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Underdense plasma produced in gas jets by low intensity laser prepulses in the presence of a static
magnetic field, B ∼ 0.3 T, is shown experimentally to become an optical element allowing steering of
tightly focused high power femtosecond laser pulses within several degrees along with essential
enhancement of pulse’s focusability. Strong laser prepulses form a density ramp perpendicularly to
magnetic field direction and, owing to the light refraction, main laser pulses propagate along the magnetic
field even if it is tilted from the laser axis. Electrons generated in the laser pulse wake are well collimated
and follow in the direction of the magnetic field; their characteristics are measured to be not sensitive to the
tilt of magnetic field up to angles �5°.
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I. INTRODUCTION

Consistent control and steering of high intensity laser
pulses is an important requirement for experimental
research in fields such as laser wakefield acceleration
[1–3], plasma photonics [4], high-energy density physics
[5–7], and so on to provide stable, repeatable results of
measurements. The conventional optics may be not able to
support required guiding and steering of high-energy
particles or high power laser pulses. Plasma is the most
prominent object as a nondestructive optical element for
such a purpose, both for charged particles [8–10] and for
high power laser beams [11–18].
Laser-wakefield accelerators with the internal particle

injection (self-injection) could become a basis for full-
optical, high-temporal and high-spatial resolution imaging
systems [19–21] as well as the first stage in the ultrahigh-
energy multistage acceleration technique [11,22]. In case of
electrons, applications of laser-driven electron bunches
require their high charges, low emittances, low-energy
spreads, and also high reproducibility. These parameters
are very sensitive to the plasma and laser conditions. The
optical steering here is one of the most important technique
allowing high stability and controllability of the laser
wakefield acceleration.

Plasma optics for high power, femtosecond laser
pulses can be based on the optical property of preplasma
produced by prepulses via optical field ionization or
optical breakdown [12,15–18]. It is well known that
focusing, defocusing, and/or scattering of light in plasma
depends on the electron density gradient ∇nðr;ωÞ ¼
−∇½Ne=NcrðωÞ�=nðr;ωÞ, where nðr;ωÞ is the refraction
index, Ncr ¼ mω2=4πe2 the critical density and ω
the light frequency. In the frame of geometrical optics
a path of laser light can be found as a minimum
of the functional Φðr⊥; dr⊥=dzÞ ¼

R
nðr;ωÞ ×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðdr⊥=dzÞ2

p
dz, which results in the equation

for the trajectory d½nðr;ωÞr⊥=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðdr⊥=dzÞ2

p
�=dz ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ðdr⊥=dzÞ2
p ∇⊥nðr;ωÞ. For a parabolic channel
Ne ¼ Ne0½1þ δr2⊥=D2� and a plane wave a0eikzzþikxx the
solution of the equation gives the total pulse scattering
up to 10° angle for Ne0 ¼ 1019 cm−3, D ¼ 20 μm, δ ¼ 3.
Nonlinear effects such as distortion of electron density
distribution by pulse’s ponderomotive force and distortion
of laser pulse shape do not change such scattering essen-
tially which is confirmed by particle-in-cell (PIC) simu-
lations [23,24]. Figure 1(a) illustrates dynamics of a laser
pulse field in a semiparabolic plasma channel near a
scattering point [25] (see below). Then, the laser pulse is
symmetrically reflected and the angle of its propagation is
changed from −θ toþθ. It is apparent that a preplasma may
affect the propagation and focusability of main pulse.
However, a single scattering of high intensity laser pulses
with keeping their profile and energy in an optical element
has not been demonstrated experimentally.
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Practically, there are several ways to produce a plasma
channel able to guide high power laser pulses [11–18].
Transient plasma generated by a low intensity laser pulse, a
splash channel [11,12], is the most appropriate candidate
for a plasma optical element. Moreover as demonstrated
experimentally in Ref. [26] an external magnetic field,
B ∼ 0.1–0.3 T, may result in the formation of preplasmas
(splash channels [12]) changing their density gradients and,
therefore, in the propagation of powerful laser pulse. In the
regime of splash channel formation [12] if the magnetic
field is tilted from the laser axis, the density ramp can be
formed only by a component of the ponderomotive force
perpendicular to the magnetic field direction, and a follow-
ing main laser pulse starts its propagation as a tilted laser
pulse in a plasma channel. We observed a deformation
of a splash plasma channel with the gas density N ¼
3 × 1019 cm−3 in an external magnetic field B ¼ 0.3 T
when plasma is irradiated by a picosecond laser pulse with
the intensity I ¼ 1014 W=cm2 focused in 10 μm spot via
2D PIC calculation including elastic collisions and optical
field ionization [11]. To reveal the tangibility of plasma
optics with the use of an external magnetic field, we also
performed the 3D PIC simulation of the laser focusing
in a transforming plasma cone with the shape Ne ¼
Ne0 × ð1þ a × r2 − b × yÞ; a ≫ b. A result of the simu-
lation for ∼6° distortion is shown in Fig. 1(a). The result
confirms the change of the direction of the laser pulse
propagation during its focusing in the preplasma cone.
However, the quality of laser light after its tilting can be
found only experimentally.
In this paper, for the first time we experimentally

demonstrate the plasma optical element allowing steering
and precise control of direction of high-quality ultrashort

electron beam via tilting a relatively weak static magnetic
field and changing the intensity of laser prepulses.

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1(b). A 40-TW
Ti:sapphire laser system (Amplitude Technologies) at
Photon Pioneers Center, Osaka University, based on a
chirped pulse amplification (CPA) technique can deliver up
to 1.0-J pulses at a central wavelength of 800 nm with a
repetition rate of 10 Hz. In this experiment, the pulse
energy on target was varied from 180 to 460 mJ and the
pulse duration was ∼30 fs. The laser irradiation is con-
ducted in single-shot mode with the repetition rate around
0.1 Hz, which is limited by the vacuum pumping speed.
A shock-wave-free slit nozzle was designed for Mach

number 5 at the exit for helium. The shape of the nozzle exit
is rectangular of 1.2 mm length and 4.0 mm width. A
horizontally polarized laser beam with a diameter of ∼5 cm
is focused on the position of ∼100 μm from the front edge
of the slit nozzle at a height of ∼1 mm from the nozzle exit
by a gold-coated off-axis parabolic mirror with f=3.5
(f ¼ 177.8 mm). The gas number densities are estimated
to be 1.1–3.4 × 1019 cm−3. The focal spot size on target is
7–8 μm of 1=e2 diameter. The laser energy within 1=e2

diameter is 24% of the total energy. The maximum laser
intensity on the target is estimated to be 1.7 × 1019 W=cm2;
the corresponding normalized vector potential a0 is around
2.8. We change the prepulse energy via changing the input
energies of seed pulse and pump pulse in regenerative
amplification in the CPA system. Prepulse shapes in 100-ps
regime were measured by third-order cross correlator
(SEQOIA, Amplitude Technology). However, the mea-
surements can be done only for the contrast ratio between
the main pulse and the nanosecond prepulse caused by the
amplified spontaneous emission (ASE), which was variable
from 107 to 1010.
As shown in Fig. 1(b), a magnetic device applying an

external static magnetic field in the laser propagation
direction consists of two ring-shaped neodymium perma-
nent magnets and the gas jet nozzle is placed between these
magnets. One is set in front of and the other is set on the
rear side of the nozzle on the laser axis. Laser pulses pass
through the hole of the front ring magnet and interact with
the gas jet target. The inner diameter, the outer diameter
and the thickness of the ring magnet are 8, 18, and 12 mm,
respectively. The distance between these two ring magnets
is 14 mm. The magnetic field has the strength of B ∼
0.25 T and is parallel to the laser axis. The axis of the
magnetic field can be tilted horizontally and vertically by
controlling motorized stages under vacuum condition.
The spatial distribution of ejected electron beams is

measured by a phosphor screen (Mitsubishi Chemical
Co. LTD, DRZ-High) with a diameter of 13 cm placed
at 25.5 cm away from the gas jet target or that with a
diameter of 9 cm at 43 cm from the target. The DRZ-High

(a)

(b)

FIG. 1. (a) Dynamics of a laser pulse field in a semiparabolic
plasma channel near a scattering point. (b) Experimental setup.
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screen has a Gd2O2S∶Tb phosphor layer with the emission
peak at 545 nm. The screen is sensitive to high-energy
particles and radiations, so that the front side of the screen is
laminated with a 12 μm-thick aluminum and 15 μm-thick
titanium foils to avoid exposure to the laser pulses, scattering
lights and low-energy electrons. The scintillating images on
the screen made by the deposited electrons are recorded by
the CCD camera (Bitran Co., BU-51LN) with a commercial
photographic lens from the back side of the screen. To reduce
the background noise due to scattering light of laser pulses, a
green-pass filter (BG-39) was set at the front of the camera.

III. RESULTS AND DISCUSSIONS

The effect of laser prepulse in the presence of an external
magnetic field is illustrated by Fig. 2 when the direction
of magnetic field coincides with the direction of laser
pulse propagation. The difference between low and high
contrast ratio pulse is clearly seen. The typically stable,
well-collimated spatial distribution as in Fig. 2(a) is
produced with the highest-intensity prepulse (ASE level
∼1012 W=cm2), given curve 1 in Fig. 2(d). On the other
hand, the spatial profile with a lower-intensity prepulse
(ASE level ∼109 W=cm2), corresponding to curve 2 in
Fig. 2(d), presented in Fig. 2(b) is spotted and typically
unstable. There is also a rough and unstable distribution
without magnetic field as shown in Fig. 2(c). We attribute
this effect to the plasma optical element which optical
quality depends on the prepulse intensity: only a high
intensity laser prepulse forms a density gradient able to
improve a poor laser energy distribution in the focus spot.

The direction of laser pulse propagation can be seen via
traces of Thomson scattering. Time-integrated images of
Thomson scattering of laser pulse from the plasma with
different tilting angles and different intensities of the laser
prepulses are shown in Fig. 3. The laser pulse propagates
from left to right. The dashed line shows the laser injection
axis and the solid arrow shows the tilting magnetic field
axis. The bright spots display the points where the
Thomson scattering of main pulse is the strong. As seen
in Fig. 3(a), in the case of lower intensity prepulses, which
have the contrast ratio higher than 108 (the corresponding
ASE level less than ∼1011 W=cm2), a tilt of magnetic field

FIG. 2. Electron beam profiles (a) in the case of high-intensity prepulse with the external magnetic field, (b) low-intensity prepulse in
the magnetic field, and (c) high-intensity prepulse without the magnetic field for the gas density ∼3.4 × 1019 cm−3. (d) Prepulse shapes
in hundred ps regime measured by third-order cross correlator.

(a) 2.4° 
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FIG. 3. Time-integrated images of Thomson scattering of laser
pulse from the plasma with different tilting angles (a) in case of
low-intensity prepulse (ASE level ∼1011 W=cm2) for the gas
density ∼1.1 × 1019 cm−3 and (b) high-intensity prepulse (ASE
level ∼1012 W=cm2) for the gas density ∼2.3 × 1019 cm−3.
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does not result in the steering of laser pulse propagation.
The laser pulses propagate along with the initial laser axis.
The structure of hot spots appeared from Thomson scatter-
ing is quite stochastic. This means there could be no
preplasma formed before the main pulse. In contrast
with an increase of intensity of the prepulse as curve 1
in Fig. 2(d), directions of laser beam propagation exactly
follow the directions of the magnetic even if it tilted 5° from
the initial laser axis as shown in Fig. 3(b). In the present
experiment, 5° was a maximal tilt degree allowed by our
setup. With the strongest prepulse the main pulses exactly
follow the direction of magnetic field within −5° to þ5°. A
similar tendency is observed in the shadowgraph images
presented in Fig. 4. Similar to the Thomson scattering, the
plasma channels are directed along the magnetic field even
if it tilted from the laser axis in the case of strong prepulses
and follow the laser axis when the prepulse intensity is
weak to form the optical element. The shadowgraph image
in Fig. 4 is not the exact image of the plasma channel
because the halo, which is the outside part of the focal spot

caused by the poor wave front, is less affected by the
plasma optics and, therefore, creates a larger and slightly
less tilted image.
There should be threshold intensitywhen amain pulsewill

break through the splash plasma channel due to the ponder-
omotive force. In the present experiment the laser intensity
was limited by Imax ¼ 2 × 1019 W=cm2 that is far lower than
the threshold. It shouldbe also a density threshold.At too low
density the refraction effect stops working. In the present
setup the signals from plasma with its density N ∼ 5 ×
1018 cm−3 were too low for conclusive detection. Therefore
we were not able to find the density threshold.
The quality of the scattered laser light can be charac-

terized by the process of laser wakefield acceleration. This
process consists of two parts: (i) electron self-injection and
(ii) electron acceleration by laser wakefield. The first part
determines the total charge of accelerated electrons, the
second their energy distribution. It is clear that if the quality
of the scattered light is poor further electron acceleration
becomes impossible due to corresponding poor quality of
the laser pulse wake. In contrast, if the quality of the
scattered light is good the electron acceleration in the tilted
magnetic field should run similarly to the case θ ¼ 0°.
Electron beam profiles on the phosphor screen obtained
with the low contrast ratios of 107 (the corresponding
intensity of the ASE ∼1012 W=cm2) and with tilted static
magnetic field are shown in Fig. 5(a). One can see that the
well-collimated accelerated electron also exactly follows
the direction of the magnetic field in Fig. 5(b). The pointing
stability of electron bunches in this case is very high: the
beam divergence is ∼11 mrad in full angle; the pointing
stability is less than 0.5 mrad rms in each tilt angle of the
magnetic field.
The total charge and the energy distribution of accel-

erated electrons for different tilt angles are given in Fig. 6.
Within typical experimental fluctuations of the total charge
its value does not depend on the angle of the tilted magnetic
field, as in Fig. 6(a). The energy distribution of accelerated

4° B 

-5° 

0° 0° 

2.4° 

3° 

(a) (b)

Laser pulse 

FIG. 4. Shadowgraph images with different tilting angles (a) in
the case of low-intensity prepulse (ASE level ∼1011 W=cm2) for
the gas density ∼1.1 × 1019 cm−3 and (b) high-intensity prepulse
(ASE level ∼1012 W=cm2) for the gas density ∼2.3 × 1019 cm−3.

FIG. 5. (a) Electron beam profiles on the phosphor screen and (b) the beam pointing obtained by irradiating the laser pulse with the
high-intensity prepulse (ASE level ∼1012 W=cm2) into the gas jet with the density ∼4.5 × 1019 cm−3 under tilted static magnetic field.

NOBUHIKO NAKANII et al. Phys. Rev. ST Accel. Beams 18, 021303 (2015)

021303-4



electrons is not sensitive to the tilt angle as shown in
Fig. 6(b). These results confirm that the processes of
electron self-injection and laser wakefield acceleration
run similarly when the main laser changes its direction
of propagation in the plasma optical element.

IV. CONCLUSION

In conclusion, we have demonstrated experimentally that
a high power laser pulse can be controllably directed by
tilting a static magnetic field. We have shown that if
intensity of laser prepulse is enough it produces a preplasma
with the density gradient perpendicular to the direction of an
external magnetic field. If the direction of magnetic field is
tilted from the laser axis the main laser pulse starts
propagating as if it is incident on the plasma at a certain
angle. After scattering at the density gradient the pulse
propagates in the direction of themagnetic field. The steered
laser pulse generates the wake similar to that produced by a
laser pulse propagating at 0° angle. The wave-breaking
process, electron self-injection, and electron acceleration
run similarly and give the identical accelerated electron
bunches demonstrating ability of precise direction control
and steering of electrons in laser wakefield acceleration.
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