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HEAVY 10N INDUCTION LINACS FOR ICF

A. Faltens, E. Hartwig, E. Hoyer, D. Keefe, L.J. Laslett, L. Smith
Lawrence Berkeley Laboratory

R. Bangerter and J. Mark
Lawrence Livermore Laboratory

Inertial cConfinement Fusion may be
initiated by several possible driver systems
able to deliver a few megajoules of energy to a
target pellet a few millimeters in radius in a
time of about 10 nsec. The expected target
gain as a function of input energy is shown in
Figure 1. Since 1976 intensive study and
experimentation Lave been devoted to the use of
beams of heavy ions as the driver for a pellet
implosion, and the progress in this fiald is
summarized in the proceedirgs of annual
workshops held by the principal National
Laboratories involved in this research:
Argonne, Berkeley, Brookhaven, and
Livermore.112,3,3 Some of the principal
advantages of the choice of heavy ions are the
ability to transmit terawatts of power in the
beams and to focus them onto the target at 10
meter distances with final focusing magnets
which may be shielded from the expiosion.
possible accelerator choices have been
generally narrowed down to an r.f. linac
operated in conjunction with a number of
storage rings, and a single-pass induction
linac.

The
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The technology of handling charged particle
beams is well developed in the field of
high-energy accelerators, but the range-energy
relation, Fig. 2, and target requirements cause
the parameter range of interest for HIF (Heavy
lon Fusion Drivers) to be one where the
accelerated current is high and the single
particle kinetic energy low compared to those
of most other new accelerators. A maximum
acceptable energy is in the vicinity of 20 GeV,
which requires a corresponding current of 15 kA
for a 3 MJ pulse. A heavy ion with a weight of
~200 amu is still non-relativistic at the final
energy, therefore it is possibie and
advant.ageous to utilize a longitudinal
compression of the bunch in the final transport
lines to achieve a power amplification of an
order of magnitude. The maximum current to be
handled in the accelerator thérefore is a few
kilcamperes, a levei which is well matched to
the capabitities of an induction accelerator.

HEAVY IONS ALLOW EFFICIENT ENEAGY DEPOSITICN
WITH HIGH VOLTAGE LOW CURRENT BEAMS
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TABLE I

SOME ELECTRON INDUCTION LINACS

Astron injector ERA Injactor NEP 2 injector ATA NBS
Accelarator .
Livermore, 1963 Berkeley, 1971 Dubna, 1971 Livarmorae, 1978 Proposed, 1971
Kinetic Energy, MeV 3.7 4.0 30 50 100
Beam Currant 250 %00 250
on Targat, Amps. 10,000 2,000
Puise Duralion, ns 300 2-45 500 50 2,000
Pulse Energy, kJ 04 0.1 a8 25 400
Aep Rate, pps 0-60 0-5 50 5 H
N f Swi
lumber of Switch 300 17 750 200 250
Modules

Some of the main parameters of induction
Tinacs which have been built, or are under
construction, are listed in Table 1. A1l of
the machines shown there are electron
machines. A current of heavy ions is
equivalent to a current of electrons, for the
same pulse duration, as far as the individual
induction acceleration modules are concerned;
the major difference is that the required
transverse focusing fields for the ions greatly
exceed thase for the same current of
electrons. The electron machines basically
consist of a number of identical modules,
because electrons are usually very relativistic
and therefore not subject to significant
intrabunch Tongitudinal motion during their
transit through an accelerator. The comparable
jon machine, on the other hand, shows a gradual
change throughout its length: at the Tow energy
end a large fraction of the space is devoted to
focusing quadrupoles, and the accelerating
modules tend to be large and buiky; at the high
energy end only about T0 percent of the length
is devoted to focusing, and the modules are
much smaller. The reasons for this gradual
transformation are that magnetic focusing
forces become stronger in direct proportion to
particle velocity, thereby reguiring fewer
quadrupole magnets, and, for a fixed bunch
length, the time of passage of the bunch
through a module varies inversely with
velocity, thereby requiring a smaller core
cross-sectional area for the same acceleration
rate. The heavy ion induction limac therefore
is expected to resemble the NBS 2-usec module
at the low energy and, the Astron 300-ns

modules midway, and the ERA 45-ns modules near
the full energy points, with many focusing
elements interspersed between them.

The radial cross-sectional area of an
induction module core is determined by
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where V s the acceleration vaitage, t is the
pulse duration, { is the total accelerates
charge, I is the current at the location of the
module, and aB is the available field change
for the magnetic ma%erial used. The core
lasses are in part determined by the core
voiume, and therefore increase at least as
quickly as the core area. Conseguently, the
acceleration efficiency increases with
increasing beam current while the required core
volume and cost decrease. The trade-offs
between acceleration and focusing requirements
are conflicting, and are being sorted out and
optimized with the aid of the design program
LIACEF.5 Necessary inputs for the program

are maximum focusing and acceleration field
limits, transverse and longitudinal focusing
requirements as a function of beam parameters,
and cost data.

in all alternate HIF schemes near the
targe!, and in the induction linac - because of



the capability of adjusting current by
longitudinal bunch control throughout the
machine - it is desirable to transport the
maximum amount of current stably in a given
focusing structure. This topic has been
pursued analytically and computationally with
good agreement, but an experimental
verification of the transport limits remains to
he done. The envelope equation,® Eq. 2.
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where the first term on the right represents
the external focusing, the second term the
effect of the normalized emittance of the beam,
and the third term the space charge defocusing
- gives the highest stable transportable
current for the analytically tractable K-V
distribution of uniform density when the
betatron phase advance per period of structure
is depressed by the space charge of the beam
from 600 at zero current to 249 at maximum
current, as shown in Fig. 3. This result has

BEAM TRANSPORT in a
QUADRUPOLE FOCUSING CHANNEL

been scaled appropriately throughout the range
of energies in the machine, and within the
acceptahle emittance limits, to specify the
focusing requirements.

O8f
£X. DES, PT;
4x1.7 kA U
a1 13.3 Gev
& 4 TESLAS

|
!
|
I
!

e
>

o
@

180° MODE

e
»
-

e

NFLUENT l
MODE

C

FIGURE OF MERIT OF TRANSPORT SYSTEM
toc 1, .. FOR FIXED POLE TIP FIELDS )

o

I.IMIT FOR

|
I
I
|
!
I
1
|
9
!
|
I

/

3:d ORDER
EVEN MQDE|

1 BEAM
1000} §
€,=3%10"m rad
16 GEAMS
£,=75x107m rag

soaf
>
]
H
°
a

)z

g & BEAMS
u o
 oor €,=1.08x10" m rad
3 4 BEAMS
8 €,=1.5x107%, d
5 = 1.5x10%m ra
e
<
o
I
a
o etof
o
<
w
2 L
I3
=
@
3

200

° -
° 200 oo AGG;\

TOTAL CHARGE tN BEAMS, an

, 1 HZ, ag=60"-24°
XBL B010-12382

2 MJ DRIVER, U*'
Figure 4

One of the possible options which has been
explored, and which had previously been found
essential for the final focusing system,/ is
the sub-division of the beam into a number of
beamlets in order to decrease the “ransverse
and Jongitudinal space charge forces. In an
ideal system, subject to the total emittance
being proportional tov 1, the transportable
current increases as n2/3 for n beamlets in a
transport system limited by peak pole tip
fields, and somewhat less in a real system with
dilution in the process of combining beams.
Some of the LIACEP cost minimization results
are shown in Fig. 4, waere the cost minimum is
seen to be, for an induction linac, when 4 or 8
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Figure 3

80 heamlets are accelerated. At very low energies
additional savings may be possible through the
use of a larger number of beamlets which are
electrostaticaily focussed, using either

= ent0-12381 periodic einzel lensesS or quadrupoles.'—"



The multiple beamlet approach yields a higher
acceleration efficiency as well as
substantially lower costs than the single beam
case. A significant benefit in matching the
number of heamlets in the accelerator to the
number required in the final focusing Vines is
the avoidance of the dilution due to the
splitting of the beam at the end of the
accelerator. Fig. 5 shows a 4-beamlet module
and Fig. 6 shows the final transport and
focusing system of a power producing design.

© thaen L eowta oot

[e—

) _ PR —

T e— i N

\[i T T ca
= - )

) PEEo.
2 7.
ﬁ»‘l

O

7

€ BEAM MOUCTION ACCELEARTON MODULE

w0

Figure 5

LTes s
s s oo

FINAL BEAN TEANSPORT AWD FOCUS

e s0jo-0m)

Figure 6

1.

3.

~

References

ERDA Summer Study of Heavy lons for
Inertial Fusion, July 1976, LBL-5543.

Proc. HIF Workshop, BNL, Oct. 1977,
BNL-50769.

Proc. HIF Workshop, ANL, Sept. 1978, ANL
Report No. 79-41.

Proc. HIF Workshop, Nov., 1979, LBL-10301
and SLAC-PUB-2575.

E. Hoyer, et.al, IEEE Trans. on Nucl. Sci.,
NS-26, No. 3, June 1979, p. 3106.

G. Lambertson, et.al., 1EEE Trans. NS-24,
June 1977, p. 993

D. Keefe, et.al., Proc. HIF Workshop, ANL,
Sept. 1978, ANL Report No. 79-41, p. 36.

W. Herrmannsfeldt, Proc. HIF Workshop, ANL,
Sept. 1978, ANL Report No. 79-4) p, 273.

A.W. Maschke, Proc, HIF Workshop, LBL-10301
and SLAC-PUB 2575, Nov. 1979, p. 35.





