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Clever wavs of
choreographing lasers
plasmas and electron
beams could wransform
particle physics. Burt as
Keay Davidson and
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remperatures of abour 100 000 kelvin,
the atoms in the gas dissociate
positive ions and a sea of free glecoons.
The plasma waves are created in this sea
by laser light. The alternadng zlecwic and
magnetc fields that are part of the laser
beam’s electromagnetic wave together
force electrons our of their parth when the
intensity s ar & maximum. But they
allow the elecmrostatic repuision between
the electrons to force them back when
the inrensity falls to zero,

The crests and goughs of these waves
cowrespond to regions of high and low
slectren density. This variaton creatss
powerful electric flelds which sweep
through the plasma approaching the
speed of lght. The flelds exdst over
distances of a few ten millionths of &
metre. Confined to such a scald, the
eleciric figlds can be extremely powerful
without affecting the appararus and can
accelevate the particles surfing on these
waves o very high energles.

The bigger the plasma waves, the
stronger the elecnic felds. To make them
as powerful zs poaclble physicists rely
on the phenemenz of resonance. Thers
s a certain frequency at which the
glectrons i a plasma move back and
forth naturaily, When the frequency of
the Hght mawches this, the glasma waves
are at thelr largese

Find the beat
Unfordnaalv, 2 ;)Ei na reflects light
thar exaciy iz own nstural
mequency. 3o, i 197 ). John Daweon, 2
physicist at the Yniversity of California in
Los Angeles, and Toshiki Tajima at the
Universizy of Texas In Avsun, propescd
generaving plasma waves using two
bt’iﬁif“lb of Algher put slghdy diff
frequencies that could pess throvgh the
piasma. When ,1‘.‘&5:: ovariap dhey iner
fave to form 4 “beat wave” of a lowsr
LLequa‘cf frich m&ccheﬁ the natural
{ the plasma,
nvsicisw found i sxeemaly
ate paricles using the
nigue. The intensisy of
be gxrremely uniform o
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create plasma waves and this can only be
achieved when it is precigely focuged.
One of the main oroblems facing
physiciats is creating long enough waves:
the waves last only for the very shom
distance over which the beam iz precisely
fotuaed Scientists have found, however,

nat the plasma itself can foeus Hght, ex-
ending the refqon of uniform inteasity by
seventy thmes. But thera is a long way
go. The best experiments have achisvad
a unifory intensitv oVEr distances of
ne mere than a centdmere or 5o,

Short but strong

Physicists need 10 increase this o & few
merres to get the best performarnce out of
their machines. This is the maximum
length for a plasma accelerator, Although
they are extremely powerful, the slecmic
fields are very shory, strerching from the
crast of the plasma wave to the ough,

When zn elecwon has surfed into the
mough it cannot gain amy more energy,
In practice, this happens after the wave
nas ravelled a c;,w merras, To rezch very
high energies physicists expect to build
Srure mac:'w'm‘« in 5{‘,.('!!'12 EUL'%ES acce Lt:'h

ﬂtll'lﬁq_.\ U“’.c 2 wons more &t 2 ,r"l SLEZS.

Turbulence is also a problem. The ions
m a plasma are hesvier than <lecorons
and so take longer to reger o light pass-
fng through, At the head of £ tha pl&tmén
wave frain, the light besm is constandy
plunginz mfo f”:m ;ﬂ“ na 5o am move-

1y just one metre
plasma-wave accelerators
could reach energies of
30 GeV—about a third

of the energy possible
with the 27-kilometre
accelerator at CERNY
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snergetic elecrons can wavel fastet than
light in certain gases and liguids. At
these speeds the paricles emit bluish
light, known as Cerenkov radiation, n a
come about their path, rather like the
shock waves created by a supersonic
jer. In doing this, the partcles lose snergy
and slow down.

Physicists can accelerate elactrons
by reversing the process. A boeam of
particles gains energy if light hirs them
=t the Caerenkov angle—the angle
subrended by the cone of Cerenkov
radiztion. The technique is known as
inverse Cerankov acoeleration.

No comparison

Using this method, selentists at th
Brookhaven Narignal Laboratory in Nuw
Yark hove accelerated glectrons w37
MeV over 2 distance of 10 cundimetTas,
This may not be as much as e DEAL
wave or wakefield techniques generate,
byt Wawme Kimurn, the phvsiclsn in
charze of the experiment, says the com-
parison 15 unfair. Kimurs achieved bis
resule with a 700 megawan laser while
Toeki used two lgsers, bowh about 2
thousand tfimes more powertul.

Dack in Oxfordshire. howgver Bing-
narm beligves that inverse Cerenkov -
nigues do not offer the potantal of
plasma wave acceleratoss, Although ftis
inherently less complex because there i
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ne plasma to sustain, the technique is
less efficient becsuse the laser has 10
lutningte a larger region and is therefors
less intense. Kimura is conripuing his
gxperiments. In the next part of his
project he hopes to reach 100 Me¥
While 1000 MeV energles v theoret-
¢aily possible with benchiop-sized actel
srators, physicists want teTaslecrronvelt
(TeV) accelerators which are at least &
rhousand Hmes moge powertul, to Carry
out their experiments. Such mochines
will be built in stages jich each section
accepting slecrrons from the pravious one
and acceleraring them to higher energies.
The sections May have (O CONLAIT pro-
gressively denser plasmas. The greater
the density, the larger the plasma waves
they can support but these have to bl
driven by more powerful lasers, To rénch
such energies, scientisis beligve that
prasmas might have o existin solid &
and the plasma waves be driven
izsars, ToV accelerators mav be |
a kilometre long althouszh Biny
cautions that the technowgy
many vears away—if it is possibl
The ressarch shows that las

well-focused Deam that phvsicists

AN UsE
is difficulr. The plasma lsell can belp.
The waves create magnotic as well as

clecrric waves and these act w pinch the
slectrons into a tghty packsd beam.

: Rohers Cahin, a physicist
st the Lawrgnee Derkoley Laboratory,

beiieves these methods are uniikely to
i

ad 1o aceslerators thar will be useful for

anducrors were discovered, some
iare wanted ro redesiym the $5C o
& them, Bur fundamenta) advances
¢ atways be applizd immediately in
oy want,”

¥
the Ameriean ZOVEITIment
thar although some ingenious

= pot the only people o
. The high-energy alsc-
ons from plasma-wave accelerators
could be fired into a target o produce
¥eravi. This would have applicatons In
the semdconducor ndusay, for example,
whore the small wavelength of Xorays
makes them ideal for etching fre derall
ento silleon chips.

A importent feature of plasma-wave

accelerators is that they produce smail

Lunches of electrons separated by the
wavelengrh of the plasma. [n wrn, these
producs small, rapid bursts of X-rays
wwhich conld be extremely useful m
examining strucrures such as chemical
hends and muscle tissue thar would be
Apstpaved or dameaged by @ conbnucus

beam. According to Binghamy, these
accelorators could be ready in ten years
and would be much smaller than existng
Herny SOUTCRE v hick Ol a small roorm.
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Vich desends on the suceess of the
nest generation  of eXPErlmEents. AT
she Burherford Appleton  Laboratory,
Zinghom hopes to coilaborat 1 {
ard = team Tom boperial

.
5w plan,
o erort praducing results

i s,

g and biologists may have ©

wait oniv ren vears ¢ see the frults of

clagma-wave acceleratoes. High-enaryy

phva nowever, ara destiped o

wait much longer. =
Kagy Davidson

.



rurbulent and the waves o decay, The
solufion is to re che lasers in pulses with
encugh time betwean each to allow any
1R 10 serde down.,

The lasers thar heat the slasma cause
their gwn ser of problems, In the early
19805, their opdes wers not zood enough
produce a untform plasma. This lead o
plasmas in which the density of 2lecoong
varizd from place w0 place. As the
density changes, so doos the reso-
nance frequency making plasma
waves difficult to sustain for more

than a fraction of second. And M ten years and would be much smaller

becavuga of imperfections it iaser
optics, the intensity of the beam
along its ¢ross section could vary—

also producing variadons wirhin che
plasma. By the end of the decade,
suientsts were able to solve both these
problems as more powerful lasers with
berrer optics became avaflable.

The Arst breakthrough o plasma
wave acceleration came in 1992 when
a teamn art UCLA led by the physicis
Chandrashekar Joshi accelerated elee-
crons te 9 million ¢lectronvolts (Met)
over a distange of onlv 1 censimetre.
They found that the waves ware unable
w pick up slow moving electrons. in
order o carch the waves in the way
surfers have to paddle re cawch oosan
waves, Joshi had to inject an eleciron

* -

bearn into the plasma thar had already
been accelerated 1o 2:8 MeV In April thi
year the ceam apnounced thae chey had
reached 30 MeVeusing felds thar wes
dhirry thmes larger than those possibi
in conventional acceleratars [ ghey
can make their design work over ten
centmetres, they could reach 300 Mev.
Robart Bingham at the Rutherford”

‘These accelerators could be ready

than existing X.ray sources whic

now fill a small room’

Appieton Laboratory in Oxfordshire is
confident of further success..“There is no
Teason why physicisss cannot accclerate
elecons to energies greater than 1000
MeV over about ten centimetres,” he
says. To produce these encryies with
current echiniques requites accelerators
about & kilomerre long. Bingham says
a similarly  powerful  plasma-wave
accelerator would fit on a benchiop
although a rather larye one.

Qther ways of producing plasma waves
may be ¢ven more promising, Instead of
matching the natural frequency of the

plasma 0 g beat wave, 1t s possible 1o
CYEAlE WARVES uSing one intensc puise
light from a single laser. :
pushes elecrrons out of the way as it
vels through the plagmal When it
aas passed. the efectrons spring back.
io produce the waves &t the namural

i
{

e or

“frequency of the plasma, the puise

must e hail as lonz as those waves.
The acceleraved elscrrons surf in
elecic felds crested in the wake
of these pulges-—hence the nams
wakefisld accelorarors,

The most imprassive new work
nvelving wakefield accelerators
has been carrded out in Japan. A
18-strong team of physiclss led
by Kazuiisa Nakajima bassd ag
the KEK particle physics labora-
oy in Teukuba, has accelerated elecmons
to 18 MeV over a distance of cnly 0-9
millimetres. Although this may not be as
bigh as the energies achieved with the
bear wave wchnique, the electtic felds
were fen tmes stronger. Bingham is
cautions  about  furure  applications,
however, He says thar the laser pulse
czn be so intcnse that it can push the
elgetrons our of the plasma thus destrov-

ing the waves,

Andy Sessler, a physicist at the Law-
rence Berkeley Labovatory in California,
¢ more upbear however. He poing out
that if this technigue worked
aver a distancs of A4 mere it
rould reach energies of 30
#oshurd of the
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One problem

with both
wave and waRefizid
rators {5 that  thev
rate very (e elecTons

RN

ame. The main
for this is thar the lasers work
only in 3l Dursts al g fime.
relegsing 30 much
that chev must ool down
Sor twenty munuiss bDetween
S0 wakedeld -
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The laser beat-wave craates waves of high and iow lectran density in the plasma, Th

18

. ) ese produde electnic
fields between the crests and troughs which accalerate “urfing” eledtrons to high energies
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