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We report first experimental evidence on anomalous stopping and significantly enhanced stopping
power of dense ionized matter interacting with a high-current laser-generated proton beam. A
magnetic dipole was used to tailor a short and quasi-mono-energetic proton beam of 3.4 MeV with
an energy spread of 6%. The target of dense ionized matter was produced from irradiating a
carbon-hydrogen-oxygen foam sample (TAC) with soft x-rays from a laser-heated hohlraum. The
hydrodynamic timescale of the target is long compared to the short proton beam pulse and therefore
the target can be considered to be quasi static with well characterized plasma parameters of 17 eV
electron temperature and an electron number density of 4 × 1020 cm−3. We observed enhanced
stopping properties by one order of magnitude as compared to the classical single particle stopping
in cold matter. We attribute this phenomenon to a strong decelerating electric field with a maximum
on the order of 109 V/m, which is induced by the intense proton beam. Our numerical simulation
shows that this collective effect plays the dominant role, and it will have major impact on nuclear
fusion scenarios like fast ignition, but also for applications in material science and astrophysics.

Ion beam stopping in ionized matter is a fundamen-
tal process of utmost importance to nuclear fusion. In
fusion plasmas, we have to deal with alpha particle stop-
ping with the constituents of fully ionized Deuterium-
Tritium plasma, where binary collisions prevail and no
collective phenomena are predicted or observed. Even in
the case of ion driven fusion, which requires the highest
beam intensity from accelerators [1] no collective effects
on ion stopping processes due to high beam intensity are
considered nor–to the best of our knowledge–were they
reported in any high current experiment. The situation is
quite different for the fast ignition scheme (FI), proposed
independently by N. G. Basov [2] and later M. Tabak [3].
Here a short and intense pulse of high energy charged
particles–electrons, protons or heavy ions–generated by
an ultrahigh intensity laser, and is directed towards the
pre-compressed fusion pellet. This laser generated parti-
cle beam is supposed to deliver sufficient energy locally
to ignite the fusion-fuel and to start a burn wave. The
ignition conditions in the fast ignitor scenario have been
discussed and studied in detail previously [4–8], here we
discuss the properties of beam transport and energy de-
position of high intensity charged particle beams.

Since the discovery of alpha decay and the availabil-
ity of energetic fission fragments, it became interesting
to study fast particle stopping processes in matter [9–
11]. In past decades experimental investigation of the
stopping power of ionized matter became possible and
sparked numerous efforts to describe single particle stop-
ping in plasma and warm dense matter [12–19]. A num-
ber of theoretical approaches which may considered fur-

ther developments of the early work of Bethe [16] and
Bloch [17] do treat the energy loss of ions in ionized mat-
ter. But only recently experiments with sufficient pre-
cision were carried out to distinguish between different
models [20, 21]. Mono-energetic particles generated from
laser induced nuclear reactions [20] or the UNILAC ac-
celerator at GSI [21] were used. In both experimental
approaches the beam intensity was low enough to test
the model of single particles interacting with high tem-
perature dense plasma. The beam particle density was
orders of magnitude lower than the plasma density and
thus the inter-particle distance of the beam is much larger
than the plasma screening length. Previous experiments
with laser generated particle beams [22, 23] have demon-
strated intense beam density (1019 cm−3) and short pulse
duration (pico-second). Thus particle beams generated
from ultrahigh-intensity lasers open a new realm, where
beam-driven complex collective phenomena are expected
to occur [24–30], resulting in anomalous stopping. In
order to improve our understanding of these effects, ex-
perimental data are required.

In this Letter, we report about a key experiment to
study the effect of anomalous stopping induced by high
intensity laser-accelerated proton beams in dense ionized
matter. A magnetic dipole was used to tailor a short and
quasi-mono-energetic proton beam of 3.4 MeV with an
energy spread of 6%. The target of dense ionized matter
was produced from irradiating a carbon-hydrogen-oxygen
foam sample (TAC) with soft x-rays from a laser-heated
hohlraum. The hydrodynamic timescale of the target
is long compared to the short proton beam pulse and
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FIG. 1. (a) A ps laser is focused onto a Carbon-coated tung-
sten foil, generating intense short-pulse ion beams with differ-
ent species. A magnetic dipole and a limiting slit serve as p/q
analyser to select mono-energetic ion beams. Such ions inter-
act with the laser generated plasma-target and emerge from
the target with a lower energy due to the incurred energy loss.
The final-state energy is measured by a Thomson parabola in
conjunction with CR39 film. (b) The target consists of a gold
hohlraum converter to produce the soft x-rays that irradiate
the TAC foam to generate a dense ionized sample. (c) The
insert shows the simulation result of an intense proton beam
moving along the z direction, inducing a strong longitudinal
electric field, which is counter directional to the proton beam
propagation, causing anomalous stopping.

therefore the target can be considered to be quasi static
with well characterized plasma parameters of 17 eV elec-
tron temperature and an electron number density of 4 ×
1020 cm−3. We observed enhanced stopping properties
by one order of magnitude as compared to the classical
single particle stopping in cold matter. We attribute this
phenomenon to a strong decelerating electric field with
a maximum on the order of 109 V/m, which is induced
by the intense proton beam. Our numerical simulation
shows that this collective effect plays the dominant role,
and it will have major impact on nuclear fusion scenar-
ios like fast ignition, but also for applications in material
science and astrophysics.

Experiment was carried out on XG-III laser facility at
Laser Fusion Research Center with the experimental lay-
out displayed in Fig. 1. Here a short and intense laser
beam with duration 800 fs and energy 150 J is focused on
a tungsten foil [70 µm of transverse size and 15 µm-thick].
Intense ion beams, containing protons (H1+) and C-ions
with different charge states (C1+, C2+, C3+ and C4+),
are produced on the backside through the mechanism of
target normal sheath acceleration (TNSA). Among such
particle species, proton (H1+) is proven to be the domi-
nant one [22, 23], as its charge to mass ratio is the high-
est and experiences a higher acceleration efficiency than
other carbon ions. As ion energy spectra through TNSA
are usually broad, in order to reduce the bandwidth of
ion spectra, here a magnetic dipole, as shown in Fig. 1(a),

FIG. 2. (a) Tracks of protons recorded on TPS CR39 passing
through null target and plasma target. The X and Y coordi-
nates represent the magnetic and electric deflection distances.
The dashed curve represents the deflected position for vari-
ous proton energies. The tracks for the zero reference point as
well as the protons with/without plasma are indicated with
black, blue and red dots respectively. (b) Energy spectra of
the protons passing through null target and plasma target.

was used to tailor the broad spectra and select a short
and quasi-mono-energetic proton beam. The magnetic
field of dipole is 0.8 Tesla and thickness of slit is 500 µm.
They served as a p/q analyser, where p and q are the par-
ticle momentum and charge respectively. Thus particles
with small p/q have the highest deflection, and quasi-
mono-energetic ions are therefore selected. Please note
although the selected ions still contains different species,
each has different velocity and would research the plasma
target independently with different time delay.

As for the target, a gold hohlraum converter was used
to produce soft x-rays by the interaction of a ns laser
[energy of 150 J] with the wall of the gold hohlraum,
irradiating the TAC foam [density of 2 mg/cm−3 and
thickness of 1 mm], and producing dense ionized plasmas
therein. Due to the deep penetration of soft x-rays, the
foam was heated quasi isochronally. Existing work had
demonstrated the specific hydrodynamic response of this
x-ray heated foam [31–33]. The hydrodynamic timescale
of the target is long (ns-living) compared to the short
proton beam pulse and therefore the target can be con-
sidered to be quasi static with well characterized plasma
conditions. In order to determine plasma conditions,
emission spectra from gold hohlraum and TAC matter
were measured. Gold hohlraum radiation fits well with
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20 eV black body spectra, and the electron temperature
of foam plasma was determined to be around 17 eV when
analysing the intensity profile of helium-like carbon lines
by using Boltzmann curve slope method. Under local
thermodynamic equilibrium conditions, according to cal-
culations of FLYCHK code [34, 35], the ionization degree
of TAC matter is C3.7+

12 H0.99+
16 O4.4+

8 , under which the free
electron density is 4× 1021 cm−3.

In order to diagnose the energy spectra of charged pro-
tons, a Thompson parabola spectrometer (TPS) in con-
junction with a plastic track detector CR39 was taken.
On TPS device, a pinhole with radius of 200 µ m was
opened, which enable this device to achieve energy res-
olution of δE = 0.07 MeV for 3.36 MeV protons. In
Fig. 2(a), tracks recorded on CR39 for protons passing
through null target and plasma target as well as the
zero reference point are displayed. Based on the mag-
netic deflection distance, proton kinetic energy value was
analysed. As we can see in Fig. 2(b), the energy spec-
tra for incident protons with a 3.36 MeV peak energy
and full width at half maximum (FWHM) 0.06 MeV,
are significantly downshifted, for which the peak energy
was decreased to 2.98 MeV and FWHM was increased to
0.2 MeV after passing through plasmas. The measured
energy loss in experiment is compared with theoretical
predictions as shown in Fig. 3. For existing theoreti-
cal models, for example Bethe-Bloch model, Li-Petrasso
(LP) theory [12] and Standard Stopping Model (SSM) by
Deutsch [13], which account for only collisions of an indi-
vidual proton with free electrons, bound electrons or/and
plasmons, underestimate the stopping power, with differ-
ence as large as one order of magnitude.

We attribute this anomalous stopping to the collec-
tive electromagnetic effects induced by high current ion
beams. In order to accurately and completely inves-
tigate this anomalous stopping, both collective electro-
magnetic effects and close particle-particle interactions
need to be taken into account. PIC method in recently
years has established itself as a state-of-the-art method
for solving problems in kinetic plasma physics. Here,
PIC simulations are performed by using a newly devel-
oped PIC code named LAPINS [36–38]. In this code,
all the close interactions including proton-nuclei, proton-
bound electron, proton-free electron were taken into ac-
count with a newly developed Monte Carlo binary col-
lision model [39]. A new Monte Carlo ionization dy-
namics model was added as well [40], including colli-
sion ionization, electron-ion recombination and ioniza-
tion potential depression. In order to simulate large scale
plasmas and simultaneously avoid intractable simulation
burden, instead of solving the full Maxwell’s equation,
a new approach that combines PIC method with a re-
duced model of high-density plasma based on Ohm’s law
was developed and benchmarked [36]. To take into ac-
count collective electromagnetic effects, the background
electron inertia is neglected, and instead the background

exp.-no target

exp.-after plasma

PIC (high-current)

PIC (low-current)

Bethe-Bloch

Li-Petrasso

SSM

-0.1

-0.02
0.02
0.06
0.1

0.2

0.3

0.4

0.5

E
 [
M

e
V

]

FIG. 3. Experimental, numerical (PIC) and analytical pre-
dicted energy loss of protons when passing through the dense
ionized plasmas [see text for details on plasma parameters].
The experimental energy loss data (red triangle) as well as
PIC simulation data (blue triangle for 8 × 107 A/cm2 high-
current case, and blue circles for 8 × 102 A/cm2 low-current
case) are evaluated as the peak energy downshift. Analytical
calculations are based on Bethe-Bloch formula, Li-Petrasso
theory and SSM theory. The incident energy is 3.36 MeV as
shown by the red circle. The error bars for the experimen-
tal and PIC simulation data represent the FWHM of their
respective energy spectra.

return current is evaluated by the Ampere’s law Je =
(1/2π)∇ × B − (1/2π)∂E/∂t − Jb − Ji, where B is the
magnetic field, E is the electric field, and Ji is the back-
ground ion current. Applying the continuity equation
∇ · J + ∂ρ/∂t = 0, where J = Jb + Ji + Je is the total
current, Poisson Equation ∇ · E = 2πρ is rigorously sat-
isfied. The electric fields are then solved by the Ohm’s
law, E = ηJb − ve × B, where ve is the background
electron velocity, and η is the resistivity. Taking advan-
tage of the Monte Carlo collision model, resistivity η is
obtained with a natural manner by averaging over all bi-
nary collisions at each time step for each simulation cell.
Finally, Faraday’s law is used to advance the magnetic
fields ∂B/∂t = −∇× E. This field solver, which couples
Ampere’s law, Faraday’s law and Ohm’s law, can com-
pletely remove the numerical heating and significantly
reduce the calculation burden. These advantageous fea-
tures provide a unique tool, which can self-consistently
model transport and energy deposition of intense charged
particles in dense ionized matter.

In the simulation, the incident proton beam is mod-
elled to have Gaussian distributions both temporally and
spatially, with beam duration of 1 ps and transverse
size of 1 mm. The energy spectra is assumed to be of
Gaussian profile as well, with peak energy at 3.36 MeV
spreading with FWHM of 0.06 MeV. The plasma tar-
get is parametrized the same as with that diagnosed in
experiment, namely, electron temperature of 17 eV, ion-
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FIG. 4. (a) Longitudinal electric field driven by proton beams
which moving along Z direction for the case with initial beam
density 4× 1017 cm−3. The beam density profile is indicated
by the red solid curve. (b) The same with (a) but the initial
beam density is changed to 4 × 1012 cm−3. (c) Normalized
energy spectra for the incident protons (solid black curve)
as well as that when passing through dense ionized plasmas.
Here, different coloured lines represent cases for proton beams
with different initial densities, for example, 4× 1012 cm−3 by
solid red curve, 4×1016 cm−3 by solid green curve, and 4×1017

cm−3 by dashed blue curve.

ization degree of C3.7+
12 H0.99+

16 O4.4+
8 , free electron density

of 4 × 1021 cm−3. The simulation is carried out in the
Z-Y Cartesian geometry with beam propagating along Z
direction. The size of the simulation box is 1.2 mm × 2.5
mm, with grid size of 0.75 µm × 25 µm, containing 25
particles per grid for each plasma species and 64 particles
per grid for proton beam.

Given the incident proton beam with density 4× 1017

cm−3, peak energy 3.36 MeV, FWHM 0.06 MeV and du-
ration 1 ps, Fig. 4(a) shows the longitudinal electric field
Ez induced by the beam-driven return current when al-
ready propagating for 0.3 mm. Strong decelerating field
Ez on the order of 109 V/m is produced, which plays
the dominant role in proton stopping. The resulted en-
ergy downshift of protons after passing through 1 mm
plasma is shown by dashed blue lines in Fig. 4(c). The

energy distribution is significantly broadened in contrast
to the initial spread. This is because, the protons in
the bunch are surrounded by a decreasing decelerating
field, i.e., protons with higher energies which located at
the front bunch experience a smaller decelerating electric
field than the ones with lower energies. Please note, the
spatial size of this decelerating field is comparable to size
of proton bunch, which is quite different to cases [41, 42]
of plasma wake-field. The size of the latter is determined
by plasma density. As we can see the peak energy of
protons is shifted by 0.39 MeV, which agrees with exper-
imental data in magnitude, and the broadening of energy
spectra is also consistent with experimental observations.
Therefore, PIC simulation reproduces the experimental
data with initial beam density of 4× 1017 cm−3 for 3.36
MeV protons, which equals to a beam current density
of 8 × 107 A/cm2, according to Jb = enbvb, where e is
the electron charge, vb is the proton velocity. When the
beam current is reduced (e.g. 4 × 1012 cm−3), the col-
lisional effect plays the dominant role, in which case the
PIC simulations obtain the same result as predicted by
the individual proton slowing-down theories, for example
Bethe-Bloch model, SSM and LP.

In order to well understand the anomalous stopping
induced by beam densities, additional simulation for in-
cident protons with density 4 × 1012 cm−3 and 4 × 1016

cm−3 were carried out. For low-current case (4 × 1012

cm−3), the beam induced longitudinal electric field Ez

after propagating for 0.3 mm in the plasma is shown in
Fig. 4(b). When compared with the high-current case
4× 1017 cm−3, Fig. 4(a), no collective decelerating field
is excited under such conditions. The proton stopping is
dominated by the close particle-particle collisions. Af-
ter passing through the plasma, the energy spectrum
is downshifted by 0.02 MeV shown in Fig. 4(c), which
agrees well with predictions of the binary-collision the-
ory. As for the intermediate case (4× 1016 cm−3), stop-
ping from close collision and collective electromagnetic
effects are comparable with each other, under which the
finial energy downshift is 0.04 MeV as shown in Fig. 4(c).

In summary, we report first experimental evidence on
anomalous stopping and significantly enhanced stopping
power of dense ionized matter interacting with a high-
current laser-generated proton beam. A magnetic dipole
was used to tailor a short and quasi-mono-energetic pro-
ton beam of 3.4 MeV with an energy spread of 6%. The
target of dense ionized matter was produced from irradi-
ating a carbon-hydrogen-oxygen foam sample with soft
x-rays from a laser-heated hohlraum. The hydrodynamic
timescale of the target is long compared to the short pro-
ton beam pulse and therefore the target can be consid-
ered to be quasi static with well characterized plasma
parameters of 17 eV electron temperature and an elec-
tron number density of 4 × 1020 cm−3. We observed
enhanced stopping properties by one order of magnitude
as compared to the classical single particle stopping in
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cold matter. We attribute this phenomenon to a strong
decelerating electric field with a maximum on the order of
109 V/m, which is induced by the intense proton beam.
Our numerical simulation shows that this collective effect
plays the dominant role, and it will have major impact
on nuclear fusion scenarios like fast ignition, but also for
applications in material science and astrophysics.
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