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Abstract – Experiments on the transverse injection
of intense (5–20 A/cm2), wide cross section (10 cm),
neutralized, ~ 100 eV H+ plasma beams, and
100 keV H+ ion beams into a preformed B-Field
Reversed Configuration (FRC) are described. The
FRC background plasma had a temperature up to
~ 5 eV and density of ~ 1013 cm–3. In contrast to
earlier experiments [1], the background plasma
was generated by a separate plasma gun array.
Similar in general features to Pietrzuk et al. [2], the
FRC startup was done using a “slow” coaxial
source. Several experimental studies were con-
ducted as a foundation to this work, including a
characterization of the FRC and experiments on
beam injection into a uniform B-field [3, 4]. Results
indicate that plasma beam injection into the FRC
increases the B-field amplitude and duration by up
to 40%. The results of the ion beam injection in the
FRC could be interpreted as partial beam trapping
in the configuration. 

1. Introduction 

The Field Reverse Configuration (FRC) has attracted
a variety of research for its potential as an alternative
approach to magnetic fusion [1, 2]. Among various
scenarios for the production of an FRC [1], the slow
coaxial source promises to provide a long lifetime
configuration. Using a slow coaxial source for FRC
startup has resulted in FRC durations in the 50–100 µs
range [5]. This study showed that particle and radia-

tion losses impose limits on the FRC temperature and
lifetime. Therefore to extend the FRC duration and
increase the reversed B-field amplitude there is a need
for additional continuous energy input to compensate
for these losses. This paper describes the first results
on the transverse injection of an intense H+ plasma
beam or low energy H+ ion beam into a preformed
FRC generated in a coaxial slow source.

2. Experimental Setup 

The general experimental layout is shown in Fig. 1.
The system consists of the main vacuum chamber with
Outer (OS) and Inner (IS) coaxial solenoids, two cir-
cular plasma gun arrays located at the ends of the ves-
sel which are used to inject background plasma along
the axial B-field, plasma or ion accelerators which
inject ion or plasma beams transverse to the B-field.
Beam injection is done at the mid-plane of the ex-
perimental vessel and tangential to the plasma column.
The OS can generate a B-field up to 2.0 kG with a rise
time of 230 µs. The IS can generate a B-field up to
2.5 T with a rise-time similar to that of the OS. By prop-
erly adjusting current amplitudes in the coils, the result-
ing B-field in the vessel during the first 100 µs could be
as low ~ 1% of the maximum value from the OS.

The two plasma gun arrays each consisted of 16
coaxial plasma guns with hydrated Ti electrodes satu-
rated to a H/Ti level of 1:1. They were energized from
capacitor banks of up to 8 kJ stored energy. A total
current of ~ 120 kA in a pulse duration of ~ 20 µs

Fig. 1. Schematic of the experimental setup: 1 – plasma gun arrays power supplies, 2 – arrays of TiH plasma guns, 3 – outer
solenoid, 4 – plasma/ion beam accelerator, 5 – inner solenoid, 6 – plasma/ion beam, 7 – background plasma. A –
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energized the 32 guns. The plasma gun array provided
a tubular background plasma column of 50 cm aver-
age diameter and 20 cm width. The temperature and
density of the plasma at the mid-plane was a few to
10 eV and ~ 1013 cm–3 respectively. The plasma had an
average streaming velocity of (4–6)⋅106 cm/s.

In several experimental runs the background
plasma was generated by discharge in an H2 gas which
was injected at the mid-plane of the vessel in a direc-
tion outward from the surface of the IS. The discharge
was generated by an external one-turn coil, energized
from a fast capacitor bank (0.6 µF, 17 kV, tf = 3 µs).
The time interval between energizing the one turn coil
and the OS and IS could be varied. 

The plasma beam was generated and accelerated
by a coaxial plasma gun, which contained a pair of
coaxial “squirrel cage” conical electrodes. In some
experiments the plasma gun had additional radial ca-
ble guns placed at the breach of the accelerating chan-
nel. The hydrogen flow to the breach of the gun was
delivered by a fast electromagnetic puff valve. The
plasma gun worked in a deflagration or snow-plow
discharge mode depending on the application of the
HV to the cathode. The plasma beam could be colli-
mated and had an output diameter of 4 to 10 cm, de-
pending on the beam collimator size. The beam had an
average divergence half angle of between 10 to 12° at
the entrance port to the experimental chamber. The
beam plasma was injected tangentially to the back-
ground plasma column at the mid-plane of the vessel
and propagated ~ 64 cm in the B-field to the opposite
wall. Typical Faraday cup ion signals at the mid-plane
of the vessel featured a two hump structure. The ion
current density in the first hump was between 10 to
20 A/cm2 using the beam collimator and 30 to
60 A/cm 2 without collimation. This corresponds to a
plasma density of 2 to 4⋅1013 cm–3 and an ion stream-
ing energy of 100 eV. This was followed by a second,
longer trailing pulse of 20 to 30 µs duration and en-
ergy of 10 to 60 eV. 

The ion beam generator produced a 2 kA, 60 to
120 keV, 1 µs duration H+ beam of ~ 8 cm diameter.
The generator consisted of a 120 kV, 1 µs, 1.8 Ohm
Marx generator, a magnetically insulated ballistically
focusing diode (MID), and a toroidal magnetic lens
and guiding solenoid for beam transport to the en-
trance port of the vessel. The H+ plasma source was
located at the MID anode and consisted of a fast puff
valve, a supersonic Laval nozzle and a shock coil,
which generated an inductive discharge in the H2 gas.
The distance traveled by the IB to the vessel entrance
from the MID was 90 cm. More detailed information
on the design and characteristics of the IB accelerator,
and ion beam parameters can be found in [3].

3. Diagnostics

The measurement of the B-field dynamics, ambient
plasma and beam parameters were carried out using a

variety of diagnostics including; Rogowski coils, axial
(z) and radial (r) arrays of B-dot probes, voltage and
currents monitors for the various power supplies, col-
limated Faraday cups, Langmuir probes, microwave
cut-off probes, and Hα, and Hβ time resolved spectros-
copy of the background plasma.

4. Experimental Results

In our earlier studies of beam injection across a uni-
form B-field in vacuum [4] both beams propagated
un-deflected with significant losses of their peripheral
layers. In the case of plasma beam injection the cur-
rent density in the surviving central core showed a
dramatic increase. In the case of transport in the back-
ground plasma, the plasma beam did not deflect as a
whole, whereas the ion beam deflection corresponded
to the Larmor radius of the ion energy in the B-field.
Typical waveforms for the plasma beam ion pulses,
when injected in vacuum, are illustrated in Fig. 2A.
Deflection of the ion beam when injected in a uni-
formly magnetized plasma is shown in Fig. 2B. See
[4] for a more detailed discussion on cross B field
injection of plasma and ion beams in vacuum and am-
bient plasma.

Fig. 2A. Current density waveform at the vessel mid-plane
for the plasma beam propagating in vacuum (with collimator):
1 – without transverse B-field (~100 eV beam), 2 – with
1 kG transverse B-field (~30 eV bunched beam). Zero time 
corresponds to triggering the current in plasma accelerator

Fig. 2B. Vertical deflection (∆h) of the IB in the mid-plane
of the vessel from the line of injection after propagating in
ambient plasma across the B-field as a function of B-field
amplitude. The circles represent experimental data and the
broken line corresponds to one particle calculations for a 

60 keV beam. 



Intense electron and ion beams

18

4.1. FRC formation

The FRC was formed by firing the background plasma
gun arrays 10 to 20 µs prior to energizing the OS and
IS. Due to the changing flux from the solenoids, the
azimuthal current induced in the plasma column pro-
vided decoupling of the OS and IS B-fields in the ves-
sel, which resulted in the FRC formation. In a typical
pulse the FRC appeared between 10 to 20 µs after
energizing the OS and IS and reached the maximum
FRC field in 30 to 60 µs. The FRC lasted as long as
the induced azimuthal E-field, resulting from dI/dt in
the IS, could support the azimuthal current in the
background plasma.

Typical waveforms from the Bz-dot arrays, as well
as a current pulse from one of the plasma guns used to
generate the background plasma and currents in the
OS and IS are illustrated in Fig. 3.

4.2. PB injection in the FRC

Table I illustrates the main changes in the FRC char-
acteristics when injecting the plasma beam. In the
table the resulting amplitude of the B-field in the FRC,
and its duration, are given for several time delays be-
tween the plasma beam injection relative to the back-
ground plasma injection. The data corresponds to the
combination of currents in the OS and IS which gen-
erally resulted in the best FRC characteristics. As can
be seen from the table, plasma beam injection pro-

vided a longer duration FRC with a higher B-field
amplitude. The maximum increase of the FRC re-
versed B-field amplitude, due to plasma beam injec-
tion, was 50%.

4.3. IB injection in the FRC

It is worth noting that the injected ion beam particle
current and density (~ 2 kA, ~ 1011 cm–3) were 10
times and 1000 times lower, respectively, than the
current and density values in the FRC plasma (~ 20 to
30 kA, ~ 1014 cm–3). These factors made it impossible
to directly measure the captured IB fraction in the
FRC because the expected changes in the probe sig-
nals were in the range of the shot-to-shot statistical
variations. However we could compare the data on ion
beam propagation in the FRC plasma with our previ-
ous results on ion beam propagation in a magnetized
plasma of density > 1013 cm–3 at similar B-field val-
ues. In those experiments, at B = 0.6 kG, collimated
Faraday cup (CFC) arrays measured current densities
of ~ 5 A/cm2. The Faraday cups were placed along the
Larmor jxB trajectory corresponding to the ion beam
energy of 60 to 90 keV. However, when the IB was
injected into the preformed FRC with a similar B-field
amplitude, the measured IB density was a factor of
about 10 times smaller. This result could be inter-
preted as partial trapping of the ion beam in the FRC
configuration. More detailed studies are planned. 

Fig. 3. Typical waveforms during FRC formation from respective diagnostics as a function of time: 1 – PG array current
pulse; 2 – Bz-field in the median cross section of the vessel at the radii 12 cm – upper trace, and 39 cm – lower trace (B-dot 

array data); 3 – current in the internal solenoid; 4 – current in the external solenoid

Table I. FRC characteristics for different time delays between background plasma generation and plasma beam injection

Conditions BGP
only

BPG & PA 
δt = 90 µs

BPG & PA
δt = 110µs

BPG & PA
δt = 130µs

FRC Duration [µs] 
Average 130 148 145 150

Bz-field [Gauss]
Average 200 300 288 260

Bz[R] field [Gauss]
Average 120 188 150 138

I (
kA

)
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5. Conclusion
Injection of intense Plasma beams in an FRC resulted
in an increase of the reversed B-field amplitude and
extension of the FRC lifetime. This could be due to
additional heating of the plasma resulting in an in-
crease of plasma conductivity. 

The results of our measurements on the injection
and propagation of an ion beam into an FRC could be
interpreted as partial beam capture in the FRC. More
detailed studies of the particle losses and other causes
of FRC lifetime limitations are currently under way.
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