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ABSTRACT 
This paper summarizes the results obtained with the HELEOS 
railgun which uses a two-stage light-gas gun (2SLGG) as an 
1tinject_or.l l l The high velocity 2SLGG injector preaccelerates 
proJectiles up to -8 km/s. The high injector velocity reduces the 
exposure duration of the railgun barrel to the passing high 
temperature plasma armature, thereby reducing the ablation and 
subseque~t armature growth. The 2SLGG also provides a column 
of cool, high pressure hydrogen gas to insulate the rails behind the 
projectile, thereby eliminating restrike. A means to form an 
arm~t~re behind the injected proj~ctile has been developed. In 
prehrm?~ tests, th~ third stage ratlgun has successfully increased 
the proJectile velocity by 1.35 km/s. Extensive diagnostics have 
been used to determine the behavior of the armature and track the 
launcher's performance. In some cases, velocity increases in the 
r~lgun sec~on hav~ b~n achieved,. which are in. close agreement 
with theoretical predictions, whereas m other experiments deviations 
from theoretical have been observed. The reasons for and 
implications of these results will be addressed. Recent tests are 
reported. 

INTRODUCTION 
STARFIRE is a joint Sandia National Laboratories, 
Albuquerque/Lawrence Livermore National Laboratory 
(SNLA/LLNL) program based at SNLA that has as its goal the 
development of a hypervelocity launcher for use as a high-pressure 
research tool [l, .2]. Th~ launcher combines a two-stage light-gas 
gun (2SLGG). ~1th a railgun. The 2SL~ is used as a projectile 
pre~ccelator/mJector [l, 3], to the ratlgun. (The system is 
designated HELEOS-Hypervelocity E.xperimental Launcher for 
Equation Qf .S.tate.) 

The ST ARFIRE system uses the 2SLGG to minimiz.e barrel ablation 
~~d ~ature co~tamina~on .. ~ydrogen is used as the propulsive 
mJection gas, which provides mJection velocities of 5 to 8 km/sand 
a nearly pure hydrogen environment immediately behind the 
projectile _as it enters th~ railgun barrel. The hydrogen gas also 
serv~s to insulate the rails and thereby reduce the probability of 
forrmng secondary arcs. 

*Work performed under the auspices of the U. S. Department of 
Energy by Lawrence Livermore National Laboratory under contract 
W-7405-ENG-48 and Sandia National Laboratories under contract 
DE-AC04-76DP00789. 

+ This Paper w~ prepared for presentation at the 5th Symposium on 
Electromagnetic Launch Technology to be held April 2-5 1990 at 
Destin, FL. ' 

REQUIREMENTS FOR SUCCESSFUL OPERATION 
In order to successfully employ a 2SLGG as a hypervelocity injector 
followed by electromagnetic acceleration of a projectile, several 
challenges had to be meL The challenges included 1) refinement of 
the use of a 2SLGG in order to ensure the integrity of the projectiles; 
2) development of the projectile sealing capability in order to 
minimize blowby; 3) elimination of pre-arcs in front of the projectile; 
and 4) development of a reliable means of forming a propulsive 
armature upon entrance into the railgun section. During the past two 
years, all of these challenges have been met and more than 15 
significant tests with successful armature formation, most with 
significant electromagnetic velocity increases, have been performed. 

DESCRIPTION OF THE PROJECTILE DESIGN 
The most challenging task was the development of a means to 
reliably form a propulsive armature upon injection of the projectile 
into the railgun section. In the course of acceleration in the 2SLGG, 
a boundary layer between the projectile and barrel forms.[4, 5] This 
boundary layer is warm but not hot enough to be sufficiently 
conductive to commutate current. The boundary layer is relatively 
cool and non-conductive and tends to insulate any metal fuse or 
armature forming element on the backside of the projectile, thus 
inhibiting the most common means by which lower velocity injected 
projectile armatures are formed; metal foil fuses. We tested several 
methods of armature formation including spark discharge [ 6], barrel 
mounted metal fuse vapor injection [7] and the technique now in 
use, a seeded boundary layer commutation through a projectile 
mounted metalic armature. Fig. 1 is a lenghtwise sectional view of 
the projectile design [see figure caption for functional details]. 
This design has proven to be very reliable at commutating a rail-to­
rail current flow after 2SLGG injection into the railgun section. A 
full band of conductive seeding material was used up through H62. 
The full band had a tendency to conduct current, vaporize and form 
an undesirable confined armature. From Test H63 onward only 
partial rings were used with good success. 

MODES OF ARMATURE FUNC[TQN OBSERVED 
The projectile shown in Fig. 1 has been observed to function in four 
modes; 1) hybrid with current passing through two short plasma 
brushes between the metal link and rails; 2) "pure" plasma serving 
as the sole current path; 3) tandem where a hybrid is closely 
followed by a plasma and both provide propulsion; and 4) confined 
where current passes through the seeding band. The later is not a 
desired mode and has been eliminated. 

l 
Fig. 2 is a muzzle voltage record which illustrates-commutation and 
all four of the armature modes. The magnitude and duration of the 
initial commutation pulse indicates the difficulty of commutating 
current through the boundary layer (better seeding results in lower 
commutation voltage and shorter duration). A commutation voltage 
of -900V is shown in Fig. 2 while more recent tasks have typically 



~o~utated at _abo_ut 200 V. The subsequent high muzzle voltage 
indicates operanon ma confined plasma mode [8]. The voltage drop 
to about 150V indicates operation in the hybrid mode [9]. The ramp 
up to -240V is attributed to the rising plasma brush voltages 
associated with the increasing gap between the solid link and rails 
resulting from the erosion of the metal link and/or the rccision of the 
rails away from the metal link. The recession is the result of pre­
existing erosion of the rails from prior tests. When the voltage 
reaches -240V it is clamped by a plasma armature which forms 
behind the hybrid. Gradually the plasma voltage decreases to about 
200V and dominates until projectile launch. 

Hyblrd Conductive 
plasma material 

brush 

Fig. 1. Lengthwise section of projectile design illustrates the use of 
a thick A 1 disc attached to the back side of the plastic sabot to serve 
as the metal link of a hybrid armature. Conductive material is used 
to seed the boundary layer as it is eroded along with the sabot by 
the boundary layer. The seeding enables hybrid commutation at a 
few hundred volts. The Al armature first serves as the link for a 
hybrid armature. After a time, the ablated Al products feed the 
region behind the Al armature and as plasma conduction begins, 
evolves into a tandem (hybrid/plasma) armature. The plasma tends 
to stay in close proximity to the hybrid and contributes to the 
propulsion of the projectile. 
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Fig. 2. Muzzle voltage vs. time record indicates mode of armature 
functioning. The first spike is associated with the rapid rise of the 
switched rail voltage until commutation between the rails occurs. In 
this case, a confined plasma is the first armature mode to occur. 
This mode results in a high armature voltage (-400v) and is 
followed by the formation of a hybrid mode at a lower voltage 
(-170v). The hybrid voltage ramps up as the plasma brush gaps 
become larger due to contact erosion and/or entrance into regions of 
the rails which are already eroded by previous tests. When the 
hybrid gaps are large enough to result in voltages exceeding a stable 
plasma voltage (-250v), the armature transitions into a tandem mode 
and possibly a pure plasma mode prior to launch. 

ARMATURE PERFORMANCE RATIO 
A useful (and important) method of comparing the results of tests 
with different injection velocities, armature types and armature 
modes is to calculate the ratio, l;, of the measured electromagnetic 

velocity increase .1 v to the maximum the theoretical velocity 
increase: 

where L' is the launcher inductance gradient, I is the current input ~ 
the railgun and mp is the projectile mass. An ideal performance rano 

(l; = 100%) would indicate the full propulsion of all the current input 
to the railgun and a complete lack of parasitic losses such a~; ~) 
viscous drag acting on the projectile and/or plasma(s); and 2) ~e~c 
drag "m-dot" from erosion or ablation of the barrel by the proJecttle 
or plasmas and/or released surface layers by a bow shock traveling 
in front of the projectile. A loss of performance would also 
accompany a current diversion from the propulsive armature by a 
pre-arc infront of the projectile, restrike behind the armature, and/or 
a splitting of some or all of the current away _from ~e ~ar of the 
propulsive plasma. In our tests, we have effecnvely eliminated pre­
arc and restrike. Some of our tests have indicated that all the current 
remained in close proximity of the projectile while others have 
indicated a seperation or bifurcation of the armature into two or more 
regions. 

TEST RESULTS 
Fig. 3A and 3B are the direct arc and integrated rail magnetic probe 
records for HELEOS test H63. Fig. 3A is the composite of signals 
from eight arc B-dot probes oriented to sense only the magnetic field 
of armature current. Similarly, Fig. 3B is the overlaid composite 
records of eight integrated rail B-dot probes sensing only the rail 
current along with the total input current (dashed curve). The 
position of the eight pairs of probes are co-located and equally 
spaced. Fig. 3C is the normalized fraction of the rail current 
obtained by dividing each probe record shown in Fig. 3B by the 
instantaneous input current. Fig 30 is a summary plot of the 
position of; 1) the 1st and 2nd peaks and zero crossing of the arc B­
dot records for the propulsive armature; and 2) the input current vs. 
time. In this case, a small bifurcation is seen starting to form on arc 
B-dot No. 3 but is absent at arc B-dot No. 4. Although not all of 
the available current was immediately behind the projectile (as seen 
in the integrated rail probe records 3B and 3C), the propulsive 
armature did remain with the projectile and contributed to projectile 
acceleration. Fig. 3C is a normalized version of 3B indicating the 
fraction of the input current sensed by each probe. The rapid rise of 
the 1st and 2nd probe current to 100% of the input current is 
consistent with operation in a hybrid mode. The finite rise time (7-9 
µs) is limited by probe response [10, 11). The 3rd probe indicates a 
rapid rising current up to about 65% of the input current followed by 
a more gradual increase to 100%. The gradual rise indicates a 
plasma tail behind the hybrid; hence, a tandem armature. The 
performance ratio of this test was about 30% and a velocity increase 
of 0.3 km/s was obtained. 

Fig. 4A through 40 are again the same format as Fig.3A through 
30. The composite arc B-dot record (4A) indicates a relatively 
stable armature and the extinction of a small bifurcation that is seen 
in record No. 4 but absent in No. 5. On the other hand, the 
integrated rail B-dot record (4B) indicates a slight loss of propulsive 
armature current in records No. 2, 3 and 4 and significant loss in 
No. 5 and 6. Significant cumulative erosion of the rails from 
previous tests is located just past No. 2 and reac•es a maximum at 
No. 4. The eroded rails result in larger hybrid gaps, higher 
armature (muzzle) voltage and may be the cause of an extended 
plasma current distribution behind the hybrid armature. The 
performance ratio of H65 was 65% and a velocity increase of 1.0 
km/s was obtained. 

In all cases, the full current input level is reached immediately 
behind the projectile or at a point close behind. No evidence of 
restrike is seen in any of the records. A lack of restrike might be the 
result of the hydrogen gas following the armature and/or the higher 
injection velocity. 
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Table 1 is a numerical summary of 16 tests. In H78, a velocity 
increase of 1.35 km/s (5.52 km/s to 6.87 Janis) was measured for a 

2.3g projectile along with an~ of 75'11. The performance ratio of 
H78 is about five times better than that obtained in the 1983 LLNL 
test F6 (12] where ~ had dropped to 15'1, while the projectile 
accelerated from 5.6 to 6.6 km/s. [Note: Although H40 and H45 
indicate a large ~, we believe some of the velocity apin was the 
result of hydrodynamic boasts caused by; 1) rapid vaporiz.ation of 
the A 1 armature during a fast rising cuirent profile (H40); and 2) a 
rocket-like boost from a confined plasma (H45). Even though the 
confined mode provided a hydrodynamic velocity increase in H45, 
that was not generally the case as seen in H41, IMS, H52, H55 and 
H61. These two effects were eliminated from all other tests. 
Formation of a confined plasma was eliminated by changing the 
conductive material used for seeding the boundary layer from a 
complete rail-to-rail band to an incomplete band, bepming with 
H63. In most tests, it was found that the velocity increase exceeded 
the theoretical value that would have been obtained if only the 
current flow in the hybrid were taken into consideration. Hence we 
conclude that at least some of the velocity increase is from the 

, plasma behind the hybrid, especially in H63, H64, 865 and 866 
where there was an absence of a confined armature (by design). 
Our hypothesis is that the pluma remains in contact with the 
projectiles and propulsive, at 1eue in pan. This may be the result of 
plasma seeding by the "gradual" vaporization of the Al armature. 
Tests to fully differentiate these effects are in progress. 

Fig. 5 is a summary of the measured velocity increase vs. the 
theoretically possible electromagnetic velocity increase including 
estimated error bars for each test. Fig. 6 is a compilation of the 
results from 15 tests. 

CONCLUSIONS 
The HELEOS system has successfully demonsttated the feasibility 
of using a 2SLOO as a hypervelocity injector for a railgun. This 
has opened the door to performing hypervelocity railgun tests 
without accumulated ablation products nor restrike in a velocity 
regime that heretofore has suffered enormous performance losses 
[ 11. 13, 14]. In the tests reponed here, we have recorded a 
performance ratio of 75'1, (H78) which is a ~ fgJd umzmyement over 
tests done at U..NL in 1983. EOS system has also demonsnu:d the 
functioning of hybrid armatures at velocities greater than 6 km/s. 
This might be an indication that hybrids could be useful at high 
velocities even with low velocity injection. 
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Fig. 5 Measured velocity increase vs. the theoretically possible 
electromagnetic velocity increase. The measured velocities arc 
determined with fast pressure gauges and/or optical break beams at 
the input to the railgun and with flash X-Rays and/or MA VIS [13] 
velocity traps at the muzzle of the railgun. Toe measured input 
Cl.tmnt is used to calculate the theoretical velocity gain. 
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Fig. 6 Compilation of results from 15 tests. The bottom row 
indicates the test number; next row up the initial thickness of the Al 
armature. The third row is the approximate sequential time duration 
of each armature mode deduced from the muzzle voltage record. 
Bifurcation time, when it occurred and persisted, is indicated. The 
forth and fifth rows indicate the velocity gain and perf onnance ratio 
respectively. 
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Fig. 3. Test results for H63. The performance ratio of this test was 
about 30% and a velocity increase of 0. 3 km/s was obtained. 
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Fig. 4. Test results for H65. This test had a perfdrmance ratio of 
65% and a velocity increase of 1.0 km/s. 


