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Monoenergetic High-Energy Ion Source via Femtosecond Laser Interacting with a Microtape
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Intense laser-plasma ion sources are characterized by an unsurpassed acceleration gradient and
exceptional beam emittance. They are promising candidates for next-generation accelerators towards a
broad range of potential applications. However, the laser-accelerated ion beams available currently have
limitations in energy spread and peak energy. Here, we propose and demonstrate an all-optical single laser
scheme to generate proton beams with low spread at about 1% level and hundred MeV energy by irradiating
the edge of a microtape with a readily available femtosecond petawatt laser. Three-dimensional particle-in-
cell simulations show that when the electron beam extracted from both sides of the tape is injected into
vacuum, a longitudinal bunching and transverse focusing field is self-established because of its huge charge
(about 100 nC) and small divergence. Protons are accelerated and bunched simultaneously, leading to a
monoenergetic high-energy proton beam. The proposed scheme opens a new route for the development of

future compact ion sources.

DOI: 10.1103/PhysRevX.11.041002

I. INTRODUCTION

The development of compact laser-plasma ion sources
has attracted significant attention in the past two decades
[1-5]. Prospective applications include production of warm
dense matter [6,7], proton radiography for implosion
dynamics and ultrafast science [8,9], nuclear physics
[10], tumor therapy [11], etc. For many of these applica-
tions, quasimonoenergetic ion beams are preferred
[6,11,12], especially for tumor therapy, which requires
energy spread of only about 1% [2,3,11]. An energy-
selection system out of a broad energy spectrum ion source
would sophisticate the device and lead to huge particle
losses [7,13]. Because of the advancements in both laser
technology and targetry, several breakthroughs have been
successfully achieved in recent laser-ion acceleration
experiments [14-16]. Proton beams with cutoff energy
near 100 MeV [15,16] and carbon ions of about 50 MeV /u
[17] have been demonstrated in various laser systems.
However, they still exhibit exponentially decaying energy
spectra. Meanwhile, most of the experiments that estab-
lished new records of maximum proton energy at their
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publication time were accomplished on large laser facilities
that deliver 100s J energy within a picosecond at low-
repetition rate [1,14,16,18]. These lasers can be operated
only in a few national laboratories [19,20]. In comparison, a
high-repetition rate, low-cost, stable femtosecond laser is
more preferable for developing the future compact ion
sources. Actually, 100 Terawatt (TW)-class femtosecond
laser systems have been widely distributed, and many
multi-petawatt (PW) systems are currently operational,
under construction, or in the planning phase [19], for
which the generation of monoenergetic high-energy ion
beams is one of the primary applications.

To achieve monoenergetic ion beams, a longitudinal
bunching accelerating field is important, in which fast ions
experience a smaller field and the slow ones a larger field.
In traditional radio-frequency accelerators, such a bunching
field is realized by controlling the phase of the synchronous
particle relative to the crest of the accelerating wave [21],
while in laser-ion acceleration, it appears as a longitudinal,
negative gradient electric field acting on the accelerated
ions. In one of the most-investigated laser-ion acceleration
mechanisms—radiation pressure acceleration (RPA) [22—
28]—such a bunching field was supposed to exist by piling
excessive electrons at the rear surface. However, the RPA is
plagued by strong electron heating due to effects of
transverse instabilities [29,30] and finite spot size [31].
These effects may induce relativistic transparency and
destroy the bunching electric field. As a consequence,
the obtained ion energy is rather limited, and energy spread
is very large. To obtain monoenergetic ion beams, the RPA
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requires ultrahigh intensity, ultrahigh contrast, and a large
spot size simultaneously, which remains a big challenge in
experiments, even for multi-PW lasers [19].

In the other widely studied mechanism—target normal
sheath acceleration (TNSA) [32-36]—this longitudinal
bunching field is absent because of the low density of
energetic electrons. The energy spectrum of TNSA ions is
characterized by an exponential decay. Moreover, the
maximum proton energy is related to the laser pulse energy,
under other similar conditions, which usually means much
lower ion energies for short femtosecond laser pulses
[37-39].

Significant efforts have been devoted to overcoming the
limitations of these mechanisms to improve the ion beam
parameters, especially the energy spread and maximum
energy. Here, we mention target designs [34,40-45], multi-
pulse schemes [46-48], post-acceleration [49], and novel
mechanisms [50-54]. Nevertheless, the obtained energy
spreads are still larger than 10% because of the absence
of a self-established bunching field. Therefore, in both
theory and experiment, how to produce high-energy (like
100-MeV protons), monoenergetic (energy spread of about
1%) ion beams is still an open question.

In this paper, we propose a scheme named peeler
acceleration, where a longitudinal bunching accelerating
field builds up spontaneously when a currently available
femtosecond laser pulse is incident on the edge of a simple
microscale plasma tape, as shown by Fig. 1. As the laser
pulse sweeps along the tape, it peels off abundant buckets
of electrons from the tape into vacuum. These electrons are
mainly accelerated forward along the tape surface to

Bunching E,

Protons

FIG. 1. Schematics of our peeler scheme. A femtosecond laser
(red and blue) is incident on the edge of a microscale tape (grey).
The micron-thick tape is infinitely long across the laser focus and
is a few tens of microns wide along the laser propagation
direction. Abundant electrons are continuously dragged out
and accelerated forward by the intense laser. When these
energetic electrons arrive at the rear edge of the tape, a
longitudinal bunching field is established (yellow). Protons
(green dots) are simultaneously accelerated and bunched by this
field, leading to a highly monoenergetic proton beam.

superponderomotive energies by the longitudinal field of
a surface plasma wave (SPW) [55-57]. The charge of
energetic electrons (many tens to hundreds of nC) injected
into the accelerating region at the rear edge of the tape is
much larger than that of protons placed there (just a few
nC), which ensures that the protons near the laser propa-
gation axis are surrounded by the excessive space charge of
electrons. This electron charge excess results in a negative
gradient, longitudinal bunching field and a transverse
focusing field simultaneously. Finally, a quasimonoener-
getic proton beam with a peak energy of more than
100 MeV, energy spread of about 1%, and particle number
of about 10° can be stably obtained with a laser pulse
characterized by intensity greater than 102° W/cm?, pulse
duration of about 45 fs, and energy of about 50 J.

II. MODEL AND SIMULATION PARAMETERS

Figure 1 illustrates the proposed peeler scheme, where an
intense y-polarized laser pulse is incident on an edge of a
microscale tape. The microtape can be infinitely long along
the z direction, and laser pulses at grazing incidence are
also applicable. The three-dimensional (3D) particle-in-cell
(PIC) simulations are conducted with the EPOCH code [58]
and the vLPL code [59]. The simulation box is 1201 x
404 x 52.54 in the x x y X z directions, containing 2400 x
1600 x 1050 cells, respectively. Here, a higher resolution in
the y direction is used to resolve the plasma skin depth and
the process of extracting electrons from the tape since a
y-polarized laser pulse is chosen. We use a larger box
length in the z direction because of a large tape to avoid the
effects caused by the transverse recirculation of energetic
electrons and mimic the real experimental situation.

The laser intensity is I, = 7.8 x 10 W/cm? (ay = 19),
with wavelength A = 800 nm. The laser pulse has a
Gaussian profile in both space and time, with radius r; =
7.54 and pulse duration 7; = 45 fs, respectively, which
is focused at the front edge of the tape. A plasma tape of
high-Z material (we assume gold) has dimensions
x X yxz=43.751x0.754 x 451. Its rear edge has been
covered with a hydrocarbon (CH) layer to simulate possible
contaminants existing in experiment. To reduce the com-
putational resources, the electron densities for the plasma
tape and CH layer are both chosen as relativistically
overdense, n, = 30n,, where n, = mm,c?/e’)> is the
critical density. The initial charge states of ions are given
according to the Ammosov-Delone-Krainov formula
[60,61], which means the ion species are Auv't in the
main target, and C®* and H* in the hydrocarbon layer. The
transverse dimensions of the CH layer are 0.751 x 454
(same as the tape), while the longitudinal one is set to 0.41
to ensure a sufficiently large proton areal density for
mimicking the components of the contaminants. The
density ratio of proton to carbon ions is n,:ncer = 1:1.
The macroparticles in each cell for electrons, gold ions,
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carbon ions, and protons are 8, 1, 8, and 32, respectively. In
the simulations for comparison, except for the ones given in
the text, the parameters remain unchanged. Open boundary
conditions for fields and particles are employed. The
numerical convergence has been confirmed by comparing
the interested physical quantities with simulations at differ-
ent resolutions and with the two codes.

III. RESULTS

A. Generation of high-energy collimated electrons

When a laser pulse is incident along an overdense plasma
surface with a sharp edge, a SPW can be easily excited and
propagate at the plasma-vacuum interface (along the x
direction) [55-57]. This is different from the case where the
laser pulse is incident on the target plane at a finite angle,
when corrugated surfaces and very special resonance
conditions would be required for an efficient SPW exci-
tation [62—65].

Let us consider that a SPW propagates along the inter-
face between vacuum and a “cold” plasma. The longi-
tudinal electric field on the vacuum side has the form [56]

Esw = Eswoe—kyye—i(wt—k),x) s (1)

where E,, is the amplitude of the longitudinal SPW field,
= (ki=w?/c?), k= (0?/c*)(e/1+€),e =1 -}, /0?
is the dielectric constant of the plasma, and o pe =

\V/4zrn,e*/m, is the plasma frequency. For overdense
plasma (w,, > V2w), ky is a real number, which indicates

that the wave decays out from the surface. If w,,, > w, the
phase velocity of the SPW is approximated to be
vp = o/k, % c(1 -~ @*/2w;,), which is very close to
the speed of light ¢. For a focused Gaussian laser pulse in
vacuum, its phase velocity near the axis is determined
by véh = —(0¢p/01)/(0p/0x), where ¢ is the total phase
of the laser pulse [66]. For x <« zp, we have v’};hz
(14 22/27*w2), which is slightly larger than c. Here,
zg = awj/A is the Rayleigh length, and wy = 2r;/
v/21In(2) is the waist radius. So the laser pulse and the
SPW stay in phase over the dephasing distance L, until the
phase difference between both becomes A¢p = koL, Av/

¢ = x, where Av = vl — o3PV, Then, we get the dephas-
ing length
Ly : 2)
TN w4 ?/w?,’

indicating that the acceleration distance L, can be much
larger than the laser focal spot size. Further, the maximum
electron energy is determined from ¢, ,,x = [ €E,cdt,
yielding

2
€e max = ; eEstLd' (3)

When the laser pulse reaches the rear side of the tape,
assuming all the electrons within the skin depth on the two
lateral surfaces are peeled off and accelerated to high
energies, the number of energetic electrons can be esti-
mated from a phenomenological model as

Ne :4rlelsne7 (4)

where [, is the longitudinal width of the tape and [/, =
¢/w,, is the skin depth.

The 3D PIC simulation results are shown in Fig. 2. The
longitudinal electric field Ej,, of this SPW at t = 227, is
shown in Fig. 2(a), which reaches about E,,~2.0 x
10" V/m and decays along the transverse direction.
Here, r = 0 represents the time when the pulse peak enters
the simulation box. Compared with the distribution of the
laser field E, in Fig. 2(c), one can see that the SPW travels
with the laser pulse at velocities close to ¢, enabling an
efficient laser-SPW coupling over a long distance.
Figures 2(b) and 3(a) present the electron density distri-
bution in the 2D and 3D perspective views, respectively. It
is clearly shown that the high-density (> 2.5n.) electron
bunches are periodically distributed and separated by one
laser wavelength on each side. Further, compared with
Fig. 2(a), one can find that most of the electrons are trapped
in the longitudinal potential well and accelerated by the
negative component of the strong SPW field, resulting in a
highly collimated electron beam with p, > p, > m,c
[55]. Figure 2(d) shows the distribution of the quasistatic
magnetic field B,, which is induced by the large return
current inside the tape, and its strength exceeds 1 GG.

Figure 4(a) presents the energy-gain plane of each
electron at t = 48T, where the color scale represents
the net electron energy. The energy gain is defined as

t
r,= —/ ev, E.dr, (5)
0

t
r,= —A ev,E dt. (6)

The black dashed lines enclose areas preferably populated
by the longitudinal and transverse acceleration [67,68],
respectively. For the highest-energy part, the longitudinal
acceleration (SPW) always dominates. The evolution of the
electron energy spectrum is shown in Fig. 4(b). One can see
that more and more electrons are accelerated to higher
energies. Both the effective temperature and maximum
energy of the electron beam increase with time. When the
electron beam reaches the rear edge of the tape (¢ = 487)),
the effective temperature T is about 36 MeV (red line),
much larger than the value of 6.4 MeV given by
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FIG. 2. Three-dimensional PIC simulation results. Distributions of the longitudinal electric field E,, (a), electron density n, (b), laser
electric field E, (c), and self-generated magnetic field B, (d) at t = 22T, in the plane (x, y). Panels (e) and (f) show the averaged
longitudinal electric field E, and transverse electric field E, at t = 707 in the plane (x, z), respectively. In panel (e), the purple sheet
represents the compressed proton layer, which is situated at the negative gradient region of E|. In panel (f), the colored lines correspond
to the collimated trajectories of selected protons, where the color represents the relative proton energy.

ponderomotive scaling Tpong = (/1 +a% /2—1)m,c? [69]. accordapce with the estimatiqn of Eq. F4). Note that, here,
The maximum electron energy reaches up to about  the maximum electron energy is much higher than the model

260 MeV at t = 587, described in Ref. [62] since, in our scheme, the longitudinal
According to Eq. (3), the maximum energy is predicted to acceleration dominates [see Fig. 4(a)] and the acceleration
be about 300 MeV by substituting the values of E,,q = region is no longer limited by the focal spot size. The latter

2 x 102 V/m and a’% ,/@* = 30, which is in fair agreement also significantly increases the number of energetic electrons.

with the simulation results, considering the simplicity of the

model. Meanwhile, in the simulation, we observe that the B. Process of proton acceleration

charge of high-energy electrons (y, > 10) outside of the tape When this collimated superponderomotive electron
reaches about 128 nC (~10'?), which is also in broad  beam reaches the rear edge and exits into the vacuum

ne/n, ny/n, ny/n,
0o 25 (b) 0o ‘os o "2

C—w N

(a)

z/A

20

X/

X/

FIG. 3. Particle density distribution. (a,b) Electron density distributions at ¢ = 22T and 70T, respectively. (c) Proton density
distribution at # = 86T. The isosurface values in panels (a)—(c) are n, = 0.75n., n, = 0.2n., and n,, = 0.07n,, respectively; the (x, y)
projections are at z = 0 and the (x, z) projections at y = 0, except that in panel (a), only the (x, y) projection is shown.
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FIG. 4. Energy gain of electrons and evolution of particle energy spectrum. (a) Energy gain of electrons from the longitudinal (I",) and
transverse (I'y) directions, defined by Egs. (5) and (6), respectively. The color scale represents the final electron energy. (b) Energy
spectrum of electrons at t = 167, 26T, and 48T,. (c) Proton phase space at t = 66T, 82T, and 1067 . (d) Black, blue, and red solid
lines represent the energy spectrum of protons at t = 567, 66T, and 1067, respectively. The red dashed line shows the energy

spectrum of carbon ions at t = 1067,.

[Fig. 3(b)], a high electron density, about n;, =
2.5n., is formed in vacuum near the tape edge. A
strong longitudinal electrostatic field is established here
[Fig. 2(e)]. The initial longitudinal field can be estimated as
Eg=+/87n,Tes/en=4.5x103V/m, with ex~2.71828
[37,70], which is consistent with the simulation result 5.0 x
103 V/m and almost comparable to the peak value of the
laser field.

This strong E, pulls protons out of the CH layer and then
accelerates them forward. The initial energy spectrum is
broad, shown by the black line in Fig. 4(d). However, in
peeler acceleration, the space charge of electrons injected
into the vacuum can reach about 50 nC, which is much
larger than the charge of protons (about 2.7 nC within the
focus spot). As a consequence, protons, especially those
around the propagation axis, are surrounded by a negative
electron cloud. In one-dimensional situations, JE,/0x =
—4rne(n, —n,). Therefore, protons are accelerated by a
bunching field, as shown by the purple sheet in Fig. 2(e).
This field structure is very similar to that in the “com-
pressed electron layer” in RPA [71,72]. This bunching field
compresses the proton phase space [Fig. 4(c)] and reduces

the energy spread [Fig. 4(d)] repeatedly. The highest energy
part of the protons forms a distinct density peak (~0.1n,),
as shown in Fig. 3(c). We should mention here that,
different from the RPA, our scheme is free of the transverse
instabilities.

From the evolution of the proton phase space in Fig. 4(c)
and energy spectrum in Fig. 4(d), we observe that the
bunching process lasts for more than 150 fs, which is about
4 times longer than the laser pulse duration z; . The reason for
this is that the high-energy electrons have large recirculation
radii and a small angular spread, so the electron recirculation
is predominantly along the x direction. Both the forward- and
backward-moving electrons help maintain the bunching field
in a large region [more than 204 long, as shown in Fig. 4(c)].
The strong, long-lasting bunching field not only leads to a
highly efficient acceleration, but it also helps reduce the
proton energy spread to an extremely low level. This result
also explains why almost all the protons near the x axis are
evacuated in Fig. 3(c), even that the thickness of the CH layer
is already 0.44.

Another contribution of the collimated electron beam is
that a transverse charge separation field E, is induced, as
shown by Fig. 2(f). Since there are excessive electrons in
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the center, E, provides a focusing force for protons. We
show trajectories of some selected protons in Fig. 2(f),
where the color marks the evolution of proton energy. One
can clearly see that protons are focused by the field E,,
leading to more protons gather around the x axis, as shown
by the (x, z) projection plane in Fig. 3(c). Such a self-
established longitudinal bunching and transverse focusing
field configuration makes our scheme robust and suitable
for generation of monoenergetic ion beams, which is the
key difference from the typical TNSA, where a debunching
field dominates the acceleration process since the electron
beam is characterized by the relatively small electron
number and large angular spread [3,38]. In particular,
the latter causes the hot electron density to decrease quickly
during the propagation. Furthermore, compared to the
requirement of a fragile balance condition in RPA
[27,29], the bunching field in our peeler scheme is self-
established on the basis of a large number of high-energy
electrons, which is very robust as long as the tape is wide
enough to provide the sufficient charge of electrons. Note
that, though for electrons the field £, provides a defocusing
force, the strong self-generated angular magnetic field
induced by the return current confines the electron beam,
maintaining its collimation, as shown by the (x, z) plane
projection in Fig. 3(b).

Figure 4(d) shows the energy spectrum of the proton
beam at different times. At the beginning, the energy spread
is large (black line) since protons feel a positive gradient E
as they are pulled out from the CH layer. Subsequently, the
energy spread decreases constantly because of the longi-
tudinal bunching field caused by excessive electrons, as
shown by the blue and red solid lines. Finally, for a high-
energy quasimonoenergetic proton beam, with peak energy
greater than 100 MeV, energy spread of about 1.2% is
obtained (red line). The particle number within the peak
(FWHM) reaches 8 x 108 (1.5 x 108) inside an angle of 10°
(3°). The peak spectral brightness of the proton beam
reaches 1.3 x 10'° protons/MeV /Sr in the forward direc-
tion, which is 1 order of magnitude higher than that of
TNSA and RPA at the (much lower) cutoff energy [as the
solid lines show in Fig. 6(c)]. The low-energy spread
persists for a long time since the further contribution of
Coulomb explosion could be ignored, considering the
copropagating, collimated electron beam.

C. Scaling law study

Figure 5 illustrates the peak proton energy e, (black
asterisks) and energy spread (red triangles) as a function of
laser intensity /, obtained from 3D simulations, where the
other parameters remain almost the same. The numerical
results suggest that in peeler acceleration, the scaling of €,
satisfies

e, ~a(ly/I5)"?, (7)

1 M 1 ! 1000/
—_— . /9? [ ’
> P [
= AL e
51077 ¥ 8
[0} ] €o ~ s
S ’ - 10% O

i >
5 . -
I ’ 2
= 7 c
Q. ~ LU
ﬁ , /*
o)
o - 1%
10! +——rrrry — ] ———r
1020 1021 1022
Laser intensity [W/cm2]
FIG. 5. Peak proton energy €, (black asterisks) and energy

spread (red triangles) with varying laser intensity, where the other
parameters are kept almost the same as those of Fig. 2, except the
electron density, to avoid the relativistic transparency. The dashed
black line displays the best-fit scaling for peak proton energy.

with coefficients a~3.5 MeV and 1,3 = 10'"® W/cm?.
Though the scaling is similar to that of TNSA, the
proportionality factor « is significantly higher, which stems
from the high-quality electron beam characterized by large
particle number, high effective temperature, and small
divergence angle. More importantly, as the red triangles
show in Fig. 5, the energy spread always stays at an
extremely low level, and even with moderate intensity
Iy < 10 W/cm?, it is still less than 10%. Proton beams
with an energy spread at the 1% level can be stably
obtained as the laser intensity increases, which is the
key advantage of our scheme compared to the others. To
the best of our knowledge, no experiments or 3D PIC
simulations of laser-ion acceleration have reported such
high-quality ion beams [2,3,5]. We mention that Ref. [73],
where the experiments are performed with a CO, laser
system, reports a proton beam with an energy spread of 1%
but only about 10° protons within the peak.

IV. ROBUSTNESS OF THE SCHEME

Considering that in realistic experiments, there might be
some fluctuations existing in the initial laser and plasma
setups, we perform a series of 3D simulations to study the
robustness of our scheme.

Figure 6(a) presents the final proton energy spectra
obtained from the cases considering the changes of tape
width [, (black), thickness [, (green), and the incidence
angle 6; (blue), where, except for the ones given in the
legend, the parameters remain unchanged. One can see that
a monoenergetic proton beam with energy spread at the 1%
level and a peak energy of about 100 MeV can be robustly
obtained. The detailed proton parameters can be found in
the Table 1 of the Supplemental Material [74].
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FIG. 6. Robustness study and comparison. (a) Proton energy spectra from the cases with different fluctuations considered, including
the tape width /, (black), thickness [, (green), and the incidence angle 8; (blue). (b) Proton energy spectra considering the effects of laser
pointing stability. The blue and black solid lines represent the cases with misalignments of y, = 21 and y, = 44, respectively. In panels
(a) and (b), the red dashed line represents the results from Fig. 4(d), for comparison. For each case displayed by the solid lines, except the
difference given by the legend, the other parameters are the same as those described in the Figs. 2—4. (c) Electron (dashed lines) and
proton (solid lines) energy spectra obtained from the TNSA (black) and RPA (blue) mechanisms with the same laser parameters.

Furthermore, to realize a stable particle beam source in
experiment, the pointing stability of the laser is one of the
most critical parameters, as it causes a misalignment
between the laser focal spot center and the target center.
This parameter has already aroused great concern in other
experiments, such as laser-driven particle acceleration with
structural (or mass-limited) targets [50,75,76] and collision
of high-energy electrons with intense laser pulses [77,78].
In our scheme, the pointing stability may reduce the laser
intensity on target, and therefore, the obtained proton
energy would decrease following the scaling law of
Eq. (7). According to the transverse profile of the laser
pulse, one can easily estimate the attainable proton energy
from the value of the misalignment. For example, using the
laser parameters described in Sec. II, if the possible
deviations along the y direction are y; = 0.27r; (i.e.,
24) and 0.54r; (44), the obtained peak energies will be
reduced to about 97 MeV and 90 MeV, respectively. They
agree well with the 3D simulation results of about 95 MeV
and 90 MeV, as shown by the blue and black lines,
correspondingly, in Fig. 6(b). Therefore, we deduce that
to ensure the energy fluctuation is less than 10% (20%), the
laser spatial jitter should be smaller than 0.54r; (0.8r;).
The requirement in the bracket is already within the state of
the art [20,50,75-78], and much better performances can be
expected in the near future [79]. It is worth mentioning that,
to validate the key feature of this peeler scheme, i.e.,
monoenergetic proton energy spectra, the requirement on
the laser pointing stability is not stringent. From Fig. 5, we
can predict that even with a misalignment up to 2r;, a
proton beam with an energy spread of less than 10% can
still be obtained.

If the incidence angle is much larger than the divergence
angle of the tightly focused Gaussian laser pulse such as
10°, our 3D simulations show that the peak energy is
reduced to about 76 MeV while the energy spread stays
extremely low. The simulation results and explanations can

be found in Fig. S1 and Note 2 of the Supplemental
Material [74]. It is also noteworthy that in this geometry,
the effects of the laser pointing stability are rather small.
According to our 3D simulation results, even if the
misalignment is as large as 0.85r;, the energy fluctuation
is only about 3% because the peak intensity on target is
almost the same, and electrons can obtain efficient accel-
eration via the longitudinal field of the SPW (incident on
the front edge) or the superposition of incident and reflected
fields (incident on the lateral surface at small angles) [80].
The details can be found in Fig. S2 and Note 2 of
Supplemental Material [74].

We also conducted a 2D simulation with realistic
electron density (about 2000n,) and preplasma composed
of hydrocarbon (covered around the tape) considered; the
main physical process and results remain the same (see
Fig. S3 of the Supplemental Material [74]). Since protons
originating from the lateral surfaces are mainly accelerated
transversely, a highly monoenergetic forward proton beam
can be obtained. Neither energy spread nor the peak energy
of the proton beam is sensitive to the scale length of the
preplasma, which demonstrates that our scheme can toler-
ate the existence of an appropriate level of preplasma.

V. DISCUSSION

In our simulations, the tape length was [, = 454 (limited
by the simulation box size), which is 6 times larger than the
radius of the laser pulse. The time (about 457) for
electrons recirculating from the boundary along the z
direction is about 3 times longer than the pulse length
(about 17T,). When the electrons recirculate back from the
boundary, the high-energy protons are accelerated 10s A4
forward. Only those with lower energies could benefit from
this recirculation. Therefore, a further increase of the tape
length does not change the main results, like the peak
energy, energy spread, and proton number with the peak.
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In other words, in experiment, a very long tape along the z
direction can be used to validate our method. Targets with
similar parameters can be fabricated with current targetry
[81-83], and a possible approach to a high-repetition rate
operation of our scheme is to mount the targets in each
array of a target positioning system [82] (see details in
Fig. S4 and Note 4 of the Supplemental Material [74]).

As a baseline comparison, we also performed 3D
simulations with a laser pulse obliquely incident on a flat
target with incidence angle 30°, where the laser parameters
remained the same. The energy spectra of electrons and
protons are shown by the dashed and solid black lines in
Fig. 6(c), respectively. The effective temperature is much
lower, and the energy spectrum is broad, with a cutoff
energy about 5 times less than that in our scheme.
Furthermore, the blue lines correspondingly show the
results from a target with area density satisfying the optimal
condition of RPA [72]. Because of the effects of insta-
bilities [27,29,30], significant electron heating occurs, and
the target is penetrated during the acceleration. Therefore,
the electron temperature is even higher than that of TNSA
[30]. The proton energy spectrum 1is exponentially
decaying, and the maximum energy is only half of ours.

In recent experiments, Cristoforetti et al. observed
enhancements of both the flux and the cutoft energy of
protons by irradiating nanotube array targets with intense
laser pulses, where the SPW is excited at the entrance of the
tubes [84,85]. However, limited by the targetry, the
diameter of the nanotube is not optimal for the laser-
SPW coupling, and a thick substrate is necessary to hold
the nanotubes. Therefore, protons are still accelerated via
the standard TNSA, and the obtained energy spectrum is
exponentially decaying.

VI. SUMMARY

In summary, we proposed a robust scheme for achieving
high-energy proton beams with energy spread at the percent
level, where a longitudinal bunching and transverse focus-
ing field is self-established through irradiating a femto-
second laser pulse on an edge of a microscale tape. These
results illustrate the potential of achieving monoenergetic
high-energy ion beams in readily available femtosecond
laser facilities without stringent requirements on the laser
polarization and temporal pulse contrast. This novel inter-
action geometry also offers great opportunities for the
studies of high-energy-density physics, particle, and radi-
ation sources. For example, as the high-energy electrons
move forward, a large return current, and therefore a strong
quasistatic magnetic field, is induced, which could com-
press the plasma to an ultrahigh density [86,87] (see Fig. S3
of the Supplemental Material [74]). Therefore, we expect a
microscale ultradense Z pinch to form. By substituting the
target material with a deuterium-containing material, an
ultrafast neutron beam can be efficiently generated.
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