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RAILGUNS POWERED BY EXPLOSIVE DRIVEN FLUX COMPRESSION GENERATORS

C. M. Fowler, E, 1., 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 FCG's, both of which 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 obtaiied
and some of the diagnostics we have found particularly
useful.

INTRODUCTION

In most of the present U. S. rallgun programs,
prime energy {s 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
Alamo3 program, much of which was done jointly with
Lawrence Livermore National Laboratory, in which ex-
plosive-driven flux compression generators (FCG’s)
serve as the prime power source, The next section 1is
devoted to a brief discussion of FCG’'s with emphasis
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 diagnostics 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 {t 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, whose 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 compression generators are
single-shot devices that conver. par. of the energy of
explosives 1into electromagnetic energy. Generally
speaking, the devices consist of a conducting cavity
containing magnetic flux in which part or all of the
conductors are overlald with explosive. Upon explo-
2ive detonation, the moving conductors work against
the [flux, thus {mparting magnetic enargy to the syas-
tem. From a lumped parameter viewpoint, the process
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may be viewed as one in which the circuit inductance
is forcibly reduced. In Fig. l, the variable inductor
L(t) represents the FCG, L, a load to be energized and
1 the cur-ent flowing in tﬁe system (I, and Ly are ln-
itial current and genarator inductance?.

' ,V\,_vi__.“.

L(t) L} Ly

Fig. 1, Circuit schematics for 1load L, powered by
flux compression generator L(t).

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

d
_E(L(c)+1.l)1+m 0 . (1)

If there was n0 circuit resistance, (all the cavity
bounding elements were perfect conductors), then cic-
cuit flux would be conserved, or

0o = (L(*) + LI = (Ly + L))I, (2)

At generator burnout, whera the ganerator inductance
has been Euduc.d to zero, “he final load current and
energy, L;1°/2 are tncreased by a factor (LotlL;}/Ly,
or

/1y = E/By = (Lo + 1)/l (3

As seen from (1), circuit resiptive elements lead
to a loss of flux with a consequent reduction of both
current and energy.

Strip and Helical FCG's

FCG's are conetructed in a veriety of types, de-
pending upon the load requirements. We discuss Dhere
the two types we have used to powat railgune, the
atrip and the helfcal generator. A mora general in-
troducto.v discussion of these dev'ces, together with
a rather comprehensive lumped circuit analysis, are
available {n (1], The strip generator shrwn
schematically on Fig. 2 has baaa ugnd most often as &
railgun pownar wsource at Los Alamos. Typically, the
generator consists of long parallel strips of copper,
one of which is overlaid with explonive stripa; an in-
put bhlock for 1leads trom a capacitor bank that



suppiies the initial flux t5 the system; aad an ourpat

block for conaections =o the load. Ir the preseat
situation, the 1oad conasi=ts of the railgun,
2ccasionally preceded by a ballast storage {iductor.
I[a one such generator, the copper strips are 2.~

long, 57 om vide, and 1.€ am thick, and the separatica
between zhem is Si =m. Two layers of C-8 Detasheet
explosive, 5] mm wide, ars placed over tre upper
copper strip. To minimize expansion >f zeneratosr :om—~
ronents from wmagnetic forces, steel ballast bars,
50.8 um wide by i2.7 am %o 25.42 mm thic%, are laid cn
top cof the Detasheer explosive and iirectlv under the
bottom copper strip. The wedge-shaped input aad out-
put blocks are cut from 55.3 mm square brass bar stock
and then drilled and tapped individually to accommo-
date cable input header attuchments and ts make output
conaections o chke varisus loads tested.
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Fig. <. Strip generatsr ccaporents.

sfter flax frzm a zapazitor b%anc 1s {ntroduced
1n"S the 3Zenerator and the load, the 1etorator is
f:red. The {nsut slat is zicsed ro crrap ~re flux, and
detcnation craceeds 4down the Uetasteet strips. wren
the tcer plate 18 drivea Irntz tre bottsm flate, {t

rustes tre flux into the lzad. Nearly ali of the d41-
2eami~=s have teer varied - meet Jifferent condi-
t1915. locper striy lenithe have ranged from [ to

3.5 meters, widere frsm $5.9 tc iZ2 mm and thicxnesses
from 1.6 to .2 mm. witr =srrasconding cranges in the
‘apu.. and sut;ut %lack  a1imensiors, ani in the
thickness a=a wijth :f the eaplosive layers.

“igure 3a shows tha bhas’c ccmponents Sf a “elical
“vpe generator. At the lcwer rignt is an extarral
15ad (o1l which is t5 be encrgized v the generator.
The Fenerat:z: {rself zonsists of an axternral nelizal
winding, an explogive-loaded wnetal cylinder, or
arpature, 1nd inpur and cutput 1nsulacing spacers ¢to
certer <cne armatite .n cre “elix. Initial flux 1s
ssppiiled t2 the _c~erator and series load ccil from a
zapacitor ™ark. It can be see~ that the armature ir-
self serves as ;atrt o tra tonducting circuit. When
the explcsive 1. istOnate-, the armature expards,
resulting i~ . -snicai netai fro~t wsving with explo-
sive dletonati--— veicciity. The qstonaricm 1a a0 timed
t-at thims 29n1cai f-ont shortm 3at t-e gererat~r input
4t Or "eAr peak -.rren” or, egulvale=ily. reak flux In
the gererator. Thi= almo effectively 1solates the ca-
racitar barx frse the pvstex. After cloaure of the
Tirrent input, the confzal  fronsy  preceela daw  the
armatire, -oatactirg t~e *elicc] t-rna {n a mora or
lens wipirg fas=i~-r. Figurt b given a =law =f the
a~nerator fairly lace ir tre det-ratizs atag..

{ HELICAL FLGX COMPRESSOR |
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Pig. 3fa:. FElemerts of a *heitcai flox :smrresgisn

generator used t> pcwer a load Li. Tre zeatral

tube, or armatire is l:aded witi {(b). View =i tre

generator goxme time after the ex:closive kas been
detonated.

The inductance of the geieratzr is roughly

prcportiznal ts  the square zf the nuaber =f t:ras in
the helix, and {nversely propsrtizzal to the lenzt:
over wikich the turne are spaced. Secause of the Wul-
ticle tirns, these generarors uscally have much iarger
izictial inductances ther thcse 2f Sther classes. As
seen frsm (3j, they generally have much =igher gain
carability t*ran trat of other getnerats>r tvpes. Since
currenze normally isncrease during generator turn time,
the ccnductors are siormallv widened towards the gener-
atsr sSutput to accommcdate the larger curreats.
Unlike stri; generators, it is difficult and expensive
€2 build trese generators witk burn times longer chan
tws or three hundred micrcsessnds Zonsequently, we
have used these generators to anergize an 1indictive
store to which the railgun is attached, inscead of
driving che railgun directly, as 1i» frequently the
case with the strip generators. Desig- Jetails of
this generator are given in the following comranizr
pager [Z] as well as its appiication tc accelerate
massive projectiles.

Advantages and Digadvantages of FCG's

The most obvious disadvantage of PCG's is the use
of aexplosives with their coasequent hazards and de-
struction of generatsr ccmponents. Another facior s
that their operf~rmance {8 Jsually better when they
operate {u a high energy density environmeat. Thua,
it becomes inconveniunt (and expensive) tc Jse them {n
lov level test series that require many shots. ©n tre
Jtrer hand, we have found them very <usaf.l wren
Jverated at high current levels. We have fired as
nary a8 four such shots i{n a 4ny. The limiting factor
has not been the replacement of tre FCG's s0 wmuch as
the ti=e rejulired to refurbis® or replace tre railzuna
hezsalves, since they usuAlly suffor significant
damage fr-oa czarcrying large currents. The raiigu~s
are, of course, protected from any direct explosive
danage.

Amzng the advantages of YCi.'m are portabilicy a-d
veryatility. Aa an example of portability. 1a a
1erias of experiments, FCG's ware used as racket=-borne
rlanma gur power asspriies, rvegulring weig™'s a=d
vol:m2e Jf =nly a few percant of those 11 more



conventicnal 3upplies [3]. They could also prove use-
ful 1in remote locations where it might Le impractical
to mcunt <onventional suprlies. Within iimits, gener-
ators can be designed to meet various requircd test
conditions. The strip generator, for example, can be
2asily modified in a number of ways [&]. These in-
clude sasy adjustment of conductor lengths for pulse
length contrsl, altering the conductor widths along
the generator to meet varying current requirements,
changing the iater-conductor distance and, within
limite, varying 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 have
been fired 1in parallel, but remain series connected,
ag seen In Fig. 4. This resulrs in doubling the gen-
erator inductance without increasing che burnour time.
On the other hand by s mply connecting the generators
ln series and firing sequeatially, both the generator
inductance and pulse length would be doubled.
Peterson [5] has also pointed out some of the
advantages of phase iiring several generators con-
nected at different stztions in long railguns.

-

Fig. «. Photograph wshowing <cwo gtrip generators
series lonnected to & ratlgus. In this shot the
generatcrs were fired in ,arallel. Saen at che
lover left are a witness plate 'n front of the gun

and 8 2.2 m long x-ray film caes.tre.

More than wmoat power sources. th. effectiveneas
of FCG's relies to a considerable extent ~n minimizing
flux loeses, as can be seen from (3,. Among the
losaes ars penetration of flux into the skin of metal
conductors and pocketing of flux. This lat sr lsss
occurs whe.. the moving conductors close off pa-t of
the -ircuit prematurely, thus 1solating this par. of

“the flux from the ugeful part of the systim.
RBichenkov [6] diacusses these losses in some datall.
Normally, PCG conductors are thick coapared to ekin-
depth penetration distances. However. for hydrodynam-
{c reasons, moving strip gonerator conductors are rel-
atively thin - a few millimeters or lews. Additional
losses can ozcur by flux leaking through these conduc-
tors, for sufficientl* long pulses, such -3 thosa
required for some raflguu applications [7].

For plasma arc driven rallguns, the arc
resistance leada to flux losses. According to (1),
thin {a g'ven hy the time Integral of the arc volt.ge.
A= an axample of the magnitude of thim loss, conmaifer
a atrip generator of fnftial inductance l.» uMl, loaced
by a cutrent of .67 MA, Theae are typical valuer.

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

USEPUL DIAGNOSTICS

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

Plasma Armature Volrage

The HIMASS tests, treated in detail in cthe fol-
lowing <companion paper [2], are excellent examples of
the uctilicy of FCG's in ob-aini-ag preliminary experi-
mental results without a lavge investment in
specialized equipment and facilities. One of the im-
portant 1ssues addressed i{n the HIMASS tests is the
scaling of plasma armature voltage with bore diameter.

The plasma armature voltage is an 1important
parameter In the design of future large bore launchers
bacause it directly determines the pover dissipation
in the bore and, indiractly. such factors as system
efficiency and wall ablation. Scaling to large diame~
ter has generally required extrapolation using the
larre data base for bore diameters less than 2 cm.
This extrapolation is unreliable because electrode and
materfal effects play an {mportant, and generally
unquant{fied, role for small bore diameter.

Plagma armature voltage was measured during the
HIMASS tests by connectin3 a 94 ii resistor across the
rails at the muizle. The cucrent through this
resistor was wmeasured with a current cranaformer
(Pearson model 4ll) to ensure 1isolatiun of rthe
meaguring apparatus from the railgun. The current
transfcrmer was shielded with 5.4 mm of iron to
prevent false signals from the strung ambient magnetic
fields.

The racorded voltage waveform is shown in Pig. &.
The input current wvaveform 1s also shown for iefer-
ence. Tne following features are noteworthy.

The high voltage spike at 95 s is generatad by
the vaporizition of the aluminum foil fuse. Plasma
measurements begin only after the voltage rerurns to a
steady value.

The large double spikc a:. about 600 ue ia
generated by varisticns in dI/dt caused by the PCG
colil structure. This feature can be removad uring the
recorded dl/dt wvaveforz and adjust‘ng the plasma

arnatuce {nd.ctence o aeliminate cthe couble ,eak
structure. The bee- =: _raction is obtsined for a fuse
inductance of 40 ar. a reasonable value {for tbhis

plisma-rail geome:ry: The corrected voltage wavaefora
1s shown by the dJashed line in Fig. 3.

There are tnrea distinct phases o operation
i{llustraced 1n Fig. % The tirst phase axtends from v
to 430 us. Here the ~urrent wavaform 18 a Quarter
cycle einueoid w!rh a pesk curcent of 157 kA- The
current per unit ~eilgun widcth :s small (2 kA/am) and
the plasma resistance {3 high /:-i10 mi} Bo~h the power
and energy input rra small, approxirsrely 100 kW/cc
and 30 J/cc respectivaly.

During the second phs,e from 430 to 630 ug rthe
current rises rapidly to a r.ak of 2.5 A, The powver
input and energy {7put rise drauwscically and the
planma hecomes highly ionized. The peak pover reaches



3,7 MW/ce and the energy input to the plasma reaches
280 J/ec. During this phase the resistance drops
rapidly to 0.5 afl.

3

— MEASURED
9 1
=== CORRECTED (40aH)

) T

MUZZLE VOLTAGE (kv)
CURRENT (MA)

TIME (ms)

Fig. 5. Solid curves show meagured 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 1s nearly constant at 0.5 ml 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 ifonization 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 is
reached rapidly we believe that the voltage measured
at and shortly after peak current is representative of
the operating voltage at 2.6 MA despite the fact that
this is far from a steady state measurement.

Magnetic Probes

An array of magnetic pickup probes spaced aloug
the railgun barrel is routinely ewpluyed {a all tesrs.
Depending upon position and orientation various {infor-
mation concerning the projectile and plasma armature
may be derived from these probes. A typical applica-
tion is {llustrated in Fig. 1 of Ref. [2] for a recent
HIMASS test, 1In this case, the probes are positioned
on the outside surface of the barrel. Frequently,
however, they are placed in recessed holes drilled in
the barrel to bring them closer to the rails.
Typically the probe pickup coils consist of 10 turns
of #28 copper wire, wound closely on a 12 mm diameter
form.

The output from each coil is integrated with a
passive integrator and recorded on an oscilloscope.
“Ysually 5 ms integrator time constants are sufficient.
To provide quantitative data the entire array is cali-
brated prior to rle Lest by shorting the muzzle and
discharging a capncitor bank through the gun at a low
current (100 kA). The calibrstion wavefnrms show that
the coils have a time dependent response due to cur-
rent diffusion into the rails. For qualitative inter-
pretation this time dependence can be neglected. For
quantitative measurements an algorithm has been devel-
oped to rer we the time~dependent effectn. For the
HIMASS ahot described in Ref. [2], the probes had a
measured response of 0.25 V/MA at early time falling
to 0.16 V/MA at late time.

The probe signals are quite useful. When no cur-
rent breakdowns occur between the current source and
the projectile, the probe signals ultimately scale
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 lemgth of
the plasma armature. When current breakdowns do
occur, as happened uvn other shots, the probe signals
from stations corresponding to positions reached by
the projectile after breakdown show lack of scaling
with the input current signal. These signals allow at
least an approximate calculation of the actual plasma
are current, which might be substantially less than
the total input current.

Flash X-Ray Diagnostics

Two flagh x-rays (Hewlett-Packard, equivalent
Model 43733A, 300 kV at remote heads) are normally
used on every shot to photograph the prolectile after
it leaves the gun. Since the heads are fired at dif-
ferent presect times, the film imares allow calculation
of the projectile velocity in air. Figure 4 of
Ref. [2] 18 a good example of such a record. 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 1image enhancement screens.
Occasionally i{imperfections are noticed on the films,
probably arising from our development process. The
use of double films, developed separately, allows
identification of such flaws. The two x-ray heads are
positioned in 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 identifies the particular
x~ray head responsible for the image, and the time
(preset) at which it was taken.

Fig. 6. Lower view: x-ray photograph of compound pro-
jectiles in free flight. The steel hall was
ariginally at the front of the lexan sabot. Upper
view: x-ray photograph tsken shortly after projen-
tile struck a steel witness plate.



" Such time identiffcation 1is unnecessary when both
images are observed, but is invaluable when one of the
images {s missed, 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 Fig. 6. The lower view
shows a projectile in free flight consisting oi 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 upper 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, Lawrence Livermore and Los
Alamos people collaborated on a railgun shot in which
it was thought that the projectile reached a velocity
of 11%1 km/s. The railgun 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 was housed in a large diameter
pipe, which was evacuated. A number of different
railgun shots were fired in this series. With the
rather tight firing schedule, two shots were
originally planned for the 4.9 m gun. In all, howev-
er, the test series was extended so that four shots
were fired with this gun. In the first three shots,
electrical breakdown occurred at the breech, owing to
our inability to achieve a grod vacuum.

For the last test, the large pipe was remcved and
the shot was fired {n air. Owing to ambiguous signals
from other diagnostics. the only useful data obtained
for this shot were the current record and a single
flash x-vay picture. The x-ray image showed only the
tantalum 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 shape [3]. The projectile
traveled 4.7 m {n the gun and traveled an additional
4.0 m in air at the time the x-ray was triggered,
1130 uys after the start of current flow in the gun.
Several simple velocity calculations were wade.
Assuming constant acceleratlon in the gun, a velocity
of 11,9 kn/s is obtajined. From the integral of the
current squared, with no losses, velocities in the
range of 10-12 km/s were obtained, using some small
variations for dL/dx and making some allowance for the
air mass contained {n the  un, (~0.4 g). A lower
bound of 7.7 km/w is obtained if it is assumed that
the entire velocity srose from a single impact at time
zero, not a realistic hypotheeis.

At the time, it was thought reasonable to ascribe
a velocity of 1121 km/sec, but the result has not been
widely cited, owing o the incompletuness of the diag-
nowtice. Since that time, much more sophisticated
railgun codes have been developed, such as the Los
Alamos Raflgun Estimaror (LARGE) code [§), which has
been used to simulate the performance of the experi-
nent.

‘The LARGE code can model varlous kinds of powaer
supplies, explosively-driven magnetic flux compression
genarators, and rail configurations. An attempt was
made {n writing LARGE to use as few empiricei models
or parameters as possible within the constraints of a
fast running code. To thiy extent, all rail
fuductances and resistances are culculated from a

physical description of the rails. A calculated rail .
inductance gradient (high-frequency limit) is used to
determine the force on the projectile [10]. Estimates
of how current diffusion changes rail inductance with
time are also included [1l1].

The code has been recently refinmd to include the
analysis of rail and insulator material ablation and
its effect on railgun performance [12]. A thermal
analysis 1is used to estimate the ablation rate and all
the material ablated is assumed to be ionized and en-
trained in the arc. Viscous drag on the arc is calcu-
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 is
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 1s decreasing as the current drops. The time
required to reach the x-ray camera station located
4,0 m from the muzzle (assuming constant projectile
velocity in free flight) is 1190 ys. This 1s 35.31
higher than the experimentally measured value of
1130 us.
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Fig. 7. Simulated and exparimental current profiles
for high veloci.y shot.

The currents usad to compute the accelarating
force are somewhat larger than the experimental values
(see Fig, 7). The actual slope of the velocity vs
time curve should therafore be slightly smaller than
that shown in Pig. 8. The mustle velocity would have
to be significantly higher than the predicted value if
the predicted elapsed time to the x-ray camera is to
agree with the measured value. This {ndicates that
the code somewhat overpradicts the effects of ablaticn
and arc drag at high velocities. Although an exact
deterrination of wmuzzle velocity cannot be made, the
comparison of the simulation to the experimental
results indicates & value of at least 10.0 km/m.
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SUMMARY

In this paper, we give a *:lef overview of flux
compression generators noting, 1in particular, strip
and helical generators that have been used as railgun
power sources. Advantages and disadvantages of the
generators are pointed out. The need to minimize flux
losses is emphasized.

Several types of diagncstics found to de particu-
larly useful are discuased. These include muzzle
voltage measurements, from which it was shown thac che
plasma arc resistancz for a very large bore gun was

consistent with that for small-bure guns: magnetic
pPr oes 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 velocities and
other usefuyl informatricon can be obrained.

Finally, a discussion is given of a shot in which
a projectile is thought to have achieved a velccity of
10 km/s or great:c:. The incompleta experimen*al evi-
dence led to a veloci y estimated at ll2] km/s. A re-
cent, alnost ab initio, calculation with a much more
sophisticated code suggests a velocity of 10 km‘s or
greater. The authocs have put all their cards on the
table, 8c to speak. A:ceptance of the result 1is,
Jltimately, lefr co the judgement of “he reader.
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