-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

REAFEEBUKNSFY

Tohoku University Repository

Ultrafast x-ray pulse generation by focusing
femtosecond infrared laser pulses onto aqueous
solutions of alkalt metal chloride

00O OO0 OO0

journal or Applied Physics Letters
publication title

volume 80

number 21

page range 3925-3927

year 2002

URL http://hdl.handle.net/10097/35098

doi: 10.1063/1.1482135


https://core.ac.uk/display/235733972?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 21 27 MAY 2002

Ultrafast x-ray pulse generation by focusing femtosecond infrared laser
pulses onto aqueous solutions of alkali metal chloride
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(Received 15 February 2002; accepted for publication 11 April 2002

X-ray pulses were generated by focusing femtosecond infrared laser pif&esm, 130 fs, 0.58
mJ/pulse onto an alkali meta(Cs or Rb chloride aqueous solution jet. The mechanism of x-ray
pulse generation was studied by measuring x-ray emission spectra and transmitted laser pulse
spectra. Addition of CsCl to distilled water was found to enhance markedly x-ray intensity and x-ray
cutoff energy. The frequency-up-shift observed in transmitted laser pulses was larger in CsCl
solution than in distilled water. The results suggested that a high-density plasma-like medium was
produced in CsCl solution due to secondary electrons20®2 American Institute of Physics.
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There is now a growing interest in x-ray pulse genera-NA=0.28 onto a solution jet surface from the nozzle with
tion from femtosecond laser-induced plasmas not only forman incident angle~45° to the jet surfacé€S polarization.
the study of the interactions between intense laser fields and-ray emission spectra were measured with a Ge solid state
matters but also for applications such as time-resolved x-ragletector(Ge SSD, & & G Ortec, GLP-25440-Swith a
diffraction' and attosecond pulse generatfofo date, how-  250um-thick Be window. The distance between the laser
ever, targets for the x-ray generation have been limitedocus and the Ge SSD was 150 mm. In order to decrease x-
mostly to metals and gases. Very recently, there appearady intensity, a Pb platél mm thick with an aperturél mm
some reports on femtosecond laser-induced x-ray pulse geim diametef was set in front of the Ge SSD. Signals from the
eration from solution targets such as carbon fluofide, Ge SSD were processed by a multichannel anal(i&A/
ethanol} water? a copper nitrate aqueous solutidand eth-  PC98B, Laboratory Equipment CoypSpectroscopy for ex-
ylene glycol® citation laser pulses transmitted through a solution jet was
We consider that a solution is an appropriate target sincalso performed with a spectrometgtamamatsu Photonics,
mechanisms of the x-ray generation can be discussed Hy. K., PMA-10). All experiments in this study were per-
changing solute compounds, their combinations, and theiformed under atmospheric pressure at 294 K.
concentrations, which is different from the case of metal tar-  Figure 2 shows normalized x-ray emission spectra from
gets. Additionally, for practical applications, solution targetsjets of distiled water, a CsCl aqueous solution
can be recycled and circulated by a pump, so that high stg:6.5 mol/dnt), and a RbCl aqueous solution (6.0 molfym
bility is expected for long time experiments. In addition, The excitation laser intensity was 0.58 mJ/pulse. In the case
x-ray pulse width may be controllable by changing soluteof distilled water, a broad spectrum was observed with a tail
concentrations since the lifetime of high-energy electronsip to ~15 keV (~0.09 nm). The intensity degradation in
might be short in highly concentrated aqueous solutions. the lower energy region was due to the absorption effect. In
In this letter, distilled water and alkali metéCs or R)  the case of CsCl and RbCl aqueous solutions, in addition to
chloride aqueous solutions are chosen as samples and x-raybroad spectrum with a gentler slope, sharp x-ray lines were
pulses are generated in air by focusing femtosecond laseiiso observed clearly which were assigned to the following
pulses. Both x-ray emission spectroscopy and spectroscopy
of transmitted excitation laser pulses are carried out for the
study of the interaction between intense laser field and con- U
ductive electrons in solution. Alkali metal chloride is a com- Ge SSD
pound composed of elements with high atomic numbers and
its solubility to water is high £ 6 mol/dn?).

Figure 1 shows a top view of the experimental setup. Pb
Distilled water or a highly concentrated alkali metéls or
Rb) chloride (>98%, Aldrich aqueous solution was circu- , 150 mm

lated by a pump through a flat glass nozzle of which the  fs laser pulses polychromator
inner gap was about 106m. Those solutions are transparent ‘ .

to the excitation laser light at 775 nm. Femtosecond laser ’
pulses(Clark MXR, CPA-2001, 775 nm, 130 fs, 1 kHwere oL

focused by an objective leriMitsutoyo, M Plan Apo 1,

N \4\_5
=

solution jet

FIG. 1. Top view of experimental setup for x-ray pulse generation with

solution jets, x-ray spectroscopy, and transmitted excitation laser pulse spec-

dauthor to whom correspondence should be addressed; electronic maitroscopy. OL: an objective lens (NA0.28). Pb: a lead platél mm thick
fukumura@orgphys.chem.tohoku.ac.jp. with an aperturdl mm diameter
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Cs LB RbK, equation, | «(E) =exp(—E/T)Xconst, wherel,, E, and T

represents x-ray intensity, x-ray energy, and the slope param-
— CsClI aq (6.5 mol/l) P y Y, x-ray energy, pe p

eter, respectively. The paramet€rfor distilled water was
— RbCl ag (6.0 mol/]) calculated to be 2 keV, whil@ for a CsCl solution was 8
— distilied water keV even with the same laser intensity. Among the spectra of

CsCl solution with different laser intensity, the paraméfer
increased from 1 and 3 to 8 keNonlinearly as the laser
intensity increased from 0.10 and 0.28 to 0.58 mJ/pulse.
Laser power at the focus is calculated to-b& PW/cnt
from the focus spot size~17 um,) estimated by plasma
emission photography in a{not shown. As for the ioniza-
tion mechanism in this intense laser field, it may involve not
only multiphoton absorption but also tunneling ionization by
. gy r— atomic potential distortioR.The Keldysh parametttis cal-
0 60 culated from the values of ionization potential of® and
photon energy/keV ClI~, indicating that the tunneling ionization is the major
FIG. 2. X-ray emission spectra of distilled water and alkali mggsior Ry~ Process for initial ionization. In general, electron acceleration
chloride aqueous solution irradiated by focused femtosecond laser pulsés considered to occur through ponderomotive forces when
(775 I']!'T‘I, 130 fS,.0.58 mJ/pUlSE, 1 k)rID(-ray emission intensities are metal targets were uséa}2|n this Study’ however, the pon-
normalized by their maxima. deromotive potential of laser field is calculated to be only
110 eV, which is much lower than the electron temperature
characteristic x-ray lines: G6a (30.9 keV), CsKpB (34.9  obtained from the slope in Fig. 3. Thus, we must invoke
keV), CsLg (4.61 keV, 4.93 keY, and RIK (13.3 and 14.9 other mechanisms such as inverse bremsstrahlung and/or
keV). The observation of these high-energylines certifies  stimulated Raman scattering to explain the observed high
that the measurement condition is free from the pileup effectelectron temperature. The confirmation of the mechanism de-
which is characteristic to solid state detectd@haracteristic  tails is now under consideration.
x-ray lines of Cl(Ka=2.62 keV,K5=2.81 ke\) are out of Broad x-ray emission spectra can be a result of recom-
the detection range. The depression observed commonly #ination between electron and ionic species and/or brems-
all the spectra at-11 keV are due to the G€ absorption  strahlung. Comparing the x-ray emission spectrum of CsCl
edge(11.1 keV). Energy conversion efficiency of laser pulse aqueous solution with that of distilled water, we found that
to x-ray pulse in the range 3-60 keV, in the case of a CsCk-ray intensity was higher in CsCl solution than in distilled
solution (6.5 mol/drf), was calculated to be-10"% under  water. This x-ray intensity enhancement by adding electro-
the assumption that x-ray radiation was spherically homogelyte with high atomic number elements is reasonable because
neous. recombination or scattering cross section is much larger in
X-ray emission spectra of a CsCl aqueous solutionCs* or CI~ than in H,O. However, the higheT in the CsCl
(6.5 mol/dn?) with different laser intensities are shown in solution compared to the distilled water cannot be explained
Fig. 3. The spectra are corrected by considering the absorpnly by the atomic number effect. Although it is difficult to
tion effect of air, the Be window, and the Ge absorbing layerclarify the mechanism of x-ray emission at present, it is plau-
As the laser intensity increased, x-ray emission intensity insible that nonlinear interaction between electrons and ions
creased, the slopes of broad spectral components became Igggler intense laser field are responsible for the enhancements
steep. The slopes can be analyzed quantitatively by using asf x-ray intensity and x-ray cutoff energy observed in CsCl

Ge Kabs

¥-+ay emission intencitwlarb. unit

solution.
Figure 4 shows spectra of transmitted laser pulses
10% CsCl aq (6.5 mol/]) through the CsCI solution jet with different laser intensities
r-q: — 0.58 mJ/pulse and a spectrum of distilled water. Compared to the original
= — spectrum of laser pulse, spectra of laser pulses transmitted
- 0.28 ml/pulse X .
d through the two solutions become broader and contain
o — 0.10 mJ/pulse :
A frequency-up-shifted components. The amount of frequency-
.E 10% — distilled water up-shift is larger in CsCl solutiqn than in distilled Water:
% (0.58 mJ/pulse) _Among the spectra of Cs_CI so_lutlon, the frquency-up_—shlft
g is larger as the laser intensity becomes higher. Similar
e ¥ frequency-up-shift of femtosecond laser pulses have been
£ observed in gases by Downet al.'® while to our knowl-
" ] edge few studies with solutions have been reported. They
10% .
v : reported that free electrons are generated through tunneling
0 20 40 60 ionization at the leading edge of a laser pulse. Consequently,

photon energy, E / keV plasma is produced during a laser pulse. The refractive index

FIG. 3. X-ray emission spectra of CsCl aqueous solu{iem M) with of plasma is lower and eXpressed as follows;

different laser intensities and an x-ray emission spectrum of distilled water
with 0.58 mJ/pulse laser intensity. The spectra are corrected by absorption 2 21105
effect of air, Be input window of Ge SSD, and Ge absorbing layer. np(t,x) :{1_ [N(t,x)e /me]} J (o
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== CsCl aq (0.63 mJ/pulse) will absorb laser energy effectively through inverse brems-
CsCl aq (0.11 mJ/pulse strahlung. This may be the reason why the x-ray intensity
R increased and its cutoff energy extended to the higher energy
region in the CsCl solution. In order to study mechanisms of
ionization and electron acceleration leading to x-ray emis-
sion, we are performing experiments with solutions with a
variety of conditions such as excitation laser energy, solute
concentration, and compounds of different atomic numbers.

— distilled water
— original
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FIG. 4. Spectra of transmitted excitation laser pulses through CsCl solutiofligh voltage supplier and an amplifier.
(6.5 mol/l) or distilled water irradiated by 0.63 mJ/pulse laser pulses.
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