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X-ray and ion emissionstudies from subnanosecond laser irradiated Si@foam targets

Abstract:

Low density foanof high Z to low Z materialsreincreasinglybeingused as targehaterialsin
laser produced bright-Xay sources anih laser shockhysicsexperimentsrespectivelyln this
experiment, a&omparative study of ion and-bay emission fronboth aSiO, foam anda quartz
target is performedihe experiment is performed usiNgl: Glass laser systenoperated at laser
energy upto 15 J with a pulse duration of 500tk focussabléntensityof 10 10 W/cn? on
targetis used for these studieX-ray fluxesin different spectralranges goft and hard are
measuredy usingX-ray diodescovered with Al filters of thickness P (0.9 £1.56 keV) and
P(3.4 - 16 keV). A 2.5 timesenhancemenin soft X-ray flux (0.9 £1.56 keV)and a
decrease of 1.8 times imard X-rays (3.4 - 16 keV) for 50 mg/cc SiQ foam is observed
compared to the solid quari&.decrease ithe flux ofthe K-shellline emission spectrumf soft
X-raysis noticedin the case othefoam targetsThe high resolutioi-shell spectraHe-like) of
Si ions in boththe casesareanalyzedfor the determination of plasma parameteyscomring
with FLYCHK simulations The estimateglasma temperature and dengite T, = 180 eV, R=
7 x 16%°cm® and T =190eV, n. = 4 x 16° cm* for quartz and Si@foam respectivelyTo
measurehe evolution of theplasmamoving awayfrom the targetsfour identical ion collects
are placed atifferent angles (22.5°30°, 4&° and 675°) from target normalThe agular
distribution of the thermal ions are scaled as' cesth respect to target normakheren = 3.8
and 4.8 for the foam and quartz respectivélye experimental plasma volume measured from
the ion collectors and shadowgraphy images are verified b@Da Eulerian radiative

hydrodynamicsimulation(POLLUX code)

Keywords: X-rays from laser produced plasma, aerogel targetay>enhancement
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1. Introduction:

The production of small, compact, easily accessible and short pulse lemgths¥urce from
laser plasma interactisnhas significantly facilitated research in advanced science such as
radiobiology X-ray microscopy micro-lithography, astrophysical and fusion applications,
measurement dhe opacity of materialsX-ray driven shock studies for EquatioftState (EOS)
measurementof materialsunder extreme conditions and time resolveday diffraction of
materials(Loupiaset al., 2009Rossall et al., 2010; Daido et al., 2002; Keiter et al., 2008; Lewis
et al., 1984; Chaker et al.,1988; Forstetal., 1989; O'Neill et al., 1989; Lindl et al., 1995;
Rischel et al., 1997Borisenko et al., 2006 The demandor high X-ray fluxesin practical
applications hagriggered extensive research for the enhancement of ey Xield of laser
produced fasmas(Rosmej et al., 20)5However, the conversion efficiency of laser energy to
X-ray from the solid targets is lodue tothe reflection of most of the laser light near the critical
density surface.For alarge Xray yield, absorption afhe laser energy inside the target should
be high.Therefore to enhance the-ray yield, various laser conditions (power density, pulse
duration and wavelength) and target properhiase been tested previousliyor example, to
enhance the Xay yield, the use of a prepulse(Andreev et al., 2002 defocusing the laser to
increase the plasma volum@haurasieet al.,2013, structured targetdN{shikawa et al., 2001
gastargets(Fiedorowicz et al., 20QGand low density targe{®orisenko et al., 2006havebeen
used The use of low density targets has bgepven as aprominent condidate for the
enhancement of Xay emission from Laser Proced Plasmas (LPP). Many targetuch as gold
foam Shang et al., 2013)hydrocarbon basetbam Chaurasia et al.2015) carbon foam
(Chaurasia et al., 20),0structured surface@<rishnamurthy et al., 2015Rajeev at al., 2003

porous Si Nishikawa et al., 1997 agar agar foamL{mpouch et al., 2006are used for this



purpose.A considerableamount of work has beedonealreadyfor X-ray enhancement using
metal doped (Ti and Ge) low density silicon oxide foam tar@etarnieret al., 2004fFournier et
al., 2009. In the previous work(Shang et al., 20)3the Xray conversion efficiency ithe case
of gold foam was found to increaby 1.34 times as compared tolid gold in the range of
multi-eV to multikeV due to alarge absorption of laser lightia inverse bremmstrahlung.
Further(Nishikawa et al., 2001by using ultrashort lasquulse the penetration depth was found
to increase irthe case of porous Si targets whigksults ina reduction of threshhold of prepulse
for enhancement of Xay intensity. Earlier investigation in our labGhaurasia et al., 2010
indicated an enhancemeni the softX-ray by a factorof 1.8 and 2.3 in carbon foam and Pt

doped carbon foam respectiveiynen comparetb the solid carbon.

The enhancement of sol-rays from the foam target is attributed to the underdense
nature of the target which allowlse laser to burn tbugh the target supersonically.this paper,
we have made a contribution tine above area of research by studyingray and ion emission
from SiQ, foam targets simultaneously with optical shadowgraphy optagma The procedure

of preparing of foam targets &so briefly described
2. Experimental setup:

The laser systerased in these experiments i4%J /500 ps Nd:Gass laser with intensity 18
2x10" W/cn? available at BARC Mumbai, IndiaThe high power lases focussedto a focal
VSRW RI P R @iy &5 leviPdodlatdd in a experimental chamber evacuated to
4x10° mbar. The schematic oexperimental setup is shown iigBre 1. Target usedare solid
guartz andb0 mg/ccpure SiO, foam and alsoalong with(25% CH + 75% SiQ) foam of 60

mg/cc and 40 mg/cc densitieBhe ontinuum Xray flux (freefree and fredoound) inthe soft



X-ray (0.81.56keV) andthehard Xray (3.4- 16 ke\) spectral range ameasured using silicon
photodiodes covered with P DQG umisidnfoils repectively. The ime integrated X

ray line emission spectra were recorded by dispersing tfeyXwith a flat TAP crystal2d =

25.75A) on to a X-ray CCD cameraM/s Rigaku made, ModeX-vision 4M) placed at 45° to

the target normaFouridentical ion collectas are placed at different angles., 22.5°,30°, 45°

and 675° with respect tahe target normahnd laser axi$o measure the plasma evolutiand

its size The details of the crystalpectrometer and ion collectors are descriimdewhere else

(Kaur et al., 2017)To study the dynamic motion of the plasma and its voJamensverse two

frame optical shadowgraphy system was developed. The magnification at the focal plane of the
imaging lens was 3.4With a spatialresolution of 12 pnmanda temporal resolution of 50f0s.

The deta# of the shadowgraphy system is reporésbwhergChaurasia et al., 2010).

AN
;0‘)
0(

& Si photodiodes with X-ray filters
Y T SumNi  20pm Al

Fig. 1. Schematic of various Xay and ions diagnostics used in experiment.



3. Method of preparation of SiO, foam targets:

The preparation of Silica aerogel mainly includes three stgpkpreparation, aging of the gel
and dying of the gel Theaerayel (i. e., silica foam targetsy prepared byhe solgel process
followed by supercritical dryingh which TMOS (etra methoxyi$ang is the source of Silicdn

the first step, the hydrolysis of TMOS is done by addi®®l M oxalic acidto initiate
polymeisation Asthe TMOS is only partially miscible with wateralcohol(methanol)is added

as a solvento this solution toensure thesame phase fathe reaction to occur. Ammonium
hydroxide is used as a catalystibacrease theondensatiomeaction speedlo obtainthe low
density silica aerogels, the molar ratio of TMOS: MeOHOHwas kept constant at 1:12:4. All
the solutions (dicon alkoxide solvent, water and catalyst) were mixecitO0 ml Pyrex beaker
and the resulting sols were immediategnsferred to Pyrex test tuband closed air tightfter
gelation, the resulting alcogels were covered with methanol to prekienthrinkage and
crackingof the wetgelsAll of the alcogels wersupercriticallydried in an autoclave to obtain
the low density silica aerogels.The 25 % CH and 75 % silica aerogels (foam targets) were
produced by using the methyltrimethoxy precursor in the place of tetramethoxysilane precursor,
and followed the same procedures in making the aerogels. More details areogivee
preparation of the silica aerogels elsewh@adnk et al., 199N/ enkateswara et al., 1998, 2006,

2003).

The scanning electron microscope (SEM) image of 50 mg/cc Silica aerogelidadrmawn in

Figure 2.



Fig. 2. SEM image of 50mg/cpure Silica aerogel foanwith 25 kV electron beam and x7(

magnification.

4. Results and discussion:

4.1. Effect of target densities on soft and hard Xay yields:

When an intense laser focuses on a target, a highly denskoamdasma is produced. The
emitted radiationsarein the X-ray spectralregion. Thereaare three mghanisns of production of
X-rays in plasma i.e. freleee, freebound and bounBiound (Eliezer, S., 2002)The laser
wavelength, pde durationand choice of target mntarial strongly affects the Xay yield
(conversion factor of laser pulse ter&ys).In our case we measuréak X-ray radiation due to
freefree andfree-bound transitions usin-ray photodiods covered with different filtes to
measurahe soft and hardX-rays. The output of the photodiode signals for the soft andXward
rays are plottedvith respect tathe laser intensityin Figure 3a and b respectively. From the

Figures it can besea that theX-ray flux (Ix) scales with the laser intensityl,) at a constant
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pulse duration and wavelengthsl, = (I.), where . is constant. However, he valueof . is
calculated by slope of the graph plotted between)IM$ In(l.) and found to bd andO0.5 for
guartz and Si@foam targets respectively case of soft Xays However in the case of hard-
rays thesealues ar€.9and0.6for quartz and Si@foam targets respectivelit is observe that
the soft Xray emissior(0.9 £1.56 keV)from thelow density(50 mg/cc)SiO, foamis almost2 -
2.5 timeshigher than in solidQuartz for almost albf the investigatedlaser intensitiesand
decreases witincrease of théoam densityThe xray yield from 70 mg/cc pure Sids lying in
between solid quartz and 50 mg/ cc pure,S@am targetHowever, in tle case of hard Xay
emission 8.4 - 16 ke\), the flux from low density Si©@foam isapproximately 1.8 time®wer
thanthe yields fronthe solid quartzThe X-ray flux from thesilicafoam with compositiorf25%
CHs + 75% SiQ) of densities 60 mg/cc and 40 mgae also measuredt is observed that the
soft X-ray yield from these targetse slightly lower than the pure Sif@@am target of density 50

mg/cc andat the same timkigher than th&-ray yield from thequartztarget.

The enhancement of softray emission irthe low density foam target is maintjue to
two reasons Firstly, it is due to lower losssto hydrodynamic phenomenon (shock formation)
andsecondly and more prominenilyis due tovolumetric heating(Xu et al., 2011has done
simulationstudiesusinga one dimensional mukgroup radiationhydrodynamic code (RDMG)
andhaveshown that irnthe cae of a sub criticdly dense plasma, it is heated supersonicadlgt
no shock wave formation kas place while in an overdense plasma, the percentage loss of
energy increasewith the targetdensityandis atmaximum for the solid targetsSecondly, lhe
enhancement of the volumetbk X-ray emission is due timeinitial penetration othelaserdue
to the transparency. The dynamics of laser light absorption in low density porous material is

explained by a longhhomogeneous period during which thesests astochastic distribudn in



the lowdensity region in the plasma. As a result, the radiation is absorbed in a volume at the so
called geometrical transparency length which is determingtdxfassical collision mechanism

(Bugrov et al., 1997)asgiven in following equation:

9.2u10° A§ T2
zZ Zo ‘0t

«

LT

HereAandZ DUH WKH DWRPLF QXPEHU DQG FKDUJH RI WKH SO
wavelength of the laser light (um], is the electron temperature (keV) ands the plasma

densiy (g/cnT). From the above equation, it can be seen that the penetration depth and hence the
volume of plasma is inversely proportional to the square of the defmbigdysame can be seen

from the shadowgrapHser the quartz figure 4a <) andfor 50 mg/ccSiO, foam targetsKigure

4d-f) at a delaytimesof 2 ns and 8 ns after the arrival of the main laser putstargetsFrom

Figure 4c and 4f, it can be seen théter 8 ns of the arrival of incident laser, the lateral plasma

sizein the SiO, foam caseis 1.35 timeslarger than the solid quartit canalsobe seerfrom

Figure 4d (without laserye (2ns delay) andf (8 ns delay) the heatedvolume islargerinside

the targetgshown withdottedcircles). However, inthe case of quartztheinteraction is only at

the solid surface.
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Fig. 4. Shadowgraph of solid quartz (a) att =0 ns (b) att =2 ns (c) at t = 8 ns after laser

the targetsand for foam targets at (d)t=0ns (e) att = 2 ns (f) at t = 8 ns after laser puls

targets.The dotted circle in eadmage is showing the region of plasma.

We alsorecorded the time integrated spectrum of ions from laser produced plasma

with the help of ions collectors placedfatr different angles from target norméle. at 22.5

30°, 45 and 67.5 to verify the volumetric heating concepfthe angular distribution of the
amplitude ofthe thermalions (plasmg are plottedin Fgure 5, for two different laser shoté

same energiesn the targetsf 50 mg/cc SiQfoam and quartz targefheangular distribution of

the thermal ions are scaledR§) = P(0) co8 , wheren = 3.8 and 4.8or the foam and quartz
targetsrespectively It can be seen fronthe Figure 5, that the thermalion flux from the foam
target islargerandcloser toisotropic(hence the larger volumepmpare to the thermal ion flux

from thequartz.A similar behaviour has been obserwdd theoretical simulation donley our

group using2D Eulerian radiativédnydrodynamic code POLLUX, which is briefly described in

the next seion.
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targets for two laser shots of approximately same energy.

4.2 Simulation results to verify the volume effect:

The 2D Eulerianradiativehydrodynamic code POLLUX was originally developed to model
moderate irradiance (YdW cm®) optical and infrared laser irradiation of a solid target and the
subsequently produced strondbnized plasma which further interacts with the incitddaser
beam. The code solves the three foxder quaslinear partial differential equations of
hydrodynamic flow using the flux corrected tsport model of Boris and Book (Boris et al.,
1976), with an upwind algorithm (Courant et al., 19fi)the first term.The energy is absorbed
by the plasma electrons through inveB&®msstrahlungand distributed through electroon
collisions, the equilibration of which is determined by 8pétzer plasma collision rate (Spitzer
et al., 1953) For catulation of the equatieof-state (EOS) variables, POLLUX utilizesline

hydrodynamic EOSsulroutines from the Chaid (Thompson et al., 197®quatiorof-state

12



package developed at Sandia National Laboratode$. A This code uses an explicit salye
therefore a Courant number of ~1 has been used to increase stability where the Courant number

(C) is given by

%L 2L LA « (2)

‘e é

where u, anduy are magnitudes of the particle velocities in the respective directiok the
time step and a the cell spatial dimensionBhe ionizationand level populations are calculated
assuming local thermodynamic equilibrium, an assumption which is justified for hydrodynamic

timescales (> 1 ps).

To enablethe ray tracing of the incident las@ulse within the code, the Eulerian
mesh is suldlivided into triangular cells with the Eulerian mesh center points at the triangle
corners allowing for the refractive index and associated gradient within each cell to be calculated
via direct differencingThe refractive index is continuous across cell boundaries and assumes a
linear electron density variation within each cell. The (X, y) trajectory of each ray in the cell is
then assumed to be parabolic dependent upon the refractive injleanénits deriative (n),

given by,
L V@-AT « 3)

The parameters used in the code werepmlprized laser intensity of 1x¥bwcm? incident

onto solid quartz with a density of 2.65 g tandsilicafoam with a density of 50 mg ¢fn

The contour plot for the electron density and electron temperature at t = 1 ns after
the start of the laser pulse are shown in figurét @an be seen from the figure 6 thia¢ plasma

expansion differs greatly between the two targets with the foamttacgeating much larger

13



lower density plasma. It proves that the enhancement is due to a volumevbieethe foam

target hasa much greater volume of emitting plasma which is in condisteth the results

obtained by shadagvapty andtheion collector

Mass density

(g/ce)
Si0, - solid

- 3,000

0,241

(a)

Laser

—

0,019

Distance (um)
o

o® 0m4 006

Distance (um)

008 0,10

Electron
Temperature
(eV)

SiO, - solid

Distance (um)

0.10

000

o2 04 006

Distance (um)

008

0,12~
Mass density

(g/ce)

SiOz - foam

-

0,104

B

0006
0,003

¥

Distance (um)
o
®

B

000

g

0.0
Electron
Temperature
(eV)

SiO, - foam

oo 0n4 006 008

Distance (um)

o
]

Distance (um)
o o
2 B

o
B

o
8

002

op4 006
Distance (um)

Fig. 6. (ab) Contour plots for solid quartz and Sifoam for electron density. {@) for electron

temperature after a delay of t = 1 ns with respect to the start of the laser pulse on the targ

4.3 Estimation of plasma parameters withK -shell spectra

TheK-shell spectra ofiliconin quartzand SiQ foam targets are recordedth the help of TAP

crystal sepctrometeras shown inFigure 7a and b The crystal spectrometés optimisedto

measure théde-r line (1$-1s2p), the intercombinationline (1§ Sy1s2p°P;) andthe Li-like
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satellite of He. O L(T¥Pp-1s27). These lines are importafdr determiration ofthe plasma
temperature and densityflhe plasma temperature and dens#ye estimatedy taking into
accountthe ratio of the dielectronic satellite of He line (i.e 182p-1s2g ) to its parent
resonance line i.e He line(1-1s2p) and intercombination line (1'§,.1s2p®P;) to He r (15
15,.1s2p'Py) respectively.For determination of temperature and density, simulasararied
out usingthe FLYCHK software (Chung et al 2005)which generates synthetic spectrum
which is matched withthe experimental datafter severalteratiors for arange of temperatuse
and densies The experimentalspectramatched with FLYCHK for Hdike lines of the Silicon
in the quartz target & = 180 eV, T, = 1000 eV = 0.009,n. = 7 x 1F°cm™ and for SiQ foam
at T, = 190eV, T, = 800 eV, f = 0.01 andche = 4 x 1¢°cm™® asshown in the Figte 7aandb,
where T, and T,, are the cold andhot electron temperatunespectively f is the hot to cold
component fraction anak is electron densityThe amplitude of the line emissi@lower inthe
case ofthe foam target, which is due ®lower plasmadensiy as can beseen from simulation
resultswherethe density othe foam plasma ist x 1G° cm™. The hot electron temperature is
lower and the value dfis higher inthe case of foam targets, which indicates lower hamh)x

emission than the solid quartz as showrigure 3b.
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Fig. 7. Experimental spectrum matched with FLYCHi& He-like lines of the Silicon in the(a)
quartzat T, = 180eV, T, = 1000 eV, f = 0.009 and. = 7 x 10?°cm* (b) SiO, foam at = 190

eV, T,=800 eV, f = 0.01 andd¥ 4 x 1G°cm?.

4.4 Conclusions:

A comparison ofsoft and hardX-raysflux from quartz and low density Sjdoam target is
done Pure SiQ foam with density 5& 70 mg/cg and(25% CH; + 75% SiQ) of densities 6@&
40 mg/ccare usedTwo X-ray diodes withdifferent filters are used to examiné-ray emission in
soft ((0.9 £1.56 keV) and hard Xray (3.4 - 16 ke\) regions.An enhancement of 2.5 times in
soft X-ray emission and a decrease of 1.8 times in harayXemission for 50 mg/cc Sj@oam

is observed compared to the solid quartz. ibmecollectors data show that, then flux from
the solid quartz is found to be more directionahereasfrom SiO, foam, it is nearly isotropic .
This behavior was attributed to the volume effecivhich has beenfurther verified by

shadowgraphprofiles of the plasma plume at two differertme scalesduring the plasma

16



evolution(2 ns and &is) and simulationSimulations with a 2D hydrodynamic code POLLUX
supported thendication ofvolume heating oplasmabeing the cause for the change irray
emission For determination of the plasma temperature and densg@gpectra including Héke
resonance line along with satellites and intercombination of Si plasena matched with
synthetic spectrum gemated by using FLYCHKor both quartz and 50 mg/cc SiCfoam
targets The calculatecblasma parameters are7180 eV, T, = 1000 eV, f = 0.009,d¥ 7 x 16°
cm® and T =190eV, T, =800 eV, f = 0.01 anddF 4 x 1G°cm? for quartz and Si@foam

respectively.
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