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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®¥\/@n?. 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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[. INTRODUCTION trons and their angular distributions. These measurements
can help to clarify the mechanism of the hot electron genera-
Along with the development of ultrashort high-power la- tion.
ser technologieElL, 2], laser-matter interactions have been in-  In this paper we report measurements of the angular dis-
vestigated extensively. Using ultrashort high-power laserstribution and energy spectrum of hot electrons from ethanol
energetic particles and radiations such as fast electrorffoplets irradiated by linearly polarized 150-fs laser pulses at
[3-5], high-energy iong6—8], neutrons[9,10], and x rays intensity around 1{? W/cmz._The results suggest that reso-
[11,17 have been generated in laser-solid and laser-clustdfance absorption is the primary mechanism producing hot
interactions over the past years. Recently, the interaction bé&/€ctrons.
tween ultrashort high-power laser pulses and droplets has
attracted significant attention. Because these droplets are at a
near-solid density but with micron-scale sizes that are com-
parable to the wavelength of visible light, high laser absorp- The experiments were carried out at the Laboratory of
tions and strong laser-plasma interactions are found, wher®ptical Physics in the Institute of Physics with a Ti: sapphire
the absorbed energy does not lose to its surroundings througihirped pulse amplificatiofCPA) laser system operating at a
rapid conduction processgt3]. Therefore, the resulting hot wavelength around 790 nm at a repetition rate of 10 Hz.
droplets show the prospect of being new sources of x raysigure 1 shows the schematic of the experimental setup. The
protons, and even neutrofib3—17. The absorption of laser laser delivered 5 mJ energy in 150-fs pulses with a peak-to-
energy and the emission of hard x rays, white light, soft xpedestal contrast ratio of 1@t 20 ps before the peak mea-
rays, and extreme ultraviol@EUV) light in the laser-droplet sured by a third-order autocorrelator. A linearly polarized
interactions have been studigti3,15,16. However, only a laser beamwith a polarization ratio of 95%was focused
few publications are involved in the study of hot electronwith an 80-mm-focal-length lens, yielding a peak intensity
generation from the droplets, and in particular, there is naround 16° W/cn? at the focus with a diameter of about 20
direct measurement of the energy spectrum of energetic elegsm. The electric field vector of the laser pulses was parallel
or perpendicular to the horizontal plane by rotating a half-

II. EXPERIMENTAL SETUP

wave plate.
* Author to whom correspondence should be addressed; electronic A pulsed valve was used to generate ethanol droplets.
address: jzhang@aphy.iphy.ac.cn This system consists of a gas line backed with high-pressure
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FIG. 2. (Color online Histogram of the droplet diameter distri-
bution from ethanol droplet sprayl & 300 K, backing pressure 20
atm) imaged using 395-nm laser pulses. The inset shows a typical
image of the droplet stream. The mean diameter is abqun4

FIG. 1. (Color onling Schematic of experimental setup used for
the laser-droplet interaction.

nitrogen(at 20 atm, a liquid reservoir with ethanol in it, and . )
a solenoid-driven pulsed valve with a 1@ orifice. The the shadows were magnified and imaged to a charge coupled

valve was pulsed for 46@s at a repetition rate of 10 Hz. The device(CCD) camera. The spatial resolution of the imaging

high-pressure gas along the line propelled the ethanol ovelyStEm was approximately 24m. A histogram of the size

the liquid reservoir to stream through the orifice. Thus high-distribution of droplets, shown in Fig. 2, was compiled over

density, polydisperse sprays containing several-micron-sizB1any shots. The inset shows a typical magnified image of

ethanol droplets were formed in vacuum. The temperature df€ droplet spray. The mean droplet diameter is abquird

the valve was about 300 K. The number density of the sprayl, can be determined by
The main diagnostic used for a direct measurement of th8€asuring the rate at which liquid flows through the orifice

hot electron spectrum was a magnetic spectrometer. An arrdd/'d IS dispersed into a given volunig]. Therefore the

of LiF thermoluminescent dosimetéFLD) piecestype GR- atomic number densiti, of the spray can be determined as

200P was used as detectors. The energy range of this instrd0!lows: Na=(naN g4/3wr3)/(mu), wherep, m, u, n,, and
ment was from 20 keV to 2 MeV. r represent the liquid ethanol density, molecular mass,

The angular distribution of hot electron emission was&lOmic mass unit, number of atoms per molecule, and droplet
measured with an array of TLDype GR-200A attached radius, res_pectwely. In our experiments, the number density
inside a ring. The TLD detectors were wrapped with a 20-2nd atomic number density of the spray at 3 mm under
um-thick aluminum foil. This Al foil can block energetic the 10r|f|ce were ~2.1x 10° droplets/cmi  and ~1.8
ions, scattered laser light, soft x rays, and electrons with< 10°* atoms/cm, respectively.
energies below 50 keV. Hard x rays can penetrate through the
Al foll and TLD's. Thus, fast electrons with energies over 50 IIl. RESULTS AND DISCUSSION
keV mainly contributed to the dosage recorded by the TLD's.

The ring detector was placed in the polarization plane of the The angular(«) distribution, relative to the laser axis, of
laser beam under the orifice and its center was in the sant®t electrons with energies over 50 keV is shown in Fig. 3.
position as the laser focus. The angular resolution of thisSThe dose was accumulated over 18 000 shots. First, the main
system is about 7°. laser beam was focused in the center of the droplet spray at

In order to get a true image of angular distributions of hotabout 3 mm below the orifice with the laser polarization
electrons from droplets, the main laser beam was focused iparallel to the horizontal plane. Two jets of hot electrons
the center of the droplet spray at 3 mm under the orifice. Thavere found symmetric with respect to the laser axis as shown
focusing condition in the center of the spray was monitoredn Fig. 3@. The angles of the two strongest emission direc-
using a y-ray spectrometer and a calorimeter. Theay  tions of hot electrons with respect to the laser axis are about
spectrometer consists of a Nal detector, an electronic gated 71° and 72°, respectively. Fitting the data to Gaussian
shutter, a photomultiplier, an amplifier, and a multichanneldistributions, the full widths at half maximufFWHM) of
energy analyzer. Using this system, x-ray bremsstrahlung rahe two peaks are found to be about 60° for both of them.
diation from the laser plasma can be monitored simultaWhen the laser polarization direction was varied to be per-
neously. The calorimeter was used to measure the attenuatigendicular to the horizontal plane by rotating the half-wave
of the laser beam through the droplet spray. 4B lens was plate, hot electron emission behaved differently as shown in
used to collect the penetrated lights through the spray anBlig. 3(b). This suggests that hot electrons only emit in the
forward-scattered lights before the calorimeter. laser polarization plane and the angular distribution of hot

The droplet size was measured using an optical imaginglectrons strongly depends on the laser polarization. From
system. The droplet spray from the 1p@3-diam orifice was Fig. 3 one can also find that there were not only backward
backilluminated with the frequency-doubled laser beam anémissions {90°<«=<090°) but also forward emissions
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(b) . FIG. 4. Energy spectrum of hot ele_ctrons emitted from ethanol
80 ] droplets, measured using a magnetic electron spectrometer. An
70+ = ] effective temperature is obtained by fitting it with a Maxwellian
g 60+ _' - 1 distribution. The experimental conditions are the same as those in
£ 50 " ®E : Fig. 3a).
78' 40] " . ]
no 304 - . This temperature is comparable to the ¢66 keV) obtained
20+ - '_ b in laser-solid interactions under similar conditiof®. It is
10 N . 4 also comparable to the ori@0 keV) found in laser-cluster
Ll ey interactions under the condition that the atomic cluster be

o+
-180-150120-90 -60 -30 0 30 60 90 120150180 irradiated by a laser pulse at a higher intensity'{ M/cn?)
Angle (degree) but with a shorter duratiof28 fs) [5].
The acceleration mechanisms of hot electrons in the laser-
FIG. 3. The angular distributions of hot electrons with energiesplasma interaction are different for different experimental
over 50 keV from ethanol droplets irradiated by a linearly polarizedconditions. Under our experimental conditiori$50 fs,
laser in the horizontal plane. The polarization plane of the lasen 0'® W/cn?), classical collisional absorption is not the main
beam is parallel to the horizontal plane(@ and perpendicular to  mechanism for hot electron production, which might be re-
the horizontal plane irtb). The Iaser_ intensity and pulse duratio_n sponsible for the generation of plentiful thermal electrons
are 13 Wicn? and 150 fs, respectively. The two strongest emis- it energies less than keV at modest laser intensji&%
sions of hot electorons symometrlcal Wlth respect to the laser axis i~ isionless absorption includes resonance absorp@6h
(a) are about-71° and 727, respectively. vacuum heatingor the Brunel absorption[21], abnormal
skin effectd22], and pondermotivéx B heating[23]. In our
(90°= @=<270°) of hot electrons. However, the latter are experiments, since the intensity of laser pulse is much less
much weaker than the former. This means that the lasethan the relativistic laser intensity~(10'® W/cn¥?), abnor-
droplet interaction generates not only outgoing hot electronsnal skin effects and théxX B heating cannot make a large
from the droplet surface but also injecting ones. The lattecontribution to the energetic electrons. Furthermore, para-
are absorbed and attenuated by the droplets themselves. metric instabilities cannot be developed sufficiently under
An electron spectrometer was placed in the positionour experimental conditions because the experiments have
where its entrance hole was aligned to an angle of about 500t shown clear evidence of«,/2 harmonic emission.
(see the angle of in Fig. 1). Figure 4 shows the obtained  We suggest that resonance absorption and vacuum heating
energy spectrum of hot electrons from ethanol droplets undemight be mainly responsible for the hot electron production
the same conditions as those in Figa)3 The background due to its strong dependence on the laser polarization in our
radiation was deducted from all data. The mean backgroundase. Because a droplet has a unique sphere geometry, no
radiation of TLD’s is 7uGy (1 Gy is the radiation dose of matter with what kind of polarization the laser beam is, it has
one joule of energy absorbed per kilogram of matt&ihe  an electric field component along the direction of a density
following features are found from Fig. 4:(1) the maximum  gradient pointing radially when it irradiates on the droplet.
energy of hot electrons is over 600 kel2) the number of  Therefore it is possible for the resonance absorption to occur
hot electrons with energies over 300 keV is very low ason the critical surface, where an electron plasma wave can be
compared with those with energies less than 300 keV(@nd stimulated and electrons can be accelerated in the direction
the peak of the electron spectrum is around 120 keV. Thi®f the density gradient. When the wave breaks, hot electrons
implies that a charge separation potential was developed ar@an be producedi24]. On the other hand, because of the
many hot electrons had been pushed back to the droplet suspatial dimension of the droplet at the micron scale, its char-
face. Fitting the data to the Maxwillian distribution, an ef- acteristic explosion timgs scalgis longer than the duration
fective temperature of hot electrons, 56 keV, is obtainedof the main laser puls€l50 f9; the laser plasma can sustain
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a high density during the laser interaction. The electrons on
the surface of the plasma droplet can be pulled quickly out
into vacuum by the laser electric field and then are pushec<
back to the plasma with approximately the quiver velocity >
(vosc=eE/mew) when the electric field reverses its sign.
These electrons will then deposit their quiver energy into the
overdense plasma where the laser electric field cannot per
etrate. Thus it is possible to produce hot electrons from drop-
lets via vacuum heating as well.

Gibbon and Bell investigated the interaction between sub- <
picosecond, obliquely incident laser light IN¢ =
=10"-10"® Wicn? um?) with solid targetg25]. He found
that vacuum heating dominates over resonance absorptio
for scale length& /X <0.1, while resonance absorption plays
a major role whenL/A>0.1. This theory can be used to
analyze our experimental results because the droplet has a F|G. 5. Snapshots of 2D PIC simulation resulting at the 50 laser
similar density as a solid. Though the duration of the maincycles for a plasma droplet irradiated by a linearly polarized laser
pulse is 150 fs in our experiments, the prepulse starts abowlise with its polarization along the direction. (a) The longitudi-

20 ps at an intensity of x 10" W/cn? before the main nal component of the resonantly excited electric fiéll the trans-
pulse. The plasma density scale lengtturing this time can verse component of the electric fieltt) electron density profile,
be calculated by using the one-dimensiofidd) Lagrangian  and(d) plot (x,y) of the electron positions.

hydrodynamic codeep103[26]. For the sake of simplicity,

a 4-um-thick flat target instead of a spherical one was usedg|ectrons, respectively. We find that electron jets can be seen
In the calculation of the ionization of the plasma we &et outgoing from the droplet surface after about 40 laser cycles.
=2.9 andA=5.1 for ethanol in the nonequilibrium average At 50 laser Cyc|esy it is very apparent that two group elec-
atom model. The result reveals that the size of the preplasmgons are accelerated to high energies symmetrically with re-
is about 0.7um. So we haveL/\~0.9>0.1. According to  spect to the laser axis from Fig(dj. The strong emissions
the Gibbon-Bell theory, the resonance absorption dominategnge from=40° to about=90°. This agrees well with the
over the vacuum heating in our experiments. angular distribution measured in our experiments.

To explain our experimental results, 2D particle-in-cell  Figure 6 shows the energy spectrum of electrons with the
(PIC) simulations are performed, where the spherical dropdensity scale length =0.9\ after 80 laser cycles obtained
lets are approximated as infinitely long cylinders. The simufrom the PIC simulations. This typical electron energy
lation box size is 25X 30\. In the simulations we takay  distribution can be approximated with a bitemperature
=0.1, which corresponds to a laser intensity at focus slightlyMaxwellian distribution. The lower-energy electrons simply
larger than 1& W/cn? used in our experiment. The laser represent the initial thermal distribution and the higher-
pulse is incident along the direction from left normally on energy Maxwellian component represents the resonantly
to the droplet plasma with a diameter ofA\5 Initially the  heated electrons. The temperature of the resonantly heated
electron density increases exponentially along the radial dielectrons is 65 keV, which is similar to our experimental
rection of the droplet from Or2 at the droplet edger( result(56 keV). Our simulation results agree well with our
=2.5\ from the droplet centeuntil 2.0n; atr =0.5\ where  measurements and confirm that resonance absorption is
n. is the critical density. The electron density remains at
2.0n; from r=0.5\ until to the droplet center. The corre-
sponding density scale length below the critical density is
L=0.9\. Figure 5 illustrates the simulation results at the 50
laser cycles for a droplet plasma irradiated by a linearly po-
larized laser pulse with its polarization along theélirection.

We find that both the longitudinal and transverse components
of the excited electric field near the critical surface increase
with time. Whent=50 laser cycles, these electric fields
reach the maximum, which are much stronger than the inci-
dent laser electric field. Figureg& and 5b) display the
longitudinal and transverse components of the resonantly ex- ]
cited electric field at the 50 laser cycles, respectively. It is 1075 . . i e mommm s
exactly the enhanced oscillating electric field around the 0 50 100 150 200 250 300 350 400
critical density surface that accelerates the electrons to high Electron energy (keV)
energies. Such electrons can overcome the electrostatic field

induced in front of the droplet and be detected by the mag- FiG. 6. The electron energy spectrum of a plasma droplet with
netic spectrometer. Figuregch and %d) show the electron density scale length =0.9\ after interaction with the laser pulse
density profile and the spatial distributior-§ plot) of the  for 80 laser cycles obtained from the PIC simulations.
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mainly responsible for the angular distributions of hot elec-to be comparative to that from solid and cluster targets under

trons in our experiments. similar laser parameters. Both the measurements and the 2D
PIC simulations suggest that resonance absorption mainly
IV. CONCLUSION contributes to hot electron generation in laser-droplet inter-
actions.

In conclusion, we have directly measured the angular dis-
tribution and energy spectrum of hot electrons from ethanol
droplets irradiated by linearly polarized laser pulses with a
duration of 150 fs at the intensity of 10w/cm?. We ob- ACKNOWLEDGMENTS
serve a symmetric structure of the angular distribution of hot This research was supported by the National Natural Sci-
electrons with energies over 50 keV and two symmetricence Foundation of China under Grant Nos. 10105014 and
peaks of emission directions in large angles from ethanol0176034, and by the National Hi-Tech ICF Committee and
droplets with respect to the laser axis. The temperature of hdhe National Key Basic Research Special FoundateK-
electrons emitted from several-micron-size droplets is foundBRSH under Grant No. G 1999075206.

[1] D. Strickland and G. Mourou, Opt. Commus6, 219 (1985. [15] Catherine Favret al, Phys. Rev. Lett89, 035002(2002.

[2] M. D. Perry and G. Mourou, Scien@s64, 917 (1994). [16] Kurt Garloff et al, Phys. Rev. B66, 036403(2002.

[3]Y. T. Li et al, Phys. Rev. B64, 046407(200J. [17] S. Karschet al,, Phys. Rev. Lett91, 015001(2003.

[4] W. P. Leemangt al, Phys. Rev. Lett89, 174802(2002. [18] L. C. Mountfordet al, Rev. Sci. Instrum69, 3780(1998.
[5] L. M. Chenet al, Phys. Plasma8, 3595(2002. [19] D. F. Priceet al, Phys. Rev. Lett75, 252 (1995.

[6] K. Krushelnicket al, Phys. Rev. Lett83, 737(1999. [20] Kent Estabrook and W. L. Kruer, Phys. Rev. Let0, 42
[7] A. Maksimchuket al,, Phys. Rev. Lett84, 4108(2000. (1978.

[8] V. Kumarapparet al, Phys. Rev. Lett87, 085005(2001). [21] F. Brunel, Phys. Rev. Let69, 52 (1987).

[9] B. M. Smirnov, J. Phys. [83, 115(2000. [22] S. C. Wilkset al, Phys. Rev. Lett69, 1383(1996.

[10] T. Ditmire et al, Nature(London 386, 54 (1997.

[11] A. Mcphersonet al., Nature(London 370, 631 (1994).
[12] H. Schwoerer, Phys. Rev. Le@6, 2317 (200D.

[13] E. T. Gumbrellet al,, Phys. Plasma8, 1329(2002.
[14] S. J. Mcnaughtt al, Appl. Phys. Lett.79, 4100(2001Y).

[23] G. Malkaet al, Phys. Rev. Lett79, 2053(1997.

[24] J. P. Freidbergt al, Phys. Rev. Lett28, 795 (1972.

[25] Paul Gibbon and A. R. Bell, Phys. Rev. Lei8, 1535(1992.
[26] A. Djaoui and S. J. Rose, J. Phys.2B, 2745(1992.

026414-5



