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High-Intensity Laser Induced Ion Acceleration from Heavy-Water Droplets
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Fusion neutrons from a heavy water droplet target irradiated with laser pulses of 3� 1019 W=cm2

and from a deuterated secondary target are observed by a time-of-flight (TOF) neutron spectrometer.
The observed TOF spectrum can be explained by fusion of deuterium ions simultaneously originating
from two different sources: ion acceleration in the laser focus by ponderomotively induced charge
separation and target-normal sheath acceleration off the target rear surface. The experimental findings
agree well with 3D particle-in-cell simulations.
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FIG. 1 (color). Experimental setup: Laser pulses are focused
onto D2O droplets. Deuterons from the laser focus create
prompt fusion neutrons in the droplet, while deuterons from
its back side cause delayed fusion reactions in the deuterated
catcher target. A sketch of the two ion populations and the
center-of-mass energy of 2.45 MeV can be used to obtain subsequent neutron production is shown in the inset.
In recent years, high-intensity femtosecond (fs) lasers
have been used to study the new area of relativistic laser-
plasma interaction. In this context, one of the most dy-
namic topics is the acceleration of particles to very high
energies over submillimeter distances [1–6]. Much re-
search is directed towards the development of compact
particle sources with a well characterized emission.
Debris-free targets such as droplets are crucial for a
reliable operation of those sources. However, the physics
of laser particle acceleration is far from understood. In
previous experiments, powerful ultrashort laser pulses
were focused onto thin foil targets. Intense ion beams
were detected behind the foil in laser direction. Two
mechanisms of ion acceleration are presently under dis-
cussion. First, the ponderomotive charge separation at the
front surface induces a double layer and the resulting
static fields accelerate ions into the target [5,7,8].
Second, the laser-heated electrons propagate through
the target, build up a space charge at the rear surface,
and extract ions by the target-normal sheath acceleration
(TNSA) mechanism [2,3,9–11]. The above experiments
could clearly identify one of the two mechanisms to be
dominant in their case. However, multidimensional par-
ticle-in-cell (PIC) simulations [9,12] suggest that in
general both mechanisms work simultaneously and inde-
pendently. With standard experimental techniques, it is
hard to simultaneously quantify these two mechanisms,
since predominantly protons are accelerated from oil or
water contaminants present on both target surfaces.

In this work, for the first time heavy water droplets
were irradiated at relativistic laser intensities. Deuterons
causing fusion neutrons were used for separating the front
and rear surface ion acceleration mechanisms. Deuterons
are not naturally found in surface contaminants and
are able to trigger fusion reactions such as d�d; n�3He at
low energies (ED * 20 keV), when using deuterated tar-
get material. The resulting fusion neutrons with their
0031-9007=03=91(1)=015001(4)$20.00 
information on the incident deuteron energy and angular
distribution [8,13–15] by measuring their kinematic
shift. We use neutron time-of-flight (TOF) spectroscopy
to get a clear distinction between front and rear surface
accelerated deuterons and to determine the number and
temperature of both species. Furthermore, the results are
compared to PIC calculations.

The experiments (Fig. 1) were carried out at the
Jena TW Ti:sapphire laser, delivering �L � 80 fs, 10 Hz,
E � 600 mJ pulses at 	L � 0:8 �m. They were focused
by an f=2 off-axis parabola to a spot size of 3 �m
FWHM, leading to a focused intensity of IL �
3� 1019 W=cm2 � 30� I18. The target consisted of
well defined 20 �m diameter D2O droplets produced by
a piezoelectrically modulated 10 �m diameter nozzle
[16,17]. In spite of the difference in geometry from planar
targets, the two acceleration mechanisms also work in
droplets with some modifications discussed below. A
secondary catcher target consisting of a 7 mm thick
�CD2�n disk (diameter 15 cm) was placed behind the
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FIG. 2 (color). Neutron TOF spectra without a catcher (a) and with a catcher placed at different distances of (b) 8.4 cm, (c) 14.8 cm,
and (d) 23.3 cm. The green and light-blue lines show simulations for ion emission of Ti;cold � 100 keV and Ti;hot � 350 keV from the
front (see Fig. 3) for all cases, and blue corresponds to T � 100 keV (b),(c) or T � 110 keV (d) off the rear surface, respectively.
The red line shows the sum spectrum.
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droplet in laser direction (see Fig. 1) at distances of 8.4,
14.8, and 23.3 cm, covering 1.6, 0.7, and 0.3 sr, respec-
tively. The fusion neutron TOF spectra were recorded by
two NE110 plastic scintillation detectors. The time reso-
lution of the whole system is �1:5 ns and the detector
efficiency is �0:2. The detectors were placed at a distance
of 240 cm from the focus at an angle of 143� to the laser
axis inside a lead housing of 9 cm wall thickness to shield
them against the gamma burst from the laser interaction.
In order to suppress errors in the spectral shape from
pileup, the count rate was kept low ( � 0:25 detected
neutrons/shot). The presented spectra were recorded ac-
cumulating �40 000 laser shots.

The neutron TOF spectra in Fig. 2 show the variation in
spectral shape for different catcher distances. The spec-
trum in Fig. 2(a) was taken without the catcher and
exhibits only a single peak from fusion neutrons created
inside the droplet. With the catcher in place, a second
peak appears in the spectrum [Figs. 2(b)–2(d)], indicat-
ing fusion in the catcher by deuterons accelerated from
the droplet. When the catcher distance is enlarged, the
second peak shifts to later times and gets broader. The
distance between the two peaks corresponds to the ion
TOF from the target to the catcher, whereas the broad-
ening reflects the TOF dispersion of the ion spectrum.
When the catcher was covered with a 200 �m thick
undeuterated plastic foil, a spectrum similar to that
shown in Fig. 2(a) was obtained for every catcher posi-
tion, which rules out that the second peak might be due to
neutrons created in the droplet and scattered by the
catcher.

A Thomson parabola with a lower cutoff of 500 keV
oriented at 15� to the laser axis measured deuterons with
a maximum energy of �1:2 MeV in a ‘‘hot tail’’ of 200–
400 keV temperature and the onset of a strong colder
component towards low energies. A qualitative analysis
of the CR-39 detector sheets placed around the target
showed an almost isotropic ion emission with broad,
slight enhancements in the 0� (along laser axis) and 90�

(perpendicular) directions. This combination of data
from different detectors contains sufficient information
for clearly separating the ion acceleration processes
involved.
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We first consider ion acceleration in the laser focus,
similar to the results in [8,12,18]. It takes place at the
interface between plasma and laser light, and its charac-
teristics largely depend on geometry. The prepulse of the
laser generates a plasma with a scale-length Lp estimated
to 4–6 �m at the critical surface. The highly relativistic,
tightly focused pulse bores a dip of depth � �Lp into the

overdense preplasma (� �
��������������������������������
1� I18	

2
L=2:74

q
, 	L in �m).

The apex of the dip, however, is always located at the
relativistic critical density (nr � �nc, nc: critical den-
sity), and therefore never reaches the bulk of the droplet.
The deep dip expels most ions at large angles to the laser
axis without respect to the target normal. This implies
that the emission pattern is independent of the position of
the focal spot on the droplet. This picture is experimen-
tally confirmed by the 90� feature in the CR-39 data (for
the 0� enhancement see further below) and by the timing
of the first peak, which is a sensitive probe for the angle
distribution of ions from the focus. Its measured position
rules out a strong forward component (see below).
References [8,18] describe similar cases; however, the
laser parameters were quite different from ours. Their
simulations were only 2D, thereby underestimating the
depth of the formed dip and the predominant emission
angle. Hence, we performed simulations with the 3D PIC
code VLPL [19] to model the ions expelled from the focal
volume. For both 0� and 45� (p-polarized) incidences, an
80 fs laser pulse of 4 �m diameter and an intensity of 3�
1019 W=cm2 enters the simulation box of 19� 16�
16 �m3. It contains a radially expanding preplasma of
4 �m scale length followed by a uniform bulk density of
16nc. The most and fastest ions in both cases are emitted
at large angles to the laser axis, as shown in Fig. 3(b).
Figure 3(a) shows the ion spectra in different angle inter-
vals to the laser axis. The angle-integrated ion spectrum
contains �1011 ions with a two-temperature exponential
type spectrum (Ti;cold � 100 keV and Ti;hot � 350 keV).
Since the most energetic ions are emitted at large angles,
they cannot be seen in the Thomson parabola.

To simulate neutron TOF spectra from any given ion
distribution, we developed the Monte Carlo neutron pro-
duction code MCNEUT [20]. It tracks individual deuterons
through the target, catcher, and detector geometry in 3D.
015001-2
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FIG. 3 (color). PIC results: (a) Ion spectra at different angle
intervals to the laser axis and sum spectrum. (b) Angular
distribution of the ions: from the PIC output (light-blue dotted
line) and distribution modified for best match with the experi-
ment (green solid line).

80 100 120 140 160 180 200
0

1

2

4

5

6

droplet

catcher

hot droplet, 8.4cm
hot droplet, 14.8cm
hot droplet, 23.3cm
cold droplet, 8.4cm

ne
ut

ro
ns

(s
ho

ts
rn

s)
-1

neutron TOF [ns]

FIG. 4 (color). Simulated neutron spectra, assuming only
front-accelerated deuterons (isotropic distribution, enhancing
the second peak), for different catcher distances. The stopping
is treated for a cold and an electron-heated (hot) droplet.
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They are slowed down according to their energy loss in
plasma (see below), while their fusion probability is
determined from the DROSG2000 differential cross-section
tables [21]. According to the resulting neutron energy,
which is calculated from two-body reaction kinematics,
the fusion probabilities are summed up in a TOF spec-
trum. Neutron scattering in the chamber and detectors
was modeled by MCNP [22] neutron transport calculations
and included in MCNEUT by a scattering function.
Experimental laser pointing fluctuations which lead to
different ion path lengths inside the droplet were modeled
by moving the ion origin randomly across the droplet.
When using the deuteron distribution from the PIC simu-
lation as input, the computed neutron TOF spectrum is in
good agreement with the experiment [see Fig. 2(a)]. An
even better match is achieved with a broader angle dis-
tribution [see Fig. 3(b), green curve]. For a more forward-
directed ion distribution the peak would shift to later
times, which is not observed.

We now show that only a few front-side deuterons can
penetrate the droplet, which contribute only weakly to
the second peak. To calculate the number and spectrum of
these transmitted ions, we must account for changes of
the energy loss dE=dx in the droplet that gets ionized by
fast electrons. In plasma, dE=dx is enhanced for fast ions,
vi > vth, and strongly reduced for slow ions, vi < vth,
where vi is the ion velocity and vth is the thermal electron
velocity. We assumed that 20% of the laser energy is
converted into fast electrons (Thot � 1:47 MeV given by
the ponderomotive scaling [23]), which are emitted in a
	40� FWHM plume around the laser axis. They lose their
energy by collisional stopping. The local temperature can
then be determined from SESAME equation-of-state tables
[24]. The effective charge state is estimated from a
Thomas-Fermi model [25]. These values are put into
our stopping model, which treats the contribution of
bound target electrons by the SRIM tables [26] and that
of free electrons by a low-energy extension of the plasma
energy loss from [27]. With these modifications to
MCNEUT, we calculated the neutron spectra using only
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front-side ions. Their angle distribution was assumed
isotropic to overestimate the second peak compared to
the distribution in Fig. 3(b). The penetrating ions cause
only a small second peak (Fig. 4). The overall effect of
target heating on the neutron spectra is small ( � 10%
change in neutron yield; compare red and black curves
in Fig. 4).

This calculation shows that the second peak in the
measured TOF spectra cannot be explained by front-
side ions alone. Therefore, a second deuteron population
is postulated that does not interact in the droplet
and is therefore accelerated off the droplet rear surface.
It can be explained by the TNSA [2,9] mechanism: hot
electrons from the laser focus penetrate the target and exit
at the rear side. They are bound to the target by building
up a space charge that forms a sheath extending approxi-
mately one Debye length, 	D � ��0kThot=e

2ne;hot�
1=2, into

vacuum. Thereby a strong field is set up at the rear
surface, Estat � kThot=e	D � 1 TV=m [2]. Here, ne;hot is
the density of hot electrons at the target rear surface. The
initial lateral spread of this electron sheath depends on the
divergence and the transport of the electron beam
through the target. Since the droplet is isolated from the
environment, the electrons cannot escape and the sheath
later spreads around the surface to form an almost uni-
form halo. The TNSA mechanism—in planar foils re-
sponsible for the ion acceleration normal to the rear
side—therefore accelerates ions into 4� with only a
slight enhancement in 0� (due to the initial sheath at
the rear side) in our case, which explains the CR-39
findings. Assuming ion acceleration into 4�, we can put
model spectra of TNSA ions into MCNEUT to calculate the
TOF spectra of fusion neutrons from the catcher target.
The good agreement of the simulation of the second
neutron peak with the measurement is shown in Fig. 2.
Comparing the dependence of the measured shift of the
position of the second peak with the catcher distance to
that calculated, we can determine the ion temperature
(Fig. 5). The experimental values agree well with a tem-
perature of the rear-side ions of 100	 30 keV. This is
quite low compared to other experiments, but can be
explained by our laser parameters and specific geometry.
015001-3
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FIG. 5. Position of the second peak for different ion tempera-
tures as predicted by MCNEUT and experimental data.
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Mackinnon et al. [28] report that in a 2D PIC simulation
for 20 �m thick planar targets and 100 fs, 10 J, 1�
1020 W=cm2 laser pulses the expansion velocity of the
rear surface was 0.05c, corresponding to Ti � 1:15 MeV.
Assuming the same pulse duration and conversion
efficiency � of laser energy W into electrons for
our experiment and [28], the hot electron density scales
as ne;hot / �W=�kThotA	D�, A being the area of the
sheath. The accelerating field then scales as Estat /
e�W=��0kThotA�. At 	40� divergence, at JanUSP
the electron beam exits the target in a circle of
radius �

���
3

p
rt; A � 3�r2t (rt � target thickness=2 �

droplet radius), whereas in our case the electrons spread
around the whole droplet (A � 4�r2t ). With the energy
and intensity in the two cases, we estimate a 10� lower
static field in our case. Since �L is about equal in both
cases, a mean ion energy of 115 keV is obtained in good
agreement with our observation.

By varying the ion number, we can find the best match
to the experimental peak height. The result is shown in
Figs. 2(b)–2(d) together with the measurements. For a
best-fit temperature of �100 keV, the second peaks in the
three runs were caused by 4:8� 1010 (8.4 cm distance),
2� 1010 (14.8 cm), and 9� 109 (23.3 cm) ions hitting the
catcher. Taking into account the catcher solid angles at
different distances, this corresponds to a total number of
surface accelerated ions of 3:8� 1011, 4:5� 1011, and
4:2� 1011, respectively. Since these numbers are in
good mutual agreement, the assumption of isotropic ion
acceleration fits our neutron data. The total number of
these ions, as inferred from the area of the second peak, is
10� higher than that needed to explain the first peak,
ruling out that the small fraction of transmitted front-side
ions significantly contribute to the second peak.

In conclusion, we report a new plasma-diagnostics
application of deuterium ions accelerated by a tabletop
10 Hz multiterawatt laser. For the first time, relativistic
interactions with droplets were studied, and the use of
deuterated primary and secondary targets and fusion
neutron spectroscopy made it possible to distinguish be-
tween ions accelerated from both target surfaces in a
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single experiment. Our findings are consistent with two
different acceleration mechanisms, namely, acceleration
in the laser focus by ponderomotive charge-separation
fields and acceleration off the droplet surface by the
TNSA mechanism. The measurements supported by sim-
ulations show that both acceleration processes work inde-
pendently at the same time. Under our conditions many
more ions are emitted from the rear surface than from the
front, albeit at lower energies. Although the absolute ion
temperatures are rather low, the conversion of laser en-
ergy to ion energy is substantial: We arrive at a mean
energy content of �1 mJ for the front-side ions and
�6 mJ for the surface accelerated ions, leading to a total
conversion efficiency of about 1%.
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