
Evanescent-wave proton postaccelerator driven by intense THz pulse

L. Pálfalvi,1* J. A. Fülöp,2,3 Gy. Tóth,1 and J. Hebling1,2
1Department of Experimental Physics, University of Pécs, 7624 Pécs, Hungary

2MTA-PTE High-Field Terahertz Research Group, 7624 Pécs, Hungary
3ELI-Hu Nkft., 6720 Szeged, Hungary

(Received 15 February 2013; revised manuscript received 27 November 2013; published 11 March 2014)

Hadron therapy motivates research dealing with the production of particle beams with
∼100 MeV=nucleon energy and relative energy fluctuation on the order of 1%. Laser-driven accelerators
produce ion beams with only tens of MeV=nucleon energy and an extremely broad spectra. Here, a novel
method is proposed for postacceleration and monochromatization of particles, leaving the laser-driven
accelerator, by using intense THz pulses. It is based on further developing the idea of using the evanescent
field of electromagnetic waves between a pair of dielectric crystals. Simple model calculations show that
the energy of a proton bunch can be increased from 40 to 56 MeV in five stages and its initially broad
energy distribution can be significantly narrowed down.
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I. INTRODUCTION

The development of particle accelerators is strongly
motivated by medical applications, such as hadron therapy.
Damaging tumor cells requires a collimated beam of
monoenergetic (monochromaic) ions with 70 to 250 MeV=
nucleon energy [1,2]. When such a beam interacts with
(human) tissue, most of its energy is lost at a well-defined
depth determined by the initial ion energy, and the ions
damage the tissue predominantly at this depth. This method
is much more selective than using γ rays, where the dose
density is proportional to the intensity and decreases
exponentially with the penetration depth. However, the
few microwave ion accelerators, being in medical applica-
tionworldwide, are large-scale facilitieswith extremely high
operational costs. Thismakes thewide-spread application of
hadron therapy difficult.
Alternatively, ion beams can also be produced by

irradiating solid [3–7] or gas [8] targets by short laser
pulses with typical intensities of 1020 W=cm2, delivered by
compact high-power laser systems. The highest so far
proton energy reported from a laser-driven proton accel-
erator (LDPA) with a solid target is 58 MeV [3], which is
the high-energy edge of an extremely broad energy
spectrum. Additionally, the particle beam has large diver-
gence. Focusing quadrupole magnets [9,10] or laser-driven
microlenses [11,12] were used for beam collimation, which
only increase the spatial concentration of protons belonging
to a narrow energy band. Since the energy distribution of

the protons remains constant, this only means narrow-band
filtering rather than real monochromatization. By using a
train of multi-terawatt CO2 laser pulses interacting with a
gas jet, proton beams with 20MeVenergy and an extremely
narrow relative energy spread of about 1% were achieved
[8]. However, besides the low proton energy, strong shot-
to-shot energy fluctuation hinders (medical) application of
this source.
Monoenergetic proton beams with sufficient energy for

hadron therapy cannot be achieved directly by laser-based
accelerators today. Even though conventional (microwave)
accelerator technology could, in principle, be suitable for
postacceleration of ions generated by laser-based ion
sources, the use of such large-scale devices would abandon
the main advantage of laser-based sources: their compact-
ness. Recently, a more compact microwave accelerator, the
side-coupled drift tube linac was proposed [13,14].
Another compact, laser-based postaccelerator was pro-

posed for electron bunches [15], which uses the evanescent
field in the vacuum gap between closely spaced dielectric
materials. However, the use of visible or near-infrared laser
pulses is not feasible, since the penetration depth of the
evanescent field scales with the wavelength, and free
propagation of particle beams requires at least a 50 μm
gap size. Efficient acceleration also requires precise syn-
chronization between the particle and the accelerating field:
the velocity of the field should be adjusted to the instanta-
neous velocity of the particle. Reference [15] does not
address synchronization issues. Solutions like varying
either the refractive index of the medium, or the angle
of incidence, or making the interface surface curved are
impractical especially in the case of microwaves because of
their long wavelength [16].
In this paper we propose a compact, entirely laser-based

method for both postacceleration and monochromatization
of the proton beam produced by a LDPA in order to make
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such sources suitable for hadron therapy. The proposed
method, similarly to Refs. [15,16], uses the evanescent field
for acceleration. The essential improvement is to use
intense THz pulses undergoing total internal reflection at
a dielectric-vacuum interface. The few-hundred μm wave-
length of THz pulses naturally fits to typical sizes of proton
beams, and focusing THz radiation by centimeter-sized
optics is easy. The proposed method requires (near-)single-
cycle pulses with a mean frequency around 1 THz and peak
electric field strength of at least 1 MV=cm over a few
centimeters distance. The THz pulse can be generated by
the same laser pulse used for driving the LDPA. Besides its
compactness, this integrated solution inherently provides
accurate synchronization between the preaccelerated par-
ticle bunch and the postaccelerating THz field. Important
details of synchronization will also be addressed, namely,
the adequate setting of parameters such as the initial phase
between the accelerating field and the particle, the phase
velocity of the accelerating field, and the acceleration
length.
The development of intense pulsed THz sources has

witnessed a tremendous progress during the last decade.
With the proposal of tilted-pulse-front pumping (TPFP),
efficient optical rectification of femtosecond laser pulses in
highly nonlinear materials, such as LiNbO3 (LN), became
available [17]. Since then, this technique has been provid-
ing the highest THz pulse energies ever achieved with
table–top sources [18–20], recently reaching 125 μJ [20],
and also the highest conversion efficiencies [21]. Up to
1 MV=cm peak electric field strength was reported [22] by
focusing lower-energy pulses with about 1 THz mean
frequency. Further substantial increase can be expected
both in terms of THz pulse energy as well as peak electric

field strength by using optimal pump pulse duration [23],
cooling the LN crystal [23], and using the contact grating
technique [24] for TPFP to allow a large pumped area. It
can be expected in the near future that THz pulses with
mJ-level energy in the 0.1–1 THz frequency range will be
available from TPFP sources driven by sub-Joule-class
efficient diode-pumped solid-state lasers, making the
construction of compact proton postaccelerators feasible.
The paper is organized as follows. In Sec. II, we first

describe the THz evanescent-wave proton postaccelerator
and the accelerating electromagnetic field. Then, the
acceleration of a single proton is analyzed both in the case
of single and multiple accelerator stages. In Sec. III, the
acceleration of proton bunches is discussed. Section IV
contains a brief summary.

II. THE THZ EVANESCENT-WAVE PROTON
POSTACCELERATOR

A. The accelerating field

The scheme of the THz-driven evanescent-wave accel-
erator is shown in Fig. 1. Protons with an initial velocity v0
in the x direction enter the vacuum gap between the two
symmetrically arranged dielectric prisms with refractive
index n. The accelerating evanescent field in the gap is
generated by two identical and synchronized THz pulses,
both impinging on the vacuum-dielectric interfaces at the
same angle of incidence α ≥ αc, with αc ¼ arcsinð1=nÞ
being the critical angle for total internal reflection.
Assuming p polarization for the incident THz waves,
the electric and the magnetic fields in the vacuum gap
are given by the following expressions [15]:
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Here, ξ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2sin2α − 1

p
, γ ¼ nξ

cos α, ρ ¼ expð−2itan−1γÞ,
τ ¼ 2n

1þiγ, k is the magnitude of the wavevector in vacuum,
and Ein;0 is the amplitude of the electric field inside the
dielectric. Except the symmetry plane, the electric field
of the evanescent wave has both a parallel (x) and a
perpendicular (z) component to the interface. While the x
component of the electric field is responsible for particle
acceleration, Ez and By exert a deflecting transversal force
Fz ¼ qðEz − vByÞ, with v being the proton velocity, and q
being the proton charge. Fz, which is out of phase by 90°
relative to the longitudinal electric field component, can
lead to focusing or defocusing of the proton beam. In the

ðx; yÞ symmetry plane the electric field has only an x
component, and the magnetic field vanishes. The phase
velocity of the evanescent wave parallel to the interface is
vTHz ¼ c=n sinðαÞ. By varying α between αc and 90°, vTHz
can be adjusted between c and c=n, thereby allowing the
synchronization between the particles and the accelerat-
ing field.
A practical choice for the dielectric medium is LN, since

it has a large THz refractive index (n ≈ 5) enabling
synchronization to a wide range of proton energies.
However, the most important advantage of LN is that
the accelerator structure can be easily and efficiently

PÁLFALVI et al. Phys. Rev. ST Accel. Beams 17, 031301 (2014)

031301-2



combined with the THz source by using the same two
pieces of LN both for TPFP as well as for evanescent-field
generation. By using optimal pump pulse duration for THz
generation, and cooling LN to 10 K (which reduces its THz
absorption) single-cycle THz pulses with peak electric
fields exceeding 2.6 MV=cm can be expected directly
(i.e. without focusing) from a LN based TPFP source
[23]. Using the Fresnel formula, this means an Ein;0 ¼
1.56 MV=cm value inside the crystal with corresponding
peak intensity of 3.2 × 1010 W=cm2. Throughout the cal-
culations, this value was assumed for the in-crystal field
amplitude when the evanescent field was determined, and
ω=2π ¼ 0.5 THz was assumed for the frequency (unless
mentioned otherwise). For the sake of simplicity, the incom-
ing THz pulse was supposed to be consisting of a single-
cycle sine oscillation: Einðr; tÞ ¼ Ein;0 sinðωt − krÞ×
fðωt − krÞ, where fðφÞ ¼ 1 if 0 ≤ φ ≤ 2π, and 0 other-
wise. We note that in this case the Lawson-Woodward
theorem [25] does not apply, since the interaction between
the particle and the THz field is restricted to a finite region,
because of the finite length of the crystal. Furthermore, the
dispersion of LN is sufficiently low to avoid any significant
distortion of the THz pulse over propagation of a few
centimeters.

B. Acceleration of a single proton

In order to explore the maximum achievable proton
energy boost, we first consider a single proton moving in
the symmetry plane of the setup with initial velocity v0
parallel to the x direction. In this plane the magnetic field

vanishes and the electric field has only the longitudinal (x)
component, which can be written as

Exðx; z ¼ 0; tÞ ¼ E0 sinðωt − κxþ ϕ0Þfðωt − κxþ φ0Þ;
(2)

with κ ¼ nk sin α, and E0 ¼ Ein;0½2τξ expð−kdξ=2Þ�=
½1 − ρ expð−kdξ=2Þ�. Let vðtÞ denote the velocity of the
particle, and φðtÞ ¼ ωt − κxðtÞ þ φ0 the phase of the field
at the location of the particle, where ϕ0 is the phase of the
accelerating field at the position and time where and when
the particle enters into the accelerator. The equation of
motion is the following:

dp
dt

¼ d
dt

�
mvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − v2=c2
p

�
¼ qE0 sinðφÞ: (3)

By applying dp=dt ¼ ðdp=dvÞðdv=dφÞðdφ=dtÞ, and
taking into account dφ=dt ¼ ωð1 − v=vTHzÞ Eq. (3) can
be rewritten as

ðv − vTHzÞ
�
1 − v2

c2

�−3
2 dv
dφ

¼ avTHz sinðφÞ; (4)

where a ¼ qE0=ωm differs from the normalized vector
potential only in a factor of c [26]. The form of Eq. (4)
allows one to determine the particle’s final velocity directly
from the experimentally important (and easily controllable)
phase parameters rather than having to consider the detailed
temporal evolution of it. The solution of Eq. (4) gives for
the final velocity of the particle

vðϕ;ϕ0Þ ¼
c4vTHz �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g4c2 þ g2c4v2THz − g2c6

p
c2v2THz þ g2

; (5)

where

gðϕ;ϕ0Þ ¼
c2 − v0vTHzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 − v20
p cþ avTHz½cosðϕ0Þ − cosðϕÞ�:

(6)

It is obvious that the maximal work can be extracted
from the THz pulse if the particle passes through the entire
positive half cycle of the sine wave twice (back and forth)
as it is shown by the thick solid curve of Fig. 2. Please
notice that there is a v�THz threshold THz velocity value (see
Fig. 2). If vTHz < v�THz the particle is continually accel-
erated along a trajectory shown by the thick dashed line in
Fig. 2. If vTHz > v�THz the acceleration ceases at the φ ¼ 0
position, and the particle drops out of the pulse, as indicated
by the thick dotted line in Fig. 2. If vTHz ¼ v�THz the particle
travels through the ϕ ¼ π → ϕ ¼ 0 → ϕ ¼ π trajectory
(thick solid line in Fig. 2). v�THz can be determined by
making equal vTHz with the velocity vðϕ;ϕ0Þ given by

FIG. 1. Scheme of the THz-driven evanescent-wave
postaccelerator.
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Eq. (5) for φ ¼ 0; φ0 ¼ π. It is important to note that
although the energy gain is maximal if vTHz ¼ v�THz, the
interaction length becomes infinite, which is impractical.
Furthermore, the φ ¼ 0 state is unstable. As an example we
consider the acceleration of a single proton with 40 MeV
initial energy (v0 ¼ 0.283 × c). In this case v�THz ¼
0.2871 × c, and vTHz ≈ v�THz can be achieved by setting
the incidence angle of the THz beam to α ¼ 45.63°; the
initial phase can be set by delaying the TPFP pump pulse.
The accelerating electric field amplitude in the z ¼ 0 plane
with d ¼ 50 μm vacuum gap becomes E0 ¼ 1.71 MV=cm
(see also Section II A). Obviously, the maximal proton
energy gain (about 2.6 MeV) can be reached when vTHz ≈
v�THz (thick solid line in Fig. 2).
This requires an acceleration length of 2.8 cm, which can

be set by choosing an appropriate beam diameter for the
incoming THz fields. In the case of larger interaction
length, the proton enters the deceleration regime (thin solid
line). If vTHz < v�THz, the maximum proton energy gain is
reduced (dashed line). If vTHz > v�THz, the proton gets
dropped out of the THz pulse at ϕ ¼ 0 even before reaching
v ¼ v�THz (dotted line). We note that the structure of the
phase diagrams is similar to the well-known separatrix used
in the field of free-electron lasers [27]. We also note that at
0.25 THz frequency the vacuum gap was set to the more
practical value of d ¼ 100 μm, and the electric field
amplitude has to be E0 ¼ 0.7 MV=cm in order to extract
the same energy from the pulse as at 0.5 THz consid-
ered above.
Efficient acceleration requires centimeter-scale distan-

ces. As a consequence, for oblique incidence required by
synchronization, the THz propagation length inside LN
can vary by several centimeters across the beam. Material
dispersion could cause a significant nonuniform length-
ening of the single-cycle THz pulse, thereby continuously
reducing the field amplitude along the acceleration length
and hindering efficient energy transfer to the proton. As a

simple estimate, the difference between phase and group
delays gives a lower limit on the pulse length. In our above
example this difference is only 0.7 ps, which is shorter
than the typical length of (near-)single-cycle THz pulses.
Therefore, dispersion effects were neglected here.

C. Multistage acceleration

The optimization described in Sec. II B gives the way to
extract the maximum energy from a THz pulse. In order to
achieve a significantly higher-proton-energy gain sufficient
for hadron therapy the sequential arrangement of such
accelerator units is needed. Please note that staging also
provides a means to particle-field synchronization during a
high-energy-gain acceleration process. Figure 3 shows the
calculated output proton energy for a sequence of 12
accelerator stages. For the first stage the initial proton
energy was 40 MeV. In each stage, the THz phase velocity
was adjusted to the actual incoming proton energy. A stage-
to-stage increase of the proton energy gain can be observed.
The superlinear behavior can be explained by the increase
in interaction length with increasing input velocity. For
example, after the seventh stage the proton energy reaches
70 MeV, which can already be sufficient for certain hadron
therapy applications. After stage 12, the 100-MeV energy
level can be reached.

III. ACCELERATION OF PROTON BUNCHES

In Sec. II the acceleration of a single particle moving in
the symmetry plane of the THz evanescent-wave accel-
erator was analyzed. However, it is of major practical
importance to describe the motion of a particle bunch. Our
General Particle Tracer simulations show that in the case of
a proton bunch with typical spatial dimensions and ∼105
proton number [8], the space charge effect is negligible,
while in the case of bunches under the circumstances given
in Ref. [3] with ∼1013 proton number it is significant. Our
simulations show that in the case of a proton bunch with a
typical size, the space charge effect has significance only

FIG. 2 . Proton velocity vs phase ϕ for vTHz ¼ v�THz (solid line),
vTHz < v�THz (dashed line), and vTHz > v�THz (dotted line) THz
phase velocities. The interaction within one half cycle of the field
is shown by the thick part of the curves.

0 4 8 12
40

60

80

100

pr
ot

on
 e

ne
rg

y 
(M

eV
)

number of acceleration stage

E
0

 = 1.71 MV/cm

ω / 2π = 0.5 THz

FIG. 3. Proton energies after subsequent units of a 12-stage
accelerator sequence.

PÁLFALVI et al. Phys. Rev. ST Accel. Beams 17, 031301 (2014)

031301-4



above ∼107 proton number. Proton bunches with ∼107
particles can deliver the necessary dose for hadron therapy
within a few minutes if 10 Hz repetition rate is assumed [1].
Therefore, in the following discussion, the Coulomb
interaction is neglected when the motion of the particles
in the external THz field is described.
Besides the longitudinal electric field component,

for a particle bunch it is also necessary to take into
account the transversal electromagnetic force given by
Fz ¼ qðEz − vByÞ, which can lead to focusing or defocus-
ing effects in the proton beam. The amplitude of the
accelerating longitudinal electric field component Ex,
and the absolute value of the amplitude of the transversal
force acting on a unit charge fz ¼ jFz=qj are plotted versus
the transversal coordinate in Fig. 4 for the case of a
symmetric structure with the same parameters mentioned
in Sec. II. We note that Fz is by 90° out of phase relative to
the longitudinal force, since both Ez and By are by the same
amount out of phase relative to Ex. As the particle leaves
the phase belonging to the maximal longitudinal accelerat-
ing forces the transversal force starts to focus or defocus the
particle beam.

A. Monochromatization and transversal-field effects

In course of the model calculations a proton bunch with
uniform energy distribution spanning the 40.1–41.6 MeV
range was assumed, corresponding to a high-energy nar-
row-band slice of a typical LDPA proton beam. It was
assumed, that each of the N ¼ 100 considered protons
leave the LDPA simultaneously. The distance of the
evanescent accelerator from the LDPA was set such that
the slowest (i ¼ 1) and fastest (i ¼ 100) proton should
reach the accelerator with a time delay equal to half of the
THz oscillation period. For 0.5 THz frequency this con-
dition limits the distance to 5 mm. Since LDPA proton

beams typically have a relatively large divergence, this
short distance allows coupling the beam efficiently into the
THz-driven postaccelerator. On the other hand, although at
this distance the intensity of the LDPA driving laser
decreases typically by 4 orders of magnitude, it can damage
the dielectric prisms. In the future when a more detailed
design of such a postaccelerator setup is done, this danger
has to be taken into consideration.
For applications in hadron therapy, monoenergetic

proton beams with high energy are required. Therefore,
besides boosting the proton energy, another important goal
is the monochromatization of the energy spectrum. Our
calculations show that by adequate setting of the param-
eters vTHz, φ0, and the acceleration length lacc it is possible
to achieve that most of the particles leave the accelerator
with about the same energy. In Fig. 5, the initial and output
energies can be seen for each proton corresponding to
parameters vTHz ¼ 0.2871 × c, ϕ0 ¼ 3 rad for the slowest
(i ¼ 1) particle, and lacc ¼ 1.25 cm. The latter value gives a
good compromise between maximizing the average energy
gain and achieving a high degree of monochromatization.
For comparison, as it was mentioned in Sec. II, lacc ≈
2.8 cm would be required to maximize the proton energy.
As it can be seen in Fig. 5, about 50% of the accelerated
protons have an energy which falls within �0.25% of the
42.37 MeV mean energy.
The transversal motion of the particles, which could lead

to beam focusing or defocusing, was also analyzed. The
transversal force is zero in the symmetry plane and
increases with the distance from the plane (Fig. 4). It
was also taken into consideration that the transversal force
is by 90° out of phase relative to the longitudinal force. As
an example, the curves in Fig. 6 represent the transversal
motion of three particles during the acceleration process,
which belong to the beginning (i ¼ 20), to the middle
(i ¼ 40) , and to the end (i ¼ 60) of the plateau in Fig. 5. In
order to consider the most pessimistic case, it was assumed
in the calculations that each proton is at the edge
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(z ¼ 5 μm) of the proton beam with a typical diameter of
10 μm when they reach the accelerator. As is evident from
Fig. 6, the focusing effect is dominating rather than
defocusing, and the variation of the z coordinate remains
below 8% for each particle during the entire acceleration
process. The inset of Fig. 6 shows that the transversal
motion has no significant effect on the distribution of the
longitudinal velocity component at the accelerator output.
Very good coincidence is found between the curve belong-
ing to the realistic case, when both longitudinal and
transversal forces are present (solid line) and the curve
belonging to the case, when particles move in the symmetry
plane without any transversal force (dashed line).

B. Multistage acceleration of proton bunches

Multistage acceleration of proton bunches was also
investigated. The strongly reduced energy spread of a large
part of the protons in the bunch (Fig. 5) gives the possibility
of putting the second accelerator significantly further (in
the simulations 30 cm) away from the first. This enables
one to use compact insertion devices (e.g. a miniature
quadrupol magnet doublet) for collimating the proton beam
[28,29], allowing for the transmission of a large part of the
protons through the gaps of a large number of acceleration
stages. The more technical details of using insertion devices
is not a subject of the present paper. For each stage the
parameters were set to obtain a good compromise between
monochromatization and energy gain. For the sake of
simplicity, the transversal motion was neglected. Results
of acceleration in five steps are shown in Fig. 7.
It can be seen that the ratio of monochromatized particles

decreases with the number of the stage, but even behind the
fifth stage still ∼10% of the originally considered particles
fall into the �0.35% range of the 52 MeV mean energy.
Additional improvement can be achieved in terms of

both energy gain and monochromatization if a longer THz
wavelength is used. Figure 8 shows the results obtained for

0.25 THz frequency. Comparison with Fig. 7 shows that the
56 MeV average energy in the fifth stage is significantly
larger than the 52 MeVobtained for 0.5 THz. Similarly to
the 0.5 THz case 10% of the particles fall into the �0.35%
range of the peak energy in the fifth stage. One important
advantage of the longer THz wavelength is that it allows
one to have a wider vacuum gap between the LN blocks.
We note that the proposed method can be applied for the

acceleration of ions (e.g. carbon) as well, provided that
synchronization between the particle and the accelerating
field can be realized. This requires the initial velocity of the
ions to be in the range between c and c=n. Naturally, for
ions this means larger input energy than for protons.

IV. SUMMARY

An evanescent-field proton accelerator driven by single-
cycle, high-field and high-energy THz pulses was proposed
and analyzed. The main advantage of the THz-driven
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accelerator is that the 0.1–0.5 THz frequency range
naturally fits in wavelength to practical sizes of proton
beams generated in laser-driven proton accelerators. Since
the same laser pulse can be used to drive the LDPA as well
as the THz source, high-precision synchronization between
the accelerating field and incoming particle is inherently
fulfilled. A practical realization of the setup is made up of a
vacuum gap between two symmetrically arranged LN
prisms. This allows one to combine both TPFP THz source
and evanescent-field generation into a single pair of LN
blocks, thereby leading to a very compact setup.
A simple model was used for analyzing and optimizing

the acceleration of a single proton by the single-cycle
evanescent field. Conditions for the highest proton energy
gain were given. It was shown by numerical calculations
that a quasimonoenergetic proton bunch can be generated
by simultaneously increasing the proton energy. In order to
reach the necessary energy, the accelerator stages can be
used sequentially, thereby also allowing the precise adjust-
ment of the synchronization during the acceleration proc-
ess. As an example, it was shown that the energy of a
40 MeV proton bunch can be boosted by 28% in a five-
stage accelerator sequence, and a simultaneous monochro-
matization of the energy distribution can be achieved
resulting in a smaller than 1% energy deviation for 10%
of the protons.
It is important to note that since the investigation of the

proposed postaccelerator device is in an initial state, there is
need for more accurate and detailed modeling in the future.
The proposed method holds promise to contribute to the
realization of compact and flexible hadron therapy
machines, as well as to enable other applications for
LDPAs requiring narrow-energy-spread proton beams.
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