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Merging of high speed argon plasma jets
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Formation of an imploding plasma liner for the plasma liner experiment (PLX) requires individual
plasma jets to merge into a quasi-spherical shell of plasma converging on the origin. Understanding
dynamics of the merging process requires knowledge of the plasma phenomena involved. We present
results from the study of the merging of three plasma jets in three dimensional geometry. The
experiments were performed using HyperV Technologies Corp. 1 cm Minirailguns with a preionized
argon plasma armature. The vacuum chamber partially reproduces the port geometry of the PLX
chamber. Diagnostics include fast imaging, spectroscopy, interferometry, fast pressure probes, B-dot
probes, and high speed spatially resolved photodiodes, permitting measurements of plasma density,
temperature, velocity, stagnation pressure, magnetic field, and density gradients. These experimental
results are compared with simulation results from the LSP 3D hybrid PIC code. VC 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4775778]

I. INTRODUCTION

The merging of high speed plasma jets is of interest
both for fundamental physics studies such as laboratory mod-
els of astrophysical jets and for better understanding of the
dynamics of plasma liners as compression drivers for
magneto-inertial fusion.1–6 HyperV Technologies is develop-
ing devices capable of generating supersonic plasma jets,
both advanced coaxial accelerators7 and Minirailguns8 capa-
ble of accelerating large plasma masses to velocities of tens
of kilometers per second. The devices used in this series of
experiments are 1 cm bore Minirailguns operating at reduced
capacity compared to what can be achieved. This was done
in order to guarantee large numbers of shots without signifi-
cant stress on system components.

II. EXPERIMENTAL ARRANGEMENT

The experimental arrangement is shown in Figure 1.
The port geometry of the end flanges of the vacuum chamber
replicates the port geometry of a portion of the spherical
plasma liner experiment (PLX) vacuum chamber.5 Three
Minirailguns are placed at the corners of an equilateral trian-
gle, aimed at the center of the chamber. The angle between
any pair of guns is 37.9!. The Minirailguns were aligned
using a small laser held in a fixture which fit tightly in the
nozzle of the gun. A target was placed at the intended con-
vergence point and the laser was aimed at it. The guns were
aligned so that the laser spot lay within a 1 cm diameter spot
on the center of the vacuum chamber.

The Minirailguns are variants of those described in Ref.
8, with a 1 cm square bore instead of 2.54 cm. The operating
regime chosen was well below the maximum performance of
the guns in order to ease stresses on the guns, switches, and
capacitor banks. The Minirailgun consists of three subsys-
tems: a fast gas valve, a preionizer, and a pair of tungsten
alloy rails with boron nitride insulators holding them at 1 cm
separation. An arc is drawn between the rails to drive a
plasma armature down the length of the gun and into the

nozzle. The gas valves are a custom design which permits
large masses ("10 mg) of gas to be dispensed in a short
time (#400 ls). All three gas valves are driven in parallel by
a single 84 lF capacitor bank operating at 8.5 kV and driving
a current of 8 kA per valve. A ballast resistance of 0.6 X
damped the current so as to avoid multiple openings of the
valve. The preionizers were driven in parallel by a 1:2 lF
bank charged to 30 kV, with 2.2 X ballast resistance per pre-
ionizer. The Minirailguns were each driven by a 51 lF ca-
pacitor bank switched by a low inductance custom switch
consisting of seven pairs of electrode knobs in a linear array.
Each pair of electrodes was triggered independently by a
separate trigger pin. The pins were switched using a trigger
fanout that triggered all pins on all switches simultaneously
using a Titan 40264 spark gap switch. The rail PFNs were
charged to 22 kV and typically drove a peak current of
180 kA.

A pair of fiber coupled photodiodes is used to measure
initial plasma velocity by focusing collimating optics on the
nozzle of one of the guns. An interferometer chord passes
transversely through the chamber on center. Two spectrometer

FIG. 1. Layout of the Minirailguns and diagnostics on the vacuum chamber.
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chords view the center of the chamber, one at a right angle
to the axis, and one at 22! off-axis, looking towards the guns.
In addition, there is a 12 channel fast photodiode array view-
ing the merge region at the center of the chamber. This array
consists of a line of fibers at the focal plane of a SLR camera,
coupled to fast detection electronics in the screened control
room.

In order to characterize individual gun performance, the
pulse forming networks of two guns were disconnected and the
remaining single gun fired while being monitored by the diag-
nostics. The main parameter of interest was the arrival time of
the plasmoid at the center of the tank. This varied by about
1 ls per gun, compared to a total plasmoid transit time through
the merge point of approximately 15 ls as measured by inter-
ferometry. In addition, interferometry showed close resem-
blance between the traces of all three individual Minirailguns.

The final set of parameters chosen for the merging
experiments provided a plasmoid velocity of 22 6 2 km/s as
shown by spectroscopy (Figure 2) and fast photodiode meas-
urements, and a plasmoid mass of $0.5 mg. The jet tempera-
ture estimated from ionization balance9 is approximately
1.5 eV, and the electron density is 1015 cm%3. Because the
guns were operated in off-nominal conditions, there was a
small fast “prepulse” leading the main plasmoid. This does
not affect the results as it has passed by the time the main
plasmoid arrives at the point of convergence. The initial tests
used the array of five pressure probes at three positions, at
the chamber center and 12.5 cm in front of and behind cen-
ter. The coordinates used are positive in the direction of plas-
moid propagation. Three shots were taken at each of these
positions. The probe array was then moved back, well away
from the center, in order to avoid interference with interfer-
ometer and spectroscopic measurements. Finally, the probe
was removed altogether and its feedthrough flange replaced
with a window for axial fast imaging of the merge process.

III. RESULTS

A series of axial images of the merging process is shown
in Figure 3. The bright inverted “Y” structure may be due to
shocks (discussed further in Sec. IV) at the location where

the jets meet. With a convergence angle of 37.9!, the jets
meet with a relative velocity perpendicular to the direction
of propagation of 13.5 km/s. This corresponds to a Mach
number of 5.5 in the plasma frame, which is in addition to
the free expansion velocity perpendicular to the jet of
2cs=ðc% 1Þ. The nozzle diameter (35 mm) provides a length
scale reference indicating that the thickness of the bright
structures is on the order of 5 mm.

The interferometer trace for both a single jet and the
merged jets is shown in Figure 4. Note that the single jet trace
is magnified by a factor of ten for better visibility. It is evident
from the large difference in line integrated density that the
merged jets form a high plasma density region at the point of
convergence. The negative swings on the interferometer trace
are due to the presence of neutrals and ions. There is a detailed
analysis of this effect in Ref. 10. The data in the figure are
plotted in terms of line integrated density, but the single jet
case is almost certain to be partially ionized. Neutrals cause a
phase shift in the opposite direction from the electrons, reduc-
ing the measured density and even causing it to swing

FIG. 2. Spectra taken parallel and perpendicular to the merge axis. The blue
shift of the parallel spectrum corresponds to a velocity of 22 km/s. Line
widths are within the experimental uncertainty of the instrumental line
width, indicating temperatures below 1.5 eV.

FIG. 3. Axial images of the merging process. In images (c), (d), and (e), the
circular feature behind the inverted “Y” structure is caused by reflections off
the center flange on the vacuum chamber. This leads to the structure appearing
slightly fuzzier than it actually is. Using the nozzle exit for scale, the width of
the arms of the structure is on the order of 5 mm. Exposure time is 5 ns.
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negative as seen in the single gun case in Figure 4. Therefore,
the single gun trace in its positive swing must be considered a
lower bound on electron density, and in the negative portion
to be dominated by neutrals. According to Ref. 10, the zero
crossing of the interferometer signal occurs at an ionization
fraction of approximately 0.07. To disambiguate the signal
into a neutral contribution and an electron contribution would
require a two color interferometer.

In order to produce the large density peak seen in the
three gun case, we must assume that there is ionization of the
neutrals seen in the single gun case. The center of mass
merge velocity in excess of 13 km/s is sufficient to ionize ar-
gon through collisions. For this reason, we expect the peak
in the three jet case to be almost fully ionized. Another factor
contributing to the later peak in the three gun case is the flow
of plasma into the merge region that would in the single gun
case have passed on the “inside” (gun side) of the merge
point. This plasma is deflected by impact with the other jets
and flows into the center via a longer path than the plasma
travelling directly from the nozzle. The high line integrated
density in the three gun case is most likely due to the forma-
tion of a compact high density structure at the point of con-
vergence. Imaging suggests that the width of this structure is
approximately 1 cm. This implies a density of $1:2(
1017 cm%3 in this region.

Figure 5 shows the peak pressures measured at three
locations using the five fast pressure probe array. Only the
center probe measured any appreciable signal though there
were small signals sometimes seen on one of the off-center
probes. The relatively large signal seen on the far side of the
merge point is due to the impact of a collimated jet of plasma
that emerges from the merge region after the jets pass
through. This jet is clearly seen in images taken off the
chamber axis through one of the off-axis end cap ports. Fig-
ure 6 shows such an image, taken through a port looking 22!

off the chamber axis.

IV. DISCUSSION

All diagnostics indicate the formation of a compact high
pressure region at the point of convergence of the three jets.

As expected, there is a significant pressure spike at the point
of convergence of the jets. The formation of a well colli-
mated jet emerging from the convergence point suggests that
the plasma is fairly cold even at convergence. This is consist-
ent with the spectroscopic results and suggests that the for-
mation of a cold, dense plasma liner for MTF applications is
possible using the Minirailgun plasma accelerators.

The supersonic convergence of the jets suggests that
there may be a shock at the point of intersection (the arms of
the Y-shaped structure seen in Figure 3). The existing set of
measurements do not provide sufficient data to test this hy-
pothesis. Further research is ongoing as of this writing.11

Simulation12 using the LSP 3D hybrid PIC code shows
the presence of narrow high density structures along the line
of contact between the plasmoids as shown in Figure 7.
These structures have an elevated temperature (2 eV vs 1 eV
in the main plasmoid), though it must be emphasized that the
simulation is of the higher performance railgun plasmoids of
PLX as opposed to the lower density and lower velocity plas-
moids produced by the de-rated railguns used in the present
experiment. The highest temperatures measured in the cur-
rent experiment are below 1.5 eV, a difference most likely
due to the lower convergence velocity in this case, the PLX
guns having 2.5 times the velocity. The width of the contact
line structures is just under 1 cm, consistent with that seen in
the images. For comparison, the ion-electron and ion-ion

FIG. 4. Merged plasma line integrated density is far higher than single jet
line integrated density, indicating compression of plasma into a compact
structure at the point of convergence. Negative swings are due to neutral ar-
gon and ions. The very large electron density in the three gun case is in part
due to the formation of argon III as is seen in simulations as well as to colli-
sional ionization of neutrals as seen in the unmerged jet case.

FIG. 5. Peak pressures measured at three locations, with approximate
uncertainties.

FIG. 6. Imaging off axis late in time (after peak density at merge point)
shows formation of a collimated jet. The pressure probe array is seen on the
right side of the image. The image is taken through the same port as the
spectroscopy parallel collection optics in Fig. 1.
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collision lengths are 1.5 and 0.8 cm, respectively, and the
electron-ion collision length is 0.005 cm.

V. CONCLUSIONS

We have merged three plasma jets in a configuration
related to that of the PLX experiment, in a parameter range
lower than the PLX jets but still relevant to that experiment.
We find that a compact ($1 cm transverse scale length), high
density ($1:2( 1017 cm%3), high pressure ($70 kPA), low
temperature ($1.5 eV) region is formed at the point of con-
vergence of the jets. The collision of the jets appears to result
in ionization of the neutrals carried along with the plasma
jet. In addition, a well collimated secondary jet emerges
from the point of convergence. The line of contact between
adjacent jets forms a structure which may be a shock, though
further research is required to confirm this.
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