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1. INTRODUCTION.

High power Lasers have been so far the almost unique tool
for bringing matter to high temperatures (>100 eV) and densi-
ties (>500x the solid density). A remarkable amount of work
has been carried out which has permitted to highlight an ex-
ceedingly exciting field of physics and rich of applications.
Most important, but not the only ones, are the contributions
to the energy problem with Inertially Confined Fusion (ICF).

I would like to take this opportunity to elaborate on the
possible contributions of specialized particle accelerators in
order to bring matter to such extreme conditions. The idea of
heating-up matter with heavy ions is not new. In recent years
tremendous advances in particle accelerator techniques have
made possible the realization of beam-beam colliders of
extraordinary performances. As a result there is a vast fall-out
of developments and ideas which could permit important
progress in many other fields, including the one of ICF.

With the help of dedicated machines, heating matter with
beams, a great inconvenience for conventional particle acceler-
ators, can be an extremely powerful research tool. In particu-
lar heavy ions of sufficient energy — because of their high
specific ionization, proportional to Z2 — can produce
extremely hot matter in the 200+-500 eV temperature range.
The first pioneering tests are now possible with the ion
accelerator SIS/ESR in Darmstadt.

Matter at high temperature and density becomes radiation
dominated. For instance inside a Stefan-Boltzmann black
body radiator at a temperature 500 eV there is a X-ray flux of
1016 watts/em?2. This radiation exerts an ablative pressure
>108 bars and it provides a powerful too! for instance in order
o ensure the implosion of small ICF pellets.

In my presentation I shall try to look at the future and de-
lineate a number of conceptual progresses which could further
extend the already important possibilities of the SIS/ESR
programme, one step closer 1o the ultimate goals of practical
applications, for instance in the field of energy production.

2. PARTICLE BEAMS FOR ENERGY PRODUCTION ?

Under the demands of fundamental research, the accelerator
community has responded with a number of impressive fun-
damental developments. New types of accelerators and collid-
ers have permitted a tremendous progress in the understanding
of subnuclear physics. It is very likely that such a progress
may lead also to practical applications in a number of other
fields and in particular in that of energy production.

One of the most attractive forms of energy production is
based on fusion, namely on some nuclear reactions in which
light nuclei coalesce into larger nuclei with energy release.
Although there are many possible fusion reactions, the need
to overcome the Coulomb barrier makes the lowest Z reac-
tions most attractive. Amongst them the best is the classic
D-T process:

D+T=a+n+ 176 MeV (1

The specific energy release is gpT1 = 3.37 1011 J/gr.
Whilst Deuterium is easily available for instance from the
isotopic separation of water, Tritium is unstable and it must
be produced. This in turn is best done by usmg natural
Lithium (7.4 % 7Liand 92.6 % OLi ). Reactions Ti+n=
T+ a+nandOLi+n= T+ o are induced by the neutron
emitted in reaction {1}. The first reaction is endothermic and
dominates for high-energy neutrons, while the reaction on 6Li
is a capture reaction and may make use of secondary neutrons
from 7Li. The combination of these two reactions can ensure
a full breeding of the fucl, the excess yield helping to com-
pensate for the inevitable losses due to geometry and absorp-
tions. The net outcome is energy production by “burning”
Deuterium and Lithium with Tritium as an intermediary.

Neutron-less reactions are of great interest since safety
problems are considerably reduced. The most promising of
such reactions appears to be that involving protons and Boron
(1], both abundantly available, g 4+ p=>30+87 MeV
which has a higher “burning point” than the classic D-T pro-
cess but which does not directly emit secondaries outside the
pellet. No Lithium blanket is needed and cooling can be per-
formed with water. Radiation hazards and the inventory of ra-
dioactive substances are virtually suppressed. Some radiation
is anticipated from secondary processes (see Table 1) but it is
many orders of magnitude lower than that from an ordinary
fission reactor.

Table 1. Secondary radiation emission from p-B11 reactor (1]
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Finally hybrid schemes may be envisaged with an initial
D-T ignition followed by B-p burning.

Natural boron is composed of 80.22% of 1B and 19.78%
of 10B, Isotopically pure 1B is desirable because in natural
Boron 'Be is p7roduced by the reaction 10B + p= TBe + o+
1.148 MeV. /Be is B-unstable with 112 = 53 days and it
decays into stable 7Li with a 487 keV y-ray. Economical,
large scale isotope separation by fractional distillation of BF3
is a well-established technology. Boron-hydrogen compounds
of the type B5Hg are stable liquids.

If possible on a practical scale, fusion energy will be

(1) Inexhaustible : for instance 28 million of barrels of
oil, the daily world’ s consumption is equivalent 10
170 kg of Deuterium and 500 kg of Lithium.

(2) Ecologically clean : this applies especially to the llg.
p reaction. In the case of the D-T reaction neutrons are
abundantly produced and there is a considerable stock-
pile of Tritium, however in controllable conditions.

(3) No major impact on the environment : it avoids the
main concern about fossils burning namely the emis-
sion of large quantities of “green house” gases.

Particle accelerators appear as the most promising drivers
for a power reactor based on ICF. In particular, accelerators
are unique in having a high driver efficiency (2 25%), a high
repetition rate (= 25 Hz) and a high durability. Accelerator
technology is highly developed and extremely reliable. These
are crucial points for an industrial power reactor. In contrast
LASERS are excellent devices for research and development in
order to demonstrate the basic underlying phenomenology.

3. THE PRINCIPLES OF ICF.

3.1. General considerations. 1CF 2] draws ils inspiration
from the idea of producing many small explosions in close
succession in order to realize a “‘combustion engine”. Targets
are small capsules containing the fuel: ignition and burning
are achieved at its centre with imploded and highly compressed
fuel. The D-T reaction is the easiest. Because of its small
dimensions the capsule is transparent to neutrons and the
Tritium breeder must be located outside, in the heat-absorbing
blanket. The shortcoming is a strong neutron flux in the
combustion chamber. Second generation devices should make
use of the more advanced reaction ! lB-p and there is hope that
the difficulty mentioned above is only temporary.

The reaction is self-sustained when the so-called Lawson
criterion [3] is satisfied: the specific fusion energy output
17.6 n2 <ov> t. MeV must be equal or larger than the energy
spent to heat up the fucl = 6 n kgT, where n is the density of
Deuterium ions per unit of volume, <ov> is the Maxwell-
Boltzmann averaged value of the product vo, where v is the
speed of the ions and o the cross section, 1. is the confine-
ment time and kg T is the temperature expressed in terms of
energy. The actual value of <ov> for a number of reactions
is shown in Fig. 1. A more practical criterion is obtained by
requiring 30% fuel burn, which for D-T and temperatures of
the order of kgT = 20 keV implies n . 2 1021 m-3s. In the

case of the neutron-free reaction p—1 1g comparable values of
<av> are expecled, but with higher kgT = 50-100 keV.
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Fig. 1. Temperature dependence of main fusion reactions.

Both ICF and Magnetically Confined Fusion (MCF) must
satisfy Lawson’s criterion, but with a very different choice of
parameters:

Confinement n(m-3) ., (sec) nit,
Magnetic 10%° 10 102‘
Inertial 10°] 10! 10°!

In the case of ICF there is no appreciable confinement
force and the confinement time is close to the disassembly
ime . =t = R/cg, where cg is the “sound” speed in the
medium. Instead of o L it is preferable to use the parameter
pR where p is the density and R is the radius of the sphere.
The fraction ¢ of the fuel bumt during the period T is then :

_ p R ) _ {(mp+mT)
*=Hp+pR) ‘B4 5y

Hp is the so-called “burn parameter” which for D-T and
kpT=20-50keV is Hg = 7.0 gr cm-2, The initial density, in
order 1o satisfy the Lawson criterion, is a fast varying func-
tion of the fuel mass, my =4/3 np R3. In order to burn for
instance ¢ = 0.30 of 1 mgram of D-T fue! p must be as high
as 350 gr cm3, or equivalently 1750 times the liquid density.
These requirements quickly relax with the size of the bumning
pellet. For instance a ¢ = 0.30 burning condition for 10(30)
mgram fuel requires a p about 550 (350) times the liquid den-
sity. Experiments with LASER compression have reached



densities in excess of 600 times the solid phase {4]. Clearly
the Lawson criterion would suggest a relatively large iner-
tially compressed mass so as to increase the burn-up due to
the more extended disassembly time. Considerations on the
survival of the combustion chamber would tend to limit the
amount of exploding fuel at each shot and a compromise must
be found between these two conflicting requirements.

Since both high temperature and density are needed, the
driver’s energy must be first converted into the kinetic energy
of an imploding shell. Such energy should raise the tempera-
ture of the compressed fuel only after the required density is
achieved. Therefore the specific energy yield, qpT = 3.37
1011 J/gr must largely exceed the energy required to bring the
fuel to the ignition temperature kgT 2 5keV, g5 =4 x3/2 x
kgT / (mp+mT) = 600 MJ/gr. The factor ¢qp1/eg = 500 ¢ =
150 is a gross over-estimate of the real gain because of the in-
efficiencies of the process. It is therefore preferable to ignite
first a small portion of the fuel (the “spark region”) and then
let the spark propagate to the full fuel reservoir. This is de-
scribed as the “central ignition and propagating burn” scenario
and it is believed to be a necessary step for ICF. While the
spark is done best with D-T, different fuels could be used for
the main burning.

In order to secure continuing “burning”, the thermo-nu-
clear energy deposited in the plasma by the nuclear reaction
must exceed the energy losses due to radiation, hydrodynami-
cal expansion etc. The burning plasma in MCF is optically
thin for bremsstrahlung of electrons, which is the dominant
mechanism of energy loss. While for D-T and sufficient tem-
peratures the energy output is higher than these energy losses,
in the case of the neutron-free reaction p—1 1B the contrary is
true (it will not “burn” !).

The situation is much more favourable in the case of ICF.
There are two main reasons for this:

(1) The combustion rate is determined by the ion tempera-
ture Tjon and bremsstrahlung is a function of the elec-
tron temperature Te. Since the encrgy of the combus-
tion is slowly transferred from ions to electrons by
Coulomb friction, Te depends on the electron-ion cou-
pling time, about four times larger in a low-density
MCF plasma when compared to ICF. Consequently
the ICF plasma stabilizes at a smaller T and has lower
radiation losses, thus permitting the combustion 0 be
better sustained.

(2) The pellet is optically thick. For an opacity length A,
the pellet has A, p R thickness units from the centre to
the edge. Since p R = Hpg = 7.0 gr cm2, the pellet
fuel remains several units thick!, even for the most
transparent spectral components of the radiation. Most
of the radiated energy is trapped inside the pellet and it
actually helps uniformizing burning conditions.

Therefore in contrast with MCF, ICF allows second gen-
eration devices based on the p + 1B reaction to be envisaged,
which are far more acceptable in view of the reduced risks on
the environment.

1The opacity is very high for low energy X-rays and stabilizes to
about A, =2.0 cm? /g for 2100 keV and high temperatures
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3.2. Modelling. Computer simulations can be used to de-
scribe the implosion mechanism of pellets. The simplest cal-
culations are performed in one dimension [5], namely the only
spatial coordinate is the radius. In these calculations most of
the instabilities are not appropriately described because spheri-
cal symmetry is assumed throughout. They are however quite
useful to understand the basic features of the phenomenon. In
Fig. 2a we display calculated (6] implosion movements.
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Fig. 2a. Computer simulation of a pellet implosion [6].
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Fig. 2b. Evolution of density, pressure and temperature in
a pellet implosion according to computer simulations [6].

In Fig. 2b one can clearly see how the spark formation
proceeds with a rapidly rising pressure and temperature in the
central region. As soon as central combustion starts, o.-parti-
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cles are heating the fuel propagating the burning throughout
the whole sphere. The burn-up is extremely fast and the
whole process is over in some tenths of a nanosecond.

A simple analytical model has been introduced by Meyer-
ter-Vehn [7] and it can be used to get some insight of the pro-
cess. In such a model it is assumed that while pressure is
maintained constant throughout the sphere, there are two dis-
tinct regions, an inner one (pg, T) in which the spark will
occur where the temperature is high and an external colder re-
gion (p., T;.) of higher density extending to a radius Ry.

The two regions are sharply separated at the radius Ry
Two other relevant parameters characterizing the model are the
so-called isentrope parameter o 2 1 which measures the pre-
heat entropy and more generally the ability of transforming
the motion into heat and the hydrodynamic efficiency 1) trans-
forming the energy of the beams intc kinetic motion Ng =
Er/Epeams. The inner region is described as an ideal hydro-
gen plasma and the outer, colder and higher density region asa
degenerate electron gas. The gain G = ETN/Epeamg 1S the ra-
tio between the delivered thermo-nuclear energy Eqp and the
energy delivered by the beams Epeqie.

In the model one has to set somewhat arbitrarily the spark
radius Ry as well as o and n. Typical parameters are Ry =
75 um and o = 1-3 and 7 = 0.05-0.15. With these values,
calculations compare well (see Fig. 3) with more sophisti-
cated computer simulations (LLL).
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Fig. 3. Calculated target gains from Ref. [7].

3.3. Hydrodynamic instabilities. The one-dimensional
calculations however ignore several critical issues in the target
implosion and in particular instabilities due to hydrodynamic
phenomena and driven by lack of perfect symmetry of the im-
plosion geomeltry and of the beam depositions.

ICF target implosions are hydrodynamically unstable 8],
due to the so-called Rayleigh-Taylor {9] instability (RTI)
which is expected to occur wherever two liquids of different
densities are strongly accelerated. This instability may cause
density perturbations at the interface between the two liquids
to grow in amplitude until there is a large scale mixing and
interpenctration. Such a mixing and break-up would destroy

the symmetry of compression and thus prevent high densities.
In order to make the burning occur it is necessary to keep the
growth rate of such phenomena sufficiently small over the
relatively short implosion time (10-20 ns). In turn this
means that the asymmetries in the initial conditions and the
inhomogeneities must be as small as possible.

The instability in a uniformly accelerated fluid in the lin-
ear theory has been discussed by Chandrasekhar [10]. If the
density ratio is large at the interface, the perturbation ampli-
tude will grow exponentially with time A(t) = Ag ePt with n
=V2n a/k , where a is the acceleration and A the wave-
length of the perturbation. For the most dangerous modes in
which A = d, the thickness of the pusher may have a =
2x1015 cm 572, d = (5.0-1.0)x10~3 cm from which we find
nt = 8-10, which imposes very strong requirements on the
shell and heating non-uniformities [6].

Fortunately as soon as the scale of the perturbations be-
comes comparable to d, a non-linear regime sets in, which
corresponds to the less destructive linear rather than exponen-
tial growth [11]. There is expectation for a limiting bubble
motion speed given by v, =Va A/6n . Fora= 1015 cm s
2 % =1073 cm we find v, = 106 cm 571 10 be compared
with the implosion speed viyp = 3x107 cm 571, Therefore
one might expect voo/Vimp < ?/30 which will keep the phe-
nomenon localized. Laser beam experiments [12] have shown
a reduction in the growth rate with respect to the linear theory
by a factor 1.5. Larger factors are however needed in order to
secure a safe implosion of the peliet [13].

In order to study the effects of driving non-uniformities
and in the absence of reliable experimental data, simulations
are performed in two dimensions (R ; ¢ ) [14].

t=2395ns

2400ns t=24.10ns

Fig. 4. Computer simulation of RTI instabilities in the
final compression phase due to driver non-uniformities [14].



There are two critical areas in which disruptive effects due
1o the RTI may occur, i.e. (1) in the initial phase, when beam
heated material outside accelerates dense material inwards and
(2) in the final deceleration phase, when imploding pusher
material falls into the stagnating compressed central fuel.

The effects of these instabilities simulated on a computer
are rather spectacular (Fig. 4). This instability causes density
perturbations with mixing and break-up which could destroy
the symmetry of the compression process and eventually pre-
vent high densities to occur.

1t should be pointed out that there are important effects due
to radiative transport which can strongly damp instabilities of
hydrodynamical origin. In a nutshell, while in the radiative
regime (p ¢ << G T4 — o is the Stefan constant — i.¢. the
radiation energy is dominant over the kinetic energy) spikes
tend to be smoothed out. The contrary occurs in the hydrody-
namic regime (p ¢ >> G T“).

One can use computer simulations {14] to estimate the ex-
tent of permissible non-uniformities which still maintain the
burning-up of the fuel. In Fig. 5 the ratio between the deliv-
ered energy ETy is calculated with the one-dimensional ap-
proximation (in which RTI are absent) and a two-dimensional
simulation with RTI instabilities. The non-uniformities are
expressed in terms of the peak amplitude deviations Ap/p of
the deviations from symmetry expanded in its Legendre
modes. Already a few percent non-uniformities are degrading
the yield. This is more critical for the “near ignition” case:
over-driving the pellet reduces the requirements on uniformity.
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Fig. 5. Yield reductions due 1o RTI. The abscissa Apip is
the peak amplitude deviation from symmetry in the
chosen Legendre mode [14].

These studies have built up the belief that RTI is manage-
able provided extremely tight conditions are set on the sym-
metry of the drive, at the level of a few percent in the peak-to-
valley amplitude. If these conditions are met the 1-D calcula-
tions are believed to be a valid approximation for the esti-
mates of the gain.

3.4. Optimum pellet design for heavy ions. It has been
already indicated that larger pellets operate with a longer rare-
faction time t = T = R/cg and therefore smaller critical densi-
ties. While LASER driven pellets which have to operate with
relatively low energy and high power are relatively tiny, ion
beams can easily maintain power for a longer time, thus in-
creasing the driving energy and the corresponding pellet size.
With farger pellets rather remarkable performances can be met,
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as is given in a paper by Basko [15]. The pellet is relatively
large (1 cm in diameter) and it is imploded by a supposingly
fully symmetric 10 GeV Bi ion beam irradiation with a peak
power of 720 TW during some 15 ns. As much as 61% of
the 12 mgram of D-T fuel is burnt, leading to a gain in excess
of 400 and an energy output of 2500 MJoules !

For an optimum mass of the pusher, 10-20 mgrams of
fuel can be ignited by the 10 GeV Bi ion beam. These consid-
erations suggest even larger pellets. Larger explosions may
require a revision of some of the basic concepts in the design
of the combustion chamber.

4. RADIATION DRIVEN “INDIRECT” DRIVE.

4.1. General considerations. Although many different
methods have been considered, compression of the pellet needs
an extremely uniform drive. The smallest lack of sym-
metrization is a source of instabilities of hydrodynamical na-
tre before ignition (RTI) at the interface between pusher and
fuel, especially just before ignition. As already pointed out, in
order to be successful, the pellet implosion must proceed al-
most exactly symmetrically. A few percent deviations may
be sufficient to hinder a successful burn-up. While the sym-
metrization of the very many beams needed to implode the
pellet in the direct mode must be adjusted carefully at every
shot, in the so-called “indirect drive” (ID) one makes use of an
intermediary, smoothing step between the beam driver and the
pellet, i.e. inserting the pellet inside a black-body hohl-raum
cavity heated at some 300400 eV. The flux of radiation in-
side an ideal black body is symmetric and independent of the
shape of the volume. Symmetrization in ID relies primarily
on a physical property of a black body, rather than on the
malching accuracy between beams.

The beam energy is converted into soft X-rays which, after
multiple reflections inside the cavity, exert pressure onto the
pellet. The pressure is exerted by the ablation of the walls of
the “pusher” under the effects of radiation. ID however is
more complicated and less efficient when compared to the
direct drive (DD) in which the compression is realized by a
direct ablation of the capsule walls by the beam.

The outer walls of the cavity must be black and re-emit
the radiation. High Z materials are o a good approximation
“black™ since for instance the mean free path for a 1 keV pho-
ton in Pb is 2 ].Lg/cmz. The cavity must have a good re-
emission coefficient in order 1o ensure that the circulating flux
is considerably larger than the source flux and it is symmetriz-
ing the radiation on the capsule. It appears that a high re-
emission coefficient requires the highest Z. Some 10 + 20 re-
flections are then be expected in an empty hohi-raum. On the
other hand the walls of the capsule should be made of low Z
with high absorbing power. Finally a critical parameter is the
ratio A between the areas of the cavity and of the pelleL.
While large values of A ensure the best illumination unifor-
mity, the transfer efficiency is best for small A values. A
compromise value could be found for A = 4-6.

X-ray conversion can be realized with a variety of geome-
tries. A single radiator is to be excluded since it is hard to
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achieve the required uniformity and several “filamentary” radia-
tors must be used. This geometry requires small beam spots
and is adapted o high-energy beams. Another geometry con-
sists in stopping the beams directly in the walls of the hoh!-
raum. This is best suited to relatively low-energy beams be-
cause of the larger spot size and the shallow depth o absorb
the beam. More complex geometries with diffusive materials
inside the hohl-raum can also be considered.

4.2. Filamentary radiators. The radiator consists of a tiny
cylinder of matter in which the ion beam is absorbed, This
converter geometry can give a high conversion efficiency pro-
vided the deposited power densities are in excess of 1016 W/g.
Light Z-radiators may show a fast efficiency drop-off at high
power densities because the radiator becomes transparent at
higher temperatures and can no longer dissipate radiatively the
deposited power. The difference in efficiencies between
medium and high Z is somewhat attenuated by the fact that
the range of heavy ions f.i. in Au is about twice as long (in

gr/cmz) as that in Al.
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Fig. 6. Time behaviour of a 1.5 mm radius filamentary ra-
diator hit by an intense 5 MJ-pulse of Bi ion beam.

It should also be noted that while the radiator warms up,
the range shortens significantly, The time evolution of the
phenomenon goes through three phases: (1) the heating phase
during which the major fraction of the beam energy is used to
provide the internal energy associated to the temperature; (2)
the “quasi-steady” radiation emission with a high conversion
efficiency; (3) the final disassembly of the radiator. The typi-
cal behaviour of a thin rod of material of 1.5 mm radius ex-
posed to a 5 MJ-10 ns pulse of Bismuth ions with T = 10
GeV is shown in Fig. 6. About 90% of the beam energy is
converted into soft X-rays.

The number and locations of filamentary radiators should
be chosen in order to ensure the appropriate uniformity of il-
lumination. Realistic calculations show that the two radiator
geometry introduces residual asymmetries which are by no
means negligible. A six- or eight-radiator configuration on

the other hand looks much better and is preferable. With such
a geomeltry a very uniform illumination can be achieved [16].

4.3. Diffuse radiators. A practical device based on several
tiny filamentary radiators present severe alignment problems.
The hohlraum could be instead directly heated by the beams
with a range adequately short as to stop within its thickness
[22].

5.5 GeV Biions

5245 mm

195g/cm®

5.200 mm

D hatraum

Fig. 7. Diffuse geometry for ID pellet. From Basko [28].

A preliminary design for such a pellet (Fig. 7) has been
carried out by Basko (28]. Fusion is driven by a 7.5 MJ, 13
ns long, time modulated pulse of Bismuth ions. The gain,
taking into account of the inefficiencies of ID, is about 80.
The hohl-raum is filled with Deuterium in which ions stop
("hot-raum"). The relatively large size of the pellet (1 cm di-
ameter) is adequate for low energy beams.
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Such geometry permits a remarkable drive uniformity.
This can be achieved in two steps:



(1)The transfer of the non-uniformities from the outer o
the inner shells can be greatly reduced for the higher
Legendre modes [29] with an appropriate ratio of the
two radii (Fig. 8).

(2)As pointed out by Basko [28], the main surviving n=2
mode can be cancelled with a suitable beam configura-
tion i.e. at a “‘magic angle” for the gcometry of Fig. 9.
Such a value is somewhat dependent on the geomet-
rical profile of the beams from the driver.

The diffuse radiator solution has advantages both from the
point of view of a practical realization of an “industrial grade”
pellet and in order to minimize the requirements on the accel-
erator driver. Hence it is impertant that related calculations are
vigorously pursued.

lon beams

lon beams

Fig. 9. Optimized beam configuration to cancel the n=2
Legendre mode [28].

5. THE ACCELERATOR COMPLEX.

5.1. General considerations. The acceleralor complex
must deliver some 510 MJ of energy in a time window of
10-15 ns. Its detailed design directly reflects the “state of the
art” of the pellet design. For direct drive, nowadays less pop-
ular than in the past, the beam spot must have a radius of 4-3
mm. For indirectly driven targets and filamentary radiators it
must be very small %z 1 mm radius) and ensure encrgy deposi-
tions of 1016+ 1017 W/g on several (>6) targets. Finally for
a diffused radiator, while the spot size can be large (=1 cm di-
ameter), the energy of the beams must be considerably lower
10 ensure a short range, thus enhancing space charge effects in
the beam transport and storage.

Although exotic focussing systems can be proposed, in
the present paper we shall limit space charge considerations to
those for “ballistic” and stable propagation in vacuum. To
minimize space charge forces one must store ions stripped of
as few of their electrons as possible. In our case the ion
charge is set to q = 2, the lowest final charge state for which
photo-ionization is working. The lifetime of such a beam is
limited in practical cases to a few seconds because of inelastic
intra-beam scatten'n% which changes the charge states: 1+2) +
1+2) = 1+ D4 1(#3) Hence the whole manipulation time
must be reduced to a few tens of milliseconds in order to keep
beam losses to the few percent level.
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A practical scheme [22] consists of a linear, single pass
accelerator followed by a set of storage rings. A type of
accelerator which would satisfy the efficiency requirements and
of well-known performance is a conventional LINAC,
Currents <i> in the range 50-100 mA for singly ionized
heavy ions are possible. The energy Epeam transported by
such a beam of kinetic energy €T in a time At is Epeam =
Al <i> T/e. For T=10 GeV, <i> = 0.1 A, Epgam = 107 J,
we find At = 10 ms. Since the duration of the pulse on the
pellet must be At = 10 ns, a compression factor of about
AYAT = 100 is needed. Such compression factors can be
achieved with a set of storage rings and by having a large
number of beams focussed simultaneously on the pellet. This
last feature is also required to ensure uniformity of driving.

The most promising and simplest way of accumulating
the required current in the rings is photo-ionization stacking
[17], a method which introduces phase compression, thus
eluding the conditions set by the Liouville theorem. With an
intense U.V. light it is possible to ionize the beam from the
LINAC from single to double thus storing it permanently in
the ring(s). After storage there is no further effect of the U.V.
light onto the beam as long as the energy of the photons is
less than double to triple the ionization potential. After ap-
propriate stacking and R.F. compression the several bunches
of each of the beams are spliced into separate beamlets and
transported (o the combustion chamber.

Limitations due to space charge effects are crucial in defin-
ing the parameters of the scheme and they can be used to de-
fine a quite narrow feasibility window within the delineated
general scenario. Out of the many different known types of
instabilities which may plague a strong focussing storage and
transport system, it turns out that the most relevant to our
application are those associated to the transverse motion. In
general, longitudinal effects can be controlled during the short
duration of the storage [18]. One can consider three main crit-
ical areas :

(1) The first one is related to the high current stored in the
beams of the storage rings during and particularly at
the end of the stacking process. Limitations of this
type usually occur in cyclic accelerators and they have
been well studied at CERN and elsewhere.

(2) The second critical situation occurs at the last phase of
bunch compression, just before beams are direcled to-
ward the pellet. Since relatively few turns in the rings
and in the long beam transport are involved, the insta-
bilities relevant here are those occurring in a single
pass through a long beam transport section. There is a
considerable amount of theoretical work and some ex-
perimental work on the subject. However our under-
standing of this regime is far less complete than in the
case of cyclic accelerators.

(3) Finally, while throughout the beam transport beam-
straws can be easily maintained shiclded from each
other, inside the reaction chamber they must converge
in “free space”. According to a first qualitative esti-
mate, long-range forces between bunches near the final
focus do not seem to be significant, at least as long as
the spacing between straws is kept larger than a few
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beam radii and the beam spot is large. In the case of
filamentary radiators {r = 1 mm) the problem is no
longer trivial and sophisticated correction devices may
be required.

All the previous considerations apply to beams travelling
in high vacuum. In the reaction chamber of a practical energy
generaling device operated at high rate, vacuum conditions are
necessarily degraded by the previous explosions. The presence
of (ionized) residual gas introduces new forces on the beam
which must be studied.

Definition of the parameters of the complex can be best
done backwards, namely setting first the condition resulting
from the final beam transport and then adapting the slorage
rings and the LINAC characteristics to the requirements of the
space charge limit to be reached in the final beam transport.
These conditions can be reasonably met.

5.2. Space charge in the final transport. The high cur-
rents needed o implode the pellet produce a space charge defo-
cussing which is comparable to the focussing forces of the
beam transport channel. All sorts of instabilitics may develop
under such circumstances [19]. The phenomenon is even
more complicated if external focussing — rather than being
continuous, as in the case of solenoid focussing — is
periodically modulated as in a FODO channel. Then in the
presence of strong spacc charge forces, disruptive resonance
effects are expected to occur for specific values of the
combined focussing [20].

The maximum current through a beam transport section
consisting of evenly spaced quadrupoles has been originally
considered by Maschke [21] and further perfected by Hofmann
et al. [20]. Experiments have shown that these limits are
rather conservative. If one denotes with 1o the phase advance
of betatron oscillation per focussing period in absence of
space charge effects, standard theory in absence of the space
charge effects ensures stability of particle motion for pg <
1800, In the presence of strong space charge effects, one
must require o < 900 in order to avoid significant instabili-
ties and even better maintain g € 600 in order to avoid a
pronounced instability of the third-order mode. If fourth and
higher order instabilities must be avoided as well, the condi-
tion P/po > 0.4 has to be imposed, where u is the phasc ad-
vance of betatron oscillation per focussing period in presence
of space charge — i.e. for =240 if g = 60°.

The maximum number of ions per unit of length which
can be transported in a FODO channel with a given p is pro-
portional to the emittance of the beam, related to the spot ra-
dius <r> and beam angular divergence <8> in the rcactor
chamber, Egiraw = <> <B8>. The beam angular divergence is
in turn related to the solid angle (hence the arca at the bound-
aries) occupied by the beam cross-section in the combustion
chamber, Qgraw =7 <6>2. 1In practice a large number of
beams, denoted by S, will converge on the same targel. The
total solid angle subtended by the beams and for a given radia-
tor is then Qqor = S Qgraw. Since these openings let energy
from the explosion escape in the form of radiation, they must
be kept 1o a minimum and in general we shall consider g
as an input parameter, The size of the spot at the pellet de-

termined by the physics of the pellet and the solid angle of the
beam as subtended in the combustion chamber determine
uniquely the beam emittance Egraw = <>/ Qgtraw T As
shown by Rubbia [22], the limitations of space charge in the
final beam transport are characterized by the parameter I
(dimensionally a length) related to the nature and the kinetic
encrgy T of the ions, the space charge conditions and the
required value of E/AT:

= 4nr, E_ =a0(—E— ]
ByYc QKZeT At At/ T2
”q2 . _ qzr m%/202
To=-cTp i ao~~/2”n—-%2-.z——A”2

where g and A are relative to the ion beam, rp and mp, refer to
proton, K = £ B'/Bp is the external focussing constant and Q'
= 1 is tabulated in Ref. {20]. With K = 0.267 and Q’= 1,
namely p > 249 and pg = 60° one finds (units in meters,
Twatt and GeV) ay = 1.181 10-2 for Barium and ag = 1.449
10-2 for Bismuth (the choice of nuclei will be explained in
paragraph 5.4). Once T is fixed, we can for instance set the
values of o( and <r> and derive uniquely the main features
of the beam(s) including the number of straws S and the pa-
rameters of the final focus :
T

I _ Quoi<r>2 B*__ r
S r Qi TQo<r>2

Note that the emittance of each straw Egraw is proportional
1o the peak power required E/AT and to the inverse of the
number of straws which evidences the non-Liouvillian nature
of the energy losses in the absorber. However, fixing Qqo¢
causes the apparent paradox that the emittance for a fixed spot
size varies as ™1, namely inversely to the peak power E/AT
! Of course the number of straws S grows with the square of
the peak power, S o< 2 o (E/AT.)2 in order to compensate
for the variations of emittance. The beam optics inside the
reactor chamber are totally determined by B* = <r>/<6>, the
beta function at the collision point, since B(z):B*+22/B"‘
where z is the longitudinal coordinate (focal pointat z = 0).

In the case of N identical focal points, each with S straw-
beams focussed ta the spot, the above relations hold also for
the global I"311 calculated for the total energy Egl] on the
pellet, the total number of straws N S and the correspondingly

increased solid angle Qa1 = N Qo :

- Qa“<r>2 : ﬁ*: _r_al_]_ . NS = 1—‘211 _

Can Qan T Qup<r>?
In Fig. 10 we display the relation between N S and the ion
energy for a number of beam focal radii, having set the beam
power and duration E/AT = 500 TW and Qg1 = N Qqor = 0.1
sterad. Two possibilities emerge for a reasonable number of
straws, N § = 103. In one case (B), the beam spots are fo-
cussed down to about 1-2 mm radius, corresponding to the
“high-energy option” for beams of either Ba or Bi in the 9-10
GeV range. At this energy the range of jons is considerable
and a relatively thick absorber is necessary. These are the ap-
propriate conditions for filamentary radiators [11]. The second
alternative (A) — more suited for the beam stopping in the ra-

Esraw™
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diating shell of the hohl-raum— corresponds to a focal spot 2
5 mm radius and is implemented best with lower energy
beams with the shortest range i.e. in the region 5-6 GeV.
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- (Ba ions) 0.1 sterad
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Fig. 10. Limitations in the main parameters of the driver

due to space charge effects in the final focus {22].

The value of the beta function at the focal point,
B*=I"311/Qa1 is independent of the spot size, and is a function
only of the main parameters E/Ate<Ia}] and Qgjj. Experience
with colliders has shown that values of f* = 5 cm are possi-
ble with standard quadrupole focussing and beam parameters of
the kind presently under consideration.

1gp =01 E=75Moule at=1510%s N-4 Baions

>
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Fig. 11. Specific energy A deposited by Ba beam in units
of internal energy £,(Ty) with Tog= 330 eV, N = 4.

Another important parameter is the specific energy deposi-
tion A = E/V in the N targets averaged over its volume V =
Nn<r>2p(T), where p(T) is the range of ions (N = 4 corre-
sponds also to a thin, spherical “diffused absorber™):

A=E_SQq At s
V. Na E p(D
Once N, E, A1, Qot and S are chosen, Ao<T5/p(T) exhibits
the fast dependence on T, the beam energy. This energy depo-
sition must be compared with the internal energy €4(T) fora
temperature T, (radiated and kinetic encrgies must be added).
A simple parametrization [12] gives (T, in eV} :
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Clearly this specific energy is so to speak “stored” in the
absorber and in order to achieve an efficient implosion it
must be substantially smaller than the delivered energy den-
sity i.e. €5(Tg)<<A. As apparent from Fig. 11, the kinetic
energy of the beams is then the primary parameter, at least as
long as ballistic beam transport in vacuum is considered.
Note the generality of the condition which is independent of
the geometrical parameters of the pellet.

5.3. Space charge in the Storage rings. Now that the pa-
rameters of the final focus have been narrowed down, we can
consider the requirements on the storage rings which supply
the ions. We shall neglect at this stage phase space blow-up
and particle losses in these manipulations which consist sim-
ply of a longitudinal bunch compression followed by extrac-
tion and transfers. No bunch coalescence is used and therefore
both the number of bunches and the total number of parti-
cles/bunch are conserved.

The total number of rings nrings is refated to the number
of bunches h which can be stored in each ring, since § =
hxnrings. The number of straws S, the beam transverse emit-
tance £ and the number of ions in each straw Ngtraw are
largely determined by the required properties of the final focus
and the space charge limitations in the final transport section
and are considered at this point as fixed. The total number of
ions which can be stored in each ring, hence the number of
straws (bunches) which can be constructed from each ring, is
determined by the stability limit in the transverse plane due (o
the maximum incoherent tune shift (Laslett) at the much
more “relaxed” bunching during storage and stacking :

2

Nsraw =4 T Y3B285Lraw ;1;%_ AQ ; ro= 'qA“ Ip
where B is the bunching factor and AQ the largest allowed
tune shift. One can relate this condition to the one of the fi-
nal focus following Ref. [20] which can be rewritten as:

41 B2Y3K1/2 Q' estraw lS[IEIW

r()
where Igiraw is the effective length of the beam straw at the
pellet. Combining the two equations we find a simple ex-
pression giving the total straw length at the final focus that
each ring can supply :

Nslraw =

16 B ég_
K12 Q

Note the purely “geometrical” nature of the expression
above, which is independent of the nature, energy and trans-
verse emittance of the ion beam. This is due to the fact that
both limitations have a common physical origin.

Setting as values K = 0.25 m2 Q=1,B=12and AQ=
0.5, which is the largest value for the CERN-PS Booster
[24], we find lgraw h = 25.12 m (note that Iggraw = B ¢ AT
and for the typical values B =0.3, At = 108 giving lgiraw =
0.9 m). These rather general considerations suggest that if h
has to be the largest possible number of the form 2K with k
integer, then h = 16 and therefore nrings = S/h = S/16. Hence

]straw h=
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the number of beam splittings which is optimal for the
scheme is rather rigidly determined by space charge considera-
tions.

5.4. Photo-ionization driven stacking. Stacking by
photo-ionization can be induced along a straight section of the
storage ring for the doubly ionized particles which we assume
for simplicity to be a matched FODO quadrupole lattice.
Injection occurs when the singly ionized beam from the
LINAC collides head-on with an intense and monochromatic
UV light beam. The most appropriate device to produce such
a light appears to be a Free Electron Laser (FEL) [22].
Bending magnets at the beginning and the end are used to sep-
arate the orbit of the singly ionized beam of the LINAC from
the equilibrium orbit of the stored beam since magnetic rigidi-
ties differ by a factor two. There is a difference in the parame-
ters of the FODO channel between the singly and doubly
charged beams and both beams must be scparately matched
outside the common straight section. If a parallel optical
beam of uniform intensity is matched to the ion beam, the
light power needed for an ionization efficiency 1 is

\Y
Py= ~log(1-n) l-c (: ! (%:Q + : +
fon™per 2 tan B {1 + sin B
2 2
where:
€9 is the invariant beam emittance,
c the speed of light,
e the elementary charge,

Vy the photon energy in Volt,

Oion the peak photo ionization cross section,

Nper  the number of FODO periods where collisions occur,
and pt is the phase advance/period for the singly ionized ions
in the channel, related to the phase advance u** for the dou-
bly ionized ions for which the structure is wned .

For Barium Gjgp = 2x10-15 ¢m2 = 2¢10-19 mz, V=22
Volt, p** = 600 we find u* = 28.99. Setting for the other
parameters nper =2, =090 and gg = 7 10-6 rad.m we find
Py =29.28 kW. Note that in the case of non-resonant ions
(Ba) the light intensity required is considerably larger.

In the case of a matched light beam, Py is indcpendent of
the length of the periods. In principle a large number of peri-
ods can be used, with the ultimate limitation due to diffrac-
tion. Because of the difference in the betatron functions be-
tween singly and doubly ionized ions, emitiance is not con-
served through the ionization process even though the mo-
mentum transfer due to the ionization process is negligible.
In practical conditions, a blow-up of some 20-30% has to be
accounted for.

In the case of Barium, resonance peaks are very narrow
(Fig. 12). This implies that both the photon energy and the
ion speed must be defined with sufficient precision not 1o ex-
ceed the width of the resonance. While in the case of the FEL
this appears as easily attainable and directly related 1o the sta-
bility of the electron energy, special care has 1o be exercised
with the ion beam, since the Doppler effect shifts the photon
energy in the laboratory. Peaks B and vy (see Fig. 12) have a

width of 0.025 eV, sufficient to include a typical momentum
spread Ap/p = 10-3,

Cross section ¢m

2190 2120 21 30 21 4C 2150 Fall- ]
Photon energy (ev)

Fig. 12. lonization cross section for Bat ions [27].

The requirements on the light source indicate that the FEL
must be driven by an electron LINAC. The general applica-
bility of such a device to our case has been discussed in Ref.
{22]. Subsequently it has been pointed out by Bonifacio et al.
{25] that the required wavelength, namely Ajon = 80 nm can
be best produced with a two stage device in which light is
first amplified at 3Ajop followed by a triple, single-pass
stage. This arrangement in particular allows an electron beam
to be used whose properties are less stringent than those of a
single pass stage. A fundamental condition for the operation
of a FEL is related to the coherence of the source, which in
turn can be expressed in terms of the emittance geq]e of the
electron beam, the so-called Pellegrini condition, ggle <
Aphoton. Bonifacio et al. [25] have shown that with the help
of a tripler stage this condition can be somewhat relaxed.

The first stage at 240 nm can be either an amplifier driven
by an excimer Laser [25] or alternatively operaled as an oscil-
lator [26]. There are strong reasons in favour of the latter so-
lution namely (1) difficulty of synchronizing an excimer Laser
and the bunch structure of the LINAC, (2) existence of rea-
sonably efficient mirrors for wavelengths in the region of 240
nm; (3) simplicity of the device since the electron bunch is
driving the whole device. A very complete design for the
Laser, to which we refer for details, has been given elsewhere
(26]). One needs a peak bunch (B = 0.1) current of about 200
A al 250 MeV with the invariant emittance of 1.7x10"5 rad.m
which is within the state of the art of special photo-cathodes.
Such a FEL will deliver 1 MW peak after 14.0 meters of un-
dulator and will saturate at 69 MW after about 21 melters.
Since the light power required by the photo-ionization is con-
siderably smaller, one can reduce correspondingly the fraction
of LINAC buckets which are filled. For instance, in order to
produce an “average” power of 69 kW, largely sufficient for
the case of Barium, the average LINAC current needs to be
about 20 mA. The lasing efficiency of such a device is typi-
callyp = 1.5 x 10-3 and an energy recovery for the beamn after
the undulator is advisable.
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Fig. 13. Schematic diagram of the driver from Ref [22]. A LINAC fills with photo-ionization stacking a set of 64 rings, each
containing 16 bunches. Bunches in turn are split into separate, but isochronous 64 x 16 = 1024 beamlets with one
bunch each which are directed onto the pellet. Phoio-ionization is performed by a FEL, driven by an electron LINAC.

5.5. A practical scheme. The general layout of the ac-
celerator complex is shown in Fig.13. Parameters given in
the Table are for four filamentary radiators heated by Barium
beams at 10 GeV. For details we refer to Ref, [22].

The current of singly ionized ions from a LINAC can be
typically of the order of 50-100 mA with an invariant emit-
tance of about 1.0x10° x rad.m. Setting E=75MI, T =
1010 v, 1 = 0.9 and <i> = 50 mA where E is the total de-
livered energy, T is the ion kinetic energy in eV and 1 is the
stacking efficiency. We find tf); = 16.6 ms.

The beam from the LINAC is stacked in a relatively
large number of storage rings (64). The optics of each ring
is taken to be a simple FODO lattice with bending magnets
inserted between guadrupoles. The storage time is close to
the accumulation time during which the current is rising lin-
early in all rings as a function of time to the peak value
which is of the order of a few amperes.

Table 2. Indicative values of lattice of rings and beam
transport {22]

Type of lattice FODO

Nominal momentum po/q 31.4 GeV/e
Length of period, L 12.5 m

Free length between lenses 4.46 m
Length of lenses (magnetic) 0.90 m
Quadrupole gradient 20.00 Tesla/m
Phase advance, no space charge, |o 60 degr
Phase advance, full space charge, it 24 degr
Beta functions @ p = 60° (no sp.ch.}

-max, Brmax 21.38 m
-min, Bmin 7.28 m

Beta functions @ y = 24° (full sp.ch))

-max, Bmax 32.13 m
-min, Bmin 20.80 m
Admittance, true, Ugiraw. 20.0x pm*rad

Radial aperture (B = Bpay; pt = 249) 24.90 mm

There are constraints on the lattice coming from the ne-

cessity of transporting high currents during the last phase of
accumulation. The optics of these rings (see Table 2) can-
not be excessively sophisticated since the defocussing effects
of the space charges introduce large detuning effects and
major changes of the betatron functions during the stacking.
Fortunately the momentum spread is relatively small and
chromatic corrections can be neglected to a large extent.
For simplicity and in order to avoid matching problems in
the presence of massive space charge effects, we assume that
the whole complex from the injection in the ring (o the final
focus onto the pellet is a repetition of the same FODO lat-
lice. Each ring is made of a FODO lattice with bending
magnels inserted between equally spaced quadrupole lenses.
Two periods in each of the four equally spaced super-periods
are left empty for extraction, RF etc. As already pointed out
there is nced for a large number of such rings (64) to be
filled in series from the LINAC and emptied in parallel to-
ward the reaction chamber. The most reasonable geometry,
following the example of the PS-Booster, is the one of a se-
ries of stacked rings, sharing the main elements of the mag-
netic structure. Since the number of rings is larger, the
structure needs to be more compact and many rings (32)
could be stacked vertically.

RF cavities are located in the long straight sections and
are shared amongst all (or at least a group of) the rings of
the stack. The RF is used to maintain the beam bunched
during the stacking process with a relatively low bunching
factor in order to be able to accumulate the largest possible
number of ions around the circumference. Shortly before ex-
traction the RF voltage is increased and appropriate RF ma-
nipulations allow the bunches to be compressed to the re-
quired length. This process must occur quickly enough not
to cause beam losses due to crossing of betatron resonances.
Extraction from all the rings is then performed simultane-
ously as a “one turn extraction in one or several channels



364

and it requires a full aperture set of kickers with a rise time
faster than the bunch spacing.

Separation of bunches is provided by an clectrostatic de-
flector, which performs a transition half way during the pas-
sage of the beam in order to splice the bunch train. The two
alternate paths are arranged in such a way as to bring into
identical timing the two halves of the bunch train. With
this technique one can separate out and synchronize 2k
bunches in k subsequent steps. The difference between the
two paths, initially equal to half the circumference of the
storage rings, is progressively reduced by powers of Lwo at
each step.

The final focus onto the pellet is the densest part of the
beam straw geometry. The general layout is quite reminis-
cent of the low-f crossing in a high-energy collider. There
is large latitude in the choice of the focal strength at the fo-
cus and the relatively modest momentum spread of the
beams (Ap/p = (1—2)><10‘3) allows a modest effort in chro-
matic corrections. The range of ions in the absorber is very
short (<< a few millimetres), there is in general little or no
“focal depth” effect and full convergence on the pellet could
be ensured even from large angles. The amount of radiant
energy escaping the chamber is not negligible. It is there-
fore important that both the heat and the radiation are con-
tained. Even 1% of the total energy may amount o as
much as 10--20 Mwatt for a large scale power station. This
can be achieved with the help of an s-shaped magnetic deflec-
tion and appropriate beam dumps. The possibility of using
either pulsed lenses or permanent magnets should be exam-
ined.

6. CONCLUDING REMARKS.

A number of novel techniques developed in HEP may be
beneficial to heavy ion induced confinement applications.
Non-Liouvillian stacking appears feasible for Bismuth and
very favourable for Bartum. A bold extension of the mulu-
ple ring technique to ion stacking and = 1000 beam straws
would allow the design of rings with individual beams
which remain in the domain of operation which has been
well tested experimentally f.i. at CERN. Existing and
proven techniques allow to reach parameters which meet
likely conditions for indirectly driven ignition. These corre-
spond to “high likelihood™ cases for pellet implosion with
high gain and directly relate to practical applications in the
domain of energy generation.
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