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Ultra hard x rays from krypton clusters heated by intense laser fields
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The interaction of ultrashort laser pulses with krypton clusters at intensity up to 1.3

X 10'® Wem™2 has been investigated. Intense End K8 emission from krypton at 12.66 and 14.1

keV, respectively, has been observed using conventional solid state x-ray detectors. The measured
x-ray spectra have broad bremsstrahlung continuum reaching to photon energies up to 45 keV, with
evidence that approximately 10% of electrons that are heated to very high electron temperatures,
which is consistent with a two-temperature electron distribution. This is ascribed to the presence of
a hot electron population, similar to that found in laser—solid interactions. The highest laser energy
to x-ray conversion efficiency observed is 8.20"/, which is equivalent to 45 nJ x-ray pulse
energy from the 12.66 keV krypton K transition. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1755222

I. INTRODUCTION leading to self-focusing. Investigations on the heat transport
in high temperature laser produced cluster plasma media in-

Laser-produced plasma from optically ionized gases andicate that heat transport drives a fast ignition warop-
solid density matter has been widely explored over the lasgrties of the cluster media as well as the incident laser pa-
two decades as a potential source of x-ray and extreme utameters such as laser intensftypulse duratior;*?17:18
traviolet radiation;” following the advent of the chirped laser wavelength® polarization®% presence of pre-pulée
pulse amplified(CPA) tabletop terawatt laser. Compared and the residual chiff play a vital role in optimizing par-
with gas-phase targets, x-ray sources derived from solid taticle and photon emission from rare gas clusters.
gets have superior x-ray yields in the hard x-ray spectral In this article, we report x-ray continuum andv12.66
region. Rare gas clusters have recently been considered rsV) emission from laser heated krypton clusters with opti-
replacements for solid targéts because they are debris-free mum yields of 45 nJ/pulse, which gives an overall efficiency
and yet retain solid-like properties. To date, x rays emittecbf ~9.2x 10"/, the highest yet measured from rare gas clus-
from K, L and M shell vacancies in ions have been observeders at this photon energy. The measured x-ray bremsstrah-
from argon cluster$,and L and M shell emission has been lung continuum is consistent with a two-temperature plasma
observed from clusters with higher atomic numbers such aghat has been rapidly heated by the intense laser field, similar
krypton’ and xenorf. Despite thorough investigation of hard to that found in laser—solid interactions. We have explored
x-ray generation from clusters, the highest x-ray photon enthe heating and absorption mechanisms by varying the laser
ergy reported so far is 3.3 keV from H-like argon measuredpulse duration, while keeping the pulse energy constant and
at an intensity of 15 Wem2.° Furthermore, the study of obtained an optimum pulse duration for x-ray yield, plasma
x-ray emission from the plasma produced by ultrashort lasefemperature and maximum photon energy.
pulses yields additional information on plasma formation and
its dynamics.

Collisional processes play a major role in the plasma“- EXPERIMENT
formation owing to high atomic density inside clusters. The

solid-like density allows them to be rapidly heated to Verygjq 1 gxperiments reported here have been performed in a

high temperatures using femtosecond Iaéewhiph also  \acuum chamber maintained at a background pressure of
makes them very useful sources of energetic particles. 1o-3 1o during the experiment by a 1000 ls high

- - T12
Highly energetic ionSand electrons~**have been observed throughput turbo-molecular pump. Clusters are produced by

from laser heated clusters. Collisions between ions d“””%jecting high pressure krypton gas into the vacuum at 10 Hz

Coulomb explosions of laser irradiated deutelzium clusterghrough a pulsed cylindrical nozzle. The maximum operating
lead to the production of neutroh$Alexeevet al'* showed backing pressure is up to 90 bar for the pulsed valve, which

that macroscopic propagation effects can modify the interacgag an exit throat diameter of 1 mm. The cylindrical nozzle
tion process under appropriate conditions through Selfgq pied to the valve exit has a throat of diameter 2 mm and
focus;ng. 5’3” at moderate intensities of below|gngih 15 mm. While an accurate estimate of the cluster size
~10"Wem™?, the clustered gas acts like a positive lensang gistribution is difficult??® a realistic estimate is ob-
tained from the scaling laws established by Hagérighe
dElectronic address: riju@strath.ac.uk semiempirical(Hagena parameter determining the average

A block diagram of the experimental setup is given in
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parabolic mirror for pulse energies up to 125 mJ. The small

é;(’r]gCTON B-integral of the UV-grade fused silica lens allows it to be
: used for pulse energies up to 20 mJ. However, for higher
Oscillo- pulse energies nonlinear effects are found to broaden the
Mylar XFQ scope MCA pulse and hence off-axis parabolas are used. The focal spot
WlndOW size is directly monitored using an imaging beam profiler and
ﬁ YR 1 — the measured beam spot diameter is k. By translating
NQYS Timing/ one of the gratings in the CPA compressor, it has been pos-
\ T /‘ Gate sible to generate chirped pulses of durations ranging from 60
G D fs to 2.2 ps. The laser used in the experiments has a nearly
Gaussian-type spectral profile centered at 800 nm. Thus we
’\ expect the intensity to follow a %4 scaling, wherer,, is the
laser pulse width. The laser interacts with the clustered me-
Power dium 2 mm above the gas jet nozzle over a length of
Meter ~3.5 mm. Single photon counting methods using conven-

tional solid state Si:PIN and cadmium zinc tellurid@ZT)
detectors have been used to measure x-ray spectra in the
spectral range 1-50 keV. The Si:PIN detector is very sensi-
400 nm tive in the range 1-30 keV and has a measured energy reso-
Filters lution of 250 eV at 6.4 keV. The CZT detector is sensitive
over the range 3—90 keV and has a measured energy resolu-
tion of 400 eV at 14.4 keV. Single x-ray events are accumu-
lated using a multichannel analyzer, which has been cali-
FIG. 1f Scsféeomnargcrog ”;e :XgeA“FE"e][f‘ta' SEtUFr’ l')— 'Ie“SG M- d'e'tecg"g turt”'“?brated using a C8 x-ray source. In order to avoid pile up on
]['Ir;)I:;OF POI\r/IT photomﬁlt:;hgr tube; ;Fafsr;ya :Itgra APgai)sejr?ure I\/cl)g,&ca th? accumulated SpeCtrl‘ﬁ?}'average Foum rates are main-
multichannel analyzer. tained below 0.1/pulse by a 3Q@m diameter aperture and
aluminum filters outside the vacuum chamber. X-ray photons
are measured at 90° to the laser propagation direction, as
cluster size for an axi-symmetric cylindrical nozzleIi§ shown in Fig. 1. Laser energy transmitted through the cluster
=kd*8%,/T22°,2425 whered is the nozzle throat diameter jetis measured to estimate the total radiation absorbed by the
in micrometersp, the backing pressure in millibal,, the  clusters, since the integrated scattering loss has been shown
initial gas temperature in K, ankl (=2890 for Ki, a con-  to be negligible when compared with absorptfén.
stant that depends on the sublimation enthalpy per atom and
van der Waals bond length. The cluster size scale§\gs
=33(T*/1000)235 for F*>1OOO,24 which giveS an estimate IIl. RESULTS AND DISCUSSION
of the mean number of atoms per cluster of between 9.6
x10° and 1.7 10° (average cluster radiR.~r,(N)**~5 Laser absorption in clusters is strongly coupled to their
to 30 nm, wherea,,=2.57 A for Kr) for a backing pressure expansion and therefore the pulse duration and intensity play
of between 3 and 30 bar dj,=293 K. Rayleigh scattering a major role in plasma heating. To investigate this, we have
of a frequency doubled400 nm Ti:S laser beam has been varied the laser pulse duration and measured laser absorp-
used to verify the formation of clusters. In order to measurdion, x-ray spectra, and electron temperatufg)( Figures
the scattered signal, a multi-mode pick-off optical fibre is2(a) and 2b) show typical measured x-ray spectra originat-
placed very close to the gas jet at 90° to the propagatingng from ~18 nm radii Kr clusters with excitation pulse du-
laser beam. The off-axis parabola shown in Fig. 1 is replacedations of 90 and 300 fs, respectively, and corresponding
by a flat reflecting mirror and the low energy 400 nm beamintensities of 8.& 10'® Wem ™2 and 2.6< 10'® Wem ™2, re-
(pulse energy is a few hundred microjoyles loosely fo-  spectively. The spectra are composed of the lile from
cused on to the gas jet by a long focal length lens as showkrypton superposed on a broad continuum. To ensure that the
in Fig. 1. The scattered signal is measured using a photomuhigh energy electrons scattered from the steel vacuum cham-
tiplier tube after filtering residual 800 nm radiation with band ber material do not contribute to the continuum spectrum, we
pass filters. The scattered signal scales roughly with the cull@ave searched for a contribution from k-shell emission from
of the backing pressure, as expectedhen clusters are iron at 6.4 keV. The absence of any measurable keHis-
formed in the jet. Observation of the scattering in only onesion discounts the possibility that the background x-ray spec-
direction precludes its use to directly characterize the clusteirum includes contributions from high energy electrons scat-
size distribution. tering off the chamber walls. This is consistent with earlier
The intense laser excitation is provided by an 800 nmstudies using the setup with low-Z targets such as argon for
60 fs CPA Ti:sapphire laser with maximum pulse power of 5producing x rays, which also show no evidence of 6.4 keV
TW available on the target. The laser is focused into thephotons from the steel chamber.
cluster cloud using a 100 mm focal length UV-grade fused  The spectral shape of x rays radiated from Kr clusters,
silica lens for pulse energies up t017 mJ, or an off-axis has an exponential dependance at lower energies in addition
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FIG. 3. Dependence of electron temperature corresponding to the two elec-
FIG. 2. X-ray spectra fronR,~ 18 nm krypton clusters in the energy range tron components and x-ray yield as a function of laser pulse duration for
3.5-16 keV for two different pulse duratioris) 90 fs and(b) 300 fs. R.~18 nm.
Spectra are corrected for filter transmission factors.

pulse lengths and relatively constant even though the maxi-

to a broader tail at higher energies, which is similar to thatmum attained electron temperatures varies with pulse dura-
observed from laser heated solid targets for comparable lasé&on.
parameter$.In a high temperature plasma, inner shell exci- Figure 3a shows the dependance of the two-component
tation, which is responsible for k-shell emission is due toelectron temperature, which corresponds to the two electron
inelastic electron—ion collisions, and is appreciable onlydistributions measured as a function of laser pulse duration
when the electron energy is comparable or exceeds the ionvhile keeping the energy density constant at 8 KJ&mA
ization energy. Thus, observation of thexine is evidence maximum electron temperature of 1Z8.0 keV has been
of electrons with energies higher than the ionization energybtained for a pulse duration of 300 fs. The cold electron
for krypton k-shell electronél4.3 ke\j. The integrated x-ray temperature remains approximately constant Tat-1.8
yield exceeds 10photons/pulse/4Sr in the energy range +0.13 keV for the range of pulse widths examined. X-ray
3.5—-16 keV. The measured total x-ray yield is significantlyyield from 3 to 15 keV measured a function of pulse duration
higher than that previously observed for krypton clusters of R,~18 nm) is shown in Fig. ®). An optimum pulse dura-
comparable dimension, and for20 times higher laser tion exists for maximum x-ray yield. The integrated x-ray
intensity'® The highest x-ray energy from krypton observedyield for fixed cluster size and pulse energy, initially in-
by Doboszet all® was 1.75 keV, without any evidence of creases significantly with increasing pulse duration until a
k-shell emission or continuum. maximum at 300 fs after which it decreases for much longer

The plasma temperature is estimated from the continuurpulses. At the highest intensities of the shortest laser pulse
part of the spectrd which originates from either free-free or duration (60 f9), the yield is a factor 2.5 smaller than that
free-bound transitions during the interactions of electron®bserved at the optimum pulse durati@®o0 fs.
with ions. In both cases, for Maxwellian electron distribu- We have increased the laser intensity for a pulse duration
tions, the spectral intensity depends on the photon energy afixed at 60 fs, and did not observe dramatic increase in the
[ (hv)xexp(—hv/kT,), whereh is Planck’s constant, and  temperature of the plasma, even though the x-ray vyield
Boltzmann’s constant. In the present case, the measuragtows nonlinearly with intensitf For a laser intensity of
x-ray intensity is well described by a double exponentiall.3x 10" W cm 2, the continuum extends to 45 keV, as
function I, ay=A; exp(—hv/kTy)+A, exp(—hv/kT,), corre-  shown in Fig. 4. An 800um thick aluminum filter, which
sponding to a two-temperature electron distribution. Thicktransmits~7% at 12.66 keV, and apertures have been used
solid lines in Fig. 2 are numerical fits to the measured spectréo reduce the x-ray flux on the detector for these measure-
for x-ray photon energies above 3.5 keV. From the doublaments. Since thick x-ray filters have been used, the spectrum
exponential we find that the relative contribution below~10 keV is not measurable. At these higher excitation
A,T,/(AT1+A,T,) of the hot electron fraction to the inte- intensities it is possible that MeV electrons are being
grated total x-ray intensity is approximately 10% for all generated® However, due to the reduced collisional cross
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272 F T=~Ka. (12.66 keV)

T ture measurements and energy deposition. Figure 5 shows
total absorption in the cluster jet measured as a function of
' \1 ‘/KB (14.1 keV) laser pulse duration. The absorption for clusters of radiB
14 and ~ 30 nm is above 50% for pulses longer than 300 fs, as
shown in Fig. 5. For both sizes of clusters, absorption varies
weakly with pulse duration above 400 fs. Since the absorp-
"t,a,_ tion cross section is proportional R?, total absorption for a
""'&”}, 30 nm cluster should be higher than that for a 18 nm cluster
wM!_ﬁ'g . s by a factor P,/P,)**XR,/R;)3~2, based on the Hagena
_ "l’ﬁ‘-"ﬁﬁf"\ %,m scaling, whereP; and P, represent backing pressure. Ac-
T T 69 fs. T ! ﬂl\)ﬂ cording to data shown in Fig. 5, the estimation is a factor of
12 18 24 30 36 42 ~.1.4i 0.3 over thg range of pulse durathns. As s'hown in
Fig. 5, the absorption is less faf,<<400 fs irrespective of
X-ray Energy (keV) the cluster size. Published experimental results and calcula-
FIG. 4. Hard x-ray spectrum froR~30 nm krypton clusters measured for t!ons_ based On. the nano-plasma m0(_jel .ShOW a similar reduc-
a laser intensity of 1.810® Wen? and a pulse duration of 60 fs. The 0N in absorption for short pulse excitation of Xe clusters of
measured electron temperature is7®62 keV. comparable dimensions, and approximately constant absorp-
tion up to 2.2 ps This reduction in total absorption for
short duration pulses is ascribed to modifications of the di-
section of these higher energy electrons and the finite clusteflectric constant due to the dependencevgfon the laser
volume, it is reasonable to expect that the thermalized eledield amplitude. The laser intensity for which the thermal
tron temperaturgas measured through collisionwill be  velocity is equal to the oscillation velocity is given by
significantly lower. In our measurements the electron temi[Wm 2]=4x10 " mw>T[eV]/e. For intensities higher
perature is estimated as~7.6=0.2keV for 1.3 than this,v,s>vy,, Which leads to a decrease in collision
X 10" Wem™? from the spectra of Fig. 4, which is roughly frequency-?” Therefore, forT.~1.8 keV and\ =800 nm,
equal to the measured hot electron temperature at 90 f$e oscillation velocity is comparable with the thermal veloc-
[shown in Fig. 8a)] for lower peak intensity (8.8 ity at a laser intensity~2.6x 10" Wem 2, which corre-
X 10" Wem™2). Taking into account the instrumental reso- sponds to a pulse duration of~300 fs. Intensity dependant
lution, the integrated x-ray yield in the Kline profile is  absorption reported elsewhere also shows similar reduction
2.3x 10 photons per pulse, which is equivalent to 45 nd K ijn absorption at high laser intensiti#’s.
x-ray energy per pulse. This corresponds to a laser 0 K A number of theoretical models have been proposed to
conversion efficiency of 9210/, for 25% absorptiorisee  describe the mechanisms of ionizatidr? heating?3334
Fig. 5 of the input laser radiation. TheseaKyields and  Coulomb explosiod>® and self-focusing in clustered
conversion efficiencies are the highest measured values fromedial* Among these, the nano-plasma mo8igipugh gen-
high atomic number rare gas clusters to date. This comparegally considered as simplified, has been very successful in
with a yield of 1.4 nJ from Kr lo emission measured at 1.75 explaining laser—cluster interaction and heating. It suggests
keV, estimated from the data from Dobostal,'® at 5  that the dynamics of the cluster explosion is governed by the
X 10t wem™2, time in the laser pulse at which electron density in the cluster
Absorption of the laser pulse in the cluster medium hagasses through Mie resonance, where the electron heating
been measured to explore correlations between the tempergte is dramatically modified. This explains the existence of
an optimum cluster size for a given pulse lentftiOur cal-
culations presented here are based on the nano-plasma model
in which the heating rate is given by dU/at
=[w/(87)]Im(€)|E]>, where ¢, is the permittivity of free
spacew the laser frequencyis the dielectric constant given
by e(w)=1-wi[w(w+ive)] with ve as the collision
frequencyw, the plasma frequency art=3E,/|e+ 2|, the
electric field of the laser inside the cluster, whé&igis the
electric field of the laser in vacuum. The collision frequency
is given byve;=3%x10%Zn,T[eV] ¥4n A, whereZ is the
average ion chargdtaken as 10 in our calculations
nJcm 3] is the electron number density, andAnis the
L Coulomb logarithm A = 4.9x 107°T [ eV]¥%/n2. However,
04 0.8 1.2 16 2.0 at high Iager intensity the collision frequen.cy decr_ec_atses and
] therefore in our model we use an effective collision fre-
Pulse Duration (ps) quency given by;?? ver=reva/(vi+va)%% where vy,
FIG. 5. Figure showing absorption of laser radiation measured as a function, VTe/me is _the_ thermal yelOCIty andosc= eE/mewZ is the
of pulse duration for two krypton cluster radii; 18 nm (@) and~30 nm €lectron oscillation velocity. Here, ande are the electron
0). mass and charge respectively. The inclusion of a field-
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dependant effective collision frequency makes the preseritons may be heated to suprathermal velocities as the ex-
calculations distinct from the nano-plasma model formulategpanding nano-plasma undergoes Mie resonéridereover,
by Ditmire et al* The scaling law for the effective collision electrons undergo oscillations in the laser field with ampli-
frequency is normally used in solid density plasmas formedude given byx,—=eE,/m.»j, where e is the electron
by intense lasers?? and the similarities between x-ray spec- charge E, is the peak electric fieldn, is the mass of elec-
tra recorded from clusters and solids provide additional justron andw, is the laser frequency. Since inverse bremsstrah-
tification for its adoption. Moreover, the above expressionlung collisions are mostly responsible for energy absorption
for ve guarantees a smooth transition between the two limand heating, it is favorable to restrict electron excursions to
iting cases of laser-cluster interaction,,<vy, and vos.  Within the cluster by controlling the laser intensity. The elec-
>v4. Following Ditmireet al* an upper limit for the colli-  tron oscillation amplitude in the laser field for 300 fs pulses
sion frequency is taken ag.,=2eEn"¥ mmew, which cor-  at 2.6x 10" Wem ™2 is X~ 14 nm, which is less than the
responds to the minimum time it would take an electroncluster radius. Therefore, there is significant overlap between
driven by the laser field to traverse the distance between twthe electron and ion clouds to facilitate effective collisional
ions. Incorporating this upper limit for the collision fre- absorption. For the shortest pulses used here, the oscillation
qguency, the collision rate is obtained from,vH1/v,z  amplitude is~24 nm and hence the electron cloud overlap
+1/vmax. The electric field inside the clusteE=3E,/|e  with the ions is reduced during the laser pulse, Ry
+2| is resonantly enhanced to a large value when ~18 nm clusters. Moreover the collision frequency scales
=wp/3. The classical absorption cross section of a singlenversely  with laser electric  field as v
cluster under the dipole approximation and taking into ac=(Zenmew’In A)/(47€EY), % and hence rapidly decreases
count the small size of clusters compared with the lasewith increasing laser field amplitude. This reduction in col-
wavelength iSO'a=47T(ng/C)|m[(e—1)/(e+2)]1l whereR, lision frequency in conjunction with the larger oscillation
is the radius of cluster, andis the speed of light. amplitude contributes to lower effective heating and x-ray
After the cluster is ionized, the expansion is driven eitheryield with shorter pulses. We conclude that the efficiency of
by hydrodynamic pressure, or by Coulomb pressure arisingaser coupling to the cluster nano-plasma can be enhanced by
from the repulsion between ions. The hydrodynamic presaltering the electron dynamics in the laser field, for example,
sure,Py, from hot electrons i®,=nxk T, and the Coulomb by varying the laser pulse width. For pulse durations longer
pressure iP.=Q%e?/(8xr*) for a cluster of radius and  than ~300 fs the majority of electrons remain within the
chargeQe. TheQ/r* scaling on the Coulomb pressure indi- cluster enabling better overlap between electron and ion
cates its importance for small clusters and for low-Z clusters¢louds. The constant absorption shown in Fig. 5 measured as
where the electrons are not confined and tQusan become a function of pulse length can be due to this restricted elec-
large. Simulations show thd&, dominates oveP for ar-  tron excursions and subsequent collisional heating. Thus the
gon, krypton, and xenon clustersof 2 nm3’ Therefore, as  conditionx,.<R, seems to have the major effect on gener-
a best approximation, hydrodynamic expansion at velocityating hot electrons. Further conclusions would require a
vexpz(ZTe(eV)e/Mi)l’z, whereM; is the ion mass, determines more detailed theoretical investigation.
the rate of change in cluster radius and density in our calcu- In a recent article, Breizman and Arefiélargued that
lations. Due to relatively long interaction lengths, our calcu-for cluster radiusR.<<X,s, a fraction of electrons that cross
lations includes laser propagation and attenuation accordinipe cluster boundary can be stochastically heated to very
to the Beer—Lambert law. We self-consistently compute thénigh electron temperatures when they return to the cluster
electron energy distribution over the whole interaction vol-edge on their oscillatory path in the ion potential well. Elec-
ume while taking into account cooling of the plasma due totrons that are permanently confined inside the cluster remain
expansion. The calculations predict an electron temperatunelatively cold, therefore, creating a two-temperature electron
in the interaction volume ranging from approximately 100 todistribution. Shacet al3° observed two components in the
2 keV with a smooth spatial and temporal gradient. Theelectron energy spectrum with distinct features peaking at
simulations also give a constant plasma temperature for thievo different energies. Recently Springateal 12 have chal-
range of pulse durations in Fig(a8. This is consistent with lenged these findings and established that the electron energy
the low temperature component measured in our experieonstitutes a wide energy spectrum extending up to 5 keV,
ments. However, our calculations do not predict the exiswithout the signature of a two component electron distribu-
tence of the hot electron component, which might requirgion. These electrons are ejected predominantly along the
inclusions of processes such as avalanche ionizatith, direction of polarization for the laser pulse. Kumarappan
Coulomb explosiorf®>®® self-focusing'* resonant heating et al!! observed that single electron temperature adequately
above the critical densifi surface heating of clustet$and  describes the measured electron temperature for small clus-
many more, into our model. A single model incorporating ters, however, for larger clusters a two-temperature distribu-
all these effects does not yet exist and such a complex cation is necessary. They have also seen that the low-
culation is beyond the scope of this article. temperature components arises through Mie resorfance,
It is difficult to predict exact mechanisms behind plasmawhereas the high temperature component is not strongly in-
heating and hot electron generation in a cluster plasmdluenced by the resonance. In both these latter measurements
However, a number of plausible explanations for the presthe cluster density is a few orders of magnitude lower than in
ence of hot electrons have been presented recetfy}:>*  the experiments reported in this article. For example, esti-
According to the nano-plasma model a small fraction of elecmated cluster density in the experiments of Springatel 12
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