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Abstract

Recent results on constructing of an efficient hard X-ray source using solid targets irradiated by high-contrast 200-fs
laser pulses with an intensity above'§OV/cm? are presented. We used different solid targets with a laser- and
electrochemically modified surface layer: craters, pyramidal cavities, porous silicon, gratings. Experimental data
obtained confirms that using solid targets with a corrugated surface one can achieve a prominent increase both in the
efficiency of hard X-ray generatiofin the quanta range 2—30 kg¥nd in the hot electron temperature of plasma.
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1. INTRODUCTION surface processin@sordienko & Savel’ev, 1999; Kulcsar
etal, 2000; Nishikawat al., 2001; Gordienket al., 2003.
The interaction of intense femtosecond laser pulabsve Inthis article we report on our recent experimental advances

10 W/cm?) with solid targets is of current interest both for in investigation of hot electron generation and efficient hard

the study of high-density plasmas and for the construction oK-ray production with various types of modified targets—

short-pulse X-ray sources. It is well known that high- laser induced gratings, electrochemically etched pyramidal

temperature, solid density, nonequilibrium plasma formectavities on Si wafer, and laser-induced craters. For the latter

under such an interaction is the bright source of prompissue we obtained experimental data for a very broad class

X-ray flashes in the soft and hard X-ray regighdurnane  of laser-modified targetd_M targets including crystal and

et al,, 1989; Gulietti & Gizzi, 1998 One of the attractive amorphous targets, conductors and dielectrics: Si, Ge, crys-

approaches to the enhancement of X-ray yield from a femtotalline and fused quartz, KDP, Fe, Ti, TiD, W, Zr, Pd.

second laser—plasma interaction consists of using targets

with a modified surfacéWulker et al., 1996; Volkovet al.,,

1997). This approach allows us to get an increase in har®. EXPERIMENTAL SETUP AND TARGET

and soft X-ray yield, hot electron temperature, second har- SURFACE PROCESSING

monic generation efficiency, and so forth, without changing

the intensity, energy, or duration of a laser pulse. Surfacé dye-laser systert616 nm, 200 fs, 0.3 mJvas used in the

modification can be obtained in different ways: grating experiments(\Volkov et al, 1997. The laser pulse was

burning or crater formation by laser radiati@@olishnikov ~ focused to the spot with a diameter of 3®.5um yielding

etal, 2001; Volkovet al, 2003, black metal layer sputter- intensity at the surface of a target above-®1\%//cm? with

ing (Gordonet al., 1994; Wulkeret al, 1996, porous layer intensity contrast better than 3Qp-polarized unless other-

formation by electrochemical etchindNishikawaet al,  wise specifiedl The target was placed inside the vacuum

1997; Volkovet al,, 1997, 1998 and production of an array chamber with residual pressure less than?Morr (Fig. 1).

of tightly packed nanowires or holes by electrochemicalTwo Nal(Tl) detectors equipped with changeable X-ray

filters made of Be, Al, Ta, and Cu foils were used for X-ray
Address corres _ _ i Iyield measurements. This double channel hard X-ray detec-
pondence and reprint requests to: A.B. Savel'ev, Inter:. .
national Laser Center, MV. Lomonosov Moscow State University,Vorob’evytIon scheme allowed us to estimate plasma hot electron
gory, 119992, Moscow, Russia. E-mail: savelev@femto.phys.msu.ru  temperature in every laser si@ordienkoet al., 2002. All
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Pyramidal cavities
on 5i sample

D2

Target

Fig. 1. Experimental setup: D1, D2: detectors with X-ray filtéfd and F2.

the results obtained with modified targets were compared
with data obtained using the flat surface of the same target.

We used three different approaches to the target surface
processing(1) electrochemical etching providing us with
pyramidal cavities on Si wafdiFig. 23, (2) surface modi-
fication by a tightly focused laser pulse with subsequent
crater formationFig. 2b,9, and(3) quasi-periodic grating
generation by a series of femtosecond laser pulses with an
intensity slightly above the surface melting thresH@lid). 2d).

Pyramidal cavities on Si wafer were prepared by chemi-
cal etching ofn-type (100 Si wafer with a resistivity of 5
Q-cm through rectangular windows formed in an $iO
mask, using the well-known technique of isotropical etch-
ing (Sangwal, 198). The etching was performed in 40%
KOH solution at 60C for 5 min. Chemical etching of
uncovered areas resulted in formation of inverse pyramidal
cavities bounded witl{111) crystallographic planes. The
measured base size wag 8 um? with the base angle of the
pyramids of 57.8(Fig. 23. The resulting cavity depth was
6.4 um. After cavity formation the oxide mask was removed
by HF acid.

During this experiment angles of incidence of the femto-
second laser radiation with the mean target plane were
22.5. Only a single laser shot was made for each cavity.
Special care was taken to ensure precise fadJUStmer.]t of t 1g. 2. Targets with modified surface. a: Schematic view of pyramidal
femtosecond laser beam waste and a single cavity. avities at silicon substrate. b: SEM image of the laser-induced crater at
placed an optical pin-diode to monitor the reflection from crystalline quartz. c: SEM image of the laser-induced crater at iron sur-
the target 45from the direction of the specular reflection. face. d: SEM image of laser-induced grating at iron surface.

We found that under irradiation of a cavity with femto-

second laser pulse, reflection was diffusive, whereas spec-

ular literally unperturbed reflection appeared if the laserrealize directly during a laser—plasma experiment, because
pulse interacted with the flat part of the target surface. In theno special target processing is necessary in advance. In the
first case, the pin-diode signal increased dramatically whileommonly used experimental scheme, the target is moved,
being negligible in the latter one. providing a fresh flat surface for each laser shot. In contrast,

The other method of surface modification consists ofwe did not move the target from shot to shot. Even a single
crater formation by laser pulse. This is much easier tdaser shotformed a crater with a well-developed surfaee
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Fig. 2b. In our experiments, the first laser shot was used to —_———

prepare a crater with structured walls and bottom. The next a. © Pyramidal cavities
shot created plasma from these structures and formed new 1000 o

structures als@both laser pulses had a 4&ngle of inci- ) o °°

dence to the mean surfgcé was checkedmeasuring hard E ° o8 o o °
X-rayyield from the plasmihat up to 4—5 shots can be applied f o © go 3 o

=
=
=]

without target displacement. Figure 2b shows a SEM image

of the crater produced at the flat surface of crystalline quartz 1 /
at an intensity of about 20 PX&m? The crater diameter is
slightly larger than the plasma spot size. A rough surface is

formed on the periphery and bottom of the crater. It should 15 20 25 30 35
be noticed here that a well-structured surface was formed in \ PWicm’

this way provided crystalline targets were useee experi-

mental data in the next sectipWe found that with amor- b. © o s

phous and polycrystallinémeta) targets no crater surface o | © Pyramidal cavities
structuring appeared. This can be seen from Figure 2c pre-

senting a SEMimage of alaser-induced crater atthe iron sur- 100 % ° o °
face. We think that structuring occurs only at crystalline targets, o °o °o o °
probably due to cracking of a target material. g oo

For metallic targets we developed the other method of sur- 3 e
face structuring. Itis well known that generation of periodic ' /
structures at the target surface can be obtained by exposing a 10 a -
surface to laser radiation with an intensity slightly exceed- , , ,
ing the melting threshold. This happens due to interference v | ::’mm;
between the surface electromagnetic wes€W) exited by )
vacuum pump wave and the pump wave itggtilkov et al.,
2003; Gauthieet al., 1995. In our experimentp-polarized c.
femtosecond laser radiation was used to generate periodic 300 o
structures atthe surface of aniron target. The intensity of the [0 Pyramidal cavities |
femtosecond laser pulse was reduced-tb0'? W/cm? by
shifting the focusing objective by 3Qm from the tight focus-
ing position toward a target. This intensity was slightly higher
than the threshold of target melting. The angle of incidence 100
at the target was in this case°4%he result of 15 successive o o
shots is shown in Figure 2d. After this procedure the focus-
ing lens was shifted to the precise focusing position and

¥, arb.un.

30 as

Y, arb.un.
[ *]
=
=

0/ ° o0 o ® Mo

single laser shot was made to create laser plasma. 1, PWicm®
Fig. 3. The dependence of X-ray output in different energy ranges from
3. EXPERIMENTAL RESULTS laser pulse intensity for flat and electrochemically modified Si target
(pyramidal cavities on Si substrateEnergy ranges: a: above 2 keV,
AND DISCUSSION b: above 9 keV, c: above 36 kedn flat target no quanta above 36 keV were
detectedl.

3.1. Pyramidal cavities

Experimental data on X-ray yield in different spectral rangescavity (8 X 8 um base with laser focal spo3 um). In fact

is presented in Figure 3. For this target we observed guality of this adjustment depends not only on the quality of
prominent increase of the hard X-ray yield above 2 keVmechanical movement and positioning of the target but also
compared with that from flat silicon. For example, above 9on the laser beam stochastic angle deviations from shot to
keV we estimated that X-ray yield grow up 3 timesin  shot causing 3—m jumps of the focal point.

comparison with the flat Si target. Moreover, X-ray quanta Noticeable changes were also detected in the value of the
with energies exceeding 36 keV were detected only for thénot electron temperature for the target with pyramidal cav-
target with pyramidal cavities. Note that X-ray yield looks ities. Figure 4 presents the distribution of the hot electron
nearly independent on the laser pulse en€egyeast in the temperature deduced from our X-ray data for the flat silicon
laser pulse energy diapason used in our experimemtereas and the silicon specimen with pyramidal cavities. The aver-
raw data is very disperse. We attributed such a behavior tage intensity wab= 20+ 10 PWcm?. For the electrochem-
the imperfect adjustment of the center of the pyramidalcally modified sample, the mean hot electron temperature
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Fig. 4. Distribution of the number of realizatiod with given tempera-

ture T}, for the flat silicon target and pyramidal cavities.

was 5.8+ 1.5 keV, compared with the 3# 0.7 keV value
measured for the flat Si target. In the case of the flat silico
target, width of the distribution in Figure 4 is due to fluctu-
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Aprominentincrease in hard X-ray yield and hot electron
temperature for targets with pyramidal cavities might be attrib-
uted to an increase of the effective absorption and the local
light intensity due to multiple reflections from cavity walls.
To get at least a qualitative explanation of our results numer-
ical modeling should be done by a two-dimensiq2&)) PIC
code. Such calculations are underway now. Anyway, because
the contrast of our pulses is high, major mechanisms respon-
sible for the hot electron production in our experiments are
vacuum heatingBrunel, 1987 and the anomalous skin effect
(Andreewetal, 1992; Gibboretal., 1992. Experimental evi-
dence comes from the two finding4) the hot electron tem-
perature does not depend on the polarization state of the light
for targets with pyramidal cavities, being strongly depen-
dent on this quantity for the flat one, af®) the scaling of the
hot electrontemperature for flat Sitargets deduced in our exper-
iments wasl ~ (11) %6-98(Golishnikovet al., 2001), which
is close to the theoretical scalifig- (11) %3 for these mech-
anisms of hot electron generation and does not agree with
T~ (11) Y3 scaling that is a distinctive feature of resonant
absorptionNGibbon & Forster, 1996.

%.2. Crater formation by laser pulse

ations of such laser pulse parameters as pulse duration amaGolishnikovet al.(2001), we described experiments with
energy. In the case of a target with pyramidal cavities thdaser-induced craters on a silicon surface. Here we system-
distribution is much wider. This might be attributed to the atized our study for other LM materialsee Table I From
same obstacle mentioned in the previous paragraph: In eathis table one can see that an increase in hot electron
realization, the focal spot falls into different parts of atemperature is the characteristic feature only of crystalline
pyramid(vertex, edge, or rip It should be noted that in the targets. To check this we made a comparative study of fused
case of a pyramidal cavity, both X-ray yield and hot electron(amorphougsand crystalline quartz as a target matefsde
temperature do not depend on the polarization state dfig. 5), because the only difference between the two is in
incident beam, as the same values were obtained both for their crystalline structure. For the LM crystalline quartz,

andp-polarized radiation.

prominent growth of the mean hot electron temperature in

Table 1. Hot electron temperature for different target materialss (1.5-3.5)« 106 W/cn?

Flat target Target with modified surface
Thot Thot
Target material (keV) Type of surface modification (keV)
Crystalline targets
Si 3.7£0.8 Electrochemical, pyramidal cavities 5:81.6
Electrochemical, porous $Volkov et al,, 1998 51+1.7
Laser-induced crater 83
KDP 3.7+ 0.7 Laser-induced crater 73
Ge 49+1.4 Laser-induced crater 6432.1
SiO; (crystalling 48+1.0 Laser-induced crater 752.2
Amorphous and polycrystalline targets
SiO, (fused 41+1.7 Laser-induced crater 441.6
TiD 6.4+22 Laser-induced crater 04
Zr 5.2+1.8 Laser-induced crater 5714
Pd 7+ 2 Laser-induced crater 103
W 7+2 Laser-induced crater 104
Fe 4.7+1.2 Laser-induced crater 5831.2
Laser-induced gratings 82
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Fig. 5. Distribution of the fractiorM of realizations with given temperatuflg for the quartz target. a: Crystalline quartz; b: fused
quartz.

comparison with the flat one is clearly observgdg. 59, This indicates that the temperature of the hot electrons was
whereas for the LM fused quartz, target distribution of thealso higher for the target with laser-induced grating. Our
hot electron temperature from shot to shot is almost theneasurements confirmed that the hot electron temperature
same as for the flat fused quarktzig. 5b. At the same time  atlaser-induced gratings was .2 times higher than the
the distribution of the hot electron temperature for LM one at the flat iron surfaceee Table L This phenomenon
quartz is wider independently of the initial structure of a flat was explained by the local field enhancement under inter-
target, and this is a characteristic feature for all LM targetsaction of the femtosecond laser pulse with resonant gratings
tested. The mean value of the hot electron temperature wa¥olkov et al., 2003.

about 4.5 ke\(see Table Lfor both the flat samples and the

LM fused quartz, \{vhereas this quantity reaches%.8.2 4. CONCLUSIONS

keV for LM crystalline quartz.

Although for crystalline LM targets the X-ray spectra are Modification of the structure of the surface allows one to
shifted toward higher quanta energies due to the increase igontrol the process of hot electron generation under femto-
the hot electron temperature, the absolute value of the hargecond laser plasma interaction at moderate intensities of
X-ray yield above 2 keV, 9 keV, or 13 keV does not increase,10*® W/cm? Namely, we observed an increase in the tem-
and sometimes even falls. The only spectral range where gperature of hot electrons and a shifting of the X-ray spectra
increase always takes place was for quanta energies above @8vard shorter wavelengths for targets with a structured
keV. Inthis spectral range detectors working in asingle quansurface layer. The efficiency of hard X-ray production also
tum detection regime registered no signal for any flat target¢an be enhanced with our approach, but this feature strongly
but did for all the crystalline LM targets. Note that a huge depends on the surface treatment procedures.
enhancementin hard X-ray yield observed by Hironetia. We observed a significant hard X-ray yield increase from
(1999 using a Cu target is to be attributed to the unsuitableplasma created at the surface of an electrochemically mod-
s-polarization state of the first laser shot producing the craterified solid-state targetpyramidal cavities Hot electron

Hence our findings confirm that structuring occurs only temperature enhancement was also found for these targets.
with crystalline targets probably due to cracking of the cratefEven more interesting results might be obtained using the
walls (see also Fig. 2b This structuring may lead to effi- same structures but with a shorter structure period of the
cientabsorption of the laser energy, thermal flux suppressioarder of 1um. This also should reduce instability due to
and, possible local field enhancement in the well-developedhnisalignment between the laser focal spot and cavity.
surface of the crater wall&ordienkoet al., 2003. Creating craters with a single femtosecond laser shot at
the crystalline materials surface we also achieved anincrease
in the hot electron temperature. Laser modification and
structuring of the target surfaceraters on crystalline tar-
Experiments with laser-induced gratings at the iron surfacgets and gratings on metal targetsoks very attractive
were described in detail by Volkoet al. (2003. In brief,  because all the processing procedures take prasiu.
here we observed a two- to threefold increase of the X-ray The obtained increase in hot electron temperature can be
yield above 7 keV in comparison with the flat iron target. In used to enhance excitation efficiency for low-lying nuclear
the spectral range above 20 keV the resonant grating prdevels. It should be noted that such an increase in hot
vides an even higher, fourfold increase in the X-ray outputelectron temperature should also provide for higher energies

3.3. Laser-induced gratings
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of fast ions emitted by plasm@/lkov et al, 2002. This  GuiLierti, D., Gizzi, L.A. (1998. X-ray emission from laser-

allowed us to observe at moderate intensities thermonuclear produced plasmas. La Rivista del Nuovo Cimento, 21, iss. 10,

neutrons from a D-enriched Ti target with laser-induced 1-93.

craters(VoIkov et al,, 2000; Chutkeet al., 200])_ HiroNnaAKkA, Y., Fuiimoto, Y., NAkKaAMURA, K.G., KonDoO, K.,
Recent studie€Salzmanret al, 2002; Reictet al, 2007 YosHIDA, M. (1999. Enhancgment of hard x-ray emission

found that for fixed laser energy and intensity, there is an O™ @ copper target by multiple shots of femtosecond laser
. ’ . pulses. Appl. Phys. Lett., 74, 1645-1647.

optimum electron temperature to generate photons in

ial of . . b h difi . f KuLcsar, G., ALMawLawi, D., BubnNik, FEW., HERMAN, PR.,
material of a given atomic number The modification o MoskoviTs, M., ZHAo, L., MARJORIBANKS, R.S. (2000.

the target surface allows us to control hot electron temper- |ntense Picosecond X-Ray Pulses from Laser Plasmas by Use

ature and thus may lead to more efficient Kroduction. of Nanostructured “Velvet” Targets. Phys. Rev. Lett., 84,
5149-5152.
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