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External magnetic devices have been successfully tested to control the divergence and pointing stability of subrelativistic electron beams
accelerated by ultrashort laser pulses in a nitrogen plasma (electron density of >1019 cm%3). Different configurations of the magnetic devices have
been studied, and their effects are discussed in detail. The analysis is also supported by the results of ray-tracing simulations using the first-order
trajectory equation in the magnetic field configurations. This simple method of improving beam stability will be particularly useful for applying laser-
generated ultrashort electron beams to high-dose radiobiological studies. © 2014 The Japan Society of Applied Physics

1. Introduction

Laser–plasma acceleration driven by an ultrashort (10–100 fs)
intense laser pulse has the potential to provide a new class
of compact electron accelerators because the electric fields
can reach 100GV/m, which is 103 times higher than those in
conventional accelerators.1) In fact, the generation of quasi-
monoenergetic GeV-level electrons has recently been exper-
imentally demonstrated in an acceleration path with a length
of cm order.2,3) The consequent drastic reduction in the
dimensions and cost of the apparatus opens, in principle, the
door to various applications, including a compact source
of X–£ radiation and secondary particles.4–8) In addition to
the compactness of accelerators, using an ultrashort beam
structure, ultrafast pulse radiolysis9) and biomedical applica-
tions10,11) have also been proposed. Moreover, these sources
are intrinsically synchronized with laser systems, satisfying
the optimal conditions for femtosecond time-resolved pump–
probe measurements in the basic and applied sciences.

For the above applications, the control of the electron
beams is a key issue. Among the techniques for controlling
the stability of electron beams generated by laser–plasma
acceleration, the use of an external static magnetic field12,13)

is one of the most promising, along with the use of colliding
optical injection,14,15) a plasma density gradient,16) gases with
a high atomic number,17–19) and prepulse suppression.20,21)

Our method, in which an external static magnetic field is also
applied along the laser propagation axis, produces electron
beams with high beam-pointing stability and low emittance.
However, as we will show, our devices mainly act on elec-
trons escaping from the plasma accelerator. Our experiments
should therefore be distinguished from previous experiments
aimed at improving acceleration performances by magneti-
cally modifying the laser–plasma interaction. The latter was
attempted in the study of Hosokai et al., who reported stable
collimated electron beams with Maxwellian energy distribu-
tions using a 12 TW, 40 fs laser pulse with a static magnetic
field of 0.2 T,12) and ³100MeV quasi-monoenergetic elec-
tron beams were produced using a 7TW, 45 fs laser pulse
with a strong magnetic field of 1 T.13)

In both experiments reported in Refs. 12 and 13, the laser
intensity I was of ³1019W/cm2 order and a helium (He) gas

jet was used as the target. On the other hand, Mori et al.
pointed out the possibility that the formation of the accelera-
tion field depends on the gas material.17) The present work
has been aimed at improving the performance of a laser-
driven electron source mostly devoted to biomedical studies
such as electron radiography22) and radiobiology. Such a
source provides high-charge electron beams of subrelativistic
energy and a broad spectrum consistent with a Maxwellian
distribution of temperature kBT ³ 200 keV. Such an energy
level reduces the electron range in water to a fraction of a
millimeter. This feature, combined with the ultrashort dura-
tion of the beam (¸ ³ 3.5 ps) and the high charge, results in
an outstanding instantanous dose rate (³109Gy/s) never
delivered before to a biological thin sample. This rate can be
further increased by focusing the electrons on the sample.
Furthermore, systematic radiobiological investigations re-
quire good control of electron beam pointing. Both issues can
be addressed by adding suitable magnetic devices to the
laser-driven accelerator. We prove here that an axial magnetic
field generated by a suitable and simple device enables the
stabilization and control of the dose distribution on samples.

The next section is devoted to a description of the experi-
ments, including the main setup and the magnetic devices in
its various configurations. In Sect. 3, the effects of the mag-
netic devices on both the angular distribution of electrons
and the pointing stability of the beam are presented, analyzed,
and discussed, including through ray-tracing simulation.
Conclusions are drawn in Sect. 4.

2. Methods and devices

Figure 1(a) shows a schematic drawing of the overall
experimental setup. The experiments were carried out using
a Ti:sapphire laser (Amplitude Technologies) based on a
chirp pulse amplification (CPA) technique that can deliver up
to 120mJ, 40 fs pulses at a fundamental wavelength of 800
nm with a repetition rate of 10Hz. In this study, the energy
delivered to the target was 100mJ and laser irradiation
was conducted in the single-shot mode. An f/5 off-axis,
Au-coated parabolic mirror was used to focus the laser light.
50% of the p-polarized laser light was contained in a focal
spot of 10 µm in full width at half maximum (FWHM). The
nominal laser intensity at the focal spot was estimated to be
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I ³ 3 © 1018W/cm2. The corresponding normalized vector
potential a0 is 1.2. The contrast between the main pulse
and the 3 ns prepulse owing to the amplified spontaneous
emission (ASE) was 2.5 © 107.

As an acceleration medium, the gas from a supersonic
N2 gas jet device consisting of a solenoid fast pulse valve
(SmartShell A2-6443-FL, LX-03R) and a rectangular slit
nozzle of 1.2mm length and 4.0mm width was used.23,24)

We set the short side of the nozzle parallel to the laser
axis direction. In these experiments, the stagnation pressure
of the valve was 38 bar and, at this pressure, the maximum
plasma density ne was measured to exceed 1019 cm¹3 with
ionization degree Z = 5. Both the neutral gas and plasma
densities were measured by interferometry, while the degree
of ionization was inferred by numerical simulation.25) At a
gas atomic density exceeding 2 © 1018 cm¹3, the ns prepulse
intensity exceeding 1011W/cm2 was sufficient to preform a
plasma in the focal region before the arrival of the main pulse.
The gas and its density, contrast and focal position in the gas
jet were chosen and tuned in order to obtain the optimal
conditions and high-charge, broad-spectrum beams of sub-
relativistic electrons. For the measurement of the electron
energy and charge, a stack of dosimetric films (Gafchromic
MDV255) and plastic layers was used similarly to a
“SHEEBA” device.26) The dosimetric films were situated at
depths of 1, 3, 5, and 10mm inside the stack, thus allowing the
detection of electrons with energies greater than 400 keV. An
aluminum (Al) filter of 15 µm thickness was placed in front of
the stack to avoid direct laser irradiation. The electron beam
has a Maxwellian spectrum with a temperature of ³300 keV
and a charge on the order of 100 pC. However, the electron
beam was rather divergent and the pointing stability of the
electron beam was very poor, as discussed in detail in Sect. 3.
Thus, we decided to test the effectiveness of external magnetic

fields for a) controlling the beam divergence and possibly
shaping the electron distribution on the sample and b)
improving the shot-to-shot pointing stability.

Our magnetic device consists of ring-shaped neodymium
permanent magnets, coupled as shown in either Fig. 1(b) or
1(c). The gas jet slab lay in the midplane of the “sandwich”
and the laser–plasma interaction region was on the main axis
of the device. The magnet conditions in different experiments
are indicated in Table I. In case I (II), the inner hole diameter
of the magnet is 8 (6)mm and the thickness is 15 (12)mm.
One magnet was set in front of the nozzle and the other was
set symmetrically on the rear side of the nozzle. Across the
interaction region the magnetic field was parallel to the laser
axis, which is indicated as the z-axis. In case III, only one
magnet was used (with the same size as in case II) on the rear
side. In case IV, a c-shaped yoke consisting of soft-iron plates
was attached to the pair of magnets [Fig. 1(c)]. The iron plate
in direct contact with the ring magnet has a hole of the same
diameter as that of the ring magnet, allowing the propagation
of the laser or electron beam. The distance between the front
and rear magnets, including the holders, was 15mm, while the
distance between the laser focal point and the rear magnet was
7.5mm. The distribution of the magnetic field along the laser
axis direction [B(z)] in each case was measured externally, as
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Fig. 1. (a) Schematic drawing of the experimental setup. Magnification of the area around the slit nozzle (b) without a yoke and (c) with a yoke.

Table I. Configurations of the magnetic devices.

Configuration
Magnet size (mm3)
ºout © ºin © Lmag

Installation
side

Yoke (mm2)
ºin © Lyoke

Case 0 — No magnet —

Case I 14 © 8 © 15 Front and rear —

Case II 15 © 6 © 12 Front and rear —

Case III 15 © 6 © 12 Only rear —

Case IV 15 © 6 © 12 Front and rear 6 © 6
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shown in Fig. 2, where z = 0 is the laser focal point. B(z)
in the inner hole was calculated using numerical codes.27,28)

B(z) is smaller in case I than in case II because the inner
hole diameter is larger than that in case II. In case III, the
magnet is set only on the rear side of the gas jet and B(z) is
symmetrical with respect to the center of the rear magnet.
Here, although the magnetic field around the gas jet
[B(z Ä 0)] is smaller than that in case II, B(z) in the vicinity
of the rear magnet is similar to that in case II. In case IV,
owing to the presence of the c-shaped iron yoke, a magnetic
circuit is formed and B(z Ä 0) is enhanced, while B(z) in the
inner hole and outside the yoke is reduced.

Electrons accelerated by laser plasma were detected on a
phosphor screen (Lanex Kodak Fine screen)29) with a diam-
eter of 50mm, which was located 85mm from the target. The
Lanex screen was covered with 12-µm-thick Al foil used as a
light shield. Its image was observed with a digital camera
(Pentax K200) set up outside the vacuum chamber.

To know the plasma density distribution, we set up an
interferometer as shown in Fig. 1(a). A fraction of the main
femtosecond pulse was frequency-doubled by employing a
2-mm-thick, type-I LBO crystal and used as an optical probe
propagating perpendicular to the main pulse in a Normarski
interferometer configuration.30) The probe pulse duration

was estimated to be ³200 fs in FWHM. Interferograms were
taken at different delays between the probe and the main
pulse. The most interesting interferograms for our purpose
were taken immediately before the arrival of the main pulse
at the nominal focus, as discussed in detail in Sect. 3. Here
we only note that a preplasma produced by ASE is clearly
visible before the arrival of the main pulse. Moreover, there is
clear evidence of perturbations of the main pulse propaga-
tion due to both hosing instability in the laser–plasma interac-
tion and refraction from the preplasma boundaries. Similar
preplasma effects on ultrashort pulse propagation have been
previously observed.31)

3. Results and discussion

Typical electron distribution images on the Lanex screen are
shown in Fig. 3 (left side). Figures 3(a)–3(e) correspond to
cases 0–IV in Table I, respectively. The color scale on the top
of Fig. 3(a) is common for Figs. 3(a)–3(e). The transverse
profile of the electron beam in the horizontal axis is also inset
for cases I–IV. Each image was obtained with a single shot.
In case 0 (no magnetic field), the spatial distribution of the
electron is broad over the screen and the intensity of the
electron beam is weak. Nevertheless, a faint structure can be
observed in the cross section of the electron beam. (See also
the inset, in which the brightness scale is different from that
in the color figures to show the faint structure.) This structure
is roughly a quasi-ring shape with a large aperture, in which
the central region has lower intensity.

On the other hand, with a magnetic field, the results can be
classified into two groups. One group includes cases I and IV,
in which the electron beam is observed within a portion of a
circle with a diameter of ³20mm and the peak intensity of
the beam is approximately twice that in case 0. The pattern
does not always have the same geometry as that in Fig. 3(b),
but usually the central part is less intense than the peripheral
part [Fig. 3(e)].

The other group includes cases II and III, in which the
spatial distribution is very narrow and the peak intensity of
the beam is approximately 5 times higher than that in case 0.
The electron beam spot size in FWHM, as an average of
³20 shots, is 4.6mm in case II and 8.8mm in case III, which
correspond to divergence angles of 55 « 29 and 103 « 60
mrad, respectively.

The beam pointing (peak point) in each shot is plotted
in Fig. 3 (right side). Each figure contains 20–30 shots.
In case 0, the beam pointing fluctuates shot by shot and
the root-mean-square (rms) beam pointing from the centroid
of all the beam pointing is «184mrad, which is denoted by
a circle drawn with a broken line in Fig. 3(f ). In the central
part, within «87mrad, which corresponds to the emission
angle of 5° from the focus, there is an almost empty area. The
inner circle drawn with a dashed line in Fig. 3(f ) shows this
border, inside of which there are few beam pointing. In
contrast, pointing is very stable in cases II and III, with most
shots located within «2.4mrad for case II and «15mrad for
case III. In cases I and IV, it is interesting to note that the
peak points lie approximately on a circle in both cases,
similarly to the electron distribution in each shot.

The results described above are clear evidence of a strong
effect of the magnetic field on the electron trajectories,
as expected. Before analyzing this effect in detail, let us
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introduce two other possible contributions. The first is due to
electron beam cutting by the inner hole(s) of the magnet(s).
The second one could be due to the magnetic field effect on
the laser–plasma interaction, which was reported in Ref. 12.

First let us consider the electron beam angular limits
imposed by the magnet holes. This has an obvious effect that
will be accounted for in the following, but it is not sufficient
to explain our observations if the magnetic effect is not
considered. For example, the electron beams in case II are
more focused than those in case IV, whereas the geometrical
collimation length, which is defined as the sum of the
thicknesses of the rear magnet and the yoke, in case II is
shorter than that in case IV. In addition, as another example,
the degrees of collimation of the electron beams in cases I
and IV are similar, whereas the geometrical collimation
length is longer and the magnet aperture is smaller in case IV
than those in case I. Thus, the external magnetic field must
affect the focusing of electron beams. We should take note of
the results for case III in particular. In this successful case,
the ring magnet was set only on the rear side of the gas jet
[right-hand side in Fig. 1(b)], and B(z = 0) Ä 0.1 T, which is
smaller than that in case II (³0.2 T). In contrast, in case IV,
although B(z = 0) is larger than that in case II, the electron
beam is not very focused. Therefore, B(z) in the region
behind the laser–plasma interaction is more important than
B(z = 0) for focusing. In the successful cases II and III, the
maximum «B(z)« in the rear magnet is larger than 0.2 T. Thus,
from the experimental viewpoint, the value of 0.2 T seems a
typical value for categorizing the results of our experiments
into two groups.

Concerning the effects of the magnetic field on the laser–
plasma interaction and electron acceleration, the mechanism
of focusing electron beams is explained in Ref. 12 by con-
sidering that preplasma produced by a laser prepulse in the
vicinity of the laser focal point is modified by the external
magnet field under the condition ½L¸ei > 1, where ½L is the
Larmor frequency and ¸ei is the electron–ion collision time.
Consequently, the preplasma changes from an elliptical
cavity into a two-cone structure with a density peak at the
laser focal point. This plasma shape suppresses the diffraction
of the main laser pulse, and efficient and stable self-injection
can occur. However, in our experiments, the two-cone struc-
ture was never observed, regardless of whether or not
the magnetic field was applied. This is consistent with the
overall data analysis, leading to the conclusion that under
our conditions the external magnetic field mainly acts on the
electron beams escaping from the plasma. Since our laser
intensity is one order of magnitude lower and the contrast
ratio is better than those in Ref. 12, the temperature of the
preformed plasma is expected to be only Te ³ 200 eV for the
prepulse with I = 6 © 1011W/cm2, ³1% of the main pulse
energy, and a duration of 2 ns. The magnetized condition
appears to be difficult to satisfy in our case because the
threshold of the magnetic field is estimated to be ³0.5 T by
considering �ei / T1:5

e =ðZ2Ni�Þ, where Z is the ion charge,
Ni is the ion density, and ª is the Coulomb logarithm.

Figure 4(a) shows a typical interferogram of the plasma
0.9 ps before the main pulse arrived at the laser focus in
case II. At this time, the main pulse has not yet reached the
preformed plasma. The interferogram in Fig. 4(b) was taken
0.4 ps later. At this later time, the main pulse interacts with
the preplasma. It is interesting to observe that the high-
density shock wave surrounding the preplasma deflects part
of the incoming pulse. The deflection angle (ªdf ) of the laser
pulse in Fig. 4(b) is estimated to be approximately 5°. This
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value is coincident with the angle of the border («87mrad) in
Fig. 3(f ), inside of which there are few beam pointing. This
may result in the quasi-ring-shaped intensity distribution
around the axis. This effect has been observed31) and can
partially explain the ring-shaped feature we observed on the
Lanex screen, as we will discuss below.

To estimate the magnetic-lens effect, we performed ray-
tracing simulations using the first-order trajectory equation in
the magnetic fields:

r00 þ eBðzÞ2
8me�̂

r ¼ 0; ð1Þ

where r is the transverse coordinate, e is the electron
fundamental charge, me is the electron mass, and �̂ is the
relativistic acceleration potential.32) Figures 5(a)–5(e) show
the simulated electron traces in magnetic fields in cases 0–IV,
respectively, for an electron point source of 200 keV, which
is the threshold value of the Lanex screen.29) The dashed
box in Figs. 5(b)–5(e) shows the boundary of the inner hole
diameter of the ring magnet. Traces for different emission
angles at the point source were simulated, but only the traces
of electrons that do not touch the boundary and can reach the
screen are shown in the figures. The diameter on the screen
determined by this limitation is denoted as ºbm. Among the
traces, the results for emission angles at the point source
of less than ªdf are shown as dotted curves. The diameter on
the screen determined by the boundary between traces for
emission angles of less than ªdf and those for more than ªdf is
denoted as ºdf . These results are in very good agreement with
the experimental results [Figs. 3(b)–3(e)]. One can clearly
see that the grouping of cases into (I, IV) and (II, III) occurs.
The differences in the beam sizes on the screen between
the experimental and simulated results are probably caused
by the assumption of a point source and a monoenergetic
electron beam. Furthermore, disregarding the aberrations in
the simulation results in a sharpened beam size. It should be
realized that both the electron energy and the sample-screen
position are critical when comparing our ray-tracing results
with our experimental results. What we can conclude is that
ray tracing definitely confirms that magnetic configurations
I and IV cannot focus our beams on the sample, regardless

of where the sample is located, while the beam can be
focused with stable pointing on a sample with configurations
II and III.

Concerning the quasi-ring shapes observed in Fig. 3,
we consider that (i) the main laser pulse is deflected by the
boundary of the preformed plasma (see also Ref. 31), (ii) the
main direction of electron acceleration becomes slightly
different from the magnetic field axis (z-axis), which causes
the lower intensity of the center part on the screen image, and
(iii) most of the electron beam reaches the screen between
ºbm and ºdf . Although ºdf = 6.4mm in case I, which corre-
sponds to «38mrad, is smaller than the experimental value
[Fig. 3(g)], ºdf = 10.0mm in case IV, which corresponds
to «117mrad, is close to the experimental value [Fig. 3(j)].
In cases II and III, it is difficult to discriminate between ºdf
and ºbm in the experimental results, probably because the
electrons are not monoenergetic.
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4. Conclusions

Using four different magnetic configurations, we improved
the pointing and focusing of subrelativistic electron beams
accelerated by laser interaction at I ³ 1018W/cm2 with a N2

gas jet, producing a plasma of ne ³ 1019 cm¹3. The experi-
mental results show that under our conditions the external
static magnetic field mainly acts on the electron beam escap-
ing from the laser-target interaction region. The modified
electron distribution on the sample screen is a combined
effect of magnetic optics and beam tailoring produced by the
magnet entrance hole. The electron beam cross section on the
sample was reduced from more than 50mm to about 5mm,
and the pointing instability was almost suppressed from
about 200mrad to a few mrad. Our observations were in
good agreement with those calculated from the magnetic-lens
effect via ray tracing for electrons of 200 keV kinetic energy.
In fact, the massive electron population with energy around
this value was consistent with the spectral evaluation. For
practical uses, the whole magnetic device can be reduced to
magnet(s) set at the output of the electron beam. In principle,
this method can allow the control of focusing/defocusing and
positioning of a laser-generated electron beam on a sample
simply by using ring magnets of a suitable size and field
strength, which can be calculated via numerical ray tracing.
Furthermore, by setting a suitable iris on the focal plane of a
given energetic component, a quasi-monoenergetic electron
beam can be selected. Once refined, our magnetic device
can be easily added to any existing laser accelerator to
improve its performances in view of future applications of
laser-driven electron beams, such as in radiobiology, radio-
therapy, radiology, and radiography.
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