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EXPERIMENTAL INVESTIGATION OF A THREE-STAGE

RAILGUN INCORPORATING PUFF-SWITCHING

1. INTRODUCTION

Practical railguns will almost certainly have several propulsive
stages. Firstly, it Is highly desirable that the projectile enter the actual
railgun at a velocity of at least 1 km/s. This lessens the rail damage which
the plasma arc in the railgun causes if it is required to accelerate the
projectile from rest. Secondly, it is desirable to supply power at points
along the rails instead of using one large power source at the breech. This
reduces the energy that is lost both in resistance and in stored magnetic
energy of the rails when only a breech supply is used. Efficiency is
therefore enhanced.

In this report the results are given of test firings of a railgun
comprising a powder gun for the first stage and two electrical stages.

The work reported here was carried out early in 1986 and was the
final phase of the MRL railgun program. The work which culminated in this
phase is reported in Reference 9.

1.1 Puff Switching

In 1979 and 1980 Marshall [1,21 investigated the possibility of
directly connecting power supplies at points along the rails as shown in
Fig. 1. He calculated efficiencies In the range 70 to 90% on the assumption
that rail resistance and stored magnetic energy losses were the only railgun
losses. He called this the Distributed Energy Stce (DES) scheme. Parker
(3) and Holland (4,51 and Tower and Haight 161 have also reported upon it.
Not all losses are reduced by the DES scheme. The plasma arc loss, for
example, iA not reduced. The above efficiencies are therefore maximum
attainable values.
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The scheme requires means for sensing when the projectile has
reached the point where an energy store is to be connecte4 and also for makinq
the connection. Marshall (7] suggested that in plasma armature guns some of
the ionized plasma be allowed to escape through holes in the rails and used to
trig ger an arc-switch between the rails and the power source, as in Fig. 2.
He called the holes "puff-holes" and the technique "puff-switching".

The railgun used in the experiments reported here incorporated a
single "puff-switch" to test this concept.

2. THE EXPERIMENTS

2.1 General Description

A 2.4 m long railgun with two electrical power stages and a powder
gun injector was used. The system is shown in Fig. 3. One power source was
connected at the breech end and the other was connected by a puff-switch
through puff-holes at a point 900 mm further along the rails.

In concept, when the projectile passed this point, some of the high
pressure plasma could pass through the puff-holes in the rails and initiate
breakdown between the puff-switch electrodes and the rails, thereby connecting
the second power source to the railgun.

The 900 mm position was selected as a point where the breech power
source current would have fallen sufficiently for the current from the second
power source to cause a sudden increase in plasma velocity. However the
breech supply current must not have fallen so much that the plasma pressure
would be Insufficient to operate the puff-switch.

A sequence of four firings is reported here. The first was
performed without electrical power, I.e. only the injector stage was fired,
coupled to the railgun. This was done to determine the effects of the
injector gases and of drag and air load in the railgun bore. Another firing
used only the injector and the breech power supply and its purpose was to
provide a reference for comparison with the puff switching shots. Two
further shots were conducted with all three stages, i.e. the injector, the
breech and puff-switched power supplies, operative.

3
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FIG. 3 General view of 2.4 m railgun system

(a) railgun, (e) mirror
(b) puff switch vents (f) camera
(c) capacitors (g) flash screen
(d) inductor (h) catch tank

2.2 Equipment and Operation

The 2.4 m long railgun is shown in Figs. 4-7. It had a 10 mm
square bore and cadmium copper rails 16 mm x 5 mm in cross section. The
rails were rubbed to a smooth finish on the bore sides with emery paper to
remove any surface burrs and nicks. They were mourted in a two-piece body
made of clear polycarbonate which was bolted together at 50 mn intervals.
Rail edges were bevelled and the corners in the rail' channels in the body were
rounded to reduce corner stresses and the development of cracks in the body.
The clear body enabled streak photography to be used to record the plasma
position with the aid of a marker bar assembly which was laid on top of the
body.

4



FIG. 4 Machining holes in body of 2.4 m railgun for puff-switch electrodes

FIG. 5 Breech end of 2.4 m railgun showing currant connection electrodes
and injector body
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FIG. 6 2.4'm railgun mounted on firing bench. Puff-switch electrodes
are visible (arrow)

FIG. 7 View of puff-switch electrode region and marker bars. The distance
between marker bars was 100 mm.
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Optimum puff-hole size was not easily determinable prior to the

experiments. In the first puff-switching experiment 2 mm diameter holes were
used whilst in the second they were reduced to 0.38 mm diameter.

Ten magnetic pick-up coils were inserted into the polycarbonate body

beneath the rails, as shown in Fig. 8, to record the magnetic effects of the
plasma.

The breech power source, Figs. 9 and 12, was made up of a 4,000 #F

capacitor bank (20 capacitors, Maxwell type 3378, 200 #F, 10 kV) and a 6.3 #H
inductor. The capacitor bank was switched into the railgun circuit by an
ignitron approximately 78 ps after a fibre optic probe in the in)ector
detected the flash from the burning powder. The 78 .s delay was used to

enable the projectile to move a few centimetres past the rail current-
connection-points before the current was applied to the armature. A spark
gap, triggered upon sensing voltage reversal across the capacitors, was used
to convert the breech drive to inductive - only after peak current i8).

TOP VIEW

PUFF-SWITCH
CURRENT LOCATION

/ELECTRODC / COILS Z

0 200 400 800 800 1000 1250 1600 1750 2000 2250 i .

DISTANCES FROM CENTRE OF CURRENT INPUT ELECTRODE

SECTION A-A

10 TURN COIL
7.6mm 

WOUND ON

COIL AXIS IS PERSPEX HOLDER.

ALIGNED WITH
BARREL AXIS.

PICK-UP COIL
ASSEMBLYV

FIG. 8 Pick-up coils and location on 2.4 m railgun

. .. . . t m u uq mnum mu ron ini - ii-| |



Injection velocity was determined using the signals from the first
flash detector and a second detector located in the railgun body at a distance
of 40 mm from the first flash detector.

The puff-switched power supply, Fig. 12, consisted of a
2000 pF capacitor bank, a 6.3 xH inductor and a diode-triggered spark gap
crowbar switch. It did not have an ignitron because the puff-switch
performed the connection function.

ai

9 reech end power supply (a) capacitors, (b) Inductor,
(c) Ignitron, (d) Diode-triggered crowbar

The puff-switch details are shown in Figs. 10 and ii. The switch
consisted of a pair of brass electrodes which passed through the gun body,
12 mm either side of the rails. The potential difference between these
electrodes was that of the capacitor bank and the average potential was
initially that of the gun rails. The principle of operation is that
conducting matter, passing outwards through the puff-holes, causes an arc
breakdown between the electrodes and the rails. The polycarbonate sleeves
with 12 mm diameter holes opposite the puff-holes were intended to help
confine the arc to the volume near the puff-holes. The electrodes were
hollow and holes were drilled in their sides to allow high pressure gas from
the arcs to escape. The O-ring seals were used to prevent venting downwards

8
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FIG. 10 Puff-switch details

FIG. 11 completed puff-switch
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as this would cause "shorting" across the bus bars connecting the power source
to the puff-switch.

The instrumentation used with the gun is shown in Fig. 12.
Measurements were made of voltages and currents associated with the breech and
puff-switched supplies, velocity of injection and of muzzle velocity. Ten
magnetic pick-up (b) coils were used. Two streak cameras were used to view
the railgun via overhead mirrors. The two cameras had an overlapping field
of view near the centre of the gun. Calibration of the streak records in
terms of distance from the breech, was provided by the marker bars (Fig. 7)
spaced every 100 mm. Time calibration was achieved by means of a 10 kHz
timing light along the edge of the film. Seventeen digital transient-
recording channels were used to record the data during the experiments. The
data from the digital recorders was then transferred to a data storage and
processing system based upon on LSI 11/23 computer.

The projectiles (Fig. 13) used In the experiments were made by
nesting together pyramid-shaped mouldings of polycarbonate + polyethylene
[91. A piece of copper clad polyester film was inserted between the second
and third pyramids from the rear in order to initiate the plasma arc. The
mass of the accelerated portion, i.e. the first 7 pyramids, was 1.2 g. In
the powder-only shot, magnetic strips were inserted either side of the
projectile to provide magnetic pick-up coil data.

Cep W cla e lyew lef Nt - - ----- U~fl

Tclc mine ISO

FIG. 13 Projectile construction- nested pyramids
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2.3 Input Parameters of Experimnta

The first puff-switch experiment was conducted with the breech
capacitor bank charged to 6 kV, Corresponding to 72 kJ stored energy. The
puff-switched bank was charged to 4.5 kV, corresponding to 20 kJ stored
energy. The puff-holes for this shot were 2 mm diameter.

In the second puff-switch experiment the breech supply was again
6 kV but the puff-switched supply was charged to e kV, corresponding to 64 kJ
stored energy. The puff-holes for this shot were 0.38 mm diameter.

The reference shot, with the breech supply only, was conducted at
6 kV. The puff-hole diameters were 2 mm for this shot.

New sets of rails were used for each shot and new electrodes were
used for each of the puff-switched shots.

The injector was loaded with a 7.62 mm cartridge filled with 1 g of
T powder. It injected the projectile into the railgun at velocities in the
range 1000 m/s to 1200 m/s.

All shots were conducted at atmospheric pressure.

3. RESULTS, ANALYSIS AND INTERPRETATION

3.1 Puff-Switch Operation

A rather low energy, 20 kJ, was used in the first puff-switch shot
to minimize damage should the energy have discharged improperly. The switch
in fact appeared to work quite well except that it commenced conduction early,
apparently when the plasma leading edge was still about 130 mm from the puff-
holes. A surprisingly large volume of luminous gas erupted from the puff-
switch and afterwards its inner and outer surfaces were found to be coated
with fine black powder, There was considerable erosion of the brass
electrodes of the switch, in the region from where the arc to the rails had
emanated (Fig. 14). The electrodes were slightly bert during the firing. On
the bore sides of the rails (Fig. 15) the arc damage changed from fine streaks
to a sandblasted appearance for about 70 mm on the breech side of the puff-
holes, confirming that the second stage had commenced to conduct
prematurely. Close to the puff-holes, and for a few centimetres on the
muzzle side, there was almost no damage. Thereafter, the damage developed
into a pattern of broad streaks with diverging feathery edges. These arc
damage patterns are discussed further in Section 3.2.6. On the outer sides
of the rails there was a considerable deposit of brass around the puff-holes.

12
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FIG. 14 Puff-switCh electrodes after first puff-shot

KZ

FIG. 15 Puff-hole region of rails after first puff-switched shot
Top: bore sides. Bottom: outer(puff-electrode) sides.
Left hand end is breech end
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The projectile in this shot was injected at a velocity of about
1155 m/s and, if the projectile had the same velocity as the plasma leading
edge as recorded on the streak photograph, it attained a peak velocity of
about 2248 m/s. In the reference shot a peak velocity of about 2058 m/s was
reached. These figures indicate that the 1.2 g projectile obtained about
1741 J frc:- the 12 kJ stored by the breech power supply and about 491 J from
the 20 kJ stored by the puff-switched supply. About 2.4% of the power source
energy became projectile energy in each case. As will be shown later, much
of the projectile energy was probably obtained from the explosive formation of
the plasma rather than directly from the electrodynamic force. The velocity
of the projectile at exit In the puff-shot was about 2100 m/s and in the
reference shot it was about 1740 m/s.

The most likely reason for the early triggering of the puff-switch
was thought to be that some conducting matter had by-passed the projectile.
It was concluded that smaller puff-holes would greatly reduce the likelihood
of the entry of such material. The large amount of gas from the electrodes
and the violence of the arc also suggested that the holes were too large.
For these reasons the second puff-switched shot was carried out with the puff-
holes reduced to the diameter of the smallest practicable drill, viz. 0.38 mm.
Sealing around the rails (using Silastic), from the breech to the puff-hole
region, was also carried out to prevent leakage through gaps that might be
created around the rails by the tendency of the high pressure plasma to push
the halves of the body apart. New electrodes were Installed in the puff-
switch and the puff-switched capacitor bank was charged to 8 kv, corresponding
to 64 kJ of energy. Based upon the performance of the first shot, it was
anticipated that the projectile would emerge from the barrel at 2 km/s.

The result of the second puff-switch experiment was disappointing,
although spectacular (Fig. 16). It made clear that the trial design of the
puff-switch was unsuitable. The maximum velocity was about 2462 m/s, which
again corresponds to 2.4% conversion of the energy of the puff-switched

supply. Exit velocity was about 2315 m/s.

Despite the puff-holes having only 1/26 the area of those in the
first experiment and the extra care taken in sealing around the rails, the
switch triggered about 90 mm ahead of the plasma.

The operation of the puff-switch in this high energy second shot was
also violent. A great quantity of luminous gas escaped from the electrodes
and from between the halves of the body (Fig. 16). The polycarbonate sleeves
and nuts and vent pipes were shattered and pieces were thrown up to 15 m from
the gun. A piece of polycarbonate about 4 cm long spalled from the bore
surface between the puff-holes. The halves of the body were forced apart in
the puff-hole region and covered with soot and condensed copper from the rails
(Fig. 17). Black soot completely covered the puff-switch surfaces. The
puff-switch electrodes were badly bent (Fig. 1B). Brass was deposited on the
insides of the rails as well as on the outer sides (Fig. 19), and on their
edges. The sealant on the rail edges was charred.' Arc-damage marks between
the busbars beneath the puff-switch suggested that arc pressure drove plasma
downwards past the 0-ring seals and "shorted" the busbars.

14
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PIG. 16 Video frames from a recording of the second puff-switched firings.
The first four consecutive frames are shown on the following pages.
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FIG. 16 (Cont.) Firing of the second puff-switched shot.
(First and second frames from the video tape.)
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FIG. 16 (Cont) Firing of the second puff-switched shot.
(Third and fourth frames from the video tape.)
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FIG. 16 (Cont) First two (of four) 16 gauge duralumin target plate,, at 25 m
spacing.
The fourth plate was not penetrated but was deeply indented.
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FIG. 17 Halves of gun body after second puff-SI-itch shot -puff-switch

region
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FIG. 18 '

PUff-SWItCh electrodes

after second shot

Oro M

FIG. 19 Rails, second Puff-switched shot
Top: bore sides, Bottom: outer sides
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3.2 Presentation and Study of Data

The streak photographs and graphs and other information from the
experiments are given below tocether with detailed analysis and

interpretations.

3.2.1 Streak photographs

Streak photographs show the position of the plasma on the vertical
axis (the short axis) and time on the horizont.l axis. The streak records from

the reference shot and the two puff-switched shots are given in Figs. 20-22.

The vertical calibration is given by the 100 mm spaced marker bars
superimposed on the streak, and the horizontal calibration is given by the

100 ps interval between timing light pulses recorded on the edge of the
film. On the other edge of the film is a timing light pulse which is
precisely located with respect to the triggering of the ignitron used in the
breech power supply. This enables the true zero time position on the streak
to be found, i.e. the time at which electric current commenced to accelerate
the projectile.

Velocity can be found by measurin; horizontal distances between the
100 mm bar positions and using the time calibration factor, but as discussed
in the next Section it is more accurate to obtain the velocity from the slope
of the streak record.

Provided that the streak photograph is a record of only the hot,
current conducting, portion of the plasma and not of lower temperature gases
and glow from the body, the length of the moving plasma armature is given by
the vertical distance through the streak. The selection of film type (Kodak
Tri X) and of filters to control the exposure has been discussed previously
1151. The muzzle end streak of the reference shot (Fig. 20) shows the effect
of overexposure. An ND 1.0 filter was used on the camera in this case instead
of the usual ND 2.0 filter. Image analysis equipment with false colour
presentation of light intensities was used to study the negatives and to

supplement the prints obtained by normal -,hods. image analysis (Fig. 23)
supports the belief that the breech. o , .- :eaks In ':e reference shot and the
first puff-switch shot are reasonable recrds of the mov-ng plasma

armature. From these it appears that toe armature length steadily increases
from zero to 70 100 mc. The overexposed second half of the reference shot
streak apparently shows much greater piasrn length, hut may also be indicative
of lower temperature, low velocity porti ns of the plasma that are left behind
the armature, and also of afterglow of the body.

In the puff-switch flrings the horizontal streak below the main
streak indicates that portion of the plasma remained as an arc between the
puff-holes in the rails for about 100 ps an,! then extinguished as the current
within it diminished.

Fig. 22 also shows that in the second puff-switched shot the plasma
slowed as it approached the puff-hole region. Evidently some of the puff-
switched current flowed towards the breech through the approaching main
plasma, thereby causing a force in the reverse dLrection and slowing the

21
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plasma. A faint line can be seen continuing at constant velocity in the puff-
switch region, indicating that the projectile, unlike the plasma, did not slow
down. The steep discontinuity in the streak record shows that soon after the
projectile had passed the puff-holes, the plasma accelerated to about 5200 m/s
until it caught up with the projectile.

All the streaks show that the plasma slowed considerably and
diminished in intensity towards the muzzle end. These effects may be due to
increasing plasma mass and decreasing current. in the reference shot and the
first puff-switched shot there is marked slow-down and plasma weakening when
the current falls to about 40 kA. The deterioration of the plasma correlates
with the falling back of current from the plasma leading edge and with the
appearance of deep arc-pits on the rails (sections 3.2.4 and 3.2.6).

Whilst the leading edge of the plasma is increasing in velocity it
produces a distinct line on the streak photograph. This implies that the
plasma is against the projectile and that the projectile velocity is that of
the leading edge of the plasma. As soon as the leading edge velocity
decreases the edge becomes less distinct, implying that the projectile has
continued at the higher velocity and has separated from the plasma.

3.2.2 Velocities

Velocities obtained from the leading edges of the streak photographs
of the reference and puff-switched experiments are given in Figs. 24 and 25.

The velocity of the projectile in the powder-only shot, as
determined by pick-up coils, is also plotted in Fig. 25.

The method used to determine the leading edge velocity was to
measure the slope of the leading edge and to use the relationship:

A
v - tan 

where v is the velocity, A and B are the distance and time calibration factors

and a is the slope angle. Enlarged prints, about I m long, enabled the
slopes to be measured to within about 1/3 of a degree, corresponding to about
± 2% uncertainty in velocity. The slope method is more accurate than
measuring the horizontal and vertical distances because the low slope angles
(1C-17

0
) make it difficult to determine the horizontal lengths to within 5 tc

10%.

The velocity graphs show that the plasma suddenly failed as a
propulsion means after about 1 ms and that the gun was too long for the energy
supplied. Figure 25 shows that a length of about 1500 mm would have been a
better match. The sudden failure of the plasma suggests that there is a
critical parameter, or group of parameters, which controls switching from one

plasma state to another.

26



0
x

z

j &j
E

I z 4

0 4

o >

3:
coV

m r=

0

0 LL,,

z 4)

o w

o - c

IC IiL

211



ooo4,

0004

0

r

ea

0

0 z 0.

'C

0*

t£

-0 3

C4 M

I/WV 'II*01a

26,



The Injection, maximum and exit velocities of the pro3ectile in tne
four shots were:

Velocitiea (rn/s)

Shot Injection Maximum Exit

Powder-only 1212 - 794
Reference 1155 2058 1923
1st Puff-Switched 1155 2248 2100
2nd Puff-Switched 1000 2462 2315

The exit velocities were measured over a 500 mm flight path in a:r
between the muzzle and a catch tank.

The velocity plot of the powder-only shot (Fig. 25) shows that the
powder gun gases did not continue to accelerate the projectile after it
entered the railgun. It also shows that friction and air load caused the
projectile velocity to decrease continuously from 1212 m/s to 794 m/s from
about 600 mm to the end of the gun. The loss of velocity is greater than that
of the other three shots. In the reference shot the velocity loss from the
maximum of 2058 m/s at 1500 mm was 135 m/s compared with a velocity loss of
250 m/s over the same distance in the powder-only shot. In the puff-switched
shots the velocity losses were 148 and 147 m/s. The fact that the decreases
were smaller In all electrical shots implies that the plasma was exerting

pressure upon the projectile until the projectile left the barrel, even when
the light emitting region of the plasma was well behind the pro~ectile.

3.2.3 Currents and Voltages

The measured breech supply (Main Supply) currents and puff-switched
currents for the three electrical shots are shown In Figs. 26-30. The sums
of the breech supply and puff-switched currents are also plotted in Figs. 28
and 30. The breech supply and puff-switch voltages are given In Figs. 31-35
and the muzzle voltage record for the reference shot is given in Fig. 36.
Muzzle voltage records were not obtained in the puff-switched shots due to
failure of the recorders to trigger.

Time on these records is measured from the pre-triggered start of
the transient recorders and zero time is about 14S ps prior to switch-on of
the breech current.

From the current records it can be seen that, for the puff-switched
shots, the breech current rose to a peak value of about 114 kA in the expected
sinusoidal fashion in about 250 ps. The peak current corresponds to about 41
kJ stored by the Inductor, compared to lossless values of 150 kA and 72 kJ.
About 30 kJ was thus consumed in plasma Initiation, the ignitron and circuit
resistances.
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The fall of voltage at the puff-switchs enables the exact times of
puff-switch triggering to be determined as 497 ps and 553 ps after the turn-on
of the breech supplies. By plotting these times on enlarged calibrated
streak records it was found that in the first puff-switch experiment the puff-
switch triggered when the leading edge of the plasma was still 130 mm from the
puff-holes and that in the second puff-switch experiment triggering occurred
when the leading edge was still 90 mm from the puff-holes.

The puff-switched currents decline from their peaks much more
rapidly than do the breech-supplied currents. The rapid decline Is probably
due to the rail-to-electrode arc drops in the puff-switch and indicates that
this simple scheme would be inefficient even if it worked well in other
respects. In the second puff-switch shot the puff-switched current-time
curve suddenly assumes a gradient similar to that of the breech supply. At
the same time the puff-switched voltage rapidly falls. An explanation for
this behaviour is that at this time an arc struck between the bus bars beneath
the puff-switch and thus partly-short circuited the rail-to-electrode arcs.

A muzzle voltage record was obtained for only the reference shot
(Fig. 36). It clearly shows the foil explosion and the point at which the
plasma fails as a propulsion means. The usual rise in voltage when the plasma
leaves the muzzle does not occur in Fig. 36, because by this time practically
all the energy had been dissipatee.
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3.2.4 Magnetic Pick Up Coils

Magnetic pick-up coils (also called B coils or position coils) give
information about plasma length and the location and distribution of current
in the plasma. The pick-up coils (Fig. 8) comprised ten turns on a 5 mm
diameter former and were inserted into the polycarbonate body midway between
the rails. The centre of the turns was about 7.5 mm beneath the bottom of
the bore and the turns were oriented to link the plasma flux and but not the
rail flux, le. the coil axis was parallel to the barrel axis. Coil locaticns
were 200, 400, 60a, 80Q, !000, 1250, 1500, 1150, 2000 and 2250 mm measured
from the centre of the current input electrodes at the breech.

Sample pick-up coil traces are given in Figs. 37-43. Figure 37
shows the seven waveforms obtained in the powder-only shot in which magnetic
strips were inserted into the projectile. (These strips were cut from a
calendar designed to adhere to a refrigerator.) Figures 38 and 39 show the
ten waveforms obtained in the reference shot; Figures 40 and 41 show the
eight waveforms obtained in the first puff-switched shot and Figures 42 and 43
show the eight waveforms obtained in the second puff-switched shot.
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Interpretation of the pick-up coil waveforms requires care. The
distance of the coils from the plasma should be as short as possible. At

distances that are large compared to the bore dimensions all current
distributions will give sinusoidal-type waveforms. The time between the peaks
of each pick-up coil waveform can be used to obtain a rough estimate of plasma
length, but the accuracy of the estimate depends greatly upon the distance of
the coil from the plasma and to the current distribution in the plasma. To
assist in the determinaton of current distribution and plasma length from
pick-up coil waveforms, theoretical waveforms have been plotted for several
current distributions [9]. Figure 44 gives some theoretical waveforms for the
distance (7.5 mm) used in these experiments between the bottom of the bore and
the centre of the pick-up coils.

Study of the calculated waveforms leads to the following four
conclusions.

Firstly, if the plasma length is 5 to 10 times the bore dimensions,
then uniform current distribution over the plasma length is distinguished by
pick-up coil waveforms which have two odd-symmetrical peaks separated by an
inflection or flat region. The flat region between the peaks increases in
duration as plasma length increases. See Fig 44 (a).

secondly, if the current distribution is not constant along the
plasma length, but is symmetrical about the middle of the plasma length, the
waveforms also have odd-function symmetry. See Fig 44 (b). There Is no,
however, inflection or flat portion between the peaks, and, for the longer
plasmas, the peaks are distinctly rounded.

Thirdly, current distributions which are unsymmetrical about the
centre of the plasma length produce waveforms with no symmetry. See Figs 44
(c) and 44 (d). The waveforms have a sharper peak over the region of greater
current density and a wider peak over the region of lower current density.
These features become more noticeable for longer plasmas.

Fourthly, the peaks of the waveforms correspond closely.to the ends
of the plasmas only for uniform current distributions and then only for
plasmas that are at least as long as they are high. For plasmas that are
shorter than their height, the peaks occur a considerable distance outside the
plasma length. For non-uniform current distributions the peaks fall inside
the length of the longer plasmas.

The theoretical waveforms in Fig 44 were calculated assuming
constant plasma velocity. During the passage of long plasmas (i00 mm) past
the pick-up coils, the velocity may increase significantly. This will cause
the trailing end peaks (right hand ends in Fig 44) to be sharper and of
greater amplitude.

Inspection of the actual outputs (Fig 38-43) shows that they have
no symmetry, except for the coils located at the breech and muzzle-ends. The
first peaks (i.e. the left hand end peaks) are narrower and higher than the
second peaks. In particular, there is no inflection or flat portion between
the peaks. From the previous discussion, these waveforms indicate that the
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current density rises rapidly to its peak value in the front part of the
plasma and diminishes to zero over the rest of the plasma. Fig 44 (c) is a
linear approximation to such a distribution. The absence of an inflection or
flat region between the peaks indicates that the current is not uniformly
distributed over any significant portion of the plasma length, i.e. it
indicates that the current density is continuously changing along the plasma
length.

The unsymmetrical waveforms obtained experimentally also indicate
that the current spreads out from the rail-plasma interface to occupy much of
the plasma. Rail damage frequenLly shows that current enters the plasma as
arcs from the centre region of the rails; if these arcs passed directly from
one rail to the other, like lightning strokes, the current would be
concentrated in a thin sheet at the mid-plane of the plasma and would produce
odd-symmetrical pick-up coil waveforms. Since only the current-carrying
portions of the plasma are accelerated, such conduction between the rails
would also imply that the plasma was thin at the front and increased to full
bore height towards the rear as the "spent" plasma expanded.

outputs with odd-symmetry were obtained only from the pick-up coil
near the breech end (200 mm) or from the coils near the muzzle-end (2000 and
2250 mm). Because the plasma is short at the 200 mm position (the streak
photographs indicate about 12 mm), any current distribution would give odd-
symmetrical waveforms. No conclusion can, therefore, be drawn concerning the
actual current distribution in the plasma.

The pick-up coil at 200 mm in the reference shot (Fig 38) shows that
a period of zero voltage occurs between the peaks. The zero voltage region
cannot be taken to indicate uniform current distribution because of the
shortness of the plasma. This was the only such result in all the pick-up
coil waveforms observed in rallgun experiments at these Laboratories. The
general reliability of the equipment and the experimental procedures was such
that the zero voltage region is probably not an artifact. A possible
explanation is that the current was carried in two separated regions, one at
each end of the plasma with zero current in between. A computer simulation of
such a double pulse using the technique set out in Ref. 9 yielded a waveform
similar to Fig. 38, including the small oscillation In the region tween the
peaks.

At the muzzle-end, the plasma is long (>i00 mm) compared with the
bore dimensions. The odd-symmetry of the waveforms from the muzzle-end coils
can therefore be interpreted to mean that the current is concentrated about
the centre of the plasma length and decreases symmetrically towards zero at
each end of the plasma. As noted above, they may also indicate that the
current is concentrated near the mid-plane of tlh.e plasma (i.e. the centre of
the bore-height of the rails). The rail damage at the muzzle-end supports the
interpretation that the current is concentrated near the centre of the plasma,
both length-wise and height-wise (Section 3.2.6.,.

Many of the pick-up coil waveforms have minor peaks after the main
peaks. The minor peaks indicate that current crossed from one rail to the
other after the main arc had passed by. For example, the coil at the 1250 mm
position in the Reference shot (Fig 39) indicates current flow 200-300 Ps
after the passage of the main arc. The waveform from the coil at 1500 mm has
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much larger minor peaks, indicating that the plasma consisted of two main
arcs. The streak photograph for this shot shows that at about 1500 mm there
was a second arc which moved much more slowly.

Evidently the total current can sometimes pass through the plasma as
a diffuse arc that is spread over the plasma length, and sometimes a small
part of the current passes from one rail to the other at points that are well
behind the main arc, and sometimes there are two main arcs, one of them
lagging the other. A possible cause for the minor arcs is shorting of the
rails by the soot that condenses from the trailing end of the plasma.

The coils at 800 and 1000 mm straddle the puff-switch region in the
puff-switched shots. They show no significant variations from the pattern
observed in the reference shot. Had a coil been placed at 900 mm it would be
expected that to have shown the early strike of the arc between the puff-
switch electrodes and later, the passage of the main arc.

The time between the positive and negative peaks, multiplied by the
average velocity at the position of the pick-up coil, gives an estimate of the
length of the current carrying portion of the plasma. From the earlier
discussion it is evident that the estimate is accurate only when:

(I) the current is uniformly distributed over the length of the plasma;

(ii) the plasma is longer that it is high;

(III) the pick-up coil is not more than the height of the plasma from the
surface of the plasma;

(iv) the plasma velocity is constant while the plasma passes the pick-up
coil;

Plasma lengths obtained in the reference shot by the pick-up coil
method are given below, together with the lengths obtained from the streak
photographs (Fig 20) for that shot.

Except at 200 mm, the lengths given by the pick-up coil method are
less than the lengths measured on the streak photographs. These results
support the conclusion that the current rises rapidly to a peak density near
the leading edge of the plasma and tapers to zero over the remainder. Figure
44(c) shows that for such a distribution the peaks of the pick-up coil output
lie within the plasma length, except when the plasma length is less than the
plasma height. (The length obtained from the streak photograph at 1500 mm,
viz. 374 mm, is excessive. This is because of the over exposure referred to
in Section 3.3.1).
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Comparison of plasma lengths from pick-up coil
waveforms and from streak photographs

Time Plasma Plasma length, Plasma length
Position between peaks velocity pick-up coil streak photograph

method (Fig 20)
mm is km/s mm mm

200 31 1.2 37 12
400 24 1.76 42 46
600 25 1.85 46 60
80 29 1.89 55 70

1000 30 1.94 58 81
1250 29 2.0 58 81
1500 24 2.06 49 374
2000 35 1.3 46 127
2250 43 0.65 28 38

The length obtained from the 200 mm position coil, 37 mm, is about 3
times that measured on the streak photograph. As explained earlier, plasmas
which are short compared to their height yield pick-up coil peaks that are

outside the plasma length.

The calculated outputs show that the zero crossovers of the pick-up
coil outputs correspond to the region of maximum current density. If the
current were symmetrically distributed over the plasma length, the zero
crossovers would occur in the centre of the plasma length and the pick-up col.
outputs would have odd-symmetry. Except towards the end of the gun, the coil
outputs in fact show that the zero crossovers are closer to the leading edges
of the waveforms. These practical results imply that, whilst the plasma is
accelerating, the current density is greatest near the leading edge of the
plasma, and further support the previous conclusion that most of the current
is near the leading edge.

The zero crossover points and the plasma leading edge data are
plotted in Figs. 45 and 46 for the reference and puff-switched shots. Where
the leading edge is accelerating, the zero crossover points lie within 20 mm
of the leading edge. In the reference shot the zero crossover falls back to
60-70 mm from the leading edge at the 1500 and 2000 mm distances. The last
zero crossover, at 2250 mm, apparently moves back towards the leading edge but
this effect is due to the plasma length being only 30 mm at this point. The
crossover in fact is near the centre of the plasma.

Due to increasing plasma length and decreasing current, the average
current density in the plasma decreases with distance from the breech. This
observation and the above results suggest that so long as average current
density is high enough, Lorentz forces can move electrons towards the leading
edge and maintain the edge in a state of relatively high conductivity, e.g. by
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cumulative breakdown. When the average current density falls, the Lorentz
forces are dissipated in more complex collision paths and conductivity is
greatest near the centre of the plasma length, where it is hotter, resulting
in a more symmetrical current distribution over the plasma length.

The pick-up coil crossover points for the powder-only shot are
plotted in Fig. 47. For about a third of the length of the gun there is
practically no departure from a straight line, indicating that friction was
very low. As Fig. 25 shows more clearly, the velocity dropped further along
the barrel. From the injection and exit velocities It can be calculated that
the average opposing force was about 330 N. The force needed to push the
projectile by hand was much less than this. Deformation of the projectile
may have caused increased friction, but, since the barrel was not evacuated,
compression of air ahead of the projectile may also account for the large
opposition force.

3.2.5 Source of Propulsive Energy

The intention in the railgun is to propel the projectile by Lorentz,
or q v x 8, forces that act upon the electrons as they cross the magnetic
field between the rails. In the above formula q is the electron charge, v is
the electron velocity and B is the magnetic field intensity due to the current
in the rails. The plasma, however, in addition to providing electrons which
are acted upon by Lorentz forces, is an electrically heated gas and a question
of interest is to what extent the projectile is pushed by gas pressure that
arises directly from the explosive-like effects of the rapid electrical
heating.

The velocity-time and current-time records enable this question to
be Investigated. The current record of the reference shot Fig. 26, shows
that the breech-supplied current rose sinusoidally from zero to a peak value
of 116 kA in 250 ps. Inspection of the velocity record, Fig. 24, suggests
that the plasma (and hence projectile) acceleration was not in phase with the
acceleration to be expected from the current waveform. There was little
increase in velocity for about 150 ps, by which time the current had reached
95 kA, or 82% of its peak value. The velocity also continued to increase
rapidly for 50 ss after the current had begun to decline and then, without any
significant fall in current, its rate of increase suddenly dropped.

The inference from the above observations Is that the velocity was
strongly affected by another factor. Calculation of the velocity and energy
increments that could have accrued from the Lorentz forces supports this
inference. If the ideal railgun force, viz:

1 L'2
F - -LI 1

2

where L' is the high frequency inductance of the rails per unit length and I
Is the current, were the only factor then the velocity increase, Av, during
the quarter cycle of sinusoidal current rise to peak value Ip, would be:
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where T,/4 is the quarter-cycle time. Substituting values for this case,
viz:

- 0.407 ,H/m

Ip - 116 kA

Ti/4 - 250 As

M - 1.2 X 10-3 kg

yields Av - 290 m/s. From Fig. 24 it Is found that the velocity actually
increased from 1155 m/s to 1600 M/s, i.e. by 445 M/s in the 250 As period,
which is about 1.6 times the maximum increase that the Lorentz forces could
have caused. Extending the calculation to cover the next 50 As shows that
Lorentz forces could have increased the velocity by a further 110 m/s whereas
in fact the velocity increased by about 150 m/s.

It is therefore clear that additional forces were present in the
first 300 As. The most obvious source is the impact of high velocity
particles during the explosive-like formation of tne plasma. Inspection of
the streak record for the reference shot shows that prior to 400 mm, which
corresponds to 300 As, the plasma had not fully formed. Rapid acceleration
occurred while the foil vapour and other matter from the bore surfaces was
expanding from a superheated, dense fluid state to an equilibrium condition
characterised by more or less constant plasma length.

After 300 As the thrust from the explosion ceases and for the next
500 As the velocity increases at a much lower rate. In this region the
principal cause of acceleration should be the Lorentz forces. Figure 26 shows
that the current diminished in a linear fashion from 113 kA at the rate of
94 x 106 A/s in the period from 300 As to 800 As after the commencement of
conduction. Writing the current during this period as

I - 10 - kt

where 10 is the initial current (103 A) and k - 94 x 106 a/s and substituting
in the basic force expression and integrating yields the velocity increase,
Av, to be:

2
AV - L'_t (I - kIot + t--t

2M 0 0 3

Substituting t - 500 s3, and the other values as previously given,
yields Av - 552 m/s.

From Fig. 24 it is found that the actual velocity increase of the
reference shot from 300 As to 800 ps was 300 m/s. On the assumption that
friction and the explosive effects were negligible, this result enables an
effective inductance gradient, L'eff , to be calculated as
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300 (0.407) 0.22 pH/m,
eff 552

or about half of the high frequency value. As it is likely that there was
still some explosive drive, this is probably a high estimate.

Using the above L' eff value, the velocity increase due to Lorentz
forces during the first 300 ps is found to be 206 m/s compared to the actual
increase of 595 m/s, and hence the explosile effect contributed 389 m/s.

The energy which the Lorentz forces would then have supplied during
the first 300 ps is 311 J out of an actual gain of 1037 J. For the whole
period to 800 ps the energy increment was 1741 J of which 1015 J can be
attributed to acceleration with L'eff = 0.22 pH/m and the remaining 726 J, or
about 42% of the total, to the explosive formation of the plasma.

The increase of velocity following the injection of the puff-
switched current In the first puff-switched shot is similar in shape to the
initial increase and is also similarly displaced from the current waveform
(Figs. 24, 28), which implies that the explosion-like formation of the arc
between the puff-holes was responsible for most of the velocity boost.

3.2.6 Rail Damage

The length of this gun and the range of current densities in the
plasma resulted in a greater variety of arc damage to the rails than that in
the shorter guns (< 1 m) generally used at these Laboratories.

Five broad types of rail damage were noted, and are shown in
Fig. 48. They are, in order of appearance from the breech end:

(a) Sand blasted effect. This type of damage starts in a patchy manner
at the breech end where the foil explodes and can cover the whole
exposed rail width.

(b) Broad parallel streaks with diverging feathery edges. There are
two to five such streaks. The pattern covers the bore width of the
rails and the diverging feathery pattern is concentrated along the
outer edges.

(c) Finer, more or less parallel streaks. Typically there are two to
five streaks, 10-30 mm long, which are confined to the central half
of the rails. Sometimes the streaks are confined to a narrow
channel in the centre of the rails.

55



______________________________ (a) 117 mm from breech end

Gros damgesand-blast

~ (b) 626 mm. from breech end
Broad parallel streaks
with diverging feathery
edges.

(c) 985 mm from breecn end
Finer, more or less

____________________________________ parallel streaks

d 1320 mmfrom breech en.i
Converging, fine streaks

(e) 2305 mm from breecn end

_PM T chains of deep pits

F'IG. 48 Types of rail damage - reference shot Upper rail is negative,

breech end is left hand end.

56



(d) Converging streaks. Typically there are two to five main streaks,
10-30 mm long, converging at 10-150 to the rail length. They are
confined to the central half of the rail width.

(e) Chains of deep pits. Typically there are two chains and each is
about 30 mm long and they are confined to the central half of the
rail width.

The photographs in Fig. 48 are from the reference-shot rails. Similar damage
patterns were produced on the rails In the puff-switch shots.

Patterns (c) to (e) have an additional fine structure which has the
appearance of tangled fine scratches (as if made by steel wool) that converge
from the outer edges towards the centre. In (e), this pattern also becomes
arc-pitted, although the pits are small.

When examined through a magnifying glass the streaks, other than the
broader streaks emanating from the *sand blast" affected areas, are seen to
consist of numerous small furrows and pits.

The "sand-blasted" areas and broader streaks appear under the

magnifying glass to be a surface layer of melted metal upon relatively cold
bulk metal. They also appear to have been smeared in the direction of motion
of the plasma.

The above progression of damage patterns is explicable in terms of
diminishing thermal energy density and diminishing regions of conductivity In
the plasma, as follows.

For the first 200 mm of travel the plasma is short (the streak
photographs indicate about 10 mm at 200 mm). The energy density in the

plasma, and consequently the plasma temperature, is high compared with
conditions when the plasma has expanded. During this early phase, atoms and
ions bombard both the rail surfaces due to the high pressure of the plasma.
The bombardment melts and vapourizes the surfaces and also deposits metal that
was vapourized earlier. Because of the injection velocity of about I km/s the
contact between the developing plasma cloud and the rails may be patchy. The
above Interaction of the plasma and the rails results in the "sand-blasted"
and "smeared" appearance. (The "smeared" appearance has previously been
described as "wind-swept" 1io). Evidence for this bombardment model has also
been seen in firings using aluminlum foils, where the "sand-blast" areas have
a distinct golden colour, suggesting alloying with aluminium (91. To form
such an alloy, aluminium atoms must have been ejected from the plasma Into a
molten layer of copper.

The streaks composed of furrows and pits that appear later are not
present in the "sand-blast" affected areas. This suggests that the entire
area in contact with the plasma was conducting in a diffuse manner. Diffuse
conduction at the surface is known to occur in arcs upon materials such as
tungsten and carbon. The vapourization temperatures of these materials are
above the temperatures necessary for copious thermlonic and field emission of
electrons 1111. Such emission is not normally produced by copper because of
its low vapourization temperature (2,800K). However, if the temperature of
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the copper reaches about 6,000 K due to the hot high power arc in the railgun
(i.e. it is superheated), sufficient thermlonic emission would occur.

The length of the plasma increases due to expansion as a hot gas and
also due to material vapourized from the four sides of the bore. Because of
the expansion, cooler zones arise in the plasma. The current divides into the
hottest regions, because they have the greatest conductivity. These current-
carrying hot regions are driven by Lorentz forces and produce the broad
streaks of "sand-blast" surface that emanate from the earlier "sand-
blast"damage.

Further expansion of the plasma results in temperatures in the
surface regions of the plasma that are too low to melt the rail surfaces and
too low to cause substantial thermionic emission. "Cold" arc processes then
take over with the production of anode and cathode spots (121. The Lorentz
forces drive the individual arcs along the rails and cause parallel tracks,
consisting of overlapping furrows and pits, to be left in the rail surface.
The arcs are imagined to be confined to the cool outer layers of the plasma;
within the hot body of the plasma the current is diffuse. This model is
discussed in more detail In Ref. 9.

The streak patterns that are nearly parallel suggest that conditions
were suitable for arcs to be driven by Lorentz forces as desired for railgun
propulsion. One necessary condition is that the current near the plasma
leading edge must produce free electrons at a sufficient rate to support
current flow in the region ahead. As was mentioned in Section 3.2.4 thls
requires current density in the plasma to be sufficiently high.

The diverging feathery pattern that sometimes appears on the outer
edges of the broad streaks may be due to inadequate sealing. In the
reference shot it appeared at the breech end and in the first puff-switched
shot it appeared at both the breech end and after the puff-switch section.
In the second puff-switched shot it did not appear at the breech end, where
the sealing had been improved, but it did appear after the puff-switch
section, where it is known that the halves of the body separated. This
explanation is consistent with the disappearance of the diverging feathery
pattern at the same distances as those at which the rapid velocity boosts
finished.

The next broadly discernible pattern, viz. fine streaks which
converge towards the centre of the rails at angles of 1o-15 ° , may be due to
the outer bulk of the plasma becoming cool and causing the arc paths to
converge to the centre, which is hottest and most conductive. The angles
suggest that the arcs move towards the centre at about a quarter of the plasma
velocity.

The deep arc craters that appear near the muzzle end are consistent
with continuing fall of plasma temperature and the contraction of the
conductive regions to the centre. Electrons propelled by Lorentz forces
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cannot produce sufficient secondary electrons in the colder regions and the
current is confined to a particular conductive channel for a longer period.

Both rails of the guns exhibited the same general type of damage at
the same distance, but often differed In detail. For example, at one
position on the reference-shot rails, one rail has five or six short
converging tracks but the opposite rail has two or three longer tracks.

3.2.7 Ablation Rodel - puff-hole venting

Parker et al (131 have proposed that increasing plasma mass, due to
ablation of wall materials at the high temperatures of the plasma, causes the
plasma to reach a limiting velocity, vL, given by

LoI

VL -

a

where L' is the inductance per unit length, 10 is the (constant) current, a is
the ablation constant and Va is the arc voltage. A characteristic
time, i, is also defined by

M

al voa

where M_ is the mass of the projectile. The actual velocity attained in time
t is then given by

t
V L t +

This theory, and particularly its extension to include drag due to
turbulence adjacent to bore surfaces, also given by Parker et al, predicts
such low velocities as to make the plasma arc method of propulsion
unpromising. It is therefore important to comparc results with this theory.

A criticism of the theory is that it assumes that all the plasma
mass is accelerated. The fact that bore surfaces are completely covered with
black soot containing carbon and copper [141 suggests that material is
continually deposited from the plasma. Such deposition Is supported by
streak photographs with longer exposures (e.g. the muzzle end streak of the
reference shot, Fig. 20) which show stationary hot material for about
100 ps after the moving part of the plasma has passed by. The concentration
of current at the plasma leading edge also suggests tiat material at the rear
is left behind and deposited.

Parker et al proposed that allowing some plasma to escape through
vents is one way to reduce its mass. The reference shot, which included 2 mm
diameter puff-holes, provided a convenient test of this Idea.
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When the reference shot was fired a large shower of flame and red
sparks erupted from the vents, as from a firework. From this it could be
expected that the streak record would show the plasma to be shortened in
length or weakened in intensity. Fig. 20 however shows virtually no
effect. Likewise, there was barely any effect on the muzzle voltage or on
the slope of the velocity curve (Figs. 36, 25). An explanation could be that
the puff-holes were too small, despite the eruption observed, but the result
also could imply that plasma regeneration is rapid. This latter conclusion
was reached
in earlier puff-hole experiments where larger holes were used V11.

Despite the objections which may be raised, the expressions above
give velocities that are comparable with those measured If a suitable
"average" value of current is selected. It is necessary to select such a
value since current is not constant. Thus, using the preceding equations
with the values

L' = 0.407 AH/m,

a - 25 g/MJ, as suggested by Parker et al.

10 = 70 kA, "effective" value, Fig. 26

Va - 190 V, average value, Fig. 36

yields the limiting velocity, vL' as 3000 m/s and the characteristic
time, r, as 3.6 ms. Figure 24 shows that the maximum velocity was reached
after 0.8 ms. According to the expressions above, the velocity increment in
this time would be 545 m/s. The actual increase was 903 m/s (1155 m/s to
2058 m/s) which leaves 358 m/s to be attributed to the explosion of the
foil. This latter value is in fair agreement with the foil explosion
contribution of 389 m/s deduced in Section 3.2.5. The inclusion of drag as
proposed in the extended ablation model would lower the calculated velocity
increase and bring the increase due to the foil explosion into better
agreement.

Because the agreement with the ablation model is quite sensitive to
the "effective" current value no firm conclusion can be made as to its
validity.

3.2.8 Data Tabulation

Distances were measured from the centre line of the current input
electrodes, where they were connected to the rail,;.

Times were measured from the time at which the breech current supply
commenced, i.e. the time at which current commenced to rise after the Ignitron
was triggered. A 10 ps marker pulse was coupled into most transient
recorders simultaneously with the Ignitron trigger pulse. The time zero Is
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slightly different from the time at which the projectile passed the centre of
the current input electrodes. The intention was that current should not be
switched on until the projectile was 10-20 mm past this point.

Great care was taken to ensure that two or three independent records
were obtained to determine the zero reference for time measurement. The
times given are accurate to within ± 3 ps.

Pick-up coil arrival times (microseconds)

Polition Powder-only Reference lot Puff-Switch 2nd Puff-Switch
(iM)

200 163 167 172 204
400 328 295 303 344

600 494 407 414 460
800 667 519 523 563

1000 839 617 622 669
1250 - 741 737 775
1500 1299 870 - -
1750 - 1037 - -

2000 1799 1204 1192 1169
2250 - 1475 1404 1368

Arrival times are zero crossover times for the electrical shots and
the times to the centres of the pick-up coil waveforms in the case of the
powder-only shot.

Transient recorders failed to trigger in some cases. The values are
left blank in the table. Time zero for the powder-only shot is when the
projectile passes the centre of the current input electrodes.
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Time of arrival of plasma leading edge using streak records (microseconds)

Position Reference 1st Puff-Switch

(aM)

100 63 5

200 149 156
300 226 231

400 281 293

500 339 339

600 395 406
700 449 457

800 500 509

900 554 562

1000 604 613

1100 653 659

1200 709 705
1300 754 752

1400 801 795

1500 850 838
1600 901 885
1675 939 -

1700 938
1725 968 -

1800 1024 1004
1900 1102 1073
2000 1172 -

2100 1259 -

2200 1381

2300 1537
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Velocity of plasma leading edge using streak records (± 2%)

Position Velocities (m/s) 2nd Puff-Switch

(Mi) Reference Ist Puff-Switch

Injection 1155 1155 1000

200 1214 -

300 1512 1416

400 1755 1737

500 1755 1763

600 1854 1864

700 1854 1864

800 1878 1902 1816

875 - - 1678

900 1903 1902

925 - - 1755

1000 1940 1927 5208

1100 1940 2158 1986

1200 1940 2183 2315

1300 2003 2248 2359

1400 2058 2248 2462

1500 2058 2186 2462

1675 2003 - -

1700 1300 1802 1897

1800 1300 - -

1900 1300 1023 1630

2000 1300 1256

2100 1300 1256

2200 645 1132

2300 645 1132

Exit 1923 2100 2315

(measured over 500 mm flight in air from muzzle to break-screen)
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3.3 Cause of Early Switching

Possible causes of the early triggering of the puff-switched
supplies can be grouped into two classes: action-at-a-distance effects, whi-.
the intense electromagnetic and optical radiation might cause, or the direct
introduction of conducting matter into the space between the rails and the
puff-switch electrodes.

Action-at-a-distance effects were shown to be unlikely by a
subsequent test. In this test the puff-switched capacitor bank was charged
to 4.5 kV and the ends of its busbars were exposed to the muzzle flash of a
short railgun. The busbar ends were angled to a separation of about 20 mm
where they connect to the puff-switch (which was not connected during this
test) and were shielded from physical contact with the flash by a perspex
cover. The separation between the railgun muzzle and the busbar ends was
about 200 mm. The bank did not discharge when the railgun was fired.

The above test suggests that early triggering was due to the
introduction of conducting matter into the puff-switch region. One possible
cause might be that ionized air was pushed ahead of the projectile. This
possibility was discounted because the rails would discharge the ions. The
fact that the much smaller puff-holes in the second firing were ineffective
suggests that early triggering would have occurred even if there had been no
puff-holes. This in turn leads to the possibility that arc pressure may have
separated the halves of the gun body sufficiently for plasma to escape over
the edges and along the backs of the rails into the puff-switch region,
despite the sealing in the second firing.

Examination of the halves of the railgun body clearly showed that it
separated after the puff-switch operated; an area extending about 100 mm
either side of the puff-switch electrodes was blackened with the fine soot
(Fig. 17) and, further along the body, black soot was deposited between the
bolt holes. In the first puff-switched shot, and in the reference shot, fine
black soot covered the edges of the rails and about half of the back of the
rails, virtually from the breech to the muzzle. In the second shot the
sealant in the rail channels of the body and on the edges of the rails was
found to be wstreaked with black soot in a number of places between the breech
and where triggering occurred. The backs of the rails were also covered with
soot for about l00 mm on the breech side of the puff-switch electrodes.

Calculation of the tension in the bolts used to hold the halves of
the body together shows that the bolts almost certainly yielded during
tightening. The bolts, 12 mm diameter with coarse thread and medium tensile
strength, were tightened with an air wrench to about 80 Nm torque, which
implies a tensile stress of about 400 MPa, or 60,000 lbs/sq in. This is well
into the yield region of steel. The additional tension in the bolts due to
the passage of the plasma may be inferred from the acceleration of the 1.2 g
projectile and the plasma length. Thus, the projectile velocity increased by
600 m/s in 300 ps after injection, implying a plasma pressure of 24 MPa. The
force on the halves of the gun body over the 70 mm plasma length was therefore
16.8 kN and, if shared by 4 bolts, yields an increase of about 54 MPa
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(8,000 lb/sq in) in bolt tensile stress. The peak tensile stress In the
bolts prior to the puff-switch operation was therefore about 450 MPa.

4. SUMMARY AND CONCLUSIONS

The sequence of experiments enabled the following aspects of ra>i;un
technology to be investigated:

(I) a simple means of connecting additional power sources, viz. puff-
switching;

(ii) distribution of current in the plasma;

(iii) energy distribution, in particular the sources of the projectlle
kinetic energy;

(Iv) types of rail damage in relation to current density in the plasma;

(v) velocity limitation according to the ablation model.

Streak photography through a clear body was a most important
diagnostic means, particularly when correlated with accurate distance and time
calibrations and with pick-up coil and voltage and current data. These
records enabled times from a common reference instant to be known to within a
few microseconds and distances from a common reference point to be known to
within a few millimetres.

The five aspects identified above are summarized in greater detail
below.

Puff-switching: The experiments demonstrated that a second power
souzce can be connected by a puff-switch. The implementation of the idea in
these experiments was not successful, but high sensitivity switching which the
method displayed suggests that a satisfactory design is possible. Such a
design might be along the lines indicated in FIg. 49. In this design there is
uiie puff-hole in Lhe bore between tne rails and the plasma triggers an arc gap
in sne of the busbars from the second power source. The puff-hole is not in
the current path and hence the switching arc, being outside the gun, is not
able to form a stationary arc from one rail to the other. The time delay In
switching can be adjusted by the distance to the spark gap switch to ensure
that early triggering does not cause significant reverse current flow. Also,
there is only one arc drop compared with two in the configuration tested (Fig.
2) and therefore the rate of fall of puff-switched current is reduced, so the
current is effective for a longer time. Sealing of the gun bore is not so
critical and the electrodes can be much stronger and better able to withstand
the arc pressures than those in the trial design of these experiments.
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MAILOUN RAIL$

SPAK GAP

FIG. 49 Improved puff-switching implementation

Distribution of current within the plasma: The shape of the
outputs from the pick-up coils and the location of the zero crossovers, in
conjunction with the streak photographs, showed that the current is
concentrated within about 20 mm of the leading edge of the plasma and tapers
off towards the rear end, in those periods when the plasma is accelerating
strongly. When the plasma is weak, the current Is symmetrically distributed
along the plasma length. Sometimes small portions of the current flow from
one rail to the other long after the main current has passed (e.g. i00 ps);
this may be due to conduction via condensed soot on the polycarbonate
surfaces.

Energy distribution: About 30 kJ of the 72 kJ stored on the breech
supply capacitors was lost during transfer to the storage inductor. This
loss is typical and suggests that more efficient methods of charging the
inductor should be investigated. About 2.4% of the electrical energy stored
on the capacitors became projectile kinetic energy in each instance. At
least 40% of the projectile kinetic energy gain was probably due to the
explosive formation of the plasma arc, both at the breech and puff-switched
connections. The effective Inductance gradient was about 0.22 ,H/m, compared
with the theoretical value of 0.407 pH/m.

Rail damage: The length of the railgun and the variation of
current values enabled a sequence of five types of rail damage to be
identified, viz.
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melted surfaces (sandblasted appearance);
broad parallel streaks;
fine parallel streaks;
converging streaks;
chains of arc pits.

The above progression was explained in terms of the decreasing current density
of the plasma from the breech towards the muzzle, owing to decreasing current
and increasing plasma length. Streaks converge towards the centre, where the
plasma is hottest and most conductive. The diverging feathery edges were
thought to be due to plasma escaping past the rails because of inadequate
sealing.

Ablation model: This model seems to ignore the evidence that
material is deposited from the plasma and therefore not all ablated material
increases the accelerated plasma mass. However, the predictions of the model
with a not unreasonable choice of values for the variables do fit the results
obtained. A definite statement in favour of the model cannot be made on the
basis of these limited investigations.

A final conclusion concerns the gun length and the magnitude of
current for experimental railguns. To study the intended electromagnetic
propulsion, the explosive drive during the plasma formation must have ceased
but the plasma must not be failing. since the explosive drive lasts about
300 ps, railguns that use injection at about 1 km/s should be at least 1 m
long. The current must be kept high enough for as long as possible after the
explosive drive ceases so that electromagnetic drive does not cease owing to
failure of the plasma.
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