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I. Isakov
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�Received 3 October 2003; accepted 15 April 2004�

The paper describes experiments on the generation and transport of a low energy �70–120 keV�,
high intensity �10–30 A/cm2� microsecond duration H� ion beam �IB� in vacuum and plasma. The
IB was generated in a magnetically insulated diode �MID� with an applied radial B field and an
active hydrogen-puff ion source. The annular IB, with an initial density of j i�10– 20 A/cm2 at the
anode surface, was ballistically focused to a current density in the focal plane of 50–80 A/cm2. The
postcathode collimation and transport of the converging IB were provided by the combination of a
‘‘concave’’ toroidal magnetic lens followed by a straight transport solenoid section. With optimized
MID parameters and magnetic fields in the lens/solenoid system, the overall efficiency of IB
transport at the exit of the solenoid 1 m from the anode was � 50% with an IB current density of
20 A/cm2. Two-dimensional computer simulations of post-MID IB transport supported the
optimization of system parameters. © 2004 American Institute of Physics.
�DOI: 10.1063/1.1759400�

I. INTRODUCTION

Magnetically insulated diodes �MID� for generation of
high current ion beams �IB� with pulse durations in the range
of 10�7 – 10�3 s and energy ranges from 10�1 to 1 MeV
were pioneered by Sudan and Lovelace,1 Humphries, Sudan,
and Wiley2 at Cornell University, and Morozov and
Vinogradova3 at the Institute of Atomic Energy in Moscow
nearly 30 years ago. Due to the large scale research carried
out by many leading facilities worldwide,1–9 MIDs have de-
veloped into an advanced and mature technology used for
fundamental and applied studies such as inertial fusion,
plasma heating, laser pumping, material modifications, neu-
tron flux generation, etc.

Low energy (10�2 – 10�1 MeV), high current density
��10 A/cm2�, microsecond and millisecond IBs are of spe-
cial interest for such applications as beam propagation across
magnetic field to a standoff target and/or beam capture in
plasma to maintain field-reversed configurations.10

Generation and transport of such a beam still presents a
nontrivial problem due to the following:11

�a� Incomplete space charge neutralization of the beam
by the accompanying electrons during IB transport in the
drift space ��0.2%� which results in a residual electric po-
tential in the IB on the order of 2 – 4VA(me /mi), and subse-
quently adds to the initial divergence of the IB. An estimate
of the average ion transverse velocity (��5�10�4) corre-
sponds to a divergence half angle of one to a few degrees.12

�b� Intrinsic ‘‘temperature’’ of the IB at the exit from the
MID, due to such factors as incomplete IB neutralization,
plasma-beam instabilities, azimuthal nonuniformity of

plasma density, formation of ‘‘ripples’’ at the ion-emitting
plasma boundary from the slotted structure of the anode,13

uncompensated B-field flux behind the plasma-emitting
boundary, etc. The dynamics of this boundary depends on the
plasma temperature, density, and the mode of MID operation
�with and without plasma filling�.

�c� A long pulse duration, which precludes the possibility
of using smaller AC �anode-cathode� gaps to increase ion
current density due to shorting of the gap by the electrode
plasma moving inside the gap across the magnetic field with
an average velocity of (2 – 5)�105 cm/s.14 It must be added
here that in a MID without a solid anode electrode and with
an ion-emitting boundary formed by a magnetic surface, the
issue of secondary plasma ceases to be critical, as it was
shown by Greenly et al. in Ref. 12. The current density limi-
tation could be also overcome by using a MID geometry that
provides short ballistic focusing of the IB �e.g., a conical or
spherical-shaped anode with focal length of 20–30 cm�. The
expected degree of IB compression C of the IB using a cone-
shaped flat anode can be estimated from the intrinsic diver-
gence � of the beam and by the relation, C
�4AA /	(
/cos ��2R�)2. Here, AA stands for the area of
the anode annulus, 
 is the annulus width, � is the focusing
angle, R is the focal length, and � is the half angle of intrin-
sic divergence. For example, with A�2.5�102 cm2, 

�3.5 cm, ��22.5°, ��2° – 3°, and R�27 cm, the com-
pression ratio is between 4 and 6. However, such a dense IB,
due to its considerable angle of convergence, cannot be
transported large distances. As a result, when propagating
freely in vacuum, the IB experiences fast radial expansion
and a decrease in density with distance. Various experiments,
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supported by computer modeling, show that this residual
charge imbalance and IB temperature, could result in the
virtual disappearance of the beam at distances �1 m when
propagating in vacuum.15

Taking these conditions into consideration, a combined
ballistic focusing MID with a ‘‘concave’’ toroidal magnetic
lens �TML� �Ref. 16� and a straight transport solenoid �TS�
were implemented in an attempt to substantially increase the
density and propagation length of the IB. This work proves
that such a combination made possible a significant increase
in the transport length of an intense low energy IB.

The paper is organized as follows. Section II of the paper
is dedicated to a brief description of the IB generator sub-
systems. Section III describes the main experimental results
on the IB generation and its transport under various condi-
tions. The analysis and discussion are given in Sec. IV. Con-
clusion, acknowledgments, and references follow.

II. EXPERIMENTAL SETUP

The schematic of the experimental setup is given in Fig.
1. The following is a brief description of the various sub-
systems.

A. Marx generator

The oil-filled three-stage Marx generator with erected
capacitance of 0.27 F served as the primary source with
1.2–2.5 kJ of stored energy at charging voltages of 30–45
kV. The output Marx current amplitude was in the range of
5–15 kA during the HV �high voltage� phase and 50–60 kA
when shorted to the ground via a controlled trigatron-type
spark gap. Typical Marx voltage, current, and dynamic im-
pedance wave forms are illustrated in Figs. 2�a�–�c�. The
impedances in the high voltage and short circuit modes are in
the range of 6–20 � and 1.8–2 �, respectively. The typical
voltage overshoot at the front of the pulse was also present in
the case with an initial vacuum AC gap.

B. MID

In general, the MID has a conventional annular geom-
etry with focusing AC gap and external radial B field which
is similar to the MIDs used earlier elsewhere.4–8,17 However,
in difference from these earlier MID systems, where the
B-field flux separatrix was formed in free space by two sets

of B-field coils, our design tested in Ref. 17 formed the sepa-
ratrix at the entrance to the AC gap by the use of a solid
conductive anode surface which is nontransparent to the
pulsed B field. The first use of a conductive slotted anode in
a magnetically insulated gap was tested in Ref. 18 by
Humphries et al. Such an anode design provides a defined
position and better stability of the separatrix and conserva-
tion of the B-field flux in the AC gap during the major por-
tion of the pulse �supporting the closed E�B drift of the
electrons in the AC gap�, compared with Refs. 4–8, which is
beneficial for the control of MID dynamics.

1. Anode
The anode, with a total area of 250 cm2, features a brass

circular plate with six azimuthal slots providing a geometric
transparency of 75%. The AC gap is annular in shape and 8
mm wide. The absence of the external B field inside the
anode cavity enhanced the efficiency of the hydrogen gas
breakdown and formation of plasma. However, it is worth
noting that the use of a slotted anode that is nontransparent to
a pulsed B field may lead to enhanced IB temperature due to
sagging of the magnetic flux inside the slots and therefore
the formation of a rippled ion-emitting plasma boundary.
Special means were used to minimize this effect and are
described in the following text.

2. Cathode
The cathode of the MID is formed by two stainless steel

coaxial conical blades with an average radius of 20 cm and
an apex angle of 45°. The postcathode transport channel is
4.3 cm wide and delivered the converging annular IB to the
TML section.

3. Puff valve
The puff valve is conventional in design and was ener-

gized by a 100 F capacitor bank, with an operational volt-
age between 1.2 and 1.5 kV, a current pulse rise time of 20
s, and current amplitude of 7–9 kA. The gas flow pressure
amplitude, gas rise time and axial thickness for optimal op-
erational parameters �plenum pressures ranged from 0 to
8 mm Hg �gauge�, time delay prior to Marx firing was 225–
230 s� were 50 mTorr, 70 s, and 20–25 mm, respectively.

FIG. 1. Schematic of ion beam generator and sub-
systems. 1, Marx bank; 2, HV insulator; 3, anode stalk;
4, gas puff; 5, to vacuum pump; 6, shock coil; 7, Laval
nozzle; 8, cathode blades; 9, B-field coils; 10, vacuum
chamber; 11, metal fins, 12, B-dot probe; 13, TML
spokes; 14, TML feeds; 15, plasma guns; 16, transport
solenoid; 17, multi aperture CFC; 18, Picture of TML
�front view�.
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Typical wave forms of the gas pressure as a function of time
at various radial distances from the anode surface and puff
valve current are given in Figs. 3�a–c�.

4. Plasma ion source
The plasma ion source, similar to the type described in

Refs. 19 and 20, is located inside the anode cavity and be-
hind the anode plate. The source is fed and triggered via

decoupling chokes located in the oil volume of the Marx
generator. The plasma is generated by a ringing inductive
azimuthal breakdown of the radially divergent supersonic H2
gas flow that is driven by a fast ‘‘shock’’ coil �SC� with a
total circuit inductance of 0.5 H. The plasma produced be-
hind the brass anode is propelled by the Ampere force
through the slots into the AC gap where it stagnates along the
magnetic surface of the applied radial B field. The schematic
of the SC is given in Fig. 4.

Typical current wave forms for optimized gas puff and
shock coil parameters are illustrated in Fig. 5. Estimates of
the energy delivered to the plasma based on the rate of the
current decay and quantity of gas passing through the anode
during the SC discharge give values of 20–45 J �i.e., 50–100
and 100–200 eV per molecule� for shock coil charging volt-
ages of 12 and 18 kV, respectively. The plasma density and
temperature measured �3 cm from the dielectric surface,
corresponding to the location of the anode slots, was
(2 – 4)�1013 cm�3 and �5 eV with an ion-emission capac-
ity of �20 A/cm2.

FIG. 2. �a� Typical wave forms for the MID matched-load operation. Z
�diode impedance, V�Marx voltage, I�Marx current, Ji�IB current den-
sity. �b�. Typical wave forms for the MID overloaded operation. �c�. Typical
wave forms for the MID underloaded operation.

FIG. 3. Typical pressure wave forms of the H2 gas flow for inner and outer
radius of anode, 6 mm from dielectric surface of shock coil assembly. �a�
r inner�9.2 cm �b� router�12.8 cm �c� Puff valve coil current.

FIG. 4. Sketch of the shock coil windings. Side view �left�, Front view
�right�; �a� 32 cm, �b� 29 cm, �c� 21 cm.
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5. AC gap magnetic field
The radial B field in the AC gap and in the postcathode

channel was produced as usual2–9,12 by a pair of ‘‘slow’’
coaxial coils positioned near the edge of the cathode
‘‘blades.’’ The absence of the external radial B field inside
the anode cavity, as mentioned earlier, facilitates plasma for-
mation in the divergent gas flow. The magnetic field we nor-
mally operated at was in the range of 2.5–3 kG, which cor-
responds to (2 – 2.5)Bcr . Here, Bcr�1.7(2eVA /
mec2)1/2/d , where Bcr is in kilogauss and d is in centimeters.
With a brass anode of 
�5 mm thickness and a skin depth ls
of �0.1
, where ls�c(4� f /	�)1/2, the anode remained
practically nontransparent to the insulating pulsed B field. To
decrease the sagging of the B-field flux in the anode slots,
generation of the plasma, and subsequently the IB, was or-
ganized at the maximum of the SC current sine wave when
its B-field direction between the slots was in the same direc-
tion as that of the MID insulating B field. This occurred on
the third half wave of the SC discharge �see Fig. 5�. The
calculated distribution of the magnetic field lines in the AC
gap is given in Fig. 6.

6. Magnetic lens
A magnetic lens with a toroidal B field �TML�, featuring

a trapezoidal-shape longitudinal cross section formed by 12
radial spokes �optimized to transform the ballistically con-
vergent IB with an average energy of 100 keV and intrinsic
divergence of ��3° into a straight one�, was installed adja-
cent to the postcathode convergent coaxial channel. The geo-
metric transparency of the lens was �95% and �75% at the
peripheral and inner part of the lens, respectively. One-
particle ion tracings, with the assumption of full current and
space charge neutralization of the IB, were done to optimize
the TML configuration and the current amplitude through the
lens spokes �20–25 kA�. Tracings for three characteristic
beamlets �outer, middle, and inner� for a 90 keV IB with 2.5°
half angle of divergence through the lens are illustrated in
Fig. 7. The energizing of the lens was done by a 120 F
capacitor bank charged to 1.5–2 kV which provided 20–30

kA current pulse through parallel spokes. The maximum
length of the lens from the entrance to the exit plane is 150
mm.

7. Transport solenoid

Transport solenoid �TS� consists of a two layer coil
wrapped around a dielectric tube 9 cm in diameter and 60 cm
in length. The TS entrance is located 11 cm from the exit of
the TML. The solenoid was energized by a 160 F capacitor
bank charged to 1.4–2.3 kV with a characteristic impedance
of 0.8 �. The TS system is able to provide a pulsed magnetic
field in the range of 4–7 kG with a rise time of 200 s. The
expected optimal B field for a given length L of the solenoid
�determined by a one-particle approximation and based on
the condition of the IB making one full turn in the solenoid
during its flight� can be estimated from the expression B
�2�107�/L , which for this experiment gives ��1.5
�10�2, L�60 cm, and B�6 kG. Because of the substantial
energy spread in the ‘‘real’’ IB during the pulse and its initial

FIG. 5. Typical oscillograms of the shock coil current without �1� and with
�2� the breakdown of gas.

FIG. 6. Magnetic flux lines distribution for the shock coil �left� and diode
B-field coils �right�.

FIG. 7. Calculated trajectories for three characteristic beamlets through the
TML. Half angle of divergence is �2.5°, I lens�23 kA, Ei�90 keV. Here, Z
is the distance from the anode.
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divergence (��3°) the optimal value selected experimen-
tally was slightly different from the estimates given by ide-
alized calculations.

8. Plasma guns
To enhance the degree of neutralization in the IB two

cable-type plasma guns were inserted into the intermediate
section between the end of the TML and the entrance to the
TS. The plasma guns were energized by a 0.05 F capacitor
bank charged to 10–15 kV. The microwave density measure-
ments of the plasma produced by these guns demonstrated
cutoff at the frequency of 40 GHz, which corresponds to a
plasma density �1013 cm�3.

III. EXPERIMENTAL RESULTS

A. Diagnostics

The main parameters of the subsystems �voltages, cur-
rent amplitudes, and other pulse wave forms� were measured
by active voltage dividers, B-dot probes, and self-integrating
Pearson �Rogowsky� coils. The current density of the IB at
various distances from the anode in various conditions �e.g.,
in vacuum or ambient plasma with and without transverse
magnetic field� was measured by a system of collimated Far-
aday cups �CFC� with an applied bias voltage ��30 to �100
V� and/or transverse magnetic field �400–600 G�. The
integrated-in-time energy stored in the IB at various dis-
tances from the anode for different conditions was measured
by a calorimeter. The ambient plasma density and its tem-
perature were measured by double and triple Langmuir
probes21 and by microwave cutoff at 40 GHz.

B. Time sequence of subsystems operation

Triggering of all subsystems was done via computer
from a master trigger. The spark gaps of the Marx generator,
shock coil, plasma guns, and crowbar were triggered by HV
pulses of 16–20 kV amplitude generated by independent
pulsers. All other subsystems �MID B field, TML, puff valve,
and TS� were energized by ignitrons. The chain of events,
including appropriate time scales, is illustrated in Fig. 8. The
average jitter between triggering the Marx, crowbar, and
shock coil was �50 ns. For all ‘‘long’’ pulse subsystems of
multimicrosecond scale, the jitter was �0.1 s.

C. IB ballistic focusing

Typical MID operation, with an AC gap of 8.0 mm and
B�2.5– 3.0 kG, produced an average current density of the
IB, j i , near the exit of the AC gap of 6–12 A/cm2 and 10–20
A/cm2 for VA in the range of 70–100 kV, respectively
�matched mode�. These values are estimated to be
(2 – 3) jCL . With an active anode area of 250 cm2 these cur-
rent densities give an IB current amplitude of 2–3 kA and a
total average MID current of 4–6 kA. These results corre-
spond to �50–70 % IB generation efficiency in the diode. In
a typical pulse, the MID current wave form has a short du-
ration spike of a few tens of nanoseconds, due to the fast
erosion of the low density plasma already present in the AC
gap, and the voltage pulse front had an overshooting spike
typical for a plasma erosion switch operation.22 The voltage

spike was followed by a fairly constant voltage plateau and a
slow current rise which corresponds to a matched-load op-
eration with a ‘‘slow’’ change of the AC gap due to the
plasma motion across magnetic field. The speed of the
plasma motion was estimated to be (0.2– 0.5)�106 cm/s
with a B field of (2 – 3)Bcr based on the pulse duration up to
the shorting when operating without the crowbar.

In the case of an underloaded MID �B field�3Bcr), the
voltage overshoot was significant �up to 1.5VMarx) and was
accompanied by a low current amplitude and a premature
crowbar self-breakdown.

By changing the MID parameters, we could operate with
a plasma prefilled AC gap �overloaded mode� resulting in
higher IB current densities and lower IB energies. In this
mode of operation, with relatively high IB current densities
( j i�20 A/cm2), but significantly larger MID current ampli-
tudes (I�10– 15 kA) and lower MID voltages (VA
�60– 70 kV), the IB generation efficiency dropped to
�30%. Typical pulses for the three modes of MID operation
are presented in Figs. 2�a–c�.

The ballistic conical focusing of the IB produced a cur-
rent density �measured by two CFC with transverse B field
and low amplitude negative bias� in the range of 50–80
A/cm2 at the central part of the focal plane 27 cm from the
anode. The autographs of the IB in the focal region, obtained
with the thermosensitive paper, were �7 cm in diameter.
This result corresponds to an IB divergence half angle of
�3°. Based on this data, the total IB amplitude in the focal

FIG. 8. Typical oscillograms for generator subsystems and respective time
sequence.
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plane was estimated to be between 1.3 to 1.8 kA. Autographs
of the IB from heat sensitive paper at a distance of 30–35 cm
from the anode featured a cross section of tubular shape.
Also, it was found that irregular shaped autographs of the IB
correlated to ‘‘bad’’ shots with high electron losses. To de-
crease the divergence of the IB during its propagation inside
the converging annular channel, the bare metal walls were
lined with a dielectric film. The dielectric film served as a
plasma source due to its bombardment by the peripheral flow
of ions and related surface breakdown. The autographs of the
IB produced on heat sensitive paper placed along the channel
wall were most pronounced near the inner wall at the en-
trance from the AC gap to the channel. The overall transport
efficiency of the IB through the channel was estimated to be
�60%. This estimate includes the postcathode space geomet-
ric transparency of �90%.

D. TML operation

Several modifications of the TML were tested for their
collimating performance. Experiments revealed that the
vacuum TML does not provide an efficient space charge neu-
tralization of the IB resulting in gross ion losses to the TML
walls. In the first modification, two cable plasma guns, fab-
ricated of HV coaxial cable, were positioned opposite to each
other in the middle of the TML and flush with its outer wall.
The cable guns were fired before ion beam generation to
provide sufficient plasma prefilling. The optimal time delay
between their firing and the triggering of the Marx was in the
range of 5–6 s. At longer time delays, the plasma prefilling
overloaded the MID. In the second configuration, five cable
plasma guns were located 17 cm downstream from the TML
exit and fired axially toward the TML. This configuration
proved to be more beneficial for IB transport through the
drift tube than through the TML. In the third modification,
four trapezoidal-shape radial fins covering �90% of the lon-
gitudinal cross section of the TML were attached to the inner
cone of the lens and positioned so that the fins intersected the
toroidal magnetic field lines at 90°. This design proved to be
the best regime for IB transport through the TML and
worked as follows: secondary electrons, generated at the sur-
face of the fins due to ion bombardment, traveled along the
TML B-field lines and provided fast neutralization of the
polarization E field in the IB. As a side note, adding plasma
prefilling did not improve the performance of the TML with
radial fins. Experimental data showed that the optimal range
for the TML current was 26–30 kA. The scaling of the IB
density at the TML exit as a function of TML current was
illustrated in Fig. 9. Adding the finite solid angle of the fins
to the 0.92 geometric transparency of the lens results in a
total TML transparency of �85%.

E. Transport solenoid

Application of the TS after the TML makes it possible to
separate the exit of the IB accelerator from the target by a
significant distance ��1 m�. The ions entering the solenoid
with a small transverse velocity meet Br-field and follow a
spiral trajectory, with a guiding center shifted off-axis at
�0.5Rent�RLarmor �here Rent is the radial coordinate of the

ion at the entrance and RLarmor is the ion Larmor radius�. The
respective envelope of the IB is shaped like a spindle. To
minimize the residual rotational energy of the ions at the exit
from the solenoid, the net magnetic flux crossed by the ion
must be small and can be obtained if the ions perform an
integer number of full rotations when traveling through so-
lenoid �i.e., if the radial coordinate at the entrance to the
solenoid is equal to its radial coordinate at the exit�. The
appropriate solenoid length can be estimated by the formulas
�without the consideration of edge error fields�

Lsol�2	N�3.1�106�/B�Vo
2 cos2 ��V�

2 �1/2,

where

V��eBRs/2mpc .

Here, N�1,2,... is the integer number of ion rotations, V0 is
the initial velocity of the IB, cos � is the intrinsic divergence
of the ion beam, V� is the rotational velocity acquired when
entering the solenoid, Rs is the radius of solenoid clearance,
and B is the solenoid B field. For example, with an IB aver-
age energy of 100 keV, an initial half angle of divergence of
2.5°, a TS length of 60 cm and the TS entrance located 13.5
cm from the TML exit, the optimal magnetic field is � 6.3
kG.

One-particle trajectory calculations of the ions moving
through the TML-TS system were done for several charac-
teristic beamlets with a given angular spread under the as-
sumption of full space charge and current neutralization. The
optimization of lens-solenoid system was done to minimize
the exit transverse velocity of the IB. Typical tracings of the
central and peripheral ion beamlets are given in Fig. 10 and
Table I presents their entrance and exit data.

Experiments on scaling the efficiency of IB transport as
a function of solenoid B field with a given current through
the TML provided an optimal combination of I lens�20 kA
and a TS magnetic field of �7 kG. Figure 11 illustrates the
measured average IB density in a 3 cm diameter paraxial
region within and outside the solenoid. Due to the initial
angular divergence of the IB, losses to the walls took place in
the first 20 cm of the TS.

The average distance between the maximums in the
curve was �36 cm and correspond to a rotating IB with an

FIG. 9. Averaged IB cross sectional current density vs TML current. Mea-
sured by CFC array, Z�8 cm from TML exit, IB energy �90 keV.
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average energy of 90 keV. The finite angular and energy
spread of the IB smooth the oscillations of the measured
density.

The average efficiency of IB transport through the sole-
noid was �90%. However, after leaving the solenoid, the
density of the IB dropped from 15–20 to 3–4 A/cm2 at a
distance of 30 cm from the TS exit.

IV. DISCUSSION

As shown by the experiments, effective control of the
microsecond MID impedance and IB parameters could be
obtained when operating with conserved B flux in the AC
gap. At the same time the IB divergence at the AC exit of
��3° corresponds to a transverse ion energy of �200 eV.
As mentioned earlier, this could be ascribed to several fac-
tors such as �1� incomplete IB neutralization, �2� instabilities
of the plasma boundary when it stagnates against the radial
Br field, �3� azimuthal nonuniformity of the plasma boundary
density, �4� ripples in the ion-emitting boundary pertinent to

the slot structure of the anode, and �5� residual B flux left
behind the plasma-emitting boundary. Factor �1� is inherent
in the peripheral layers of the IB generated in the MID and
could be mitigated by providing a convex shape of the equi-
potential B field surfaces in the AC gap,3 for example, by
using a spherical-shaped solid anode. The importance of fac-
tor �2� evidently decreases with an increase of the B-field
strength near the anode surface and its rate of rise, thus
working with a faster pulsed B field could be beneficial, to
some limit. Factor �3� seems to be responsible for the corre-
lation between the irregular structure of the IB autographs
and the occasional bad shot with high electron losses and
depends on the mechanical performance of the puff valve.
Factor �4� pertains to the phenomenon of equipoten-
tialization3 of the B surfaces in the AC gap and B-field sag-
ging in the anode slots. We estimated the position and sinu-
osity of the emitting plasma surface at the moment of the HV
pulse arrival �based on its average velocity across the B field
in the AC gap �5�105 cm/s) �Ref. 14� to be 3 mm and
�2°. This corresponds to a final average divergence angle of
�1° after crossing the accelerating gap. The ion transverse
velocity acquired due to the residual Br magnetic flux left
behind the ion-emitting boundary �factor �5�� in the plasma
and diffused through the anode can be estimated using the
expression � trans�B (kG) 
/(3�103). For our experimental
parameters, this corresponds to an IB divergence of �0.2–
0.3°. The remaining causes for the divergence of the IB in-
creasing to �2° are most likely due to the first two factors.

The effect of the slots could be mitigated by the use of
an additional thin anode transparent to the B field with a set
of ‘‘fine’’ slits or holes. Such a foil located a few millimeters
in front of the thick brass anode, where the ‘‘ripples’’ are
much smaller, would define a more smooth emitting plasma
boundary and provide a ‘‘colder’’ IB. The use of an addi-
tional compensating B-field flux to form a smooth plasma
emitting surface, as exploited in Ref. 12, instead of a solid
metal anode could present a trade-off between the required
reproducibility and temperature of IB.

The IB in our experiments is almost fully neutralized
��99.8%� when traveling inside the TML and TS. Mainly,
the intrinsic temperature of the IB limits the overall transpar-

FIG. 10. Traced ion trajectory �one middle beamlet� through the combined
TML and TS system 8 for a 90 keV IB. �a� x-z plane, �b� y-z plane, and �c�
x-y plane. All dimensions are in centimeter. The straight lines in �a� and �b�
indicate length of solenoid.

FIG. 11. Average IB current density in the paraxial region �measured by CFC array� vs propagation distance from anode. IB energy �90 keV.
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ency of the TML due to the lateral losses of the ions on the
metal fins and channel walls. Optimization of the TML by
varying its driving current is possible over a wide range, but
the efficiency depends on the energy spread of the IB. The
limitation imposed on the spread of the IB energy could be
mitigated by using a pulse forming element instead of an RC
discharge and a smaller ballistic angle with lower TML B
field. Transition from conical to spherical focusing may also
improve the TML operation.

When leaving the TML, the IB transits to a space free of
toroidal B field where the buildup of electrons on the closed
B-field lines take place resulting in a local charge imbalance
and the appearance of axial and radial E fields. This results in
a slowing down and fast divergence of the IB upon exiting
the TML.23 The addition of plasma in this region appears to
improve the situation. When propagating inside the TS, the
initial divergence of the IB seems to be the main contributor
to beam loss on the solenoid walls. This imposes a limit on
the minimum diameter of the TS, DTS . In the case of an H�

beam, DTS can be estimated as

DTS�2�D IB��3�103���B�1� ,

Here D IB is the diameter of the IB at the exit from the TML,
B is in kilogauss, � is the ratio v/c , � is in radians and is the
IB divergence half angle at the TS entrance. Based on the
measured ��3°, a D IB of 8 cm and a B field of 5–7 kG, the
estimated DTS should be �9 or 9.6 cm, respectively. Our
DTS was limited due to the injection port size and was there-
fore 10% smaller than the above estimate.

At the exit from the TS to free space �similar to the
situation at the TML exit� the IB again acquires a space
charge imbalance because the free axial motion of the neu-
tralizing electrons with the IB becomes impaired. Here the
accompanying electrons are confined to move along the ra-
dially expanding magnetic lines. Again, this results in the
buildup of E field with radial and axial components and a
respective drag on the IB in the E�B environment.

Indicated by the experiments, the IB with an initial di-
vergence angle of ��3° and density of 15 A/cm2 drops five
to ten times in density and has a final divergence angle of
14–15° at a distance of 30 cm from the TS exit. It is worth
noting that in contrast to the situation at the TML exit, the
addition of plasma with a density of �1013 cm�3 did not
significantly decrease the IB divergence in free space, which
indicates the persistence of an E-field normal to magnetic
lines in the plasma. The absence of a nearby conducting
surface makes it impossible for the fast neutralization of the
E field on the time scale of the IB pulse duration. The use of
a metal screen crossing the B-field lines in the vicinity of the
TS exit may be beneficial for IB transport.24

V. CONCLUSIONS

Experiments were carried out on the formation and
propagation of a low energy �70–120 keV�, high density
�10–30 A/cm2� microsecond duration IB. Efficiencies up to
50% and 70%, respectively, were obtained for generation and
transport to distances �1 m using a novel system that com-
bined a large area MID with ballistic focusing, a TML

and a TS. Operation of the MID with a solid anode provided
effective control of electron losses during the main portion of
the pulse, thereby, causing a smaller energy spread of the IB.
At the same time, the use of a slotted brass anode surface
together with residual space charge of the IB and other
causes �instabilities, occasional plasma azimuthal nonunifor-
mity� resulted in IB ‘‘warming’’ ��200 eV�. Postsolenoid
propagation of the IB is further impaired by a space charge
imbalance buildup at the transition from TS to free space.
Additional means for ‘‘cooling’’ the IB in the AC gap, such
as a thin foil anode in front of the solid one and grounded
metal screens placed near the exit from the TS, may be use-
ful for long distance transport needed in various applications
�inertial confinement fusion, plasma heating, field reverse
configuration, etc.�.
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