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Explosion of atomic clusters irradiated by high-intensity laser pulses: Scaling of ion energies
with cluster and laser parameters

E. Springate;, N. Hay, J. W. G. Tisch, M. B. Mason, T. DitmifeM. H. R. Hutchinson, and J. P. Marangos
Blackett Laboratory Laser Consortium, Imperial College of Science, Technology and Medicine, Prince Consort Road,
London SW7 2BZ, United Kingdom
(Received 28 September 1999; revised manuscript received 22 February 2000; published 4 May 2000

Experimental measurements of scaling with cluster and laser parameters of the energies of ions produced in
the explosion of atomic clusters have been obtained, with a view to experimental optimization of the cluster
explosion temperature. The noble-gas clusters were irradiated with high-intensity, 200-fs laser pulses. lon
energy scalings with cluster sizdranging from 16-10° atoms per cluster laser intensity
(10“-10"W cm™?), and laser wavelengtti780 and 390 nmare presented for both Xe and Kr clusters.
Numerical calculations of the interaction, treating the cluster as a spherical nanoplasma, are also presented.

PACS numbse(s): 36.40—c, 52.40.Nk, 36.40.Gk

I. INTRODUCTION that the cluster explosion is driven by an enhancement in the

electron heating in the cluster. This enhancement occurs

The interaction of clusters with high-intensity laser pulseswhen the electron density in the cluster drops to three times
has been studied by a number of groups over the past feifie critical electron densityn.;; (the electron density at

years. Extremely energetic ions with energies up to 1 Mewhich the laser frequency equals the plasma frequency,

[1] and keV electron§2] are produced as noble-gas clustersgiven byng;= mc’me/e’\?). At this point the electric field

explode. The ions are stripped to very high charge stateld) the cluster is greater than the vacuum electric field, there is

[1,3,4 and the x-ray yield is comparable to that from solid @ P&ak in the instantaneous electron temperature, and the

targets[5]. Highly stripped ions have also been observedcluster expansion velocny_m_creases dramatically. The model

from laser-heated metallic clustef§]. The observation of also predmts a characteristic double_—peaked electron spec-
neutrons from deuterium clusters irradiated with orlg00 trum, which has been observed experimentdly The sharp

mJ of laser energ}7] demonstrated that nuclear fusion can ho_t electron” peak in the spectrum is due to e!ectrons
. which leave the cluster at then3;; resonance. The existence
occur in the plasma formed after the clusters explode.

.of an optimum pulse width for a given cluster siZE3] is

h Sevetr)al d|ﬁgrent theor;]es hav? bee(;] de\’.ﬁlogeﬁ tcl) eXpl"’“ﬁlso evidence of this resonance in heating, as the cluster size
these observations. McPhersenal. [8] described the laser- o(armines the time taken for the electron density in the clus-

cluster interaction using a model where collisional ionization, ¢, drop to 31; and this point has to be near the peak of
can produce inner-shell vacancies in ions. This model Wagse |aser pulse for optimal heating.
later extended to include coherent electron motion, where the gxperimental optimization of the cluster explosion tem-

electrons oscillate collectively in the clusted]. The “ion-  perature through the adjustment of laser and cluster param-
ization ignition” model[10] predicts an avalanche of ioniza- eters may, for example, increase the yield of fusion neutrons
tion in a cluster due to the combined field of the laser ando provide a source of an ultrafast pulse of monoenergetic
cluster ions, leading to a Coulomb explosion of the cluster. Aneutrong[7], boost the x-ray yield14], and enable the pro-
simple Coulomb explosion modEgl1], tracing the trajectory duction of highly stripped ions for possible x-ray laser
of a single electron oscillating in the combined field of theschemes. In this paper we present measurements of the scal-
laser pulse and a 1100-atom Xe cluster with a mean chargegs of the ion energies produced from laser-irradiated noble-
per ion between + and 12+, has indicated that all free gas clusters as a function of cluster size¥400° atoms per
electrons can leave the cluster during one optical cycle. Irluste), laser intensity (18-10*W cm™?), and laser wave-
contrast, classical particle dynamics simulati¢h&] show  length(780 and 390 nmfor two different cluster ion species
that, even for clusters as small as 55 Ar atoms, a substantigke and Kj.
fraction of ionized electrons can be confined to the bulk of Our experimental measurements have been compared
the cluster by space charge. If the electrons are retained iwith numerical calculations to provide a more stringent test
the cluster, it is then valid to treat the cluster as a plasma. of the nanoplasma modgh]. We find that our experimental
The model developed by Ditmiret al. [5], which treats measurements of the scaling of the ion energies with cluster
the expanding cluster as a spherical nanoplasma, suggesige and laser intensity show good agreement with the pre-
dictions of the nanoplasma model. In particular, the exis-
tence of an optimum cluster size for a given laser pulse pro-
*Present address: FOM-Institute for Atomic and Molecular Physvides strong evidence for resonant heating of the cluster

ics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands. plasma. However, the nanoplasma model predicts a stronger
Present address: the Laser Program, L-477, Lawrence Livermorscaling with laser wavelength than is observed experimen-
National Laboratory, Livermore, California 94550. tally.
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Il. EXPERIMENTAL DETAILS dent with the arrival of clusters from the gas jet.

The experimental results have been compared with nu-

R Ih(lasm?asurement pf lon ent()argles |fs desqub?d A "therical calculations based on the nanoplasma model of the
ef.[15]. In our experiment a beam of atomic clusters, pro-jaser_ciuster interactiofs]. The numerical calculations pre-

duce_d in _the expansion of a hlgh-pressqre gas Into vacuunggpieq throughout this paper represent the interaction of a
was irradiated by a focused, high-intensity, femtosecond lapser pulse with a single cluster. They have not been aver-
ser beam. The electrons and ions expelled from the clustetgyed over the Gaussian intensity distribution in the focus or
with velocities perpendicular to both the cluster beam andhe cluster size distribution. The cluster size quoted through-
the laser beam propagated along a 38-cm flight tube angut is the mean of the experimental distribution. The cluster
were detected by a microchannel plate deteWCP). The  size and laser intensity distributions will be important experi-
input face of the MCP was held at2 kV, but a grounded mentally, so the numerical calculations cannot be expected to
metal grid placed~2 mm before the MCP ensured that the match the experimental data exactly. They can, however, re-
flight tube was field-free. The ion energies were then deterproduce the trends in the observed scalings. The maximum
mined by time-of-flight measurements in the drift tube. Theion energy is given directly by the model from the expansion
presence of the electric field between the grid and MCP hauelocity of the cluster.
a negligible effect on the flight times from which the ion ~ The low number density of clustetdue to the presence
kinetic energies were calculated. The field also prevente@f the skimmey means that we study the interaction of the
electrons with energies less than 2 keV from reaching théaser with isolated clusters rather than the bulk plasma
detector. formed after the cluster has expanded. Measurements of ab-
The laser used was a Ti sapphire chirped pulse amplificasorption and x-ray yield are typically performed directly be-
tion laser(described in Ref[16]), which delivered~200 fs  low the gas jet, where the number density of clusters 1£°
pulses at a wavelength of 780 nm. The pulse length range@igher than in the experiments described in this paper.
from 170 to 230 fs during the experiments described in this
paper. The laser was focusedféiO to a peak focused in- IIl. RESULTS
tensity of 2x< 10'*8W cm™2 with 30 mJ of laser energy. This _ _ _
intensity was confirmed in a separate experiment by observ- A raw time-of-flight (TOF) spectrum(obtained by aver-
ing the appearance of Xeto Xe** through over-the-barrier 29ing over 200 laser shotérom 14 000-atom Xe clusters
ionization. The laser intensity was controlled using a haI1‘-'”"3‘d'<'élted byza 780-nm pulse with a peak intensity of 1
wave plate and polarizer before the final amplifier. Prepulse<10:°W cm™? and the ion energy spectrum obtained from it
on a nanosecond time scale was measured to be less thar@® shown in Fig. 1. The spike in the time-of-flight spectrum
%107 of the main pulse. The laser was horizontally polar-N€ar zero time is due to electrons with energies abov_e 2 keV,
ized, so the electric field of the fundamental was orientedVhile the lobe extending out from-500 ns is due to ions.
along the axis of the detector. For some experiments, th¥/ith xenon in a 38-cm drift tube, 1-MeV ions have a flight
laser was frequency doubled using a 3-mm type-1 KDP crystime of 300 ns, and 100-keV ions have gus-flight time.
tal, which meant that the second-harmonic radiation was verFhis spectrum has a mean ion enefgydefined as
tically polarized. The maximum second-harmonic energy

was 3 mJ, which could be focused to a peak intensity of 1 Emax

X 10'*W cm™2 (this was again confirmed through over-the- - L Ef(B)dE

barrier ionization of X& E=—/—. 1)
The extent of clustering in the gas jet was estimated using J maxf(E)dE

Hagena’s scaling paramefdr7], and the presence of clusters Emin

in the jet was confirmed through Rayleigh scattering mea-
surementg 18]. Rayleigh scattering measurements can giveof 42 keV and a maximum of 350 keV.
no information on the distribution of cluster sizes produced. The maximum ion energy is extracted from the raw TOF
However, measurements of the size distribution of largdraces using a numerical algorithm to find the earliest ion
noble-gas cluster§19,20] have suggested that the cluster hits. The algorithm integrates the TOF spectrum and then fits
sizes have a log-normal distribution with a full width at half a straight line to the noise between the electron peak and the
maximum approximately equal to the mean cluster size. Thén peak. The point where the signal starts to increase above
error on our estimate of the mean cluster size is of the ordethe noise defines the shortest flight time and maximum ion
of a factor of 2, corresponding to an error 625% on the energy. The error on the maximum ion energy is the error on
cluster radius. In the experiments described here, the medhe shortest flight time, combined with the error on the posi-
cluster size was controlled by changing the backing pressuriéon of zero time(defined as the time at which the center of
of the gas jet. Our Rayleigh scattering measurements indicatbe laser pulse reaches the focus
that the mean cluster size varies as (backing presstirg} Figure 2 shows the mean ion energy as a function of angle
[21]. with respect to the direction of laser polarization. The polar-
A skimmer was used to collimate the cluster beam, givingization was rotated by placing a half-wave plate in the beam
a low-average-density cluster beam10"*atoms cm?) that  path just before the TOF chamber. The mean ion energy is
intercepted the laser beam at the focus. Electron and ioh5% higher along the direction of laser polarization than
signals were only observed when the laser pulse was coincperpendicular to it. Some anisotropy of the exploding ions is
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3 FIG. 3. Measured(solid circle3 and calculated(solid line)
* 11 maximum ion energies as a function of cluster size for clusters
c 107 irradiated with a 230 fs, 780-nm laser pulses with a peak intensity
Re) of 3x10%Wcem™2,
——
o ]
> 1073 to be expected as the “warm” electrofthose with energies
e in the range 0.3-2 kelVare also emitted anisotropically,
:E, 10°4 with a peak along the direction of the laser polarizafigh
Z -
10% 1 ' A. Scaling with cluster size
0.1 1 10 100 1000 Figure 3 shows the variation in maximum ion energies
with cluster size for clusters of 200 to 74 000 Xe atoms irra-
lon energy (keV) diated with a laser pulse of*810"°W cm™2. Fast iongwith

energies above 1 keMwere first observed in the time-of-
flight signal at a backing pressure of 1 to 1.3 bar. This pres-
sure corresponds to the onset of hot electron production from
the exploding cluster$2]. The time-of-flight spectra also
show that electrons with energies above 2 keV were only
detected when hot ions are produced. This points to a change
in the dynamics of the cluster expansion once the cluster size
increases to above200-400 atoms.

The maximum ion energy rises from 8 keV at 1 200
atoms/clusterto a peak of 53 keV at clusters of 10 000
+5000 atoms before falling to 28 keV as the cluster size is
increased beyond 50000 atoms/cluster. Numerical calcula-
tions from the nanoplasma model of the maximum ion en-
ergy as a function of cluster size are also shdaalid line).

The model predicts the existence of an optimum cluster size
LIPS of ~20000 atoms. The predicted variation in ion energy
o ® with cluster size is in good agreement with that measured

o ® experimentally.

The nanoplasma model suggests that the dynamics of the

explosion is governed by the point in the laser pulse at which
15— the cluster experiences the resonant heating. The highest ion
O 10 20 30 40 50 60 70 80 90 temperatures are obtained when the cluster passes through
Angle between polarization the 3n.;; point close to the peak of the laser pulse. Small
and detection axes (deg) clusters expand more quickly and reach this point before the
peak: larger clusters pass through.3 well after the peak.

FIG. 2. Measured mean ion energies as a function of the angléncreasing the intensity increases the initial ionization and
between the laser polarization and the detection axis. The 530@xpansion rates so that the&J; point occurs earlier in the
atom Xe clusters were irradiated with 170 fs, 780-nm laser pulsetaser pulse for a given cluster size, thus shifting the optimum
with a peak intensity of 1.8 10'W cm™2, size towards larger clusters. The existence of an optimum

FIG. 1. (a) Time-of-flight spectrum from 14 000-atom Xe clus-
ters irradiated by a peak intensity ofx1L0**W cm 2. The 38-cm
flight tube was field-free(b) lon energy spectrum from clusters of
9000 Xe atoms irradiated by a peak intensity of 1.5
X 10*W cm™2, derived from the time-of-flight trace ifa). The
mean ion energy is 42 keV and the maximum is 350 keV.
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FIG. 4. Measuredcircles and calculatedlines) maximum ion FIG. 5. Maximum ion energies measured as a function of laser

energies from Xefilled circles, solid lines and Kr (open circles,  intensity for 5300-atom Xe clusteiSilled circles and 6200-atom

dotted line$ clusters with a variety of cluster sizes. The laser inten-Kr clusters(open circley, together with numerical calculations for

sity was 1.3¢10'°W cm~? and the pulse length was 170 fs. Xe clusters(solid lineg or Kr clusters(dotted lines. The 780-nm
laser pulse was 230-fs long.

cluster size for a given set of laser-pulse parameters demon- .

) ) . a sharp increase up to a mean energy of 9 keV at
strated here, together with the existence of an optimum lasei'015Wcm‘2 followed by a slow increase up to eneraies of
pulse width for a given cluster sidd 3], is strong evidence y P 9

6 —2
for a resonance in the cluster heating. 75'Il'<§e\zlt?etlt:lt?la\t/ggrir:1ténsit dependence of the mean ion en-
With Kr clusters, we observe similar behavior to that of Yy dep

Xe clusters, but the ion energies are slightly lower. Figure £19Y attained in the explosion is also shown in Fig. 5. The

shows the maximum ion energies from Xe and Kr clusters a ﬁ:)ri]toszsn;?mrirl]:rdglcslﬁdg:tvsvi;[ﬂaﬁ\t);enns(i)tn wi?h ktrhygtl(;gev;”gneé('
a function of cluster size, together with numerical calcula- y g Y

tions. This set of experimenta different dataset to Fig.)3 c!uster parameters usgd in the experiment.. For bOth. ion Spe-
was carried out with a 170-fs laser pulse with a peak inten-]?r Igr?{ ﬂl% |ogvenztrgy&nlc(;gﬁecsmﬂarg y \éwthk;\/se;tlnt(;nsny
sity of 1.3x 10W cm 2. At low cluster sizeg<10000 at- o =5 e . : .

oms the mean ion energies from Xe clusters arg-keV X 10%Wem °. In this intensity region, th? amount of ion-
higher than those from Kr clusters. The condensation para zation is sufficient that the electron density within the clus-
eter for Kr is 2900 compared to 5'500 for X20], meaning er reaches _ch at which point the ﬁeld in the cluster is
that the clusters are approximately half the size for the srclmsrm"".nced W'th respect to the laser field .and the glu;ter ex-
gas-jet backing pressure. This prevented us from increasi ansion velocity increases. The expansion _veI(_)cr[y IS not,
the cluster size to the point where an optimum cluster siz owever, large en_ough compared 10 the ionization raFe that
could be observed. However, over the region of cluster size e electron density in the cluster can drop .3 again

for which we have data, the trends in the data are consiste fore the laser pulse h‘_f"s pas_sed._
with the model. When the laser intensity is greater than-6

X 10**W cm ™2 the cluster is ionized enough to reach 3
fairly early on in the laser pulse. It then starts to expand and
the combination of collisional ionization and cluster expan-

We have also examined the scaling of the ion energiesion causes the electron density to rise and then fall through
with laser intensity in both Xe and Kr clustefSig. 5. The  3n.; before the laser intensity drops off. As the electron
Xe clusters contained~5300 atoms(corresponding to a density drops throughr8,; for the second time, the field in
43-A radiug and the krypton clusters6200 atomg41 A). the cluster is strongly enhanced and the radial acceleration
Again, similar behavior is observed for both ion species,increases dramatically. In this intensity regime the ion ener-
with ~20% lower energies for Kr. gies increase only slowly with increasing intengiag ~ %)

In Xe our measurements show a sharp onset of hot iobecause as the laser intensity increases, the amount of initial
production at an intensity of:610**W cm™2 The ion ener- jonization increases. This means that the cluster expands
gies rise steeply up te-1x10"Wcm 2, where the maxi- faster and the electron density drops through,3earlier in
mum ion energy is~50 keV. At intensities higher than the laser pulse. The cluster does not then experience a sub-
these, the maximum ion energy increases only-432with  stantially higher laser intensity at the point of resonant heat-
increasing intensity while the integrated ion yield increasesng.
as~11* consistent with the increase in focal voluiam | %2 The numerical results are in extremely good agreement
scaling would be expected for a Gaussian focal spt 1 with the experimental measurements, matching the general
X 10'Wcm™2, the maximum ion energy is 90 keV. The trends and predicting the intensity regime where the ion en-
krypton ion energies follow a similar trend to the xenon, with ergies increase most rapidly. Although the scaling of ion

B. Intensity dependence
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energy with laser intensity is fairly weak from 175
10— 10**W cm?, the model predicts that the ion energies
will start to rise more steeply at intensities above 3
X 10'W cm™2. However, this is a higher intensity than is
currently accessible in our experiments.

—
(4]
o

—
N
4]

C. Wavelength scaling

rgy (keV)
g

We have examined the wavelength scaling of the cluster GC-’
explosion dynamics by carrying out a comparative study of @
the ion energy spectra at the laser fundamental and the sec €
ond harmonic. For these experiments the laser was frequency=
doubled to 390 nm using a 3-mm-thick type-1 KDP crystal. «
The second harmonic was vertically polarized for all these =
experiments which means that the electric-field vector was
perpendicular to the detection axis.

Similar behavior is found in the cluster explosion with IR
(780 nm and blug(390 nm) light. As with IR irradiation, the 100 1000 10000 100000
mean and maximum ion energies with 390-nm light are ap-
proximately 15% lower perpendicular to the laser polariza- Atoms per cluster

tion than parallel to it. The ion energies in the blue presented . . ) .

here are measured peroendicular to the | larizati FIC_;. 6. Measurec_{cwcle.s) and galculatedllnes) maximum ion
Perp Icutar O. € a_ser polarization a,%ﬂergles measured in the interaction of xenon clusters with 780-nm

have not bgen scaled UP for comparlson W'th the IR. Nume.”(filled circles, solid lines and 390-nm(open circles, dotted lings

cal calculations comparing the ion energies from clusters irtagiation. The peak intensity of the 390-nm pulses was 5.0

radiated with the two wavelengths are also presented and itig 1015Wcm™2 and that of the 780-nm pulses was 2.8

apparent that there is some disagreement between expes-10W cm™2. The calculation assumes a 230 fs, 780-nm pulse or

ment and theory. a 160-fs, 390-nm pulse, both having peak intensities of 3

The maximum ion energies resulting from the irradiation < 10®°Wcm™2,
of Xe clusters varying in size from 200 to 74000 atoms
irradiated by 5< 10"°W cm~2 of 390-nm radiation, together also observed with 6200-atom Kr clusters, but again the ion
with those from clusters irradiated by3L0*W cm 2at 780  energies were slightly lower.
nm (from Fig. 3 are shown in Fig. 6. Experimentally, we  The nanoplasma model predicts that the scaling of ion
find that hot ions are only produced with backing pressuregnergy with increasing laser intensity is very similar at both
greater than one bar, when clusters of more than 200 aton¥¢avelengths, as shown in Fig. 7. With both wavelengths, the
are present in the jet, as was found with IR irradiation. Themodel predicts a sharp increase followed by a plateau where
maximum ion energy rises to a peak e:f35 kev at the the maXimum ion energy |5’5X 104 ev. The onset Of the
optimum cluster size of 28000 atoms and decreases as the
cluster size increases beyond this point. The ion energies
from clusters irradiated at 390 nm are substantially lower
than those from 780-nm irradiation, except possibly at the
largest cluster sizes.

In contrast, the nanoplasma model predicts that at cluster
sizes below~10000 atoms, the mean energy in the blue is
~5-keV higher with 390-nm irradiation than with 780 nm.
The ion energies obtained with the second harmonic are pre-
dicted to be much higher than with the fundamental for large
cluster sizes. The optimum cluster size is calculated to be
~20000 atoms at 780 nm and 80 000 atoms at 390 nm. Both
experiment and model agree that the optimum cluster size is
larger in the blue than the IR, =2 17 [ . o 390 nm

Experimental measurements of the intensity dependence T T T T
of the mean and maximum ion energies in the IR and the 10" 10"
blue for clusters of 5300 Xe atoms show that the intensity Intensity (Wcm'z)
scaling (Fig. 7) is quite different for the two wavelengths.
With 390-nm irradiation, the maximum ion energies increase F|G. 7. Measuredcircles and calculatedlines intensity de-
as ~I** in the intensity range 810“Wcm? to 5  pendence of the maximum ion energies from the irradiation of
X 10"*W cm 2, while with 780-nm irradiation they increase 5300-atom Xe clusters with 390-ntopen circles, dotted lineand
only asl®?in this intensity region. The same scalings were780-nm(filled circles, solid ling laser pulses.
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plateau is at a lower intensity with the blue—at 2 the rising edge of the laser pulse; too long amg,3is on the

X 10*W cm ™2 compared to & 10"*Wcm 2 in the IR. This  falling edge.

is because the increased electron collisional heating rate with As well as enabling the optimization of cluster heating,
390-nm irradiation leads to a higher thermal ionization ratethe existence of these optimum cluster sizes and pulse
This in turn means that the initigtelatively slow expansion lengths provides support for the nanoplasma model. Cou-
of the cluster is more rapid, so the electron density dropsomb explosion models predict that the ion energies increase

through the 3., explosion point earlier in the laser pulse. Monotonically as the cluster size increa$es]. Studies of
At intensities from 2 —6& 10%Wcm 2 a cluster irradiated the ionization ignition mechanism indicate that the lowering

by a 390-nm pulse will pass through tha 3, resonant heat- of potent'ial barrigrs due to the close presence of othgr
ing point before the laser pulse passes, but a cluster irradF—harged ions, which Ieads_; to enhanceo_l lonization rates, in-
ated at 780 nm will not. creases as the number of ions surrounding each ion increases

The difference between the experimental intensity Scal[24]. However, for larger clusters the ionization ignition
: ; oo icts i ree of clusterin
ings at the two wavelengths may in part be due to the dlffer-mc’d(:)I predicts litle dependence on the deg ustering

| h t the | fund | and dh as only the closest ions efficiently lower the ionization po-
ent pulse shapes of the laser fundamental and secon 3Ential of the ions within a cluster. The inner-shell excitation

monic. Any prepulse and pedestal on the fundamental iS4 conerent electron motion modgs9] predict that, for a
strongly reduced in frequency doubling as, unless the crystaji;en intensity, there will be an allowed zone of cluster sizes
is saturated, the second-harmonic pulse shape follows thg, which x-ray emission from a given shell will occur, with
square of the fundamental intensity. However, a long tail caQne number of x rays produced scaling as (cluster 4%e)
be introduced on the second-harmonic pulse due to the group The effect of the laser intensity on the cluster explosion
velocity mismatch between the two wavelengti83  dynamics has also been examined. We observed a sharp on-
fs mm* for 780-nm pulses frequency doubled in KOR2].  set of hot ion production at a laser intensity of 6
Another possible reason for the difference in behavior bexx 10'*W cm 2. The mean and maximum ion energies in-
tween the two wavelengths is the difference in the multiphocrease rapidly as the laser intensity is increased to 1
ton ionization(MPI) rates. MPI is expected to occur at low x 10**W cm ™2, from which point the ion energies increase
intensities on the leading edge of the laser pulse and, at @nly slowly. The integrated ion yield scales ld¢ for inten-
given intensity, we will be further “in” the multiphoton re- sities above X 10'°W cm™2, consistent with the increase in
gime with shorter-wavelength radiation. However, inclusionfocal volume. This result is in good agreement with the nu-
of MPI rates in the numerical model showed that the initialmerical calculations based on the nanoplasma model. The
ionization rate has only a weak influence on the final ionweak dependence of the cluster explosion dynamics on laser
temperature, the explosion being dominated by collisionaintensity at higher intensities has also been seen by Dobosz

ionization once a few electrons have been freed. and co-workerg25]. They performed x-ray spectroscopy of
cluster nanoplasmas, calculated the mean number of x-ray
IV. DISCUSSION photons emitted per laser pulse and found that it scales as

132 again consistent with the increase in focal volume. For

We have studied how the energies of ions produced in th&r clusters of 7 10°atoms, the explosion process was
explosion of atomic clusters depend on cluster sizé10°  found to saturate below>10"°W cm 2
atoms per clustgr laser intensity (1¥-10°wcm™?), and We have used the first and second harmonics of the Ti:
laser wavelengtt780 and 390 nmfor two cluster ion spe- sapphire lasefat 780 and 390 ninto examine the wave-
cies (Xe and Kp. Our investigation of the scaling of ion length scaling of the cluster explosion dynamics. We find
energies with cluster size shows that the mean and maximuthat similar behavior is found in the cluster explosion at both
ion energies increase as the cluster size increases up to amvelengths. However, the nanoplasma model is unable to
optimum cluster size, from which point they decrease. Thigeproduce successfully the change in the variation of the ion
observation is in agreement with the results of Zweibackenergies with cluster size and laser intensity. With 390 nm,
et al.[13] who have examined the relationship between clusihere is an optimum cluster size for a given laser pulse and,
ter size and laser-pulse length for optimal cluster heating. as predicted by the nanoplasma model, the optimum cluster

The nanoplasma model suggests that the dynamics of theize is larger in the blue than the IR. However, the measured
cluster explosion is governed by the time in the laser pulse dbn energies with 390-nm radiation are lower than with
which the electron density in the cluster falls through,3, 780-nm radiation over a wide range of cluster sizes and laser
where the electron heating rate is dramatically enhanced. Thatensities, contrary to the prediction of the nanoplasma
highest ion temperatures are obtained when the cluster expmodel. We find that the intensity dependence of the ion en-
riences this resonant heating close to the peak of the lasergies at 390 nm is different to that at 780 nm, scaling'ds
pulse. This explains the existence of an optimum cluster sizgn the blue rather than the sharp increase followed by a lev-
for a given pulse length, and an optimum pulsewidth for aeling off as found for the IR and as predicted by the model.
given cluster size. Clusters smaller than the optimum siz&he difference in intensity scalings could, however, be partly
expand more quickly and reach th&g; point before the due to the difference in pulse shapes between the fundamen-
peak of the laser pulse, while if the clusters are larger thamal and second harmonic.
the optimum they pass through this point well after the peak. The wavelength scaling of cluster dynamics has been ex-
If the pulse width is too short for the cluster sizey.3 is on  amined by several groups. Kondx al. [26,27] found that
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the x-ray yield from clusters was much lower at 800 nm than V. CONCLUSIONS
248 nm. In contrast to these results, Dobesal.[25] found . . .
that there was no strong scaling of x-ray yield from first to Our measurements of _the lon energies obtained from the
second harmonic. Our numerical calculations with the nano€XPIosion of clusters irradiated by intense, femtosecond laser
plasma model indicate that there is no substantial change iRU/S€S are in good agreement with the heating mechanisms
the time history of the cluster dynamics when the wavelengtt®f the nanoplasma model developed by Ditméteal. [5].
of the radiation used to heat the cluster is varied from 25¢=xPerimental measurements of the ion energies as a function
nm to lum. of laser and cluster parameters allow the optimization of the
The nanoplasma model provides a good prediction of th&luster explosion temperature. In particular, the existence of
heating of the cluster plasma, enabling the experimental opan optimum cluster size both allows the cluster heating to be
timization of the heating through adjustment of the clustermaximized for a given laser pulse and provides strong sup-
and laser parameters. However, the model assumes the igoart for the resonant heating of the cluster plasma. This has
tropic expansion of a uniform sphere. With a uniform isotro-important implications for potential applications such as
pic expansion, the ion energy increases linearly from zermuclear fusion in clusterf7] and the production of short-
with the cluster radius, so the number of ions at each velocityulse x rayg14]. Further enhancement of the ion energies
v will be proportional tov?. This does not correspond to the may be possible through multiple-pulse heating schemes
measured spectrum. The nanoplasma model is inadequate far3 2g.
modeling the expansion of the cluster plasma after it is
heated. Ditmireet al. [15] found the self-similar solution of
the ion fluid e_quations for an isotropic, radial expansion for a ACKNOWLEDGMENTS
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