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Evidence for wavelength dependence of XBl-shell emission from clusters
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X-ray yields ofM-shell emission from Xe clusters excited by Ti:sappli8@0 nm and KrF (248 nmj laser
pulses were compared under the same irradiation condition that was experimentally well characterized. Xe
clusters were irradiated by 350-fs laser pulses of 20-mJ energy. For the KrF laser irradiation, the absolute x-ray
yield in the wavelength region fro 8 A to 16 A wasestimated to be 3@J per pulse. The x-ray yield was 20
times higher than that for the Ti:sapphire laser irradiation. It was found that the x-ray yield from clusters in the
keV region depends on the pump laser wavelength.

PACS numbes): 36.40.Gk, 52.25.Nr, 52.50.Jm

The interaction of intense optical fields with clusters is of In the KrF laser system, a frequency-tripled Ti:sapphire
great interest. lonization of a cluster and/or a diatomic moldaser pulse operated at 745-nm wavelength was amplified
ecule is completely different from that of an isolated atomwith a discharge-pumped KrF laser. The energy of 20 mJ on
and/or ion[1—7]. Anomalously highly charged ions were ob- target was obtained. The duration of a KrF laser pulse was
served with clusters, although ionization of isolated atomgneasured by using a three-photon fluorescence technique
and/or ions can be followed by the Ammosov-Delone-[15]. A typical autocorrelation trace of a KrF laser pulse is
Krainov (ADK) theory in the tunneling reg|mB] The dif- shown in F|g :(.a) The pulse duration was estimated to be
ference could be attributed from the effect of the short dis350 fs assuming the pulse shape of Se@ihe beam diameter
tance between atoms which compose a cluster or a diatomRf the KrF laser light was 50 mm. Since it was difficult to
molecule. Then, it is important to study the interaction ofvary the energy and the pulse duration in the Krf laser sys-
intense optical fields with a diatomic molecule as the firsttem, we adjusted the operation condition of the Ti:sapphire
step for understanding the mechanism of the anomalous ioh@ser system to that of the KrF laser system. The energy on
ization. Several experimenti8] and theoretical studidg,9]  target was set to 20 mJ by adjusting the pumping energy of
have been reported for ionization of a diatomic molecule. Orthe multipass amplifier. The pulse duration was set to 350 fs
the other hand, it is important to study the interaction with a @ )
cluster and/or a large molecule for observing the enhancec
and/or additional effects by the short distance between
neighboring atoms. In addition to anomalous ionization, a
large absorption of the laser energy at clusters was observe
[10,11]. Recently, several groups reported the observation of S0 1000 0 1000 2000 %00 000 0 1000 2000
fast ions of which kinetic energies reaehl100 keV[4,5]. © Time Dslay(e) ( Time Deiayie)

Previously, we reported that the keV x-ray yield from Xe " "o
clusters excited by a KrF laser was extremely larger than tha
by a Ti:sapphire lasef10,12. However, in Ref[13] they 5
reported that the keV x-ray yield with a fundamental)( £
pulse of a Ti:sapphire laser was almost the same level as the <"
with a second-harmonic @) pulse. They described that the
condition of thew experiment was equal to that of then2
experiment, although there is no precise description of the
condition of the 20 experiment. In Ref[14] a similar ex- L A 1
perimental result has also been reported. In our previous re o e B " T
search the experimental conditions were not completely ! X um
equal between the KrF and the Ti:sapphire experiments. To G, 1. Single-shot autocorrelation traces (af KrF and (b)

clarify the wavelength dependence of x-ray yields from clus-ti:sapphire laser pulses. The pulse duratiepsvere obtained by
ters, we observed X®l-shell emission by using Ti:sapphire dividing the widths of the autocorrelation traces by (a) 1.29 for
(800 nm and KrF (248 nm laser systems under the same the three-photon process affn) 1.55 for the two-photon process,
irradiation condition, which was experimentally well charac-assuming the seétpulse shape. Focal spot patterng@fKrF and
terized. (d) Ti:sapphire lasers in vacuum.
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by adjusting the distance between two gratings in the pulse

compressor. A typical autocorrelation trace of a Ti:sapphire (a)

laser pulse observed with a single-shot autocorrelator using ik
=
>

Focal Point
Laser i
_> v

the two-photon process is shown in Figbll To achieve the
same focusing condition df3, the final beam diameter was ;
set to 50 mm. The laser beam was focused with an off-axis <1900 H00i ‘0 500
parabolic mirror of 165 mm in focal length in both experi- X (um)
ments. The focal spot patterns in vacuum recorded on Focal Point
charge-coupled deviokCCD) cameras and their spatial pro-  (b) Laser
files are shown in Figs.(&) and Xd). Spatial resolutions for .
the KrF and Ti:sapphire lasers were estimated to be 1.5 and §&
2.4 um, respectively. As seen in Figsicl and 1d), the spot P
diameters for KrF and Ti:sapphire laser beams were 3 and 4
pm in full width at half maximum(FWHM), respectively.

Xe gas jets containing clusters were irradiated by the KrF
and Ti:sapphire lasers under the same condition as described FIG. 2. Time-resolved shadowgraphs of a plasma filament gen-
below. Xe clusters were injected into vacuum from a pulseckrated by the laser pulse propagating in the Xe gas jet. The laser
valve with an orifice of 2 mm in diameter. The laser light pulses propagate from the left to the right. The focal points in the
was focused 2 mm below the orifice. The typical backingshadowgraphs are a=0 um, which was determined from the
pressure of the pulsed valve was 8.5 bar, which correspondhadowgraphs taken at the time when the pump pulse arrived at the
to the cluster size of 2910° calculated from the empirical focal point. No preformed plasma generated by a prepulse was con-
formula given by Hagenfl6,17. The average atomic den- firmed for both(a) KrF and(b) Ti:sapphire laser irradiation. These
sity of the Xe gas jet was measured to be B)'® cm™3 images were observdd) 1.4 ps andb) 3.9 ps before the arrival of
around the focal point by an interferometric technigag].  the pump pulse at the focal point.

Because the identical pulsed valve was used in both experi-
ments, the spatial density distributions were equal around thesponses of the filter transmission and the integrated reflec-
focal point. tivity of the crystal were estimated by using the mass absorp-

To achieve the same irradiation condition, a prepuls&ion coefficient and the theoretical value based on the
level was reduced by optimizing operation condition of laseDarwin-Prins model reported in Ref20]. The identical
systems. In both laser systems, the contrast ratio of the respectrometer was used in both experiments. X-ray images in
generative amplifier was optimized. To confirm no pre-the keV region were recorded on a CCD camera through a
formed plasma, time-resolved shadowgraphs of a plasma6-um Al filter with a pinhole of 25um in diameter for
filament were observed. As a probe pulse, we used an UrKrF laser irradiation and 5@m for Ti:sapphire laser irradia-
converted pulse from nonlinear crystals for the third-tion. The x-ray pinhole camera was placed transverse to the
harmonic generation in the KrF laser system and a puls@irection of the laser propagation.
partially split from a pump beam in the Ti-sapphire laser The absolute x-ray spectra are shown in Fig. 3. The thick

system, respectively. The pulse durations of the probe pulsegnd the thin lines represent the x-ray spectra for the KrF and
were 130 and 350 fs for the KrF and Ti:sapphire experi-

ments, respectively. The probe pulse was incident transverse
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X (pm)

to the propagation direction of the pump beam. By adjusting ‘%

the time delay between the probe and the pump pulses, time R
resolved shadowgraphs of plasma filaments were recorde » Bph
on a CCD camera. Figure 2 shows typical images of a& "~ |[— KiF & ishs
plasma filament for KrF and Ti:sapphire laser irradiation. % —— Ti:sapphire (x 20) X
These images were observed a few ps before the arrival 0'g 201 o . xe® aqs  adasar '_'Eillszfz‘
the pump pulse at the focal point. As seen in Figs) 2nd ﬁ Phyy X6 30"%5%  3d°4c%4i

2(b), we confirmed that no preformed plasma was produced g 1.5f 5 X7, sd"as"p  sd'asapat
for both KrF and Ti:sapphire laser irradiation. In the KrF > :f"_f;zz’if 3dgi‘::s3:§4s;3d 4 dpat
laser system, it was confirmed that the plasma was not pro @ | xo= aiast . acasta

duced by the amplified spontaneous emission from the dis-'2 sty Xe™* 3a%4s « 3d"asdf

Charge amp||f|er é Ptpgr X6™ 30%4s? 307 as%at
An x-ray spectrum in the keV region was recorded on a & ®°
Kodak DEF film through a 1.@em-thick Al filter with a g o At
potassium acid phthalate (KHB,0,, KAP) crystal. The > 00 ' ' T !

10 12 14 16

x-ray crystal spectrometer was placed transverse to the direc Wavelength (A)

tion of the laser propagation. The spectral resolution was
estimated to be 0.07 A. The optical density of the film was FIG. 3. Comparative X&/-shell spectra observed for KfEhick
converted to the x-ray intensity by using the characteristidine) and Ti:sapphiréthin line) laser irradiation. The ordinate of the
curve calibrated by Henke and co-workgt9]. The spectral thin line is increased by a factor of 20.
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Ti:sapphire laser irradiation, respectively. The ordinate of the(a)
thin line is increased by a factor of 20 in order to enhance the 0
visibility of the spectrum. Assuming the uniform angular dis-
tribution into 44r steradian, the yields d¥l-shell emission in
the wavelength region from 8 to 16 A were estimated to be
38 and 1.5uJ per pulse for KrF and Ti:sapphire laser irra-
diation, respectively. The x-ray yield for the KrF laser irra-
diation was 20 times higher than that for the Ti:sapphire X (m)
laser irradiation. After the calculation of the wavelength
from the geometry of the spectrometer, the line assignmen
was carried out by comparing the calculation with the results Intensity (CCD counts)
reported in Ref[21]. As seen in Fig. 3, lines from X&" to  (b)

Xe?®* jons were observed in the spectrum for the KrF laser 9

irradiation. In contrast, for the Ti:sapphire laser irradiation, jgg :

although lines from X&* ions were observed, lines from oy

Xe?™ to Xe?®" ions were weak. In the wavelength region g00 (M RTRRa= Pob M ER A S :
longer than 15 A, the bump of the spectrum for the Ti:sap-  B6 1000 ABGD]  So00i  3800: 5000
phire laser irradiation can been seen. According to the line X (um)
assignment reported in R¢R1], the existence of lines from

Xe?*" to Xe>* ions has been pointed out in this wavelength — :

y (um)

500 1000 1500 2000 2500 3000

region. It is clear that the charge states of Xe ions for the KrF 0.00 0.05 0.10 0.15
laser irradiation were higher than those for the Ti:sapphire Intensity (CCD counts)

laser irradiation. The higher charge state for the KrF laser ()

irradiation may bring about the higher x-ray yield in the keV 10 IR AR -

region. .

Figure 4 shows x-ray images observed with an x-ray pin-
hole camera. As seen in Fig. 4, it was found that the lengths
of the x-ray emitting regions were much longer than the Ray-
leigh lengths of 80 and 4am for KrF and Ti:sapphire laser 0 500 1000 1500 2000
irradiation. In addition, the x-ray emitting regions were not Pioton Eneray (i
limited around the focal point in both cases. In our experi-
ment, the peak intensities in vacuum were estimated to b
8x 10 W/cn? and 4x 10 W/cn? for KrF and Ti:sapphire

Transmission

FIG. 4. X-ray pinhole camera images through a Li&-Al filter
%r (a) KrF and(b) Ti:sapphire laser irradiation. The pinhole diam-

. g . . eters were 25 and 5@m for (a) KrF and (b) Ti:sapphire laser
laser irradiation, respectively. However, the difference of thqrradiation, respectively. The intensity scales of the images are

peak intensities do not affect to_t_al x-ray yields. shown under each image. The difference of pinhole diameters was
In experiments using the Ti:sapphire laser system, Weayen into account in these scalés. Transmission of a 1.¢em Al
measured x-ray yields of XBl-shell emission by changing fijier.

the laser energy and the pulse duration. When the pulse du-

ration was set to 350 fs, the x-ray yield for 40-mJ energy washe 2w pulses is expected to be smaller than that in our case.
three times higher than that for 20 mJ. When the laser energy should be noted that duration of thaw2pulse may be
was set to 40 mJ, the x-ray yield for 150-fs pulse durationgnger than that of the» pulse owing to the group velocity
was two times higher than that for 350 fs. In REf0], the  mismatch in a nonlinear crystal. However, there is no de-
x-ray yield of XeM-shell emission for KrF laser irradiation 5jjeq description of the experimental condition ab pulse
was 100 times higher than that for Ti:sapphire laser irradiajrragiation. As seen in our experimental results for the Ti-
tion. In that experiment, the laser energy and the pulse durasapphire laser, even if the laser energies were equal, the
tion were 220 mJ and 270 fs in th.e KrF laser. In contrast, th‘jl’onger pulse gave the lower x-ray yield. Thus, we think that
laser energy and the pulse duration were 50 mJ and 90 fs ifpe longer duration of the @ pulse led to the same level
the Ti:sapphire laser. Considering the dependence of th)?-ray yields fore and 2 pulse irradiation.
x-ray yield on the laser energy and the pulse duration de- geyeral theoretical models have been proposed to explain
scribed above, the large difference of x-ray yields betweerpigh charge states and strong x rays from clusters irradiated
KrF and Ti:sapphire laser irradiation could be understood. by an intense laser pul§&7,22,23. Rhodes and co-workers
The following experimental result has been reported inhaye explained high charge states in clusters by considering
Ref.[13]. When the same size Kr clusters were irradiated b\ne coherent motion of multielectrop22]. According to this

fu_.ndame_ntal @) and second harmonic (9 pulses of & moqel the approximated number of ionization everjsis
Ti:sapphire lasef790 nn) at the same laser intensity, the given by Eq.(1) [22],

x-ray yield of Kr L-shell emission for the & pulse irradia-

tion was comparable to that for the pulse irradiation. Be- 270720 .
cause the difference of wavelengths is smaller than that in N, ocn#3 _2e| . 1)
our case, the difference of x-ray yields between éhand AT
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atoms in the cluster, the interaction time, the light velocity, St 8n
the ionic charge, the inelastic electron impact ionization

cross section, the interatomic spacing, and the laser wave-
length, respectively. As seen in E@), it is clear that more

ionization events are given by the shorter-wavelength lasers X . .
Then, the higher x-ray yields are obtained with the shorterla9er heating rate leads to the higher x-ray yields. Thus, we
waveiength laser. conclude that x-ray yields from clusters depend on the wave-

Ditmire and co-workers have proposed the model that Agngth of the pump laser. However, to discuss more pre-

microplasma is heated by the inverse bremsstrahllidg In cisely, the simulation _re_ported in Refl7] is requir_ed be-
Ref.[17] the heating rate of the microplasmbl/4t is given cause the strong variation of the electron density due to

In Eq. (1), n, 7, C, Z, 0, g, @and\ are the number of U 9v/ w)? )
|Eol?. 3

@p

As seen in Eq(3), the shorter-wavelength laser gives the
iarger heating rate. The higher temperature given by the

by Eq. (2) Coulomb explosion should be considered.
o In conclusion, it is demonstrated that the x-ray yield in the
oU 9‘”2‘”5” 1 keV region from clusters strongly depends on the wave-

- = >3 |Eol%. (2 length of the pump laser by comparirg-shell emission

at 87 9w’(w?+1?) + wi(wh—6w?) from Xe clusters excited by infrared and ultraviolet laser
pulses. The x-ray yield of Xé-shell emission for the KrF

_INEq.(2), o, wp, v, andE, are the frequency of laser |55er jrradiation was 20 times higher than that for the Ti:sap-

light, the plasma frequ_en(_:y, the electron-ion CO"_'S'On fré-phire laser irradiation. The significant difference of x-ray

quency, and the electric field in vacuum, respectively. Thegnecira was observed. The higher ionization state for the KrF

. . . . . 2
Iocgls atomic density in cIustgrs IS estlmat(_ad to bex(1%? laser irradiation seemed to bring about the higher x-ray yield.
cm 2 from the nearest Xe interatomic distance of 4.4 A.

After achieving high charge state, the electron densities of We would like to acknowledge the suggestion on operat-
the microplasmas become much higher than the critical dering the KrF laser system by Dr. S. Szaumd his work was
sities of both lasers. Therefore,, is higher thanw. In ad-  supported by the Research Foundation for Opto-Science and
dition, v is assumed to be comparable doas reported in  Technology, the University of Tsukuba Research Projects,

Ref.[17]. Then, Eq.(2) is approximated as follows: and the University of Tsukuba TARA project.
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