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Thebeamof aruby laserwasfocusedontotwo targets,12 Mg andi3 Al, theirradiancebeing
140GW/cn?. In bothcasessimilar processedeveloped. Time resohed spectran theregion
9-23nm shaved highly ionizedatoms. The electrontemperaturgabout50 eV) andtheion
velocities(about1l0°cms 1) wereinvestigated Dueto plasmaexplosion,deepcraterswith
radial jetting are shawvn on the tamget surfaces. Ripplesaroundthe cratersare explainedby
spreadingof soundwaves, laterally depositedplasmaswere mixed with expandingtarget
particles.

PACS: 52.50.Jm61.80.Ba

1 Intr oduction

In this work we focusedon the spectroscopistudyin the soft x-ray region of plasmaplumes
producedrom two targetsof elementseighbouringn atomicnumberi.e. of magnesiun{12)
andaluminium(13), usinga nanoseconthserpulses.Also the effect of thelaseron the surfaces
of both solid targetswasstudied.

Magnesiumandaluminium have beenchosenbecausef their similar structuralproperties
(Tablel). Bothtametsarelightweightmetalswith nearlyequallow meltingpoints.Speci ¢ heats
andheatsof fusionarealsosimilar. However, densityat 293K, thermalconductvity, electrical
conductvity andboiling pointareabouttwice higherfor aluminiumthanfor magnesium.

2 Experimental set-up

Plasmasvereproducedoy arubylaser(KORAD K1 laserandK 1500ampli er) working atthe
wavelength694.3nm with a pulseenepgy of 5 J, a pulsedurationof about18 ns,i.e. with light
ux esof up to 150 GW/cn?. In the vacuumchamber(10 2 Pa) the laserbeamwas focused
perpendicularlyonto the at Mg or Al target by a plane-conex lens of a focal lengthf =
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Tah 1. Propertieof targets[1].
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Magnesium Aluminium
Atomic number 12 13
Atomic mass 24.3050 26.981539
1 ionizationpotential 7.65eV 5.99eV
2"d jonizationpotential 15.04eV 18.83eV
39 jonizationpotential 80.14eV 28.45eV
4™ jonizationpotential 109.25eV 119.99eV
Melting point 648.8°C 660.£C
Boiling point 1090°C 2519°C
Speci ¢ heat 1.02J/gK 0.90J/gK
Heatof fusion 8.954kJ/mol | 10.790kJ/mol
Heatof vaporization 127.40kJ/mol | 293.40kJ/mol
Thermalconductvity(298K) | 1.56W/cmK | 2.37W/cmK
Density(293K) 1.738g/cm?® | 2.702g/cm?
Hardness 2 Mohs 2.75Mohs

300mm. Thediameterof thefocal spotwas0.5mm. The Mg-/Al- targetwassituatedattheend
of a smoothglassycarbonplate (Fig. 1) on a moveabletarget holder, which allowedthateach
lasershotwasdirectedontoafreshspot.

The plasmacloud generatedrom the target was obsenred side-onwith a VUV at- eld
spectrograplequippedwith a gateablemicrochanel-plateandCCD cameraMore detailscanbe
foundin theliterature,e.g.in Ref.[2].

3 Spectralanalysis

Time-resoledspectraof the plasmaradiationwereobsenedin the soft x-ray region from 9 nm
to 23 nm with atime resolutionof about10 ns,andvariabletime delayafterthe pulse.Spectral
imagesweretakenfrom about0.7 0.5mm from thetargetsurface. TheinstrumentaFWHM
was about0.1 nm and line-pro les were not resohable. In the obsered spectralregion Mg
spectrashavedion linesup to Mg VII with the mostintensive emissiornfrom Mg IV andMg V.
Themostintensive emissionin thecaseof Al plasmasriginatedfrom Al IV andAl V ions,with
the highestobsenedionizationstagebeingAl XI.

Figure2 presenta Mg spectrumattime t = 32ns. The t isthetime interval between
themaximumof laserirradiationandthetime whenthe spectravererecorded Figure3 presents
anAl spectrumatthetime t = 15ns. Fromrecordedspectrait wasobsenedin both cases
thatthe emission(line) intensity of highly ionizedatomsdecreasedyut the intensity from less
ionizedatomsincreasedn time. This becomeobviousif we obsere the time dependencef
intensitiesof somespeci c lines,for examplefrom Mg V, Mg IV andMg Ill (Table2), asshavn
on Fig. 4. Harilal, Bindhu and Kunze [4] investigatedn detail spaceand time-resoled the
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Fig. 1. Targetposition.

soft x-ray emissionfrom laserproducedmagnesiunplasmasn the spectralregion 3-12 nm at
irradiancef (1.2—2.8) 10 W/cm?. Assuminglocal thermalequilibrium (LTE) asa coarse
approximationthe electrontemperatureof the plasmasvasestimatedo about 40 10eV
at a distanceof 5 mm from the target surface. Similar resultswere obtainedfor aluminiumin
Ref. [5]. Following their procedurewe alsocould derive a temperaturenearthe target surfaces
of 50eV for bothsamplesMg andAl.

Becauseour measurementaeredonein the high irradianceregime, i.e. thelight ux ex-
ceededl0 GW cm 2 , the particle velocity was estimatedusing the model of self-regulating
plasmagievelopedby CaruscandGratton[6]:

r—
_ (1+ Z)RT |
= g ®

whereZ istheaveragegon chage( 4),R isthegasconstantT istheelectrontemperaturén K,
andM is the molarmass(magnesiun®.024306kg/mol andaluminium0.026982g/mol). The

Tah 2. The parametersf spectralines[3].

=nm | E4/eV | Eg/eV | Transition J
11.43 | 0.22 108.70 | 2p®P—-3dP° 1-2
MgV | 11.48 | 0.00 108.01| 2p* SP-3dt °D° | 2-1,2,3
11.50 | 0.22 108.01| 2p* 3P-3dt DY | 1-1.2
18.01 | 0.00 68.85| 2p° 2P’ —3s?P 3/2-1/2
Mg Iv | 18.06 | 0.00 68.64 | 2p° 2P —3s?P 3/2-3/2
18.08 | 0.28 68.85| 2p° 2P’ -3s?P 1/2-1/2
18.65 | 0.00 66.47 | 2ptts—3di[ 11/2]° 0-1
Mg il | 18.72 | 0.00 65.83 | 2p°tS—3d[ 11/2]° 0-1
18.85 | 0.00 65.76 | 2pP1S—3dt[ 11/2° 0-1
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Fig. 2. Softx-ray spectrunof anmagnesiunplasma:32 nsafterthe maximumof thelaserpulse.

; At=15ns
5000 =
Ed
s = b
>
4000 ES = ks
—_ < S
= =
8 Ed
Z ‘ 2
& =
c
2
£ ‘

awo| I
gy

1000 ~'L\/

80 100 120 140 160 180 200 220 240
L (A)

Fig. 3. Softx-ray spectrunof analuminiumplasmal5 nsafterthe maximumof thelaserpulse.
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velocitieswere yg 31 10°cm/sand o 3:0 10° cm/s.Accordingto thetheoretical
predictionfrom above Eq. (1), the velocitiesof the atomsshoulddependon the inversesquare
rootof its molarmass Becausef thealmostidenticalmolarmassof Mg andAl (M a1 : Mg
1:11), we cantake the samevelocity for bothcasesi.e. about3  10° cm/s.
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Fig. 4. Temporalevolution of the emissionof somespeci ¢ Mg- ionisationstages.

4 Surfaceobsewations

4.1 Magnesium

Thesurfaceof the Mg targetwasanalysedvith alight (metalographic)anda scanningelectron-
microscope. The burn size mark on the target after one shotis about4.7 mm? including the
craterandripples (Fig. 5). The craterhasa surfaceareaof 1.1 mm? andis of elliptical shape.
The depthof the centralcrateris about25 m what canbe describedasa “deep” crater This
could be expecteddueto the low melting point, low boiling point and densityof magnesium.
Employing the light microscopeFig. 6 shows the crateredgewith a peripheralzoneof radial
jetting. This is explainedby the regime of plasmaexplosion[7]. The edgeof a secondsmall
plasmacrater(Fig. 7) is visible afew m above the bottom. A meltedfrozensurfacewith not-
ejecteddropletsis seeratthe bottomof the crater(Fig. 8).

The rst main crateris surroundedy ripples (Fig. 5 and9). This canbe explainedin the
following way: It is known thatthe surfacetensionof liquids decreasewith temperatureand
liquid tendsto be pulled away from hottertowardscoolerregions (Maragonieffect) (seee.g.
Ref. [8]. We may assumehat pulsedmelting of the Mg tarmget causeon abruptlocal increase
in density which actsasa strongsourcefor acousticwaves. Wavesfrozen-inafterirradiation
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Fig. 5. SEM micrographof the burn mark on the Mg-target surface(craterandripples). The scalein the
imagecorrespond$o 1 mm.

Fig. 6. Opticalmicrographof the rst, main Mg-crateredge(detail).
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Fig. 7. Optical micrographof the secondVig-crateredge(detail).

Fig. 8. Opticalmicrographof the damageat the bottom.
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Fig. 9. SEM micrographof ripplesaroundthe main Mg-crater The scalein theimagecorrespondso 0.1
mm.

have beencorrelatedto surfacerippleswith wavelengthsin the micrometerrange[8]. In the
caseof the Mg-target, (Fig. 9) thewavelengthis about40 5 m. We veri ed this valuewith
a simple calculation. Taking the surfacewave velocity to be 3 10° cm/sandthe frequeny
to be theinverseof the laserpulsewidth [9] ( jaser = 18 ns), a wave lengthof around60 m
is obtained. It is in reasonablegreementvith the obsened periodicity. At placeswherethe
densityof dissolved magnesiunwasmaximal,not-ejecteddropletsarevisible (Fig. 9).

4.2 Aluminium

The surfaceof the aluminiumtargetwasalsoanalysedwith thelight (metalographic)andscan-
ning electron-microscope Contraryto the magnesiumarget, ripplesaroundthe craterwerenot
clearlyobseredin this case(Fig. 10). Thecraterhada surfaceareaof about0.5mm? andanel-
liptical shape Thethroatof the crater(centralpartof thecrater)was 25 mdeepandnarrow.
Onthewall of thethroat,ripplesareobsenedwith awavelengthof about6 m (Fig. 11).

5 Observations of plasma-depositedayers

Whenwe analysedhe smoothglassycarbonplate,that wassituatedat the end of the Mg-/Al-

target plate (as shavn in Fig. 1), employing alsothe light or electronmicroscopethe traces
of depositecblasmaswere visible i.e. a side projectionof the plasmaplume. Figure12 is a
micrographwhich shavs the shapeof the magnesiunplasmacloud. Besidesof a thin layer
of depositedMg-plasma,alsofrozenmelt-ejectediropletsarevisible. The aluminiumdeposit
shavs the samecharacteristicsThe depositedcloudsarenon-homogenouandfan-shapedThe
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Fig. 10. SEM micrographof the burn mark on the Al-targetsurface. The scalein theimagecorrespondso
1mm.

Fig. 11. SEM micrographof the centralpartof the Al- targetsurface. The scalein theimagecorresponds
to 0.1 mm.
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Fig. 12. Mg-plasmacloud shape-SEMnicrographof the surfaceof the glassycarbonplate.

thickestMg/Al plasmaayerwasrecordedn theregion of the original laserfocal spotdiameter
(0.5mm) andwasspreadn perpendiculadirectionfrom thetargetupto 1 mm. Thelength
of the total depositis  2:5 cm andits widthis 3 cm. The diametersof the frozendroplets
vary from 5to 30 m. Sometimedropletsstick togetherin anirregular shape. The plasma
depositMg/Al-contourscan be explainedby strongly non-linearRayleigh-Taylor (RT) plasma
instabilities.We cancomparehis obsenationwith previousworks[7,11,12].

6 Discussion

A spectraktudywasdonein the soft x-ray region with theintentionto investigatethe dynamics
of the highly chagedionsin laserproducedmagnesiumandaluminiumplasmas.We assume
that recombinatiorprocessesan explain the obsened intensity decreasef lines from higher
ionizedatomsandtheintensityincreaseof linesfrom lessionizedatoms(Fig. 4). Timeresohed
measurementshav thations have a high expansionvelocity correspondingo a kinetic enegy
of 113eVfor magnesiunandof 125eV for aluminiumions,respectiely.

The processesvhich arere ected on the walls of the craterthroats(Figs. 7, 8 and11) are
mostlikely provoked by an oscillating absorptioncoefcient of the plasma. We are going to
explainit.

Themechanismesponsibldéor plasmaabsorptioratthehighlaserirradiationlevel (140GW
cm ?) is inversebremsstrahlungd]. Theinverseabsorptionlengthor absorptioncoefcient is
givenby [4,10]:

_ h
1:27 10 % 3Z%neni T, 12 1 exp et (2)
e

where is thewavelengthof the laserphotonsin nm, kT, is the electrontemperaturén eV, h
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is the laserphotonenegy in eV, Z is the averageionic chage andn; andn, aretheion and
electrondensitiesin cm 3, respectrely. Due to the high temperaturg50 eV) the exponential
termin Eqg.(2)) 1 (becomesnity) atthe laserwavelength(694.3nm). Hencethe absorption
coefcient simpli es to

= C 2Z%nen; T, 372, 3)

whereC is aconstant.

Thisyields  0:1cm ! for ourexperimentsassuming@nelectrondensityof 101° cm 3 [4].
The plasmaabsorptiorof theincidentlaserradiationis high only nearthetargetsurface,where
thedensityof theionizedspeciess alsohighandaself-regulatingregimeis restored11]. Singh,
HollandandNarayanin [13] givethenext conclusion:If theabsorptiorof thelaserlight by the
plasmabecomedigh, the evaporationof speciedrom the tagetbecomedess,thusdecreasing
thedensityof theionizedspeciesand,consequentlythe absorptiorof the laserbeam.If instead
absorptiorby theplasmais less the processs reversedwith similar results”.In our experiments
thepulsedurationof thelaserusedislong( 18ns),andwethereforeassumehattheabsorption
coefcient oscillatesn magnitudeduringlaserirradiation.

Re ection of incidentlaserphotonsdoesnot take place,becausehe plasmafrequeny is
smallerthanthelaserfrequeny [4,8].

Finally, we haveto pointout, thatathighlaserirradiationdropletsareejectedrom thetamets,
eitherby boiling or by evaporatiorrecoil (Fig. 12). Also, ripplesaroundhemainMg-craterwere
obsened.

7 Conclusion

In this paperwe reporton the study of the actionof a ruby laserpulseon magnesiumandalu-
minium targets. Processedevelopedat the two differenttargetswere similar becausef their
similar structuralproperties.

In agreementwith an earlierstudy[4], soft x-ray photonsand high expansionvelocitiesof
ionswereobsenedin both(Mg/Al) casesathighlaserirradiation.

Ontheperipherakzonesof the Mg-/Al-crateredgegadialjetting wasobsenred. It is obvious
thata plasmaexplosiondeveloped.

It is known, that at irradianceswell above the melt thresholduniform melting occurs,and
lateralvariationsof the melttemperaturdecomeherelevantforcefor imprinting patternsgn the
material[8]. OntheAl surfacetheripplesarenotregularandnotclearlyobsened,andthethroat
of thealuminiumcrateris narraverthanthatof thecraterin magnesiumWe relateall thisto the
factthattheboiling pointis 2.3timeshigherfor aluminiumthanfor magnesium.

The tracesof depositedolasmaon side projectionsof the plasmaplume were mixed with
solidi ed ejecteddropletsfrom thetargetcraters.

Table 1 shows that the thermalconductvities are differentfor the two investigatednetals.
We conclude this differenceis not signi cant at our conditions,the reasorbeingthatthe con-
ductivity of metalsabose roomtemperatur@andespeciallyafterthemeltingpointshov adropin
its magnitudg8].

Ourmeasurementgrovide informationfor furtherinvestigationsn the eld of laserinduced
plasmasandlaserablationof targetsurfacesn the highirradiationregime.
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