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Producing an overdense background plasma for neutralization purposes with a density that is high
compared to the beam density is not always experimentally possible. We show that even an
underdense background plasma with a small relative density can achieve high neutralization of
intense ion beam pulses. Using particle-in-cell simulations, we show that if the total plasma
electron charge is not sufficient to neutralize the beam charge, electron emitters are necessary for
effective neutralization but are not needed if the plasma volume is so large that the total available
charge in the electrons exceeds that of the ion beam. Several regimes of possible underdense/
tenuous neutralization plasma densities are investigated with and without electron emitters or
dense plasma at periphery regions, including the case of electron emitters without plasma, which
does not effectively neutralize the beam. Over 95% neutralization is achieved for even very
underdense background plasma with plasma density 1/15th the beam density. We compare results
of particle-in-cell simulations with an analytic model of neutralization and find close agreement
with the particle-in-cell simulations. Further, we show experimental data from the National Drift
Compression experiment-II group that verifies the result that underdense plasma can neutralize
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intense heavy ion beams effectively. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4905631]

The space-charge neutralization and focusing of intense
charged particle beams by background plasma form the basis
for a variety of applications for astrophysics,'™ atomic
physics,* high-energy accelerators and colliders,”” basic
physics phenomena,® and inertial confinement fusion, in
particular, fast ignition®'" and heavy ion fusion.'*™'> One of
the modern approaches to ion beam compression for heavy
ion fusion applications is to propagate the ion beam through
a dense background plasma, which charge neutralizes the ion
bunch. Heavy-ion fusion requires that the ion beam be com-
pressed and focused onto the target, which implodes upon
impact; recent progress has been made in the focusing of
neutralized beams by strong solenoidal magnetic fields.'®™""
Neutralization facilitates compression of the bunch against
strong space-charge forces and is thus a key ingredient in
any heavy ion fusion scheme. The focus of this paper will be
to show that underdense plasma can provide a high degree of
charge neutralization.

The required degree of space charge neutralization can
be estimated from the beam envelope equation

d*r &2
2= % +-, )

b
where Q = 2ne2Z}§nbr§ / szVg (Z, is the charge state of the
beam ions, 7, is the beam density, 7, is the beam radius, 7, is
the relativistic factor of the beam, M is the beam ion mass,
and V), is the beam velocity). For heavy ion fusion

YPresent address: Department of Nuclear Engineering and Radiological
Sciences, University of Michigan, Ann Arbor, Michigan 48109, USA.

1070-664X/2015/22(1)/013104/5/$30.00

22,013104-1

applications, the self-electric potential due to the space
charge of the ion beam pulse is between approximately
100V at the chamber entry to as much as 10kV at the cham-
ber exit.'>'> This is much larger than the temperature of the
ion beam, which is set by the ion source emitter and is of
order O.leV,13’15 so we can neglect the emittance term,
&?/r3, in the beam envelope equation.'>?° Integrating Eq.

(1), we obtain
2
(@> =2 4+20In <r—”> . @)
dz T

For ballistic focusing, the beam space charge has to be
neutralized enough so that the beam convergence angle
"' =drp/dz is not affected by the self-fields of the beam
pulse during the drift. Thus, from Eq. (2), it follows that the
degree of charge neutralization, f, should satisfy:

2(1 —f)an(r") <P 3)
Iy

For the National Drift Compression Experiment
(NDCX) at Lawrence Berkeley National Laboratory, Q is of
order 1073, the beam radius in the extraction region of the
ion beam source is 7; ~ 2.5 cm, the compressed beam radius
is ry ~ 1 mm, and the initial beam convergence angle 7/} is of
order 1072."%!52! Thus, the degree of neutralization should
be better than (1 —f) < 1072, Many different schemes have
been investigated to achieve this high degree of neutraliza-
tion, and only propagation through background plasma has
been shown to be viable.?* Past studies have investigated the

© 2015 AIP Publishing LLC
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use of dense plasma (np > nyp,) for neutralization; however,
producing dense plasma is experimentally difficult. Thus, it
is highly advantageous to investigate the neutralization capa-
bilities of lower background plasma densities.

The purpose of this letter is to demonstrate that a high
level of neutralization can be obtained from propagating the
pulse through very underdense plasma, where n, < n;, so
long as the plasma has more space charge than the beam
pulse. If the plasma has less space charge than the beam
pulse, an electron source on the chamber walls is necessary.
We consider two possible electron sources on the walls of a
chamber filled with a preformed, quiescent, underdense
plasma: (1) electron emitters, a computational boundary con-
dition that produces particles when a normal electric field is
present, or (2) a region of very dense plasma on the walls
(here, nya = 10n,). The first scheme is computationally
less intensive, since the boundary produces particles only
whenever a normal electric field is present, and is thus more
easily modeled. This simulates the physics of electrons being
pulled from some other source, such as a grid of hot wires.
The second scheme is more experimentally realistic, as
one of the commonly used ways to produce a quiescent,
underdense plasma in a chamber is to place a plasma source
on the walls. This leaves a region of dense plasma near the
source.”**

We used the particle-in-cell (PIC) code LSP to calculate
the effects of the underdense plasma on neutralization. In the
simulation, the chamber was of radius 13 cm and length 1 m.
We used two-dimensional cylindrical geometry. The grid
spacing was 0.125 cm in both dimensions. The beam density
profile was Gaussian in both r and z, represented as
= noexp(r*/a? + z*/o?), with ¢, =3cm and o, = 25cm.
The beam velocity in all cases was § = 0.34 and was formed
of Pb" ions, giving a kinetic energy of 12GeV per ion.
These parameters are based on heavy-ion fusion driver
scales.'**1"*>2° Simulations were carried out in the lab
frame. The peak beam density was 1, = 1.2 x 10''cm =3,
and the total beam charge was 3.75 uC. Background plasma
in all cases was completely cold (0eV). For comparison
purposes, the self-fields of the beam propagating through
vacuum were E, ~ 200kV /cm and By ~ 200G (Fig. 1(a)).

We consider several schemes of increasing complexity
in order to determine the minimum requirements for neutrali-
zation. The first scheme we consider is that of electron
emitters on the chamber walls and vacuum otherwise. In
agreement with earlier studies,zz’25 the self-electric field is
reduced to ~40kV/cm, only an 80% reduction from the bare
beam case (Fig. 1(b)). Thus, this scheme does not neutralize
the pulse effectively. This is because electrons from the
walls are accelerated through the large bare beam self-fields,
gaining high transverse momentum, and oscillating around
the beam pulse rather than travelling with it.

Next, we add background plasma with no electron
source on the walls of the chamber. If the plasma has insuffi-
cient space-charge, effective neutralization is impossible,
evidenced by Fig. 1(c). However, if there is sufficient space
charge (Fig. 1(d)), a high degree of neutralization is
achieved. The beam self-electric field is reduced by 98%
from the bare beam case to ~4 kV/cm. Nonetheless, strong

Phys. Plasmas 22, 013104 (2015)

FIG. 1. (a) Self-electric field of un-neutralized beam in vacuum. (b) Self-
electric field of beam for the electron-emitters-only neutralization scheme.
The electric field is ~40kV/cm, so the electrons from the walls, which have
become hot by being accelerated through the strong self-potential of the
unneutralized beam, do not effectively neutralize the beam pulse. (c) Beam
self-electric field from neutralization from volumetric plasma of density
n,=np/50. The total plasma space charge is 0.49 that of the beam, and
neutralization is poor. (d) Beam self-electric field after neutralization by
volumetric plasma of density 1, = n,/5. The total plasma space charge is 5
times that of the beam, and the self-electric field reduction is 98%. Note the
strong electric fields near the edge of the chamber.

electric fields at the edges of the plasma can be created (such
as for R = 8—12cm in Fig. 1(d)), which could damage the
focusing chamber.

Now we combine underdense background plasma with
electron emitters on the chamber walls. Here, the plasma
shorts the strong beam self-fields, allowing electrons to be
drawn from the walls without significant transverse heating.
As seen in Fig. 2(a), the beam self-electric field is reduced
by 98.5% to ~3kV/cm without strong electric fields in the
plasma. As the beam enters the plasma, electrons are pulled
from the plasma and then from the walls of the chamber,
leading to neutralization that is initially reliant on hot elec-
trons from the walls. However, electrons are not accelerated
in the z-direction to the beam’s full velocity. This is evi-
denced by examining the current neutralization. The self-
magnetic field is neutralized from the bare case of 200G to
65 G, implying a non-zero net current in the same direction
as the beam pulse. Thus, electrons are flushed from the rear
of the beam pulse as it travels. The density of the background
plasma determines how quickly cold electrons from the
background plasma are picked up by the beam, replacing the
electrons from the walls, which are hot by the time they
reach the beam since they have been accelerated through
strong unneutralized beam self-potentials. As the beam picks
up cold plasma electrons, the beam self-fields decrease, and
hot electrons from the walls can escape the beam potential.
In general, the background plasma density determines the
distance over which hot electrons are flushed, so there will
be a minimum density that can provide effective neutraliza-
tion for a given chamber length.
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3.5 —— Analytic Model
—— LSP: Dense Plasma on Walls
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FIG. 2. (a) Beam self-electric field after neutralization by volumetric plasma
of density n, = n/5, with electron emitters on the chamber walls. The self-
electric field is reduced by 98.5%. Contour plot of E, as a function of r and
z. (b) Beam self-electric field after neutralization by volumetric plasma of
density 1, =n/15 with an electron source on the chamber walls. The self-
electric field is reduced by 98%. Red represents the analytic model, green
represents the LSP simulation with dense plasma on the chamber walls, and
black represents the LSP simulation with electron emitters on the chamber
walls.

Taking a weaker plasma with n, = n,/15, we again see
a 98% reduction in the beam self-electric field (Fig. 2(b)).
We see that the initial reliance on electrons from the walls is
strong (Fig. 3 left), but that within about 30 cm, these elec-
trons, which have become hot by being accelerated through
the unneutralized beam potentials, are completely replaced
by cold plasma (Fig. 3 right). A more experimentally viable
scheme is to replace the electron emitters by creating a layer
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FIG. 3. Density slices along r=2cm (to avoid numerical singularities at
r=0). Black is beam ion density 7y, red is emitted electron density »,, dark
green is plasma electron density less plasma ion density 7,, — n,;, and bright
green is the sum of the red and dark green curves. Here, n,=n,/15.
Electrons from the walls are flushed and gradually replaced by cold electrons
from the background plasma, producing high levels of neutralization.
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of dense plasma near the walls and to fill the chamber with a
weak background plasma. This scheme neutralizes the beam
just as well as in the case of weak background plasma with
electron emitters (Fig. 2(b)). Over the length of 1 m, a
plasma of density n, = n,/30 is not able to achieve high
neutralization, as our simulations show that the electric field
when the beam exits the chamber is only reduced by 95% to
10kV/cm. Longer neutralization chambers will have a lower
minimum background plasma density needed for effective
neutralization.

We also compare the results of these LSP simulations
with an earlier analytic model.”” In this model, the authors
utilize conservation of generalized vorticity Q =V X p,
—eB/c, which has the form 22—V x V, x Q@ =0, to find
that

B= Y xp.. “)
e
Coupling this with the electron fluid continuity equation

and force balance equation and assuming a sufficiently long
beam, they obtain

10| Ope:| 4me?
_;5 |:r or :| (anbvbz - neve2)~ )

-

Finally, using the continuity equation and the assump-
tion of quasineutrality, the authors obtain an expression for
the electric field

1 ap.
E= B (Vb aC +VKe>, 6)

where { = V,t — z and K, is the electron kinetic energy. We
evaluate this model for the case of n, = n,/5 and find that it
agrees closely with PIC simulations (Fig. 4).

This effect is also confirmed by experiments on NDCX.
In these experiments, a heavy ion beam was propagated
through varying densities of underdense plasma with the
expectation that the beam radius should diverge as the back-
ground plasma becomes less and less dense. The beam was
formed of singly ionized potassium-39 ions (*’K*), with
charge state Z, = 1. In our experiments, we have extracted a
K" beam from an alumino-silicate hot surface source using a
MARX generator accelerator of 300 KeV. This was the only

a), b)
60/
E 2 —
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=< o 30
w14
% 10 % 10
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FIG. 4. Comparison of (a) the E, fields and (b) the By fields from the ana-
lytic model of Ref. 27 and LSP particle-in-cell simulation for the case of
n, = np/5 with electron emitters on the chamber walls. These are radial slices
taken at the center of the beam. Red represents the analytic model and black
represents the LSP simulation. There is close agreement.
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accelerating system. The K* beam was focused through 4
quadrupole magnets of length of about 1.2 m, and trans-
ported to a plasma channel for a target heating experiment.
We investigated our beam parameters (radius, current, and
emittance) in this plasma channel region. In a separate event,
the beam element and energy were verified using a dipole
channel of electrostatic electrodes, also well known as an
energy analyzer, in addition to measurement of beam energy
using the time-of-flight method and space charge wave
measurements.”® In all cases, it was confirmed that a single
charge state of K* beam was used, and its energy was
confirmed to agree with our MARX generated acceleration
energy.

The background plasma was created with an FCAPS
(Filtered Cathodic Arc Plasma Source) discharge source.
The plasma density was inferred from recorded FCAPS dis-
charge voltages, where a larger discharge voltage produced a
denser background plasma.?’ To parametrically vary the
plasma density upstream of the target and in the final focus-
ing solenoid, the FCAPS discharge voltage was varied. The
beam transverse distribution was measured via scintillator at
each plasma discharge voltage setting. The bunch compres-
sion was also recorded with a fast Faraday cup (FFC). The
FCAPS fired reliably from 1kV to 0.1kV. A discharge volt-
age of 0.1kV created a background plasma of density
3 x 10" em™3, which is 10 times less than the beam density.
Below 0.1kV, the triggering of the FCAPS was unreliable,
with some of the four plasma sources occasionally not firing.
For normalization purposes, assuming a mean plasma veloc-
ity of 2x 10*m/s, the four-FCAPS system provided a
peak plasma density of 9 x 102 — 6 x 10 cm™> and a
770 A discharge current.

The beam radius and peak intensity did not change
significantly with the variation of background plasma density
over the range of reliable FCAPS firing, where the back-
ground plasma density varied from 5 x 10 cm® to
3.3 x 102 cm3, as shown in Figures 5 and 6. The data in
Fig. 6 was taken using scintillator image analysis with back-
ground subtraction. In the case of no background plasma, the
beam diverged to a final radius of 5.75cm, 2.3 times its
initial radius of 2.5 cm. However, the beam converged to a
radius of around 1cm for the range of background plasma
densities n, = n,/6 to n,=n, Thus, weak background
plasma near the target effectively neutralized the beam’s
self-electric field.

It is important to note that our simulations and experi-
ments do not concern the phenomenon of charge stripping.*°
The implications of charge stripping and gas ionization on
neutralization of heavy ion beams have been studied exten-
sively.*! It was found that charge stripping will decrease the
current neutralization, since the stripped electrons are pulled
to the center of the ion bunch. However, there is little to no
effect on the neutralization of the self-electric field and strong
space-charge forces. Thus, the result that an underdense
background plasma can effectively neutralize a heavy ion
bunch holds, irrespective of charge stripping phenomena. This
is also confirmed by our experiments, in which charge strip-
ping did not occur. This was confirmed through measurements
of the single charge state of the K ions, discussed above.

Phys. Plasmas 22, 013104 (2015)

a)

FF Solenoid

4.0, :
3 Backgroungd plasma density
35 == Beam dengsity (calculated)

i

3.01

&

§ :

8 95 ! Solenoid
o i | Center Line
< 2107 '

2 15

2 f
S 1.0'E
O o5

0. 5 10 15 20
Axial Position (cm)

FIG. 5. (a) Schematic of experimental setup. (b) Background plasma density
as a function of axial position (red) compared with calculated beam density
(blue). The beam density was much greater than the plasma density at the
target.

We also note that the simulated beam energy was much
higher than in the experiment. This greatly reduces the simu-
lation time and avoids numerical noise and heating issues.
The neutralization process is predominately determined by
the beam space charge, and as long the space charge is suffi-
cient to accelerate electrons to follow the beam and the beam
duration is much longer than the plasma period, the process
of neutralization is similar between a fast and slow beam.”?
If anything, the neutralization process should be harder for a
much faster beam. Hence, our conclusion on the neutraliza-
tion of a fast beam translates to the slower beam of the
NDCX-I experiment.
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FIG. 6. Average of beam envelope parameters a and b (a = 2 * Xy,
b =2 % yums) for the axially compressed bunch vs background plasma
density, inferred from FCAPS discharge voltage. This data analysis was per-
formed by subtracting 392 counts from each of the scintillator images. This
subtraction corresponds to approximately a factor of 1/e or 0.37 of the peak
intensity of a typical scintillator image.
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In conclusion, we have shown that a high degree of neu-
tralization can be achieved by propagating an ion beam pulse
through underdense background plasma with either a large
amount of space charge or an electron source on the walls of
the neutralization chamber. The beam self-electric field is
reduced by 98%, high enough for inertial confinement fusion
applications. There are many disadvantages to using a dense
background plasma to neutralize intense ion beam pulses; we
have shown that a weak background plasma may suffice
under certain conditions.
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of Science of the U.S. Department of Energy under Contract
No. DE-AC0205CH11231.
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