Proceedings of the 2001 Particle Accelerator Conference, Chicago

DRIFT COMPRESSION OF SPACE CHARGE DOMINATED BEAM S*

M. J. L. deHoon', E. P. Lee, LBNL, Berkeley, CA 94720, USA
J. J. Barnard, LLNL, Livermore, CA 94550, USA

Abstract

Heavy ion driven inertial fusion drivers and experiments
use space-charge dominated beams that require longitudi-
nal bunch compression to increase the power delivered on
target. In these scenarios, a drift compression sectionisde-
signed such that the longitudinal compression stagnates as
aresult of the space charge repulsion of the beam. Special
attentionis given to keeping all parts of the beam matched,
which isnot trivial since the rate of current increase varies
along the beam.

A conceptual drift compression section was designed for
a space-charge dominated beam. It will be shown that all
parts of the beam can be kept approximately matched.

1 INTRODUCTION

In current designs of heavy-ion drivers for inertial fu-
sion, the beams are compressed longitudinally after the ac-
celerator stage to increase the power deposited on target.
Longitudinal compression can be achieved by imposing a
head-to-tail velocity tilt on the beam. This tilt has to be
carefully tailored, such that it is removed by the longitu-
dinal space-charge repulsion by the time the beam reaches
the end of the drift compression section.

The longitudinal electric field generated by the beam is
shielded by the surrounding conducting pipe to a degree
depending on the beam and piperadii. Therefore, thetrans-
verse beam dynamics affects the longitudinal dynamics.
Conversely, the transverse dynamics of the beam depends
on the current and hence on the longitudinal compression
or expansion that the beam has undergone. So the longitu-
dinal and transverse dynamics of a space-charge dominated
beam are coupled. In order to design a drift compression
section, in which the current changes continuously and the
average beam radius varies in some specified way, we need
to resort to iteration over small longitudinal distances. On
each iteration, small changes are made to the lattice prop-
erties, until the transverse and longitudinal dynamics of the
beam have converged.

2 DRIFT COMPRESSION DESIGN

In this paper, an example of a drift compression section
is shown for the Integrated Research Experiment (IRE),
which is the next major step envisioned in the Heavy lon
Inertial Fusion program [1]. At the end of the IRE ac-
celerator, the K+ beam has a kinetic energy of 200 MeV.
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No further acceleration takes place in the drift compres-
sion section. Each beam has a charge of 4.6875 ;C, with
a pulse duration of 336 ns at the end of the accelerator. In
the example described below, the pulse durationis reduced
to about 20 ns after drift compression, corresponding to an
average beam current of 234.375 A for aflat current profile.

Typicaly, the transverse beam size needs to be large in
thefinal focus section in order to be able to focus the beam
onto a small spot on target, whereas the beam size is kept
small for economic reasonsinthe accel erator. Thisrequires
a controlled transverse expansion of the beam during drift
compression. We therefore specify how we would like the
average beam radius to vary as a function of z. For the
calculations presented here, we chose a smooth increase
given by
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for z > Lgc — Line, ad @ (z) = age fOr 2 < Lge — Line.
Here, axc 1S the average beam radius at the end of the ac-
celerator, as determined by the current IRE design, a isthe
average beam radius at the beginning of the final focus sec-
tion, z isthe distance from the beginning of the drift com-
pression section, L4 isthetotal length of the drift compres-
sion system, and Linc is the distance over which we want
the beam radius to increase from aa t0 asr. Other choices,
such as a simple linear falloff, may cause mismatches to
occur near discontinuitiesina (z) or a’ ().

For the calculations presented here, the Hermes code was
used [2], which treats the beam as a cold fluid longitudi-
nally and employs the envel ope equation transversely. The
longitudinal electric field is calculated by approximating
the beam as being cylindrically symmetric, and depositing
the beam charge onto an RZ grid. The longitudinal electric
field is then found using WARP's RZ field solver [3]. For
the large compression factors considered here, the g-factor
model proved to be insufficiently accurate for detailed nu-
merica calculations[2].

Designing a drift compression section consists of one
backward and one forward Hermes run. In the backward
run, the drift compression section is set up starting from a
desired final beam pulse at the end of drift compression.
We choose a beam duration we would like to achieve there,
and we find the corresponding final current. We assume the
current profile to be aflat-top, with 25% parabolic fall-offs
on each side. At fina focus, the occupancy »n was chosen
to be 65%, which is near the practically achievable limit.
For the design presented here, the occupancy was held con-
stant in the drift compression section, although that is not
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anecessary design requirement. The undepressed tune was
chosen to be 72°, which is low enough for the beam to be
stable. The beam radius at the entrance of the final focus
section was chosen to be 6 cm, compared to 1.76 cm at the
end of the IRE accelerator. These numerical values allow
us to calculate the perveance at fina focus and the lattice
half period that we would need for a transport lettice, as
well as the magnetic field gradient in the quadrupoles of a
transport lattice to achieve atune of 72°.

Next, alarge number of lattice half periods of thistrans-
port lattice is set up. We initialize a Hermes beam in the
last couple of half periods, making sure the entire beam is
covered by the lattice. The beam is set up such that its tail
is at the center of a drift space. The beam is then matched
transversely to the transport lattice.

The beam is simulated backward in time, from the end
of the drift compression to the beginning. In order to set
up the lattice, we need to iterate over each lattice half pe-
riod. We first save the parameters of the beam at the begin-
ning of an iteration step. We then run Hermes backwardsin
time, each time step being negative, until the center of the
beam reaches the center of the preceding lattice half period.
Since the beam has expanded longitudinally, the current at
the beam center has decreased. Therefore, the lattice half
period and focusing force of thishalf period do not exactly
correspond to the actual current at the beam center. For the
next iteration step, we adjust the half period length and the
focusing force by first evaluating from equation (1) the de-
sired average beam radius a at the center of the lattice half
period. We then calculate the perveance ) from the cur-
rent at the beam center that was found from the previous
iteration step, and evaluate the approximate relation [4]

2
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a

in which ¢y = 72° and o are the undepressed and de-
pressed tune respectively, to find the lattice half period L
for the next iteration step. Since the depressed tune o is
small for space-charge dominated beams, usually we can
set cos o = 1 inthisequation. Finally, we use the approxi-
mate relation [4]

cosogr 1 — E (nkLZ)Z (1 — g77) , (3)
2 3

to find the focusing strength & of the quadrupoles. The

aperture is chosen based on the heuristic

aperture = 1.25 x maximum beam radius+ 5 mm, (4)

allowing a5 mm clearance for misalignments [5]. Setting
up the aperture correctly is crucial, since the magnitude of
the longitudinal electric field depends on the shielding ef-
fect by the aperture.

Once we know the properties of the lattice half period
needed for the next iteration step, we adjust the previous
half period, and all other half periodsto the left of it, such
that its length and quadrupole strength correspond to the

current we found. The Hermes beam isthen reloaded from
its saved values, and Hermes is again run through this half
period. Once the difference between the cal culated half pe-
riod length and the actual half period length is smaller than
agiven error limit, our solution has converged and the pro-
cedure is repeated for the next lattice half period. For the
calculations presented here, an error limitof 1 x 10~ was
chosen. The iteration converges quickly, typically taking
about six steps for each half period. This procedure is con-
tinued until the current at the beam center has reduced to
thelevel at the end of the accelerator. The quadrupoles that
have not been used are then removed from the simulation.

3 EXAMPLE

An example drift compression section was designed us-
ing Line = 150 m in eguation (1). Figure 1 shows the
beam radius at the center of the beam as well as near the
beam ends, together with the aperture. Although the proce-
dure outlined above keeps the center of the beam approxi-
mately matched, the ends of the beam become mismatched.
Mismatches will occur if locally or globally the current in-
creases rapidly compared to a betatron period, preventing
the beam from adjusting itself adiabatically. Whereas the
current at the beam center increases from 100 A to 200 A
in 21.45 m, the current near the ends of the beam increases
from 16 A to 32 A over only 8.24 m, which is less than
the betatron period of 9.66 m. Thisresultsin a severe mis-
match near the ends of the beam, as showninfigure 1. The
mismatch will be even worse if the fina pulse duration or
the distance Linc in equation (1) is reduced.

Note that the mismatch is produced at the end of the
drift compression section, where the beam current changes
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Figure 1: The transverse beam envelope if the beam is not
rematched at the beginning of drift compression.

730



Proceedings of the 2001 Particle Accelerator Conference, Chicago

: Vertic(;: 'Z\Onta
i A
B AR
§50f pﬂ H\M/HUUM

: ‘ \ \/ u | U oo :

r T
7 Beam end )

0 50 100 150
Distance (m)

Figure 2: The transverse beam envelope if the beam is re-
meatched at the beginning of drift compression.

most rapidly. In the backward run, the mismatch then per-
sists up to the beginning of the drift compression section.
These mismatches are undesirable, since they may result
in an emittance increase as well as halo formation. To
minimize the distance of the drift compression over which
mismatches occur, we should therefore rematch the beam
once the backward run reaches the beginning of the drift
compression section. The simulation is then run forward
from the beginning of the drift compression to the end. In
this forward run of the rematched beam, some mismatch
will now occur near the end of drift compression. Since
this mismatch will be formed fairly late, it will not affect
the beam severely. Figure 2 shows the beam radius if we
rematch at the beginning of the drift compression. The
beam remains matched for most of the drift compression,
although a small mismatch develops near the end.

Rematching the beam does not significantly affect the
longitudinal dynamics, asindicated by the RM S difference
between thefinal and the originally specified current profile
being only 0.65%. Figure 3 shows the current profile at the
end of drift compression, if the beam is rematched at the
beginning of drift compression.

Figure 4 shows the initial velocity tilt that was found
from our calculation, together with the initial current pro-
file. Since the velocity profile is smooth, we believe that
such avelocity profileis achievable in practice.
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Figure 3: The current profile as a function of position at
the end of drift compression, if the beam is rematched at
the beginning of drift compression.
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Figure 4: Theinitial velocity tilt.
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