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I. INTRODUCTION

In some recent work,'3 diagnostic measurements of plasma properties were made
on the arc-driven railgun, CHECMATE, at Maxwell Laboratories. At that time CHEC-
MATE, which has a square bore 50 mm on a side and which is about five meters in length,
was the largest-bore railgun in operation. In this report we describe similar measurements
undertaken on a smaller-bore gun, roughly 9.3 mm square, located at the Ballistic Re-
search Laborarory (BRL). These measurements represent a part of our continuing effort
to characterize plasma properties for launchers of various dimensions, and to understand
how those properties affect gun performance.

Measurements to be discussed include the rail current and the voltage drops across
the breech and muzzle ends of the gun, all as functions of time during the shot. In addition,
several inductive sensors (B-dot probes). positioned at various points along the gun tube,
provide data concerning the magnetic-induction field arising from current in the arc as it
passes the point in question. The data from these probes are then analyzed to determine
the location of the plasma arc and the spatial distribution of current density within it.
Finally, data from fiber-optic probes located along the gun tube yield some information
concerning light output from the arc incident on the insulator surfaces. This technique
of inferring the armature current distribution and arc length from armature B-dot probe
data was originally developed for 12.7-mm square-bore plasma armature characterization
experiments.?

In addition to the above measurements and analyses, for CHECMATE an analytic
model was developed to determine various properties of the arc that could neither be
measured nor inferred directly from the experiment. Such properties included, for example,
the temperature, the ionization state, the arc mass, and the pressure as a function of
position in the arc. The model was based on the previously developed one-dimensional,
steady-state theory of Powell and Batteh,® but several modifications were introduced in
order to make best use of the experimental results. In particular, the temperature in
the arc was inferred directly from the measured muzzle voltage and the experimentally
determined current density. The direct use of experimentally derived quantities avoids
assumptions regarding energy loss/gain mechanisms in the arc and undertaking reasonably
difficult calculations based on energy conservation. Some purely theoretical calculations
were performed, however, for purposes of comparison with results obtained from the data
analysis.

In the present work, we have repeated for the 9.3-mm square-bore railgun both the
experiment and the data analysis undertaken carlier for CHECMATE. Although there
are similarities among the referenced plasma armature experiments, enough differences
exist to prevent a rigorous comparison of the calculated results. For example, the peak
magnetic-bore pressure was 2.5 times greater in the CHECMATE cxperiments than in
either small-bore experiment. In the 12.7-mm experiment a stationary foil fuze and pro-
jectile was utilized, while in both the 9.3-min and CHECMATE experiments the projectile
was injected. Additionally, for the 9.3-mm experiments the plasma armature was pre-
formed and injected. The rail material for the 12.7-mm and CHECMATE experiments
was oxygen-free hardened copper (OFHC), whercas a copper-niobium (Cu-Nb) microcom-




posite material was used in the 9.3-mm experiments. Finally, the time dependence of the
current waveforms for all the experiments was significantly different so that time dependent
armature effects would preclude any quantitative comparisons.

The report is organized as follows. In Section II, the experiment is described briefly as
well as the manner in which certain arc properties are inferred from the experimental data.
In Section III, the governing equations for the data-analysis model are summarized. In
Section IV, we describe in some detail the results of the data-analysis calculations, empha-
sizing where possible similarities and differences with the CHECMATE results. Finally, in
Section V, we present our conclusions.

II. EXPERIMENT

The work to be described here was undertaken primarily to test the resistance of
various rail materials to arc ablation:® however, the diagnostics employed to quantify po-
tential rail-damaging phenomena also accurately characterize the arc. The railgun was
onc meter long, had a bore cross section 9.3 mm square, and incorporated 305 mm long
replaceable rail inserts at the breech end. The material which constituted the rail inserts
was a copper-nicbium microcomposite. The insulating side walls were composed of G-11,
a fiberglass epoxy laminate. Near the breech a section of the side wall was instrumented
with inductive coils (B-dot probes) which sense the time rate of change of the magnetic-
induction fie!d produced exclusively by thc arc, and fiber-optic sensors (light pipes) which
collect light from the arc. Additional diagnostics included measurements, via techniques
to be described, of the breech and muzzle voltages, the time rate of change of the rail
current, and the initial capacitor voltage. The barrel containment structure consisted of
a pair of steel angles clamped along the axial length of the gun with six large C-clamps.
The railgun had a measured inductance gradient of 0.37 pH/m.

An electrothermal (ET) accelerator was used both to accelerate the projectile into
the breech of the railgun and to form the main plasma arc. This injector contains an
electrically exploded aluminum wire fed through a cylindrical polyethylene liner called a
capillary. The ionized, low molecular weight plasma, composed mostly of carbon, was
ejected from the capillary’s open end and was used to drive the projectile into the railgun.
Bore discontinuities between the injector and railgun limited the injection velocity to less
than 200 m/s. Also, poor projectile sealing to the railgun bore surface allowed the low-
density, high-temperature plasma to accelerate ahead of, i.e., to "blow-by”, the projectile
thus inhibiting the expected establishment of the main railgun arc. To insure an adequate
conductive path behind the projectile, a 3 mg strip of aluminum foil with dimensions
3.12 mm x 19.2 mm x 0.0254 mm was glued to the rear of the projectile. The mass of
the lexan projectile was nominally one gram for all shots.

The power supply connected to the railgun consisted of two parallel 50 kJ, 11 kV
capacitors discharged through a 1.7 ;H pulse-shaping inductor. The main “on”™ and “crow-
har” switches were D-size ignitrons (NL5553). The injector power supply was a solid-state-
switched, 2000 volt, three-clement pulse forming network (PFN) capable of delivering 2500
amperes in 250 ps to a matched load. The sequence of operation was initiated by charging




the main : d ET capacitor banks to the desired voltages. The injector bank was triggered
first and, after a pre-set time delay, the main bank was triggered. The arrival time of the
arc armature into the railgun breech was the most unpredictable variable from shot to shot
and was the largest contributor to variation in the initial arc start location.

We now describe the orientation and use of the various diagnostic probes, the specific
measurements made, and how these measurements are used to derive the arc properties
considered in Section I. The discussion here is intended to be summary; details concerning
the procedures have been given in References 1, 2, and 4.

1. Diagnostic Probes

All electrical data were taken during the experiment using three Nicolet 4094C Digital
Oscilloscopes. Most of the data were recorded at a rate of 1 us/point using 12 bit amplifiers
(1 MegaSample/s, amplifier model number 4562). The voltage data were recorded at
the same rate using 8 bit amplifiers (model number 4175). The capacitive power supply
utilized a single point grounding scheme with the signal cables in close proximity to the
scope return ground braid. This positioning helps to avoid any induced loop currents in
the data-signal lines. The data are stored on 53-inch floppy disks and later transferred to
the large computer for further analysis.

The breech and muzzle voltages were sensed by a resistor string looped through a
Pearson current transformer (model 110A). The twisted leads of the resisitor string were
connected directly across the potential to be measured. The transformer then sensed the
current through the resistor string and produced a voltage proportional to the resistor
current. The breech and muzzle resistor strings were 486.0  and 100.6 Q with D.C. power
ratings of 60 and 100 watts, respectively. The Pearson current transformer’s sensitivity
of 0.1 V/A results in voltage divider ratios of 4860:1 for the breech, and 1006:1 for the
muzzle. The transformer isolates the measuring devices from the experiment, precluding
measuring-circuit grounding and voltage break-down dilemmas. However, care must be
taken when using this technique with an injected ET plasma. Resistor strings in previous
experiments were destroyed when injected gasses failed to reionize and the resistor string,
offering the only discharge path, had to absorb the full capacitor bank energy.

Coils of wire (B-dot probes) are commonly used to generate a voltage associated
with a changing magnetic field and thus to provide data from which the magnitude and
orientation of the field can be inferred. In this experiment the coils were pos'tioned along
the length of the launcher, with coil and bore axes parallel in order to scnse only the
magnetic-induction field associated with the current through the arc armature. The first,
third, and fourth coils each ¢ 1sisted of five turns of 30 gage wire, wrapped on a 4.89-mm
diameter form; the remaining B-dot coil inadvertently had only four turns of wire. The
computation of the B-dot sensor output voltage used in the computer code fitting routine 4
is based on the assumption that the coils are identical. The signal amplitude from the
second coil was multiplied by % to compensate for the missing turn. The 5.00-mm thick
G-11 insulator wall had a 2.54-mm recess in the outside face to accommodate each sense
coil. This arrangement results in a bore-center to coil-center distance of 9.79 mm. The
four coils used in the experiment were spaced at 61-mimn intervals along the instrumented




insulating side-wall section. This section was so positioned, by addition of a 70-mm long
G-11 spacer (see Figure 1), so that the moving armature would pass well within the sensing
range of the first B-dot probe and slightly after peak current.

%@{ RAIL INSERT RAIL

G-11 Sy “Fe] s -
SPACER | & O g0 50 linsulaToR
L i
. |
mm mm l

X=0

Figure 1. Axial locations of light sensors and B-dot probes. Light sensors are labelled by
LP; through LP; and B-dot probes by B, through B,. All sensors and probes are centered
between the rails.

In order to define the location of the front of the armature along the barrel length,
light from the luminous part of the arc was detected by a reverse-biased pin-diode. The
light signal was routed from the inner bore surface via 1.2-m of plastic, fiber-optic cable.
The schematic for one light sensing circuit is shown in Figure 2. After each shot, the fiber-
optic cable ends were removed, cleaned, and reglued into the insulator side wall. Along
this section there were four fiber-optic sensors spaced at 80-mm intervals.

The railgun current typically rises to peak in about 100 pys. With a waveform which
varies this rapidly, it is advantageous to measure the time rate of change of the current
and obtain the total current by either numerical or electronic integration. In addition, the
di/dt signal does not mask functional anomalies as an integrated waveform may. Since the
number of available scope channels was limited, we recorded the di/dt signal directly from
a Rogowski coil, and performed the integration numerically using a five point smoothing
algorithm. The Rogowski coil used for these experiments was fabricated and calibrated at
BRL. Its conversion factor is 28.7 X 1084/V's and it has a rise time of less than 3ys.
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Figure 2. Arc armature light detection circuit (one of four).

2. Measured Data

There were four firings performed in this series of experiments. Only one shot, which
corresponded to 8 kV of initial capacitor charge voltage, produced sensor data that could
reasonably be reduced. For that case, arc initiation occurred 30 mm from the breech end
of the conducting rail sample and 121 mm before the first B-dot probe. For the remaining
shots, arc initiation occurred so late that B-dot data were obtained at or before peak
current; thus the first station data had to be discounted. We believe that the elapsed
time to arrival at the first B-dot station was too short to allow the use of the steady-state
analysis. The remaining three data stations proved insufficient to establish the fitting
paramters of the arc to the accuracy needed.

The armature current, shown in Figure 3, rises to its peak, 142.4 kA, at 106.5 us,
well before the arc front has reached the first light sensor. The waveform is a consequence
of ”crowbarring” the capacitors to interrupt the RLC ringing that normally follows switch
closure to the power conditioning inductor and load. Crowbarring forestalls damaging
dielectric stress in the capacitor created by the voltage reversals that arise from circuit
ringing. Ideally, a resistanceless short circuit would be placed across the capacitor just
as its voltage (and energy) pass through zero, roughly coincident with current peak. In
practice an ignitron crowbar switch was used whose nonzero resistance, in fact, drops to a
few milliohms only after the voltage reversal has grown to 1200 volts. Though not harmful
to the capacitor, this voltage reversal represents sufficient stored energy to promote a
high frequency oscillation in the capacitor-crowbar circuit loop. Because the ignitron is
common to both this loop and the gun circuit loop, its resistance and inductance couples
energy between the two loops. The resultant, modulated armature current thus shows




a 30% drop from peak in 100 us, followed by 400 us of undulations after current peak.
This waveform could not be satisfactorily fitted to a function and therefore the measured
current waveform was used in the fitting routine.
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Figure 3. Measured plasma armature current as a function of time.

Figure 4 shows a trace of the measured muzzle voltage. The waveform is typical of
all tests in this series of experiments. The first 5 pus corresponds to vaporization of the
aluminum foil strip and reheating of the ET plasma which cooled during injection. The
shape of the muzzle voltage waveform prior to 200 us is indicative of rapid contraction
(5-75 ps) and expansion (75-200 ps) of the plasma armature. For times greater than
200 us, the projectile and plasma armature are accelerated until they exit at the muzzle
of the gun at 1140 us. The voltage drop across the armature is 150 volts for most of the
acceleration time.

The pin-diode output for three light sensors, labelled LP,, LP,, and LPj3, is shown
in Figure 5. The nonzero signal output for the first light sensor at 305 us is indicative
of plasma material running ahead of the projectile, alternatively known as blow-by. This
presumably occurs because of inadequate sealing of the projectile to the inner surface of
the bore. The arc front, characterized by the steady rise to maximum voltage in light
sensor output, crossed the first sensor at 336 ps. The arc front crossed the second and
third light sensors at 414 us and 476 us, respectively. The plasma blow-by luminosity
seen at these two probe locations is significantly less than that observed at the first probe.
Although probe sensitivities differ, the differences in signal amplitude are nonetheless large
enough to indicate that each subsequent decrecase is real. Presumably, the decrease evident
in the light signals preceding the sharp rise for each of the two sensors occurs because of
cooling of the low-density plasma. The light sensor (LP;) nearest the breech shows that
the bore is quite luminous even after the plasina armature has reached the muzzle end of
the rails and all light sensors indicate a very erratic structure far behind the main plasma
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Figure 4. Measured muzzle voltage as a function of time.

armature. Data from the fourth sensor (LP4) were not included on the graph; a faulty
data cable connector attenuated the signal to a level too small to be seen on the scale of
the figure.

Figure 6 displays the four measured B-dot signals, indicated by dotted lines, while
the solid lines are those calculated using the fitting procedure from Reference 4. The
relative magnitude of the signals is difficult to interpret because of the perturbations in
the decaying armature current discussed previously. The rapid fluctuations which appear
throughout the signals evidently result from dynamic structure in the plasma armature
and were not observed in the CHECMATE B-dot data. There is also some evidence that
part of the current may at times be carried by parasitic conduction (termed "secondary-
arc” or, when the conduction zone is well separated from the main arc, termed "restrike
arc”) behind the main plasma armature. Evidence for this behavior can be seen most
clearly in data from the fourth B-dot probe at 607 us where a quasi-sinusoidal disturbance
is superimposed on the main B-dot waveform. The exact location of the disturbance is not
known but it appears from all the B-dot sensors that the disturbance is traveling with the
arc, moving from the armature/projectile interface towards the breech as time progresses.
It has been postulated that the formation of restrike arcs may be a serious obstacle in
using railguns to achieve muzzle velocities higher than 6 km/s.”

3. Inferred Data

In References 1 and 2 it was explained how the data obtained via the methods de-
scribed above could be used to infer properties of the arc that could not be measured
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Figure 5. Light sensor output voltage for three sensors as a function of time.
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Figure 8. Measured B-dot probe output signal voltage (dotted curves) and calculated
B-dot response (solid curves) for four sensors as a function of time.




directly. For the experiment under discussion here, the same basic procedure was followed
except for two major differences. Here the actual current trace was used in all the data
analyses, whereas for CHECMATE the current was fitted to an exponential decay. The
unsmoothed current data were used directly in this analysis in order to account for the
perturbations discussed earlier and to model the B-dot response as accurately as possible.
Second, the time of negative peak voltage in three B-dot signals (numbers one, two, and
four) and the time of muzzle exit were used to fit the arc front position to a third-order
polynomial in time. The CHECMATE arc position was fitted to a polynomial in which
the time of each negative peak in all four B-dot signals was used.

In the first phase of the analytic process the data were used to determine the cur-
rent density in the arc. The technique consists of iteratively adjusting five constants
of a computer-modeled, traveling spatial current-density distribution until its calculated
magnetic-induction fields at the B-dot positions match the measured output signal voltage
from the four B-dot coils. The goodness of fit is determined by minimizing the difference
between the calculated and measured coil signals. The chosen current distribution had
the functional form of the statistical Gaussian, adapted by truncating and removing one
wing at a point near the peak, representing the rear of the projectile. The other point
of truncation is somewhat arbitrary and, in the determination of the arc length, is the
point where the current density has fallen to ten per cent of its peak value. The choice
to use a Gaussian function was made because it produces current profiles that resemble
those obtained theoretically, > and because it has proved successful in modelling the B-dot
signals in previous work. A parametric description of the current density distribution,
J(z,t), is illustrated in Figure 7. The position of the distribution was carefully matched
to the experimentally measured in-bore trajectory and, at any instant, the area integral
of the distribution was held equal to the corresponding value of measured total current.
The Biot-Savart integral was applied over the volume of the simulated arc to calculate the
magnetic-induction fields.

In accord with the theoretical treatment, equilibrating times are considered short and
we assume that the current distribution varies quasi-statically. Parametric relationships
among space, time, and total rail current may be obtained from the measured current
trace and the fitted position relationship. Because the fitting constants were determined
by including the data from all four sensor stations, we assume that they describe the
distribution anywhere between these stations. Thus a current density may be plotted for
any of the points in time or position within the bounds of the data set employed. Figure 8
shows current-density distribution curves plotted at each of four positions indicating total
armature currents of 60, 70, 80, and, 90 kA. We have, for illustrative purposes, truncated
the arc length to correspond to the point where the current density was two per cent of
its peak value. The arc length can be seen to be in the range of 120 - 80 mm for currents
in the range 60 - 90 kA.

The length of the arc defined as the distance between the truncated points, (e.g.,
X(t) — 3W(t), see Figure 7), varies approximately inversely with the total current, and
grows as the current decays. In the second phase of the analysis (Section III) the long, trail-
ing end of the Gaussian, rather than being sharply truncated, is replaced by a short fillet
that preserves continuity of the current density and its first derivative. Details concerning
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the fitting procedures as well as the determination of the arc length are in References 1
and 2.

Measured quantities and values derived in the first phase of analysis will now be
used in the second phase of the analysis. The second phase of the data analysis via
model calculations will be described in Section IV. Information measured in or derived
directly from the experiment and required by this model is presented in the appendix. The
information includes: time of observation, t; current, ¢; muzzle voltage, V,,; arc length, £,;
projectile position, z,; half width, W, of the Gaussian; and distance, X, from the projectile
to the peak in the Gaussian.

III. DATA-ANALYSIS MODEL AND SUMMARY OF
EQUATIONS

In this section we present the basic assumptions employed in the data-analysis cal-
culations as well as the pertinent governing equations. Most of this information has been
nregsented elsewhere 13 and is discussed here in summary fashion. A schematic diagram of
the railgun is shown in Figure 9. Current is conducted along the rails (upper and lower
sides in the figure) in the direction shown by the arrows and through a plasma arc con-
fined between z = z, and r = z,. These positions denote, respectively, the back of the
arc and the projectile surface measured relative to the breech end of the railgun. As in
previous work, the rails are assumed to be perfect conductors and are separated along the
y direction by a distance w.

4
N
-

—>
—
-« 8

Y

Figure 9. Model for data-analysis calculations.
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Input provided by or derived from the experiment which are necessary to undertake
the calculations are the muzzle voltage, pulsed current, projectile position, and arc length
(determined by truncating the trailing end of the Gaussian at ten per cent of peak current
density) all as a function of time during the shot. In addition, the location of the peak in
the current density as well as the half width of the assumed Gaussian form, also derived
from the experiment, are used directly in the model calculations. As indicated before,
these data are presented in tabular form in the appendix.

Over most of the arc we assume, as in the fitting procedure, that the current density
at any time can be represented by

_____(’”"’0)2]. (1)

= 'C'—N e€xrp [ 2W2

The location of the maximum z¢ is given in terms of the data in the appendix by zy =
z, — X. At the very back of the arc, however, J has been adjusted to go smoothly to
zero in keeping with assumptions of previous theoretical models.® Specifically, we have
represented the current density in this region by a quadratic function which vanishes at
z = z,. It is convenient in further analysis to define 2 dimensionless distance £ by the
relation

¢= 552, (2)

where £, denotes the arc length, namely, z, — ;. In this notation, then, the current density
can be written

£>¢ (3)

JE) = 5 exp [—“—“—9—] ,

oW

and

J(€) = A€ + B, &%, £ <& (4)

The constant £* can be chosen arbitrarily but should be small; in all subsequent calculations
we have taken £* = 0.1.

The parameters & and W, are given by

To — Tp

b= (5)

and

Wo = W/E,; (6)
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the constants Cn, 4,, and B, follow from the requirement that J be normalized to the
total current : at all times and that J and its derivative with respect to £ be continuous
at £ = £*. One obtains the following relations

W e - IE [ (€ =& T\ Wala
On="—""¢wa “”[_ SWE ]+(2> ;
1-&) __ (=6
g ["f (\/iwo) d (\/iwo)]’ @
12, -] [ E-&?
4= [F 5 e [ (8)
and
11 €], [ E-&r
5= g o+ ] ©

In these relations, j represents the current per unit height on the rail surface and erf is
the error function

erf(z) = -—2;- 0: e ¥ du. (10)

From the derived current density represented by Equations (3) and (4), we can obtain
the magnetic-induction field and pressure within the arc from results derived in Reference 5.
Specifically, we have

BE) =wi-wt. [ JE)E ()

In the above equation p*, as discussed in Reference 5, is an effective magnetic perme-
ability used to account approximately for the finite height of the rails. In terms of the real
magnetic permeability u, u* is given by Battch’s formula 8

o2 Stan™'(S +§2-10 1+1/5'2)-—11 (1+ 5% (12)
po= 5 |9 tan ) + 7 log 2%09 )

where S = h/w, i.e., the ratio of the rail height to the rail separation.

Equation (11), with aid from (3) and (4), can be integrated to produce
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[l‘eaWO (1) 1/2
Cn

B(§) = p"j — p*la(Ar€7 /2 + By£7/3) - 2
§—& &~ .
X [er,f (ﬁWo) —erf (\/ﬁWo)] y §>¢, (13)

and

B(§) = 1"j — ula(Ai€?/2 + B:£°[3). {<¢. (14)

Similarly, it follows from the standard steady-state, momentum-conservation equation that
the pressure as a function of position in the arc is given approximately by

-« 2 2
_#it_ B
P = 5 S (15)

Equation (15) holds only when the arc mass is small compared to the projectile mass, a
condition that will be seen to prevail in all cases to be considered.

From the measured muzzle voltage V,, and the inferred current density represented
by Equations (3) and (4), one can also calculate the electrical conductivity in the arc
as a function of position. It has previously been proved,® neglecting the rail’s resistive
contribution, that in the steady-state the quantity J/o is constant within the arc and that
its value is given by

J/o = Vp/w. (16)

Here o represents the arc conductivity and Vp represents the potential drop across the
plasma. In order to make use of this condition it is obviously necessary to make some
assumption regarding the relationship between the measured muzzle voltage and the po-
tential Vp. Evidently, one has

Vo= Vo=V, (17)

where V. is the total contact potential at the rail-arc interfaces. Unfortunately, reliable
estimates of V. are not known, but we will discuss results for various estimates.

The remaining properties of the arc that require calculation are the ionization state,
the temperature, and finally the density. We will account only for first ionization in the
remainder of the analysis since the relevant temperatures are sufficiently low that higher
ionization states are negligible. If we denote by z, the ratio of ions to heavy particles (ions
and neutrals) in the plasma, then z; must satisfy the Saha equation

z? 22 { m, \3? _
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Here, m. denotes the electron mass, k, Boltzmann’s constant, & Planck’s constant divided
by 27, and T the temperature. The constant I is the first ionization potential of the
material which constitutes the arc and the Z's are electronic partition functions whose
ratio can be approximated by unity or whose values can be computed from tables. 10

The electrical conductivity of the arc can be approximated by the expression

1 1
—_— 4 —
gl oy

Q|-

(19)

where o denotes the conductivity of a weakly ionized gas in which electron-neutral col-
lisions dominate, and o that for a highly ionized gas in which electron-ion collisions are
important. For o, we use the relation

_ 4.5 % 10_]213)
= (1 — )QT1/2

oL (20)

where @Q is the electron-neutral scattering cross section. Equation (20) was derived from
standard expressions involving the neutral concentration and the mean electron thermal
velocity. All units are MKS so that the conductivity obtained in this expression is in
mho/m. For oy we use the Spitzer relation for single ionization which can be written

on = 1.53 x 1072T%/?logA (21)

where A is given by

1+.’L‘1)l/2

A=4. -5 5/‘2(
4.56 x 107°T P

again in MKS units. These relationships for the conductivity and ion concentration are
sufficient to determine z; and T provided the value of o, obtained in Equation (16), 1s
employed. Unfortunately, these relations cannot be solved for z; and T explicitly and an
iterative numerical technique must be used. Once the values are known, however, the arc
density can be obtained from the assumed equation of state

moP

(14 1)kT’ (23)

p:

where mg is the mass of the ions or neutrals which make up the arc. Furthermore, the arc
mass then follows by simply integrating the density, viz.,

1
m, = hw(’,,/o pE)dE. (24)
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IV. RESULTS OF CALCULATIONS

We have used the formalism described in the preceding section to calculate a number
of plasma arc properties, neither directly measurable nor easily inferred from the data,
for the small-bore railgun shot described in Section II. All input data needed in the
calculations were described previously and were taken from the available experimental
data given in the appendix. In order to proceed with the calculations, it is also necessary
to make assumptions concerning the constituency of the arc, since the plasma material is
not known with any certainty. In our previous analysis of the large-bore, CHECMATE
data we assumed for the most part that the arc was composed of carbon atoms and ions.
However, some calculations were undertaken for both aluminum and copper-vapor arcs and
results were found to be qualitatively similar to the carbon calculations. These additional
choices were made because the rails were copper, the wire used to initiate the arc was
aluminum, and the insulating rails were assumed to be composed primarily of carbon and
hydrogen. Qualitatively, the various choices produced similar results and we will confine
our attention here to only carbon arcs. We have, as before, also assumed negligible contact
potential at the rail-arc interfaces except in cases where otherwise noted.

The calculations to be discussed are basically of two types. In the first, certain
position-independent or average properties of the plasma are computed as a function of
time or current; in the second, position-dependent quantities are calculated at a time
when substaintial agreement between calculated and sensor response is obtained. We now
discuss some of the results, emphasizing in particular how they compare with results of the
large-bore computations. Material properties of carbon used in all the calculations were:
mo = 12amu, Q =2.7x 107%m? and I = 11.26 ev.

Shown in Figure 10 are the average and peak temperatures within the arc as a function
of the current during the time of the shot. These results exhibit much the same behavior
as for the large-bore gun. The increase in temperature with increasing current obviously
arises from the more significant ohmic heating at higher currents. The temperatures are,
however, lower by about a factor of two than for the large-bore case. This effect might be
expected since the current in the small-bore shot was about an order of magnitude lower
than that observed in the CHECMATE shots, while the bore height is only about five
times smaller. The very marked increase in temperature at about 80 kA appears to result
from mass blowing by the projectile at this time (¢ ~ 400 us). This loss of both mass and
current carriers causes higher energy loss into less material so that temperature rises to
a new equilibrium. Evidence for this occurrence was discussed with regard to the light
sensor data in Figure 5 and will be seen again when the arc mass as a function of time is
presented in Figure 12. Apparently, the sudden loss in mass results in a decrease in density
and consequent rise in temperature. It should be pointed out, however, that since this loss
occurs on such a small time scale, the arc is probably not able to readjust immediately
to the quasi-static state assumed in the data analysis. Therefore, quantitatively accurate
results for all the flow variables may not be obtained during this time. For example, both
blow-by and secondary-arc formation may correspond to rapid mass loss from the arc,
the former occurring at the front and the latter at the back. Though these processes are
remarkably different and can be expected to affect the arc in vastly different ways, the
data-analysis calculations do not differentiate between the two occurrences.
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Figure 10. Average and peak temperature as a function of current.

Similarly, the mean ion concentration, shown as a function of current in Figure 11,
shows trends similar to those observed in CHECMATE. The increase in ion concentration
with increasing current results from the consequent increase in temperature. It should be
observed, however, that even at the highest currents only about 15 per cent of the carbon
atoms are ionized. In the CHECMATE case, significantly more ionization occurred, with
the corresponding figure being about 50 per cent.

The arc mass, m,, is shown as a function of time in Figure 12. There is a fairly
significant drop in the mass at about 400 us, corresponding to a time when the fiber-optic
data indicated light ahead of the projectile (see Figure 5). Thus, it appears that the mass
decrease results from blow-by. Subsequent mass losses also correspond to precursor light
data, although these perturbations are not so pronounced as that at 400 pus. A similar
effect was observed in some of the CHECMATE data and here, as for that case, this rapid,
large-scale mass loss seems to be quickly restored. For this small-bore data, however,
it is obvious that there is a gradual decrease in arc mass during the course of the shot.
The loss is fairly small, only about ten per cent, but still significant as observed in the
figure. No such effect was found in the CHECMATE data where, for all shots studied,
the mass remained nearly constant during the time of the shot. The reason for the overall
loss for the small-bore experiment is not entirely clear. One possible explanation could
be the diffusion of neutrals out the back of the arc, a mechanism proposed by Barber !!
and discussed in References 1 and 3. In the small-bore gun there are obviously far more
neutrals near the rear of the arc than in CHECMATE, perhaps too many to be carried
along with the arc, and the temperature may be too low to ablate enough material from
the insulators to make up for the loss.

The arc length as a function of time is shown in Figure 13. Data for this graph
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were taken directly from columns one and four of the table in the appendix. The arc
becomes longer with increasing time primarily because the decreasing current exerts less
of a compressive force. The near flattening of the curve between 400 xs and 450 us results
from the nearly constant current during this time interval (see Figure 3).
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Figure 13. Arc length as a function of time.

Typical of position-dependent quantities in the arc are the pressure and current den-
sity shown in Figures 14 and 15. Both curves were calculated from the data at time
t ~ 420 us when the current was about 78 kA (see data in the appendix) and when the
fit of the calculated B-dot signal matched well with the experimentally measured signal.
The pressure profile is similar to the theoretical curves we obtained in References 1 and
2. However, the magnitude of the pressure is lower than that observed at high currents
in the CHECMATE shots, typically by a factor of about five. It is noteworthy that the
current density reaches a peak considerably farther back toward the breech of the gun
than in the CHECMATE case, where the peak occurred around £ = 0.8. Presumably, the
difference in peak locations can be attributed to the lower pressure associated with the
small-bore shot and resulting longer radiation mean free path near the projectile surface.
As has been pointed out previously, the magnitude of the temperature gradient near the
projectile surface increases with decreasing mean free path. Thus, one would expect the
temperature peak, and consequently the conductivity and current-density peaks, to occur
closer to the projectile as the mean free path decreases.

We have also undertaken some purely theoretical calculations and, as in the case of
CHECMATE, compared the output with results from the data analysis. The theoretical
calculations were undertaken with our previously developed one-dimensional, steady-state
model,® modified so that the computed temperatures were scaled downward by the factor
(Agp/Ax)"4, where Ag was the surface area of the ends of the arc and A4 was the total
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surface area. As pointed out in Reference 1, this scaling was undertaken to account very
approximately for the fact that radiation occurs from all sides of the plasma, not just from
the ends as assumed in our original calculations. Various approximations are possible to
account for radiation from all sides, but this simple scaling is the easiest to carry out and
seems to give fairly reasonable results.

Shown in Figure 16, Curve A, is the theoretical temperature profile obtained when
the current was about 78 kA and the arc length 85.1 mm, i.e., at the same point as for
the current density and pressure shown in Figures 14 and 15. Only arc length and current
need be supplied for the theoretical calculations. The profile looks somewhat different from
those we have observed either in our previous theoretical calculations or in the theoretical
calculation done for the CHECMATE data. In particular, the temperature gradient near
the projectile is much smaller than in those other cases and the temperature maximum
is located much closer to the breech end of the gun. As was discussed relative to the
current-density curve in Figure 15, this behavior can presumably be ascribed to the longer
radiation mean free path near the projectile surface associated with this small-bore shot.
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Figure 16. Temperature as a function of position at ¢t ~ 420 us. A, theory; B, data
analysis for V, = 66.1 volts; C, data analysis for V. = 35 volts; D, data analysis for V, = 0.

The theoretical calculations do not, of course, account for any contact potential at
the rail-arc interfaces. Therefore, as discussed in Reference 1, if we wish to compare the
arc properties calculated theoretically with those obtained via analysis of the experimental
data, it is necersary to subtract the contact potential from the measured muzzle voltage
before undertaking the data-analysis calculations. Unfortunately, the magnitude of the
conta~t potential is not known and, thus far, we have assumed it to be zero. We have,
however, analyzed the data for various assumed contact potentials in an cffort to get
better agreement between theory and experiment. Results of these calculations are shown
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Table 1. Comparison of Theoretical Results with Experimental Results for Different
Contact Potentials

A B C D
Vn(volts) — | 141.7 | 141.7 | 141.7
Ve(volts) — 66.1 | 35.0 0
Vp(volts) | 75.6 | 75.6 | 106.7 | 141.7
ma.(mg) | 6.85 | 6.06 | 7.72 | 8.89

<T>(K) [15800 | 15600 | 13700 | 12600
Trmaz(K) | 20100 | 19700 | 16600 ; 15000

<z> 033 | 033 | 0.17 | 0.10

in Figure 16, Curves B, C, and D, and summarized in Table 1.

As is evident ‘n Figure 16, the theoretical results of Curve A differ substantially from
the data-analysis results of Curve D, computed for zero contact potential. In fact, the
temperature peak in Curve A is about 35 per cent higher than that observed in Curve
D. As the assumed contact potential increases, however, indicated by Curves B and C,
the experimental and theoretical results are seen to be in better agreement. The increase
in the mean temperature with increasing contact potential results from the consequent
smaller values of V,,. These smaller values can result only if the conductivity and, thus, the
temperature increase. The value of V, in Curve B, namely, 66.1 volts was chosen so that
the potential drop across the plasma, Vp, was the same as that calculated in the theoretical
model [see Equation (17)]. For this assumption the two profiles are in reasonably good
agreement. Other results from the various calculations are summarized in Table 1. As
is evident results from A and B are in reasonable agreement except possibly for the arc
mass where the disparity between the two calculations is about ten per cent. The contact

potential is 47% of the measured muzzle voltage for this small-bore shot, whereas for
CHECMATE it was 58%.

V. CONCLUSIONS

The analysis of the data undertaken for the small-bore railgun has produced some
results which are different from those obtained in the CHECMATE case. Most noteworthy
are the decrease in arc mass during the time of the shot and the peaking of current density
at a point farther removed from the projectile surface. The results have been tentatively
interpreted as a consequence of the lower temperature and pressure associated with the
plasma armature in the small-bore case. More analysis, however, both theoretical and
experimental, seems in order.

As in the CHECMATE case, the temperatures obtained via the data analysis are still
significantly lower than those obtained theoretically, unless a substantial contact potential
at the rail-arc interfaces is postulated. It is conceivable, however, that some energy-loss
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mechanism not accounted for in the theoretical models is responsible, at least in part, for
the lower temperatures.

The composition of the arc still remains unknown. In the analyses undertaken here
vhe plasma was assumed to be composed of carbon neutrals and ions only; computational
experience has shown that even if a more precise mix of all the plausible constiuents were
used the qualitative results and conclusions would not be significantly altered.

Finally, we conclude that there is nothing in this analysis that would seem to preclude
the use of plasma armatures in small-bore railguns. A similar conclusion was reached with
regard to large-bore guns when analysis of the CHECMATE data was undertaken. There
are, however, some modifications in both the experiment and the data analysis that would
probably lead to more quantified conclusions. First, it is apparent from the muzzle voltage,
B-dot traces, and light sensor traces that the arc at times exhibits very rapid fluctuations
not observed in the CHECMATE case. Consequently, there are likely to be variations in
its properties that occur on a time scale which is too small to make the assumption that
the arc is quasi-static valid. Future attempts at analyzing data with this much variability
would probably best be carried out, at least in part, with a fully time-dependent model.
The adequacy of the quasi-static assumption could then be investigated. Second, it would
seem desirable to use a greater number of more closely space sensors in order to define
presicely the armature/projectile interface. This modification would allow use of a higher-
order polynomial to fit the projectile trajectory and hence a more accurate determination
of the armature acceleration. Third, use of insulating side walls that had not been drilled
through completely would avoid saturation of the reverse-biased pin-diode. Fourth, a
better system of sensing the armature in the railgun breech would insure arc initiation
before the armature had reached the sensor arrays. This would provide a larger data set
from which to compare the experimental results and ensure accurate determination of the
inferred armature quantities. Finally, additional data channels permitting, supplemental
diagnostic probes, such as rail magnetic-induction field sensors and a magnetic flux loop
for sensing armature velocity, would aid in the explanation of some time-dependent cffects.
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APPENDIX

t(us) | i(kA) | Vm(volts) | ta(cm) | X(em) | W(em) | zp(em)
307.7 | 96.70 152.8 6.80 3.206 1.673 10.11
315.8 | 95.01 154.8 6.92 3.233 1.719 10.46
323.8 | 93.10 145.7 7.07 3.264 1.773 10.83
331.8 | 91.07 145.7 7.24 3.298 1.834 11.22
339.7 | 89.02 144.7 7.41 3.334 1.900 11.64
347.8 | 87.04 144.7 7.59 3.370 1.967 12.08
355.8 | 85.17 144.7 7.77 3.404 2.034 12.54
363.8 | 83.48 143.7 7.94 3.437 2.098 13.03
371.8 | 82.02 137.7 8.09 3.466 2.155 13.54
379.8 | 80.82 129.6 8.22 3.490 2.205 14.06
387.8 | 79.90 128.6 8.32 3.509 2.244 14.61
395.8 | 79.23 128.6 8.40 3.523 2.273 15.18
403.8 | 78.77 132.7 8.45 3.533 2.294 15.77
411.8 | 78.48 129.6 8.49 3.539 2.307 16.38
419.8 | 78.29 141.7 8.51 3.543 2.316 17.01
427.7 | 78.12 141.7 8.53 3.546 2.323 17.65
435.8 | 77.91 144.7 8.56 3.551 2.333 18.32
443.8 | 77.65 144.7 8.59 3.557 2.345 19.00
451.8 | 77.28 144.7 8.63 3.565 2.362 19.69
459.8 | 76.78 143.7 8.69 3.575 2.386 20.40
467.8 | 76.15 144.7 8.78 3.589 2.416 21.13
475.7 | 75.38 144.7 8.88 3.607 2.455 21.87
483.8 | 74.46 144.7 9.00 3.628 2.502 22.63
491.8 | 73.42 145.7 9.14 3.652 2.556 23.40
499.8 | 72.29 145.7 9.30 3.679 2.618 24.18
507.8 | 71.12 144.7 9.47 3.707 2.684 24.98
515.8 | 69.95 146.7 9.65 3.737 2.754 25.78
523.7 | 68.81 152.8 9.83 3.766 2.824 26.60
531.8 | 67.72 158.8 10.01 3.794 2.895 27.43
539.8 | 66.67 160.8 10.19 3.822 2.965 28.27
547.8 | 65.70 160.8 10.36 3.849 3.033 29.12
555.8 | 64.83 160.8 10.52 3.873 3.096 29.99
563.8 | 64.05 159.8 10.66 3.896 3.154 30.85
571.8 | 63.37 160.8 10.80 3.915 3.206 31.73
579.8 | 62.78 160.8 10.91 3.933 3.253 32.62
587.8 | 62.24 160.8 11.02 3.949 3.297 33.51
595.8 | 61.75 160.8 11.13 3.964 3.337 34.41
603.8 | 61.27 160.8 11.23 3.978 3.377 35.31
611.8 | 60.77 161.8 11.33 3.994 3.420 36.23
619.8 | 60.25 160.8 11.45 4.010 3.466 37.14
627.8 | 59.70 164.8 11.57 4.027 3.515 38.06
635.8 | 59.11 164.8 11.71 4.046 3.569 38.99
643.8 | 58.49 161.8 11.85 4.067 3.628 39.92
651.8 | 57.81 1739 12.01 4.089 3.693 40.85
659.8 | 57.09 175.9 12.19 4.113 3.766 41.78
667.8 | 56.33 175.9 12.39 4.140 3.844 42.72
675.8 | 55.52 176.9 12.60 4.168 3.931 43.65
683.8 | 54.69 176.9 12.83 4.198 4.023 44.59
691.7 | 53.86 176.9 13.07 4.228 4.119 45.53
699.8 | 53.05 185.9 13.31 4.259 4.216 46.47
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