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Collisionless shocks in laser-produced plasma
generate monoenergetic high-energy proton beams
Dan Haberberger1, Sergei Tochitsky1, Frederico Fiuza2, Chao Gong1, Ricardo A. Fonseca2,3,
Luis O. Silva2, Warren B. Mori1 and Chan Joshi1*

Compact and affordable ion accelerators based on laser-produced plasmas have potential applications in many fields of
science and medicine. However, the requirement of producing focusable, narrow-energy-spread, energetic beams has proved
to be challenging. Here we demonstrate that laser-driven collisionless shocks can accelerate proton beams to ∼20 MeV
with extremely narrow energy spreads of about 1% and low emittances. This is achieved using a linearly polarized train of
multiterawatt CO2 laser pulses interacting with a gas-jet target. Computer simulations show that laser-heated electrons launch
a collisionless shock that overtakes and reflects the protons in the slowly expanding hydrogen plasma, resulting in a narrow
energy spectrum. Simulations predict the production of ∼200 MeV protons needed for radiotherapy by using current laser
technology. These results open a way for developing a compact and versatile, high-repetition-rate ion source for medical and
other applications.

Laser-accelerated proton sources are under active study because
of their potential application to radiotherapy of cancerous
tumours1,2, radiography3, generation of short-lived isotopes

needed in positron emission tomography4, injectors for conven-
tional accelerators5, and inertial confinement fusion6. The goal
of this research is to produce a compact and affordable source
of focusable, high-energy proton beams. In addition, certain ap-
plications such as hadron therapy and injection into conven-
tional accelerators require a narrow-energy-spread proton beam.
In this paper, we demonstrate through experiments and simu-
lations a new scheme for generating high-quality monoenergetic
proton beams for these applications: acceleration by collision-
less shocks7–9 in laser-produced hydrogen plasmas. The study of
acceleration by shock waves is also important in astrophysical
and space plasmas10,11.

At present, the two most studied mechanisms for laser-driven
ion acceleration are target-normal sheath acceleration (TNSA;
refs 12–14) and radiation-pressure acceleration15,16. These are
known to produce a large number of energetic ions in a very
short distance17. The relatively well understood TNSA process has
produced characteristic exponential energy spectra with a highest
proton energy of ∼60MeV (ref. 18). Recently two groups have
had limited success in obtaining a peak in the TNSA-generated
spectrum with a full-width at half-maximum (FWHM) energy
spread 1E/EFWHM ∼ 20% by engineering the target geometry or
composition, but the ion energies were limited to a few MeV
(refs 19,20). Spectral selection through external focusing21,22 as well
as radiofrequency phase rotation23 has also been applied to generate
a narrow peak from a TNSA exponential spectrum.

The radiation-pressure acceleration mechanism has the poten-
tial to generate narrow-energy-spread ion beams, but the data
are scant, with the only result reported so far yielding C6+ ions
with an energy of ∼30MeV and a 1E/EFWHM ∼ 50% (ref. 24).
The majority of the recent work on laser-driven ion acceleration
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Figure 1 | Experimental setup, the CO2 laser pulse profile and an image of
a CR39 detector. a, The temporal profile of the CO2 laser pulse as
measured by the streak camera (see Supplementary Discussion). The
micropulses have an FWHM of 3 ps and a separation of 18 ps. b, Schematic
representation of the experimental arrangement for proton detection. c, An
image of the proton beam on the fourth CR39 detector (22 MeV). The inset
shows a magnified portion of the CR39, indicating no significant overlap of
individual proton tracks. σx= 5.7 mm and σy = 2.2 mm are the FWHM
dimensions of the proton beam in the x and y directions respectively.

has been carried out with either 0.8-µm- or 1-µm-wavelength
laser pulses less than one picosecond long, interacting with foil
targets with one exception. In the latter, a circularly polarized, 8 ps
CO2 laser pulse interacting with a gaseous target produced 1MeV
protons with a1E/EFWHM∼10% (refs 25,26).
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Figure 2 | Proton energy spectra. a, Proton spectra obtained with a
100-ps-long laser pulse (red) and a 100 ps macropulse consisting of a
number of 3 ps micropulses (blue) both containing 60 J. The typical noise
level on a single CR39 detector was 100 pits. The total number of protons
contained within the monoenergetic peak was 2.5× 105. b, The details of
the energy spectra on four different laser shots with different macropulse
structures (number of pulses and a0 values ranging from 1.5 to 2.5).

In this paper we show the generation of∼20MeV proton beams
with a 1E/EFWHM < 1% using an entirely different mechanism:
collisionless shock-wave acceleration in a hydrogen plasma. The
laser pulse from the Neptune CO2 laser system at the University of
California at Los Angeles27,28, containing up to 60 J, is focused using
a 40◦ off-axis parabolic mirror onto a nominally 1-mm-diameter
supersonic hydrogen gas jet to a spot size radius of w0 = 60 µm.
The ∼100 ps envelope of the laser macropulse is modulated with
a series of micropulses, each ∼3 ps long and separated by 18 ps
as shown in Fig. 1a. This modulation of the laser macropulse
occurs naturally owing to the periodic gain modulation of the
CO2 molecule27. In addition, a single smooth 100 ps laser pulse
can be obtained by simply seeding a 100-ps-long 10 µm pulse into
the amplification stages instead of a 3-ps-long 10 µm pulse. The
peak normalized vector potential a0 is typically∼1.5–2.5 (intensity,
I < 6.5× 1016 Wcm−2) for the two largest laser micropulses. The
temporal evolution of the plasma density profile is monitored by
on-line interferometry using a 2 ps, 532 nm laser pulse. The relative
timing between the CO2 macropulse and the interferometry pulse,
as well as the structure of the micropulses, was monitored with a
streak camera (see Supplementary Information).

The forward-propagating ions are recorded by a stack of
five 1-mm-thick CR39 detectors placed 15 cm from the plasma,
as shown in Fig. 1b. After each laser shot, the detectors are
etched in NaOH solution, then the ion number is counted and
pit diameters are measured using automated microscope-based
apparatus. As described in the Methods section, by analysing the
penetration depth of the protons in the CR39 plastic, we are able to
recover their spectrum.

In Fig. 1c we show an image of the expanding proton beam
seen on the fourth 1mm CR39 detector with a nominal energy
of 22 MeV. This beam is contained within a solid angle that
is an order of magnitude smaller than that subtended by the
laser beam. The transverse spatial profile of the proton beam
seems to be correlated to that of the incident laser beam (at
the point of reflection from the plasma as described below). A
measurement of the CO2 laser beam profile in vacuum for this
focusing condition uncovered a strong astigmatism of the laser
beam, which is then apparently transferred to the accelerated
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Figure 3 | Laser-produced plasma profile. a, Interferogram of the plasma
taken at the peak of the CO2 laser macropulse showing the hole bored into
the plasma by the laser pulse. b, The initial gas-jet density profile (dashed
blue), the plasma density profile extracted from the interferogram in a
(solid red) and the simulated plasma density profile (dashed black). The
experimental error in the extracted plasma density profile is estimated by
the addition of a possible unseen fringe near the peak of the profile where
the interferogram is slightly distorted.

proton beam. From the size of the beam in the two transverse
directions and assuming an initial source size equal to the laser
spot size (60 µm), we have estimated the geometric emittances
(which together with the energy spread determine the ultimate
focusability) of this beam to be εx = θxw0 = 1.1mmmrad by
εy = 0.4mmmrad, where θx,y is the half-angle divergence of the
proton beam in the x or y direction. This corresponds to normalized
emittances of εn,x = βγ εx = 250 µmmrad by εn,y = 90 µmmrad,
where β = v/c is the proton velocity normalized to the speed of
light and γ is the relativistic Lorentz factor. By scanning the focal
position, more symmetric (albeit larger) emittance proton beams
were obtained. The spectra of these beams are shown in Fig. 2. The
typical geometric emittances of these beams are 5mmmrad.

The complete spectrum of the protons obtained for a smooth
100 ps laser pulse (a0 ∼ 0.3) and a microstructured laser pulse
(a0 ∼ 2) containing the same energy are plotted in Fig. 2a. We
can clearly see that for the smooth pulse the ion spectrum is
monotonically decreasing, whereas for the structured pulse there
is a well-defined peak with a less-than-1% (FWHM) energy
spread. This energy spread corresponds to an ∼10 ps pulse
duration at the CR39 detector, which is much shorter than
those produced by conventional accelerators. An example of four
proton spectra all showing a narrow energy spread but energies
varying between 15 and 22MeV is presented in Fig. 2b. The
spectra are obtained for the same laser energy but different
macropulse widths, resulting in different numbers of micropulses
and the peak a0 varying in the range of 1.5–2.5. Therefore, the
proton energy variation is due to a combination of these two
factors. For the optimal experimental conditions (peak plasma
density, ne, is three to five times the critical plasma density for
10 µm light, ncr, and the laser is focused on the initial position
of the ncr layer), the observed spectra had a monoenergetic
feature even though the proton energy varied with the shot-
to-shot fluctuations of the laser. These results show a marked
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Figure 4 | Simulation results. a, Plasma-electron phase-space (colour bar), transversely averaged ion-density (blue) and longitudinal electric-field (red)
profiles after 46 ps. The electric-field spike is due to the shock and the smaller plateau field ahead of the shock is from TNSA. b, Time evolution of the ion
density (green) and longitudinal electric field (E1) (orange). The two strong features at 7 and 25 ps are from the electrons heated by the two laser pulses.
The dashed black line follows the shock and the dashed blue line follows the reflected ions. c,d, Snapshots of the proton phase space showing the reflected
ions inside the expanding plasma at 73 ps (c) and outside the expanding plasma at 120 ps (d). e, Spectrum of the reflected proton bunch for an a0 of 2.5
(red solid line) taken from the red dotted box in d after 120 ps and for an a0 of 2 (red dashed line).

improvement in the peak energy (at a comparable laser a0)
and an order-of-magnitude improvement in the energy spread
of proton beams obtained in both TNSA and radiation-pressure
acceleration experiments.

The temporal evolution of the plasma has been tracked using
laser interferometry. Figure 3a shows an interferogram of the
plasma density profile taken at the peak of the CO2 lasermacropulse
with the extracted on-axis plasma density plotted in Fig. 3b (solid
red). It is found that the early micropulses serve to ionize the gas
jet as early as 80 ps before the peak of the macropulse by tunnel
ionization and the plasma density profile is strongly steepened
on the front side of the target by the radiation pressure of the
laser29,30. The plasma electrons during the earlymicropulses, a0�1,
are expected to be cold, therefore electron-neutral collisions serve
to ionize the rear of the target to form a millimetre-scale-length
plasma. As this plasma expands, the plasma density on the rear of
the target drops rapidly to generate an exponentially falling density
profile. The successful proton acceleration shots showed such a
steepened plasma density profile at the peak of the laser macropulse
with an overdense (ne>1019 cm−3) peak plasma density at the front
and an exponentially decaying density at the back. Confirmation
of the extracted plasma density profile (solid red) was obtained by
creating a synthetic interferogram (dashed black) to match that in
Fig. 3a (see Supplementary Discussion).

The hole-boring effect due to the radiation pressure of the
laser micropulses can lead to the acceleration of ions25. Using
snapshots of the plasma density profile taken at different times
but on shots with identical parameters, we determined the average
hole-boring velocity (velocity at which the overdense plasma layer
is pushed forward by the laser) to be vhb = 3.2± 0.8× 108 cm s−1.

An upper estimate of the peak hole-boring velocity calculated
using the expression given in ref. 31 is 6.3× 108 cm s−1 using the
experimentally measured peak plasma density of 3× 1019 cm−3
and assuming a constant laser a0 of 2.3. Cold plasma protons
that reflect off this moving layer would gain a maximum energy
of (1/2)mi(2vhb)2 = 213 keV (experiment) or 1MeV (theory),
where mi is the mass of the proton. These values are more
than an order of magnitude smaller than the proton energies
observed in the experiment, thus pointing to a different mechanism
for proton acceleration.

The mechanism of ion acceleration is elucidated using the
particle-in-cell code OSIRIS (ref. 32), which uses a cold preformed
plasma with a density profile similar to the measured plasma
density profile shown in Fig. 3b. Two linearly polarized 3-ps-long
micropulses with an a0 of 2.5 and separation of 18 ps are incident
on this plasma (see Supplementary Movie). The first laser pulse is
absorbed near the critical density, heating up the plasma locally and
causing its expansion, which lowers the peak density. As the second
pulse arrives, the peak density is of the order of the critical density
and the plasma electrons are efficiently heated up to a temperature
of ∼1.1MeV in the region leading up to the critical density. The
plasma electron temperature is consistent with ponderomotive
scaling for the hot electrons, Thot=mec2

√
1+a20/2= 1.04MeV,

where me is the mass of the electron and c is the speed of light.
These electrons launch a collisionless electrostatic shock wave
(electron–ion collisional mean free path, λe−i > shock thickness
∼5λD, where the Debye length λD = [kThot/4πnee2]1/2) at the
overdense layer that propagates through the plasma (Fig. 4a). The
most energetic electrons heated by the first and second laser
pulses can be seen to be leaving the plasma at 7 ps and 25 ps,
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Figure 5 | Simulated proton spectra. Proton spectra obtained in
simulations for a single picosecond-long pulse with an a0 of 10 (blue curve)
and a single 100-ps-long laser pulse with an a0 of 2.5 (red curve). The
plasma density profile used is similar to that shown in Fig. 3b with a peak
plasma density of 7 ncr (blue curve) and 3 ncr (red curve).

respectively, through their effect on the longitudinal electric field
plotted in Fig. 4b. The shock propagates through the plasma at a
near-constant velocity of vsh = 0.16 c for almost 100 ps after the
arrival of the second laser pulse (Fig. 4b). The shockMach number,
measured in the upstream frame (vup) at 73 ps (see Fig. 4c), is given
by M = [(vsh − vup)/cs] = [(vsh − vup)/c]

√
mi/me(1+ a20/2)

−1/4
∼

2, where cs is the ion sound speed and using the observed
upstream velocity of 0.1 c . In this simulation, and indeed in the
experiment, the shock is enhanced by the electrons heated by the
subsequent laser pulse(s).

As the shock structure overtakes the plasma ions, they are
reflected off it as shown in Fig. 4c, and gain a velocity corresponding
to twice the shock velocityminus their expansion velocity (∼0.21 c).
This process forms an ion beam that retains its narrow energy
spread as it exits the plasma (Fig. 4d). Note that the sheath field
is much reduced at the edge of the expanding long-scale-length
plasma, thus minimizing the contribution of the TNSAmechanism
to the ion energy33. This simulation resulted in the acceleration of
protons with a peak energy of 19MeV and a 1E/EFWHM ∼ 12%
propagating outside the plasma after 100 ps (see Fig. 4e). When the
a0 was reduced to 2, the peak proton energy dropped to 15MeV
(also shown in Fig. 4e). This variation of energy is consistent with
the variation observed in the experiment (Fig. 2b).

Further simulations using a single 100-ps-long, linearly po-
larized laser pulse with an a0 = 0.5 (similar to the experimental
parameters of Fig. 2a) gave a monotonically decreasing proton
spectrum with a maximum energy of ∼20MeV (not shown here).
Increasing the peak a0 of this laser pulse to 2.5 still produced an
exponentially decaying proton spectrum, though with a cut-off
energy of 340MeV as shown in Fig. 5 (red curve). From a large
number of simulations we have determined that laser pulses on a
few-picosecond timescale are optimal for local heating of the plasma
electrons and launching a shock. A train of pulses can apparently
do this very efficiently, with the early pulses helping to ionize the
gas target and shaping the plasma so that the most intense pulse or
pulses heat the electrons and form a shock as explained above.

To evaluate the potential of shock-wave acceleration in gases for
reaching very high proton energies, wemodelled a large-a0 case. For
a laser pulse with an a0 of 10 (I = 1018 Wcm−2 for a CO2 laser), and
an increased peak plasma density of 7× 1019 cm−3 to compensate
for the relativistic transparency due to the higher laser intensity, the
proton peak energy increased to ∼170MeV (blue line in Fig. 5),
nearing the requirement for proton radiotherapy. Shock-wave
acceleration can also be applied for the production of higher-mass
ions such as nitrogen and oxygen. Current experimental yields
will need to be increased by two to three orders of magnitude
for meeting the requirements of hadron therapy and injectors for
conventional accelerators even if high-repetition-rate lasers are

used. It should be noted that 1–10Hz repetition rate lasers with
an a0 of at least 10 are technologically feasible. Furthermore, CO2
lasers today are capable of generating tens of joules of energy at a
kilohertz repetition rate.

Methods
Proton detection. After each laser shot, the CR39 detectors are etched in fresh
6N NaOH solution at 80 ◦C for 5 h. The ion number is then counted and the pit
diameters are measured using automated microscope-based apparatus yielding a
single data point on either side of the CR39. Monoenergetic features were then
identified by a gross change in yield between adjacent data points. In these cases,
further etching of the corresponding CR39 in 5 h increments up to a total of 20 h
was carried out to obtain a finer spectral resolution around the feature.

The energy of a detected proton is calculated by equating the distance travelled
through the CR39 plastic to the distance travelled by a proton of a certain energy
to yield the Bragg peak at that location34. The bulk CR39 plastic etching rate was
measured to be ∼10 µmh−1; therefore, each 5 h step in etching moves the plane
of detection 50 µm deeper into the CR39 plastic, corresponding to an incremental
change in energy. In addition, we measured a linear increase in pit diameter as a
function of time. This enabled us to identify the protons that had a Bragg peak
in each 50 µm slice of CR39. It should be noted that, at each time step, only new
pits with diameters less than 40 µm are counted, as larger diameters represent
augmented pits from the previous time step. This procedure has a counting error
of 200 pits per detector plate. This detection system provides a spectral resolution
of 0.1MeV centred around 20MeV.

Plasma density profile characterization. A supersonic cylindrical gas jet similar
to one described in ref. 35 was used for the target. The plasma density profile of
the gas target (blue dotted line in Fig. 3b) was measured by using 50 fs, 0.8 µm
laser interferometry. The CO2 laser–plasma was probed with a Mach–Zehnder
interferometer using a 2 ps, 532 nm pulse synchronized with the CO2 macropulse.
Synchronization is accomplished through a cross-correlation method using a
silicon semiconductor switching technique36.

The interferogram shown in Fig. 3a contains areas where probe light refracted
outside the collection angle has skewed the interference pattern, and therefore
necessitated manual analysis to extract the plasma density profile along the laser
axis assuming the plasma density profile to be axisymmetric. The comparison of
the fringe positions in Fig. 3a with those of a vacuum interferogram yields the total
phase shift along the laser axis. On the back side of the profile (x < 0), the plasma
density is calculated directly assuming a Gaussian transverse profile and measuring
its 1/e characteristic length. On the front side of the profile (x > 0), however, the
probe light accrues phase from passing through two high-density walls formed
by the ponderomotive push of the laser, 1ϕw, and from the low-density cavity
left in between, 1ϕc. Therefore, the total phase shift measured on axis can be
approximated as1ϕt=1ϕc+21ϕw. For each position along the laser axis,1ϕw is
estimated by comparing the fringe shift in the wall with the vacuum interferogram,
then subtracted from 1ϕt to isolate the phase shift due only to the plasma inside
the cavity, 1ϕc. Finally, the density on axis is calculated assuming a flat plasma
profile inside the cavity. Application of this method to the interferogram in Fig. 3a
results in the density profile shown by the red line in Fig. 3b. Further support
for the extracted plasma profile is gained through comparison to a simulated
interferogram as presented in Supplementary Discussion.

OSIRIS simulations. Two-dimensional simulations were carried out using the
fully relativistic particle-in-cell code OSIRIS 2.0 (ref 32). OSIRIS has been widely
used to simulate various ion and electron acceleration scenarios in plasmas
and directly compared with experimental results37–39. The simulations used a
preformed electron–proton plasma with a density profile similar to that measured
experimentally and shown in Fig. 3b (red solid) at the peak of the CO2 macropulse.
It has a linear 0.1mm rise and 1mm exponential fall, with a peak density of
2.8×1019 cm−3. A first set of simulations was carried out using a sequence of
two 3 ps CO2 laser pulses with a Gaussian temporal profile and peak a0 = 2.5,
separated by 18 ps. The simulation results are illustrated by the Supplementary
Movie. A second set of simulations used a single CO2 laser pulse with 100 ps
pulse width and a0 = 0.5. Finally, a third set of simulations was carried out
with an increased laser intensity (a0 = 10) and increased peak plasma density of
7×1019 cm−3. All simulations used a box size of 6.1×0.8mm2, 12,288×1,536
cells, cubic interpolation (third-order splines) and nine computational particles
per cell per species, totalling 3× 108 particles. The particles were pushed
for >105 iterations.
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