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Double Jet Emission of Hot Electrons from a Micro-droplet Spray �
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Spatial distribution of hot electrons with energies above 50 keV are investigated by an ethanol micro-droplet spray
irradiated by linearly and elliptically polarized 150 fs laser pulses at an intensity of 1016W/cm2. Two symmetric
hot electron jets with respect to the laser propagation direction are observed in the polarization plane for a
linearly polarized laser �eld and in the plane of the long electric vector for an elliptically polarized laser �eld,
respectively. Particle-in-cell simulations suggest that the resonance absorption on the spherical surface of the
droplets is mainly responsible for the generation of the double-jet emission of hot electrons.

PACS: 52. 38.�r, 52. 50. Jm, 52. 65. Rr

The interaction of intense laser pulses with
solid [1�3] and cluster targets [4�6] has been widely
studied since the development of ultrashort-pulsed
high intensity lasers, based on the chirped pulse am-
pli�cation (CPA) technique.[7] Researchers [8�11] have
investigated the angular distribution of energetic elec-
trons in laser{solid and laser{cluster interactions. It
is important to study the distribution of hot elec-
trons to understand the mechanism of laser{plasma
interaction, the spatial distributions of the ions, x-
and -rays, and the visible lights from plasmas. Re-
cently, micro-droplets, a new kind of target between
solid and cluster targets with very limited mass and
micron-scale size, have aroused broad interest.[12�14]

In this Letter, we report the measurements of spatial
distribution of hot electrons in 2� space from ethanol
droplets irradiated by linearly and elliptically polar-
ized laser pulses with duration of 150 fs at an intensity
of 1016W/cm2. The results indicate that the spatial
distribution of hot electrons strongly depends on the
polarization state of the laser �eld.

The experiments were carried out in our labora-
tory with a Ti:sapphire chirped pulse ampli�cation
(CPA) laser system operated at around 800 nm at a
repetition rate of 10Hz. Figure 1 shows the schematic
experimental setup. The laser delivered 5-mJ energy
in 150-fs pulses with a peak-to-pedestal contrast ra-
tio of 105 at about 20 ps before the peak. A laser
beam was focused with an 80-mm focal length lens,
yielding a peak intensity of 1016W/cm2 at a focus
with a diameter of about 20�m. The laser polariza-
tion is changed by rotating a half-wave plate and a
quarter-wave plate to investigate the dependence on
polarization. A solenoid-driven pulsed valve with a
100-�m ori�ce was used to generate ethanol droplets.

The valve was pulsed for 460-�s duration at a repeti-
tion rate of 10Hz. High-pressure nitrogen gas along
the gas line propelled ethanol in the liquid reservoir to
stream through the ori�ce. Thus high-density polydis-
perse sprays containing several-micron-scale ethanol
droplets were formed in vacuum. The droplet size
was measured using an optical imaging system. The
droplet spray with a subsonic velocity out from the
100-�m diameter ori�ce was back-illuminated with
frequency-doubled light (400 nm, 150 fs) of the main
laser beam and their shadows were magni�ed and
imaged to a charge coupled device (CCD) camera.
The spatial resolution of the imaging system was ap-
proximately 2.0�m. The mean droplet diameter is
4�m. The number density of the spray, N , can be
determined by measuring the rate at which liquid
ows through the ori�ce and is dispersed into a given
volume.[15] In our experiments, the mean number den-
sity of the spray at 1mm from the ori�ce is about
5:4� 108 droplets/cm3.

The main laser beam was focused in the central
region of the droplet spray under the ori�ce (as shown
in Fig. 1). The focusing condition at the centre of the
spray was monitored using a -ray spectrometer and
a calorimeter. X-ray Bremsstrahlung radiation from
the laser plasma can be monitored simultaneously.

Spatial distributions of hot electron emission were
measured with an array of LiF thermoluminescent
dosimeter (TLD) pieces attached inside a hemisphere
shell. The TLD detectors were wrapped with a 20-�m-
thick aluminium foil, which can block energetic ions,
scattered laser lights, soft x-rays, and electrons with
energies below 50 keV. The energetic hard x-rays can
pass through the Al foil and the TLDs. Thus, hot elec-
trons with energies over 50 keV mainly contributed to
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the dosage recorded by the TLDs. The centre of the
hemisphere was at the laser focus and the equatorial
plane was placed parallel to the horizontal plane. The
angular resolution of this system was better than 10Æ.

Fig. 1. Schematic of experimental setup for measure-
ments of the spatial distribution of hot electrons from
laser{droplet interactions.

The spatial distributions for hot electrons from the
droplet spray are shown in Fig. 2. The �gures on the
left are the sketch maps for three di�erent polariza-
tions of the laser �eld. The dose was accumulated over
18000 shots. In order to make a comparison, the doses
shown in Figs. 2(a){(c) were normalized to the max-
imum of themselves respectively. Figure 2(a) shows
the spatial distribution of hot electrons when the po-
larization plane of the linearly polarized laser beam is
coincident with the equatorial plane of the hemisphere
(or the horizontal plane). From Fig. 2(a) one can �nd
that the hot electrons mainly distribute among the
front-hemisphere of the detector. The distinct fea-
ture is that a double jet emission of hot electrons was
found to be symmetric with respect to the laser propa-
gation direction in the polarization plane. The angles
corresponding to the strongest emission with respect
to the laser axis in the polarization plane are around
�60Æ. When the plane of the laser polarization was
rotated about 60Æ by rotating the half-wave plate, the
hot electron jet was found to rotate about 60Æ accord-
ingly, shown in Fig. 2(b). The other jet cannot be seen
because it cannot be recorded by the detectors of the
hemisphere. This result indicates that hot electrons
only emit in the laser polarization plane. To validate
further this conclusion, an elliptically polarized laser
beam (with a polarization ratio of about 50%) with
its plane of the longer electric vector coincident with
the equatorial plane of the hemisphere by rotating a
quarter-wave plate was used to irradiate the droplet
spray in Fig. 2(c). Two symmetric hot electron jets
with respect to the laser propagation direction were
also observed in the plane of the long electric vec-
tor in the elliptically polarized laser �eld. However,
the spatial distribution of hot electron emission is not
so concentrated, as seen in Fig. 2(a). This is due to
the fact that there are di�erent components of the

electric vectors in the elliptically polarized laser �eld
and all these components irradiate the front surface of
the droplets. Although the hot electrons mainly dis-
tribute in the front-hemisphere, forward emission of
hot electrons can also be observed to be much weaker
than the anterior ones from Fig. 2. This indicates that
not only ejecting hot electrons but also injecting ones
can be generated from the laser{droplet interaction.
The injecting electrons are absorbed and attenuated
by the target droplets themselves. All the results in
Fig. 2 show that the spatial distributions of hot elec-
trons strongly depend on the laser polarization state.
The above results are similar to those of in Ref. [16],
where the laser beam was focused on the surface of
bulk water in air.

We �nd that even though the solid angle of the
emission of the hot electrons is symmetric with re-
spect to the laser axis, the intensities of the two jets
of hot electrons are not identical. This is because the
main laser beam was not focused well or not exactly
focused in the central region of the droplet spray. This
indicates that the attenuation and the absorption of
a mass of droplets around the focus spot would a�ect
the pattern of spatial distributions of hot electrons to
some extent. The above speculation was con�rmed
in further measurements by only changing the focus-
ing position deliberately under the same experimental
conditions. However, the movement of the focusing
position only changes the angular distributions on the
equatorial plane, but does not a�ect the above result.

Collimated hot electron emission can be gener-
ated by di�erent acceleration mechanisms, such as res-
onance absorption,[17] vacuum heating,[18] abnormal
skin e�ects,[19] and pondermotive J � B heating.[20]

However, only resonance absorption and vacuum heat-
ing have oblique-incidence e�ects and depend strongly
on the polarization state of the laser beam, because of
the unique geometry of droplets, and whether or not
the linearly polarized laser or the elliptically polar-
ized laser has a component of the electric �eld along
the direction of the density gradient as it irradiates
on the spherical droplet surface. For a spherical sur-
face, the laser incident angle changes from 0Æ to �90Æ

if we only consider the droplets within the Rayleigh
volume of the focus. This means that the majority of
laser light obliquely irradiates on the droplet surface.
Furthermore, the above experimental results indicate
that the hot electron distribution strongly depends on
the laser polarization state. Therefore, we speculate
that the resonance absorption and the vacuum heat-
ing might be mainly responsible for the generation of
hot electrons in our experiments.

To explain the experimental results, we ran a two-
dimensional particle-in-cell (PIC) simulation with dif-
ferent density scale length L = (@ lnne=@z)

�1 and
electron density ne. The spherical droplets are ap-
proximated as in�nitely long cylinders with a diameter
of 4�m. The simulation box size is 25�� 30�. This
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Fig. 2. Characteristics of 2� spatial distribution of the hot electrons with energies over 50 keV from ethanol droplet spray
irradiated by laser pulses linearly polarized in the horizontal plane (a) and at about 60Æ with respect to horizontal plane
(b), and by elliptically polarized laser pulses (c). The electric vectors of the laser beam are shown on the left. The laser
intensity is 1016W/cm2. Double jet emission of hot electrons strongly depends on the laser polarization state.

Fig. 3. Two-dimensional PIC simulation results for a micro-droplet irradiated by linearly polarized laser pulses with
polarization plane parallel to the horizontal plane at the 50th laser cycle (a){(e), and at the 60th laser cycle (f). (a), Electron
density pro�le; (b), the longitudinal component of the resonantly excited electric �eld; (c), the transverse component of the
resonantly excited electric �eld; (d), py versus px; (e) and (f), distributions of electrons on the x y plane at the 50th and
60th laser cycles, respectively.

droplet-plasma is irradiated by a linearly polarized
laser pulse with its polarization plane parallel to the
horizontal plane. Provided that a0 = 0:1, correspond-
ing to the laser intensity at focus slightly larger than
1016W/cm2, the laser pulse is incident from left nor-
mally on to the droplet-plasma. We �nd that in the
case of abrupt electron density gradient, which is suit-
able for vacuum heating, no distinct strong directional

emission of hot electrons can be observed, while only
a nearly isotropic distribution of electrons can be ob-
served. If we take the electron density L increasing
from 0:2nc exponentially with a scale length of 0.9�
until about 2:0nc, where nc is the critical density, we
�nd that the simulations can best reproduce our main
experimental results. Figure 3 shows the simulation
results at the 50 laser cycles. Initially, we �nd that the
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electron density near the critical surface changes and
both the longitudinal and transverse components of
the excited electric �eld on the frontal surface become
stronger with time elapsing. At about the 50th laser
cycle, rn=n near the critical surface reaches the max-
imum, and the maximum electron density is 2:3nc, as
shown in Fig. 3(a). At this time the longitudinal and
the transverse electric �elds around the critical sur-
face reach their maxima that are much stronger than
the initial laser electric �eld. Figures 3(b) and (c) de-
pict the longitudinal and transverse components of the
resonantly excited electric �eld at the 50th laser cy-
cle, respectively. It is the enhanced oscillating electric
�eld around the critical density surface that acceler-
ates the electrons to high energies. Figure 3(d) ex-

hibits the behaviour of py versus px at the 50th laser
cycle. We can �nd that electron jets goes out from
the droplet surface until the 40th laser cycle. At the
50th laser cycle, it is very obvious that two groups of
the collimated electrons are accelerated to high ener-
gies symmetrically with respect to the laser axis from
the spatial distribution (x� y plot) of the electrons in
Fig. 3(e). At the 60th laser cycle, lateral electrons can
be observed from Fig. 3(f). In the entire course, the
strong emission is in the range from about �40Æ to
about �80Æ. This agrees well with the spatial distri-
bution of hot electrons measured in our experiments.
Our simulation suggests that the resonance absorption
is mainly responsible for the generation of the double
jet of hot electrons.

Fig. 4. Hot electron energy spectra from the ethanol droplets irradiated by linearly polarized laser pulses (a) and by
elliptically polarized laser pulses (b). The experimental conditions are the same as those in Figs. 2(a) and (c), respectively,
with a magnetic spectrometer placed in the direction of about 50Æ with respect to the laser axis on the equatorial plane.
(c) The time-integrated hot electron spectrum of ethanol droplets with density scale length L = 0:9� after 80 optical cycle
from the PIC simulation.

To validate further the above conclusion, we also
directly measured the energy spectrums of the hot
electrons with a magnetic spectrometer under the
same conditions as those in Figs. 2(a) and (c). Figures
4(a) and (b) show the results from the ethanol droplet
spray irradiated by linearly and elliptically polarized
laser pulses, respectively. Figure 4(c) shows the re-
sult from the PIC simulation. The temperature of
the resonantly heated electrons from the simulation
is 65 keV, which is very similar to our experimental
results of 56 keV and 62 keV.

In conclusion, we suggest that the resonance ab-
sorption is the main mechanism for the generation of
the double jet emission of hot electrons in our exper-
iments. The measurements also indicate that we can
get any directional jets of hot electrons from a micro-
droplet spray by changing the laser polarization direc-
tion.
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