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Abstract

A new mechanism is suggested for efficient proton acceleration in the GeV energy range; applications to non-

conventional high intensity proton drivers and, hence, to low-energy (10–200MeV) neutrino sources are discussed. In

particular, we investigate possible uses of these sources to explore subdominant n̄m ! n̄e oscillations at the atmospheric

scale and their CP conjugate. We emphasize the opportunity to develop these facilities in conjunction with projects for

inertial confined nuclear fusion and neutron spallation sources.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the light of strong evidence [1] for neutrino
oscillations coming from atmospheric and solar
neutrino experiments, recently corroborated by
e front matter r 2004 Elsevier B.V. All rights reserve
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reactor and accelerator results, a very peculiar
texture of the leptonic mixing matrix is emerging.
Current results point towards two hierarchical
mass scale differences1 (Dm2

125jDm2
13j ’ jDm2

23j)
driving, respectively, the oscillations at the ‘‘solar’’
d.

1We assume here only three active neutrinos with masses m1;
m2 and m3; hence, only two independent mass scale differences

exist (Dm2
12 � m2

2 � m2
1 and Dm2

23 � m2
3 � m2

2) since Dm2
13 ¼

Dm2
23 þ Dm2

12:
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and ‘‘atmospheric’’ scales. The corresponding
mixing angles are large but the interference
between the two scales (sub-dominant nm ! ne
oscillations at E=L � jDm2

23j; L and E being the
neutrino path-length and energy) has never been
observed [2,3]. The leptonic mixing matrix (Ponte-
corvo–Maki–Nakagawa–Sakata (PMNS) [4]) is
usually parametrized [5] as
Uðy12; y13; y23; dÞ ¼

c12c13 s12c13 s13

�s12c23 � c12s23s13e
id c12c23 � s12s23s13e

id s23c13e
id

s12s23 � c12c23s13e
id �c12s23 � s12c23s13e

id c23c13e
id

0
B@

1
CA (1)
with sij ¼ sin yij and cij ¼ cos yij; current data
suggest [6] at 90% confidence level 35	oy23o55	;
y12 ¼ 32:5	 
 2:4	 and small values for y13 (t10	),
i.e. they support a ‘‘bi-large’’ PMNS. In fact, in the
limit y13 ! 0; the matrix becomes real-valued and
the complex CP violating phase turns out to be
unobservable. It follows that the possibility to
determine the ð1; 3Þ sector of PMNS experimen-
tally—i.e. the off-diagonal factor Ue3 � s13e

�id—
and, in particular, the Dirac phase d critically
depends on the size of y13: No theoretical inputs
are available to constrain the size of y13 and d in a
convincing manner, so that its experimental
determination is mandatory. Such determination
can be carried out at accelerators either measuring
the size of the subdominant nm ! ne (n̄m ! n̄e)
oscillation probability at the atmospheric scale or
its T-conjugate ne ! nm (n̄e ! n̄m). This measure
will likely be the most challenging task of future
long-baseline neutrino oscillation experiments
and, for y13 values significantly smaller than
current limits, traditional accelerating techniques
will be unable to provide the requested intensity
and purity. Therefore, interest for unconventional
neutrino sources has steadily grown in recent
years, e.g. to the proposals of the neutrino
factories [7] or the Beta-beams [8].

Along this line, in this paper we consider a wide
synergic scenario between nuclear and neutrino
physics programs connecting the long-term devel-
opment of facilities for laser-driven inertial con-
finement fusion (ICF) and the possibility of
obtaining an ultra-intense low-energy (1–2GeV)
proton driver for neutrino studies and spallation
neutron sources (see appendix). Such a link is
made possible if an efficient laser-based accelera-
tion mechanism is available in the near future.
This mechanism is described in detail in Section 2.
The connection with neutrino physics results from
the following consideration. Sources of neutrinos
with energy beyond the m production threshold in
nm charged-currents (CC) interactions are not
strictly necessary to explore the magnitude and
phase of U e3: In principle, a high-intensity source
of nm and n̄m with energy of the order of a few tens
of MeV would suffice to search for nm ! ne
appearance and its CP-conjugate at baselines of
L � 10 km: The neutrinos come from pion and
muon decays at rest (DAR) and the pions can be
produced by a high-current proton beam dump
facility. These beams, if available with proper
intensity would provide simultaneously a source
for nm ! ne oscillations through pþ ! mþnm DAR
chain and a source for n̄m ! n̄e through the
subsequent mþ ! eþn̄mne decay. Moreover, differ-
ently from Superbeams [9,10], the intrinsic ne (n̄e)
beam contamination can be kept easily below
0.1% (see Section 3), as the facility can be operated
below the K production threshold.
The acceleration of protons up to several tens of

MeV by the interaction of ultra-intense laser
beams with solid targets has been recently reported
by several experiments [11]. This process will
probably open up a wealth of applications: radio-
isotope production [12], proton probing [13] and
oncological hadron-therapy [14] have been dis-
cussed. Moreover, the laser-driven acceleration
mechanism is a natural candidate for fast beam
injection into conventional accelerators [15]. Part
of these research programs might be carried out
already with present laser technologies, provided
that a suitable repetition rate, reproducibility and
an improved beam quality become available. On
the other hand, future developments toward high-
er laser intensities [16,17] would allow particle
acceleration for High Energy Physics applications.
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In fact, laser-driven acceleration mechanisms
mainly favor applications that profit from the
significant beam intensity without imposing strong
constraints on the beam quality (energy spread
and emittance) and particle energy. The possibility
of using the well-controlled time structure of laser-
induced n beams to test the KARMEN time
anomaly or increasing the laser intensity to over-
come the kinematical threshold for muon produc-
tion (nm disappearance tests) has already been
considered in Ref. [18]. The pion generation by the
laser-accelerated ions has also been discussed in
Ref. [19]. Similarly, in this paper, we suggest that
the above-mentioned technique could be imple-
mented to overcome the present limitations of
proton dump facilities (Section 2) and, particu-
larly, high-intensity DAR neutrino beams (Section
3). We investigate its capability to clarify the (1,3)
sector of the PMNS matrix, with emphasis on the
size of y13 (Sections 4–6), and the main technolo-
gical challenges for a new generation of beam
dump facilities.
2. Laser ion accelerators

The classical mechanism of ion acceleration
through the interaction of a laser pulse with a
plasma target is a direct consequence of electron
acceleration. Due to the smaller electron mass, the
energy of the laser light is first transformed into
electron kinetic energy. The resulting displacement
of the electrons and the modification of their
density lead to the formation of a region with a
strong electric charge separation. This causes an
intense electric field which eventually accelerates
the ions. In the simplest case of one-dimensional
geometry, when a transversally wide laser pulse
interacts with a thin foil, the ponderomotive
pressure of the laser pulse shifts the electrons with
respect to ions, forming a strong electric field layer
between the two species. An electric field also can
be formed due to charge separation if the laser
radiation accelerates a relatively large portion of
the electrons, expelling them almost isotropically.
In this case, the fast electrons leave the targets and
the heavier ions remain at rest forming extended
regions of positive electric charge. Then the ions
with non-compensated electric charge expand and
acquire a kinetic energy. This corresponds to the
so-called ‘‘Coulomb explosion’’ regime. In config-
urations with more than one dimension, different
effects come into play such as the finite size of the
waist of the laser beam, the transverse filamenta-
tion instability of a wide electromagnetic packet in
a plasma, and the transverse modulations of the
electron and ion layers. These effects usually
reduce the energy of the fast ions and/or the
efficiency of the energy transformation compared
to the one obtained within the framework of the
one-dimensional approximation.
However, the process of ion acceleration ex-

hibits new properties in the regime where the
radiation pressure of the electromagnetic wave
plays a dominant role in the laser-foil interaction,
as demonstrated in Refs. [17,20]. In this regime,
electrons gain their energy due to the radiation
pressure in a way that qualitatively resembles the
ion acceleration mechanism proposed by Veksler
[21] in 1956. Here, the ion component moves
forward with almost the same velocity as the
average longitudinal velocity of the electron
component, hence with a kinetic energy well above
that of the electron component. The ion accelera-
tion appears to be due to the radiation pressure of
the laser light on the electron component with the
momentum being transferred to the ions through
the electric field arising from charge separation.
This mechanism of ion acceleration can be called
the radiation pressure dominant (RPD) mechan-
ism. In contrast to the schemes previously
discussed in the literature (see e.g. [22–24]), here
the ion beam generation is highly efficient, and, as
we will see later on, the ion energy per nucleon is
proportional to the laser pulse energy.

2.1. Radiation pressure-dominated (RPD) regime:

1D analytical description

The acceleration mechanism can be explained as
follows. The accelerated foil, which consists of the
electron and proton layers, can be regarded as a
relativistic plasma mirror co-propagating with the
laser pulse. Assume that the laser pulse is perfectly
reflected from this mirror. As a result of the
reflection at the co-propagating relativistic mirror,
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Fig. 1. Interaction of the e.m. wave with the co-propagating

proton–electron mirror.
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the frequency of the electromagnetic wave de-
creases by a factor of ð1� v=cÞ=ð1þ v=cÞ  1=4g2;
where v is the mirror velocity and g ¼ ð1�
v2=c2Þ�1=2 is the Lorentz-factor of the plasma
mirror.2

Before the reflection, in the laboratory reference
frame, the incident laser pulse energy Elas;in is
proportional to E2

0Llas;in; where E0 is the electric
field amplitude and Llas;in is the incident pulse
length. After the reflection, the pulse energy
becomes much lower: Elas;ref / E2

las;refLlas;ref 

E2
0Llas;in=4g2: The length of the reflected pulse is

longer by a factor of 4g2; and the electric field is
smaller by a factor of 4g2: Hence the plasma
mirror acquires the energy ð1� 1=4g2ÞElas;in from
the laser. In this stage, the radiation pressure of the
light accelerates the plasma slab (electrons and
protons). As discussed above, the radiation mo-
mentum is transferred to the protons through the
charge separation field and the kinetic energy of the
protons is much greater than that of the electrons.
This scenario is illustrated in Fig. 1, where a sketch
of the e.m. wave interaction with the co-propagat-
ing proton–electron slab is presented.

It is possible to estimate the proton maximum
energy and the acceleration efficiency using the
model of the flat foil driven by the e.m. radiation
pressure, as described above. The radiation
pressure is given by

P ¼
E02

0

2p
¼

o0

o

� �2
E2

0

2p
¼

E2
0

2p
c � v

c þ v

� �
(2)

where v ¼ dx=dt is the foil instantaneous velocity,
i.e.

dx

dt
¼ c

p

ðm2
pc2 þ p2Þ

1=2
: (3)

Here primed (unprimed) quantities refer to the
moving (laboratory) reference frame. In quasi-
one-dimensional geometry, the laser electric field
at the foil location xðtÞ depends on time as E0

0 ¼

E0ðt � xðtÞ=cÞ:
Since the expression of the radiation pressure is

the same in both frames, we can write the equation
2To ease comparison with the existing literature, we use here

the Gaussian CGS system of unit (ca1). We resume the usual

c ¼ 1 system in the subsequent sections.
of motion of the foil as

dp

dt
¼

E2
0ðt � xðtÞ=cÞ

2pn0l0

ðm2
pc2 þ p2Þ

1=2
� p

ðm2
pc2 þ p2Þ

1=2
þ p

; (4)

where p is the momentum of the proton represent-
ing the foil, and l0 and n0 are the thickness and
initial proton density of the foil. In this approx-
imation we neglect the heating of the proton fluid.
In the simplest case, when the laser pulse is

assumed to be long enough and with a homo-
geneous amplitude, we can consider the electric
field E0 in Eq. (4) to be constant. Its solution pðtÞ is
an algebraic function of time t. For the initial
condition p ¼ 0 at t ¼ 0; it can be written in the
implicit form

2p3 þ 2ðm2
pc2 þ p2Þ

3=2

3m2
pc2

þ p �
2

3
mpc ¼

E2
0

2pn0l0
t:

(5)

At the initial stage, for t52pn0l0mpc=E2
0; the

proton momentum is a linear function of time:

p  ðE2
0=2pn0l0Þt: (6)

As t ! 1; the dependence of the accelerated
proton momentum on time changes asymptotically
to

p  Epkin=c  mpcð3E2
0t=8pn0l0mpcÞ1=3: (7)

We notice here the obvious analogy between the
proton motion regime described by expression (5)
and the solution of the problem of the acceleration
of a charged particle under the radiation pressure
of the electromagnetic wave. This analogy can be
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clearly seen by comparing Eq. (5) with the
expression for the velocity of an accelerated
electron, which, in this limit, can be cast in the
form W̄sT t=mec  ð2=3Þð1� v2=c2Þ3=2; with cW̄ ¼

cE2
0=4p the wave intensity (see Ref. [25]), sT ¼

8pr2e=3 the Thomson cross-section and re ¼

e2=mec
2 the classical electron radius. In our case

2=n0l0 plays the role of the effective cross section
of the scattering of the electromagnetic wave. This
analogy further underlines the similarity between
the RPD mechanism of ion acceleration discussed
here and the Veksler mechanism mentioned above.

To find an upper limit to the proton energy
acquired during the interaction with a laser pulse
of finite duration, we must include the dependence
of the laser electromagnetic field on time t and on
the coordinate x. Because of the foil motion, the
interaction time can be much longer than the laser
pulse duration tlas;in:We introduce the phase of the
wave

c ¼ o0ðt � xðtÞ=cÞ (8)

as a new variable, o0 being the incoming
laser frequency. Using Eq. (3) together with Eq.
(8), we cast Eq. (4) for the particle momentum to
the form

dp

dc
¼

E2
0ðcÞ

2po0n0l0

ðm2
pc2 þ p2Þ

1=2

ðm2
pc2 þ p2Þ

1=2
þ p

: (9)

Its solution reads

p ¼ mpc
wðw þ 1Þ

ðw þ 1=2Þ
; (10)

where w is a function of c:

wðcÞ ¼
Z c

�1

E2
0ðsÞ

4po0n0l0mpc
ds: (11)

Using Eqs. (8) and (10) we find the dependence of
the foil coordinate on time and write the equations
for t and x as functions of the variable c in the
form

dt

dc
¼

1

o0

c

c � v


 �
¼

1

o0

ðm2
pc2 þ p2Þ

1=2

ðm2
pc2 þ p2Þ

1=2
� p

¼
1

o0
½1þ 2wðw þ 1Þ� ð12Þ
and

dx

dc
¼

dx

dt

dt

dc
¼

c

o0
2wðw þ 1Þ: (13)

For a constant amplitude laser pulse width
E2

0ðcÞ ¼ E2
0yðcÞ; where yðcÞ ¼ 0 for co0 and

yðcÞ ¼ 1 for c40 is the unit step function, we
havewðcÞ ¼ w0yðcÞc;withw0 ¼ E2

0=ð4po0n0l0mpcÞ:
Then Eqs. (12) and (13) yield the parametric
dependence of the accelerated foil coordinate on
time

t ¼ ðcþ w0c
2
þ 2w2

0c
3=3Þ=o0 (14)

x ¼ ðw0c
2
þ 2w2

0c
3=3Þðc=o0Þ: (15)

In the limit t52pn0l0mpc=E2
0; we have x 

cw0t
2=o0; and for t ! 1; x  ct; while the

momentum p increases according to Eq. (7).
The function wðcÞ given by Eq. (11) can be

interpreted as the normalized energy of the portion
of the laser pulse that has interacted with the
moving foil by time t. Its maximum value is
wmax ¼ Elas;in=Npmpc2 where

Elas;in ¼
E2

0Sctlas;in
4p

(16)

is the laser pulse energy, Np ¼ n0l0S is
the number of protons in the region, with
area equal to S, of the foil irradiated by the laser
pulse.
From the solution of Eq. (4) given by Eq. (10) in

terms of w we obtain for the kinetic energy of a
proton initially at rest

Epkin � ðm2
pc2 þ p2Þ

1=2c � mpc2

¼ mpc2w2=ðw þ 1=2Þ: ð17Þ

In the limits w51 and wb1; we have, respec-
tively,

Epkin  2mpc2w2 and Epkin  mpc2w: (18)

The upper limit to the proton kinetic energy and,
correspondingly, to the efficiency of the laser-to-
proton energy transformation can be obtained
from Eq. (17) by setting w ¼ wmax ¼ Elas;in=
Npmpc2:

Epkin;max ¼
2Elas;in

2Elas;in þNpmpc2
Elas;in

Np
: (19)



ARTICLE IN PRESS

(footnote continued)

supercomputer HP Alpha server SC ES40 at JAERI Kansai

and forms the basis of the studies of Ref. [17]. Here, we make

S.V. Bulanov et al. / Nuclear Instruments and Methods in Physics Research A 540 (2005) 25–4130
We see that within this model almost all the energy
of the laser pulse is transformed into the energy of
the protons if Elas;inbNpmpc2=2:

Epkin;max ’
Elas;in

Np
’

E2
0ctlas;in
4pn0l0

: (20)

It is worth noting that, when the RPD mechan-
ism takes place, the dependence of the proton
kinetic energy on the laser intensity and duration
turns out to be linear. Moreover, Epkin;max does not
depend on the size of the illuminated area S:
within this simplified one-dimensional approxima-
tion, an increase of the focal spot S and the laser
energy Elas;in that keep constant the ratio

Elas;in

S
¼

E2
0ctlas;in
4p

(21)

result in an increase of the number of accelerated
protonsNp ¼ n0l0S without perturbing the proton
energy spectrum. The acceleration length xacc 

ctacc and the acceleration time tacc can be estimated
using Eq. (20) and the t1=3 asymptotic dependence
of the proton energy on time in Eq. (14) as

tacc 
2

3

Elas;in

Npmpc2

� �2

tlas;in: (22)

2.2. Computer simulations

Within the framework of the simplified one-
dimensional (1D) approximation used above, the
protons formally have a monoenergetic spectrum.
A number of processes such as the transverse
inhomogeneity of the amplitude of the laser pulse,
the electron stochastization due to ‘‘vacuum heat-
ing’’ [26] and the subsequent proton layer expan-
sion under the action of the Coulomb repelling
force may result in the broadening of the proton
energy spectrum or in inefficient acceleration.

In order to examine this scheme in three-
dimensional geometry, whose effects can indeed
play a crucial role in the dynamics and stability of
the plasma layer under the action of a relativisti-
cally strong laser pulse, we have performed 3 three-
33D fully relativistic simulations of laser-plasma interactions

represent major numerical efforts. The simulation under

consideration has been performed on 720 processors of the
dimensional (3D) particle-in-cell (PIC) simulations
with the code Relativistic Electro-Magnetic Parti-
cle-mesh code (REMP). This code is based on the
current assignment scheme ‘‘density decomposi-
tion’’ [27]. In these simulations, the laser pulse is
linearly polarized along the z-axis and propagates
in the direction of the x-axis. Its dimensionless
amplitude is a � eE0=meoc ¼ 316; corresponding
to the peak intensity I ¼ 1:37� 1023 W=cm2 �

ð1mm=lÞ2; l ¼ 1mm being the laser wavelength.
The laser pulse is almost Gaussian with FWHM
size 8l� 25l� 25l and a sharp front starting
from a ¼ 100; its energy is EL ¼ 10 kJ�
ðl=1mmÞ

2: Protons are generated from a 1 mm foil.
In fact, due to the finite contrast of the laser, pulse
pedestals reaching the target before the main pulse
will pre-form fully ionized plasma [28,29]. There-
fore, in the present situation the target behaves as
a fully ionized, 1l thick plasma with density ne ¼

5:5� 1022 cm�3 � ð1 mm=lÞ2; which corresponds to
the Langmuir frequency ope ¼ 7o: The protons
and the electrons have the same absolute charge
and their mass ratio is mp=me ¼ 1836: The
simulation box size is 100l� 72l� 72l corre-
sponding to the grid size 2500� 1800� 1800; so
the mesh size is 0:04l: The total number of quasi-
particles is 4:37� 109: The boundary conditions
are periodic along the y- and z-axis and absorbing
along the x-axis for both the e.m. radiation and
the quasi-particles. The results of these simulations
are shown in Figs. 2–5, where the space and time
units are, respectively, the wavelength l and period
2p=o of the incident radiation.
Fig. 2 shows the proton density and the Ez

component of the electric field. We see that a
region of the foil with the size of the laser focal
spot is pushed forward. Although the plasma in
the foil is overcritical, it is initially ‘‘transparent’’
for the laser pulse due to the effect of relativistic
transparency (see e.g. [22]). Therefore, a portion of
the laser pulse passes through the foil. Eventually
use of these results and, when appropriate, perform extrapola-

tions to other flux and energy ranges. A more detailed

numerical study is in progress and results will be presented in

a forthcoming publication.
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Fig. 2. Spatial distribution of the proton density and the z

component of the electric field during the acceleration phase

(see text for details).

Fig. 3. Spatial distribution of the proton density at t ¼ 100:
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the pulse accelerates the electrons and, as a result
of the charge separation, a longitudinal electric field
is formed. This can be interpreted as the ‘‘rectifica-
tion’’ of the laser light, by analogy with a rectifier in
electrical engineering: the transverse oscillating elec-
tric field in the pulse is transformed into a long-
itudinal quasi-static electric field. The dimensionless
amplitude of the longitudinal field is ak  150
corresponding to Ejj ¼ 4:8� 1014 V=m� ð1mm=lÞ:
The typical distance over which charge separation
occurs is comparable with the initial thickness of the
foil and is much smaller than the transverse size of
the region that is being pushed. The proton layer is
accelerated by this longitudinal field. We note that
the laser pulse frequency in the reference frame co-
moving with the accelerated plasma region decreases
as time progresses so that the accelerating foil
become less transparent with time.

As seen in the cross-section of the electric field
component Ez in Fig. 2, the thickness of colored
stripes, which corresponds to half of the radiation
wave length, increases from left to right in the
reflected part of the pulse (along the x-axis). This
increase is weaker at the periphery (in the
transverse direction). This ‘nonuniform red shift’
results from the Doppler effect when the laser light
is reflected from the co-propagating relativistic
mirror which accelerates and deforms in time. The
red shift testifies that the laser pulse does indeed
lose its energy by accelerating the plasma mirror.
In this stage, the foil is transformed into a
‘‘cocoon’’ inside which the laser pulse is almost
confined. The accelerated protons form a nearly
flat ‘‘plate’’ at the front of the ‘‘cocoon’’ as is seen
in Fig. 3.
Fig. 4 shows the maximum proton energy versus

time. This dependence is initially linear and, at
later times, the maximum proton energy scales as
t1=3 as predicted by the 1D analytical model of
Section 2.1. The protons in the plate structure are
accelerated according to the RPD regime. These
results provide numerical evidence of the fact that
the RPD acceleration mechanism should appear
already for laser intensities of 1023 W=cm2: The
time evolution is hydrodynamically stable and the
acceleration highly efficient. In comparison with
the experimental results of present day Petawatt
lasers, this example predicts yet another astonish-
ing advantage of the Exawatt lasers [16,30], besides
those described in Refs. [16,31].
In Fig. 5 we show the proton energy distribution

obtained in the 3D PIC simulations and their
transverse emittance. The energy spectra have
been calculated for the particles in the region near
the beam axis (‘‘plate’’) within a 1mm radius. We
see that the protons have a finite-width spectrum,
localized within the interval 1.3GeV
oEpkino3:2GeV: The number of protons, inte-
grated over energy, in the dashed region in Fig. 5 is
equal to 2:7� 1010 particles per mm2: The proton
transverse emittance is almost constant and equals
 10�2pmmmrad:
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Fig. 4. Maximum proton energy versus time. The continuous

line represents the analytical expectation.

Fig. 5. Proton energy distribution (red) and transverse emit-

tance (blue) near the beam axis at t ¼ 80:
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The numerical studies depicted above are
extremely challenging even for large parallel
computer facilities. In order to reduce complexity,
the study has been carried out with laser pulse of
relatively small focal spot. In addition, the
dynamical evolution has been followed up until
the t1=3 asymptotic behavior is reached (i.e. before
the complete laser-plasma decoupling). The overall
laser energy to proton kinetic energy conversion
efficiency ð�Þ at that time is 40%. Extrapolation up
to the time of decoupling indicates that an energy
conversion efficiency of 57% can be reached. On
the other hand, due to the small focal spot, the
RPD regime is operational only in the central area:
here a nearly monochromatic spectrum is ob-
served. The peripheral area (‘‘cocoon’’) results in a
nearly thermal spectrum of protons. Hence, if we
consider only the RPD accelerated protons at the
time of decoupling, the efficiency drops to 11%.
This value is the most conservative estimate of
conversion efficiency and it is not expected to hold
for large focal spots S: the ‘‘cocoon’’ is the
outcome of a border effect due to the finite waist
of the pulse and will not scale linearly with S.
Finally, note that the intensity and the duration of
the pulse has not been optimized for the produc-
tion of protons in the few GeV range but has been
chosen to demonstrate the possibility of highly
relativistic ion generation [17]. Awaiting further
numerical studies, in the following sections, the
proton and neutrino fluxes are provided as a
function of the repetition rate, and realistic
expectations are discussed below.

2.3. Proton fluxes

Proof of principle of the RPD acceleration
mechanism is at the borderline of current technol-
ogy, but the possibility of using this technique to
overcome the limitation of traditional proton
accelerators faces many additional difficulties.
Present-day systems based on Chirped Pulse
Amplification [32] (CPA) are able to deliver
intensities of the order of 1022W=cm2: It can be
expected that the intensity needed to trigger the
RPD mechanism will be reached in the near future
since for intensities up to 1023W=cm2; the satura-
tion fluence remains below the damage threshold
and we can still profit from CPA for short-pulse
generation. On the other hand, all present high-
power lasers operate at very low repetition rate.
This is a classical problem, e.g. in inertial fusion:
here, the basic principles could be demonstrated
through the construction of optical cavities deliver-
ing up to 1.8MJ as the National Ignition Facility
(NIF) in the US or the Laser Megajoule (LMJ) in
France. However, the ultimate use of ICF to
produce electric power will require repetition rates
of the order of tens of Hz, an increase of several
orders of magnitude compared to the shot rate
achievable with state-of-the-art fusion laser tech-
nology. This rate cannot be achieved with flash-
lamp-pumped neodymium-doped glass lasers that
require a significant interpulse cooling time. There
is presently a very large effort to find alternative
solutions [33]. We note here that the solution of the
problem of thermal stability of the system for
energy yield of tens of MJ/s would simultaneously
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provide an appropriate driver for ICF operating
with � 2MJ laser pulse at a repetition rate of
Oð10ÞHz and, through the exploitation of CPA and
the RPD acceleration mechanism described above,
an unsurpassed proton acceleration facility for
hadron and spallation neutron production operat-
ing at energies of � 1GeV (laser pulses of 16kJ=�)
and repetition rates of the order of a few kHz. As a
purpose of illustration, Table 1 compares the main
parameters of present and future proton drivers at
the GeV energy range. The LAMPF and ISIS beam
dump facilities have given neutrino sources for the
LSND [34] and KARMEN [35] experiments.
Currently, two projects (JAERI in Japan [36] and
SNS in the USA [37]) are under construction, while
the European Spallation Source project (ESS) [38]
and the CERN Superconducting Proton Li-
nac(SPL) [39] are still pending approval. A RPD
laser-driven acceleration facility (LAF) operating at
1 kHz and providing 1014 proton/pulse (i.e. with a
‘‘plate’’ radius of � 34mm) is also shown. It
corresponds to an energy yield of about 50MJ/s
at � ¼ 0:3: It is a remarkable fact that the RPD
acceleration mechanism allows a close synergy
between the technological needs for an ICF laser
driver and an ultra-intense proton driver for
nuclear and particle physics applications.
3. Neutrino beams from pþ and mþ decay-at-rest

(DAR) and decay-in-flight (DIF)

3.1. The pþ and mþ decay chains

In a neutrino beam-line based on a dump of low
energy protons into passive material, neutrinos
Table 1

Main parameters of present and future proton drivers at the GeV en

Energy Pot/pulse Beam

(GeV) �1013 current

ISIS 0.8 2.5 200mA
LAMPF 0.8 5.2 1mA

JAERI 3.0 8.3 333mA
SPL 2.2 15 1.8mA

SNS 1.0 15 1.4mA

ESS 1.3 84 6.7mA

LAF 1.0 10 16mA
arise from both pion and muon decays. The
production of kaons or heavier mesons is negli-
gible if the proton energy is sufficiently low
ðEpt3GeVÞ: Therefore, the neutrino beam does
not suffer from ne and n̄e contaminations due to
kaon decays. The pion decay modes are pþ !

mþnm; pþ ! eþne; p� ! m�n̄m and p� ! e�n̄e but
the decays into electrons are strongly suppressed.
The muon decay modes are mþ ! eþnen̄m and
m� ! e�n̄enm: Almost all mþ stop before decaying
and produce a Michel spectrum for ne and n̄m while
m� are captured in orbit. The pþ decay occurs both
with the pion at rest, providing a mono-energetic
neutrino spectrum, and in flight. The ratio DAR/
DIF depends on the material and the geometry of
the target. Proton-rich targets (e.g. water) are
employed to obtain large pion yields. Early
stopping of the mesons is achieved positioning a
dense dump just after the water vessel. The
distance between the water target and the stopper
can be tuned to optimize the DAR/DIF ratio.

3.2. Neutrino energy spectra and beam composition

In order to estimate the expected neutrino
energy spectra and beam composition, we refer
to the setup of the LSND experiment, operated at
LAMPF from 1993 to 1998 with 800MeV protons
impinging into a water target followed by a copper
beam stopper. The precise evaluation for a laser-
driven facility should include the secondary yield
of the nearly monochromatic distribution plus the
higher energy tail (Fig. 5) and the contribution of
the quasi-thermal spectrum. The former will be
peaked in the 1–2GeV range to make fully
operative the RPD mechanism. The size of the
ergy range. Pot � proton on target

Repetition Pulse Target

rate (Hz) width

50 100 ns Tantalum

120 600ms Water/high Z

25 1ms Hg

75 2.2ms Various

60 695 ns Hg

50 1:4ms Hg

1000 o1ps Water/high Z
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latter will depend on the cocoon/plate ratio, as
described in Section 2.2. Clearly, a precise
determination of the fluxes is beyond the scope
of this paper; however, we note that the use of
LAMPF data implies a significant underestimation
ð� 50%Þ of the pþ yield and a small under-
estimation of the background from DIF which can
be reduced through a dedicated optimization of
the target-stopper distance. In the following, we
refer to a laser-driven facility providing 1014

protons-on-target (pot) per pulse at different
repetition rates with a nearly monochromatic
spectrum corresponding to the LSND setup.4

In the LSND target configuration, the DAR/
DIF ratio turned out to be 97%/3% [41–43]. The
leading decay chain pþ ! mþnm ! eþnen̄mnm does
not contain n̄e and offers a unique opportunity to
test the occurrence of n̄m ! n̄e transitions. The
decay of p� might lead, in principle, to a large n̄e
contamination. However, three factors contribute
to its suppression. At these proton energies, the pþ

production rate is larger than p� by about a factor
8. Moreover, negative pions which come to rest are
captured before they decay: in fact, at LAMPF,
only 5% decay in orbit and, hence, contribute to
the n̄e background. Finally, almost all negative
muons arising from the decays in flight come to
rest in the beam dump before decaying; most of
them undergo the reaction m�N ! nme� that leads
to nm with energy below 90MeV, leaving only 12%
of them to decay into n̄e: Hence, the relative n̄e
yield of the p� decays at LSND, compared to the
pþ decays, is � ð1=8Þ � 0:05� 0:12  7:5� 10�4:
Clearly, the level of n̄e contamination is much
smaller than the intrinsic ne contamination (a few
4Full flux calculations are available in Ref. [40]. In fact, all

proposed future neutron spallation sources have as target

material liquid mercury. The reason for such a choice is two-

fold: mercury is liquid at room temperature. Therefore, its

recirculation allows a more efficient power dissipation with

respect to solid target. Moreover, the high atomic number gives

a source of numerous neutrons. For neutrino applications only

the first motivation holds. Indeed, high-Z elements are less

efficient in producing neutrinos than low-Z elements. On the

other hands, high-Z elements allow a strong suppression of DIF

neutrinos. In water-based targets, this suppression, if needed,

can be partially recovered modifying the distance between the

water vessel and the stopper.
%) of a high-energy nm beam from the p decay (e.g.
the Superbeams).
The pþ decay chain provides an intense source of

monochromatic muon neutrinos ðE ¼ 29:8MeVÞ:
Due to the short pþ lifetime (tp ’ 26ns), these
neutrinos closely follow the beam time profile. This
fact opens up the possibility of detecting nm ! ne
oscillations: the nm ! ne oscillations can be tempo-
rally separated from the events due to mþ DAR
electron neutrinos, which appear on a time scale of
few ms due to the muon lifetime (tm ’ 2:2 ms). In
order to exploit the well-defined time structure of a
DAR beam, it is mandatory to have a proton pulse
width comparable with the pion life-time. For a
laser-driven facility this requirement is easily
fulfilled, the proton pulse temporal spread being
of the order of 1 ps.
Finally, the shape of the neutrino flux from pþ

and mþ decay at rest (DAR) is well known and it is
shown in Fig. 6. Therefore, only the absolute
amplitude has to be determined from experiments
and simulation.
The simulation of the expected neutrino fluxes,

both at LAMPF and ISIS, was performed by using
the pion yield in proton-target interaction mea-
sured in a dedicated experiment [44]. For details
on the neutrino flux simulation and the associated
uncertainties, we refer to [45,46]. The main source
of systematic error is associated with the pion yield
in proton-target interaction and it has been
estimated to be about 6%. This has to be
compared with the total systematic error
associated to the neutrino flux from decay at rest
Fig. 6. Neutrino energy spectra from pþ ! mþnm ! eþnmnen̄m
decay at rest.
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that has been estimated to be of about 7% [45].
For neutrinos from decay in flight the systematic
error has been estimated to be about 15% [42].
4. The neutrino oscillation channels and the

detector

In principle, neutrinos from DAR and DIF
decays could allow simultaneous investigation of
�
 n̄m ! n̄e oscillations through the identification
of DAR n̄m transitions (‘‘DAR analysis’’);
�
 nm ! ne oscillations from high-energy DIF nm
(‘‘DIF analysis’’);
�

5b decays of cosmogenic 12B prevent the use of the candidate

with Eo20MeV:
nm ! ne oscillations from DAR nm temporally
separated with respect to DAR ne (‘‘time
analysis’’).

So far, these channels have been used to explore
neutrino oscillations at a Dm2 of about 1 eV2

(E � 101 MeV and L � 101 m). The LSND experi-
ment gave a positive result (there is a claim for an
excess of events with an electron in the final state
induced by n̄m (nm) oscillations into n̄e (ne) [41–43]),
while the KARMEN experiment gave a negative
result [47]. The need for a check of these
experiments caused the proposal of new projects
like MiniBooNE [48] (currently data taking) and
of new experiments at the Neutron Spallation
Source [49]. However, there are no proposals to
search with DAR and/or DIF neutrinos for
oscillations at a baseline of few kilometers to test
sub-dominant ne and n̄e appearance modes at the
atmospheric scale. This test is unfeasible with
present accelerators. Much higher intensities
(Oð20mAÞ or more) are needed to overcome large
suppression due to the smallness of the ne CC
cross-section at these energies. As noted before, a
laser-driven facility could offer this opportunity.

The optimization of the detector coupled with
this facility is beyond the scope of this paper. Here,
we will consider a detector with a technology
similar to LSND and with a fiducial mass
comparable with Super-Kamiokande. This corre-
sponds to 1:3� 1033 free protons (17 kton of CH2).
Similar detectors based on liquid scintillator have
been recently proposed for low-energy neutrino
astronomy and proton decay [50]. In the following,
when appropriate, we refer to the LSND experi-
mental and Monte Carlo studies to assess the
physics performance of the apparatus [41–43].
The LSND detector consisted of a cylindrical

tank filled with liquid scintillator. The composition
was chosen to be sensitive to both Cherenkov light
from electrons and relativistic muons and scintilla-
tion light from all charged particles. The light was
detected through photomultiplier tubes (PMTs)
covering 25% of the detector surface. PMT time
and pulse-height signals were used to reconstruct
the track. The Cherenkov cone for relativistic
particles and the time distribution of the light,
which is broader for non relativistic particles, gave
excellent separation between electrons and parti-
cles below Cherenkov threshold.
5. The n̄m ! n̄e decay at rest analysis

The search for n̄m ! n̄e oscillations is performed
by using n̄m from mþ decay at rest. n̄e are detected
through the reaction n̄ep ! eþn (plus a small
contamination of n̄eC ! eþBn) followed by the
neutron capture reaction np ! dg; the g energy
being 2.2MeV. A candidate n̄e events consists in one
identified electron with energy in the
20oEeo60MeV range5 and one associated gamma.
The electron identification efficiency at LSND is
42% with a relative systematic error of 7%. Note
that the eþ inefficiency is dominated by the need of
vetoing Michel electrons from cosmic muons; in
particular, the dead-time of the veto accounts for an
electron efficiency reduction of 24% [43]. The size of
this background strongly depends on the shallow
depth of the experimental area where LSND is
located and would be significantly suppressed at
deeper locations. The correlated photon is identified
combining the information from the number of
PMTs hits associated with g; its distance from the
positron and the time interval between eþ and g
which exploits the 186ms delay for the neutron
capture in mineral oil. The LSND analysis is based
on a likelihood function Rg whose Rg410 cut
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corresponds to an efficiency of 39% and a contam-
ination due to accidentals at the level of 0.26%. The
corresponding relative systematic uncertainty does
not exceed 7%. Fig. 7 shows the energy spectrum of
n̄m ! n̄e oscillated neutrinos for 100% conversion
probability before any selection cut:

Fn̄mðEÞsn̄ep!eþnðEÞ (23)

i.e. the product of the n̄mðEÞ flux from mþ DAR and
the n̄ep ! eþn CC cross-section. The two-family
oscillation probability for Dm2 ¼ 2:5� 10�3 eV2 at
L ¼ 11km and the corresponding

Fn̄mðEÞsn̄ep!eþnðEÞPðn̄m ! n̄eÞðEÞ (24)

product is also shown. The corresponding cross-
section, weighted with the DAR spectrum, is 0:95�
10�40 cm2:

Contaminations to the n̄e sample arise from
beam-related interactions with neutrons in the
final state, beam events without neutrons and
background produced by cosmics and radioactiv-
ity (‘‘beam unrelated’’).

The main beam-related backgrounds with final
state neutrons are n̄ep ! eþn from m� decays at
rest. As noted before, the m� DAR yield is
0
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Fig. 7. Energy spectrum of the fully oscillated n̄m ! n̄e (dotted
line) before the selection cuts. The two-family oscillation

probability for Dm2 ¼ 2:5� 10�3 eV2 at L ¼ 11km (continuous

line) and the corresponding convoluted n̄m ! n̄e spectrum

(dashed line) are also shown.
suppressed by a factor 7:5� 10�4 w.r.t. mþ DAR.
The n̄ep ! eþn cross-section weighted according
to the n̄e DAR spectrum is 0:72� 10�40 cm2 [51].
The fraction of events with energy greater than
20MeV is 0.806 while the electron and g efficien-
cies are the same as for the signal sample. The
second most important source of beam-related
background events with correlated neutrons is the
misidentification as n̄e events of n̄mp ! mþn CC
interactions from p� DIF. Because of the energy
needed to produce mþ; such n̄m must arise from a
decay in flight. The final states considered are
n̄mp ! mþn or (less often) n̄mC ! mþnX ; followed
by mþ ! eþnen̄m: In most of the cases, the muon is
missed because it decays at very large times
compared with tm ’ 2:2 ms or the deposited energy
is below the phototube threshold. The latter can
occur either because the muon is too low in energy
or it is produced behind the phototube surfaces.
For this background, the flux weighted cross-

section is 4:9� 10�40 cm2; and the fraction of muons
in the tail of the lifetime distribution (t412ms or
with very low kinetic energy (To3MeV)) is 2.6%.
The positron efficiency is 42%, the fraction of events
with E420MeV is 81.6% and, again, the efficiency
for correlated g is 39%. As other source of
misidentification are muon decays in the tail of the
lifetime distribution, prompt decays to electrons so
that the m and the e are collected in a single event
and muon lost by trigger inefficiencies. The whole
background from m misidentification has been
computed according to the results of [43]. However,
the DIF flux has been corrected taking into account
the larger distance of the detector (L ¼ 11 km versus
30m): at large baselines the DIF fluxes are similar to
the corresponding fluxes at the center of LSND
corrected for the L�2 suppression term.
The main source of beam-related background

without correlated neutrons is n12e C ! e�X scat-
tering. The corresponding average cross-section is
1:5� 10�41 cm2 [52]. For an electron reconstruc-
tion efficiency of 0.36 [41], the fraction of events
with E420MeV is 46% while the electron
efficiency and the accidental g efficiency at LSND
are, respectively, 42% and 0.26%. Other sub-
dominant sources are discussed in [41].
Beam-unrelated background results mainly

from unvetoed cosmic interactions in delayed
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coincidence with accidental photons. It strongly
depends on the veto quality, the depth of the
detector and the rate of accidental photons. More-
over, it can be suppressed if the duty cycle of the
beam is sufficiently low. For the case of LSND, the
poor time structure of the beam and the shallow
depth of the detector does not allow an effective
suppression of this background, which is estimated
during the beam-off data taking and, hence,
subtracted. On the other hand, the time structure
of ISIS allows a suppression of more than two
orders of magnitude compared with LSND in the
n̄m ! n̄e channel, so that KARMEN does not
suffer from this contamination. For the laser-driven
facilities considered here, the time structure is very
well defined (see Section 2 and [18]) and the beam-
off background could be non-negligible (at the
depth of LSND) only for very high repetition rates
(�10kHz). At larger depths, this contamination is
negligible for any realistic repetition rate and,
hence, it is not considered in the present analysis.
6. Sensitivity to y13

In order to get information about the magnitude
and phase of the U e3 term of the PMNS mixing
matrix, terrestrial experiments explore sub-dominant
effects in the neutrino transition probabilities at the
atmospheric scale which, in general, are suppressed
by at least one power of a � Dm2

21=jDm2
23j:

6 Since
matter effects are negligible for baselines of the order
of L ¼ 10 km; the nm ! ne oscillation probability
can be expressed as [53]:

Pðnm ! neÞ

’ sin2 2y13 sin
2 y23 sin

2 D

� a sin 2y13 sin d cos y13

� sin 2y12 sin 2y23 sin
3 D

� a sin 2y13 cos d cos y13

� sin 2y12 sin 2y23 cos D sin2 D

þ a2 cos2 y23 sin
2 2y12 sin

2 D

� O1 þ O2 þ O3 þ O4; ð25Þ
6A global analysis of all available neutrino oscillation data

gives for a a best fit value of 0.026, while the 3s allowed range is

0:018oao0:053 [6].
D being the oscillation phase Dm2
23L=4En in natural

units (c ¼ _ ¼ 1). If the energy and the baseline of
the experiment is chosen to fulfill D ’ p=2 (oscilla-
tion maximum), the O3 term is suppressed. Simi-
larly, the term O4 can be neglected unless sin2 2y13 ’
Oð10�4Þ: Hence, the nm ! ne transition probability
can be expressed in the simplified form:

Pðnm ! neÞ

’ sin2 2y13 sin
2 y23 sin

2 D

� a sin 2y13 sin d cos y13

� sin 2y12 sin 2y23 sin
3 D: ð26Þ

Its CP conjugate n̄m ! n̄e is therefore

Pðn̄m ! n̄eÞ

’ sin2 2y13 sin
2 y23 sin

2 D

þ a sin 2y13 sin d cos y13

� sin 2y12 sin 2y23 sin
3 D ð27Þ

and a simultaneous measurement of ne and n̄e gives
access7 to the magnitude and phase of the U e3 entry.
The analysis described in Section 5 allows a

determination of Pðn̄m ! n̄eÞ: To ease comparison
with other proposed facilities, we interpret Pðn̄m !
n̄eÞ; assuming no CP violation in the leptonic
sector (d ¼ 0), y23 ¼ p=4 and Dm2

23 ¼ 2:5�
10�3 eV2; so that

Pðn̄m ! n̄eÞ

’ sin2 2y13 sin
2 y23 sin

2 D

¼
1

2
sin2 2y13 sin

2 1:27
Dm2

23ðeV
2ÞLðkmÞ

EðGeVÞ

� 
ð28Þ

and performing a two parameter fit of Dm2
23 and

sin2 2y13: The fluxes of n̄m from pþ DAR are
computed for a facility providing 1014 pot=pulse
with variable repetition rates. The pþ yield
considered here is 0:09 pþ=pot; corresponding to
the LSND setup [45]. As discussed in Section 3.2,
this estimate is rather conservative for a laser-
based facility. In 5 years of data taking, assuming
6 months of operation and 50% beam on time, the
overall integrated flux at 11 km is 2:3� 107 �
7This determination is not unique due to the d ! p� d and

y23 ! p=2� y23 invariance of the transition probabilities

[54,55].
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Table 2

Breakdown of systematic errors for the n̄m ! n̄e DAR analysis

Channel Source Error (%)

Signal Flux 7

Cross-sec —

Eff 7

g id 7

n̄e from DAR m� Flux 15

Cross-sec —

Eff 7

g id 7

n̄m from DIF p� Flux 15

Eff + cross-sec 41

g id 7

n12e C from DAR mþ Inclusive 17
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R n=cm2; R being the repetition rate in Hz. At R ¼

1 kHz; we expect 473 n̄e CC events, assuming 100%
n̄m ! n̄e conversion rate. The corresponding back-
ground is below 0.6 events (0.28 from m� DAR,
0.16 from p� DIF with the muon misidentified and
0.16 from events without correlated g). The
systematic errors for signal and background are
inferred from the LSND analysis and shown in
Table 2.Fig. 8 shows the 90% confidence level
(CL) exclusion limit for sin2 2y13 in the occurrence
of the null hypothesis (y13 ¼ 0) as a function of the
repetition rate. The corresponding sensitivities
coming from the nm ! ne appearance search for
MINOS [56], CNGS [57], JPARC-SK [9] and
JPARC to Hyper-Kamiokande [9] are also shown,
together with the present CHOOZ [2] limit from n̄e
disappearance. The two-parameter exclusion re-
gion at 90% CL for a 10 kHz facility is depicted in
Fig. 9.
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Fig. 8. Exclusion limit at 90% CL for sin2 2y13 (two parameter

fit) as a function of the repetition rate. The corresponding

integrated protons on target for 5y of data taking are also

shown. The horizontal bands indicate the corresponding limit

from nm ! ne appearance search at MINOS, CNGS, JPARC to

Super-Kamiokande and JPARC to Hyper-Kamiokande; the

upper band shows the present CHOOZ limit from n̄e
disappearance search.
7. nm ! ne appearance searches

In LSND nm ! ne oscillations were searched for
by exploiting the nm flux from decay in flight. As
discussed in Section 3, about 3% of the pþ decay
in flight originate a nm beam with average energy of
about 90MeV. ne are detected through the
reaction nee ! eX and require the electron to
have energy in the range 60–200MeV: The
corresponding value of the cross-section for
hEni � 9MeV is about 15� 10�40 cm2 [52], i.e. a
factor 15 larger than n̄e inverse b-decay (see
Section 5). Taking into account the different
detection efficiencies [42], we expect a ratio of
fully oscillated DIF/DAR events of about one
third with a signal-to-noise ratio comparable to
both analyzes. Note, however, that the energy of
DIF neutrinos does not match the maximum of
the oscillation probability for the baseline con-
sidered (L ¼ 11 km for Dm2

23 ¼ 2:5� 10�3 eV2).
The time analysis searches for nm ! ne oscilla-

tions by looking for mono-energetic ne
(En ¼ 29:8MeV) in a short time window after the
proton pulse. The length of the time window is
determined by the pion life-time (tp ¼ 26 ns). ne
are detected through the CC reaction of ne onto
12C; giving rise to an electron and an12N (ground
state) followed by the b-decay 12Ng:s:!
12Ceþne

with 15.9ms decay time. This analysis was found
to be particularly appealing for the following
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reasons: the main background is induced by ne
from fast mþ-decay within the time window, but
can be precisely measured and subtracted; due to
n12e C ! e�12Ng:s: interactions from mþ decays
outside the time window, the full oscillation
expectation is normalized by the experiment itself.
However, the sensitivity of this channel is essen-
tially limited by the small cross-section of the
involved reaction (4:95� 10�42 cm2; at En ¼

29:8MeV; to be compared with the inverse b-
decay reaction whose cross-section is 0:95�
10�40 cm2; convoluted over the whole DAR
spectrum). Summarizing the search for nm ! ne
oscillations is very interesting for CP-violation
studies, but it is not at the peak of the oscillation
probability in the DIF analysis (E/L �

0:1GeV=11 km � 10�2; D � 0:34) and it is limited
by statistics in the time analysis. The impact of this
channel on CP-violation studies is currently under
investigation and will be the subject of a forth-
coming paper.
8. Conclusions

The current debate for multipurpose facilities
aimed at high-precision studies of neutrino oscilla-
tions drove the authors toward the study of non-
conventional neutrino sources. In particular, we
noted that the possibility to efficiently accelerate
protons in the GeV energy range through relati-
vistic laser-plasma interactions opens up interest-
ing opportunities for the development of a new
generation of proton drivers. In this paper, we
discussed a radiation pressure dominated (RPD)
mechanism for relativistic proton acceleration.
This mechanism is highly efficient compared to
previous proposals and could allow a close synergy
between present R&D finalized to energy produc-
tion through inertial confined fusion and the
wealth of applications related to high-intensity
multi-GeV drivers (see appendix). Moreover, we
demonstrated that this facility could allow for the
first time the study of subdominant nm ! ne
oscillations at the atmospheric scale with neutrinos
produced by pþ decays at rest or in flight.
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Appendix

In the last decade, interest in the construction of
high-intensity proton drivers in the few GeV range
has steadily grown. The main reason is connected
with the wide range of applications that can be
simultaneously accessed by these facilities. The
most intense neutron beams (spallation sources)
are currently produced by bombarding mercury
targets with energetic protons from a large few-
GeV proton accelerator complex. As it is well
known, applications range from chemistry to
crystalline and disordered material studies, super-
conductivity, polymers and structural biology
investigations. A discussion of the physics case
for intense spallation sources can be found in Ref.
[58]. A wide physics program is accessible in
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neutrino physics, beyond the oscillation issues
discussed above [49]. The availability of a high-
power, high-duty factor proton beam could
provide opportunities in stopped muon physics,
in search for rare decays as m ! eg; m ! eee or
muon conversion mN ! eN; and improvements in
muon decay properties. The neutrino energy range
is appropriate for neutrino-nucleus cross-section
measurements of relevance to supernova astro-
physics: dynamics, nucleosynthesis and terrestrial
supernova n detection. Similarly, measurements of
neutrino-nucleus cross-sections open the possibi-
lity of studying interesting nuclear structure issues
related to the weak interaction as the ratio of the
axial to vector coupling constants and the search
for non-standard contributions. Finally, it is worth
noting that oscillation studies at the Dm2 � 1 eV2

scale will become a major priority in n physics in
case of confirmation of the LSND ne appearance
claim.
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