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We demonstrate that, from a 10-�m metal wire irradiated by a 1019 W=cm2 laser pulse, fast electrons

form a nearly perfect circular beam around the wire and propagate along it. The total charge and diameter

of the electron beam are maintained over a propagation distance of 1 m. Moreover, the electron beam can

be guided along a slightly bent wire. Numerical simulations suggest that a relatively weak steady electric

field, which does not decay for several nanoseconds, is generated around the wire and plays a key role in

the long-distance guidance.
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The development of ultraintense lasers [1] has facilitated
the generation of high-current charged particle beams
[2–4]; however, the control of such beams (collimation,
transport, and focusing) remains a challenge [5–15].
Collimation and guidance of fast electrons by using a
wire plasma has been demonstrated over a 1-mm distance
[9]. This effect is attributed to the balance between the
electric and magnetic forces acting on the relativistic
electrons (moving near the speed of light) in the vicinity
of the wire surface. A strong electric field of the order of
1012 V=m affects the electrons in this case. Such a fast
electron phenomenon has been observed at the surface of a
planar target [5–8]. Collimation of fast electrons using a
wire with a length of the order of centimeters has also been
demonstrated [12]. In this case, the effect is attributed to
a transient balance between the electric force and the
centrifugal force. The balanced force is estimated to be
relatively weak, corresponding to an electric field of the
order of 108 V=m. This collimation mechanism could be
used for long-distance guidance of electrons. However,
the strong field produced on the wire surface cannot exist
for a long time because it originates from the space charge
of an expanding fast electron bunch emitted into vacuum
from the laser irradiated spot. Here we report the observa-
tion that a metal wire can act as a guiding device for an
electron beam. We have observed that a significant number
of fast electrons can be guided over 1 m along a metal wire,
without a change in beam size. The experimental results
for the transverse distribution of the electron beam are well
reproduced by numerical simulations of electron trajecto-
ries based on a simplified model.

The experiments were performed with a terawatt 150-fs
Ti:sapphire laser system. A laser pulse with a pulse energy
of 250 mJ was focused to a spot size 3 �m� 4 �m with
an off-axis parabolic mirror, resulting in a peak intensity of
�1019 W=cm2. The contrast ratio of the intensity of the
main pulse to that of the amplified spontaneous emission
was 107. The laser beam with p polarization was irradiated
onto a tungsten wire with a diameter of 10 �m at an

incidence angle of 45�. The experiments were performed
in a vacuum chamber with a pressure of 0.02 Pa.
First, we simply measured the spatial distribution of the

electrons emitted from the metal wire by using triple-layer
stacked imaging plates (IPs) at the end of a wire tightened
using a small weight [see Fig. 1(a)]. The IPs have high
sensitivity for electrons in the energy range from 40 to
1000 keV and are most sensitive at around 200 keV [16].
On the second and the third layer of the stacked IPs,
electrons with energies higher than �400 and �600 keV
can be detected, respectively. Each IP had a pinhole with a
1-mm diameter to allow the wire to pass through. Figure 2
shows typical single-shot images at L ¼ 150, 400, and
1050 mm, where L is the distance from the laser irradiated
spot to the end of the wire. The black spots in the center are
the nondetecting areas formed by the pinhole in each IP. On
the first layer IP, the signal is saturated near the center to a
maximum electron density of the order of 4�10�9C=cm2.
The full width at half-maximum (FWHM) of the central
part of the images on the second layer IP is 3 to 4 mm,
and the images on the third layer IP are similar to those
on the second layer. Thus, the distribution of high energy
electrons (higher than about 400 keV) did not depend
significantly on the electron energy. The beam patterns
for each wire length were highly reproducible; however,
the beam size showed slight shot-to-shot fluctuation of
less than �1 mm. Assuming a typical electron energy to
be 100 keV, the total charge of detected electrons was
estimated to be at least 3 nC by integrating the signals
below the saturation level. It was also found that the total
charge does not depend significantly on the wire length L.
If the electrons do not interact with the wire, the electron

beam ought to escape from the end of the wire with no
change of transverse momentum. In the next step, we
measured the spatial distribution of the electrons beyond
the end of the wire [Fig. 1(b)]. The end of the wire was
supported in two directions by two polyamide fibers of
15 �m in diameter, which were connected to the metal
wire using an adhesive. The distance from the laser focal
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spot to the end of the wire was 150 mm. Figure 3(a) shows
the typical spatial distributions at D ¼ 50 and 100 mm,
where D is the distance from the wire end to the detection
plane. Each image shows a center spot and a coaxial ring
that is significantly different from that in the preceding
experiment. The diameters of the center spot at D¼50mm
were 1.3 and 1.4 mm at FWHM on the second and third
layer IPs, respectively. These diameters are smaller than
those measured at the end of the wire in the previous
experiment. However, the spot diameter at the second layer
increased by about 40% after only 50 mm of free-space
propagation, resulting in a beam divergence of 1.6 mrad.
The diameter of the coaxial ring also increased from 14 to
28 mm with the propagation from D ¼ 50 to 100 mm;
consequently, the diameter of the ring was estimated to be
approximately zero at the end of the wire. The total charge
included in the center spot was estimated to be 0.8 nC at
D ¼ 100 mm. This charge corresponds to less than 30% of
that measured at the end of the wire. It, therefore, appears
that a significant number of electrons were scattered at the
end of the wire. This indicates that the interaction between

the wire and the electron beam was large enough to affect
the divergence of the electron beam. We also used a
magnetic energy analyzer to measure the energy spectrum
of the electrons atD ¼ 30 mm. The energy spectrum has a
peak around 50 to 100 keV and most of the emitted
electrons have energies lower than 500 keV [Fig. 3(b)].
To confirm that a metal wire can act as a flexible guiding

device, we measured the spatial distribution of the
electrons for a wire that was slightly bent in the middle
[Fig. 1(c)]. The wire was bent by a plastic rod with a
diameter of 20 mm at a distance of 100 mm from the focal
spot. The difference in height between the wire end and the
laser focal spot is denoted by H. Figure 4 shows typical
single-shot images for H ¼ 5 and 20 mm. These imaging
plates are not saturated. At H ¼ 5 mm, most of electrons
are distributed around the position of the wire end and lie
above the position of the original wire axis, showing that
the electron beam was guided along the wire. Moreover,
although half of the electrons were lost due to blocking by
the plastic rod when the beam passed through the bending
point, the electron beam produced a ring-shaped profile
at the IP; this shows that the electrons had an azimuthal
velocity around the wire. In contrast, for H ¼ 20 mm, the
electrons were distributed around the position of the origi-
nal wire axis, showing that the electron beam escaped from
the wire at a large bending angle. From these results we can
roughly estimate the attractive force between the electrons
and the wire. If a wire is bent at a point with an angle of �,
an electron propagating parallel and near to the wire is
released from the wire with a radial velocity vr ¼ v sin�.
If the electron has a radial kinetic energy larger than the
potential energy of the attractive force, the electron can
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FIG. 2 (color online). Typical single-shot images at L ¼ 150,
400, and 1050 mm generated from the setup in Fig. 1(a). The
actual size of the images is 35 mm� 35 mm. In each image, the
maximum value is normalized to unity. The central black spots
are nondetecting areas formed by the pinhole made to allow the
wire to pass through the imaging plates.

FIG. 1 (color online). The experimental setups used to observe
the spatial distributions of electrons generated from a metal wire.
(a) The end of the wire, (b) beyond the end of the wire, and (c) at
the end of a wire bent in the middle.
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escape from the wire. Assuming a static electric field
surrounding a positive-charged wire and an electron energy
of 100 keV, the electric field can be estimated to be larger
than �106 V=m at the wire surface.

Our experimental results suggest that the electron beam
was bound by a steady field surrounding the wire over a
period of several nanoseconds. From previous studies
[9,12], the collimation and short-distance guidance of fast
electrons with a metal thin wire irradiated by an intense
laser pulse are thought to be caused by the balance of the
attractive electric force, the repulsive magnetic force, and
the repulsive centrifugal force, where the electric field is
produced by the space charge of the fast electrons emitted
from the laser irradiated spot. In general, such an electric
field rapidly decreases with a time constant of a picosecond
to tens of picoseconds due to the natural expansion of
the fast electron bunch. In the present experiment, the
collimation and the guidance in the early stage immediately
after a laser irradiation can be explained as the effects of

a rapidly decreasing electric field. However, to explain the
long-distance guidance, we need to introduce an additional
electric field that is maintained over a long period of time.
To simulate the experimental result, we simplified a

model that approximately simulates the electric field on
the metal wire [12]. We assume that the strength of
the radial electric field at a radial distance r from the
axis can be approximated by 1=r outside the wire, and
the electric field at time t after the laser irradiation can be
expressed as a uniform line charge that decays with time:
the line charge density is given by �ðtÞ¼�1expð�t=�1Þþ
�2expð�t=�2Þþ�3. The axial electric field and the mag-
netic field are ignored. Although the electric field around
the wire is in fact not uniform and not electrostatic, this
assumption gives a good approximation that the electrons
are subjected to electric forces around the wire from the
sheath electric field. All electrons are emitted from the
circumference of the wire. The initial energy distribution
of the electrons is uniform in the range of 50–1000 keV,
and the angular distribution is uniform in all directions.
The electrons injected into the wire area are excluded. The
results of the simulation are shown as the spatial distribu-
tions of electrons passing through screens at 150, 400, and
1050 mm from the electron source [Fig. 5(a)] and as typical
electron trajectories [Fig. 5(b)]. To reproduce the experi-
mental results, the parameters �1, �2, �3, �1, and �2 are set
to 8000, 1000, 1:5 nC=m, and 2 and 65 ps, respectively,
resulting in an initial electric field of 3� 1010 V=m at the
wire surface. For these conditions, although the electrons
are emitted in random directions, a significant fraction of
electrons (several percent of the number of the initial
electrons) are collimated by the initial strong electric field.
The collimated electrons are strongly attracted to the wire
more than 50 mm from the electron source because of the
electric field, which decays within several hundreds of
picoseconds. After that, the electrons are weakly attracted
because of the steady electric field (5� 106 V=m at the
surface, originating from �3). For higher steady electric
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FIG. 3 (color online). (a) Typical single-shot images at D¼50
and 100 mm using the setup in Fig. 1(b). The actual size of the
images is 35 mm� 35 mm. In each image, the maximum value
is normalized to unity. (b) The energy spectrum of the electrons
at D ¼ 30 mm.
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FIG. 4 (color online). Typical single-shot images at H ¼ 5
and 20 mm using the setup in Fig. 1(c). The actual size of the
images is 40 mm� 40 mm. In each image, the maximum value
is normalized to unity. The dotted line and the cross show the
height of the focal spot and the wire end, respectively.
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field (higher �3), the electron trajectories show similar
behavior but the electron distribution tends to concentrate
around the wire. In contrast, without the steady electric
field (�3 ¼ 0), the electrons spread out after the early-stage
attraction. Therefore, the simulation result suggests
that the relatively weak electric field maintained during
the electron propagation over 1 m plays a key role in the
long-distance guidance. Moreover, the weak electric field
assumed in the simulation is roughly comparable to the one
estimated from the experimental results for the bent wire.
Physically, such a long-lived electric field can be generated
on the metal wire by a static electric charge or by a surface
electromagnetic wave [17].

We have demonstrated that a metal wire works as a
guiding device, analogous to an optical fiber, for a broad-
energy electron beam with a charge of more than a few
nanocoulombs and sub-megaelectronvolt energy. Such a
device could enable the efficient transportation of energy

from an intense broad-energy electron source, such as a
relativistic laser plasma. Although now the energy conver-
sion efficiency from laser to electron beam is merely of the
order of 0.1% and the kinetic energy of the guided electron
beam is at the 100 keV level, we believe that we will be
able to improve these parameters in future studies. For
example, increasing the laser power should bring about
improvements, because a laser pulse with a higher intensity
will produce more high-energy electrons with a greater
conversion efficiency, as well as a stronger field on the
wire.
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FIG. 5 (color online). (a) Simulation results of spatial distri-
butions at 150, 400, and 1050 mm from the electron source.
The actual size of the images is 20 mm� 20 mm. (b) Fifteen
electron trajectories are in the simulation.
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