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In order to investigate the intense laser propagation and channel formation in dense plasma, we con-
ducted an experiment with proton deflectometry on the OMEGA EP Laser facility. The proton image
was analyzed by tracing the trajectory of mono-energetic protons, which provides understanding the
electric and magnetic fields that were generated around the channel. The estimated field strengths
(E ∼ 1011 V/m and B ∼ 108 G) agree with the predictions from 2D-Particle-in-cell (PIC) simula-
tions, indicating the feasibility of the proton deflectometry technique for over-critical density plasma.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890575]

I. INTRODUCTION

In the fast ignition (FI) of inertial confinement fusion,1

an ultra-high intensity laser heats the dense plasma core to
trigger the thermonuclear fusion reactions. In this scheme,
it is crucially important to investigate the laser propaga-
tion into the imploded plasma. When the laser irradiates the
coronal region, the laser creates a low-density plasma chan-
nel by ponderomotive evacuation of the bulk electrons in-
side the laser beam with the formation of strong electrostatic
field at the edge of the channel. A strong magnetic field is
also created by forward electron acceleration. Proton deflec-
tometry is one of the fascinating techniques to observe the
plasma channel through the measurement of these electro-
magnetic fields.2 Especially, investigation of the laser prop-
agation in an over-critical density plasma is significantly im-
portant for the direct irradiation scheme of a single intense
laser beam, “Super-penetration,”3 which stands on the rel-
ativistic effects such as relativistic self-focusing and rela-
tivistic transparency, followed by plasma channel formation
by hole-boring.

For this purpose, we conducted a plasma channeling
experiment at OMEGA EP laser facility in University of
Rochester. A proton beam from a point source passed through
the channel perpendicular to its axis and was deflected accord-
ing to the electric and magnetic fields embedded inside the
channel. The transmitted proton beam deposited its energy on
Radio Chromic Film (RCF) and the detected image was ana-
lyzed by calculating the trajectory of mono-energetic protons
in order to estimate the E and B field distributions. The anal-
ysis implies the formation of a single straight channel up to
a density between nc and nc/2, where nc stands for the crit-
ical density, which was also observed in a separate optical
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measurement.4 This result indicates the feasibility of the ap-
plication of time-resolved proton radiography to plasma den-
sities higher than the critical density.

II. SETUP

A. Experiment

The experimental setup is shown in Fig. 1(a). Two long
UV laser pulses (λ = 351 nm) irradiate a thin plastic foil
(3 mm × 3 mm, 120 μm thickness) to create a long scale-
length plasma. The UV laser energy was in totally 1 kJ. The
pulse duration was 1 ns and the beams were smoothed by dis-
tributed phase plates5 with a focal spot size of 800 μm di-
ameter. An ultra intense laser beam (BL) was then injected
into the plasma to create a plasma channel inside it. The
laser energy was 1250 J with 10 ps pulse duration operated at
1ω (λ = 1053 nm). In order to produce a point-source pro-
ton beam, another 1ω short pulse laser (SL) is irradiated on a
20 μm thin copper foil with 830 J energy and 10 ps pulse du-
ration. The created proton beam had an energy range of up to
50 MeV and was detected with a stack of 18 RCFs (HD810)
at the opposite side of the plasma. The magnification of the
image was set to be 10.

The irradiation timing among beams is illustrated in
Fig. 1(b). The BL beam was injected into the plasma 500 ps
after the UV beams were terminated. By taking into account
the proton beam arrival at the interaction point, the SL beam
was fired at 100 ps before the BL beam, resulting in a tem-
poral observation windows from −24 ps to 82 ps relative to
the BL injection timing. Fig. 1(c) shows the calculated elec-
tron density profile prior to BL injection from a 2D radiation
hydrodynamic simulation with the code DRACO.6 The BL
laser was focused to the position 750 μm in front of the initial
target surface, corresponding to nc/4 for maximizing the chan-
nel length.3 The density scale length was 250 μm at nc/4 in
this experiment.

0034-6748/2014/85(11)/11E612/3/$30.00 © 2014 AIP Publishing LLC85, 11E612-1

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:

119.231.246.72 On: Wed, 13 Aug 2014 11:39:30

http://dx.doi.org/10.1063/1.4890575
http://dx.doi.org/10.1063/1.4890575
http://dx.doi.org/10.1063/1.4890575
mailto: habara@eei.eng.osaka-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4890575&domain=pdf&date_stamp=2014-08-11


11E612-2 Uematsu et al. Rev. Sci. Instrum. 85, 11E612 (2014)

FIG. 1. (a) Experimental setup. UV1 and 2: 3ω laser for plasma creation,
BL: 1ω laser for plasma channel formation, and SL: 1ω laser for point source
proton beam. (b) Irradiation timing among all laser beams. (c) Plasma density
profile at the channeling beam irradiation calculated by DRACO code.5

B. Track calculation

In order to reproduce the proton deflectometry image, we
calculated proton trajectories from the source position via the
Monte Carlo method. In this calculation, initial energy and
momentum of each proton were allocated randomly accord-
ing to the given momentum distribution. Once a proton ar-
rives at the plasma region, the position and the direction of
the proton are updated according to the electromagnetic force
(F = q(E + v × B)) until the proton leaves the plasma region.
Finally, the dose on the RCF film, calculated from the proton
energy and incident angle to the RCF, is accumulated for all
protons.

III. EXPANDED PLASMA COLONA

Different from the gas jet target, the free-expanding
plasma created in front of the planar target usually involves
an electric fields at its boundary by plasma pressure7 as well
as magnetic field due to non-collinear density and temperature
gradient (∇ne × ∇Te).8 These fields may affect the proton tra-
jectory before and after the propagation through the channel
region. However, this magnetic field is a poloidal field around
the target normal direction, so that the side-on geometry of
proton deflectometry is insensitive to the magnetic field due
to the counteracting effect on the proton motion going in and
out of the plasma.9 Therefore, only the E-field should be taken
into account for this analysis.

Figure 2(a) shows the observed image taken with 22 MeV
protons corresponding to 24 ps prior to the peak of the 10-ps
channeling beam. The laser propagated from the right to the
left in this figure. Although the high-energy UV beams were
already terminated, the target still exists at the initial posi-
tion without significant deformation. The pileup of protons at
the edge of the plasma is clearly visible. The size of plasma
is slightly larger than the UV spot size (800 μm) due to the

FIG. 2. (a) Side-on proton image of the long-scale-length plasma taken with
RCF before the arrival of the channeling pulse. (b) Reconstructed image.

spherical expansion. Figure 2(b) shows the reproduced pro-
ton image using monochromatic 22 MeV protons. The width
of the edge strongly depends on the electric field strength.
As the result of comparison to the experimental data, we con-
clude that the strength of radial electric field at the edge ranges
from 2 × 109 to 5 × 109 V/m, which agrees well with the sim-
ulation result in Ref. 6 where similar laser energy was used
for plasma creation. We also applied the magnetic field in the
calculation with the strength used in Ref. 7, but the edge struc-
ture is significantly insensitive to the magnetic field strength
as expected. According to Ref. 6, the radial electric fields ex-
ist inside the plasma with 1/5–1/10 of the edge electric field
strength. This inner field acts as a negative lens for the proton
beam giving further expansion of the image around the cen-
ter. We checked this further expansion of the image, resulting
in less than 27% and 15% for 9 MeV and 22 MeV protons,
respectively. This additional expansion is not large, but was
taken into account in the analysis of the channel image.

IV. PLASMA CHANNEL

Figure 3(a) shows a 9.4 MeV proton image (calibrated
proton number distribution10) detected 82 ps after the BL laser
irradiated the expanding plasma. The thick dashed contour on
the left side represents the initial target position. In addition,
the half circle dotted curve at the right edge indicates the po-
sition of the plasma boundary. Although there are many fine
structures in the image, we analyzed the relatively large struc-
ture indicated by horizontal dotted lines. In the center part of
this structure, there is a slightly lighter region surrounded by
upper and lower darker bands, and these sizes decrease along
the laser propagation direction (from the right to the left in
this image).

Assuming that this structure indicates the plasma chan-
nel, we conducted proton tracking calculations in order to
reproduce this image as shown in Fig. 3(b). In the calcula-
tion, we incorporated electric and magnetic field structures
predicted by a 2D PIC calculation. Figs. 3(b) and 3(c) show
snapshots of the radial electrostatic field (Ey) and azimuthal
magnetic field (Bz) when a 1ω laser pulse with an intensity
of 1019 W/cm2 propagated in a long homogenous plasma
column with a density of nc. The electric fields were created
at the channel wall. One can see the reversal of the sign of
the field direction at the wall. This structure was observed
at a later time of the simulation (> several 100 fs) and was
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FIG. 3. (a) Experimental results taken with 9.4 MeV protons corresponding
to 82 ps after the BL beam injection. (b) Calculation results of the proton
image. (c) Electric and (d) magnetic field distributions calculated by a 2D-
PIC calculation of a 1 × 1019 W/cm2 laser light propagating in a critical
density plasma.

formed by localization of ions moving with the electron
sheath field created due to space charge separation in the
electron-evacuated channel. The thickness of E-field layer
strongly depends on the simulation conditions, so that we also
changed the thickness in the calculation. On the other hand,
the magnetic field is created by the forward fast electron
current and is enhanced by the backward return current. The
strength of the magnetic field is larger than 100 MG, which
is also comparable to the laser B-field.

In the track calculation, proton energy is fixed to be
9.4 MeV same as the experiment. The time steps inside and
outside of the channel are 1 and 10 fs, respectively. From the
separate measurement using an UV optical probe4 in this shot,
the plasma channel seems to be generated up to 0.5 mm from
the initial target surface. Also we assume F/2.0 cone angle
for channel shape from the f-number of the parabolic mir-
ror that focused the BL beam. The well-reproduced calcula-
tion results are shown in Fig. 3(b). When the protons come
close to the plasma channel, the proton motion is bent by
the Lorentz force, which can form a central pale structure
and outer dark regions as shown both in the experiment and
calculation. In the calculation, the stronger electric field re-
duces the vertical length of the dark region because of con-
finement of the proton beam due to the inner electric field.
On the other hand, different from the calculation of the coro-
nal plasma, strong azimuthal magnetic field inside the chan-
nel can affect the proton trajectory. The magnetic field helps
to expand the dark regions not only in the radial regions but
also in the horizontal direction toward the laser entrance. This

is caused by the assumption that the field strength is in pro-
portion to the channel diameter. The magnetic field bents the
proton to the laser (left) direction when the protons go out
of the plasma with preserving the larger radial momentum
given by the weaker inner electric field. As a result of the cal-
culation, the maximum electric field is 0.1 (±0.05) MV/μm
and the magnetic field is 55 (±5) MG from the compari-
son of the widths of the white and dark regions (the error
of the width corresponds to the error of fields strengths of
∼10% in average), which are 3% and 17% of laser fields,
respectively.

V. SUMMARY

In order to investigate the intense laser beam propa-
gation in dense plasma, we conducted an experiment with
proton deflectometry at the OMEGA EP Laser Facility. The
proton image was analyzed by tracing the trajectory of mono-
energetic protons, which allows one to estimate the E and B
field strengths in the plasma. The observed proton image can
be reproduced in calculations assuming the field distributions
extracted by 2D-PIC simulations. At an early time before the
channeling pulse arrived, a plasma channel was not observed
but the boundary of blow off plasma clearly appeared as in ex-
periments reported by other groups. At a later timing, shortly
after the channeling pulse arrival, a large structure in the de-
tected image indicates a plasma channel. Comparing both cal-
culation and experiment, the estimated field strengths (E ∼
1011 V/m and B ∼ 109 G) embedded in this structure are com-
parable to the simulation results. Our study makes a progress
to understanding of the physics of the propagation of an in-
tense laser pulse in imploded plasma, and helps for estimat-
ing the required laser conditions for direct heating scheme fast
ignition.
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