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Energetic electrons emitted from ethanol droplets irradiated by femtosecond laser pulses
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We investigate the angular distribution and the energy spectrum of hot electrons emitted from ethanol
droplets irradiated by linearly polarized 150-fs laser pulses at an intensity of 1016 W/cm2. Two hot electron jets
symmetrically with respect to the laser propagation direction are observed within the polarization plane. This
is due to the spherical geometry of droplets in the intense laser field. The maximum energy of the hot electrons
is found to be more than 600 keV. Particle-in-cell simulations suggest that the resonance absorption is the main
mechanism for hot electron generation.
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I. INTRODUCTION

Along with the development of ultrashort high-power l
ser technologies@1,2#, laser-matter interactions have been
vestigated extensively. Using ultrashort high-power las
energetic particles and radiations such as fast elect
@3–5#, high-energy ions@6–8#, neutrons@9,10#, and x rays
@11,12# have been generated in laser-solid and laser-clu
interactions over the past years. Recently, the interaction
tween ultrashort high-power laser pulses and droplets
attracted significant attention. Because these droplets are
near-solid density but with micron-scale sizes that are co
parable to the wavelength of visible light, high laser abso
tions and strong laser-plasma interactions are found, wh
the absorbed energy does not lose to its surroundings thro
rapid conduction processes@13#. Therefore, the resulting ho
droplets show the prospect of being new sources of x ra
protons, and even neutrons@13–17#. The absorption of lase
energy and the emission of hard x rays, white light, sof
rays, and extreme ultraviolet~EUV! light in the laser-droplet
interactions have been studied@13,15,16#. However, only a
few publications are involved in the study of hot electr
generation from the droplets, and in particular, there is
direct measurement of the energy spectrum of energetic e
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trons and their angular distributions. These measurem
can help to clarify the mechanism of the hot electron gene
tion.

In this paper we report measurements of the angular
tribution and energy spectrum of hot electrons from etha
droplets irradiated by linearly polarized 150-fs laser pulse
intensity around 1016 W/cm2. The results suggest that res
nance absorption is the primary mechanism producing
electrons.

II. EXPERIMENTAL SETUP

The experiments were carried out at the Laboratory
Optical Physics in the Institute of Physics with a Ti: sapph
chirped pulse amplification~CPA! laser system operating at
wavelength around 790 nm at a repetition rate of 10 H
Figure 1 shows the schematic of the experimental setup.
laser delivered 5 mJ energy in 150-fs pulses with a peak
pedestal contrast ratio of 105 at 20 ps before the peak mea
sured by a third-order autocorrelator. A linearly polariz
laser beam~with a polarization ratio of 95%! was focused
with an 80-mm-focal-length lens, yielding a peak intens
around 1016 W/cm2 at the focus with a diameter of about 2
mm. The electric field vector of the laser pulses was para
or perpendicular to the horizontal plane by rotating a ha
wave plate.

A pulsed valve was used to generate ethanol dropl
This system consists of a gas line backed with high-press
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nitrogen~at 20 atm!, a liquid reservoir with ethanol in it, and
a solenoid-driven pulsed valve with a 100-mm orifice. The
valve was pulsed for 460ms at a repetition rate of 10 Hz. Th
high-pressure gas along the line propelled the ethanol o
the liquid reservoir to stream through the orifice. Thus hig
density, polydisperse sprays containing several-micron-
ethanol droplets were formed in vacuum. The temperatur
the valve was about 300 K.

The main diagnostic used for a direct measurement of
hot electron spectrum was a magnetic spectrometer. An a
of LiF thermoluminescent dosimeter~TLD! pieces~type GR-
200F! was used as detectors. The energy range of this ins
ment was from 20 keV to 2 MeV.

The angular distribution of hot electron emission w
measured with an array of TLD’s~type GR-200A! attached
inside a ring. The TLD detectors were wrapped with a 2
mm-thick aluminum foil. This Al foil can block energetic
ions, scattered laser light, soft x rays, and electrons w
energies below 50 keV. Hard x rays can penetrate through
Al foil and TLD’s. Thus, fast electrons with energies over
keV mainly contributed to the dosage recorded by the TLD
The ring detector was placed in the polarization plane of
laser beam under the orifice and its center was in the s
position as the laser focus. The angular resolution of
system is about 7°.

In order to get a true image of angular distributions of h
electrons from droplets, the main laser beam was focuse
the center of the droplet spray at 3 mm under the orifice. T
focusing condition in the center of the spray was monito
using a g-ray spectrometer and a calorimeter. Theg-ray
spectrometer consists of a NaI detector, an electronic g
shutter, a photomultiplier, an amplifier, and a multichan
energy analyzer. Using this system, x-ray bremsstrahlung
diation from the laser plasma can be monitored simu
neously. The calorimeter was used to measure the attenu
of the laser beam through the droplet spray. Anf /3 lens was
used to collect the penetrated lights through the spray
forward-scattered lights before the calorimeter.

The droplet size was measured using an optical imag
system. The droplet spray from the 100-mm-diam orifice was
backilluminated with the frequency-doubled laser beam

FIG. 1. ~Color online! Schematic of experimental setup used f
the laser-droplet interaction.
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the shadows were magnified and imaged to a charge cou
device~CCD! camera. The spatial resolution of the imagin
system was approximately 2.0mm. A histogram of the size
distribution of droplets, shown in Fig. 2, was compiled ov
many shots. The inset shows a typical magnified image
the droplet spray. The mean droplet diameter is about 4mm.
The number density of the spray,N, can be determined by
measuring the rate at which liquid flows through the orifi
and is dispersed into a given volume@18#. Therefore the
atomic number densityNa of the spray can be determined a
follows: Na5(naN r4/3pr 3)/(mu), wherer, m, u, na , and
r represent the liquid ethanol density, molecular ma
atomic mass unit, number of atoms per molecule, and dro
radius, respectively. In our experiments, the number den
and atomic number density of the spray at 3 mm un
the orifice were ;2.13108 droplets/cm3 and ;1.8
31021 atoms/cm3, respectively.

III. RESULTS AND DISCUSSION

The angular~a! distribution, relative to the laser axis, o
hot electrons with energies over 50 keV is shown in Fig.
The dose was accumulated over 18 000 shots. First, the m
laser beam was focused in the center of the droplet spra
about 3 mm below the orifice with the laser polarizati
parallel to the horizontal plane. Two jets of hot electro
were found symmetric with respect to the laser axis as sho
in Fig. 3~a!. The angles of the two strongest emission dire
tions of hot electrons with respect to the laser axis are ab
271° and 72°, respectively. Fitting the data to Gauss
distributions, the full widths at half maximum~FWHM! of
the two peaks are found to be about 60° for both of the
When the laser polarization direction was varied to be p
pendicular to the horizontal plane by rotating the half-wa
plate, hot electron emission behaved differently as shown
Fig. 3~b!. This suggests that hot electrons only emit in t
laser polarization plane and the angular distribution of
electrons strongly depends on the laser polarization. F
Fig. 3 one can also find that there were not only backw
emissions (290°<a<90°) but also forward emission

FIG. 2. ~Color online! Histogram of the droplet diameter distr
bution from ethanol droplet spray (T5300 K, backing pressure 20
atm! imaged using 395-nm laser pulses. The inset shows a typ
image of the droplet stream. The mean diameter is about 4mm.
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(90°<a<270°) of hot electrons. However, the latter a
much weaker than the former. This means that the la
droplet interaction generates not only outgoing hot electr
from the droplet surface but also injecting ones. The la
are absorbed and attenuated by the droplets themselves

An electron spectrometer was placed in the posit
where its entrance hole was aligned to an angle of about
~see the angle ofa in Fig. 1!. Figure 4 shows the obtaine
energy spectrum of hot electrons from ethanol droplets un
the same conditions as those in Fig. 3~a!. The background
radiation was deducted from all data. The mean backgro
radiation of TLD’s is 7mGy ~1 Gy is the radiation dose o
one joule of energy absorbed per kilogram of matter!. The
following features are found from Fig. 4:~1! the maximum
energy of hot electrons is over 600 keV,~2! the number of
hot electrons with energies over 300 keV is very low
compared with those with energies less than 300 keV, and~3!
the peak of the electron spectrum is around 120 keV. T
implies that a charge separation potential was developed
many hot electrons had been pushed back to the droplet
face. Fitting the data to the Maxwillian distribution, an e
fective temperature of hot electrons, 56 keV, is obtain

FIG. 3. The angular distributions of hot electrons with energ
over 50 keV from ethanol droplets irradiated by a linearly polariz
laser in the horizontal plane. The polarization plane of the la
beam is parallel to the horizontal plane in~a! and perpendicular to
the horizontal plane in~b!. The laser intensity and pulse duratio
are 1016 W/cm2 and 150 fs, respectively. The two strongest em
sions of hot electrons symmetrical with respect to the laser axi
~a! are about271° and 72°, respectively.
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This temperature is comparable to the one~66 keV! obtained
in laser-solid interactions under similar conditions@3#. It is
also comparable to the one~70 keV! found in laser-cluster
interactions under the condition that the atomic cluster
irradiated by a laser pulse at a higher intensity (1017 W/cm2)
but with a shorter duration~28 fs! @5#.

The acceleration mechanisms of hot electrons in the la
plasma interaction are different for different experimen
conditions. Under our experimental conditions~150 fs,
1016 W/cm2), classical collisional absorption is not the ma
mechanism for hot electron production, which might be
sponsible for the generation of plentiful thermal electro
with energies less than keV at modest laser intensities@19#.
Collisionless absorption includes resonance absorption@20#,
vacuum heating~or the Brunel absorption! @21#, abnormal
skin effects@22#, and pondermotiveJ3B heating@23#. In our
experiments, since the intensity of laser pulse is much
than the relativistic laser intensity (;1018 W/cm2), abnor-
mal skin effects and theJ3B heating cannot make a larg
contribution to the energetic electrons. Furthermore, pa
metric instabilities cannot be developed sufficiently und
our experimental conditions because the experiments h
not shown clear evidence of 3v0/2 harmonic emission.

We suggest that resonance absorption and vacuum he
might be mainly responsible for the hot electron product
due to its strong dependence on the laser polarization in
case. Because a droplet has a unique sphere geometr
matter with what kind of polarization the laser beam is, it h
an electric field component along the direction of a dens
gradient pointing radially when it irradiates on the dropl
Therefore it is possible for the resonance absorption to oc
on the critical surface, where an electron plasma wave ca
stimulated and electrons can be accelerated in the direc
of the density gradient. When the wave breaks, hot electr
can be produced@24#. On the other hand, because of th
spatial dimension of the droplet at the micron scale, its ch
acteristic explosion time~ps scale! is longer than the duration
of the main laser pulse~150 fs!; the laser plasma can susta

s
d
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FIG. 4. Energy spectrum of hot electrons emitted from etha
droplets, measured using a magnetic electron spectrometer
effective temperature is obtained by fitting it with a Maxwellia
distribution. The experimental conditions are the same as thos
Fig. 3~a!.
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a high density during the laser interaction. The electrons
the surface of the plasma droplet can be pulled quickly
into vacuum by the laser electric field and then are pus
back to the plasma with approximately the quiver veloc
(vosc5eE/mev) when the electric field reverses its sig
These electrons will then deposit their quiver energy into
overdense plasma where the laser electric field cannot
etrate. Thus it is possible to produce hot electrons from dr
lets via vacuum heating as well.

Gibbon and Bell investigated the interaction between s
picosecond, obliquely incident laser light (Il2

51014– 1018 W/cm2 mm2) with solid targets@25#. He found
that vacuum heating dominates over resonance absorp
for scale lengthsL/l,0.1, while resonance absorption pla
a major role whenL/l.0.1. This theory can be used t
analyze our experimental results because the droplet h
similar density as a solid. Though the duration of the m
pulse is 150 fs in our experiments, the prepulse starts a
20 ps at an intensity of 131011 W/cm2 before the main
pulse. The plasma density scale lengthL during this time can
be calculated by using the one-dimensional~1D! Lagrangian
hydrodynamic codeMED103 @26#. For the sake of simplicity,
a 4-mm-thick flat target instead of a spherical one was us
In the calculation of the ionization of the plasma we setZ
52.9 andA55.1 for ethanol in the nonequilibrium averag
atom model. The result reveals that the size of the prepla
is about 0.7mm. So we haveL/l;0.9.0.1. According to
the Gibbon-Bell theory, the resonance absorption domin
over the vacuum heating in our experiments.

To explain our experimental results, 2D particle-in-c
~PIC! simulations are performed, where the spherical dr
lets are approximated as infinitely long cylinders. The sim
lation box size is 25l330l. In the simulations we takea0
50.1, which corresponds to a laser intensity at focus sligh
larger than 1016 W/cm2 used in our experiment. The lase
pulse is incident along thex direction from left normally on
to the droplet plasma with a diameter of 5l. Initially the
electron density increases exponentially along the radial
rection of the droplet from 0.2nc at the droplet edge (r
52.5l from the droplet center! until 2.0nc at r 50.5l where
nc is the critical density. The electron density remains
2.0nc from r 50.5l until to the droplet center. The corre
sponding density scale length below the critical density
L50.9l. Figure 5 illustrates the simulation results at the
laser cycles for a droplet plasma irradiated by a linearly
larized laser pulse with its polarization along they direction.
We find that both the longitudinal and transverse compone
of the excited electric field near the critical surface incre
with time. When t550 laser cycles, these electric field
reach the maximum, which are much stronger than the i
dent laser electric field. Figures 5~a! and 5~b! display the
longitudinal and transverse components of the resonantly
cited electric field at the 50 laser cycles, respectively. I
exactly the enhanced oscillating electric field around
critical density surface that accelerates the electrons to
energies. Such electrons can overcome the electrostatic
induced in front of the droplet and be detected by the m
netic spectrometer. Figures 5~c! and 5~d! show the electron
density profile and the spatial distribution (x-y plot! of the
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electrons, respectively. We find that electron jets can be s
outgoing from the droplet surface after about 40 laser cyc
At 50 laser cycles, it is very apparent that two group ele
trons are accelerated to high energies symmetrically with
spect to the laser axis from Fig. 5~d!. The strong emissions
range from640° to about690°. This agrees well with the
angular distribution measured in our experiments.

Figure 6 shows the energy spectrum of electrons with
density scale lengthL50.9l after 80 laser cycles obtaine
from the PIC simulations. This typical electron ener
distribution can be approximated with a bitemperatu
Maxwellian distribution. The lower-energy electrons simp
represent the initial thermal distribution and the high
energy Maxwellian component represents the resona
heated electrons. The temperature of the resonantly he
electrons is 65 keV, which is similar to our experimen
result ~56 keV!. Our simulation results agree well with ou
measurements and confirm that resonance absorptio

FIG. 5. Snapshots of 2D PIC simulation resulting at the 50 la
cycles for a plasma droplet irradiated by a linearly polarized la
pulse with its polarization along they direction.~a! The longitudi-
nal component of the resonantly excited electric field,~b! the trans-
verse component of the electric field,~c! electron density profile,
and ~d! plot (x,y) of the electron positions.

FIG. 6. The electron energy spectrum of a plasma droplet w
density scale lengthL50.9l after interaction with the laser puls
for 80 laser cycles obtained from the PIC simulations.
4-4
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mainly responsible for the angular distributions of hot ele
trons in our experiments.

IV. CONCLUSION

In conclusion, we have directly measured the angular
tribution and energy spectrum of hot electrons from etha
droplets irradiated by linearly polarized laser pulses with
duration of 150 fs at the intensity of 1016 W/cm2. We ob-
serve a symmetric structure of the angular distribution of
electrons with energies over 50 keV and two symme
peaks of emission directions in large angles from etha
droplets with respect to the laser axis. The temperature of
electrons emitted from several-micron-size droplets is fou
02641
-

s-
l

a

t
c
ol
ot
d

to be comparative to that from solid and cluster targets un
similar laser parameters. Both the measurements and th
PIC simulations suggest that resonance absorption ma
contributes to hot electron generation in laser-droplet in
actions.
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