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Shaping of Intense Ion Beams into Hollow Cylindrical Form
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A specifically tailored plasma lens could shape a high-energy, heavy-ion beam into the form of a
hollow cylinder without loss of beam intensity. It has been experimentally confirmed that both a positive
as well as a negative radial gradient of the current density in the active plasma lens can be the underlying
principle. Calculations were performed that yield the ideal current density distribution for both cases. A
numerical simulation of an experiment with an intense ion beam highlights that the shaping of the beam
increases the achievable compression in a lead sample.

PACS numbers: 41.85.Ct, 52.40.Mj

A current carrying plasma in the beam line of a high-
energy accelerator offers possibilities in ion optics that are
beyond the scope of conventional elements. In the latter
the currents that produce the magnetic fields are flowing in
solids where ions get scattered or even absorbed. Severe
restrictions are therefore imposed on the use of conduc-
tors in the volume occupied by the beam. A low-density,
high-conductivity plasma on the contrary allows current to
freely flow in the volume occupied by the beam. This gives
additional freedom in the choice of the magnetic field con-
figuration of high-energy ion optical elements.

The shaping of intense ion beams into hollow cylindrical
form constitutes a new application of this basic principle.
These beams are of essential importance in the produc-
tion of dense strongly coupled plasmas. Examples from
experimental astrophysics and inertial confinement fusion
research are given in the end of this Letter.

Hollow cylinder shaped ion beams can, with conven-
tional ion optical elements, only be achieved by overlay-
ing multiple beams or by blocking out the central part of
a single beam. Multiple intense ion beams are not yet
available, and blocking is inappropriate due to the re-
duction of the beam intensity. We therefore developed a
method to produce a hollow cylinder shaped beam with-
out loss of particles out of a single intense ion beam. An
image of the light output of a scintillator showing the ring-
like transverse beam profile is depicted in Fig. 1.

The desired beam shaping was achieved with an active
plasma lens in a specifically designed operation mode. It
deviates from the normal operation where the current in the
plasma is axially directed and has a constant density over
the ion beam radius. Its magnetic field is azimuthally di-
rected and radially linearly increasing. This field focuses a
parallel beam onto a spot [1-6] or, vice versa, a divergent
beam from a production target into a parallel beam [7—10].
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It is therefore applicable to high-energy beams, in con-
trast to the electrostatic plasma lens [11,12] for low-energy
beams. When working in this standard way the plasma lens
focuses a heavy ion beam of 6 T m magnetic rigidity (ion
momentum divided by ion charge) to produce the mini-
mum possible beam spot on the target [13—16]. This in
turn leads to the highest possible specific deposition en-
ergies that are necessary for experiments addressing high-
energy density in matter [17]. The beam profile in the focal
plane is then Gaussian, imaging the transverse emittance
distribution of the beam.

In addition to this standard operation mode a specifically
tailored plasma lens can furthermore achieve an almost
ideal ring shaped intensity distribution of the ion beam
in the focal plane. The minimum width of the ring is
limited only by the transverse emittance of the beam. The
current is again axially directed, but the current density has
aradial gradient. This allows for the two focusing schemes
plotted in Figs. 2 and 3. A parallel, zero emittance beam

FIG. 1. 10 mm radius ringlike light output from a scintillator
situated perpendicular to the axis 0.3 m behind the plasma lens.
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FIG. 2. Schematic of focusing a 10 mm radius parallel ion
beam into a 1 mm radius ring with a 100 mm long plasma
lens with a negative radial gradient of the current density and a
100 mm long drift length.

of 10 mm radius, represented by 21 ion trajectories, is
incident from the left. In the plasma lens, indicated by a
rectangle for radii » = 10 mm and distances along the axis
0 = z = 100 mm, the ion trajectories are bent towards
the axis according to the Lorentz force in the magnetic
field. Following the plasma lens is a drift section, where
the ion trajectories are straight lines. At z = 200 mm all
trajectories converge into a ring in the focal plane.

Figure 4 shows the corresponding current densities in
the plasma lens for a 6 T m beam. For the focusing scheme
shown in Fig. 2, with the ion trajectories crossing the axis
between the plasma lens and the focal plane, the current
density exhibits a negative radial gradient (pinch mode).
For the focusing scheme of Fig. 3 the current density ex-
hibits a positive radial gradient (skin mode). The current
density was calculated by discretization along the radius
followed by one-dimensional nonlinear optimizations. For
every current distribution the magnetic field was calcu-
lated using Ampere’s law. The current feed at the entrance
(z = 0) and exit (z = 100 mm) of the plasma lens was
assumed to be purely in the radial direction. The angular
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FIG. 3. Schematic of focusing a 10 mm radius parallel ion
beam into a 1 mm radius ring with a 100 mm long plasma
lens with a positive radial gradient of the current density and
a 100 mm long drift length.

momentum of the ions was taken to be zero. The ion trajec-
tories were calculated in paraxial approximation. The part
of the beam that is incident at radii smaller than 1 mm is in
both cases not focused onto the ring in the focal plane. The
radial dependence of the current density for radii smaller
than 1 mm can be chosen arbitrarily, only its normalization
is given by the deflection of ions entering the lens at 1 mm
radius. For the negative gradient case we chose a current
density distribution for radii smaller than 1 mm that leads
to a smooth decrease of the current density with radius.
For the positive gradient case we chose a constant value.

Along the axis a range of roughly 2 cm around the fo-
cal plane exists (190 mm < z =< 210 mm) where the ring
profile is sustained and the beam is hollow cylinder shaped.
As illustrated in Fig. 2 the radius of this hollow cylinder
increases with distance from the plasma lens for the case
of a negative radial gradient of the current density. For
the positive radial gradient case the radius of the hollow
cylinder decreases with distance from the plasma lens, as
shown in Fig. 3.

Measurements were performed with a 3 Tm carbon
beam of 80 ns pulse length. In the plasma lens the current
carrying plasma is produced in a pulsed gas discharge with
a strongly damped oscillating current. The duration of the
first current half wave is 9 ws, and the maximum current is
240 kA. The diameter of the discharge volume is 20 mm,
and its length is 90 mm. The working gas was argon
at 3.6 mbar. Hollow cylinder shaped ion beams were
achieved during phases of the z-pinch discharge, where
the current density is not radially constant. These phases
do exist before and after the phase of constant current den-
sity, which is located in time between 3.2 and 3.7 us after
the initiation of the discharge.

An image intensified CCD camera recorded the light
output of a thin plate of a cerium-doped quartz scintillator
(M382, HERAEUS Quarzschmelze GmbH, Germany) po-
sitioned perpendicular to the axis in the drift section behind
the plasma lens. These images were azimuthally averaged
to yield the transverse beam profiles.
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FIG. 4. Calculated current density in the plasma lens as a func-

tion of radius that leads to focusing into a ring, as shown in
Fig. 2 (upper curve) and Fig. 3 (lower curve).
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FIG. 5. Measured radius (open squares) and width (HWHM)

(filled circles) of the hollow cylinder shaped beam in a plane
0.3 m behind the plasma lens as a function of time after the
initiation of the plasma lens discharge.

The duration of stable focusing must match the
pulse length of future intense high-energy, heavy-ion
beams. Therefore Fig. 5 shows the measured radius
(maximum of the profile) and width (half width at half
maximum, HWHM) of the ringlike beam intensity dis-
tribution in a plane 0.3 m behind the plasma lens exit
as a function of time after initiation of the plasma lens
discharge. The radius stays constant to within =10% for
110 ns, long enough for the future intense beam pulses of
typically 50 ns duration. The radial velocity of the hollow
cylinder shape, i.e., the time derivative of its radius,
overall varies between —0.1 mm/ns and 0.025 mm/ns.
The highest aspect ratio achieved between radius and
width of the ring was 25, measured at a time later than
shown in Fig. 5, but here a substantial part of the beam
was incident in the area around the axis and the intensity
in the ring was about to drop to zero.

The highest contrast achieved between the maximum
ion beam intensity and the intensity on the axis was 10.
The corresponding radial profile is shown in Fig. 6. (This
measurement corresponds to the data point at 1.56 us in
Fig. 5 and also to the image shown in Fig. 1.)

In another series of measurements the distance between
the exit of the plasma lens and the detection plane was
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FIG. 6. Radial profile of the beam intensity distribution in the
detection plane 0.3 m behind the plasma lens for the case of the
optimum contrast of 10.
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FIG. 7. Radial profile of the beam intensity distribution in the
detection plane 0.1 m behind the plasma lens for the case of the
minimum radius of 0.58 mm.

reduced to 0.1 m. Here the minimum radius of 0.58 mm
was achieved, the corresponding profile is shown in Fig. 7.
This measurement also corresponds to the minimum width
(HWHM) of the ring shaped beam profile of 0.6 mm, taken
from the right-hand wing of the profile. This is a factor
of 2 higher than the emittance limit, and therefore shows
that the actual current density in the plasma lens does not
exactly resemble one of those depicted in Fig. 4 and that
there is still a potential for further optimization.

The hollow structure prevailed over 10 mm in the axial
direction. The radius increased with distance from the
plasma lens, from 0.58 to 1.2 mm, indicating a negative
radial gradient of the current density, as mentioned before.
Whereas this measurement was performed during a
late phase of the plasma lens discharge, namely, 6.22 us
after its initiation, with the current carrying plasma pinched
around the axis, another measurement with a 5 T m argon
beam was carried out during an early phase, i.e., 1.27 us
after the discharge initiation. It resulted in a radius
that decreases with distance from the plasma lens, from
1.7 to 1.2 mm, measured at 52 and 82 mm distances,
respectively. This is, as mentioned before, indicative
of a positive radial gradient of the current density,
typical for the skin-effect-dominated early phase of a z-
pinch discharge.
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FIG. 8. Numerical simulation of a heavy-ion-driven cylindrical

implosion in lead. Left: deposited specific energy at the end of
the ion pulse. Right: radial profile at z = 1.05 mm.
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FIG. 9. Numerical simulation of a heavy-ion-driven cylindri-
cal implosion in lead. Left: density at the time of maximum
compression on the axis. Right: radial profile at z = 1.05 mm.

Hollow cylinder shaped intense beams of high energetic
heavy ions are efficient drivers for implosion targets to
create matter in a highly compressed state. Future experi-
ments have been numerically simulated both for spherical
and for cylindrical compression. Spherical compression
can be achieved in close-coupled distributed radiator,
heavy-ion targets, where the beam energy is converted
into x-rays which then drive the implosion of an em-
bedded spherical capsule to achieve D-T fusion by
inertial confinement [18,19]. Cylindrical compression
can be achieved by irradiating a cylindrical converter and
employing the thermal expansion of the heated hollow
cylindrical volume to achieve compression on the axis.

Two-dimensional numerical simulations of such an ex-
periment were performed for a beam of 2 X 10'! uranium
ions at 200 MeV /u kinetic energy, delivered in a para-
bolic pulse of 50 ns foot-to-foot time, incident on a solid
lead target [20]. An intense beam of these parameters is
scheduled to be available at GSI’s accelerators in the near
future. The deposited energy that was taken as an input
parameter in this simulation is shown in Fig. 8. With the
results that were already achieved in the shaping of intense
beams into the form of a hollow cylinder, the radial pro-
file of 1 mm radius and 0.6 mm width (FWHM) seems
feasible. The resulting compression is shown in Fig. 9. Its
maximum value is 4 times the solid state density. In com-
parison to former calculations utilizing simple beams with
radial Gaussian profiles that were axially centered [21], the
utilization of a hollow beam increased the compression by
a factor of 2.

As for further improvements, a hollow beam with a
radius that is decreasing in time has been proven to be
possible (cf. Fig. 5). It could follow the implosion, thereby
making it more efficient. Substituting the lead in the cen-

tral part of the target by solid hydrogen, the production of
metallic hydrogen, a key constituent of giant planets, has
been predicted [22,23].
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