
Electron Accelerator 

M ight it be possible to com- 
bine today's commercial 
laser technology with micro- 

and nanoscale manuf&ring tech- 
niques to produce tabletop or even 
pocket-size particle accelerators? 
This has been the dream of many re- 
search groups around the world, in- 
cluding ours, and it's a dream that is 
appearing more realistic every day. 

High-energy electrons following a 
zigzag path are ideal for generating 
vacuum ultraviolet radiation and x- 
rays. Unfortunately, today's sources 
of high-energy electrons are acceler- 
ators costing millions if not billions 
of dollars that are available to a very 
limited clientele of scientists. 

In contrast, a compact tabletop 
laser-based electron accelerator could 
be the key to an  inexpensive and 
short-wavelength source for the rest 
of us. Jus t  as a fiber amplifier, for 
example, converts the photons from 

a diode pump into a collimated, high- 
brightness beam, a laser-based elec- 
tron accelerator would convert the 
output of a laser into a beam of co- 
herent, short-wavelength ultrafast 
optical pulses. 

Electron beams with mega- to gig- 
aelectron-volt energies are required to 
generate the wavelengths described 
in the previous paragraph, but even 
hlgher energies - perhaps in the ter- 
aelectron-volt range - might one day 
be achievable from laser-based ac- 
celerators. This would allow appli- 
cations in the field of high-energy 
physics, where research currently is 
stymied by society's inability to fund 
the multibillion-dollar price of bigger 
and bigger accelerators. 

The laser accelerator technology 
that we are pursuing operates in a 
fashion similar to that of radio-fre- 
quency (RF) linear accelerators. The 
main difference is the choice of wave- 

Figure 1. This photograph shows the setup employed in the microbunching 
experiment performed at SLAC. The laser and the electron beam trajectories 
are marked in red and yellow, respectively. The hole spacing of the breadboard 
is I in. IFEL = inverse free electron laser. 
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length of the electromagnetic field 
that accelerates the particles, being 
reduced from centimeter waves for 
RF accelerators to micron wave- 
lengths for a laser-driven particle ac- 
celerator. In essence, a linear accel- 
erator is a structure that diffracts 
the laser or the RF wave such that it 
creates a force component that is 
parallel to the electron beam trajec- 
tory and that follows the electrons 
at the same velocity. 

Thus, the electrons can be thought 
of as  "surfing" an  electromagnetic 
wave as they ride down the acceler- 
ator and as gaining energy if they are 
located on the correct phase of the 
wave. The choices for the material 
and the shape of the structure are 
therefore critical factors for generat- 
ing the correct electromagnetic field 
configuration. Additionally, the ac- 
celerator structure should not in- 
terfere with the electron beam path. 
Finally, compact couplers that de- 
liver the electromagnetic wave from 
the external source to the inside of 
the accelerator efficiently are essen- 
tial for any accelerator. 

In sum, linear accelerators could 
be thought of as a special class of 
diffraction structures, and the reader 
can appreciate immediately that fea- 
ture size and the dimensions of the 
accelerator are proportional to the 
wavelength of the driving electro- 
magnetic field. For a laser-driven par- 
ticle accelerator, this is both a curse 
and a blessing. The small dimensions 
present a challenge in fabricating 
these accelerators and in determin- 
ing the corresponding electron beam 
diagnostics and control elements thnt  
go with them. 
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'A high-energy electron deflected 
from a straght-line trajectory / / emits electromagnetic radia- 

tion that is referred to as  "synchro- 
/ /-- 

tron radiation." The radiation is  4 - 
/ # -  highly collimated in the direction of 4 - I 

4 .  i propagation of the electron but is 
very broadband (Figure Sl) .  A key 
trick to nuowing the bandwidth is Figure Sl.  Broadband synchrotron radiation (represented here by three waves 
to subject the electron to a periodic of different wavelengths) is emitted by a high-energy electron deflected from 
path where interference effects en- a straight-line trajectory (represented here by the broken line). 
hance a narrow spectrum but cancel 
most other wavelengths (Figure S2). 
The more periods to this periodic *"'m.* *cn*.* **SZ.* -*ar ,.*'*= *ria.., t4'f ***.. 6.4, **-*F* ***.**ir(~*.. 
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spectrum. This is referred to as  "un- 
dulator radiation," which commonly 
is accomplished by directing the 
electron beam through a periodic 
arrangement of s t rongmGets ,  re- 
ferred to as  an "undulator." Figure S2:Forcing the electron to follow a periodic path (the black broken line) 

When a is causes most of the synchrotron-radiation wavelengths to interfere desfructively 
directed through an undulatOr, the (the orange and violet waves), but a narrow band of wavelengfhs interferes 

is a linear constructively (fhe blue wave). 
position of the radiated fields from 
the individual electrons. Thus, if all 
the electrons are contained within a 
bunch that is much smaller than the 
undulator radiation wavelength, their 
fields add in phase, resulting in "co- 
herent undulator radiation." 

For the x-ray wavelengths of in- 
terest to us, however, the electron 
bunches entering the undulator are 
much bigger than the emitted wave- 
length, and the net radiated field is 
the result of the uneven charge dis- 
tribution within the bunch (Figure 
S31. This initially weak undulator ra- 
diation field interacts with the elec- 
trons inside the bunch, accelerating 
or decelerating them, depending on 

1 their location within the bunch. 
This results in an electron density 

' modulation that has the same wave- 
length as  the undulator radiation 
and that consequently can enhance 
the initially weak undulator radia- 
tion amplitude. This, in turn, in- 
creases the internal density modu- 
lation within the bunch (Figure S4). 

Figure S3. The uneven distribution of electrons in a bunch results in a weak, 
but nonzero, undulafor radiation field. 

Thus, similar to the ampkfication 
mechanism in an energized atomic 
medium, a gain mechanism for the 1 undulator radiation is produced. Thts 
Process is referred as Figure S4, The initially weak undulator radiation field accelerates some electrons 
plified and decelerates others, creating an electron-densify modulation with the same 

I I (SASE). period as the undulafor radiation. 
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The submicron features for most 
of these structures demand toler- 
ances that cannot exceed a few dozen 
nanometers, which sets a serious 
constraint on the nanofabrication 
options, on the choice of materials 
and on the range of shapes that are 
possible to fabricate. Furthermore, 
the miniaturization of the dimen- 
sions drastically reduces the maxi- 
mum electron bunch charge that 
these small accelerators can support 
- from the nominal nanocoulomb 

(lo9 electrons, charge that is typ- 
ical for RF accelerators to the fem- 
tocoulomb range (lo4 electrons). 

On the other hand, the small di- 
mensions of these devices do present 
a number of advantages. First, laser- 
driven particle accelerators feature 
a very small volume that must be 
Bled with optical power, which is the 
main factor that allows the use of 
low-power megahertz-repetition-rate 
lasers for these acceleratois instead 
of large petawatt-scale laser facili- 
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1 Figure 2. These three microstructure laser accelerators are being investigated 
at the Stanford Linear Accelerator Center (SLAC) and at Stanford University. 
In the near future, millimeter sections of these structures will be tested with an 
electron beam at SLAC. 
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'ties. The high pulse repetition rate I possible with low-power lasers cir- 
cumvents noise from thermal cycles 
that plagues the larger low-repeti- 
tion accelerator systems; thus, a 
smaller system presents a unique 
advantage in stability for applica- 
tions that do not require large elec- 
tron bunches. The short operating 
wavelength presents one final but 
crucial advantage over other accel- 

/ eration technologies. 
! As described before, the electrons 
I surf the electromagnetic wave that 

is traveling down the vacuum chan- 
L nel of the accelerator. When the 
[ laser field is adequately timed, the 
' 

electrons experience a temporal fo- 
cusing from the driving field and 
can form a bunch that occupies a 
very small fraction of the optical 
wave. In this fashion, a l-p-wave- 
length laser driving these accelera- 
tor structures could generate elec- 
tron bunches with durations in the 
attosecond range. Although the 
bunches contain relatively few elec- 
trons, they still can produce high 
peak electron currents comparable 
to those of RF accelerators. 

These attosecond timescale elec- 
tron bunches can be directed into 
an undulator to generate coherent 
x-rays. The peak current from a laser 
accelerator is similar to that from a 
conventional accelerator, which re- 
quires tens of meters of conventional 
undulator structure to generate x- 
rays efficiently. 

But what good is a pocket-size 
laser accelerator if such large un- 
dulators are needed downstream? In 
light of this, we and our collaborators 
at the advanced accelerator research 
department at the Stanford Linear 
Accelerator Center (SLAC) have pro- 
posed and are investigating a di- 
electric electron manipulation struc- 
ture that functions in a fashion that 
is not too different from our laser- 
driven accelerator structures, except 
that it is tailored to provide a strong 
deflection force from the laser instead 
of an acceleration force. The pro- 
posed dielectric undulator can take 
advantage of the large peak forces 
available from lasers and, hence, can 
replace the conventional permanent- 
magnet undulators with a dielectric 
and monolithic device that is no 
longer than a pencil. 

Particle Accelerutors 

A wide range of geometries for 
laser-driven particle accelerator 
structures has been explored theo- 
retically over the past three decades. 
but no experimental work had been 
canied out. In light of this, our group 
picked up on the theoretical devel- 
opments and initiated an experi- 
mental program in the mid- 1990s to 
demonstrate the key physics aspects 
for this particle acceleration tech- 
nology. The experimental challenges 
associated with the short wavelength 
were indeed an obstacle: nonethe- 
less, three years ago we succeeded 
in a first proof-of-principle experi- 
ment that demonstrated the follow- 
ing important properties: first, the 
linear dependence of the electron ac- 
celeration with the amplitude of the 
laser field; second, the need for an 
electric field component from the 
laser beam that is parallel to the elec- 
tron trajectory; and third, the ne- 
cessity for an adequate structure. 

The successful experiment em- 
ployed a single linearly polarized 
near-IR laser beam copropagating 
with a relativistic 30 MeV, 1 -ps-long 
electron beam in the presence of a 
thin, disposable boundary. The in- 
teraction was characterized from the 
observed energy modulation of the 
electron beam and allowed for the 
verification of the key physics as- 
pects mentioned before. 

Surfing the optical field 
The next key step was to demon- 

strate the ability of the particle ac- 
celeration process to form electron 
bunches that  are substantially 
shorter than the laser wavelength 
and that can surf the optical field. 
Recently, we observed the formation 
of subfemtosecond electron mi- 
crobunches. Figure l shows a sche- 
matic of the experimental setup. Ver- 
ification of electron bunching was 
performed by observation of en- 
hancement transition radiation a t  
wavelengths that are harmonics of 
the driving laser field. So, now that 
subfemtosecond high-energy elec- 
tron microbunches are available, we 
must show that we can preserve, or 
compress, the microbunches even 
further; we also must show that we 
can impart net energy to them with 
a second laser accelerator stage. This 
is our current experimental effort, 
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which we expect to conclude in the 
next few months. 

Our experiments have been aimed 
at demonstrating the key physics as- 
pects and no$ at  our ultimate objec- 
tive of developing accelerator mi- 
crostructures. Figure 2 illustrates 
three examples of microchip accel- 
erator structures of interest to us - 
two are photonic waveguide designs, 
while the third relies on acceleration 

from periodic evanescent fields. 
Extensive theoretical work has al- 

ready taken place, as  have optical 
tests of some of these proposed struc- 
tures, and our next objective is to 
begin testing the microstructures 
with an electron beam. They will be 
tested first in a passive form; pas- 
sage of an electron beam through the 
accelerator structures causes them to 
radiate. The emitted radiation spec- 

, 
. .  . . I 

F- .5-- I ... - ~ i r _ . -  -- - - 
An all-in-one solution for timed- 
resolved confocal microscopy- 

PCS * FRET FLllU Ff 
Intensity f'im &%cw I 

lmwtl atMW * 

FioQuant GmbH 

I 
Berlin, Germany Td +49-(0)304392-6560 oquantccin 
w\anvprcoquantcm 

In the US I Cmhxdr 
Wleptfiekl, USA Tej 413-562-6161 ~nfo@plcoquant-usa.com 
w.ptcoguant-usa.nrm PICOQUANT 

trurn contains valuable information 
on how best to couple the laser beam 
to the accelerator structure and on 
how well it performs as an accelera- 
tor when powered by the laser beam. 
Hence, the first tests of these struc- 
tures with an electron beam will in- 
clude the characterization of the ra- 
diation pattern from millimeter-long 
sections of the structure. 

The next set of experiments will 
aim at  observing particle 'accelera- 
tion from these millimeter-long sec- 
tions when they are powered by a 
laser. The ultimate objective in this re- 
search phase will be demonstrating 
gradients in the hundreds of MeV/m 
to -1 GeV/m and demonstraw re- 
tention and manipulation of the sub- 
femtosecond electron bunches in the 
microchip structures. Finally, cas- 
cading of subsequent millimeter-. 
length sections will prove important 
in showing the concept of linear ac- 
celeration and also will provide the 
first lessons for developing an ex- 4 

tended microstructure accelerator. 
An intermediate objective is a cen- 

timeter-long structure that could de- 
liver a beam of several MeV. Such a 
"pocket size" prototype structure 
could itself be an interesting tool for 
ultrafast electron microscopy and, 
depending on the electron beam en- 
ergy, could be valuable for direct 
pump-probe experiments. 

A similar research and development 
path is envisioned for developing 
the laser-driven dielectric deflection 
structures. We are designing an ex- 
periment to test a single rnillimeter- 
long dielectric laser-driven deflector 
structure. This will be followed by an 
experimental effort where we learn 
how to cascade the deflector elements 
until we accomplish a dielectric-based 
undulator structure - a key element 
for our envisioned tabletop attosecond 
radiation source. 
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