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Applying a solenoidal magnetic field to a laser ion source is a method to produce a high current beam. In this
study, we measured the effect of the solenoidal magnetic field on the time evolution of the ion beam emittance
using the double-slit method for the laser ion source. Ablation plasma was produced by irradiating an Al target
with an Nd:YAG laser. From the emittance measurements, the phase difference shown in the time evolution of the
emittance ellipses increased as the ion current increased by applying a magnetic field. In addition, the emittance
increased with increasing time range for the averaged current in the waveform. However, the emittance using the
averaged current in a pulse was almost constant with the magnetic field. These results indicate that the brightness
of the beam increased as the ion beam current increased using the solenoidal magnetic field.
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1. Introduction
Heavy-ion inertial fusion (HIF) requires high current

beams of the order of 100 kA on a fuel target for nuclear
fusion. However, the Child-Langmuir law limits the beam
current, and an ion beam with a large current cannot be
accelerated. Therefore, many HIF scenarios suggest that
beams with a current lower than the space-charge-limited
current derived by the law are produced by extracting ion
beams from multiple ion sources. Then, the beams are
merged and bunched during acceleration and transported
to ensure that the large beam current satisfies the require-
ment at the final focus [1–4]. The ion source for HIF re-
quires a beam current of 0.5 A or more and a normalized
emittance of 1 πmm mrad or less when using induction
accelerators [5,6]. The emittance is defined by the particle
distribution in the space and momentum coordinates and
indicates the beam quality in the two-dimensional phase
space.

A laser ion source can supply a high current pulse
beam and is proposed to provide an ion current that sat-
isfies these requirements. In addition, the beam current
can be enhanced by applying a solenoidal magnetic field
to the laser ion source [7–9]. However, the effect of the
solenoidal magnetic field on beam emittance has not been
clarified. In general, an ablation plasma generated by laser
irradiation has a shifted Maxwellian velocity distribution,
which indicates a variation in plasma density over time in
the pulse. Consequently, the plasma meniscus, which is the
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surface of ion extraction from the plasma, can be changed
owing to the change in plasma density, which can cause
rotation of the phase of the emittance ellipse [10]. There-
fore, the emittance for the entire beam pulse may increase
when the current is increased by applying the solenoidal
magnetic field because the phase variation of the emittance
ellipse increases.

Beam brightness is also one of the indicators of ion
beam characteristics and is expressed using emittance ε
and ion beam current I as follows:

B = 2I/π2ε2 [A/(mm mrad)2]. (1)

The increase in beam emittance can reduce the brightness,
whereas HIF requires high-brightness beams. In this study,
the effect of the solenoidal magnetic field on the time evo-
lution of the RMS (root mean square) emittance of the ion
beam generated from the laser ion source is investigated,
and the variation in the emittance of the entire pulse and
beam brightness is discussed.

2. Emittance Measurement Method
We used the double-slit method for the emittance mea-

surements. By scanning two slits throughout the beam
area, the beam distribution in the transverse phase space
can be obtained. The RMS emittance of the ion beam
εrms was calculated from the phase-space distribution of
the beam current I obtained at each position and angle as
follows:

εrms =
√
〈x2〉〈x′2〉 − 〈xx′〉2 [πmm mrad], (2)
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In general, the phase-space distribution of the RMS
beam emittance is elliptical. To clarify the variation in the
beam convergence, we compared the slopes of the ellipses.
The ellipse can be drawn using Twiss α, β, γ parameters
derived using Eqs. (4) and (5).

γx2 + 2αxx′ + βx′2 = εrms, (4)

γ =
√
〈x2〉/εrms,

β =
√
〈x′2〉/εrms, (5)

α = ±√1 + βγ.

3. Experimental Setup
The experimental setup is shown in Fig. 1. The abla-

tion plasma was produced by irradiating an Al target with
an Nd:YAG laser. The laser intensity at the target was
1.5 × 1010 W/cm2. The pressure in the chamber was main-
tained at approximately 5× 10−3 Pa throughout the experi-
ment.

A magnetic field for increasing the plasma ion flux
was generated using a solenoidal coil with a diameter of
55 mm, width of 30 mm, and 320 turns. The coil can pro-
duce a magnetic flux density of 5.5 mT per 1 A of coil cur-
rent at the center of the coil. The distance from the target
to the solenoidal coil was 350 mm, and the distance from
the target to the ion extraction electrode was 950 mm.

Ion beam extraction from the plasma was performed
using three electrodes, which allowed control of the plasma
meniscus of the ion extraction surface while maintaining
constant accelerated ion energy. The diameters of the first,
second, and third electrodes were 3 mm, 5 mm, and 7 mm,
respectively. The gaps between the electrodes were both
10 mm. The biased voltages at the first, second, and third
electrodes were 13 kV, 10.5 kV, and 0 V (GND), respec-
tively. The voltages of the first and second electrodes were
determined to prevent breakdown between the electrodes

Fig. 1 Experimental system.

and achieve the highest current in the center of the beam
axis at the ion collector position.

The ion beam diameter was controlled at approxi-
mately 10 mm at the position of the double slit using an
electrostatic lens. An electrostatic lens composed of three
electrodes was designed based on the simulation results
obtained using beam simulation software, IGUN. The di-
ameters of the first and third electrodes were 70 mm, and
the distance from the second electrode was 30 mm in both
gaps. The second consisted of a stainless-steel mesh with a
transmittance of 71%. The potentials of the first and third
electrodes were grounded, and the second electrode was
biased at −7 kV.

The beam diameter and angular distribution were
scanned using a double slit. The beam-scanning system
was composed of two slits and an ion collector. The widths
of the first and second slits were 1 mm and 0.5 mm, re-
spectively, and the distance between them was 46 mm. We
scanned the first and second slits at 1 mm and 0.5 mm in-
tervals, respectively. The ion collector was placed behind
the second slit, with a gap of 10 mm between them.

4. Results and Discussion
Figure 2 shows the variation in the peak of the ion

beam current waveform as a function of the solenoidal
magnetic field. The measurement was performed with only
the second slit placed at the center of the beam axis. From
this result, the current started to drastically increase at ap-
proximately 2.2 mT and reached the maximum at 3.3 mT,
gradually decreased after 3.3 mT. Thus, the emittances
were measured at four magnetic flux densities: (a) 0.0 mT,
(b) 2.5 mT, (c) 3.3 mT, and (d) 7.7 mT. The waveforms of
the ion beam current with the magnetic fields are shown in
Fig. 3. A time of 0 s indicates the timing of laser irradiation
on the target.

To investigate the effect of the variation in the ion cur-
rent density on the plasma meniscus, the ion current densi-
ties at the ion extraction point were compared to the space-
charge-limited current density calculated using the Child-
Langmuir law. Laser ablation plasmas have a drift veloc-

Fig. 2 Peak of ion beam current as a function of the solenoidal
magnetic field.
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Fig. 3 Waveforms of ion beam current with solenoidal magnetic
fields of 0.0 - 7.7 mT.

Fig. 4 Time evolution of the ion current density with the
solenoidal magnetic field.

ity; therefore, the space-charge-limited current density was
calculated using the following equation [11]:

JCL =
4
9
ε0

√
2Ze
mi

(
√

V0 +
√

V0 + Va)3

d2
, (6)

where ε0, Z, e, mi, and d are the vacuum permittivity, ion-
charge state, elementary charge, ion mass, and gap dis-
tance of the electrode for acceleration, respectively. Volt-
ages Va and V0 are the acceleration voltage and voltage
corresponding to the kinetic energy of ions ZeV0 in the
plasma, respectively. Figure 4 shows that the variation in
the ion current density increased with the solenoidal mag-
netic field, implying that the variation in the plasma menis-
cus increased accordingly.

Figure 5 shows the phase-space distributions with and
without the magnetic field obtained using the averaged cur-
rent in the range of 16 - 36 µs. The duration was deter-
mined based on the result that the peak of the current wave-
forms was obtained at approximately 26 µs, and the pulse
duration of the full width at half maximum was approx-
imately 20 µs, as shown in Fig. 3. In addition, the emit-
tance ellipses calculated at 16 - 46 µs with 10 µs intervals
are shown to clarify the time evolution of the phase in
the ellipse. As shown in Fig. 5, the slope of the phase–
space distribution at 3.3 mT was slightly smaller than that
at 0.0 mT. Moreover, the variation in the slope of the ellipse

(a) Phase-space distribution at 0.0 mT.

(b) Phase-space distribution at 3.3 mT.

Fig. 5 Phase-space distributions and emittance time evolution
with and without the solenoidal magnetic field. The maps
are drawn with averaged current in the range of 16 - 36 µs.

Fig. 6 Time evolution of Twiss parameter α.

during time evolution with the magnetic field was larger
than that without the magnetic field.

To evaluate the variation in the slope of the ellipse,
the Twiss parameter α was compared because it repre-
sents beam convergence and corresponds to the slope of
the emittance ellipse. Figure 6 shows the time evolution of
the Twiss parameter α for different magnetic fields. This
result indicates that the difference in the time evolution of
the emittance increases with an increase in the ion beam
current. This can be explained by the change in the menis-
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Fig. 7 Emittance variation as a function of the time range for the
averaged current in the waveform.

cus of the ion extraction surface. When a magnetic field
was applied to the plasma, the plasma density at the ion
extraction position was higher than that without the mag-
netic field. As the plasma density increases, the ion ex-
traction surface expands to the ion extraction gap and the
beam divergence increases [3]. Since the focusing force of
the electrostatic lens was constant, the convergence angle
of the ion beam decreased at the double slit because of the
increase in plasma density with the magnetic field.

In addition, to investigate the influence of the varia-
tion in the emittance time evolution on the emittance for
the entire pulse, we calculated the emittance at several time
ranges for the averaged current in the waveforms (a) 26 µs,
(b) 16 - 36 µs and (c) 10 - 120 µs for each magnetic field
condition. As shown in Fig. 7, the emittance increased with
an increase in the range of time averaging. Conversely, the
emittance variation did not increase by applying a mag-
netic field despite the increase in the variation of α.

Figure 8 shows the emittance obtained using the av-
eraged current 16 - 36 µs at and the beam brightness cal-
culated using the emittance as a function of the magnetic
field. The emittance was almost constant though the beam
current increased markedly by solenoidal magnetic field.
As the result of emittance variation, the beam brightness
varied, similar to the ion current variation, by applying a
magnetic field; therefore, the brightness of the beam could
be increased with the increase in the ion beam current.

Fig. 8 Beam brightness and the emittances obtained using the
averaged current at 16 - 36 µs as a function of the mag-
netic field.

5. Conclusion
This study aimed to clarify the effect of the solenoidal

magnetic field on the time evolution of the ion beam emit-
tance and the brightness of the laser ion source. Based on
the emittance measurements with several solenoidal mag-
netic flux densities, the phase difference shown in the time
evolution of the emittance ellipse increased as the ion cur-
rent increased by applying a solenoidal magnetic field.
In addition, the emittance increased with increasing time
range for the averaged current in the waveform. On the
other hand, the emittance obtained using the averaged cur-
rent at 16 - 36 µs was almost constant with the magnetic
field. Thus, the beam brightness increased as the ion beam
current increased using the solenoidal magnetic field.
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