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Laser-driven time-limited light-sail acceleration of protons for tumor radiotherapy
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A laser-driven time-limited light-sail acceleration scheme for proton tumor radiotherapy is proposed, where a
whole spread-out Bragg peak (SOBP) dose delivery to the tumor region can be achieved with a single laser shot.
By using a proper match of laser and ultrathin foil target parameters, proton light-sail acceleration terminates
immaturely before the transverse instability grows up, resulting in the production of a proton beam with the
required highly peaked energy spectrum and sufficiently large particle number. A self-consistent combination
of three-dimensional particle-in-cell simulations and GEANT4 microdosimetry simulations in a water phantom
model demonstrates that our scheme is able to deliver a single-shot SOBP dose up to 1.76 Gy to cubic-centimeter-
scale volumes on a nanosecond timescale for shallow-seated tumors and around 0.56 Gy for deep-seated tumors,
where the deviations of dose equivalent in the flat SOBP region are both within the clinically acceptable range.
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Radiation therapy, also called radiotherapy (RT), is a major
cancer treatment method that uses high doses of radiation
to kill cancer cells. Proton RT is thought to be more ad-
vantageous than commonly used photon RT [1,2], because
the proton beam releases massive energy at a desired depth
decided by the beam energy, but only a small amount of the
dose is released along the beam path. These characteristics are
well known as the “Bragg peak” [3]. Through these character-
istics, the proton beam not only precisely irradiates the tumor,
but also minimizes harm to the surrounding normal tissues.
However, due to high cost and the large size of conventional
accelerators [4], only a small number of proton RT facilities
are in use worldwide. In this perspective, laser-driven proton
acceleration (LDPA) offers a potentially more compact and
cost-effective means of delivering proton beams for RT. On
the other hand, the proton beams delivered from laser-driven
accelerators are generally of an ultrashort duration, resulting
in radiobiological dose deposition at an ultrahigh dose rate,
many orders of magnitude higher than those from conven-
tional accelerators. This brings another beneficial FLASH
RT effect [5–10] that reduces radiation-induced damage in
healthy tissue without decreasing antitumor effectiveness.

Significant effort is ongoing to demonstrate the laser-
accelerated proton beam qualities required to make the above

*These authors contributed equally to this work.
†Corresponding author: bqiao@pku.edu.cn

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

proposition viable [11–19]. Remarkable advances have been
seen recently with a substantial proton energy increase in
experiments, when nanometer-scale ultrathin foil targets and
high-contrast intense lasers are applied. Now, proton beams
with the maximum energy close to 100 MeV can be ro-
bustly obtained [16,18], high enough for the therapy of several
shallow-seated tumors [1,20].

On the other hand, the clinical proton RT requires delivery
of a constant dose throughout the depth extent of the tumor
while minimizing the dose deposited behind its distal edge,
termed as a spread-out Bragg peak (SOBP) dose distribution
[21–23]. In contrast to conventional accelerator-based proton
RT, where monoenergetic pencil beams are produced and the
SOBP is achieved by scanning the complete depth of the
tumor with a weighted superposition of beams at a broad
energy window [24–26], laser-accelerated proton beams are
generally far from monoenergetic, but with a high charge.
As a consequence, if using a conventional energy selection
and scanning system [25], the particle loss is unacceptable.
Note that the broad energy spectrum from LDPA may already
contain the required energy window for SOBP with sufficient
amounts of protons to deliver enough of a dose for treatment
over a few or even a single laser shot. Therefore, a critical
challenge that LDPA needs to overcome before its application
in clinical RT is how to produce a proton beam with a proper
energy spectrum so that a uniform SOBP dose delivery to the
whole tumor region can be achieved.

In this Letter, we propose a scheme named time-limited
“light-sail” (LS) acceleration, as shown in Fig. 1(a), for
laser-driven proton RT, where the proton beam with the
required asymmetric energy spectrum (with a sharp distal
falloff at the high-energy range) can be obtained so that a
whole SOBP dose delivery to the tumor region is achieved

2643-1564/2023/5(1)/L012038(7) L012038-1 Published by the American Physical Society

https://orcid.org/0000-0001-7174-5577
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.5.L012038&domain=pdf&date_stamp=2023-03-20
https://doi.org/10.1103/PhysRevResearch.5.L012038
https://creativecommons.org/licenses/by/4.0/


LI, SHEN, YAO, WU, PUKHOV, AND QIAO PHYSICAL REVIEW RESEARCH 5, L012038 (2023)

FIG. 1. (a) Schematic of laser-driven proton RT. Quasimonoen-
ergetic protons accelerated from nm-thin foils enter the water
phantom after being selected by an energy selecting system (ESS).
(b) Required peak energies Epeak for treatment of cancers at different
depths [4,20]. (c) shows the ideal proton spectrum (red line) and the
corresponding SOBP dose distribution (black line). (d) Maximum
laser pulse duration τL for different treatment depths and a2

0/ζ .

with a single laser shot. In this scheme, under a proper
match between the target and laser parameters, the time for
proton LS acceleration is limited so that it terminates before
the transverse instability starts to grow rapidly. Therefore,
the electron heating and the energy spectral broadening in-
duced by hot electrons can be significantly suppressed. These
together lead to a suitable proton spectrum that can be
used to create a flat SOBP. A self-consistent combination
of three-dimensional (3D) particle-in-cell (PIC) simulations
and GEANT4 microdosimetry simulations in a water phantom
model demonstrates that protons accelerated by petawatt fem-
tosecond laser pulses are able to deliver a single-shot SOBP
dose up to 1.76 Gy to cubic-centimeter-scale volumes on a
nanosecond timescale for shallow-seated tumors, where the
deviations of dose equivalent in the SOBP region are within
the clinical acceptable range.

First, we consider a broad energy spectrum generally ob-
tained in LDPA. Based on the solution to the Boltzmann
kinetic equation for a proton distribution function, the exact
proton spectrum needed to achieve a SOBP dose deliv-
ery within a depth interval dmin < d < dmax is determined

as [27]

f (Ẽ ) = H (Ẽ − Ẽmin)H (Ẽmax − Ẽ )
Ẽ(

Ẽ2
max − Ẽ2

)0.57 , (1)

where H (x) is the unit-step function, Ẽ = E/mpc2 is the
normalized proton energy, Ẽmin,max = (ηdmin,max)1/1.715 with
η = 15ne/(mec2)e4/(4πε2

0mpc2), and ne the electron density.
According to Eq. (1), we calculate the required proton en-
ergies for the most common tumors [4,20] [see the different
colored markers in Fig. 1(b)]. As an example, in Fig. 1(c), we
correspondingly show the ideal proton energy spectrum given
by Eq. (1) (red line) for the therapy of shallow-seated tumors
and the obtained SOBP dose distribution (black). It is evident
that the energy spectrum is characterized by an asymmetric
profile with a slow rise and sharp distal falloff in energy. In
other words, Emax � Epeak is optimal to achieve a flat SOBP.

Second, among various LDPA mechanisms [28,29], one
promising option to obtain quasimonoenergetic proton beams
is to push a nanometer-scale foil target directly by laser radi-
ation pressure, known as the LS acceleration [30–33]. Ideally,
the peak energy is described by the LS model [32,34],

Epeak = ξ 2

2(1 + ξ )
mpc2, (2)

where ξ = 2π (Z/A)(me/mp)(a2
0τL/ζ ), Z/A is the charge to

mass ratio, a0 is the normalized laser intensity, τL is the nor-
malized pulse duration, and ζ = π (ne/nc)(l/λ). Here, nc, l ,
and λ correspond to the critical density, initial target thickness,
and laser wavelength, respectively.

However, in realistic situations, detrimental transverse in-
stabilities such as a Rayleigh-Taylor-like instability (RTI)
inevitably develop [35,36], and the accelerating foil becomes
severely deformed. A significant number of hot electrons are
produced, forming a moving hot electron cloud around the
accelerating foil. The additional acceleration of protons by
these moving hot electrons, where the mechanism is similar
to the target normal sheath acceleration in a moving reference
frame [34,37,38], has to be taken into account and results in
strong broadening of the energy spectrum, far from that of
Eq. (1).

Various methods have been proposed to stabilize the LS
acceleration such as via suppressing the development of the
transverse instability [33,35,36] and considering the dynamic
ionization of a high-Z coating in front of a thin foil [14].
The latter was demonstrated by recent experiment [39]. Here,
different from previous works which aimed to enhance the
peak energy or achieve quasimonoenergetic ion beams, we
focus on optimizing the obtained proton energy spectrum to
make it feasible for single-shot cancer therapy. To realize this,
we propose a scheme, named time-limited LS acceleration,
where the time for proton LS acceleration is limited so that
it terminates before the transverse instability starts to grow
rapidly. The upper limit of the pulse duration is determined
by the growth rate of transverse instability

τL[T0] � τRT � 136a−1
0

(√
2

κ
l[μm]λ[μm]

√
ne

nc

)1/2

, (3)
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FIG. 2. Isosurface of proton density and laser field Ey at (a) t = 7T0, (b) 12T0, and (c) 18T0 for the case with τL = 7. (e) The final energy
spectrum of protons within 10◦ for the cases with τL = 7 (red) and τL = 14 (black). (f) Angular distribution of protons at t = 18T0 for the case
with τL = 7. (g) Proton distribution at t = 25T0 for τL = 14. (d) and (h) show the longitudinal cuts (at y = 0) of the proton density distribution
in (c) and (g), respectively.

where τRT is the growth time of RTI [40], κ = (2c2 −
v2

osc)/2γ0c2, and vosc is the electron quiver velocity. Further-
more, by using a circularly polarized laser pulse, not only
the oscillating component of the j × B vanishes, but also the
Rayleigh-Taylor-like instability does not have time to develop
to the nonlinear stage. Therefore, the additional acceleration
caused by electron heating could be greatly suppressed and
the monoenergetic feature can survive especially the sharp
distal falloff feature in energy, i.e., a preferred spectrum with
Epeak � Emax can be obtained. By considering Eqs. (2) and (3),
the required τL and a2

0/ζ for different treatment depths can
be easily determined [see Fig. 1(d)]. This is important for the
parameter design and experimentation of future laser facilities
towards the treatment of various tumors.

In order to demonstrate the feasibility of our scheme, we
first conduct 3D PIC simulations with the EPOCH code [41].
To achieve a proper proton beam for the treatment of shallow-
seated tumors, based on Eqs. (2) and (3), we consider a laser
pulse with a0 = 38, τL = 7, and λ = 800 nm. The transverse
profile is fourth-order super-Gaussian with radius r = 5 µm to
save computational resources, while the temporal is Gaussian.
The main target is composed of fully ionized aluminum ions
with ne = 200nc and thickness 40 nm. At the rear surface,
we put a carbon-hydrogen layer to mimic contaminants. Its
thickness is 8 nm and the number density ratio of the proton to
carbon ion is H : C = 1 : 9. Substituting the above parameters
into Eq. (3) yields τRT ≈ 8.5, and therefore, to confirm the
effect of pulse duration, a simulation with τL = 14 and other
parameters remaining unchanged is performed. The simula-
tion box is 12 µm × 16 µm × 16 µm in the (x, y, z) directions,
respectively.

Figures 2(a)–2(c) show the laser field Ey and proton density
distribution at t = 7T0, 12T0, and 18T0, respectively. One can

see that protons are stably pushed forward by light pressure,
while the target remains opaque throughout the acceleration.
This is because the pulse duration is relatively short and the
transverse instability is significantly suppressed [comparing
Figs. 2(d) and 2(h)] since it does not have a sufficient time
to reach the nonlinear stage. The final proton beam is well
collimated [Fig. 2(f)]and the energy spectrum of pro-
tons within 10◦ is quasimonoenergetic with a peak energy
77.8 MeV, energy spread 10%, and more importantly, a rela-
tively sharp distal falloff with �E = Emax − Epeak ≈ 10 MeV
[red line in Fig. 2(e)]. There are about 109 protons within
full width at half maximum. Though this spectrum is not
exactly the same as the profile defined by Eq. (1), it has the
key asymmetric feature which ensures the production of a flat
SOBP dose distribution. Note that protons at the laser wing
side region inevitably undergo transverse thermal expansion
simultaneously during their LS acceleration [29,42,43], be-
cause the accelerating target deforms and electron heating
occurs at a later stage due to the transversely nonuniform laser
intensity distribution. This leads to the protons having larger
divergences when they are accelerated to higher energies. On
the other hand, protons near the laser axis undergo a sta-
ble radiation pressure acceleration (RPA) with no expansion,
achieving high energies with small divergences. Combining
these two groups of protons and further noting that the laser
intensity at the wing side is always comparatively lower, the
divergence of the proton beam has the feature of peaking at
moderate energies, shown in Fig. 2(f), which is inherently
different from that in the target normal sheath acceleration
[44,45].

For the therapy of cubic-centimeter-scale shallow-seated
tumors [46,47], we select protons within 10◦ [in experiment
this can be easily accomplished only via an aperture; see the

L012038-3



LI, SHEN, YAO, WU, PUKHOV, AND QIAO PHYSICAL REVIEW RESEARCH 5, L012038 (2023)

FIG. 3. (a) 3D distribution of a normalized proton dose for the treatment of shallow-seated tumors, and its projection on the (x, y) plane
(b). (c) Lineout of the physical dose curve (blue), effective dose curve (red), and ideal SOBP curve (black) along the x direction. In comparison,
the green dashed lines show the effective dose curve from the case with τL = 14. (d) Comparison of the effective dose curves obtained from
different cases. (e) The obtained proton spectrum for deep-seated tumors, where the black dashed line shows the spectrum by filtering out
protons with energy > 183 MeV. (f) correspondingly shows a lineout of the physical dose curve (blue), effective dose curve (red), and ideal
SOBP curve (black) along the x direction.

schematic Fig. 1(a)], and substitute their data [i.e., momentum
(px, py, pz) and energy E ] into GEANT4 [48] by the probabil-
ity sampling method to obtain the proton dose distribution.
In GEANT4, the inelastic scattering and nuclear reaction are
self-consistently considered. Note that in principle, the com-
plete ESS (specifically the solenoids) is not necessary for our
scheme since we only select protons within a certain angle.
However, for more realistic irregular tumors, one may need
the complete ESS to manipulate the proton beams precisely to
conform to the specific shape of the tumors.

Figure 3 shows the results of the proton energy deposition
in water. In Fig. 3(a), one can clearly see a rather flat spread
peak in the 3D dose distribution, corresponding to the SOBP
region. Its extent in depth, defined as the distance between
the distal and proximal 90% points of the peak dose [49], is
located at 30–48 mm in the x direction [red line in Fig. 3(c)],
and in the y and z directions [Fig. 3(b)], it is within −10
to 10 mm. In this region, the effective dose is about 1.76
GyE, comparable to the dose requirement (∼2 Gy/fraction)
for the therapy of shallow-seated tumors. Therefore, it is
promising to achieve a whole SOBP dose delivery to the
tumor region with a single laser shot. Further, we evaluate
the obtained dose compliance. Within the SOBP, the devia-
tion of the dose equivalent δ varies from −2.98% to 2.35%
and the normalized standard deviation of the dose equiva-
lent σ = DSTDEV/Dmean = 2.31%, where Dmean is the average
dose and DSTDEV is the standard deviation. This indicates that
the obtained dose uniformity is within the requirements of
clinical RT. Moreover, compared to the ideal SOBP [black line
in Fig. 3(c)] simulated from the spectrum given by Eq. (1), one
can see that the differences are minor except a slightly wider

distal falloff width wd (about 4.3 mm), defined as the width of
distal dose falloff from 80% to 20% points of the peak dose
[49]. The detailed comparisons are shown in Table I. Notice
that compared to the other known regimes, our scheme does
not require the sophisticated ESS (especially the solenoids) to
generate the pencil-like proton beams and therefore can avoid
the huge particle loss. Moreover, the protons of interest here
are those with energies close to the cutoff energy instead of
the low-energy ones. This determines that to treat tumors at
the same depth, the required laser power (or intensity) in our
scheme can be much lower.

During the proton transport, the proton bunch duration
spreads in time to about 0.35 ns, leading to an instantaneous
dose rate (IDR) high up to 5.0 × 109 Gy/s, several orders of
magnitude higher than that from conventional accelerators.
Such a high dose rate is important for the investigation of
the FLASH RT effect. In addition, to further reduce the wd ,
an ESS [see Fig. 1(a)] can be used to optimize the energy
spectrum [10,50]. For example, by filtering out protons with
energy >80 MeV [blue dashed line in Fig. 2(e)], the obtained

TABLE I. Properties of the SOBP dose distribution in Fig. 3(d).

wSOBP wd

(mm) (mm) δ σ

Ideal SOBP 29.6–48.3 1.0 −3.24% to 2.11% 1.73%
Without cutoff 30.1–47.9 4.3 −2.98% to 2.35% 2.31%
ε = 80 MeV 29.7–47.4 2.7 −3.77% to 3.37% 2.48%
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SOBP dose distribution [red line in Fig. 3(d)] is very close
to the ideal one (black dashed). This also demonstrates that
our results are not sensitive to the potential small fluctuations
existing in proton beams.

In comparison, for the case with τL = 14, induced by the
nonlinear development of the transverse instability [Fig. 2(h)]
and severe electron heating, the obtained proton energy spec-
trum is significantly broadened [black line in Fig. 2(e)] with
�E ≈ 20 MeV. The spectrum shows an almost symmetric dis-
tribution, instead of an asymmetric one required for producing
a flat SOBP. Therefore, the obtained proton dose distribution
no longer shows a flat SOBP dose distribution [see the green
dashed line in Fig. 3(c)]. This demonstrates the importance of
the time-limited LS acceleration in obtaining suitable energy
spectra towards laser-driven proton RT.

For the treatment of deep-seated tumors such as lung can-
cer, the required proton peak energy is about 180 MeV [51].
According to Eqs. (2) and (3), we further perform a 3D simu-
lation where a laser pulse with a0 = 66 and τL = 7 is used and
the target parameters are correspondingly set as ne = 300nc,
d1 = 48 nm, and d2 = 8 nm.

Figure 3(e) shows the obtained proton energy spectrum
(red line) which is peaked at about 180 MeV and has an energy
spread of about 8%. By substituting the obtained proton data
into GEANT4, we observe a flat SOBP dose distribution [red
line in Fig. 3(f)] locating at 160–210 mm in the x direction
and −18 to 18 mm in the transverse directions. The effec-
tive dose is 0.56 GyE with δ from −1.81% to 6.75%, σ =
1.86%, and wd = 8.0 mm. The IDR is about 2.4 × 109 Gy/s.

Note that here to optimize the dose distribution, we filter
out protons with energy >183 MeV [black dashed line in
Fig. 3(e)]. Moreover, the treatment of deep-seated tumors
requires a higher dose of about 5 Gy/fraction [51], which
means at least 9 proton beams are required in a single treat-
ment. Considering that a reasonable treatment time is around
1 min [52], the laser repetition rate should be about 0.15 Hz,
which can be easily achieved with state-of-the-art PW laser
facilities [53].

In conclusion, a scheme for generating monoenergetic pro-
ton beams with a sharp distal falloff energy spectrum suitable
for laser-driven proton RT has been proposed, where time-
limited LS acceleration is achieved by properly matching
the laser and target parameters. A systematic study self-
consistently combining 3D PIC and GEANT4 simulations was
performed to show that a single-shot proton beam can deliver
a flat SOBP distribution with dose up to Gy, where the dose
uniformity is within the requirements of clinical treatment.
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