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Thebeamof a ruby laserwasfocusedontotwo targets,12 Mg and13 Al, theirradiancebeing
140GW/cm2 . In bothcasessimilarprocessesdeveloped.Timeresolvedspectrain theregion
9-23nm showedhighly ionizedatoms.Theelectrontemperature(about50 eV) andthe ion
velocities(about106cms � 1) wereinvestigated.Dueto plasmaexplosion,deepcraterswith
radial jetting areshown on the target surfaces.Ripplesaroundthe cratersareexplainedby
spreadingof soundwaves, laterally depositedplasmaswere mixed with expandingtarget
particles.

PACS: 52.50.Jm,61.80.Ba

1 Intr oduction

In this work we focusedon the spectroscopicstudyin the soft x-ray region of plasmaplumes
producedfrom two targetsof elementsneighbouringin atomicnumber, i.e. of magnesium(12)
andaluminium(13),usingananosecondlaserpulses.Also theeffectof thelaseron thesurfaces
of bothsolid targetswasstudied.

Magnesiumandaluminiumhave beenchosenbecauseof their similar structuralproperties
(Table1). Bothtargetsarelightweightmetalswith nearlyequallow meltingpoints.Speci�c heats
andheatsof fusionarealsosimilar. However, densityat 293K, thermalconductivity, electrical
conductivity andboiling pointareabouttwicehigherfor aluminiumthanfor magnesium.

2 Experimental set-up

Plasmaswereproducedby a ruby laser(KORAD K1 laserandK 1500ampli�er) working at the
wavelength694.3nm with a pulseenergy of 5 J,a pulsedurationof about18 ns, i.e. with light
�ux esof up to 150 GW/cm2. In the vacuumchamber(10� 3 Pa) the laserbeamwasfocused
perpendicularlyonto the �at Mg or Al target by a plane-convex lens of a focal length f =
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Tab. 1. Propertiesof targets[1].

Magnesium Aluminium
Atomic number 12 13
Atomic mass 24.3050 26.981539

1st ionizationpotential 7.65eV 5.99eV
2nd ionizationpotential 15.04eV 18.83eV
3r d ionizationpotential 80.14eV 28.45eV
4th ionizationpotential 109.25eV 119.99eV
Melting point 648.8oC 660.4oC
Boiling point 1090oC 2519oC
Speci�c heat 1.02J/gK 0.90J/gK
Heatof fusion 8.954kJ/mol 10.790kJ/mol
Heatof vaporization 127.40kJ/mol 293.40kJ/mol
Thermalconductivity(298K) 1.56W/cmK 2.37W/cmK
Density(293K) 1.738g/cm3 2.702g/cm3

Hardness 2 Mohs 2.75Mohs

300mm. Thediameterof thefocalspotwas0.5mm. TheMg-/Al- targetwassituatedat theend
of a smoothglassycarbonplate(Fig. 1) on a moveabletargetholder, which allowed thateach
lasershotwasdirectedontoa freshspot.

The plasmacloud generatedfrom the target was observed side-onwith a VUV �at-�eld
spectrographequippedwith agateablemicrochanel-plateandCCD camera.More detailscanbe
foundin theliterature,e.g.in Ref. [2].

3 Spectral analysis

Time-resolvedspectraof theplasmaradiationwereobservedin thesoft x-ray region from 9 nm
to 23 nm with a time resolutionof about10 ns,andvariabletime delayafterthepulse.Spectral
imagesweretakenfrom about0.7 � 0.5mm from thetargetsurface.TheinstrumentalFWHM
was about0.1 nm and line-pro�les were not resolvable. In the observed spectralregion Mg
spectrashowedion linesup to Mg VII with themostintensiveemissionfrom Mg IV andMg V.
Themostintensiveemissionin thecaseof Al plasmasoriginatedfrom Al IV andAl V ions,with
thehighestobservedionizationstagebeingAl XI.

Figure2 presentsa Mg spectrumat time � t = 32 ns. The� t is the time interval between
themaximumof laserirradiationandthetimewhenthespectrawererecorded.Figure3 presents
an Al spectrumat the time � t = 15 ns. From recordedspectrait wasobserved in both cases
that theemission(line) intensityof highly ionizedatomsdecreased,but the intensityfrom less
ionizedatomsincreasedin time. This becomesobvious if we observe the time dependenceof
intensitiesof somespeci�c lines,for examplefrom Mg V, Mg IV andMg III (Table2), asshown
on Fig. 4. Harilal, Bindhu and Kunze[4] investigatedin detail spaceand time-resolved the
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Fig. 1. Targetposition.

soft x-ray emissionfrom laser-producedmagnesiumplasmasin thespectralregion 3-12 nm at
irradiancesof (1.2 – 2.8)� 1011 W/cm2. Assuminglocal thermalequilibrium(LTE) asa coarse
approximation,the electrontemperatureof the plasmaswasestimatedto about� 40 � 10 eV
at a distanceof 5 mm from the target surface. Similar resultswereobtainedfor aluminiumin
Ref. [5]. Following their procedurewe alsocouldderive a temperaturenearthe targetsurfaces
of � 50eV for bothsamples,Mg andAl.

Becauseour measurementsweredonein the high irradianceregime, i.e. the light �ux ex-
ceeded10 GW cm� 2 , the particlevelocity was estimatedusing the model of self-regulating
plasmasdevelopedby CarusoandGratton[6]:

� =

r
(1 + Z )RT

M
; (1)

whereZ is theaverageion charge(� 4),R is thegasconstant,T is theelectrontemperaturein K,
andM is themolarmass(magnesium0.024306kg/mol andaluminium0.026982kg/mol). The

Tab. 2. Theparametersof spectrallines[3].

�= nm EH /eV EB /eV Transition J

Mg V
11.43 0.22 108.70 2p43P – 3d13Po 1 – 2
11.48 0.00 108.01 2p4 3P - 3d1 3D0 2 – 1,2,3
11.50 0.22 108.01 2p4 3P - 3d1 3D0 1 – 1,2

Mg IV
18.01 0.00 68.85 2p5 2P0 – 3s2P 3/2–1/2
18.06 0.00 68.64 2p5 2P0 – 3s2P 3/2 - 3/2
18.08 0.28 68.85 2p5 2P0 – 3s2P 1/2 - 1/2

Mg III
18.65 0.00 66.47 2p61S – 3d1[ 1 1/2]0 0 – 1
18.72 0.00 65.83 2p61S – 3d1[ 1 1/2]0 0 – 1
18.85 0.00 65.76 2p61S – 3d1[ 1 1/2]0 0 – 1
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Fig. 2. Soft x-ray spectrumof anmagnesiumplasma:32 nsafterthemaximumof thelaserpulse.

Fig. 3. Soft x-ray spectrumof analuminiumplasma15 nsafterthemaximumof thelaserpulse.
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velocitieswere� Mg � 3:1 � 106 cm/sand� Al � 3:0 � 106 cm/s.Accordingto thetheoretical
predictionfrom above Eq. (1), thevelocitiesof theatomsshoulddependon the inversesquare
rootof its molarmass.Becauseof thealmostidenticalmolarmassof Mg andAl (M Al : M Mg �
1:11), we cantake thesamevelocity for bothcases,i.e. about3 � 106 cm/s.

Fig. 4. Temporalevolutionof theemissionof somespeci�c Mg- ionisationstages.

4 Surfaceobservations

4.1 Magnesium

Thesurfaceof theMg targetwasanalysedwith a light (metalographic)-andascanningelectron-
microscope.The burn sizemark on the target after oneshot is about4.7 mm2 including the
craterandripples(Fig. 5). The craterhasa surfaceareaof 1.1 mm2 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 anddensityof 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 a few � m above thebottom. A meltedfrozensurfacewith not-
ejecteddropletsis seenat thebottomof thecrater(Fig. 8).

The �rst main crateris surroundedby ripples(Fig. 5 and9). This canbe explainedin the
following way: It is known that the surfacetensionof liquids decreaseswith temperature,and
liquid tendsto be pulled away from hotter towardscooler regions(Maragonieffect) (seee.g.
Ref. [8]. We mayassumethatpulsedmeltingof theMg targetcauseson abruptlocal increase
in density, which actsasa strongsourcefor acousticwaves. Wavesfrozen-inafter irradiation
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Fig. 5. SEM micrographof theburn markon theMg-target surface(craterandripples). Thescalein the
imagecorrespondsto 1 mm.

Fig. 6. Opticalmicrographof the�rst, mainMg-crateredge(detail).
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Fig. 7. Opticalmicrographof thesecondMg-crateredge(detail).

Fig. 8. Opticalmicrographof thedamageat thebottom.
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Fig. 9. SEM micrographof ripplesaroundthemainMg-crater. Thescalein the imagecorrespondsto 0.1
mm.

have beencorrelatedto surfacerippleswith wavelengthsin the micrometerrange[8]. In the
caseof theMg-target,(Fig. 9) thewavelengthis about40 � 5 � m. We veri�ed this valuewith
a simplecalculation. Taking the surfacewave velocity to be 3 � 105 cm/sandthe frequency
to be the inverseof the laserpulsewidth [9] (� laser = 18 ns), a wave lengthof around60 � m
is obtained. It is in reasonableagreementwith the observed periodicity. At placeswherethe
densityof dissolvedmagnesiumwasmaximal,not-ejecteddropletsarevisible (Fig. 9).

4.2 Aluminium

Thesurfaceof thealuminiumtargetwasalsoanalysedwith thelight (metalographic)-andscan-
ningelectron-microscope.Contraryto themagnesiumtarget,ripplesaroundthecraterwerenot
clearlyobservedin thiscase(Fig. 10). Thecraterhadasurfaceareaof about0.5mm2 andanel-
liptical shape.Thethroatof thecrater(centralpartof thecrater)was� 25 � m deepandnarrow.
On thewall of thethroat,ripplesareobservedwith awavelengthof about6 � m (Fig. 11).

5 Observationsof plasma-depositedlayers

Whenwe analysedthesmoothglassycarbonplate,thatwassituatedat theendof theMg-/Al-
target plate (as shown in Fig. 1), employing also the light or electronmicroscopethe traces
of depositedplasmaswerevisible i.e. a sideprojectionof the plasmaplume. Figure12 is a
micrographwhich shows the shapeof the magnesiumplasmacloud. Besidesof a thin layer
of depositedMg-plasma,alsofrozenmelt-ejecteddropletsarevisible. The aluminiumdeposit
shows thesamecharacteristics.Thedepositedcloudsarenon-homogenousandfan-shaped.The
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Fig. 10. SEM micrographof theburnmarkon theAl-targetsurface.Thescalein theimagecorrespondsto
1 mm.

Fig. 11. SEM micrographof thecentralpartof theAl- targetsurface.Thescalein theimagecorresponds
to 0.1mm.



260 V. Hen�c-Bartolíc et al.

Fig. 12. Mg-plasmacloudshape-SEMmicrographof thesurfaceof theglassycarbonplate.

thickestMg/Al plasmalayerwasrecordedin theregion of theoriginal laserfocal spotdiameter
(0.5 mm) andwasspreadin perpendiculardirectionfrom the targetup to � 1 mm. The length
of the total depositis � 2:5 cm andits width is � 3 cm. The diametersof the frozendroplets
vary from 5 to 30 � m. Sometimesdropletsstick togetherin an irregular shape. The plasma
depositMg/Al-contourscanbe explainedby stronglynon-linearRayleigh-Taylor (RT) plasma
instabilities.We cancomparethis observationwith previousworks[7,11,12].

6 Discussion

A spectralstudywasdonein thesoft x-ray regionwith theintentionto investigatethedynamics
of the highly chargedions in laser-producedmagnesiumandaluminiumplasmas.We assume
that recombinationprocessescanexplain the observed intensitydecreaseof lines from higher
ionizedatomsandtheintensityincreaseof linesfrom lessionizedatoms(Fig. 4). Timeresolved
measurementsshow that ionshave a high expansionvelocity correspondingto a kinetic energy
of � 113eV for magnesiumandof � 125eV for aluminiumions,respectively.

The processeswhich arere�ected on the walls of the craterthroats(Figs.7, 8 and11) are
most likely provoked by an oscillatingabsorptioncoef�cient of the plasma. We aregoing to
explain it.

Themechanismresponsiblefor plasmaabsorptionat thehighlaserirradiationlevel (140GW
cm� 2) is inversebremsstrahlung[4]. The inverseabsorptionlengthor absorptioncoef�cient is
givenby [4,10]:

� � 1:27� 10� 46� 3Z 2neni T � 1=2
e

�
1 � exp

�
�

h�
kTe

��
; (2)

where� is thewavelengthof thelaserphotonsin nm,kTe is theelectrontemperaturein eV, h�
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is the laserphotonenergy in eV, Z is the averageionic charge andn i andne arethe ion and
electrondensitiesin cm� 3, respectively. Due to the high temperature(50 eV) the exponential
termin Eq. (2) ) 1 (becomesunity) at the laserwavelength(694.3nm). Hencetheabsorption
coef�cient simpli�es to

� = C� 2Z 2neni T � 3=2
e ; (3)

whereC is a constant.
Thisyields� � 0:1cm� 1 for ourexperimentsassuminganelectrondensityof 1019 cm� 3 [4].

Theplasmaabsorptionof theincidentlaserradiationis high only nearthetargetsurface,where
thedensityof theionizedspeciesis alsohighandaself-regulatingregimeis restored[11]. Singh,
HollandandNarayanin [13] givethenext conclusion:“If theabsorptionof thelaserlight by the
plasmabecomeshigh, theevaporationof speciesfrom the targetbecomesless,thusdecreasing
thedensityof theionizedspeciesand,consequently, theabsorptionof thelaserbeam.If instead
absorptionby theplasmais less,theprocessis reversedwith similar results”.In ourexperiments
thepulsedurationof thelaserusedis long(� 18ns),andwethereforeassumethattheabsorption
coef�cient oscillatesin magnitudeduringlaserirradiation.

Re�ection of incident laserphotonsdoesnot take place,becausethe plasmafrequency is
smallerthanthelaserfrequency [4,8].

Finally, wehavetopointout,thatathighlaserirradiationdropletsareejectedfromthetargets,
eitherby boiling or by evaporationrecoil(Fig.12). Also, ripplesaroundthemainMg-craterwere
observed.

7 Conclusion

In this paperwe reporton thestudyof theactionof a ruby laserpulseon magnesiumandalu-
minium targets. Processesdevelopedat the two differenttargetsweresimilar becauseof their
similar structuralproperties.

In agreementwith an earlierstudy[4], soft x-ray photonsandhigh expansionvelocitiesof
ionswereobservedin both(Mg/Al) casesat high laserirradiation.

On theperipheralzonesof theMg-/Al-crateredgesradialjettingwasobserved.It is obvious
thataplasmaexplosiondeveloped.

It is known, that at irradianceswell above the melt thresholduniform melting occurs,and
lateralvariationsof themelt temperaturebecometherelevantforcefor imprintingpatternsin the
material[8]. OntheAl surfacetheripplesarenotregularandnotclearlyobserved,andthethroat
of thealuminiumcrateris narrowerthanthatof thecraterin magnesium.We relateall this to the
factthattheboiling point is 2.3 timeshigherfor aluminiumthanfor magnesium.

The tracesof depositedplasmaon sideprojectionsof the plasmaplumeweremixed with
solidi�ed ejecteddropletsfrom thetargetcraters.

Table1 shows that the thermalconductivities aredifferentfor the two investigatedmetals.
We conclude,this differenceis not signi�cant at our conditions,the reasonbeingthat thecon-
ductivity of metalsaboveroomtemperatureandespeciallyafterthemeltingpointshow adropin
its magnitude[8].

Ourmeasurementsprovideinformationfor furtherinvestigationsin the�eld of laserinduced
plasmasandlaserablationof targetsurfacesin thehigh irradiationregime.
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