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Experimental set-up

λ=10.3 µm 
Pulse length=6 ps 
Spot size = 70 µm 
Intensity ~ 1016 W/cm2

λ=527 nm 
Pulse length=10 ps 
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Shadowgraphy

Interferometry

Probe at 2 times 
on single shot



JAI Octoberfest 2014                                                                                                                                          Collisionless shockwave acceleration of ions, N.P. Dover

!"#"$"%"

!"#

!"$

$"%

$"&

See: Palmer et al., PRL, 106 (2011) 

Generated monoenergetic proton beams

Intensity/Density (normalised)See: Palmer, Dover, Pogorelsky et al., 
PRL, 106 (2011)
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Typical Gas profile



order of the pulse length of the pulses (i.e.,! 8 ps). The opti-
cal probe was split after the interaction into two separate chan-
nels, shadowgraphy to give immediate qualitative information
about the interaction, and interferometry, which gave detailed
information about the density profiles of both the gas jet and
also the plasma created by the intense CO2 beam.

Figure 2 shows the phase map retrieved from an inter-
ferogram of the gas jet without the interacting CO2 laser
pulse, along with an analyzed density profile at height of
0.825 mm above the nozzle, which is where the laser was
focused on the jet. The focusing was maintained relatively
high above the nozzle to prevent ablation of the nozzle by
laser light. Though square in shape near the exit, the profile
evolves into a triangular shape with scale lengths" 0.8 mm
at the operating height. For a backing pressure of 40 bar
(!600 psi), a peak atomic density of hydrogen of 1.3# 1020

cm$3 was produced. This, of course, is double the molecular
density of H2 gas. Since the electron density is equal to the
hydrogen density, this corresponds to a peak electron density
n! 13ncr in this case. A lineout at higher backing pressure
("60 bar) shows that changing the operating pressure of the
gas jet does not change the shape of the profile, but changes
the peak density obtained in proportion to the backing pres-
sure. During the experiment, plasma densities in the range
n^ 1$ 10ncr were investigated.

III. MONOENERGETIC ION BEAMS

Raw images of four example spectra are shown in Fig. 3.
The numbers at the side give the intensity (in units of 1015

Wcm$2) and the atom density n (in units of ncr), as well as
the expected energy of ions accelerated by shock acceleration
for these parameters (Ehb: 4I=nc). A misshapen central fea-
ture is present on all shots, even when the gas jet is not fired,
and is thus due to laser radiation passing through the pinhole.
However, one can also see a feature to the left which changes
with changing experimental parameters. This feature is due to
an ion beam that has been deflected by the spectrometer mag-
net, and thus represents the ion spectrum. Remarkably for all
of these shots, this feature is strongly peaked with varying
degrees of monoenergeticity. Indeed the base level of these
peaks is below the detector noise on all of these shots. The
energy of these peaks extends to above 1.1 MeV. These spec-
tra are quite different from those typically obtained when
solid targets are irradiated with high-intensity optical lasers,
which exhibit large energy spread beams with proton numbers

decreasing monotonically out to higher energy. Indeed, broad
energy spread beams are also produced when solid targets are
irradiated with this CO2 laser system.32 Our spectra are also
quite different from those produced previously from gas tar-
gets irradiated by optical lasers, which were also characterized
by large bandwidth energy spectra, which fall monotonically
with energy.26 Hence, one can see it is a combination of the
long wavelength laser and low density target which is
required to observe these “quasimonoenergetic” proton
beams. We note that these beams are also quite different from
previous reports of quasimonoenergetic ion beams from laser
matter interaction.9,10 Though of similar energy (per nucleon),
the beams we observe have much higher spectral brightness
(>1012 protons=MeV=sr) and much clearer definition of the
peak above background (>200 times, which as said before is
limited by noise).

Particularly noticeable is that the ion beam seen in Fig.
3(a) is circular in section, resembling the pinhole used as the
input slit for the spectrometer. Closer inspection shows that
the profile is close to Gaussian in both spectral and trans-
verse directions. This allows us to infer two important prop-
erties of the ion beam. First the transverse spread is a
geometric effect caused by either an extended source size or
thermal spread of the beam. By deconvolving the pinhole
instrument function (the pinhole was of size u¼ 0.6 mm and
its point projection size on the detector should have been
1.08 mm), the maximum point spread of the beam is
obtained as a Gaussian profile with rms spread" 0.13 mm.

For a cold ion beam, the transverse profile would be a
measure of the ion source size. The distances between
source-pinhole and pinhole-detector, s1¼ 170 mm and
s2¼ 136 mm, indicate a magnification of #0.8 , implying an
original source size of 0.163 mm. Alternatively a point
source could have a divergence due to thermal spread of
dpy=px ¼ h ¼ 9.4# 10$4 rad s. The two points given (point
source but thermal spread, or cold but extended source)
define the extrema of an ellipse in phase-space which
describe possible combinations of h and dy. This gives a
localized emittance (equivalent to the area of the ellipse in
phase-space); !¼p ab¼ 0.16 p mm-mrad, with a corre-
sponding normalized emittance ! ¼bc !¼ 8 nm-rad.

FIG. 2. (Color online) (Left) 2D density map of slice through gas jet, show-
ing distance above the nozzle at which the laser was directed ( h¼ 825 lm)
for 600 psi backing pressure; (right) density profile at this height for 600 and
900 psi backing pressures.

FIG. 3. (Left) A series of four raw images of ion spectra for variety of den-
sity and intensity (see caption to right). The image contrast has been
increased to aid viewing of the weaker signals. Intensities given in units of
1015 Wcm$2. Ehb is the expected energy due to shock accelerated electrons
( Ehb : 4I=nc ) in units of 10$2 MeV.

056705-3 Impurity free monoenergetic proton beams Phys. Plasmas 18, 056705 (2011)
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New technique: blast wave shaping

Gas jet profile

Prepulse deposits energy, gas 
expands and forms blast wave

4

0

2

nc

H
ei

gh
t (

m
m

)

0-1 1 (mm)0

1

2

•Single intense pulse to drive acceleration controllably 

•Prepulse 25 ns before main pulse to optically tailor density  

•Helium gas to generate helium beams with shock acceleration



order of the pulse length of the pulses (i.e.,! 8 ps). The opti-
cal probe was split after the interaction into two separate chan-
nels, shadowgraphy to give immediate qualitative information
about the interaction, and interferometry, which gave detailed
information about the density profiles of both the gas jet and
also the plasma created by the intense CO2 beam.

Figure 2 shows the phase map retrieved from an inter-
ferogram of the gas jet without the interacting CO2 laser
pulse, along with an analyzed density profile at height of
0.825 mm above the nozzle, which is where the laser was
focused on the jet. The focusing was maintained relatively
high above the nozzle to prevent ablation of the nozzle by
laser light. Though square in shape near the exit, the profile
evolves into a triangular shape with scale lengths" 0.8 mm
at the operating height. For a backing pressure of 40 bar
(!600 psi), a peak atomic density of hydrogen of 1.3# 1020

cm$3 was produced. This, of course, is double the molecular
density of H2 gas. Since the electron density is equal to the
hydrogen density, this corresponds to a peak electron density
n! 13ncr in this case. A lineout at higher backing pressure
("60 bar) shows that changing the operating pressure of the
gas jet does not change the shape of the profile, but changes
the peak density obtained in proportion to the backing pres-
sure. During the experiment, plasma densities in the range
n^ 1$ 10ncr were investigated.

III. MONOENERGETIC ION BEAMS

Raw images of four example spectra are shown in Fig. 3.
The numbers at the side give the intensity (in units of 1015

Wcm$2) and the atom density n (in units of ncr), as well as
the expected energy of ions accelerated by shock acceleration
for these parameters (Ehb: 4I=nc). A misshapen central fea-
ture is present on all shots, even when the gas jet is not fired,
and is thus due to laser radiation passing through the pinhole.
However, one can also see a feature to the left which changes
with changing experimental parameters. This feature is due to
an ion beam that has been deflected by the spectrometer mag-
net, and thus represents the ion spectrum. Remarkably for all
of these shots, this feature is strongly peaked with varying
degrees of monoenergeticity. Indeed the base level of these
peaks is below the detector noise on all of these shots. The
energy of these peaks extends to above 1.1 MeV. These spec-
tra are quite different from those typically obtained when
solid targets are irradiated with high-intensity optical lasers,
which exhibit large energy spread beams with proton numbers

decreasing monotonically out to higher energy. Indeed, broad
energy spread beams are also produced when solid targets are
irradiated with this CO2 laser system.32 Our spectra are also
quite different from those produced previously from gas tar-
gets irradiated by optical lasers, which were also characterized
by large bandwidth energy spectra, which fall monotonically
with energy.26 Hence, one can see it is a combination of the
long wavelength laser and low density target which is
required to observe these “quasimonoenergetic” proton
beams. We note that these beams are also quite different from
previous reports of quasimonoenergetic ion beams from laser
matter interaction.9,10 Though of similar energy (per nucleon),
the beams we observe have much higher spectral brightness
(>1012 protons=MeV=sr) and much clearer definition of the
peak above background (>200 times, which as said before is
limited by noise).

Particularly noticeable is that the ion beam seen in Fig.
3(a) is circular in section, resembling the pinhole used as the
input slit for the spectrometer. Closer inspection shows that
the profile is close to Gaussian in both spectral and trans-
verse directions. This allows us to infer two important prop-
erties of the ion beam. First the transverse spread is a
geometric effect caused by either an extended source size or
thermal spread of the beam. By deconvolving the pinhole
instrument function (the pinhole was of size u¼ 0.6 mm and
its point projection size on the detector should have been
1.08 mm), the maximum point spread of the beam is
obtained as a Gaussian profile with rms spread" 0.13 mm.

For a cold ion beam, the transverse profile would be a
measure of the ion source size. The distances between
source-pinhole and pinhole-detector, s1¼ 170 mm and
s2¼ 136 mm, indicate a magnification of #0.8 , implying an
original source size of 0.163 mm. Alternatively a point
source could have a divergence due to thermal spread of
dpy=px ¼ h ¼ 9.4# 10$4 rad s. The two points given (point
source but thermal spread, or cold but extended source)
define the extrema of an ellipse in phase-space which
describe possible combinations of h and dy. This gives a
localized emittance (equivalent to the area of the ellipse in
phase-space); !¼p ab¼ 0.16 p mm-mrad, with a corre-
sponding normalized emittance ! ¼bc !¼ 8 nm-rad.

FIG. 2. (Color online) (Left) 2D density map of slice through gas jet, show-
ing distance above the nozzle at which the laser was directed ( h¼ 825 lm)
for 600 psi backing pressure; (right) density profile at this height for 600 and
900 psi backing pressures.

FIG. 3. (Left) A series of four raw images of ion spectra for variety of den-
sity and intensity (see caption to right). The image contrast has been
increased to aid viewing of the weaker signals. Intensities given in units of
1015 Wcm$2. Ehb is the expected energy due to shock accelerated electrons
( Ehb : 4I=nc ) in units of 10$2 MeV.
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New technique: blast wave shaping
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400 ps before  
intense pulse

100 ps after 
intense pulse

Laser Laser

Varying prepulse changes initial conditions
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• No prepulse: intense pulse expends energy channeling up density ramp 
• No ion acceleration!

400 ps before  
intense pulse

100 ps after 
intense pulse

Laser Laser

Varying prepulse changes initial conditions
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400 ps before  
intense pulse

100 ps after 
intense pulse

Laser Laser

Varying prepulse changes initial conditions
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400 ps before  
intense pulse

100 ps after 
intense pulse

Laser Laser

Varying prepulse changes initial conditions
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400 ps before  
intense pulse

100 ps after 
intense pulse

• “100 mJ” prepulse: significant preionisation prior to the interaction, indicative 
of optical tailoring of gas jet 
• First observation of energetic helium ions from shockwave 

acceleration in overdense gas-jets

ncLaser Laser

Varying prepulse changes initial conditions
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400 ps before  
intense pulse

100 ps after 
intense pulse

Laser Laser

Varying prepulse changes initial conditions
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Varying prepulse changes initial conditions

400 ps before  
intense pulse

100 ps after 
intense pulse

• “200+ mJ” prepulse: prepulse heats filament which expands too much, 
causing intense pulse to go straight through gas jet 
• No ion beams generated

Laser Laser

nc
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~200 mJ prepulse

~1 J prepulse

• Using ~100 mJ 
prepulse generates 
~10λ density ramp for 
main pulse to interact 
with 

• Sharp density ramp 
allows efficient 
localised heating & 
shock generation

See: Tresca, Dover, Cook et al., Submitted 2014

nc

Varying prepulse changes ion beam properties

No prepulse
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No prepulse

~200 mJ prepulse

~1 J prepulse

See: Tresca, Dover, Cook et al., Submitted 2014
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Varying prepulse changes ion beam properties
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nHe (1019 cm-3)

2D PIC, no prepulse
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2D PIC, no prepulse
nHe (1019 cm-3)
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2D PIC, no prepulse
nHe (1019 cm-3)
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2D PIC, no prepulse
nHe (1019 cm-3)
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2D PIC, no prepulse
nHe (1019 cm-3)
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2D PIC, no prepulse

Standard density profile - channeling & 
no directed ion beam
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2D PIC, no prepulse
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2D PIC with prepulse
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2D PIC with prepulse
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2D PIC with prepulse
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2D PIC with prepulse
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2D PIC with prepulse
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2D PIC with prepulse
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2D PIC with prepulse
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2D PIC with prepulse

3
nHe (1019 cm-3)
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Tailored profile - shock formation 
& directed ion beam
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PIC shows agrees with experiment
Experiment (t ~ 100 ps)PIC (t ~ 10 ps)

Ion accelerating collisionless shock

Prepulse induced blast-wave
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Density profile optimisation to generate high 
energy, higher charge beams

No prepulse

25 ns after prepulse
2 ns after prepulse
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Further work on proton beams
• Also appears to work for generation of proton beams - 

more mono-energetic beams & max energies up to ~3 
MeV - work in progress
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Summary

• Experimental demonstration of 
proton and helium beams from 
shock acceleration in gas jet targets 

• Novel technique of all-optical 
shaping of overdense gas target 
using secondary pulse 

• Optimising density profiles essential 
for ion generation
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Numerical PIC simulations
• Lineouts through centre of box
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Numerical PIC simulations
• Lineouts through centre of box
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Numerical PIC simulations
• Lineouts through centre of box

� ���

� ��
���

�

���

�

�

��

��

��

��

��

��

	������

����	
����	

��
��

�
��
��
��
�

���




��
���
��

�
��
	
�
�


�

��
�
���

�
��
�

�



�
��

��
��

��

��

�

�

�

�

 

!�

�
��
�

�
��

��
��

��

��

�

"

!�

!"

��

�� #� ��

$
�
�
� �
�

�

�	�

%�	�

�	�

%�	�

��
��
$�

$
�
�
� �
�

�

�	�

�	!

�	#

& �

��

�'
()
�

�	�

�	�

�

%�	�

��

*�

��

$�
&�

�" #"

�
��
�
�� #� ���" #"

Ex
ne
ni

Ex
ϕ

Hole-boring acts as piston 
driving electrostatic 
collisionless shock wave

Typical of electrostatic 
collisionless shock - a plasma 
shock driven by non-linear 
sound waves in hot plasma 

0

0.2

0.4

-0.2

Ex (a0)



JAI Octoberfest 2014                                                                                                                                          Collisionless shockwave acceleration of ions, N.P. Dover

Numerical PIC simulations
• Lineouts through centre of box
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Numerical PIC simulations

• Shock moves ahead of hole-boring front 
• Reflected proton energies higher -> can reach higher proton 

energies at lower intensities 
• Consistent with moving wave seen on optical probing


