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Focus on: Big science

Welcome to this focus issue of Physics World, which tackles some of

the challenges in building upcoming “big science” facilities. We kick

off by looking at CERN'’s Large Hadron Collider (LHC), which is set to
restart next year following an upgrade and maintenance programme (p7).
Once back online, the LHC will be generating even more data than in

its previous run — in fact, dealing with huge volumes of information is a
problem for many upcoming facilities (p19), as is training enough scientists
to use them (p15). The issue also examines how two neutrino experiments
are set for a boost (p9 and p23) and looks at novel technologies for tackling
dark energy (p16) and high-energy cosmic rays (p12).

Michael Banks, Contributing Editor
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Works starts on ESS neutron source

Construction hasfinallybegun on the
long-awaited €1.84bn ($2.4bn) Euro-
pean Spallation Source (ESS), which
will take five years to build and will
be the most powerful neutron source
in the world. Initially envisioned
almost two decades ago, the ESS
buildings will be complete by 2019
with experiments set to begin four
yearslater. “We are thrilled tobe able
to move ahead,” says Jim Yeck, ESS
director-general. “Many people have
been working hard for several years
already to get to this point.”

The facility will include a 600 m
underground linear proton accelera-
tor that will create a beam of protons
with an energy of 2GeV and a power
of SMW. These protons will then be
sent to a heavy-metal target station
to produce neutrons, which will in
turn travel to 22 instruments where
researchers will use them to investi-
gate arange of materials from super-
conductors to proteins. The ESS will
also feature sample-preparation labs
aswell as a supercomputing hub and
asoftware-development centre.

“This is a very important project
for materials scientists in Europe,
especially for those using neutrons
to study matter,” says ESS science
director Dimitri Argyriou. With

existing European facilities aging
and competition in the field growing
in Asia and North America, Argyr-
iou adds that “the ESS is a must for
European researchers”.

Some 13 nations have already com-
mitted about 97% of the total con-
struction costs, with Sweden paying
35%, Denmark 12.5%, Germany
11%, the UK 10% and France 8%.
Talks are currently ongoing with the
Netherlands, Latvia and Lithuania to
cover the remaining 2.5%. Yeck says
that other factors were important in
ensuring construction could begin,
including securing approvals from
the Swedish Environmental Court
and the Swedish Radiation Safety
Authority (SSM), which came during
the summer. The SSM approval is,
however, conditional, meaning that
additional permits will be necessary

Ready for action
Sofie Carsten
Nielsen, Danish
science minister, and
Swedish education
minister Jan
Bjorklund, break
ground for
construction of
the European
Spallation Source.
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as construction progresses.

Yeck adds that all partner coun-
trieswill be involved in the construc-
tion of the ESS facility with a large
part of the accelerator being built in
France and Italy, while Germany,
Spain and the UK will contribute
to the target station. Meanwhile,
Czech, Hungarian and Swiss part-
ners will contribute instruments,
and universities and institutes in
Sweden and Denmark will make
“significant contributions”.

The ESS has also announced that
Roland Garoby, who has spent more
than 35 years at the CERN particle-
physics lab, will become its technical
director this month. Garoby recently
led the upgrade of CERN’s injector
complex for the Large Hadron Col-
lider and is also currently chair of the
ESS’s technical advisory committee.
“The opportunity to play a leading
role in the ESS project is incred-
ibly attractive,” he says, adding that
the next five years will be “a multi-
facetted challenge”.

A foundation-laying ceremony
for the ESS is set for 9 October with
more than 600 people from the Euro-
pean scientific community expected
to attend.

Ned Stafford

Particle physics

Upgrade set for dark-matter detector

Avastupgrade to the XENON dark-
matter experiment at the Gran Sasso
National Laboratory in Italy is set
to provide a significant increase
in sensitivity by being able to bet-
ter spot cosmic rays masquerading
as dark-matter particles. Costing
$11m and expected to start taking
data in 2015, XENONIT will con-
tain one tonne of xenon to hunt for
weakly interacting massive par-
ticles (WIMPs) — a leading dark-
matter contender.

Installed in 2008, the current
XENON detector contains 100 kg
of xenon and has provided the
world’s best limits on the collisional
cross-sections between WIMPs and
xenon atoms within the detector. But
despite the laboratory being situ-
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Bigger and better
Physicists are
planning to upgrade
the current XENON
detector at the Gran
Sasso National
Laboratory in Italy so
thatit can hold one
tonne of xenon.

ated deep underground to block out
most other particles, stray neutrons
produced by the decay of cosmic-ray
muons can still enter the detector and
produce “false positives”. Because
the signal from the WIMPs, if they
exist, will be weak, these false posi-
tives could obscure the real signal.
Inaconceptual design report pub-
lished in June, the XENON team
has now laid out the design of its new

XENON100

Cerenkov detector, half of which
will be funded by the US. In order
to eliminate unwanted neutrons and
improve sensitivity, XENONIT will
be housed in a 10.5 m-high cylindri-
cal water tank. Whenever a relativ-
istic neutron passes though, it will
produce Cerenkov radiation that
will be detected by photomultipli-
ers. Should a signal be recorded at
the same time as one from a neutron,
it will be a false positive that can be
ignored as WIMPs do not interact
with the electromagnetic force so
cannot produce light of their own.
XENONIT could be followed by
an even bigger detector in around
2021, dubbed XENONNT, which
will have more than seven tonnes
of xenon. This would increase the
opportunities for scattering events
resulting in a stronger WIMP sig-
nal, possibly to the point where firm
conclusions about the nature of dark
matter can be made.
Gemma Lavender
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Particle physics

CERN celebrates 60 years of science

This year holds a particular signifi-
cance for the CERN particle-physics
lab near Geneva. On 29 September,
the lab celebrated 60 years since it
was conceived by holding an offi-
cial ceremony at the lab’s Globe of
Science and Innovation. Earlier
last month a special symposium,
entitled “Science and Peace”, was
also attended by representatives of
CERN’s member states at which
speakers presented highlights from
the lab’s first 60 years and told their
own personal stories of life at CERN.

CERN was established in the
aftermath of the Second World War
by a handful of Europe’s leading
scientists who saw an opportunity
to construct an international labo-
ratory for fundamental research
that would bring nations together
through science. CERN itself came
into being in September 1954 by the
12 founding states: Belgium, Den-
mark, France, the Federal Repub-
lic of Germany, Greece, Italy, the

Netherlands, Norway, Sweden, Swit-
zerland, the UK and Yugoslavia.
CERN now has 21 member states
with many other countries from
around the world —including the US,
Japan and India - participating in its
research programme.

Earlier this year, a separate event
was held in July at UNESCO’s head-
quarters in Paris to mark the signa-
ture of the CERN convention, which
established the lab. On 19 Septem-
ber, CERN also celebrated the anni-
versary of its first council session,
which was actually held in Geneva on
7-8 October 1954, with a concert by
the United Nations Orchestra held at
the Globe.

“With its discoveries and innova-
tions, CERN has been bringing the
world together through science for
60 years,” says Rolf-Dieter Heuer,
CERN’s director-general.

Michael Banks
e See “CERN gears up for LHC
switch on”, p7

Facilities

Diamond secures materials analysis facility

The Diamond Light Source in
Oxfordshire, UK, is set for a £10m
($16m) microscopy complex that will
focus on biology and the physical sci-
ences. To be complete in 2015, the
Materials Characterisation Facility
will provide researchers with high-
resolution electron microscopes to
investigate a range of materials and
their chemical interactions at the
atomic level. The facility will include
a hard X-ray nanoprobe beamline,
called 114, which will extend out
175 m from the main storage ring.

Completed in 2007, Diamond is
the UK’s largest synchrotron facility
that provides high-intensity X-rays to
25 beamlines — a number that is set
to increase to 33 by 2018. These are
used by researchers in a wide range
of areas from studying Neolithic
paintings to gaining a better under-
standing of superconductivity.

The new venture is a partnership
between Oxford University, the UK
chemical firm Johnson Matthey, and
Diamond, which is funded by the UK
Science and Technology Facilities
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114 can see

clearly now

A new facility at

the Diamond
synchrotron will
provide researchers
with a range of tools
with which to study
their materials.

Diamond Light Source

Council and the Wellcome Trust.
The new facility will have 12 staff
in total, with some drawn from Dia-
mond’s existing team of 500 and oth-
ers recruited into new posts.
Diamond spokesperson Mary
Cruse calls the new facility a “sig-
nificant development”, adding that
the first scientists to use the electron
microscopes are expected to arrive
late next year. “Housing the beam-
line and the electron microscopes in
one building near the synchrotron
will make it easy for the researchers
to study their samples using differ-
ent techniques.” says Cruse. “Co-
location in one building is also very
efficient from a construction point
of view.”
Kulvinder Singh Chadha

Briefs

DESY gets a handle on big data

The DESY lab in Hamburg is teaming up
with IBM to speed up the handling and
storage of the massive volumes of X-ray
data that are generated by the lab’s
PETRA IIl synchrotron. The 14 beamlines
at PETRA Il have a range of detectors that
can each generate about 5 Gbit of data
every second — enough to fill one CD-ROM.
IBM’s “elastic storage” architecture, which
will be used at DESY, can handle more than
20 Gbyte/s of data and will also provide
researchers with high-speed access to
their research results. There are also plans
to use a similar data storage and retrieval
system for the lab’s upcoming European
X-ray Free Electron Laser, which is
expected to produce around 100 petabyte
of data each year when up and running in
the coming decade.

e See “Surviving the flood”, p19

First electrons at MAX IV

The first electrons have been generated
atthe €300m ($390m) synchrotron-
radiation facility in Sweden dubbed MAX
IV. When open in 2016, MAX IV will use

a 250 m-long linear accelerator to inject
electrons into two storage rings with a
circumference of 96 m and 528 m. The
larger ring will hold electron beams at

3 GeV, while the 96 m ring will operate at
1.5GeV. The electrons in the storage rings
will then be made to emit X-rays by being
sent through “undulators”, which force
the electrons to travel along a sinusoidal
path. Having two storage rings will allow
researchers to produce a range of photon
energies —the small ring will produce
long-wavelength light, while the other will
produce higher-energy photons. The large
storage ring is expected to be installed

in July 2015 and the small storage ring in
January 2016, with the inauguration of
MAX IV taking place in June 2016.

Namibian telescope sees first pulsar
The High Energy Stereoscopic System
(HESS-Il) in Namibia — consisting of four
12 m and one 28 m reflecting telescopes
- has detected its first pulsar. HESS-II

is based near the Gamsberg Mountain

in Namibia in southwest Africa and is a
system of Imaging Atmospheric Cherenkov
Telescopes that investigates cosmic
gamma rays in the energy range from
about 10 GeV to 10TeV. HESS-II picked up
gamma rays of around 30 GeV from the
Vela pulsar, making it the first detection

of pulsed emission using a ground-based
gamma-ray instrument sited in the
southern hemisphere.
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CERN gears up for LHC switch on

Following a two-year shutdown for maintenance and upgrades, Ned Stafford looks at how the LHC has
been improved to allow researchers to hunt for new particles

CERN’s 27 km-circumference Large
Hadron Collider (LHC) — the world’s most
powerful particle accelerator —is expected
tobe fully operational once again next year,
allowing physicists to resume experiments
after a two-year shutdown for maintenance
and upgrading. CERN scientists hope that
the upgrade will enable the LHC to operate
with collision energies of 13 TeV, just short
of its design energy of 14 TeV. This would
open a new window for discoveries, includ-
ing studying the Higgs boson in greater
detail and hunting for “supersymmetric”
particles. Indeed, the upgrade is expected
toimprove the LHC’s ability to detect heavy
new particles by a factor of two, while the
number of Higgs bosons produced will
increase by an order of magnitude in total.

The LHC upgrade — costing SwFr 150m
($160m) — was completed in June, and is
being followed by a step-by-step restarting
and testing process that will last into early
2015. The upgrade will allow the LHC to
operate at higher energies and with beams
thatare squeezed into asmaller area as they
pass through the detectors to increase the
collision rate. “There is a general sense of
anticipation — the excitement is building,”
says theoretical physicist John Ellis of
King’s College London, who is also based
at CERN. “Iam personallylooking forward
to alot of fun in the next two to three years
and, as data come out, raking through the
coals and seeing if there are any gems.”

Following a hugely successful run lasting
threeyears, the LHC, which accelerates and
collides protons with antiprotons, was shut
down for maintenance in February 2013.
The LHChad been operating with collision
energies of around 7TeV — or 3.5TeV per
beam. Despite not reaching its full design
energy during thatfirstrun, in July 2012 sci-
entists were still able to announce that they
had detected the Higgs boson, which was
first theorized in 1964. CERN’s successful
detection was capped last year when Fran-
cois Englert and Peter Higgs were awarded
the 2013 Nobel Prize for Physics.

But the rest of CERN’s accelerator com-
plex has been receiving plenty of attention
too during the current shutdown, with main-
tenance and upgrading work also being
carried out on the “injector complex” — the
chain of smaller accelerators that feed the
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Anna Pantelia/CERN

consolidation of 10 170 splices between superconducting magnets.

LHC with particles. The starting point for
protons at CERN is linear accelerator 2, or
“Linac2”, which sends protons into the Pro-
ton Synchrotron Booster (PSB) thatin turn
injects protons into the Proton Synchrotron
(PS). The next and final step before deliv-
ery of protons to the LHC is the 7km Super
Proton Synchrotron (SPS), which was first
switched on in 1976. “I like to compare it to
changing gears on a car,” says Ellis.

The longlist of maintenance and upgrad-
ing tasks that CERN completed during
the 16-month shutdown include making
1695 openings and re-closures of the vac-
uum enclosure in between the LHC mag-
nets that include the vacuum and helium
pipes. Engineers made 400000 electrical-
resistance measurements as well as
improving the 13k A circuits in the 16 main
electrical-feed boxes. These circuits con-
nect the warm current leads from the
power supplies with the superconducting
leads that feed the current to the magnets.
The upgrade also involved completely
replacing four quadrupole magnets and
15 dipole magnets that looked suspect
during testing.

But the biggest portion of work, accord-
ing to Mike Lamont, head of the accel-
erator operation group at CERN, was the
consolidation of more than 10000 “splices”
between superconducting magnets. These
splices are essentially “superconducting
cable joints” with six splices per inter-

connect. “This was a huge job,” Lamont
says, pointing out that the consolidation
included soldering shunts on the splices
to ensure electrical continuity and install-
ing improved electrical insulation, which
also acts as a mechanical restraint to limit
stresses and deformations.

The maintenance work was complete in
June, with the restarting process for the LHC
beginning shortly afterwards. At the time,
Frédérick Bordry, CERN’sdirectorforaccel-
erators and technology, described the LHC
as “coming out of a long sleep after under-
going an important surgical operation”. On
2 June, the PSB was restarted followed by
the PS on 18 June. In July, powering tests
began at the SPS and the physics programme
covering CERN’s antimatter experiments is
expected to resume in October.

Lamont says that the LHC is having to
undergo months of intensive testing to
ensure that the upgrade was successful
before the full physics programme at the
LHC canresume nextyear. Testing includes
putting a current through each of the LHC’s
eight sections and Lamont adds that all
eight sections of the LHC should be cooled
down by October to the operating tempera-
ture of around 2K.

Lamont, however, hesitates to describe
the LHC as new, but agrees that the LHC
will have enhanced capabilities. “From
a physics viewpoint, we are entering new
ground,” he says. “Itis a new frontier.”
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Neutrinos

Doubling up for double-beta decay

Physicists are refilling a huge
plastic sphere 2 km underground
with a liquid containing
ultra-pure tellurium in the hope
of detecting an exceptionally rare
form of nuclear decay, as

Edwin Cartlidge reports

The Creighton nickel mine in Sudbury,
northern Ontario, Canada, is no stranger
to neutrino physics. Inside the mine, at
the end of a tunnel 2000 m below ground,
is a 30m-high cavity containing a hollow
acrylic sphere surrounded by thousands
of photomultiplier tubes. During the first
half of the last decade that 12 m-diameter
sphere contained heavy water, which was
monitored for the Cerenkov light generated
when incoming solar neutrinos occasionally
collided with its molecules. Data from the
Sudbury Neutrino Observatory (SNO), as
the facility was then called, showed neutri-
nos “oscillating” from one type to another
as they pass through the Sun — a result that
implied neutrinos have mass and propagate
as bizarre “mixed states,” contrary to the
Standard Model of particle physics.

That apparatus is now being adapted
to carry out a quite different kind of neu-
trino experiment, known as SNO+, which,
rather paradoxically, is on the look-out
for nuclear reactions that do not give off
any neutrinos. The acrylic sphere will be
filled with a liquid scintillator — an organic
substance that emits light when charged
particles pass through it — containing the
isotope tellurium-130, which is thought to
undergo a process known as “neutrinoless
double-beta decay”. This decay —if it exists
at all - is extraordinarily rare: on average at
least 10% years will elapse before any given
nucleus experiences the transformation. Its
detection, however, would be a major dis-
covery in physics, since it would mean that
the neutrino — uniquely — is its own anti-
particle, as well as providing a value for the
mass that SNO showed neutrinos do possess.

In trying to observe this ultra-rare decay
for the first time, SNO+ is not alone.
Around a dozen different research groups
around the world are operating, or will
shortly start up, experiments searching for
neutrinoless double-beta decay (see p23).
Each tries to minimize the time needed to
see the putative decay, by striking a balance
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Double or nothing The SNO+ experiment, based at
SNOLAB in Canada, will be filled with a liquid
scintillator containing the isotope tellurium-130in
order to hunt for neutrinoless double-beta decay.

between several, often competing, factors:
the propensity of a given isotope to decay;
the amount of that isotope that can realisti-
cally be obtained; the background radioac-
tivity associated with that isotope; aswell as
the energy resolution and efficiency of the
detector used to monitor the decay.

In the case of SNO+, which forms part of
the larger “SNOLAB?” facility at Creighton
that also carries out measurements on neu-
trinos from the Sun and nuclear reactors, the
collaboration initially decided to use neo-
dymium-150. This is because it is thought to
have the highest decay rate of any of the 35
double-beta decay isotopes, as well as one
of the lowest associated backgrounds. How-
ever, neodymium-150 makes up a fairly
small fraction of naturally occurring neo-
dymium — about 6% — and so (like other
isotopes) has to be enriched. The collabo-
ration had hoped that it could carry out this
enrichment in a special facility in France
but in the end it was unsuccessful.

Faced with this problem, the collaboration
took the radical step of ditching neodym-

5 ium-150 in favour of tellurium-130, which
£ makes up 34% of naturally occurring tellu-
= rium - the highest proportion of any of the
S candidate isotopes. The researchers made
2 this decision last year, some eight years into

their project, having developed new tech-
niques to purify the tellurium-130 and load
it into the scintillator. A year-and-a-half on,
the group appears happy with its choice. “We
made the decision to gamble,” says Oxford
University’s Steve Biller, spokesperson for
the UK contingent within SNO+, “and we
have since made enormous progress.”

Background check

As its name suggests, neutrinoless double-
beta decay is related to beta decay, the
phenomenon in which a neutron inside a
nucleus converts into a proton, accompa-
nied by the emission of an electron and an
antineutrino. Some nuclei containing even
numbers of protons and neutrons can also
undergo the much rarer double-beta decay,
which sees two neutrons being simultane-
ously transformed into protons together
with the emission of two electrons and
two antineutrinos. This reaction was first
observed experimentally in 1987, but theo-
rists are pretty sure that the neutrinoless
version of it exists too, despite being much
rarer still. In this case, the two antineutri-
nos, by virtue of being their own antiparti-
cles, annihilate one another before they can
escape from the nucleus.

Physicists are looking for evidence of
this decay by measuring the energy of the
electrons given off. In normal double-beta
decay the energy liberated by the reaction
is carried off by both the electrons and the
neutrinos. Since the divvying up of energy
is not fixed but varies randomly from one
decay to the next, the electrons’ energy
spectrum forms a curve spanning a wide
range of values. In neutrinoless double-beta
decay, on the other hand, all of the energy
—awell-defined quantity —is taken up exclu-
sively by the electrons, resulting in a spike at
that energy value.

One group has in fact claimed to have
seen such a spike — the Heidelberg—Moscow
collaboration, which operated a germa-
nium detector at the Gran Sasso laboratory
in Italy between 1990 and 2003. However,
many other physicists working in the field
believe that what that collaboration actu-
ally saw were commonplace radioactive
processes. Indeed, much of the work that
goes into these experiments is dedicated
to keeping background radioactivity to a
minimum, which is why the detectors are
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placed deep underground — locating them
there minimizes radioactivity produced by
interactions with cosmic rays. The detec-
tors are also heavily shielded — in the case
of SNO+, by filling the underground cavity
with ordinary water — and use components
that are themselves as free of radioactive
isotopes as possible.

Part of the reason neodymium-150
looked attractive to the SNO+ team is that
the position of its would-be decay peak is at
about 3.4 MeV, putting it beyond the 3MeV
upper limit of most polluting background.
(The tellurium-130 peak, in contrast, would
lie at about 2.5 MeV.) However, Biller and
SNO+ spokesperson Mark Chen realized
that the most serious potential trouble-
maker — bismuth-214 — could be dealt with.
Produced during the decay of the uranium
that is naturally present in almost all mate-
rials, bismuth-214 gives off 3.2 MeV when
it subsequently undergoes beta decay. But
just a fraction of a second after it does so,
the new decay product, polonium-214, gives
off an alpha particle with a known amount
of energy, allowing the researchers to iden-
tify the former event as background and so
remove it.

Good numbers

Things came together for the two physicists
when Chen was on sabbatical at Oxford
in the autumn of 2011. Biller was think-
ing about the choice of isotope, having
become frustrated with the shortcomings
of neodymium, and then over tea one day
he and Chen thrashed out a calculation for
the potential sensitivity of the experiment
using tellurium. They realized the numbers
looked “really good”. However, they also
realized that these headline figures needed
substantiating, so kept the calculations to
themselves while their colleague Minfang
Yeh and others at the Brookhaven National
Laboratory in the US worked out how to
load and purify the tellurium-130.

Initially, Yeh and co-workers tried load-
ing the tellurium using an organic material,
just as they had with neodymium (an inter-
mediarybeingrequired to dissolve metalsin
anorganicliquid). However, the results were
disappointing: a browny-yellowy liquid that
would not let light through. Undeterred,
Yeh then decided to first dissolve telluric
acid in water, before adding that mixture
to the scintillator — linear alkyl benzene —
using a surfactant. The result was a clear lig-
uid that remains stable. Unlike the organic
alternative, water is not a scintillator, which
limits the amount of tellurium that can be
loaded if light levels are to be kept above a
certain minimum. However, the researchers
found in fact that a decent light yield could
be maintained even with concentrations of
tellurium of several per cent — a result that
suggested the experiment could reach very
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Fully loaded A container of a liquid scintillator containing the isotope tellurium-130 (left). The same container
is then shone with ultraviolet light to simulate scintillation.

high sensitivities in the future.

The Brookhaven researchers also
developed a new purification technique
to reduce levels of radioactive impurities
“activated” by cosmic rays. The technique
involves dissolving telluric acid in water, re-
crystallizing it using nitric acid and then
rinsing off contaminants with ethanol.
The telluric acid can then be transported
underground, dissolved in water at 80 °C
and cooled so that it can re-crystallize a
second time.

With this work under their belt, Biller
and Chen presented their proposal to the
rest of the collaboration in March 2012. A
year later — following additional R&D and
independent scrutiny by some of their col-
leagues — the collaboration held a vote on
whether or not to switch isotope. The result
of the vote, says Chen, was a near unani-
mous yes. “We didn’t know at first whether
this was a crazy idea, so we kept alid on it,”
adds Biller. “But now we are confident that
this new approach will work.”

Massive sensitivity
Since the decision was taken to switch to
tellurium, Chen, Biller and colleagues
have not been wasting any time. This year
they are filling the acrylic sphere with ordi-
nary water in order to make basic tests of
the experimental apparatus, and were also
due to receive the first shipments of tellu-
ric acid from China. Then next year they
should gradually replace the water with
the scintillator, which they will purify and
to which they will then add the 800kg of
tellurium-130 foreseen for the first phase of
the experiment by the end of 2016.
According to Chen and Biller, between
three and five years running with the 800 kg
ought to bring SNO+ to within sight of the

“inverted-hierarchy region” — a range of
neutrino masses that oscillation data show
might be favoured in nature (the size of neu-
trino mass that can be probed by neutrino-
less double-beta decay experiments being
inversely proportional to the square root of
the attainable decay half-life). Increasing
the detector mass to eight tonnes — which,
they estimate, could be achieved by roughly
doubling the $15-$20m needed to imple-
ment the first phase —should then allow for
a “high sensitivity” search of most of the
inverted-hierarchy region.

Giorgio Gratta, spokesperson for the
EXO-200 xenon experiment in the US,
cautions that the relatively poor energy
resolution of SNO+ and the “non-specific
nature” of any potential signal would make
it hard for Chen and colleagues to convince
others that they are seeing the neutrino-
less decay. In fact, argues Ettore Fiorini,
former spokesperson of the crystal-based
tellurium-130 CUORE detector in Gran
Sasso, it is essential that peaks are seen in
two or preferably three types of isotope. He
believes that SNO+ and its closest rivals
ought to reach the inverse-hierarchy region
“at about the same time”.

Future projections aside, for the moment
the SNO+ researchers are concentrating on
simply making sure that the first stage of
their experiment works as planned. Biller
points out that higher-than-expected trace
radioactive contamination, for example,
or unexpected optical behaviour on the
metre-scale might diminish the experi-
ment’s sensitivity below predicted values.
“Our desktop measurements have given us
about as much confidence as we can have in
our experiment,” he says. “But getting such
a detector up and running is almost invari-
ably more difficult than you think.”
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Drilling down to catch cosmic rays

A huge neutrino detector is
currently being built at the
South Pole to understand the
origins of high-energy cosmic
rays. Jude Dineley looks at the
challenges in constructing the
Askaryan Radio Array

Ultra-high-energy cosmic rays are an
enigma. They bombard the Earth with
energies of more than 10%°eV — over 10 mil-
lion times greater than the energies gener-
ated at CERN'’s Large Hadron Collider.
And yet, where ultra-high-energy cosmic
rays originate and what accelerates them
is still a mystery. Astrophysicists are hop-
ing such questions will be answered by the
$8m Askaryan Radio Array (ARA) that,
if funded, will come fully online at the
South Pole in the coming decade. Consist-
ing of 37 nodes or “stations”, the ARA will
sit on the 3km-high Antarctic plateau and
eventually span an area of 200 km?,

The ARA is a large international col-
laboration consisting of 50 researchers
from some 11 institutions, including the
University of Wisconsin-Madison in the
US and the National Taiwan University
(NTU) in Taipei. All the ARA partners
are involved in existing Antarctic cosmic-
neutrino detectors: IceCube — a 1km?
detector embedded 2.5 km deep in the ice
that reported its first detection of neutri-
nos with energies up to 10"*eV in 2013 -
and the balloon-borne ANITA detector.
ANITA, which is yet to make a confirmed
detection, surveys around 1.5 million
square kilometres of ice from 37km up in
the atmosphere and is sensitive to neutri-
nos with energies above 10" V.

The ARA will explore the so-far
uncharted energies between IceCube and
ANITA. Its main goal is to detect ultra-
high-energy neutrinos that are predicted
to result from interactions between high-
energy cosmic rays and the cosmic micro-
wave background in the vicinity of the
unknown cosmic accelerators. Unlike the
particles that make up cosmic rays, such
as protons, neutrinos have no charge and
next to no mass, meaning that those emit-
ted from the edge of the universe can, in
principle, reach Earth undeflected by fields
and matter in the cosmos.
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Spotting neutrinos

Building a detector at the South Pole
might seem a perverse thing to do, but the
beauty of Antarctica is that it has the larg-
est expanse of ice in the world. And ice —
being a dense, radio-transparent dielectric
— is ideal for glimpsing neutrinos, which
are notoriously hard to spot. Moreover,
the ability to detect neutrinos improves
the deeper you go. “We found that if we
deployed the sensors at a depth of 200 m,
then we have a factor of three times higher
sensitivity than if we leave them at the sur-
face,” says Albrecht Karle of the University
of Wisconsin-Madison, who is managing
the ARA’s deployment.

Each of the AR A’s 37 stations will detect
radio waves over 50km® of ice and will be
placed around 2km apart on a hexagonal
grid. Stations have been designed as stand-
alone interferometers, enabling the three
stations already deployed to start observ-
ing. Working over two intense summer
seasons, each lasting six to eight weeks, the
collaboration installed the prototype test-
bed station at the surface of the ice in late
2010 as well as the three full stations — one
at 100m and two at 200 m below the surface
of theice —in 2011 and 2012. The telescope
will become more sensitive as each new sta-
tion gets added — an approach that leaves
the door open for the total number of sta-
tions to eventually expand beyond just 37.

Chosen for reliability and cost-efficiency,
the 37 stations will be powered by the gen-
erators that supply the Amundsen-Scott

Testing ground The $8m Askaryan Radio Array will aim to detect ultra-high-energy neutrinos.

South Pole Station with electricity. They
will be connected by cables, which, along
with data links, will run as far as 15km
across the ice to reach the most remote sta-
tions. Itis estimated that the AR A will draw
under 5 kW —less than 1% of the total power
consumption at the South Pole Station.
Each ARA station will have 16 receiver
antennas, divided into eight pairs spread
across four detector “strings” suspended
vertically in the ice to a depth of 200 m.
Each pair comprises one horizontally and
one vertically polarized antenna. The anten-
nas will detect neutrinos by looking for the
radio waves emitted when these tiny neutral
particles collide with nuclei in the ice — a
phenomenon called the Askaryan effect.
By measuring the sequential arrival of the
pulse at the antennas, the direction and the
curvature of the wavefront can be deduced.
From this information, the distance of the
neutrino—ice interaction from the station
can be calculated, which when combined
with the pulse magnitude, can be used to
determine the energy of the interaction.
Fine-tuned to maximize sensitivity, Karle
estimates that the ARA will detect up to 10
events per year. Frequency and polarization
characteristics detected by the antennas
will also help improve the location of the
events in the ice — a step towards locating
neutrino sources in the sky. “By knowing
their incoming energy and angle, we can
point back to certain suspect astrophysical
objects,” says Pisin Chen of the NTU, which
isfunding one quarter of the stations. These
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could include supermassive black holes
found in active galaxies and gamma-ray
bursts. However, the ARA’s primary goal,
as Karle stresses, is to detect the particles
in the first place. “Our priority is to detect
events reliably,” he says. “Once we have
nailed that, then it will be a different game.”

Drilling down under
Members of the collaboration are facing
some significant challenges in building the
ARA. As mechanical engineer Terry Ben-
son of the University of Wisconsin-Madison
points out, one particular problem is that the
harsh conditions, remote location and asso-
ciated logistics mean that the drills that are
used to bore holes in the ice must be robust,
easy to repair and fuel-efficient. In fact,
Benson and colleagues have pioneered drill-
ing technology with these criteria in mind.
Their approach melts the ice with pressur-
ized water at a temperature of 85 °Cand then
rapidly pumps it to the surface, leavinga dry
hole. This means that the detectors do not
need to be waterproofed from the meltedice
or shielded as it refreezes and expands.
Yet, the technique carries a risk that
equipment can get damaged and lost in the
ice. “Keeping water liquid at the South Pole
is hard to do,” explains Benson, who has

worked eight summers in Antarctica since
2004. “If you have delays when the drill
equipment is sitting in the hole, it can freeze
in and you can’t get it out.” But in addition
to good design, meticulous preparation
and instruments that can monitor the holes
during drilling, Benson singles out experi-
ence as the most important factor. Safety is
another top priority, with hazards including
the hot, pressurized drill water and high-
voltage power, not to mention the harsh
environment. Indeed, crews are equipped
with survival packs in case they get injured
or exposed to poor weather conditions that
could stop them returning quickly to the
South Pole Station.

Chen’s NTU group, which built the sec-
ond and third stations, is now assembling
additional ones in Taipei. However, for now,
their installation is on hold. While money
from Taiwan and other non-US states is in
place, it is unclear if or when the National
Science Foundation (NSF) will provide
the ARA’s US partners with the funding
needed for deployment. “It’s the US that
has the capability of transporting all of the
equipment to the pole. Most other countries
are not able to do it, so that’s becoming a
bottleneck,” says Chen, who adds that the
US contribution is “very crucial”. If funding

is secured in time for construction over the
2016-17 Antarctic summer, Karle estimates
the array will be completed by 2022. Yet
the ARA is not the only neutrino experi-
ment being built at the South Pole: the
ARIANNA facility, which will be located
on the Ross Ice Shelf, is in the early stages
of construction and will search more than
500km? of ice at the same energies.

Amy Connolly — a physicist at Ohio State
University who is working with colleagues
on simulations of neutrino detections by the
ARA and analysing its first data — says that
the prototype testbed has provided a suc-
cessful proof of principle and made the first
observations of background noise, proving
that it will not overwhelm signals from true
neutrino events. By feeding the data into
simulations of a full station, the collabora-
tion is also developing techniques to maxi-
mize sensitivity. “Based on our experience
with the testbed, we can say more definitely
that with a full ARA, we can really dig
deep into the expected flux of cosmogenic
neutrinos and begin to do real physics and
astrophysics,” says Connolly. Funding per-
mitting, it would seem that the ARA has a
bright future. “It’s going to be a very power-
ful experiment,” says Connolly. “If the NSF
will only just allow us to build it.”
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Opinion: Bill Stirling

Supporting the next generation

With Europe building a whole host of world-class facilities in the coming decade, Bill Stirling
warns of a possible shortage of scientists that are able to use them

Europe has a long tradition of constructing
world-class laboratories and forging
international partnerships. Collaboration
hasbeen a cornerstone of Europe’s
historical scientific success leading to

one of the great accomplishments of
modern science in Europe — the discovery
of the Higgs boson at CERN’s Large
Hadron Collider in 2012. Today, countries
across Europe are jointly funding the

next generation of facilities — such as the
European Extremely Large Telescope
(E-ELT) to be built in Chile and the
European Spallation Source (ESS) in
Lund, Sweden — that any country would find
difficult to fund alone.

As well as being the world’s primary
laboratory for particle physics, CERN is
aremarkable demonstration of European
countries working and investing together to achieve a globally
leading position in science. France and Germany also came
together in 1967 to found the Institut Laue-Langevin (ILL)
in Grenoble - one of the first multinational laboratories to
be built in postwar Europe. The UK joined in 1973, further
strengthening their shared scientific interests. Today, the ILL is
the world’s leading centre for neutron science, with about 1500
researchers from more than 40 countries visiting each year. One
of the reasons for its success has been the consistent programme
of re-investment made possible by pan-European support.

While a single country might baulk at investing on its own
in a multi-million-curo research instrument or infrastructure,
spreading the cost across multiple countries has made this a more
realistic prospect. Such collaborations are to be found in virtually
every area of science. For example, European Space Agency
(ESA) missions and the international fusion-based energy
project ITER.

“Big science” ultimately depends on the work of us “little”
scientists. So as facilities and projects keep getting bigger, it is
important that we do not lose sight of the human component. We
must not forget the individual scientists who make this research
possible. For these multinational collaborations to succeed we
must support a new generation of scientific talent, and address
any challenges that they face in taking advantage of our world-
class instrumentation. If we cannot ensure a continued stream
of enthusiastic scientists, free and able to pursue their studies
around Europe and work at such world-class facilities, there is
little point in having these at all.

The human element

When I left the UK in 1972 to do a postdoc in Germany, I

gave very little thought to my long-term career. But I have
always believed that working at an international facility can be
tremendously valuable for early-career researchers. Apart from
the benefits associated with a change of environment, working
in an international, multicultural group is a highly stimulating
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Career concerns Bill Stirling says big facilities
need a strong supply of talented scientists.

2 experience. As a young scientist,  worked
in teams from half a dozen countries, where
the mix of educational backgrounds made
for a richer working relationship.

Today's researchers, however, are more
aware of the potential personal difficulties
associated with a change of country.
Unfortunately, basic issues such as childcare
and transferable pension plans have yet to
be resolved in a satisfactory way in Europe,
which only further complicates the prospect
of prolonged stays abroad. While some steps
are being taken — the European Commission,
for example, is considering a pan-European
pension fund for researchers — the future
remains unclear. If we are to ensure the
long-term health of our European science
community based on exciting collaborations,
more needs to be done to ensure that

researchers can travel around as freely as their scientific ideas.

These concerns are shared by the eight members of
the EIROforum, the partnership of Europe’s largest
intergovernmental research organizations that includes CERN,
ESA and the ILL. A survey carried out by the European
Research Area in 2012 found that almost 60% of researchers
required access to research infrastructures of pan-European
interest. Of the 60%, around 37% had experienced access
problems —whether in terms of financial barriers, complex
regulations or the poor communication of information.

Whatever the UK’s future role within the European Union, it
will remain a significant partner in facilities such as the ILL and
the European Synchrotron Radiation Facility. This imposes a
duty on the UK to attract more researchers to such facilities, yet
UK staff numbers have been decreasing at the ILL over recent
years, with researchers increasingly preferring to take jobs at
home. The competitive salaries offered in the UK are clearly
contributing to this trend, as is the rise of powerful national
facilities such as the ISIS neutron source and the Diamond
synchrotron, both based at the Rutherford Appleton Laboratory
in Oxfordshire. These problems are clearly not limited to the
UK. Of the more than 10000 researchers in the European
synchrotron community, only a small number make a significant
trans-European move each year.

Nevertheless, PhD and postdoc programmes across Europe’s
universities and laboratories do allow people to move between
countries and benefit from world-class facilities. In addition to
facilitating the free flow of scientific talent, we must also address
the issue of scientific training. If we do not maintain a pool of
scientific talent to draw on in the future, we will find ourselves
increasingly side-lined from the great discoveries of tomorrow.
International collaborations are not without their challenges, but
when they work, they can be very positive for science and for the
individuals concerned.

Bill Stirling is director of the Institut Laue-Langevin in Grenoble, France

15



Physics World Focus on: Big science

Astronomy

physicsworld.com

The new MKID on the block

Imaging devices based on
superconductors rather than
semiconductors could provide the
data needed to understand what
is speeding up the universe’s
expansion, as Edwin Cartlidge
reports

In 1998 two groups of researchers made
an announcement that shocked the scien-
tific world: the expansion of the universe is
accelerating. For most of the 20th century
scientists had known, or at least strongly
suspected, that the universe was expand-
ing, but they thought that the gravitational
attraction of all the mass in the cosmos
was causing the expansion to slow down.
Having observed the light from a number
of very distant supernovae, the two groups
found this not to be the case. Many other
groups have since confirmed their findings
and have shown that the apparent repulsive
force thought to be driving the acceleration
—known as dark energy —accounts for about
three quarters of the energy density of the
universe. To date, however, no-one hasbeen
able to explain what dark energy actually is.
Various theories about the nature of dark
energy have been proposed, but putting
these to the test requires detailed infor-
mation about exactly how the universe has
expanded and how dark matter has brought
mass together in the 14 billion years since the
Big Bang. One way to do this is to measure
the properties of large numbers of galax-
ies and use those data to establish whether
matter has tended to clump together or move
apart over cosmic time. This involves wide-
field imaging of the night sky in order to
obtain the angular co-ordinates of each gal-
axy and then measuring the galaxies’ spectra
to pin down their distance along the line-
of-sight (the redshift of their spectral lines
revealing how quickly they are moving away
fromus, and so, via the Hubble relation, how
far they are from us). The result is a 3D map
charting the evolution of the universe.

One current facility that is being used to
draw such a map is the Dark Energy Cam-
era, a 570-megapixel device mounted on
the 4m Victor M Blanco telescope in Chile.
The camera started up last year and surveys
5000 square degrees, or one-eighth of the
sky, in minute detail. More ambitious still
is the Large Synoptic Survey Telescope
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Eye on the sky The Dark Energy Camera — a
570-megapixel device mounted on the 4 m Victor M
Blanco telescope in Chile — uses charge-coupled
devices to take images.

(LSST), due to see first light in Chile in
about 2020, which willuse an 8.4 m primary
mirror and a camera with three billion pix-
els to survey the whole sky every week for
10 years. In terms of imaging, the output
of the two facilities will be extraordinarily
high — some 300 million galaxies should be
observed by the former and a whopping 10
billion by the latter. The galaxies’ spectra,
however, will be obtained simply by cap-
turing the images through a handful of
filters of varying colours. While more dis-
tant objects tend to be redder, the redshift
measurements obtained in this way will not
be precise enough to record the universe’s
expansion history in detail.

The solution to this problem, according
to astrophysicist Ben Mazin of the Univer-
sity of California, Santa Barbara, is to carry
out spectroscopic measurements not with
the conventional charge-coupled devices
(CCDs) used in the Dark Energy Camera,
LSST and almost every other major tel-
escope in the world, but with a new kind
of sensor known as a microwave kinetic
inductance detector (MKID). Rather than
using semiconductors to convert incoming
photons into single electrons, as is the case
in CCDs, MKIDs instead employ a super-
conductor, typically titanium nitride. Each
photon breaks Cooper-paired electrons
in a pixel of superconductor to produce

s thousands of excitations known as quasi-

£ particles, with the resulting change in the

“ material’sinductance then measured using
a microwave resonator.

These devices are ideal for carrying out
redshift measurements, explains Mazin,
as the number of quasiparticles produced
by a photon depends on the energy, and
hence frequency, of that photon. In other
words, an MKID pixel array can both
image and measure the spectra of many
objects — potentially as many as tens or
even hundreds of thousands — in the sky at
the same time. “I think it is the only way
that people have thought of so far of get-
ting low-resolution spectroscopic follow-up
for the large numbers of galaxies imaged
in sky surveys,” says Mazin, who has been
developing MKID technology since 2000.
“Itisavery powerful technique for studying
dark energy.”

Speeding up spectroscopy

To accurately record spectra from celestial
objects, astronomers use devices known
as spectrographs. These instruments are
placed at a telescope’s focus and typically
use a diffraction grating to split up the
incoming light into its component wave-
lengths, with an object’s redshift then
obtained by measuring the displacement of
well-known absorption or emission lines.
Historically, all the light arriving at a tel-
escope was focused on a single long slit in
front of the spectrograph, which meant
that only one spectrum at a time could be
obtained and the process was therefore very
slow. Inrecentyears, the technique hasbeen
speeded up through the use of multi-object
spectrographs, in which a mask with mul-
tiple slits or a fibre-optic plug plate directs
the light to the spectrograph. Pre-existing
imaging data from wide-field surveys are
used to precisely position the slits or fibres
so that each one captures the light from a
specific object in the sky.

Multi-object spectrographs can currently
analyse hundreds of objects at the same
time, while the Dark Energy Spectroscopic
Instrument (DESI), being built by scientists
atthe Lawrence Berkeley National Labora-
tory in California to attach to the Mayall
4m telescope in Arizona in about 2018,
will have 5000 of these channels. However,
even this huge ramping up of spectroscopic
measurements will not be enough to keep
pace with the biggest surveys, according to
Juan Estrada, a physicist at Fermilab near
Chicago, who says that a spectrograph like
DESI would be capable of following up on
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afew tens of millions of the galaxies imaged £
by the LSST. (DESI itself will be looking =
at the northern sky whereas the LSST will
be imaging the southern.) “You would have
to mount existing spectrographs on lots of
different telescopes,” he says, “but the num-
bers make that impossible to do.”

Enter MKIDs. Estrada points out that the
highest energy resolution (energy divided
by uncertainty in the energy) that could be
achieved with MKIDs — about 150 —is far
lower than that of the best spectrographs,
which can reach as high as 40000. That
lower energy resolution then translates into
a poorer distance resolution. But, he says,
it is perfectly good for doing cosmology,
which is mostly concerned with the furthest
reaches of space and time. “Low resolution
is enough to measure objects in the sky to
10 or 15 megaparsecs,” he says. “A smaller
distance than that is not interesting.”

Estrada’s group at Fermilab is currently
building an MKID array with 20000 pix-
els, based on the technology developed by
Mazin. It hopes to mount the device on the
Southern Astrophysical Research telescope
in Chile within the next couple of years
in order to obtain redshifts from objects
imaged by the Dark Energy Camera.

Looking further into the future, Mazin
and colleagues at Santa Barbara are hop-
ing to have a 100000-pixel array, known as
Giga-z, ready by about 2023. Like multi-
object spectrographs, Giga-z will take the
spectra of individual sources by splitting up
the incoming light from a telescope using
a mask created with pre-existing survey
data. In this case, however, the number of
holes in that mask will be 100000 — each
one illuminating a 10 x 10 arcsecond pixel
in the MKID array behind. According
to Mazin, Giga-z should acquire about
2.5 million spectra a night on a dedicated
4m telescope, allowing it to produce red-
shift data for around two billion of the gal-
axies imaged by the LSST.

Mazin has already put the basic MKID
technology — optimized for near-infrared
and optical wavelengths — to the test in a
2000-pixel camera installed at the Palomar
200-inch telescope in Californiain2011. He
says that he and his colleagues “got skunked”
last year when the telescope’s dome did not
open for five nights because of bad weather,
but adds that they got good results the year
before, allowing them to publish research on
the Crab pulsar and white dwarfs.

Cool challenges

Despite these early achievements, how-
ever, Mazin admits that there is still plenty
of room for improvement. In particular, he
notes, MKIDs’ energy resolution is some
way below the (fairly modest) theoreti-
cal maximum. That maximum at optical
wavelengths (0.4 um) is about 100, but the
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Seeing clearer Future telescopes hunting for dark
energy could use microwave kinetic inductance
detectors instead of the conventional charge-coupled
devices currently used.

best that his group has achieved so far is
around 10, a figure, he says, that will need
toimprove by a factor of three to five before
the technology can be used in Giga-z. To
do so, he and his colleague are working to
improve the materials used to make the
MKIDs, as well as reducing noise from the
detectors’ electronic components. “MKIDs
are a very new technology,” he adds, “and
there is tremendous headroom to improve
the performance.”

Another challenge is refrigeration, as
pointed out by LSST chief scientist Tony
Tyson of the University of California, Davis.
Astronomical instruments are generally
kept chilled, at temperatures of around
100K, in order to limit interference pro-
duced by thermal noise. But MKIDs need
tobe much cooler still - having an operating
temperature of around 100 mK —in order to
be fully superconducting. That will be tricky
when using large MKID arrays, according
to Tyson, because the focal plane over which
thelightis collected can be up to 1 m across.
Mazin, however, says that Giga-z might only
need a 20 cm-diameter focal plane, which,
he believes, “should be trivial to cool”.

Challenges notwithstanding, Estrada
believes that MKIDs have a bright future
and that the technology has the “promise of
a revolution for the way that we look at the
sky”. Indeed, he draws a parallel with the
early development of CCDs in the 1980s,
a technology, he says, that was regarded as
having “a lot of promise but not producing
much science”.

Tyson cautions that the physical size of
an MKID pixel — a square with sides about
0.2mm long — means that they would not
replace CCDs in imaging cameras (the
more established technology now having
pixels as small as 0.01 mm on a side). But
he believes that MKIDs’s ability to com-
bine imaging with spectral analysis makes
them ideal for studying dark energy and the
large-scale structure of the universe more
generally. “For moderate-precision spec-
troscopic information on billions of galax-
ies there is simply no other way,” he says.
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Surviving the flood

Planned big-science facilities are
set to generate more data than
all the global Internet traffic
combined. Jon Cartwright finds
out how scientists will deal with
the data deluge

When the €2bn ($2.6bn) Square Kilometre
Array (SKA) sees first light in the 2020s,
astronomers will have an unprecedented
window into the early universe. Quite what
the world’s biggest radio telescope will dis-
cover is of course an open question — but
with hundreds of thousands of dishes and
antennas spread out across Africa and Aus-
tralasia, you might think the science will be
limited only by the enormous extent of the
telescope’s sensitivity, or its field of view.

Butyouwould be wrong. “It’s the electric-
ity bill,” says Tim Cornwell, the SKA’s head
of computing. “While we have the capital
cost to build the computer system, actually
running it at full capacity is looking to be
a problem.” The reason SKA bosses are
concerned about electricity bills is that the
telescope will require the operation of three
supercomputers, each with an electricity
consumption of up to 10MW. And the rea-
son that the telescope needs three energy-
hungry supercomputers is that it will be
churning out more than 250000 petabytes
of data every year —enough to fill 36 million
DVDs. (One petabyte is approximately 10"
bytes.) When you consider that uploads to
Facebook amount to 180 petabytes a year,
you begin to see why handling data at the
SKA could be a bottleneck.

Thisisthe “data deluge” —and it is not just
confined to the SKA. The CERN particle-
physics lab, for example, stores around 30
petabytes of data every year (and discards
about 100 times that amount) while the
European Synchrotron Radiation Facil-
ity (ESRF) has been annually generating
upwards of one petabyte. Experimental
physics is drowning in data, and without big
changes in the way data are managed, the
science could fall far short of its potential.

Data drizzle

Cornwell says that he can remember the
start of his astrophysics career at the UK’s
Jodrell Bank Observatory in the late 1970s,
when staff could print out every data point
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Data hungry The Square Kilometre Array, currently being builtin southern Africa and Australasia, will produce
more than 250 000 petabytes of data every year — enough to fill 36 million DVDs.

from an experimental run on a sheet of
paper six metres long. As sample sizes have
inflated, however, experimental groups
have been forced to overcome problems
associated with taking the data — whether
storing it, processing it or transferring it
from one place to another. “Over 30 years,
each of those has been a factor at some
point,” Cornwell says.

At the SKA today, being able to process
data without blowing the energy budget is
the key concern. While the actual number
of data fallswith each processing step, Corn-
well and his colleagues still have to perform
careful computer modelling in order to
determine exactly which experiments will
be possible. Some will not — and electricity
costs will be to blame. “This is what people
predicted five years ago — that capital costs
would be exceeded by the running costs,”
Cornwell notes.

The problem at the SKA is not simply
down to the number of data being gener-
ated. Unlike many other experimental
facilities, the SKA’s data will be coming
from disparate sources — dishes and anten-
nas—thatare spread over much of the south-
ern hemisphere. As a result, the data must
be collated before anything else can be done
with them. If the data originated at roughly
the same place, on the other hand, other
possibilities for streamlining would have
opened up. That is true at CERN, which
in 2006 launched a special computing net-
work to farm out data from its Large Hadron
Collider (LHC) to labs around the world for

processing, thereby avoiding the need for
costly, on-site number crunching. Today, the
Worldwide LHC Computing Grid consists
of more than 170 computing centres in 40
countries and played a vital role in the dis-
covery in 2012 of the Higgs boson.

Despite the success of the Grid, CERN
is concerned about what the future holds
for data-intensive computing. In May, a
public—private partnership between
CERN and various computing companies
called CERN openlab produced a white
paper, “Future IT Challenges in Scientific
Research”. The paper outlined six main
challenges: how to extract data, and how to
initially filter them; the best types of com-
puting platforms and software to handle the
data; how to store the data; where to find
the computing infrastructure, whether it
is on-site, over a CERN-type grid, or in a
Internet-shared “cloud”; how to transmit
data; and how to analyse them efficiently.

Physics institutions feel the pressure of
these challenges differently. At the ESRF,
where X-ray data must be recorded within a
confined region around a sample, engineers
have to extract one gigabyte of data per sec-
ond — a tiny fraction of what is possible at
CERN or the SKA. However, even that
relatively small amount is tricky to handle.
The synchrotron was originally mandated to
give visiting scientists all the raw data that
they generate during their experimental
runs, but Andy Grotz, the group leader of
software at the ESREF, says that aim is no
longer realistic, and that they must reduce
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it. “We suffer from the data deluge, in that
we almost cannot keep up,” he adds. “We
have to change the way we work radically.”

Often little is lost by reducing raw data.
For instance, thousands of X-ray images
may be needed to define a crystal accord-
ing to the most common parameters — ori-
entation, strain and so on — but, once those
parameters have been calculated, the raw
data are, for many visiting scientists, super-
fluous. The trouble is how to reduce the
raw data when the requirements of visiting
scientists can be so varied. Grotz says the
ESRF has in the past allowed its computer
scientists to help visiting scientists reduce
data “on a goodwill basis” so that the files
are small enough to be taken home on a
USB stick or any other convenient medium.
Now, he says, the lab is looking at ways of
formalizing the process because the raw
data sets are always too unwieldy.

One option — which Grotz and others
have submitted as a research and innova-
tion project to the European Commission
(EC) under its Horizon 2020 funding pro-
gramme — is to set up a cloud-computing
facility with other European science insti-
tutions for the express purpose of data
reduction. The key requirement of such a
system would be that it is easy to use, even

for those scientists who are not computer-
savvy. “More and more users want to be
able to use this as a turnkey system, where
they can provide a sample and get out data
that they understand,” says Grotz.

Different requirements
If it goes ahead, Grotz and colleagues’
Horizon 2020 project would follow on
from Cluster of Research Infrastructures
for Synergies in Physics (CRISP). This pro-
ject, which has run for three years under
backing from the EC, brought together 11
Europeanresearch facilities, including the
SKA, the ESRF and CERN, to tackle all
aspects of the data deluge. CRISP has had
some successes, such as finding new ways
to extract data quickly from detectors, but
Grotzsays other targets —such as automati-
cally storing the contextual data (or “meta-
data”) from experiments — has proved
difficult because of the innate differences
between research institutions.
Differences between hosting institutions
may not only be practical. Bob Jones, the
head of CERN openlab, believes the recent
scandals of how governments can tap into
private data have galvanized people into
thinking about who should have access
to what data. Science is competitive, he

says, and groups that have helped fund an
experiment may be concerned if that exper-
iment’s data are farmed somewhere else
for processing, because it might allow non-
participating groups to sneak access. Some
data could even carry a political or security
risk, he says — a satellite’s image of a war
zone, for instance.

Legislative answers to such problems
could hinder collaborative computing
efforts or they could streamline it, says
Jones. But whatever happens, he says, there
needs to be a collective decision. “There
are a number of interests, but really it boils
down to Europe decidingwhat the rules are
for accessing data, rather than having them
imposed on it by a third party.”

When it comes to the data deluge, it
seems, staying above water will not be easy.
Grotz says that a more general problem is
financial, in the sense that computing is
often bottom of the list for managers who
are budgeting experimental infrastructure.
“By the time we get to the software and
computing infrastructure, the money has
usually run out,” he says. A change of mind-
set is needed, but Grotz thinks that we are
still in that antediluvian world where just
generating the data is the priority. “It’s like
we're still working with slide rules,” he says.
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Reducing cosmic rays to a trickle

Michael Schirber travels to South Dakota to a neutrino experiment that is seeking to eliminate stray
signals from cosmic rays by machining copper a mile underground

Cosmic rays are a nuisance when searching
for very rare particle events. Not only can
they produce background noise that mim-
ics a real signal, but long before an experi-
ment has even started they can also induce
unwanted reactions in detector materials by
producing radioactive nuclei that interfere
with the ultra-sensitive measurements. So
to combat this, physicists take experiments
deep underground where the cosmic-ray
downpour is greatly diminished.

One such example is the Sanford Under-
ground Research Facility (SURF) in
South Dakota, which extends nearly a mile
underground. Physicists at the lab are cur-
rently building an experiment called the
Majorana Demonstrator (MJD), which
will use enriched germanium to search for
an extremely rare process called neutrino-
less double-beta decay. Determining if this
hypothetical decay occurs requires lowering
the background to unprecedented levels.
The MJD researchers are therefore pio-
neering new techniques to reduce the back-
ground from ionizing radiation so that it is
afactor of 100 below previous experiments.

To pull off this feat, the Majorana team is
forming the world’s purest copper and fab-
ricating it into components in the world’s
deepest clean machine shop. These steps
and others should make this experiment the
most free from cosmic rays ever.

Nuclear issues

The overall scientific goal of the MID is to
test whether neutrinos are their own anti-
particle. This idea - first formulated by the
Italian physicist Ettore Majorana in 1937 —
offers an explanation for why the neutrino’s
mass is many orders of magnitude less than
that of the electron and the other funda-
mental particles. A neutrino—antineutrino
equivalence could also help explain how
matter came to dominate antimatter in the
early universe.

The most direct way to see if neutrinos are
“Majorana” particles would be to scrunch
them into a small volume and look for anni-
hilations. But physicists simply do not have
the means to concentrate neutrinos tightly
enough to overcome the enormously low
probability of two neutrinos interacting. A
much more feasible approach is to search
for neutrinoless double-beta decay, even if
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Below the surface The Majorana Demonstrator will use enriched germanium to search for neutrinoless

double-beta decay.

itis highly elusive, see p9.

Double-beta decay is a process expe-
rienced by 35 isotopes, including germa-
nium-76 and xenon-136, and it involves two
neutrons in the nucleus simultaneously
decaying into two protons, emitting two
electrons and two antineutrinos in the pro-
cess. If the neutrino is a Majorana particle,
however, then the two antineutrinos would
inessence annihilate each other before leav-
ing the nucleus - the net result being neu-
trinoless double-beta decay.

Several experiments have looked for
neutrinoless double-beta decay in germa-
nium-76 and xenon-136. But except for one
controversial claim a few years ago, all these
efforts have come up empty. Based on such
non-detections, physicists estimate that the
lifetime for neutrinoless double-beta decay
is more than 10* years, which in terms of a
decay rate is less than one decay per year in
10kg of germanium. To probe smaller decay
rates (longer lifetimes), experiments need to
not only getlarger with more nuclei, but they
also need to better suppress noise.

A castle for germanium

Protecting MJD’s germanium detectors
from cosmic rays is an effort that starts well
before the experiment is even switched on.
As cosmicrays canreact with germanium to
produce unwanted radioactive nuclei such
as germanium-78 and cobalt-60, the team
had 30kg of germanium, which is enriched

with germanium-76, shipped by sea from
Russia in a special steel container that lim-
ited its exposure to cosmic rays. “Flying is
out of the question, and when we transport
anything by car, we worry about the altitude
along the route,” says John Wilkerson of the
University of North Carolina, who is the
principal investigator on MJD.

Once in the US, the germanium is formed
into single-crystal detectors, measuring
about 60 mm across and weighing about a
kilogram. If a neutrino-less double-beta
decay were to occur in one of these crystals,
the energy from the two emitted electrons
—around 2MeV —would produce multiple
ionizations that would be detectable as a
current pulse in the contact pin placed at the
base of each detector. In total, the project
plans to have 30kg of enriched-germanium
detectors and 10kg of natural-germanium
detectors, which will be stacked in strings
inside liquid-nitrogen cryostats.

When fully up and running, the whole
assembly will be tucked into six layers of
shielding. The outer three layers will consist
of an aluminum box to keep out radon, “veto
panels” thatidentify any residual cosmic-ray
muons, and polyethylene sheets to slow any
incoming neutrons. Inside will be a 45 cm-
thick “castle” made of carefully stacked
lead bricks that block gamma rays, while
the final two layers are 5 cm-thick copper
shields. Being so close to the detectors, the
innermost copper shield —aswell as detector
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mounts and cryostat containers — are being
made with ultrapure copper that is grown
underground in a separate clean room at
SUREF. The project’s special electroform-
ing process— in which dissolved copper ions
deposit on a large stainless-steel electrode
— reduces radioactive contaminants, such
asuranium and thorium, to one-tenth of the
levels in conventionally formed copper.

It takes about 14 months to grow the
14 mm-thick cylindrical copper sheets used
to make the shield walls. But rather than
cart the copper back up above ground for
machining, the project has built an under-
ground clean-room machine shop next to
the main lab to avoid any stray cosmic rays
hitting the copper to produce radioactive
cobalt-60. “Our effort to manufacture such
alarge fraction of our partsundergroundisa
first,” says MJD spokesman Steve Elliott of
the Los Alamos National Laboratory.

A prototype of the MJD — without
enriched germanium or electroformed
copper — started taking data at the end of
June. The team plans to install the first
set of enriched detectors at the end of this
year, and the rest towards the end of 2015.
The eventual goal is to cut radiation back-
grounds to alevel of one count per tonne per
year in the energy region of interest. Such a

Heading deep underground in search of neutrinos

The Majorana Demonstrator (MJD) is located
1478 m underground at level 4850 in the Sanford
Underground Research Facility, which is in the
old Homestake mine of the Black Hills in South
Dakota. A visit to the experiment requires donning
a hard hat and overalls, and then climbing into
one of the “cages” that miners previously used
to get to work. The 10-minute descent down the
70-year-old shaft is cold and dark, with the only
light coming from a few headlamps. The cage is
also open, allowing water flowing down the shaft
wall to splash on the dozen or so occupants.

At the bottom, the mining gear is traded in for
a clean-room suit, and all electronic equipment is
swabbed to remove any possible contaminants.
The detector room, which is 10mx 12 m and
roughly 3 m high, has three interconnected glove
boxes that are used to assemble the detector
strings. To avoid any contamination when handling
sensitive components in the glove box, the team

demonstration would then help justify build-
ing the next-generation experiment —a one-
tonne germanium detector that would be
large enough to test a viable model for the
neutrino mass distribution.

It might seem strange to build detectors

Clean and tidy Researchers work hard to avoid any
kind of contaminant that could interfere with the
sensitive measurements.

members put a pair of latex gloves on top of the
rubber gloves in the box. “Maintaining cleanliness
underground is much harder than at the surface,”
says Cabot-Ann Christofferson, a chemist from the
South Dakota School of Mines and Technology.

that will likely remain silent for months or
even years but then again no signal would
be a result in itself. “We learn about the
science questions that we are interested in
regardless of whether we see a signal,” Elli-
ott says. “So we don’t get bored.”
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