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Enhanced explosion of atomic clusters irradiated by a sequence of two high-intensity laser pulses
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Experiment and numerical simulations have shown that the heating of atomic clusters can be enhanced by
using a correctly timed sequence of two high-intensity pulses of different frequencies. We have measured ion
energies from Xe clusters irradiated with two high-intensity femtosecond laser pulses, one at the laser funda-
mental frequency(780 nm and one at its second harmoni890 nn), focused to an intensity of
~10' Wcem 2 The ion energies are found to depend on the relative delay of the two pulses but not on their
relative polarizations. For the optimum value of the delay between the two laser pulses, the maximum ion
energy is doubled from 100 to 200 keV. The laser energy required to obtain a given ion energy is significantly
less when the cluster is irradiated with two pulses of different frequencies than a single laser pulse.

PACS numbses): 36.40.Gk, 52.40.Nk

The interaction of clusters with high-intensity laser pulsesof different frequencies in sequence. The critical electron
has been studied by a number of groups in the past fewensity is wavelength dependen = mc’me/e’\?), so
years. Clusters form an intermediate state between atoms thre 3, enhanced heating point will occur at a higher elec-
small molecules and solids, having the same local density a§on density for shorter wavelengths. This suggests that a
a solid but a radius much smaller than a laser Wavelengtmmster irradiated with two laser pulses of different wave-
Extremely energetic ions, with energies up to 1 M@y, and  lengths will experience enhanced heating twice in its expan-
keV electrons[2] are produced as the atomic clusters ex-sion.
plode. The ions are stripped to very high charge stdts4] In this paper, we present experimental results and numeri-
and the x-ray yield is comparable to that from solid targetscal simulations which show a change in the cluster dynamics
[5]. Irradiation of clusters leads to far more energetic par_When the cluster is irradiated by two pulses of different fre-
ticles than irradiation of single atoms or small molecules aguencies in sequence. The cluster experiences two peaks in
the same intensity. its heating and electron temperature, which leads to an in-

A model developed by Ditmiret al.[5], which treats the crease in the energies of the ions produced in the explosion.
expanding cluster as a spherical nanoplasma, suggests thAe present experimental measurements of ion energies from
the cluster explosion is driven by an enhancement in theXe clusters irradiated with high-intensity femtosecond laser
electron heating in the cluster. This enhancement occurBulses, at the laser fundamental freque(it§0 nm and its
when the electron density in the cluster drops to three timesecond harmonic. The mean and maximum ion energies are
the critical electron densityn(;), at which point the electric found to depend on the relative delay of the two pulses but
field in the cluster is greater than the vacuum electric fieldnot on their relative polarizations. The mean ion energy is
there is a peak in the instantaneous electron temperature, af@ubled for the optimum value of the delay between the two
the cluster expansion velocity increases dramatically. Théaser pulses, with good agreement between the observed be-
numerical model is in good qualitative agreement with ourhavior and the predictions of the model.
experimental results, reproducing trends in ion energy with The nanoplasma model of the laser cluster interadtign
cluster size, laser intensifys], and cluster ion specidd]. has been adapted to simulate the irradiation of a cluster by
The model also predicts a characteristic double-peaked eleé¥o0 laser pulses with arbitrary frequencies, intensities, and
tron spectrum, which has been observed experimerjta]ly ~ relative delays. In vacuum, the two-color field of frequencies
The sharp “hot electron” peak in the spectrum is due tow: andw, is given by
electrons which leave the cluster at the.3 resonance. The _ _
existence of an optimum cluster size for a given pulse width Eo=Eg€'“1'+Eqe'“2* ¥ +c.c. (1)

[6] and an optimum pulse width for a given cluster dig¢

are also evidence of this resonance in heating, as the clustépe field inside the cluster is then calculated from the exter-
size determines the time taken for the electron density in th&al field by[from Eq. (16) in Ref. [5]]

cluster to drop to B¢, and this point has to be near the 3 3

peak of the laser pulse for optimal heating. _ _ font it

The model suggests that the explosion dynamics can be E_E“LEZ_|81+ 2| Eoe™+ leo+2] o™z +c.c.
manipulated by irradiating the cluster with two laser pulses 2

The dielectric constants; , [Eq. (18) in Ref.[5]], which are
*Present address: FOM Institute for Atomic and Molecular Phys-a function of optical frequency, plasma frequency, and col-

ics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands. lision frequency, are calculated for each laser wavelength, as
"Present address: Laser Program, L-440, Lawrence Livermore Naare the collision frequencid&qgs.(20) and(21) in Ref.[5]].
tional Laboratory, Livermore, CA 94550. The heating is assumed to be through collisional heating of
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“double kick” from the resonant heating from both fields is
() to increase the final ion energies to 148 k&dmpared to
100 keV from just the IR pulse and 91 keV from the blue
pulse along When the cluster is irradiated by a single laser
. pulse, or a sequence of laser pulses with the same frequency,
AR SRS RS LU SRS it experiences only one period of resonant heating.
200 0 200 -200 O 200 The final ion energies depend on the relative delays of the
Time (fs) two pulses. Essentially, the final ion energies are optimized
_ i ) . when the 3. resonant heating point falls close to the peak
FIG. 1. Numerical modeling of the interaction of a cluster of jyiensity of each laser pulse. This condition is satisfied for a
14000 Xe atoms with a single high-intensity laser pulsg0 nm, ;¢ times higher electron density at 390 nm than at 780 nm.
260_fs, A 10 Wem ) (@), (c), and(e) or W'5th two Iflzser pulses As the electron density is falling through the resonant heat-
of different frequencie€780 nm, 260 fs, % 10°° W cm *and 390 ing points, the optimum heating will occur when the high-
nm, 185 fs, 2.% 10> Wcm™? (b), (d), and(f). The center of each gp ' P 9 9
laser pulse is at=0 fs. (a) and(b) show the electron density inside frequency pulse p.recedes _the Iow-freque!’lcy pglse. .
the cluster,(c) and(d) show the electron temperature, af@l and We have e?(amlned the ions produpediln the_lnteractlon of
(f) show the hydrodynamic pressuolid line) and Coulomb pres- Xe clusters with a sequence of two hlgh—lntensny, femtosec-
sure(dotted line. ond laser pulses of different frequencies—the laser funda-
mental and its second harmonic. Our Ti:sapphire chirped
pulse amplification laser system produces 780-nm pulses
with energies of up to 40 mJ and a pulse length of 255 fs.
The second harmonic was produced by frequency doubling
in a 3-mm-type | potassium dihydrogen phosphé®P)
© crystal. We assume the second-harmonic pulse duration was
_2|m[82]||52|2_ (3)  1M2 of the IR pulse lengtt{180 fg, as the doubling crystal
8w was not near saturation. The two frequencies were separated
by a dichroic beam splitter and sent along separate paths
The cross terms vanish in the time-averaged heating rate beefore being recombined in the time-of-flighftOF) spec-
tween the two fields: the total heating rate is just the sum ofrometer. The blue energy was controlled simply by varying
the heating rates due to the two individual fields. the incident energy on the KDP crystal, and the IR energy
The results of numerical simulations of a xenon clusteiwas varied using a half-wave plate and polarizer in the IR
irradiated by a 390-nm pulse and a 780-nm pulse are showarm. The IR arm contained a translation stage which could
in Figs. 1b), 1(d), and 1f). Both pulses are Gaussians cen-vary the path length in 1gm steps allowing a time resolu-
tered att=0, the 260 fs(full width at half maximum, tion of 33 fs.
780-nm pulse having a peak intensity 0k40*® cm 2 and The blue and IR were focused separatelyf&t0. We
the 185 fs, 390-nm pulse having a peak intensity of 2.5alculate that group velocity dispersion in the delay line in-
X 10" Wem 2. As in the case of a cluster irradiated by a creases both pulse lengths by no more than 5 fs in the inter-
single laser pulse at 780 nffigs. 1a), 1(c) and Xe)], afew action region. The laser pulses were focused down into a
free electrons are tunnel ionized early on in the laser pulsdow-density (~10"cm™3) beam of clusters and the energies
The electron density rises throughJ; for both frequencies, of the ions produced in the interaction were determined from
at which points the field in the cluster is enhanced and moreneasurement of their flight time in a field-free drift tube, as
electrons are liberated through tunnel, laser-driven, and thedetailed in Ref[7].
mal ionization. The electron density is then high enough to The translation stage position corresponding to zero time
shield the field in the cluster from the external laser field.delay between the blue and IR pulses was found from ion-
The tunnel and laser-driven ionization rates fall off but elec-ization rates in monatomic xenon. The integrated Xand
trons are still created through thermal ionization. Xe*" ion yields were measured as a function of translation
The hydrodynamic pressure of the electrons causes thstage position. Numerical integration of the Ammosov, De-
cluster to expand and this, combined with the free streamingpne, and Kranov (ADK) tunneling ionization rates over the
of some electrons out of the cluster, means that the electroiocal volume confirms that the ion yield peaks when the two
density starts to drop. At=—47fs, the electron density pulses are coincident in time. By fitting a Gaussian to the

— 780 nm only 780 nm + 390 nm [Fig. A(b)] is 2.2x 10°?cm 3, three times the critical density
c g 102 (a) (b) for 390-nm radiation. The increased heating rate af;3
2 o] causes a peak in the electron temperaffiig. 1(d)] and in
2 = 1073 the Coulomb and hydrodynamic pressuresy. 1(f)] leading
W g 407 to an increase in the radial acceleration and rate at which
T electrons free stream out of the cluster. After a further 22 fs,
c $10'3 (© (d) att=—25fs, the electron density isn3;; for the 780-nm
e §/100_- radiation. The cluster again experiences a peak in the elec-
S a tron temperature, Coulomb and hydrodynamic pressure, ra-
i £10"] dial acceleration, and free-streaming rate. The effect of the
10° 5 (e)

Pressure
(Mbar)
3
tH

the electrons by the laser fiefthverse bremsstrahlungThe
time-averaged energy-deposition r@kq. (15) in Ref. [5]]
then becomes

N _ oy E,|?+
" 8n mle4]|E,|
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FIG. 2. Measured ion time-of-flight spectra from the irradiation . . .
of 14 000-atom Xe clusters with a 780- nm and/or 390- nm laser, FIG. 3. (3) Mean andb) maximum ion energies measured from

the irradiation of 14 000-atom Xe clusters with one 780-nm, 6
pulse.(a) Blue pulse only(b) Blue precedes IR by 600 féc) Blue X104 Wem? pulse (19 mJ and one 390-nm, 2.5

precedes IR by 67 f9d) Blue pulse 600 fs after IRe) IR pulse X105 W em 2 pulse(1.3 mJ as the delay between the two pulses

only. In each case the intensity of the 780-nm pulse was 6 . : . .
d. Th bt d with the 780-nm pulse alone were
x10* Wem 2 pulse and that of the 390-nm pulse was 2.5 IS vane © energies oblaine P

105 W em-2 14-keV mean and 143-keV max. With the 390-nm pulse algne, the
) mean was 19 keV and 140 keV the maximum. The dotted lines are

Gaussian fits to the datéa) The center of the fit is at- 40+ 35fs

data points, we were able to find the position correspondingnd the full width at half maximuniFWHM) is 765+ 130 fs, (b)

to zero delay {=0) to = 10 fs. We define negative delay center at—60+60fs, FWHM 75@+ 200 fs. (c) Calculated ion en-

times to mean the blue pulse precedes the IR pulse. ergies. Clusters of 14000 Xe irradiated by a 390-nm, 185-fs pulse

We have obtained ion time-of-flight spectra from the ex-at 2.5<10'> Wem™2 and a 780-nm, 260-fs pulse at either 4
plosion of ~14 000-atom(6-nm radiug Xe clusters irradi- x10® Wcm™2 (solid line) or 6x 10 W cm™2 (dashed ling
ated sequentially by 810" Wcm %(1.9mJ at 780 nm
and 2.5¢10® Wcm 24(1.3mJ at 390 nm as the delay be- mJ(1.9mJIR+1.3mJ blugin the two-color case. The pulse
tween the two pulses was variéig. 2). The relative inten- energy at 390 nm required to produce ions of this energy is
sities of the blue and IR pulses were set to give approxiwell beyond the maximum we were able to attain. However,
mately the same mean ion energy individually. The observedve expect a similar intensity scaling at both wavelengths and
time-of-flight spectrum changes with the relative delay be-estimate that 4 mJ of 390-nm radiation would be needed.
tween the two laser pulses. At=—67fs [Fig. 2(c)], the  This confirms that a correctly timed sequence of two pulses
peak of the spectrum shifts to earlier arrival times, corre-of different frequencies can indeed be used to enhance the
sponding to higher kinetic energies. cluster ion energies.

The mean and maximum ion energies calculated from the If we assume that the optimum delay is when the period
time-of-flight spectraas described in Ref7]) are shown in  of resonant heating is at the peak of the laser pulse, we can
Figs. 3a) and 3b). Both the mean and the maximum ion estimate the temporal variation of the electron density at that
energy vary with the delay between the two pulses for delaypoint in the cluster expansion. The electron density drops
less than~1 ps. A Gaussian fit to the data points puts thefrom 3ng; at 390-nm (2.X10%2cm™3) to 3ng; at 780 nm
optimum delay atr=—40=35fs or 7=—60+65fs (blue  (5.5x10? cm 3) in ~50 fs, a drop of 3.310°cm 3fs ™.
pulse precedes the JRrom the mean and maximum ion This drop is due to a combination of electron free-streaming
energies, respectively. The mean and maximum ion energiemnd cluster expansion.
at the optimum delay are 29 and 210 keV, respectively, ap- Figure 3c¢) shows the results of the numerical model for
proximately double those obtained with either pulse alone. the case of a 14 000-atom Xe cluster irradiated by a 390-nm

With a single 780-nm laser pulse, the measured ion enempulse at an intensity of 2$610® Wcm 2 and a 780-nm
gies increase rapidly with incident laser intensity for intensi-pulse at 4<10*® Wcm™2 (solid line) or 6xX 10" Wcm ?
ties up to~6x10" Wcem 2 and then vary as-1%° at  (dashed ling The calculated optimum delay is &t — 40 or
higher laser intensities. A laser energy of 5@3mJ at 780 —55 fs for the two cases, respectively, consistent with the
nm would be required to produce ions with a mean ionexperimental results. The calculated ion energies agree rea-
energy of 29 keV, nearly twice the total energy of 3.2sonably well with the measurements, given the factor-8f
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uncertainty in the intensity calibration. different frequencies in sequence. The cluster experiences
We have compared the ion energies produced in the clugwo peaks in its heating and electron temperature, which
ter explosion when the two laser fields have parallel andeads to an increase in the energies of the ions produced in
perpendicular polarization. The measured mean ion energigRe explosion. In contrast, a cluster irradiated by a sequence
as a function of delay between the two laser pulses wergf pulses of the same frequency will experience only one
found to be the saméo within the error on the mean ion peak in the heating. We have measured the ion energies from
energy whether the blue and IR pulses had parallel or perxe clusters irradiated at the laser fundamental frequency
pendic_ular polarizations. This _implies that the explosion is(780 nm and its second harmonic. The mean and maximum
not driven by a process that is strongly dependent on thg, energies are found to depend on the relative delay of the
peak value of the electric field. Thls is consistent _Wlth they, o pulses(being doubled for the optimum value of the de-
%i?;g%%mg ?gtdg’rois lthgehi?]t('jr;%tn;ic?ﬁ;ﬂszigsk'oé}:i:tr.clay) but not on their relative polarizations. The calculations
gly dep P ! successfully reproduce the trends in the measured ion ener-

field strength. The tunneling ionization rate is, however, ies as the delav is varied. predicting the dearee of enhance-
strongly dependent on the peak electric field strength. In thd Y P 9 gree c .
ent and the pulse sequence required to optimize the ion

nanoplasma model, tunneling ionization is only important at"

the start of the explosion. It provides a seed for subsequer‘?tnergies' Significaqtly less laser energy_is_rquired to.obtain
thermal collisional ionization, but the final ion energies aret® Same ion energies when the cluster is irradiated with two

not strongly dependent on the numbers of tunnel ionize®ulses of different frequencies rather than a single laser
electrons. In contrast to this, the ionization ignition md@a| pulse. The increase in the ion energies which can be obtained
rests on the enhancement of the tunnel ionization rate due through two-color irradiation may have applications which
the close proximity of other charged ions in the cluster. Ininclude boosting the yield of fusion neutrons, which have
this case, the tunnel ionization rate would be significantlypeen observed in the explosion of laser-heated deuterium
enhanced when the blue and IR fields have parallel polarizeslusters[10].

tions compared to the case when they have orthogonal polar- . )
izations, in contrast to our measurements. We gratefully acknowledge useful conversations with R.

In conclusion, we have presented numerical simulationd': Smith and the technical assistance of P. Ruthven and A.
and experimental results which show a change in the clustépregory. This work was funded by the EPSRC and J.W.G.T.
dynamics when the cluster is irradiated by two pulses ofvas supported by an EPSRC grant.
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