreement between them, the
flash x-ray diagnostics serve as the final court of
appeals.

Frequently, the x-ray images reveal unexpected
information, such as shown in FPig. 6. The lower view
shows a projectile in free flight consisting ol a
steel ball embedded in lexan. Interestingly, the
steel ball was cast near the front face of the projec-
tile. During acceleration, the lexan moved around the
heavy steel ball. The wupper view, taken later in
time, shows spallation of a steel witness plate after
being struck by the projectile.

HIGH VELOCITY SHOT

On November 24, 1981, lLawrence Livermore and Los
Alamos people collaborated on a railgun shot in which
it was thought that the prajectile reached a velocity
of 11%l1 km/s. The rallgun overall length was 4.9 m.
The cylindrical projectile consisted of a thin
tantalum disc housed in a lexan sabot, total weight
2.8 g« A strip generator was used as the power sup-
ply. The entire gun wan housed in a large diameter
pipe, which was evacuated. A number of different
railgun shots were fired 1in this series. With the
ratlier tight firing schedule, two shots were
originally planned for the 4.9 m gun. In all, howev-
er, the test series was extunded so that four shots
were fired with this gun. In the first three shots,
electrical breakdown occurrc¢d at the breech, owing to
our inability to achieve a gnod vacuum.

For the last test, the large pipe was remcved and

the shot was fired in air. Owing to ambiguous signals
from other diagnostics, the only useful data obtained
for thias shot were the current record and a single
flash x-vay picture. The x-ray image showed only the
tantalun disc, the sabot presumably having been
stripped away. We have rnever photographed a whole
plastic projectile moving in air faster than about
5.5 km/s, and even then the original cubical projec-
tile had assumed a mushroom thape [3]. The projectile
traveled 4.7 m 1in the gun and traveled an additional
4.0 m in air at the time the =x-ray was triggered,
1130 ys after the start of current flow in the gun.
Several simple velocity cnlculations were made.
Assuming constant acceleratlon in the gun, a velocity
of 11,9 km/e 18 obtained. From the integral of the
current squared, with no losses, velocities in the
range of 10-12 km/e wers obtuined, using soms small
variations for dL/dx end muking some allowance for the
air mass contained in the gun, (~0.4 g). A lower
bound of 7.7 km/w 1is obrained 1f it {is assumed that
the entire velocity ernese from a single impact at time
zero, not a realistic hypothegias.
- At the time, it wes thought reasonsble to ascribe
a velocity of 1121 km/sec, bul ths reeult hes not been
widely cited, owing to the incompleteness of the diag-
novtice. Since that time, much more sophisticated
ralilgun codes have been developed, such ss the Loas
Alamos Raflgun Estimaror (LARGE) code [§]), which has
been used rto simulate the parformance of the experi-
nent.

The LARZE code c¢sn model verious kinde of powar
supplies, explosively-driven magnetic flux compression
genaratore, end rail configuretiony. An attempt wesn
mede in writing LARGE to uss ns few empirices models
or parsmeters as possible within the constraints of s
fast runniug code. To thiy extent, all reil
fuductsnces and reeistences ars calculated from a

physical description of the rails, A calculeted rail .
inductance gradient (high-frequency limit) is used to
determine the force on the projectile [10]. Estimatass
of how current diffusion changes rail inductance with
time are also included [11].

The code has been recently refinad to include the
analysis of rail and insulator matek{al ebletion end
its effect on railgun performance [12]. A thersal
analysis {s used to estimate the ablation reste snd all
the material ablated is asaumed to be ionized and en-
trained in the arc. Viscoua drag on the arc is celecu-
lated and included in the force calculations.

Results of the simulation of the 11/24/81 experi-
ment are shown in Figs. 7 and 8, The velocity le
predicted to reach a maximum value of 9.3 km/s
approximately 1.0 m from the muzzle. This occurs when
the drag force on the arc offsets the magnetic force
that 1is decreasing as the current drops. The time
required to reach the =x-ray camera station located
4,0m from the muzzle (assuming conatant projectile
velocity in free flight) is 1190 ys. This s 5.3%
higher than the experimentally measured value of
1130 us.
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Fig. 7. Simulated and exparimentsl current profiles
for high veloci.y shot.

The currents usad to compute the sccelersting
force are somewhat larger then the sxperimentel veluss
(ese Fig, 7)., Tha actual elope of the velocity ve
time curve should tharefore bs elightly emaller then
that shown in Pig. 8. The muaila velocity would have
to be significantly higher than the pradicted velus if
the predicted elapsed time to the x-ray camere is to
sgree with the messured valus. This indicetes that
the code somewhat ovarpradicts the affects of ebleticn
and arc drag at high velocitise. Although en exact
deterrinstion of muszzle velocity cennot be mada, the
couparison of the simulation to thes ‘experimentsl
results indicetes @ velue of at lessst 10.0 km/e.
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SUMMARY

In this paper, we give a “;Zef overview of flux
compression generators noting. {in particular, strip
and helical generators that have been used as railgun
power sosrces. Advantages and disadvantages of tne
generators are poiated out. The need to minimize flux
losses 13 emphasized.

Several types of dlagncstics found t5s e particu-
larly useful are dJdiscuased. Trhese include muzzle
voltage measurements, from which it was shown that the
plasma arc resistance for a very large bore gun was

consistent with that for small-bure guns. magnetic
Pr »Jes that monitor projectile positicn, detect
alternate curren: breakdowns behind the projectile,

and allow estimates of the plasma arc length; flasn
x-radiography from which projectile velociries and
other useful iaformarion can be obtrained.

Finally, a discuseion 1is given of a shot in which
a projectile is thaught to have achieved a velocity of
10 km‘s or greatz-. The incompleta experimen*sl evi-
dence led to a veloci:y sstimated st ll?] kmis. A re-
cent, elnost ab initio, cslculation with a much more
sophisticated code suggasts a velocity of 12 km’s or
greater. The authoce have put all their cerds on thas
table, so to spesak. A:ceptance of the result 1a,
jltimately, leftr to the judgement of =hs reader.
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