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High-speed optical pulsed lasers 
provide a powerful tool for probing 
the electronic structure of matter. 

And the development of X-ray free-electron 
lasers should soon enable us to follow the 
evolution of chemical processes within 
molecules. To go beyond this, to the scale of 
the nucleus, would require a bright source 
of gamma-rays of sufficiently high energy to 
excite photonuclear reactions. Such a source 
would enable us to study exotic phenomena, 
such as the nucleosynthesis of atomic 
elements in supernovae and photo-induced 
nuclear fission. Writing in Nature Physics2, 
Cipiccia and colleagues report an important 
step towards realizing such potential — the 
generation of high-brilliance femtosecond-
scale MeV gamma-ray bursts using GeV-
scale electron bunches produced in the 
wake of an intense laser pulse propagating 
through a plasma. In doing so, they may 
have inadvertently produced the first 
experimental evidence of so-called direct 
laser acceleration3,4.

Until recently, the only way of generating 
bursts of short-wavelength radiation has 
been to send a tight bunch of high-energy 
electrons accelerated in a conventional 
particle accelerator through the periodically 
varying magnetic field of an ‘undulator’ 
or ‘wiggler’ (see Fig. 1a). The rapid wiggle 
of the electron beam as it passes through 
such a device causes it to emit synchrotron 
radiation with a wavelength proportional 
to the undulation period and inversely 
proportional to the bunch energy squared. 
So in theory, reaching shorter wavelengths 
is just a matter of shortening the period 
of the undulator or increasing the energy 
of the electron beam. In practice, with 
conventional technology this is limited 
to hard-X-ray wavelengths. But several 
alternative approaches have been suggested 
and attempted.

One approach is to create a dynamic 
undulator field by launching an intense laser 
pulse obliquely (or even backwards along 
the same axis) to the electron beam. Under 
this approach, the incident laser undergoes 
Thomson scattering from the electron beam, 

which up-converts the photons in the laser 
to a much shorter wavelength. This has 
the advantage of realizing short wiggler 
periods and has been used to generate 
ultra-short X-ray pulses5. But it suffers from 
low efficiency and requires a high-energy 
electron beam.

Another alternative6 involves rethinking 
the undulator concept in an even more 
radical way. This tries to take advantage of 
the fact that when an electron beam passes 
through a plasma, its interaction with ions in 
the plasma can induce electrons in the beam 
into a type of transverse oscillatory motion 
known as betatron motion. The period of 
this oscillation can be considerably shorter 
than that of any practically achievable 
undulator. But the idea has been hindered 
by difficulties in generating sufficiently 
short high-energy electron bunches and 
in creating just the right conditions to 
excite betatron oscillations. Cipiccia and 
co-workers’ attempt to overcome these by 
not only replacing the undulator, but also 
the accelerator stage, with a laser-driven 
wakefield accelerator (LWFA)2.

LWFAs work by focusing an ultra-intense 
laser into a gas target. This turns the gas into 
a plasma and the passage of the laser pulse 

through the plasma produces a wake of 
space charge that generates immense fields, 
many orders of magnitude greater than is 
possible in a conventional accelerator. This 
field, in turn, has been shown to be capable 
of accelerating femtosecond-duration 
electron bunches to energies exceeding 
1 GeV in the space of just a few centimetres7 
— prompting some to describe them as 
‘desktop accelerators’, even though the laser 
that drives them is in fact many times bigger 
than most desktop equipment. It has already 
been shown that sending the electrons from 
an LWFA through a conventional undulator 
can provide a potentially useful source 
of X-rays8. Cipiccia et al. take this a step 
further by removing the undulator as well. 
That is, they show that the laser that drives 
the accelerator can also be used to generate 
an undulator field (Fig. 1b) to induce an 
accelerated electron bunch into strong 
betatron motion.

In doing so, the researchers have found 
an ingenious way to overcome the inherent 
limitation of electromagnetic undulators. 
The normalized transverse momentum, 
pβ, imparted to a free-electron bunch by 
a laser-based undulator is constrained to 
be directly proportional to the normalized 
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Gamma-rays going cheap
Generating intense bursts of high-energy radiation usually requires the construction of large and expensive facilities, 
such as free-electron lasers, which are based on conventional particle accelerators. Laser-driven accelerators offer a 
cheaper and smaller alternative, and they are now capable of generating intense bursts of gamma-rays.
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Figure 1 | Generating gamma-rays in a particle accelerator. a, The standard approach to producing 
gamma-ray radiation involving conventional injector, accelerator and wiggler (static or electromagnetic). 
b, The laser-plasma approach requires only an intense laser pulse and a puff of gas. An electron self-
injected from ambient plasma into the ‘plasma bubble’ and accelerated to high energy overlaps with 
the high-intensity laser pulse, which acts as an electromagnetic wiggler resonantly exciting large-orbit 
betatron oscillations of the bunch. The contours show lines of constant undulator vector potential (au) 
and the colours represents different electron density.
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vector potential of the undulator, au. 
This severely limits the strength of the 
resulting oscillatory motion. But in the 
experiments conducted by Cipiccia et al., 
the electrons are not free but focused by 
the ion channel of the LWFA, which relaxes 
the above constraint. Consequently, when 
the bounce frequency of the bunch in the 
channel (or its odd harmonic) is matched 
to the Doppler-shifted frequency of the 
laser undulator, a considerable amount of 
resonant energy transfer from the laser to 
both transverse (betatron) and longitudinal 
degrees of freedom of the bunch can occur. 
Previous theoretical and experimental 
work3,4 concentrated on the latter effect, 
also known as the direct laser acceleration 
(DLA), but no direct evidence for transverse 
energy transfer had been found. In their 
experiments2, Cipiccia et al. found that 
resonant energy transfer could indeed drive 
strong betatron motion and excite much 
higher harmonic orders than is possible 
under the constraint of free electrons.

Indeed, under the right experimental 
conditions, the spectrum of these harmonics 
can extend into the MeV range, which 

the researchers observed2. In fact, this 
observation of high harmonic generation 
could provide the first (albeit somewhat 
indirect) experimental evidence of DLA, 
which has so far been elusive. Particle-
in-cell (PIC) numerical simulations 
(Fig. 1b) confirm the spatial overlap 
between accelerated short electron bunch 
(of order 10 fs in duration) and the laser 
beam. Limited self-injection into a rapidly 
expanding plasma bubble9 is responsible 
for the ultra-short duration of the bunch, 
and, therefore, of the gamma-ray pulse. 
As a historical note, the combination of 
resonantly tuned undulator and external 
transverse focusing has been successfully 
used in the past for designing large-orbit 
microwave free-electron lasers10.

Although the energy of the gamma-
rays Cipiccia et al. produce is modest, the 
path to generating high energies seems 
straightforward. Using larger laser powers 
and more tenuous plasmas should result 
in multi-MeV gamma-ray bursts sufficient 
for initiating photonuclear reactions in 
the giant dipole resonance (GDR) regime. 
Synchronizing those ultra-short bursts 

with laser probes would result in the 
first real-time ‘movies’ of photo-induced 
nucleosynthesis. For more modest (keV-
scale) energies of gamma-rays, there is 
an even more immediate possibility of a 
developing a fully-coherent laser-driven 
gamma-ray laser on a table top. ❐
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