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JlazepHoe BO3aeNCTBME HA MULLIEHD,
YHOC BellecTBa (=abnauus), e
Ba OCHOBHbIX MexaHn3ama abnauymm:

ncrnapuTenbHbIU N OTKOJIbHbLIW

(npepnoxeH B UT® um. J1.1. Jlanpay aecATb net Ha3an)




[1Ba HOBbIX HanpaBneHus paboTbl

(no cpaBH. ¢ poknagom Ha cemunHape UT® B anpene 2009)

e Bo-nepBbiX, OKa3bIBAETCS, YTO PEXUM C OTKOSIbHOU abnsaunen
asngeTca ocHoBHbIM ans XRL (B yacTtHocTu, anga XFEL).

« XFEL = X-ray Free Electron Laser, XRL = X-Ray Laser

* Bo-BTOpbIX, OblNa NpeasioXxeHa n cemyac BbIMOSTHAETCS
nporpamMmma rno akycTu4eckomy 30HOANPOBAHUIO TOrO, YTO
npoucxoanT B crnoe asyxrtemnepatypHou ( = 2T ) penakcauyumu.
30HOMPOBAHWE 3aKnNO4YaeTCcq B onpeaerieHnn peakumm
TbISTbHON CTOPOHbI TOHKOW MNSIEHKN Ha 0DSly4YeHme C
dopoHTanbLHOU CTOPOHbLI. PopMa aKyCTUYECKOU BOJIHbI
3aBMcuT oT xoaa 2T npoueccoB Ha 2T ctaguu, korga T, > T,

+ \CBepst

Cbpénb TbiNbHas

Has CTOpO
CTOpPO Ha
Ha

Baa 2T

cTtag doopmMmpBHME

npog AaBrieHns —

CBPX3B. NNaBNeHNe: PacnpocTpaHeHue

OKOJ103B. aKyCTMYECKOM [MpnbbiTHe

yBenu4yeHue BOJTHbI cMetieHne ThbINTbHON

ya.o6bema Ha ~ 10% rpaHuLbl, PUKcaLMs CMELLH.



(1)J1azep (3)> (2)BelecTBO/MULLEHDL

(1) XapaKkTepuCTuUKK nasepa:
OnuntenbHocTb tau L

[1nnHa BOmHbI

dntoeHc [Mx/cm?]

(2) BewecTBO:
[nanekTpukm
[TonynpoBogHWKK
MeTannbl

(3) MNMpouecc:

OTKonbHas abnsauusa — «yHUBepPCcanbHOCTb»:
oT UK oo PeHTreHa (nuwb Obl BbINOAHANOCH tr < 1)



Nasepbl IK 1 Buanmoro ganana3oHoB

XapakTepucTukKu nasepa

[OnutenbHOCTb tau L. deMTO - NMMKOCEKYHAb
[1NnnHa BOMHbLI. COTHN — TbICA4YX HAHOMETPOB
dntoeHc: nopsgka 1 [Dx/cm?]

BelwectBoO

Ouanektpukn  (He suosim OA — nouyemy? Omeem uepes cmparuuy)
NMonynpoBoaHUKN (8udssm ebipakeHHyro OA)

MeTannbl (eudsim ebipaxkeHHYr OA) (nogamov,

Zhakhovskii, Ashitkov, Khokhlov, Petrov et al., App |.Surf.Science,2009; Zhakhovskii, Inogamov,
Petrov et al., Appl.Surf.Science,2009)

[Mpouecc
OTtkonbHaa abnauna (= OA)




VUV/E UV — XRL (NpMepbl Yepe3 HECKONbKO CTpaHuL)

XapaKTEPUCTUKM Nnasepa

[OnutenbHOCTb tau L. deMTO - NMMKOCEKYHAb

[nnHa BonHbl: 1 AHrCTpeM — AeCATKM HAHOMETPOB (0.1-10 kaB)
dntoeHc: nopsgka 0.01 - 1 [[x/cm?]

BewecTtBo

[naneKkTpukn (Ha ceiyac ectb npumep c LiF: Inogamov, Faenov,
Khokhlov, Zhakhovskii et al., Cont.Plasma Phys.,2009; Faenov, Inogamov,
Zhakhovskii, Khokhlov et al., Appl.Phys.Lett.,2009)

[TonynpoBOAHUKM

MeTannbl (B HacTosILLLeE BPEMSI TOTOBATCA MccrneaoBaHus no obnyyYeHuto ¢
nomoulsto PJ1 metannos n nonynposoaHnkos B KPSI JAEA, Kioto)

[1lpouecc
OTKonbHaga abnauns




dun3snka nornoLleHuns J1a3epPHOro nasny4yeHus

e MeTannsil, nostynpoBOAHUKU, OANIJNTEKTPUKUN — OTCYTCTBUE NI
Halint4yne 3anpeu_|,eHHO|7| 30HbI Eg N 3aloJIHEHNE 30HbI
NnpPoBOAVUMOCTH

o [lorrnoweHne MArKMX KBAHTOB C 3HeEprmem h*nu MeHbLLE Unn
nopsifika LWMpWHbI Wwenm E (MK, Bnanmein ceeT). [InnHa
norfoweHnsa: metansbl NPOTUB Nn/4 NonynpoBoaHMKOB (Mn) v
OV3NeKTPUKoB (a). B meTannax Bce npocto — AnuHa
NOrnoLeHns nopsaka ToONWNHbI CKUH-CII0A U Marno MEHSIETCA C
Ha4vasriom nasepHoro Bo3gencTeuda. B nn n g nornowexHmne — 31o
CITOXHBbIN NPOLIECC, CONPOBOXAALLMNCA ONTUYECKM NPpoboem
N «NOTEMHEHNEM» = YMEHbLUEHUEM OJTMHbI MOrMNOLLEHNS.

e [lornowieHne XXeCcTKUX KBaHTOB C dHEPIrMeEN, NpeBbLILLAOLLEN
XapaKTePHY aTOMHYIO OCHOBHOIo coctosHus (BY®, PeHTren).
[1pn Taknx h*nu norroweHne NpoLle — HET «KNOTEMHEHUSI»
ANHa norroweHns crnabo 3aBUCUT OT COCTOSIHUA 3MNEKTPOHOB
Ha 9Hepruax nopsiaka aHeprum OCHOBHOIO COCTOSAHMS.




Markue kBaHTbl U Nn/g

B meTannax B 30He NpoOBOAMMOCTM 3NEKTPOHOB MHOIMO — ninasmMeHHas
YacToTa omega_pl Bbllle cBeTOBOW YacToTbl omega L MArknx KBaHTOB —
nornoweHne naetT Ha TonwmHe cknH-crios 10-30 HM 1 He MEeHSIeTCH BO

BpeMs eUCTBUA YNbTPaKopoTKoro nasepHoro nmnynsca = YKJIU (xors
KOJIN4ECTBO 3JIEKTPOHOB B 30HE NMPOBOAUMOCTUN MOXET BO3pPacCTn n3-3a NoOHN3aummn 13
BaflEHTHOM 30Hbl, HO 3TO HE CylWleCTBEHHO AJ1A4 AJINHbI I'IOFJ'IOLLI,eHI/IFI).

B nn/g B Hayane YKJIN, T.e. npu KOMHaTHOW TeMmnepaType, B 30He
NPOBOAMMOCTM 3IEKTPOHOB Maro — nra3sMeHHasa Yyactota marna rno
CpaBHeHUIO C omega_L — annHa NorroweHnst Bennka — MKM 1 bornbLue.

» B xope Bo3genctBus goctatodyHo mowHoro YKJIW Ha nn/g ynucno
9JIEKTPOHOB MPOBOAUMOCTM pacTeT M3-3a KOMOMHaLUK
MHOrOPOTOHHON/TYHHESTBHOM MOHU3ALMKN N NaBUHbI (MOHM3aLNS
9NeKTPOHHbIM yaapom). CooTBeTCTBEHHO pacTteT omega pl. Nocne Toro,
Kak omega_pl nepesanunBaeT yepe3 omega L, pe3ko CHWXaeTcd anvHa
NOrnoLweHnst — CUTyaumns no NorrfoweHno B Nn/g HauMHaeT BbITb CXOXen C
MeTannamu («metannmaauma» nn/g). CHKeHne OnvHel NOrfoweHna Bollle
Ha3BaHO «MOTEMHEHNEM.



Msarkmue KBaHTHhI, I'II'I/,EI,, MeTaJ'IJ'II/I3aLI,VIF|/I'IOTeMHeHV|e
N Pa3HULUA MeXAY T (nonynposoannkn) N [ (ananektpukm)

[Mo mepe Bo3genctauma YKIIN aHeproeknaa E (t), O <t<tau_ L B MuweHb
Bo3pacTaeT (Bo3pacTtaHme 06bEMHON NANOTHOCTU NOrfOLWEHHON SHEPTUN B
TeyeHue YKIIN). Iyctb E; = E(t = infinity)

LleHa meTannmnsauyum no sHeproskragy: cpaBHeHWe nn v 4. B o wenbs wupe,
NO3TOMY, YTOObI 4OCTMYb MeTannM3aunm HeobxoamMmMo BNOXUTb BosbLe
9Heprmn. [pn 3TOM TEMNIIOEMKOCTU, TEMMNepaTypbl NNaBfieHUS NN n 4
oTnum4yaroTca mano. [oatomy nNo OCTMXKeHUN MeTannnsaumn g (AnaneKkTpuk)
ropsa4dee, 4em nn (NonynpoBOAHMK).

[1na oTKONbHbLIX ABNEHUN Heobxoanmo, YTobbl 3HeproBknaa E, Ha atom Obin
nopsigka aHepruu Koreaum E_,, (Tennorta cybnumauummn). B g (auanektpukax)
Mo AOCTWXKEHUU MeTannu3aunmn sHeproeknaj Bbille, otHoweHue E /E_
BosibLue, N0O3TOMY OTKOSbHbIE SIBNEHUS MEHEE BblpaXXeHbI.

OTO OTBET Ha BONPOC, NoOYeMy B MM U MeTannax akcnepumeHTaTopbl BUAAT
OA, a B o (ananektpukax) — HeT. CkazaHHOe O3Ha4yaeT, YTo B [
(ananekTtpukax) OA npucyTCcTBYeET, NPOCTO 3adpMKCUpPOBaTL 3TO CIIOXKHEE.



Bblpa>KeHHOCTb OA (OtkonbHas AGnaums):
cpaBHeHMe oTknuka Ha YKIIM y nnn g

e [lopor OA: OA — 3TO NOpPOroBoe sIBfiEHME

o OrTcroga cywecTtBoBaHMe Kyrnona u Koneu HbI-OTOHa r|p|/| yMepeHHbIX
3HaveHuax E, /E_, ..

/ Main laser

« B [ (OManekTpkx) He BUOAT KoneLw, & AP B

« 3amackumpoBaHHoCcTb OA: BHellHe OA r|p|/| 3Haql/|TeJ'IbeIX JE_ o, CXOOHO C
ncnapeHnem. Ho npu ncnapeHnn nepexop B AsyxdasHoe COCTosHNE
npouncxoanT noTom (nNocne ucnapenusa/adbnaummn = yganeHus ¢ noBepPXHOCTU
MULLEHW) BCrieacTeue koHgeHcaumun. Torga kak npu OA pparmeHTaums
MMEET MECTO B NMpoLEecce OTpbIBa OT MULLEHN. TO €CTb 3KCNEPUMEHTOPI
NPOCTO HE MMEIDT CPEACTB Ha ceroaHs 3adpmkcupoBaTtb OA pparmeHTaumo
npu Bosgencteun YKJIIN Ha g (ouanekTpukn).




CpasHeHne OAynnu g
o KoHaeHcauus npun ncnaputenbHon abnsaymm
o OparmeHTauus npm OA =0TKONbLHOW abnAunK
e CrTteneHb oparmMeHTaLmn B 3aBUCUMOCTU OT BENUYMHBI E /E

—

coh

B /Eeon ‘ Met A {Met nn E

Ty=5, 3, 2, 1.25. 1 MDE
t<t z/c
1000 F ;,f; 5 -
>4 800
EL/Ecoh
HeBEeInKo
600
t>1 400
EL/Ecoh
oonbLue
200

68

Z, nm

204

136

N




XRL

 High order harmonic generation by high
Intensity femtosecond IR-vis laser pulse

 Transient-collisional scheme

* Osclllations of free relativistic electron beam (X-
ray free electron laser, XFEL)



The European X-Ray Laser Project XFEL

=== i

i
puropd et he Rdilyeniise projest SFEL
The Eunmpeas N-ray lar peossct XFEL

The X-ray laser is an 3.4-km-long facility which runs
essentially underground and comprises three sites above
ground. It will begin on the DESY site in Hamburg-Bahrenfeld
and runs mostly underground to the XFEL research site,
which is to be erected south of the town of Schenefeld
(Pinneberg district, Schleswig-Holstein).



XFEL, Japan

In x-ray free electron laser (XFEL) application, the an  alysis of
three-dimensional structure of single bio-molecules IS one of

the critical issues.

Electron density distribution of bio-molecule (three-
dimensional structure) is obtained from diffraction pa ttern

through elastic scattering.



NMapameTpbl XFEL.:
abnauma nonapaet Ha OA peXxum
tau L =10-100 doc ( = YKJIN)
Attenuation depth (Al, Si)

dT, um 0.03 2 100

Energy of pulse, N;.,, ~ 10?2, Ep ~ 1-10 mJ
dokycupoBka, nATHO nopgaaka 100 MKm
dntoeHc nopsaaka 0.1- 1 [x/cm?,

t. ~ 0.2 HC MHOro 6onblle BpeMeHU TepMmanusauum
MOHN3O0BaHHbIX 35IeKTPOHOB > abnauua YKIIN
XFEL npet yepe3 OA (gonopor OAns XXecTKux
kBaHTOB 10 K3B)



Pump-pobe mukpouHtepcpepomeTpus
— KakK cnocob cBepxObLICTPOro akyCtu4eckoro 3oHAUpoBaHUA

— sSm#120, Al=399.8; 0r=91.8 nm,T=3.5 kK
° CBe X3B KOBaﬂ 2T CTa Mﬂ _ — sim.#118, Al=300.6; dt=91.8 nm,T=3.5 kK
P y A — sim#121, Al=300.6; 0r=67.0 nm,T=3.5 kK
CbOpMI/IpOBaHI/Ie I'IpOCbI/IJ'IFl o sSm#122, Al=300.6; 4;=91.8 Nm,T=3.0kK |
OaBlieHNA — CBEPX3BYKOBOE i x x %
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NJ1aBneHne: OKONO3BYKOBOW
NpoLecc yBeSIMYeHUs
yaernbHoro obbema pacnnasa
(ecnu cpaBHUTbL C yAenbHbLIM
obbemom TBEpaOU a3kl rnpu
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times nce arriving of shock & (ps)

CBepx3eoBas 2T
+ ctag dopmMpBHME
/ \ npog AaBneHnsa —
®pbHTanb TbinbHan  CBPX3B. MIABNEHUE. PacnpocTtpaHeHne
Hasi ctopo OKOJIO3B. akyctuyeckon IpnbbiTne
CTOPO Ha yBenuyeHue BOJTHbI cmetlieHne ThinbHOM

Ha ya.06bema Ha ~ 10% rpaHuLbl, PUKcaLMs CMELLH.


















CONTENTS

(1) Spallative ablation (SA) as a separate independent
mechanism of ablation. The main competitor Is
evaporative ablation

(2) The kernel of SA Is: fast heating = increase of P
- reflection from boundary = creation of P<0 -
excess of material strength

SA from IR to X-rays = (3) and (4)

(3) Classical example: (IR-visible) <->(metals or
dielectrics) = pair (laser) < ->(matter). But never (IR-
visible) < -> dielectrics (width of a gap is important)

(4) New example (= this Report): X-ray <> dielectrics



Evaporative vs Spallative Ablations

 Evaporation : P, ~exp( - E.o/T ), E.qp; Single-atom
breakaway (but mterna boiling); may be steady (long
pulses -continuous evaporation)

o Spallation : energy concentration to begin breakaway
is ~0.3*E_,,,; breakaway of a piece (many atoms in this
piece) takes place; it can not be steady.

 The coefficient ~0.3
corresponds to metals, it — —
may be smaller for such
brittle material as LIF.

Density profiles for evaporation (two profiles above: low
and high intensity | cases) and for spallation (the bottom
profile). Evaporative profiles are monotonous

As | increases SpAbl and EVAbI profiles become similar
Laser light comes from the right side

EvapAbl is obvious

While SpallAbl needs some explanations = next page X

P(x, t=tfix )




Spallative mechasim: how it works

* (1) Temperature rise — it should be fast! How
fast? Faster than sonic relaxation

* (2) Pressure rise

e (3) Acoustic relaxation: decomposition into
waves - wave reflection from vacuum boundary
of a plane target - reflection creates negative
pressures (tensile stress)

Strength of material: abllity to resist to
stretching and tensile stress. Limiting strength.
Sharp ablation threshold



(1), (2) Fast temperature rise.

If 1t IS fast then P also increases

e Thickness of
the layer
heated by
laser is d-

e Sonic
relaxation
timeis t, =
d; / Cq

* Fast means
that duration
of laser pulse
tau, Is
smaller than

t

S



(3) D’Alembert waves

* Acoustic decomposition: solutions of the wave
equation d,P — c°d,,P=0 : P=P,(x+c*t)+P_(x-c*t)

* Reflection from boundary with vacuum: therefore there
are three waves: left, right, and reflected

\ Pr+|

p <« &
\
AN
: P>0 ~
right ~
<Ieft #\ g) T x=0

P>0 P¢<O \ ”
;

“Ptens



Limiting strength of material

. Ptensnehimitmg_ This Is why there is a sharp
threshold F_,, for spallative ablation

 Rupture takes place at a finite depth under
vacuum boundary, therefore a finite piece
of removed (=ablated) material appears

Fo>Fq

v — | T
N




Laser &<—-> Matter

Laser: * Matter:
Duration e Metals
Wavelength IR €-> X * Semiconductors
Intensity / Fluence * Dielectrics

The mechanism of spallative ablation (SA) has been
Introduced previously for |IR-visible range lasers with
short pulse acting on metals and semiconductors

This gives remarkable results briefly listed in the next
page
In this report we for the first time apply spallative

ablation (SA) for absolutely different laser / matter
pair : X-rays / dielectrics




(IR-visible) laser > metals or dielectrics

* Introduction of spallative ablation (Inogamov et al.,
1999) solves the puzzle of Newton rings observed in
pump-probe experiments at all metals and
semiconductors (universality of this phenomenon),
Sokolowski-Tintev, von der Linde, et al., 1998

e Owing to this mechanism combination of two-
temperature physics together with thermodynamic
propertles of condensed material becomes important

 The mechanism explains existence of sharp ablation
threshold

» The laser plume has unusual shape with flying cupola
around liguid-vapor mixture. Cupola remains in
condensed state. Therefore density profile in the
plume is non-monotonous

e Near threshold irradiation forms nanorelief at surface




Example of Newton rings
and explanation why they appeat™

 Interference between the light wave reflected -
from cupola and the wave reflected from the
bottom of the crater creates Newton rings

 This phenomenon is very unusual. Spallative 0
cupolas have been observed in laser experiments
(Krasyuk, Pashinin, Fortov et al., 2002; Eliezer et

al., 2002) _ _
e Butthey were at rear side of a foll pEEEEs

(our cupola is at a frontal side) and®=
they were thick . Our cupola wall .;E‘r

itis transpare

Two pictures here are
vertical cross-sections.
The third picture is
taken from above. The
laser spot has an
Elliptical shape at a
target surface / M lger




Example of nanorelief

* Near spallative ablation threshold matter can not decide to run-
away or continue to be sticked with bulk

* In this case thermal fluctuations become significant — matter
passes through metastable stretched state where thermal noise
Is amplified and enlarged. This produces miniature bumps and
wells. Their space scales are ~ d;~ 10-100 nm

« Middle (the left picture) and late (the right picture) stages of
formation and freezing of nanorelief. This stage is indeed very
late (ns time scale). Difficult long MD simulation is necessary to
achieve this stage




X-rays -> dielectrics

Our case Is: 90 eV photons, tau, = 7 ps, Fluence =
5—10 mJ/cm?

Absorption, attenuation length in LiF I1s 28 nm

Photoionization, primary ions are single charged
(Z=1) Li 1s2s, F 1s2 2s 2p5. Z mainly =1 because
lon concentration is low (~ 1%)

A

Auger recombination
from primary ions to

Z=1 ions with a hole u, | SOGGe- 0000 —C
at external electronic —
shell Auger




Kinetics of secondary ions u;,
. | ©00ee- 0000—
* |lons gradually disappear as result of ’

N N = ﬁ
cooling of initially hot electron subsystem Auger
due to energy transfer to cold atoms vV eo—0— —e—e—
dr"‘ﬁ'.-" dt = U [ Uiy T VimpTle = Hrnc-"-"-gl' ":'I o ”'_I[ '-.r‘.FG'TT It ,.:'_1.' E}ZIJ{'JLI'} TE :'.

dE? /dt=Q—E.,., E' =noup+FE.. E,=(3/2)nT.,

£

CdT,,/dt=E,. C=6kgn. n,=6:-10%cem™3. E_ =AE,_

* Qlu;, Is a X-ray source of free electrons, nu;,, =<v*sigma>n,, Is
a frequency of ionization by an electron impact, kappa,.. IS a

coefficient of three body recombination

« E_Sis total energy of electron subsystem, it is a sum of potential
and thermal energies

e dot E__ Is an energy exchange rate between atomic and
electron subsystems. This is the only term taking away energy
of electron subsystem — radiation loses are small at our time scale

rec



Energy transfer from X-ray photons
to atoms through electronic subsystem

Increase and decrease of free electron population: influence of
lonic potential u,, Is rather small, while influence of the
coefficient A in dot_E__,=A*E_ is rather significant. The rate

dot_E._, Iis connected with almost elastic collisions of the
conductivity band electrons with atoms

This is solution of ODE for {n,, T} neglecting acoustic effects

18 ST % | —— 1:ug=14 &v, &, =2"10"" 2.5 1F T P —
T, . BY Ta. KK i * s |
i /N\ —— 2:ug=14 8V, Ag=8"10 - = <A /,./‘
f’ﬁ““* 1
i ! uz=25 a¥, As=2T101 2 |-
ke ' o n - 1.7 .
1.2 | — 4 Laser source Q(t) [a.u] i / 4 RHL o8 1
| T II'-. % . | I|I
.y 1.5 —p—Hh il > | [ [ I
o : \ '|II -k""-\_h“ II
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T 1 | | | |
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Combination of kinetic, thermal, and sonic effects

d E oo
g P H-E g +
" B 0 7 R s Pegme T Bro

,z:l.':' /Ot = — ap, TG

a° du 3, L oK. 0T, \I

&l

ﬂna{EE;;:ﬂj‘ IE-;I!L = !..II::II-II.I:II::I-::IEEE P pﬁta?i; E;ITD = By [a-aIﬂﬁlllilp.b‘:Ef II']I:I::IE;ITE;E .-:{-il:-fn;l

« System of hydrodynamic equations: two thermal egs. for E, and
E_. and eq. for momentum

 We neglect here equation for ne

- Corresponding space homogeneous eq.is E, = () — AE.
 We call this eq. {Ee}

It has main terms: X-ray heating Q and e->a cooling



Comparison of {ne. Te} and {Ee} eas
dn, /dt = Q/up + Vi, -, Q= (F/(\/mdy ;_I“IE:aLpl—t ,'T}J
dES /dt=Q—E,,. Ef=n.us+E,. E =(3/2n.T..
CdT,,/dt=E,.,. C=6kgn. n.x~6-102%cem=3, E_ =AE,

The worst case with small A and therefore slow e-a
— () — _,-1_EE energy transfer is shown. Conclusion from this
) comparison is: the {Ee} approach may be used for

estimates of pressure amplitudes




Equation of state (E0S)

EoS is necessary to simulate energy absorption (heating)

together with dynamics

We compare EoS for LiF and Al from the cite ..\rusbank created
by Khishchenko, Lomonosov, Levashov, Fortov, et al.

In our form of presentation
of equations only P, and E_;
are used

P = G*E_, and P_(rho, T=0)
are similar for LiF and Al
(G=Grueneisen parameter)

Therefore we use EQOS fo Al
to simulate LIF

The only open question
concerns the material
strength for LiF

LiF is brittle material —its strength should be small
in comparison with metals

P [GPa]

40

20

-20

Material Strengths
of Al and LiF

e Al from Rose E0S
\— LiF from wide-range EoS/

—

he range of strengths

far vetal or hontid-Al
HO it T o7t

or
Cryot \P4 Y

t high strain rate (dot V/V)

Y
A
”
LiF
\ LiF strength
0.8 1 1.2

VIV,
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Compression and expansion of X-ray irradiated LIF

« Total pressure P is a sum of partial pressures P, and P,,. P, =
(2/3)*E, since free electron concentration is small ~1%, and
therefore degeneracy and non-ideal effects are weak

 The worst value for e-a exchange A is taken

» We see that acoustic relaxation is rather slow — it takes several
acoustic times t,=d;/cg, d: =28 nm, c,=06Kkm/s
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Appearance of tensile stress in irradiated LiF
We see that acoustic relaxation is rather slow — it takes several
acoustic times t,=d;/c,=5ps
Therefore formation of negative pressures is significantly

delayed. Compression wave propagate deep into bulk when the maximum negative P is
achieved

The maximum value of tensile stress iIs achieved at a depth
appr. 50 nm. This corresponcltlzs well to the experimental value
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Experiments

* Experiments have been performed at the XRL
facility at JAEA Kansal Photon Science Institute

Mo/Si multilayer
spherical mirror (f = 525 mm) I

X-ray laser beam
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LiF detector



Experimental results

 Measured ablation threshold is surprisingly
low! Only 10 mJ/cm 2. To understand that
this Is Indeed unexpected it Is enough to
compare this threshold with typical
thresholds of several thousands mJ/cm?
for dielectrics for IR-vis. lasers (fs-ns
duration) and with 100 mJ/cm? threshold
for X-ray 1.7 ns laser - duration is
iImportant (our XRL has tau, = 7 ps)

* The crater depth is approximately 50 nm




Experimental technique:
how the threshold has been measured

Very powerful and careful diagnostic tools have been used

Energy distribution in focal spot has been defined by using the luminescence
of stable color centers formed by XRL radiation

Ablation threshold is extremely a) Luminescent image
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Conclusion

 Experimentally very low ablation
threshold has been found

 Theory explains this as transition from
evaporative to spallative ablation



