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As the subject of research and development
work are the object-oriented software tech
niques required to handle the complexities of
LHC collisions. This shows the subtasks of
track reconstruction for the CMS central
tracker. Each 'object' encapsulates
specific
tasks, or responsibilities, which are linked in a
global architecture or 'object design'. The
different responsibilities can be 'messaged'
when requested.

CERN
Energy amplifier
Even under the heavy burden of
responsibility as CERN's Director
General from 1989-3 the fertile mind
of Carlo Rubbia the scientist was
never still. A long-time Rubbia
'hobby' has been the search for new
sources of nuclear energy, exploiting
knowledge and skills from high
energy physics.
An initial objective was to adopt
heavy ion techniques to induce
controlled thermonuclear fusion, but
in 1994 this quest changed direction.
Putting the problems of thermonu
clear fusion aside, Rubbia began to
explore an alternative route to energy
production through controlled nuclear
fission.
tions have to be found.
The detector readout chain needs
temporary data storage (buffering) at
a number of levels. Memory manage
ment for buffering uses microprogrammable sequencers.
With a ten-year lead time, software,
and particularly software documenta
tion, has additional implications. The
routines still have to be transparent
and flexible even if the software
author has departed long ago.
Object-oriented languages and Com
puter Aided Software Engineering
(CASE) tools have to be extensively
used, and these skills are being
introduced into the physics environ
ment.
Overall, the size and complexity of
both LHC experimentation and the
machine itself needs sophisticated
control systems to safeguard opera
tion and optimize performance.
Ongoing R&D work at CERN looks at
the expertise available, or being
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developed for power plants, satellite
monitoring and other complex auto
mation systems. This work, which
involves industry, foresees a 'cortex'
approach with a highly distributed
heterogeneous control system.
Five years down the line, the
DRDC's goal of significant intellec
tual, professional and technological
progress has been achieved. The
challenge of LHC experimentation
has been met, and plans for detec
tors are well advanced. Beyond LHC,
the potential of some techniques has
been realized for a wide range of
studies, including medical applica
tions.
(A detailed 316-page summary of
DRDC results - The CERN Detector
R&D Programme 1990-1994, CERN/
DRDC 94-48 is available from Mme.
A. Anton, CERN AS/SI, CH-1211
Geneva 23, e-mail
anton@cernvm.cern.ch)

The idea is to use a particle accel
erator producing neutrons by
spallation (interaction of particles with
a target) to feed a fuel/moderator
assembly where the neutrons multi
ply by fission chain reactions. If the
energy liberated becomes substan
tially greater than that needed to
drive the accelerator, the process
has a net gain and becomes selfsupporting. Hence the name "Energy
Amplifier" (EA).
Similar systems for energy produc
tion or for nuclear waste incineration
have been proposed at Los Alamos
and in Japan and Russia, but appear
to require the prior development of
innovative linear accelerators. For
Rubbia's Amplifier, the requisite
accelerator is a reasonable extrapo
lation of an existing cyclotron such
that at the Swiss Paul Scherrer
Institute.
Moreover, the EA would require fuel
rods very similar to those of conven
tional reactors, rather than demand-
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A test using a beam from CERN's PS proton
synchrotron underlined the potential of an idea
of Carlo Rubbia to achieve controlled nuclear
fission. A proton beam produces neutrons by
spallation to feed a fuel/moderator
assembly
where the neutrons multiply by fission chain
reactions. Seen here is part of the subcritical
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spallation target assembly used in the test with
rods of natural uranium (contained in alu
minium sheaths) in a tank of demineralized
water, with in the centre, the radioactive rod
used as a calibration neutron source.
(Photo CERN EX

76.9.94)

energy than in normal fast neutron
reactors where the less agreeable
liquid sodium is the moderator.
Calculations show that reactivity
using lead remains very constant
since the effect of fission products
(poisons) is considerably reduced.
This allows more complete combus
tion before the fuel rods have to be
reprocessed (they could stay in place
for four years instead of a year with
the light-water variant). Moreover, the
constant reactivity opens up the
prospect of energy gain increasing
from about 60 to 100 or 120, with the
assembly remaining sub-critical.

ing new technology using liquid fuel
loops (molten salts) with on-line
separation of radioactive products.
Unlike a reactor, the EA's fission
reaction is not self-sustaining: it is
sub-critical and needs a continuous
supply of neutrons from the accelera
tor. This makes Chernobyl-type
meltdowns unlikely: if the accelerator
stops, the reaction stops too. Another
major advantage is that the old
dream of using thorium as a fuel is
now made possible. Thorium is not
itself fissile, but under neutron
bombardment can be transformed
into highly fissile uranium 233. This
fission yields neutrons which, in
addition to maintaining the fission
chain, in turn regenerate uranium
233 from thorium. This cannot be
achieved practically in a normal
thermal reactor since the number of
neutrons is too small.
Calculations show that in the EA,
uranium 233/thorium equilibrium is
soon established. In this thorium
cycle very little plutonium is produced
- 1000 to 10,000 times less than in
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conventional reactors. Thorium, more
abundant in the Earth's crust than
uranium, is fully used in the cycle
(unlike natural uranium where only
the 0.7% sliver of isotope 235 is
fissionable). Thorium energy re
serves appear to be practically
inexhaustible.
To illustrate the case for a beam
energy of 7 Megawatts (7 mA pro
tons produced by a state-of-the-art 1
GeV cyclotron) the EA would pro
duce 280 MW of thermal energy,
corresponding to about 100 MW of
electrical power. As the power
needed to operate the accelerator
does not exceed about 20 MW, there
would thus be a net production of
over 80 MW. (A normal nuclear
power station produces about a
Gigawatt.) During 1994 an irradiated
sub-critical assembly has been
tested in a beam from CERN's PS
proton synchrotron at a very low
power (of the order of one watt).
x

Rubbia has also simulated using
lead as moderator. This involves
working with neutrons of higher

Fast neutrons open up interesting
opportunities for the reprocessing of
the irradiated rods. This reprocessing
will be limited to the separation of the
fission products since all actinides
become combustible, sidestepping
the plutonium problem. The only EA
actinide waste (0.5%) comes from
imperfections in the separation
process.
Fission products can be recycled in
the rods, the neutron flux transform
ing them into non-radioactive ele
ments. However, unlike the fission of
actinides, this transformation con
sumes neutrons and reduces energy
production. A compromise solution
would be to reserve this costly
processing to sensitive elements
such as cesium 135, iodine 129, etc.,
which are long-lived (several million
years) and potentially polluting.
A study carried out on the thermal
version (the fast neutron version,
probably even cheaper, has not yet
been costed) corroborated by experts
from the Laboratoire d'Economie de
I'Energie in Grenoble indicates a unit
price slightly higher than that of
French nuclear power stations, but
much lower than other sources
(German nuclear power stations,
coal, French natural gas).
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This may seem surprising ("you're
adding a cyclotron, how can you be
cheaper?"), but the relative additional
investment is offset by the lower fuel
cost (no isotope separation) and
ease of operation, with less frequent
fuel rod manipulation.
To drive the assembly would
require a 1 GeV cyclotron with an
intensity of 10 mA or more - an
entirely feasible prospect. The
experiment at CERN, using a beam
from the PS, shows that an energy of
800 MeV to 1 GeV is optimal.
The main objective of the test was
to confirm computer simulations. The
Universidad Politecnica of Madrid
provided a subcritical assembly used
for teaching purposes with 3.6 tonnes
of natural uranium in a tank of
demineralized water, which could be
used with only minor modifications to
take a spallation target. Operation
used low intensity (1/100,000 of the
PS proton production rate) to mini
mize radioactivity.
In this test rig, energy production
was of the order of 1 watt, giving a
temperature rise of the order of 1/100
of a degree, requiring careful ther
mometry. To prove that the heating
was due to fission, plastic sheets
(Lexan) were exposed in the thermometric probe sites. The characteristic
etching produced by fission frag
ments on such plastic can be devel
oped and observed under the micro
scope. The correlation was perfect.
From these local measurements,
carried out at four different distances,
the rise in temperature could be
established from the fission density
distribution. This relied on the com
puter simulation and a detailed
mapping from 200 electronic fissionproduct detectors. These silicon solar
diodes or ionization counters in
pressurized argon count the frag
ments emerging from thin calibrated
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deposits of uranium and show the
time dependence of the fission rate
following a short pulse of protons.
The measured energy gain is of the
order of 30, consistent with the
simulation predictions.
The test rig was far from optimum.
Simulation shows that a larger device
would give a gain of about 60,
sufficient for 600 MW of thermal
energy, i.e. about 200 MW of electri
cal power, from a 10 mA 1 GeV
cyclotron.
The dependence of gain on incident
proton energy has been studied
between 600 MeV and 2.75 GeV.
Above 1 GeV the gain hardly in
creased while below 800 MeV it
decreased markedly. By the end of
the year, the CERN group expects to
have a detailed feasibility report for a
pilot energy production facility.
Elsewhere, several groups - Los
Alamos, Brookhaven, Japan (JAERI)
and Russia (at least seven institutes
around ITEP, Moscow) - are planning
accelerator-driven fission for a range
of applications (waste and plutonium
destruction, tritium production,
energy production from thorium,
uranium or plutonium). A joint report
will be drawn up this year under the
aegis of the International Atomic
Energy Agency.
With the heavy ecological implica
tions of present nuclear and conven
tional energy sources, it is surprising
how little R&D work is being invested
anywhere in this potentially reward
ing alternative energy solution.

STANDARD MODEL
The elephant, the tiger,
the penguin and the
unicorn
Experiments at Fermilab's Tevatron
proton-antiproton collider have
discovered the long-awaited sixth 'top'- quark (see page 1). The top
quark was the only missing link in the
framework of today's Standard Model
of three pairs of quarks and three
pairs of leptons (June 1994, page 4).
Unlike Fermilab's antiproton-proton
collisions, the electron-positron
collisions at CERN's LEP machine do
not make it possible to produce and
observe the top quark, for lack of
energy. In the context of the Stand
ard Model (SM), however, LEP has
provided a value for its mass which,
at the end of the 1993 season, was
172 + 20 GeV, agreeing well with the
average value from the Fermilab
experiments, 180 ± 12 GeV.
While the SM includes the top
quark, it gives no indication of its
mass. The SM provides a math
ematical framework making it possi
ble, from three basic quantities, to
calculate all the observable effects in
the electroweak interaction sector.
The three quantities are selected
according to the precision with which
they are known. The ones now
adopted are the electromagnetic
coupling constant, the muon decay
coupling constant, and the mass of
the Z, newly promoted on account of
the extreme precision with which it

Basic diet of CERN's LEP
electron-positron
collider - the formation of aZ from an electronpositron pair and its subsequent
decay.
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