
Investigation of magnetic inhibition effect
on ion acceleration at high laser intensities

Cite as: Matter Radiat. Extremes 6, 044401 (2021); doi: 10.1063/5.0029163
Submitted: 10 September 2020 • Accepted: 12 April 2021 •
Published Online: 24 May 2021

H. Huang, Z. M. Zhang,a) B. Zhang, W. Hong, S. K. He, L. B. Meng, W. Qi, B. Cui, and W. M. Zhoua)

AFFILIATIONS

Science and Technology on Plasma Physics Laboratory, Mianyang 621900, China

a)Authors to whom correspondence should be addressed: zmzhang_zju@sina.com and zhouwm@caep.cn

ABSTRACT

The irradiation of a target with high laser intensity can lead to self-generation of an intense magnetic field (B-field) on the target surface. It has
therefore been suggested that the sheath-driven acceleration of high-energy protons would be significantly hampered by themagnetization effect
of this self-generated B-field at high enough laser intensities. In this paper, particle-in-cell simulations are used to study this magnetization effect
on sheath-driven proton acceleration. It is shown that the inhibitory effect of the B-field on ion acceleration is not as significant as previously
thought. Moreover, it is shown that the magnetization effect plays a relatively limited role in high-energy proton acceleration, even at high laser
intensities when the mutual coupling and competition between self-generated electric (E-) and B-fields are considered in a realistic sheath
acceleration scenario. A theoretical model including the v 3 B force is presented and confirms that the rate of reduction in proton energy
depends on the strength ratio between B- and E-fields rather than on the strength of the B-field alone, and that only a small percentage of the
proton energy is affected by the self-generated B-field. Finally, it is shown that the degraded scaling of proton energy at high laser intensities can be
explained by the decrease in acceleration time caused by the increased sheath fields at high laser intensities rather than by themagnetic inhibitory
effect, because of the longer growth time scale of the latter. This understanding of the magnetization effect may pave the way to the generation of
high-energy protons by sheath-driven acceleration at high laser intensities.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0029163

I. INTRODUCTION

Laser-driven ion acceleration has been the focus of much research
activity for several decades because of its potential to provide compact
energetic ion sources with unique beam properties, including short
duration, high brilliance, and low emittance. These favorable charac-
teristics of laser-produced ion beams make them very appealing for
many applications, such as ion-beam tumor therapy,1,2 proton radi-
ography,3 production ofwarmdensematter,4 and fast ignition of fusion
targets.5–7 However, an important requirement for several of these
applications is an increase in the energy per nucleon up to hundreds of
MeVandbeyond,which is also themajor challenge facing current laser-
driven ion sources.8–10

The most widely investigated ion acceleration mechanism in the
laboratory is target normal sheath acceleration (TNSA).11,12 In this
scheme, the ions are accelerated tohigh energies by electrostaticfields at
the rear side of a thin target foil, which are produced by the super-
thermal electrons generated at the laser-irradiated side. Recently, TNSA
proton energies in excess of 85 MeV from ultrathin foils have been
reported,13 and attempts have been made to achieve higher proton

energies in excess of 100 MeV by raising the laser intensity.14

However, a recent study by Nakatsutsumi et al.15 indicated that the
laser-driven sheath acceleration of high-energy protons would be
inhibited by self-generated surface magnetic fields (B-fields).

An intense B-field is inevitably self-generated on the surface of a
target irradiated by a high laser intensity. Recent experimental studies
of self-generated B-fields in high-intensity laser–solid interactions
using either ultrafast electron or proton radiography have shown that
B-fields with strengths of tens of megagauss (MG) can grow in a few
hundreds of femtoseconds for ILλ2L ≤ 1019 W μm2 cm−2, and B-fields
of the order of 100 MG have been observed during the irradiation of
targets with laser intensities beyond 1020 W μm2 cm−2.16–18 In such
extreme B-fields, the sheath electrons are thought to be highly
magnetized, i.e., they are scattered away from the sheath axis owing to
E 3 B drift and become trapped on the target surface. As a result,
the electron sheath is shortened and the electric field (E-field) strength
is decreased owing to the reduced longitudinal electron pressure and
density, thus reducing themaximum energy that the ions can acquire,
as discussed byNakatsutsumi et al.15 However, the analysis presented
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by the latter authors relies for the most part on the physical picture
discussed above and is thus rather qualitative. As a result, especially
for realistic TNSA scenarios, there is a lack of any quantitative es-
timates ofmagnetization effects on sheath-driven ion acceleration, for
example, estimates of how much the ion energy can be reduced by a
self-generated B-field. Therefore, more effort is needed to understand
the effect of self-generated B-fields on ion acceleration at high laser
intensities.

In this paper, using a two-dimensional (2D) particle-in-cell
(PIC) code, we investigate the magnetization effect on ion acceler-
ation. An external magnetic field with strength proportional to that of
the self-generated B-field is added to the simulation. This allows the
effect of the self-generated B-field to be modified, thus providing a
direct comparison of the magnetization effects of self-generated
B-fields of different strengths.

As well as the PIC simulations, a simplified TNSA model in-
cluding the v3 B force is also presented in order to provide a relatively
quantitative estimation of the magnetization effect on sheath-driven
ion acceleration. Finally, further PIC simulations are performed to
examine the scaling of proton energy at high laser intensities, for which
themagnetization effect has previously been thought to be dominant. It
is shown here that the magnetization due to the self-generated B-field
in a realistic TNSA scenario has only a limited effect on high-energy
proton acceleration.Thedegraded scalingof proton energy at high laser
intensities is also shown to be the result of a decrease in acceleration
timedue to the increased sheathfield, rather than to the inhibitory effect
of the intense self-generated B-field.

II. PARTICLE-IN-CELL SIMULATIONS

To simulate the ion acceleration from intense laser irradiation
of a solid target, we turn to PIC simulation codes, which allow a first-
principles description of laser–plasma interaction. If the target is
sufficiently thick that the laser cannot penetrate through it, particles at
the rear side experience only self-generated electromagnetic fields,
i.e., the particle momentum equation is

dP
dt

� q Es + 1
c
v3Bs( ), (1)

where Es and Bs are the self-generated sheath E- and B-fields re-
spectively, c is the speed of light and q is the charge of the particle. The
magnetization effect described here arises mainly from the fact that
both the electrons and ions at the rear side are deflected and/or
trapped by the self-generated B-field. Therefore, the significance of
themagnetization effect in inhibiting ion acceleration dependsmostly
on the Lorentz force, i.e., v 3 Bs, on the high-energy electrons and
ions (which escape to the vacuum) caused by the self-generated
B-field Bs at the rear side of the target. An external B-field Bex is
therefore adopted to provide an artificial modification of the mag-
netization effect. Since it is the magnetization effect of the self-
generated B-field that is of most interest here, the external B-field
is carefully set to be consistent with the self-generated B-field in both
strength and spatial distribution at every time step in our simulations.
This modification has little effect on either the laser absorption or the
hot-electron generation at the front side of the target, but it does have
an impact on the dynamics of the particles at the rear side, thus
providing a means of evaluating the magnetization effects of self-
generated B-fields with different strengths.

The two-dimensional (2D) PIC simulations in this work are per-
formed using the code named OPIC.19 The simulation box is 160λ
(x) 3 120λ (y) (λ is the wavelength of the incident laser), decomposed
into a grid with 80003 4000 cells. The P-polarized laser beam incident
from the left boundary has a spatial–temporal profile given by a � a0
exp(r2/w2) sin(πt/2τ) (0< t< 2τ, r2� x2 + y2), where a0� eE0/meωc� 100
(ω is the angular frequencyof laser and corresponds to apeak intensity I�
1.373 1022W cm−2 for the assumed wavelength λ � 1 μm),w � 5λ, and
τ � 50T0 (T0 � λ/c is the laser period). The target is fully ionized,
consisting of a neutral plasma of electrons and Al13+ ions. A 20 nm thick
layer of protons is attached to the rear side of the target to mimic surface
contaminants. The electron densities of both the Al target and proton
layer are set to 260nc, where nc � 1.123 1021 cm−3 is the critical density.
The initial temperatures of the electrons and ions are set to 1 keV. The
target is initially located at x � 10 μm, with a thickness of 15 μm. The
target plasma and the layer contain 64 and 100 simulation particles per
cell for each species, respectively. To suppress numerical heating, high-
order (fourth) interpolation is adopted for the simulation particles. An
absorbing boundary condition is used for both the electromagnetic fields
and the simulation particles.

The use of a relatively thick target (15 μm) in our simulations is
to ensure that a pure TNSA scenario occurs at the rear side of the
target. In this thick-target case, the hole-boring of the ultra-intense
laser cannot reach the target rear side, i.e., the intense laser pulse
cannot penetrate through the target during the whole interaction. The
energetic particles at the rear side of the target escape into the vacuum
and thus only experience the self-generated E- and B-fields, making it
possible to clearly identify the magnetic inhibition effect. A moderate
pulse duration of 165 fs is also adopted here to prevent self-induced
transparency of the target even at the maximum laser intensity of
73 1022 W cm−2 used for the scaling study (see Sec. IV). In fact, we
have also performed simulations with longer pulse durations of, for
example, 330 fs. The simulation results on the inhibitory effect of
magnetization are consistent with those in the case of relatively
short pulse duration. The spatial resolution in the simulation is
dx � 0.02 μm, dy � 0.03 μm, and these values are much smaller than the
initial skin depth given by ls � c/ωp′ ≈ 0.7 μm, where ω ′

p �
(4πe2n0/〈γ〉me)1/2 is the relativistic corrected plasma frequency and
〈γ〉 � (1 + a20/2)1/2 is the relativistic factor for a linearly polarized laser.
The initial Debye length is given by λD � (Te/4πn0e2)1/2 ≈ 4.33
10−4 μm. Although the spatial resolution in our simulation is much
larger than the initial Debye length, little numerical heating is observed,
for the following two reasons. First, the electrons are soon heated up to
MeV temperatures during irradiation of the target by the ultra-intense
laser, resulting in a much larger Debye length that becomes comparable
to the grid size. Second, the use of high-order (fourth) interpolation for
the simulation particles is very effective in extending the grid size beyond
the Debye length without numerical heating. We have also performed
simulationswith a higher spatial resolution of dx� dy� 0.01 μm, and the
simulation results are convergent, indicating that the spatial resolution is
high enough for the present study.

To compare the magnetization effect at different B-field
strengths, we perform simulations with three different external B-
fieldsBex�mBs, withm�−1, 0, and 4, referred to as cases I, II, and III,
respectively. These external B-fields are applied such that the ener-
getic particles escape into the vacuum region at the rear side of the
target, which can be simply achieved by an appropriate initial position
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of the rear surface of the target, namely, in the region x ≥ 25.02 μm. In
case I, the charged particles at the rear side experience a modified B-
field Bm � Bex + Bs � 0 such that the Lorentz force on the charged
particles is exactly zero, i.e., the magnetization effect vanishes
completely. Case II is the normal TNSA case with Bm � Bs. In case III,
Bm � 5 Bs, leading to an enhancement of the magnetization effect by a
factor of 5.

The energy spectra of the accelerated protons for the three cases
at t � 100T0 are shown in Fig. 1(a). We can see that there is very little
difference in the maximum energies of the protons between cases I
and II, suggesting that the magnetization effect indeed plays a rather
limited role in the high-energy proton acceleration, especially for the
highest-energy protons. This can be explained physically as follows.
On the one hand, it should be noted that because of the competition
between the electric and magnetic effects on the proton acceleration,
the reduction in proton energy depends on the strength ratio between
Bs and Es rather than on the strength of Bs alone. According to the
analytical model described in Sec. III, the rate of reduction in the
proton energy is expected to be small, i.e., δEi/Ei ≤ 10% (where Ei is
the ion energy), in a realistic TNSA scenario. On the other hand, in
general, the B-field has a longer growth time than the sheath
E-field.20,21 Thus, the highest-energy protons are accelerated
promptly before the B-field grows to a sufficiently high level that the
magnetization effect becomes important. In addition, since the
highest-energy protons propagate nearly along the laser axis, where
the B-field is weak, they are deflected only slightly by the B-field. As a
result, there is very little difference in the maximum energies of
protons between the nonmagnetization and magnetization cases. By
comparison, a reduction in the maximum energy of accelerated
protons from 240 to 180 MeV is observed in case III, for which the
magnetization effect is artificially enhanced. The time evolution of the
laser-to-proton energy conversion efficiency (CE) for the three cases
is also presented in Fig. 1(b). The impact of the magnetization effect
on CE is similar to that on the maximum proton energy. That is, a
significant reduction of 20% inCE is observed in case III, while there is
little difference between cases I and II. These results confirm that the
magnetization effect can indeed play a role in inhibiting ion accel-
eration, but the self-generated B-fields in realistic TNSA scenarios do
not appear to be strong enough to significantly reduce either the
maximum energy or the conversion efficiency of the accelerated
protons.

The magnetization effect on proton dynamics can be seen more
clearly by inspecting the proton angular distributions in Figs.
2(a)–2(c). For all three cases, a hollow ring structure at low proton
energies is observed. It is interesting to see from a comparison of the
ring diameters that the divergence of the low-energy protons is
greatest in case I, for which the magnetization effect is completely
inhibited. This is in contrast to the expectation that the self-generated
B-field will lead to a greater deflection of the accelerated protons. In
fact, the increased divergence of the protons in the nonmagnetization
case can be explained as follows. As the ions are accelerated by the
sheath field, the rear surface of the target is deformed, becoming
curved as depicted in Figs. 2(d)–2(f), owing to the plasma expansion.
This curvature of the rear surface results in the generation of a
transverse component of the sheath field, Ey � z(nekTe)/zy. In the
absence of the magnetization effect, Ey can grow to a high level, as
shown in Fig. 2(g), thus strongly deflecting the accelerated ions.
Instead, in the presence of the magnetization effect, the hot electrons
become highly magnetized, i.e., they perform gyro-motion on the
target surface with a Larmor radius rB � γmeve/eB. This gyro-motion
of the hot electrons tends to inhibit the generation of the transverse
sheath field Ey, as shown in Figs. 2(h) and 2(i). As a result, the protons
in themagnetized case are less deflected by the transverse sheath field,
and thus exhibit a much smaller divergence.When themagnetization
effect is enhanced, i.e., in case III, the proton divergence is found to
increase slightly, owing to the enhanced deflection by the increased
v 3 B force. Finally, the highest-energy protons in all three cases
exhibit the standard bell-shaped profile expected for TNSA. This is
because these protons are accelerated on axis, where both Bz and Ey
vanish, and thus they are less deflected by these fields.

The spatial distributions of the self-generated B-fields at t � 75T0

in the three cases are shown in Figs. 2(j)–2(l). It should be noted that
the escaping electrons and ions actually experience the modified B-
field Bm � Bex + Bs, which is different from the self-generated B-field.
It is found that in case I, the self-generated B-field at the rear side
grows to the highest strength. This is because in this case without
magnetic deflection, the expansion of the rear side of the target is
much more homogeneous, which results in a sharper boundary
between the rear side and the vacuum. That is, the gradients of both
the electron density and electron temperature there are increased. As a
result, the generation of the B-field by the Biermann battery mech-
anism,22 i.e., (∇Te 3 ∇ne)/nee, is reinforced. By contrast, in the other

FIG. 1. (a) Proton energy spectra for cases I (blue), II (red), and III (black) at t � 100T0 (T0 is the laser period). (b) Laser-to-proton energy conversion efficiency as a function of
simulation time.
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two cases, the hot electrons are highly magnetized, i.e., they perform
gyro-motion with a small radius at the rear side of the target. Since
these hot electrons are tightly bound at the rear side, the heat exchange
between the hot and cold electrons there is reinforced, leading to local
thermal diffusion. As a result, both the electron temperature and
density gradients are decreased. The generation of the B-field in these
two magnetized cases is thus relatively inhibited. Also, filamentary

structures can clearly be observed in the self-generated E- and B-fields
in the magnetized cases [see Figs. 2(g)–2(l)]. In fact, these filamentary
structures result mainly from the Weibel instability caused by in-
terpenetration of the forward and return electron currents.23 The
weaker development of filamentary field structures in case I can be
attributed to the fact that in this case both the forward and return
electron currents (i.e., the motions of electrons) at the rear side are

FIG. 2. (a)–(c) Proton angular distributions at t � 100T0 for cases I–III, respectively. (d)–(f) Spatial distributions of electron density ne at t � 75T0 for cases I–III, respectively. The
corresponding spatial distributions of the averaged transverse electric field 〈Ey〉 and self-generated azimuthal B-field 〈Bz〉 are shown in (g)–(i) and (j)–(l), respectively. Here 〈 〉
denotes the average over one laser period T0, e.g., 〈Ey〉 � (1/T0)∫t+T0/2

t−T0/2
Ey(t) dt. The line y � 0 corresponds to the laser axis.
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decoupled from the self-generated B-field. The presence of fila-
mentary structures in the magnetized cases indicates that the growth
in themagnetic field by the Biermann batterymechanism is inevitably
destroyed by the Weibel instability. This results in a decrease in the
strength of the self-generated B-field, thus reducing the magnetized
inhibition of proton acceleration.

It is known that sheath field evolution is dominated by the
collective dynamics of hot electrons at the rear side.11 To investigate
hot-electron dynamics under different magnetization conditions, the
time-integrated spectra of the forward and backward electrons as they
pass by the boundaries placed at the rear side of the target (x � 26 μm)
are calculated, with the results shown in Fig. 3. It can be observed that
the spectra of the forward electrons are nearly identical for the three
cases, indicating that the generation of hot electrons at the front side
of the target is little affected by modification of the magnetization
conditions at the rear side. It can thus be expected that these hot
electrons escape into the vacuum to generate the same sheath fields at
the rear side of the target for all three cases. Owing to reflection by
both the sheath E- and B-fields, these hot electrons return to the
target, and the sheath fields thus become weaker. As can be seen in
Fig. 3(b), the return (backward) electrons in cases I and II have nearly
the same spectra, which may be because the backward hot electrons
are dominated by the sheath E-field rather than by the self-generated
B-field since the magnetization effect is small in realistic TNSA
scenarios. In case III, however, it can be seen thatmanymore electrons
with high energies are reflected, owing to the enhancedmagnetization
effect. The enhancement of the returning electrons in this case finally
results in more weakening of the sheath field, thus giving rise to a
significant reduction in the maximum energy of accelerated protons,
as observed in Fig. 1.

To clearly reveal the dynamics of the accelerated protons under
differentmagnetization conditions, we examine the trajectories of two
sample protons. The first sample proton is initially located at the
position (25.02, 0 μm) corresponding to the highest-energy protons
accelerated on the axis, where y � 0 corresponds to the laser axis. As
shown in Fig. 4(a), the on-axis protons for all three cases are
accelerated along the central axis. There is little deflection, since theBz
and Ey fields vanish on the axis. As can be seen in Fig. 4(b), the
longitudinal sheathfieldEx experienced by the on-axis proton in case I

is almost same as that in case II, indicating that the accelerating field is
not affectedmuch by the presence of the surface B-field generated in a
realistic TNSA scenario. However, in case III, the on-axis sheath field
is reduced both in strength and spatial scale, resulting in a lower
proton energy gain. The inhibition of the sheath field in this case can
be attributed to the strongly magnetized electrons drifting away from
the center of the sheath, as will be discussed in Sec. III.

FIG. 3. Time-integrated spectra of (a) the forward and (b) the backward electrons as they pass by the boundaries placed at the target rear side (x � 26 μm) at t � 75T0.

FIG. 4. (a) and (b) Evolution of an on-axis proton initially located at (25.02, 60 μm):
(a) transverse position y; (b) averaged longitudinal sheath field 〈Ex〉. (c) and (d)
Evolution of an off-axis proton initially located at (25.02, 45 μm): (c) transverse
position y; (d) averaged transverse sheath field 〈Ey〉. 〈 〉 denotes the average over
one laser period. The line y � 0 corresponds to the laser axis.
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We also track another proton initially located at the off-axis
position (25.02, −15 μm) where the self-generated B-field is most
intense. Figure 4(c) shows that the off-axis proton is deflected out-
ward in all three cases, i.e., toward regions where the sheath field is
lower. In fact, it is found that the off-axis proton in case I is deflected
mostly by the transverse electric field Ey, while in the other two cases it
is deflected mostly by the azimuthal B-field Bz because in these two
cases Ey is strongly inhibited [see Fig. 4(d)]. Since low-energy protons
are strongly deflected by Ey in the non-magnetized case, they have a
larger divergence than in the magnetized case, as is observed in Fig. 2.

III. ANALYTICAL MODEL OF MAGNETIZATION EFFECT

Many theoretical models have been proposed to describe ion
acceleration in the TNSA scenario.24–27 In most of these models, the
system is described as a neutral plasma consisting of hot electrons, in
which the ions acquire kinetic energies in the course of sheath
evolution. This approach is therefore similar to the classic description
of plasma expansion into vacuum.20,28,29 An analytical solution for
the plasma expansion can be found in the quasineutral approximation
using a self-similar theory. Two interpolation formulas for the electric
field and ion velocity at the ion front were obtained by Mora using a
Lagrangian fluid code.20 In all of these models, however, a 1D ge-
ometry, consistent with the electrostatic assumption, is usually
adopted, while the influence of the self-generated B-field is neglected.
Here, an extendedTNSAmodel including the v3B force is presented
to estimate the rate of reduction in ion energy caused by the self-
generated B-field.

In the presence of the self-generated B-field, the electrons at the
rear of the target becomemagnetized anddrift away from the center of
the sheath under the action of the v 3 B force, thus resulting in
inhibition of both the sheath field and the proton acceleration. To
model this effect, we first consider the motion of the magnetized
electrons in cylindrical coordinates, with the laser pulse incident
along the zdirection. For simplicity, we assume that the variation of all
physical quantities in the transverse direction is much smaller than
that in the longitudinal direction, i.e., z/zr ≪ z/zz. This quasi-1D
assumption is justified provided that the lateral extent of the sheath is
much greater than the acceleration length of the protons. Therefore,
the longitudinal sheath electric field and the azimuthal magnetic field
can be expressed as E � Ez(z, t)ẑ and B � Bθ(z, t)θ̂, respectively.
Using the relations Ez � −zϕ/zz and Bθ � (∇ 3 A)θ ≃ zAr/zz, the
distribution function f e(z, vz, t) of the electrons is governed by the
Vlasov equation

zfe

zt
+ vz

zfe

zz
+ e

me

zϕ

zz
− vr

zAr

zz
( )zfe

zvz
� 0. (2)

Following Mora and Pellat,28 we rewrite all the dependent and in-
dependent variables in dimensionless form: z � z/cst0, t � t/t0, v � v/vt,
ϕ � eϕ/Te, and A � eA/Tevt, where cs � (ZTe/mi)1/2 is the ion sound
speed and vt � (Te/me)1/2 is the electron thermal velocity.
Substituting these expressions into Eq. (2), we write

zfe

zt
+ Rvz

zfe

zz
+ R

zϕ

zz
− vr

zAr

zz
( )zfe

zvz
� 0, (3)

where R � vt/cs � (mi/Zme)1/2. If we assume the electrons to be in
equilibrium with the slowly varying electric and magnetic fields, we

can neglect zf e/zt in Eq. (3). Using the self-similar variable ξ � z/t, this
equation is further simplified as

vz
zfe

zξ
+ d(ϕ− vrAr)

dξ
zfe

zvz
� 0. (4)

This is similar to Mora’s original result, apart from a magnetization
term arising from the self-generated B-field.

Integration of Eq. (4) gives

fe(vz, ξ) � f0 v2z − 2(ϕ− vrAr)[ ]1/2( ), (5)

where f0(u) is the electron distribution function in the unperturbed
plasma (ϕ � Ar � 0). Generally, the hot electrons generated from the
interaction of an intense laser beamwith a solid targetmove primarily
along the longitudinal direction and have a Maxwellian distribution
with a characteristic temperature. In the presence of a B-field, these
electrons will be deflected, giving rise to a considerable perpendicular
velocity vr. To simplify the analysis, we neglect the variation of the
perpendicularly velocity. We assume a Maxwellian function and a
delta function for the longitudinal and perpendicular velocity dis-
tributions of the hot electrons, respectively,30 i.e., f0(vz, vr) �
exp(−v2z/2)δ(vr � vr0), where vr0 is the average value of the per-
pendicular velocity. Therefore, the electron density is obtained as

ne � ne0 exp(ϕ− vr0Ar). (6)

It can be seen that the electrons are scattered awaywhilemoving in the
self-generated B-field, and so one always has vr0Ar> 0 if it is taken that
Ar(+∞) � 0. Thus, one can expect the magnetized electrons to ex-
perience an equivalent drag force in the longitudinal direction,
leading to a reduction in the electric potential.

To analyze the magnetization effect more quantitatively, in
principle we need self-consistent solutions for both ϕ and Ar.
However, it does not seem possible to obtain such solutions, since the
magnetic field generation is a multidimensional problem. To proceed
further, therefore, we assume that the self-similar behavior of the
magnetic potential is approximately the same as that of the electric
potential. This is a reasonable assumption, because both themagnetic
and electric fields stem from the same source, namely, the ejection of
hot electrons. Therefore, we assume Ar(ξ) � −αϕ(ξ), where α > 0 is a
constant. Here, α also represents the ratio between the strength of the
azimuthal magnetic field and that of the electric field, i.e., α ≡ c|Bθ|/|
Ez|. Under this assumption, Eq. (6) becomes the Boltzmann relation

ne � ne0 exp[(1 + vr0α)ϕ]. (7)

Next, we consider the ion fluid motion in the electric potential.
The equations of continuity and motion for the initially cold ions are

zni
zt

+ z(niviz)
zz

� 0, (8)

zvi
zt

+ viz
zviz
zz

� −
Ze

mi

zϕ

zz
, (9)

where viz is the longitudinal velocity of the ions. Using the self-similar
variable ξ � z/t and the normalized quantity viz� viz/cs, Eqs. (8) and (9)
become
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(viz − ξ) d ln nidξ
� −

dviz
dξ

, (10)

(viz − ξ) dviz
dξ

� −
dϕ
dξ

. (11)

Now using the quasineutrality assumption ne � Zni, we easily obtain
the self-similar solutions of Eqs. (10) and (11):

viz � ξ + 1

(1 + vr0α)1/2
, (12)

ϕ � −
1

(1 + vr0α)1/2
(ξ + 1), (13)

ni � ni0 exp −(1 + vr0α)1/2(ξ + 1)[ ]. (14)

If Bθ � 0 (or α � 0), then Eqs. (12)–(14) become the well-known self-
similar solutions of the electrostatic model.28

In the presence of a B-field, the rate of reduction in ion energy
caused by the B-field can be estimated as

δEi

Ei
� ϕ0 −ϕ

ϕ0
� 1−

1

(1 + vr0α)1/2
, (15)

where ϕ0 � −(ξ + 1) is the electric potential in the electrostatic case.
Equation (15) shows that the ion energy will be reduced as a result of a
decrease in electric potential. If α ≡ c|Bθ|/|Ez| ≫ 1, then the electric
potential will be completely suppressed, i.e., ϕ � 0, and no ion ac-
celeration will occur. However, in a realistic TNSA scenario, the field
strength of the self-generated Bθ is usually less than that of the sheath
field Ez, i.e., α ≤ 1, even at high laser intensities. To estimate vr0, we
note that the fast electrons are dispersed within a cone of half-angle
30°, as observed in most experiments.31,32 This corresponds to an
average perpendicular velocity of vr0 � 0.25c if a uniform distribution
in the cone angle is assumed. The rate of reduction in ion energy is
then estimated, using α � 1 and vr0 � 0.25c, to be only δEi/Ei ∼ 10%.
This energy reduction by the magnetization effect may be over-
estimated, because the B-fields in general have a longer growth time
than the sheath E-fields. Therefore, the protons can be accelerated
promptly before the electron trajectories are strongly perturbed by the
B-field. Furthermore, other effects, such as a reduction in deflection
due to inhibition of the transverse sheath field, are also expected to
compensate for the energy reduction. Therefore, one can conclude
that the magnetization effect in a realistic TNSA scenario should not
be strong enough to significantly inhibit the sheath acceleration of
high-energy protons.

IV. INHIBITED ION ACCELERATION AT HIGH LASER
INTENSITIES

The above considerations suggest that the magnetization effect
plays a rather limited role in hampering ion acceleration, and hence it
cannot explain the degraded scaling of the maximum proton energy
with increasing laser intensity that is observed in both the PIC
simulations and experimental results.33,34 To gain a more complete
understanding of the inhibited ion acceleration at high laser inten-
sities, we also carry out 2D PIC simulations in which the laser

intensity is varied over three orders of magnitude while the target
parameters and the other laser parameters are kept fixed at the same
values as in the preceding simulations. The maximum proton energy
Emax
i and the maximum sheath field strength Emax

s are shown as
functions of the peak laser intensity in Fig. 5. As is well known, in
TNSA, the accelerating sheath field is given approximately by
Emax
s � eTh/Ls, where Th is the hot-electron temperature and Ls is the

typical spatial extension of the sheath.8 Th is given by the ponder-
omotive scaling law,35 Th � m2

e[(1 + a20/2)1/2 − 1], and Ls can be
estimated as the Debye length of the hot electrons,
λDh � (Th/4πe2nh)1/2, where nh is the hot-electron density. Recalling
the energy conversion law ηhIL�nhTh, where ηh is the laser absorption
at the front of the target, we immediately obtain
Emax
s � (4πnhTh)1/2}(ηhIL)1/2. An ion crossing the sheath then ac-

quires an energy Emax
i ∼ ZeEmax

s Ls � ZTh } I1/2L (where Z is the
charge state of the ion), as is expected. Figure 5 shows that the sheathfield
strength Emax

s has a scaling } I0.4–0.66, which is close to the rough pre-
diction above. In particular, the maximum sheath field Emax

s in the low-
intensity regime 1020W cm−2 < IL < 1022W cm−2 grows according to an
effective power law}(ILλ2)0.4, while the scaling increases to}(ILλ2)0.66
in the high-intensity regime 1022W cm−2< IL< 1023W cm−2. The better
scaling of Emax

s at high laser intensities can be attributed to the increased
absorption caused by hole boring at the front of the target. If a hole is
formed, Brunel-type absorption may take place along the side, and the
J3Bmechanismmay be enhanced owing to the additional self-focusing
of the laser light. The better scaling of Emax

s also confirms that the sheath
field will not be weakened by the magnetization effect, even at high laser
intensities.

In contrast to the sheath field Emax
s , the scaling of the maximum

proton energy Emax
i becomes poorer at high laser intensities. In

particular, Emax
i scales as }(ILλ2)0.71 in the low-intensity regime,

while it drops to }(ILλ2)0.34 in the high-intensity regime. The poorer
scaling of proton energy at high laser intensities can in fact be
explained well by the limited acceleration time of protons in the

FIG. 5. Maximum proton energy Emax
i and maximum sheath field strength Emax

s as
functions of the peak laser intensity. The circles and diamonds are the results from
the 2D PIC simulations. The fitted curve segments for the proton energy shown by
the dashed and solid black lines satisfy Ei}(Iλ2)0.71 and Ei}(Iλ2)0.34, respec-
tively. The other two fitted curve segments shown by the dashed and solid blue lines
satisfy Es}(Iλ2)0.4 and Es}(Iλ2)0.66, respectively.
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sheath field, rather than by themagnetization effect, as was previously
believed. The acceleration of the protons is limited by a time of the
order of the pulse duration, tacc,1 ≈ τL, or by the time at which the
proton position xi exceeds the spatial extension of the sheath Ls,
tacc, 2 ≈ (2Lsmi/ZeEmax

s )1/2, depending on whichever is earlier. The
threshold for the transition of the acceleration time can be estimated
by tacc,2 ≈ tacc,1, or Ethr

s ≈ 2Lsmi/Zeτ2L. Taking a pulse duration of
τL � 50T0 as used in the simulations and Ls ≈ 5λ, we have
Ethr
s ≈ 1.2meωc/e, which is easily exceeded at high laser irradiances

Iλ2 ≥ 33 1020W cm−2 (see Fig. 5). Therefore, at high laser intensities
beyond this threshold, the proton acceleration is limited by the
acceleration time within the extent of the sheath. Since the acceleration
time in this regime decreases with increasing strength of the sheath field,
one can expect reduced scaling of the proton energy at high laser
intensities.

V. CONCLUSION

PIC simulations have been used to study the effects of a
spontaneous surface B-field on proton acceleration at high laser
intensities. Magnetization effects of the self-generated B-field are
observed, but are not strong enough to affect sheath-driven proton
acceleration, especially in realistic TNSA scenarios. A considerable
reduction in proton energy is observed when an intense external B-
field is present and the Lorentz force on a charged particle becomes
much more intense than in the case of TNSA, but this may not occur
in realistic scenarios. Also, it is found that since the gyro-motion of
electrons in the self-generated B-field tends to suppress the growth
of a transverse sheath field, deflection of low-energy protons by the
latter field is prevented. As a result, the divergence of low-energy
protons is actually increased by the self-generated B-field.

A theoretical model including the v 3 B force has also been
presented to estimate themagnetization effect on proton acceleration.
It is found that the reduction in the proton energy depends on the
strength ratio between Bs and Es rather than on the strength of Bs
alone. For typical values of cBs ∼ Es in TNSA, the analysis confirms
that only a few percent of the proton energy will be affected by a self-
generated B-field.

Finally, it has been argued that the degraded scaling of proton
energy at high laser intensities can be attributed to the magnetization
effect of the self-generated B-field. In fact, our PIC results presented
here indicate better scaling of the sheath field at higher laser inten-
sities, and thus cannot support the view that the sheath field is
inhibited by strong magnetization effects. Instead, it has been shown
that the degraded scaling of proton energy can be reasonably
explained by the decreased acceleration time due to the increased
sheath field at high laser intensities. This more complete under-
standing of the magnetization effect on ion acceleration will have
important implications for the design of ion sources at upcoming
multi-PW laser facilities.36–38
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