RIDING
THE
PLASMA
WAVE
OF. ..
THE -
FUTURE

A creative group of trailblazers is
reinventing particle acceleration
by making electrons and positrons
surf a wave of plasma.
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Particle accelerators have a history of getting larger. Using current tech-
nology, it seems the easiest way to produce more powerful machines is

to increase their size. But can physicists afford to continue building these
enormous machines, or does accelerator technology need a fundamen-
tal revision?

Caolionn O'Connell of Stanford Linear Accelerator Center thinks so.
“We're working on something that can revolutionize the way accelerators
work," she says.

O'Connell is among a handful of physicists pioneering the field of
‘plasma wakefield” acceleration: coaxing electrons and positrons to surf
a wave of ionized plasma created in the wake of a laser burst or electron
beam. The technology might one day make compact, tabletop-sized
accelerators a reality, and dramatically increase the rate of acceleration
possible with traditional radiofrequency machines.

But tabletop accelerators won't appear soon. “There’s still some funda-
mental physics we don't know about,’ warns Chris Barnes, O'Connell’'s
colleague at SLAC. “We still have some basic engineering questions to
answer’

13

symmetry | volume 02 | issue 03 | april 05



“We have demonstrated this to be an amazing
technology,” O’Connell says. “But we have
a lot of little steps to take before it’s ready
for use’”

The next, next generation
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Surf’s up

that's analogous to
trailing electrons then su
energy at the expense of the
a pre-existing beam source, much li
energy needed to drive the process. The
creases the efficiency of the acceleration a
the beam cavity.
“Basically, the system acts as a transformer whe
the head of the beam, and give it to the tail’ says O'C
bunch system is effective, but O'Connell believes it can
Eventually, their research group plans to transition to a twc
with a leading bunch used exclusively to drive the wake.
Laser driven acceleration is similar in principle to beam dri
tion. But instead of depending on the leading electrons in the b
generate the plasma wake, a short, 10 femtosecond pulse (10 q
of a second) from a high-energy laser is used instead. A recent

publications describes the results of three separate groups wc
laser acceleration.

Unlike in beam accelerators, for which the electron bunch is a
accelerating force, injecting the electron bunch into the plasma
the right time and place has been a challenge for laser accele
Zulfikar Najmudin, who works with laser accelerators at Imperi
London, explains that “like the surfer, the particles must have sc
velocity in the direction of the wave, otherwise the wave will jus
them! But each of the research groups independently demc
that if the wave is large enough, electrons can be caught
“just like the froth that is sometimes carried forward on t
breaking ocean waves'

Picturing the plasma acceleration

1.

A plasma, made of positive ions
and free electrons before an elec-
tron bunch enters.

The electron bunch enters the
plasma, repelling all the free elec-
trons from its path, and attracting
the positive ions. The moving
electron bunch leaves a wake of
positive ions behind it as it passes.

The displaced free electrons are
now attracted to the mass of
positive ions behind the electron
bunch.

The free electrons in their new
position give the electon bunch an
acceleration.
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Building a better surfboard

While the underlying principle is the same for laser- and beam-driven
accelerators, the technical challenges of each are very different. Najmudin
thinks part of this is due to a historical gap. “Electron beam facilities have
more than 60 years of development, whilst the first laser beam was only
demonstrated 40 years ago,’ he explains. For now, this means that electron
beam accelerators are more reliable and reproducible than laser accelera-
tors, he says.

Csaba Toth of Lawrence Berkeley National Laboratory (LBNL) believes
this will improve as lasers become more compact and efficient. “The
current systems are still multi-tabletop, complex arrangements,” he says.
“We expect major changes in the next five to six years on this front as
diode-pumped and high-efficiency lasers become more widespread and
economical.’

The nature of the physical interaction between a laser pulse and a mass
of plasma also presents a problem. Unlike an electron pulse, which tends
to stay focused in plasma, a laser pulse will spread out as it travels farther,
spreading the wake with it. The longer the plasma chamber, the more of
a problem this becomes. The introduction of more efficient lasers will help,
but there is still a limit beyond which the problem must be attacked from
other angles.

Toth and principal investigator Wim Leemans, with the rest of their
group at LBNL, have devised a possible solution. They used a preformed
channel of dense plasma to guide the laser beam, in much the same
way an optical fiber can guide light. This strategy extended the length of
the tightly focused plasma wake by an order of magnitude.

Even with such modifications, laser acceleration is so far only possible
over minuscule distances. Laser-driven setups such as those at LBNL
and Imperial College function on the millimeter scale. In contrast, the beam-
driven plasma chambers O'Connell and Barnes use in their work are
10-30 centimeters long. To extend the acceleration distance of laser machines,
Toth believes the answer lies in linking together, or “staging” several
laser units.

Barnes enjoys the advantages in working with beam-driven systems.
“The problem is lasers don't stay focused, so the net energy gain is very
small,’ he says. “Electron bunches want to stay focused, so we can exploit
the plasma, rather than fight against it”

This is one reason why O'Connell chose to do her doctoral work at
Stanford. “SLAC has a unique combination of a high-energy facility
and a high-quality beam,” she says. “Both of these are absolutely neces-
sary. This is an experiment that has to happen at SLAC!

If rf-boosting “afterburners” become a reality, these will almost certainly
be of the beam-driven type. Since these units depend on preformed elec-
tron bunches produced by standard rf acceleration, relatively short plasma
units could be inserted directly into the beamline to give a substantial
boost. O'Connell estimates that this strategy could double the energy of
a facility like SLAC.

“For the time being, we're still in the proof-of-principle stage,” Barnes
says. ‘Just proving that we've substantially accelerated particles for a macro-
scopic distance is our major result”




Over the horizon

Everyone working in the field agrees that it will be decades until either
beam- or laser-driven plasma wakefield accelerators are used to probe
the nature of matter. But other applications may be just around the corner,
comparatively speaking.

“Beams with energy on the GeV scale are expected to be generated
in the next few years,” says Leemans. This could open up a number of
uses for plasma acceleration, such as generating light sources for fine-scale
imaging, producing radioactive isotopes for medical use, and creating
gamma-ray and terahertz radiation for materials testing.

Eventually, the laser and electron beam camps may not be divided
along such distinct lines. Laser-driven machines offer compact size, stand-
alone capability, and higher energy outputs. On the other hand, beam-
driven systems are reliable, tightly focused, and can generate a plasma
wake over substantial distances.

Leemans believes that the two approaches are equally important to
pursue. “Developing both technologies and understanding the similar
physics between both beam- and laser-driven systems is important and
complementary,” he says.

Barnes agrees: ‘It might be that a hybrid is more effective. But that's
a 'pie-in-the-sky’ scenario, way off in the future.

For now, the plasma researchers all seem to enjoy being one of a
handful of surfers on a particularly choice wave. “This work requires some
wildly disparate skills—we need to know a little about a lot of different
things,” says Barnes. “But | like being way in front of theory”

O'Connell knows a transition is coming, from proof-of-principle to
practical application and meeting the needs of particle physicists. “But for
now the field is so new, we can publish every piece of data we get,
O'Connell says with a satisfied grin. “it's so fringe, and so cool, with so
many possibilities. How could you not love it?”




