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o 1st; Introduction to WDM experiments with
Lasers: History, fundamental physics to
understand USP-laser interaction,

» 2nd; Techniques for measurement of WDM
condition, creation of WDM with laser, advantage
and disadvantage,

« 3rd; advanced technique, future plans,




Introduction

Solid surface heating with lasers
Absorption measurements
Pump probe measurements
Interferometer

Nonlinear optical measurements
Scattering measurements

Laser produced
Warm dense matter condition

How to create? What are key points?




Warm dense matter

Material properties between solids(liquid) and plasmas &

*Chemical force(condensed matter) ~ '6\ @@

Coulomb force(ideal plasma) Iog T[K] R :3 o
* Degenerated electron plasma P =1Mb /@09\)}0’ .

(Giant planet interior material) 6 [ tota—VIDAr A
*Strongly coupled plasma Q)\o‘\%‘f"‘
*Metal-insulator transition(minimum
conductivity, similar to Anderson transition?) | jonizatigl . —+ ] 2 S
*Two phase region [gas and liquid] 4= P2

(droplet or debris formation) R
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.There is a lot of new physics and
P many uncertain phenomena.

Variety of WDM experiments
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Variety of WDM experiments Laser shock (solid and form)

lon beam

N

Distance, micrometers

USP lon beam

VUV or X ray laser

jopm Solidsample  short pulse probe |
FEL + p
+—
1m Fm Target @@:—-

Where do you want to go?
What topics are you going to discuss?
Is it possible to measure the physical parameters?

2  Strongly coupled condition
ot u% Fermi degenerate condition
o /.7
Lo, & "M-NM transition
Negative positive 07 (7/.9 by, 57,7 _
ions plasma - 80/76,8@ che melting
. . I~ ) e boiling
Critical points study — &
new phase
2¢ transition

Start points:
Solid, liquid, gas, low density foam?




Laser heating

Guide line for heating intensity

USP laser absorption measurements
(D.F.Price, et al.,PRL, Vol.75-2, 252 (1995) )
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Warm dense matter

Laser heating

1. Easy to heat up WDM temperature

~10%W/cm?, 10um¢, 100fs => 10uJ
at 1kHz, only 10mW laser!

10nJ from Kerr-lens mode-locked oscillator
3mJ from CW pumped Regenerated amplifier(300kHz RegA-9000)
3ud from fiber fs laser(200kHz IMRA-FCPA)

We will produce WDM with a “Lunch box size laser”.

High repetitive experiments
=L arge photon number
—=Excellent S/N ratio




Laser heating

2. Interaction (how to absorb pumping laser energy)
Metals joye heating (Inverse Bremsstrahlung )

Even with Al, about 8% absorption at room temperature.
10B¥W/cm?/ 10hm => E, ~8x10Y"W/cm?3!

Dielectric materials
Regonance, multi-photon absorption
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Laser heating DAC
How to heat P
1. Direct illumination (thickness > skin depth ) .
2. Thin foil heating (thickness < skin depth ) S. Japel, etal., PRL. 95, 167801 (2005)
3. Conversion from NIR laser to shorter wavelength photon
4. Tamped by transparent material Laser Reflectivity Probes
: (6 & 45 deg; S & P Pol)
5. Low density form? o Aluminum
6. Pre-pressured (diamond anvil cell) \ Laser Interferometer
ati ™ Emissi
: Loser . Spectrometer
Penetration depth /f_.
\ / Streak Camera
. :."‘. Deryliam S0y ~
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Hand book of Optics, McGraw-Hill NASA Web site:http://stardust.jpl.nasa.gov/photo/aerogel.html




Laser healing - zpqorped energy measurements

1. Incident energy measurements

Assumption: good absorption at WDM region
(DUV, EUV, XUV lasers)

2. Measurements of specular reflected light
Assumption: smaller re-emission and scattering

3. Integrated sphere + bolometer

integrating

he
transparent sphare
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7

{ -
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D. Partouche-Sebban, J.L. P elissier, Shock Waves (2003) 13: 69-81
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Sub-ps pulse power type X ray source with synchronizing usp laser
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FIG. 4. A static diffraction infensity curve as a function of diffraction angl
(pixel distance from the center beam) from a 400-A Ag film recorded with
the FED system. Inset: The shift of Bragg peaks of (220) and (311) as :
function of delay time after femfosecond laser excitation at fluence o

6 mJ/em®. The time step is 600 fs.

J. Cao, et. at., Appl. Phys. Lett., vol.83-5 (2003) p.1044
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FIG. 1. Schematic of femtosecond electron gun used in FED system.

FIG 3. Left panel: Diffraction image of Lag gSrp,MnO; in [100] direction
recorded with ~4 107 electrons. Right panel: Diffraction image of 400-A
Al film taken with a single electron pulse with ~-4000 electrons
(~ 700 fs). The ring in the image corresponds to the (220) Bragg peak Each
bright spot in the images represents a single detected electron

Photoelectron spectrum of Hg
(band gap information)

(single electron detection)
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FIG. 2. Photoelectron spectra of Hg ,, in the size range of
n = 3—250 taken with 7.9 eV laser excitation The spectra are
scaled and truncated to show a constant intensity of the single
peak of the detached Gp electron. The fine structure of the 6p
peaks is due to statistical scatter of photoelectron counts.

Phys. Rev. Lett. 81, 3836-3839 (1998)




Combination of optical probe with X ray diffraction
De|ay¢/’\

Optical pump
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FIG. 1. X-ray diffraction efficiency (integrated reflectivity) Calculated Temperature [K] y
versus delay time. Infinity symbol: measurement a few minutes
after the pump pulse. Insel: integrated reflectivity for an ex- . .
tended time span. Dashed line: meli-front velocity of 850 m/s A. Cavalleri, et al., Anharmonic
for rapid thermal melting. Lattice Dynamics in Germanium
Measured with Ultrafast X-Ray
Diffraction, PRL, 85-3, 586(2000)

For highly repetitive WDM experiments, smaller pump energy is preferable due to the
debris problem even with moving debris shield.
=> Precision of pointing and beam quality for pump probe system should be increased.
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Laser heating y;an1y precise auto-alignment system is needed.

transmission Image of front camera
grating

Image of alignment beam
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Laser heating

High precision data is obtained with high rep-rate plasma experiments
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Lower energy ion beam also creates
high energy density condition

comparable to USP lasers.

lon beam| -

100pm

Mean free path <~ 1um

USP laser lon beam 2MeV, 100mA/cm?2
1013W/cm?/ 10nm 5us
=>104
=> E,,~8x1017W/cm?3 x 10135 =8x104J/cm? >10%fee

abs

Laser diagnostics for WDM study
Laser diagnostics has a lot of potential

sUltra-fast measurements (<100fs)
*A lot of excellent detection systems (~visible and NIR)
*Good optics and easy to install
*Easy to change different quantum beams
((higher) harmonics, beams, ..)

*Optical (AC) conductivity
*Energy states related to the outer orbital electrons
*Chemical bonding or band gap feature (at the resonant frequency)
*Other wave detection with wave coupling mechanism

(acoustic wave, plasmon decay...)
*Many effects can be used such as Faraday effect
*Re-pumping will be utilized
sCoherent detection (phase measurements)
*Holographic and CT measurements

O Pump-probe experiments




Reflection pump-probe experiments
What optical electromagnetic waves see

Reflection at sharp boundary - (+1k)-1_ %ﬂ«?z -1
Impedance mis-matching (N+ik)+1 g +ig +1

Za\

_ reconstruction method
Propagation in the expanded martter

n(x), k(x) AC conductivity
electron mobility+atomic polarizability
3 Stokes’
n,, k,, d <j Parameters
or
Rp, Rs, dp-s

diffuse scattering

Droplet formation when? how?
Critical point, two fluid region
Conductivity of fluid with droplet

Reflection pump-probe experiments

Simple figures In laser interaction
with solid dense matter

e Fresnel’s Law
 Snell’s Law

It is enough to consider as the first step.




Refraction of transparent materials

: 1.
Snell’s law SInHt:ﬁSIHHi

i
— -
phase front ~ iso-amplitude surface = n
Reflection and penetration of metals N
gk,n,k— gk n,k _ 7
S,
A i
K(r-s') = %’ (n +ik)(xs. +zs!) N
= % [x sin @, + zq(ncosy — ksiny) +izq(k cos y + nsin 7)] /g
s' = cos6), t_Sing
n?— K2 P _ n . . T n+ik
- Jl_ (n? + k?)? SIN 6, +1 (n? + k?)? sin” 6, = qe = Inhomogeneous waves
Fresnel’s law r - lan(6 - 0) A=0.8um
" tan(g +6,) | |
. Material n k
_sin(8-6) Al 24 8.62
ST o Cu 0.22 4.4
Ry, R . sin(d, +6,) W 3.56 2.73
, Si 3.93 0.136
N Fresnel
Al Snell’ law
6} > 0t Eq > RP
RS
R, R 4
w

=>anisotropic

_ machining
Si

H.K.Tonshof, et al., SPIE Vol.4830, p.531




Drude Model for free (free-electron-like) electrons
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Relation between AC(IR frequency) and DC conductivity
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Joule heating?

Q1. Estimation of Al absorption from DC conductivity data

(Al, 0 pe3x107[QIm1], § —~4nm)
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Dielectric materials
. . . 1/2
Propagation constant y = jo{(us, J1- i(,/£)]}

&l g <<1 or &l >>1
Good transparent Strong absorption WW N\/\N\

&leg <<1 y = jco(lue;"l)l/2 = jae)(grl)ll2 /c= 1277Z n

i i o 2 2
&l &>>1 7/215"(_1(52#))1 —5, 0 52/1"'17(0\/52#
27
Attenuation coefficient &= @Vu&, ! :Z Feea 12 gy >> 6, >1

—> a>% —> o >10%m-!

~Metal skin depth Inter band transition
but no joule heating

Optical refractive index for non absorbing materials
n“-1 1 Ne?
2 = 2 2
n“+2 3, m(a)o—a) )
Optical refractive index for absorb materials
mi'+qr+gr =eE
ek, sin[wt]

O = .‘/ q /m r= 2 ~ - Putting this term
0 — _
m(w, — @°) e
then B
, \ 02 — 2
&r =1+(Ne" /mg <
1R ( o}(a)oz_a)z)z +gza)2
0
&n =(Ne?/me,) J
2R ( Oj(a)é _w2)2+gza)2

Fig.2 Wy

Lorentz-Lorenz model < w,=0(Drude model)




Formula for optical refractive index

1y €1 mmmp n= {(6‘12+6‘22)l/2+81]/2§/2
k={ct+ ) -2}

297?
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1/2
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L BA( -
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1 3 BD A
O &y fo
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e (Zﬂ/ﬂo{(/lre/ 2)(Ne®/ mgo)—)) 2

oo’ +9

Can we use such formula for real materials?

YES!
ith B, C; [nm] D;
1 0.8180 233.7 90.39
host
2 0.1156 458.0 522.5
3 7.803x10” 915.7 17.49
4 4.396x107 930.3 11.93
dopant 5 4.045x10° 955.2 43.09
6 1.590x10°® 975.2 5.127
7 4.976x107 995.1 22.64

L, BDA
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KA =1 () S (Z-CY +D’ 2
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Resolution and Sensitivity

d
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d=10nm
»1=14.25->1.425

Phase is sometimes more sensitive.

y “ __________ RS / (Dp/wo_225
S d=10nm
®t=14.25->1.425
®,/0,=22.5->43
o7t
d=0.5->10nm
1 N\ -
B T A R R S s e ®1=14.25->1.425
& ©0,/0;=22.5->43
& b (SnErC SIS BAS P - (22 20722 + 22
& absitan(arcsinisind1 64 POA - (22.29%zz + 22
7z d:05'>10nm
. Aooor 02 03 04 05 06 07 05 03
380 F f f f "~ e » | ©t=14.25->1.425
e
T N\ 0/0,=22.5->43
8 385 T : / &
pa d=10nm
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385 T
® Gro(-1(sin(arcain((0.007 958714147 - 0 2168631875 d=10nm
o g (RIS o0 O0TSEETAIAT 0. w1=14.25->1.425
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How to measure the phase of optical probe?
Measurements of ellipsometric parameter

pump beam

Broadband
—

ﬂ4waveplate
1 Po‘ﬁ;PEIZ
= R+ R - 2Ro|RoJsin) £
1 2 2 . ) © @é}
|4zE Re|” +|Rs|” + 2R, |Rs|sin(&) L1
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We have measured Au, Cu, Al, W, Mo, Sn, Fe, SS304, SiO,.

For A=745nm

various trajectory

1

+Zn..

to be continued

X=Ry/R;, Y= (I-1,)/(I5+1,) trajectories are similar with different pump intensity.

Pump intensity changed from 1=2x103W/cm?~4x1012W/cm?,
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0.4
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Au shot 0210016 long
Au shot 021113-5-1
Au shot 021120-1-1
Au shot 021114-1-1
Au shot 021114-1-2
Au shot 021114-4-1

— Expansion component was the same ion abundance.

==>Neutral Au!




Au trajectory (experimental data)
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Calculated Au trajectories (small dependence on initial T)

atomic polarizability a
P =Np = NoE’
3 e-1 3 n*-1

a: =
4N £+2 4N n%+2

a(vapor) = (-1.75+ 0.2i) x10*cm®

o(metal) = (~29.4 +0.14i) x 10 cm”

1.0

+

0.8

Constant atomic polarizability
(lower density part)
Drude-law ( high density part)
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Interferometers

White light interferometer
ZYGO NewView™6300

/
Laser interferometer

Vertical Resolution ~0.1nm Vertical Resolution ~A/40?

———

—_——

-~
pump f At r
relerence } (probe
time

Fig. 1. Frequency-domain interferometer principle.
Typical dimensions and times are indicated. The probe
and reference pulses interfere after passing through a

T I [ | I grating pulse stretcher.
..,rq”' Il Il |”|l||||”||| '|||(f |||| ||'|f||'|' |
' ||||||I‘l | |‘\IJI‘|J|||II1UL1J ||L||||I|I||| |' '| ||
Mq\\“ ” %/2000? MW [ ||| “ U A/2000 phase resolution is described.
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JP Geindre, et al., Opt. Lett., vol.19, 1997(1994)




White light/ Frequency resolved interferometer

Resolution of Interferometer

/

. 1=100fs => SA/A~1%

T
120
03 100
T
& 80
802 1
= 60 5
o =
<]
0.1 Y
20
0.0 = 0

position (um)
Fig. 2. Space- and time-resolved phase measurement
of an aluminum plasma at 3 X 10 W/em? irradiance.
Phases have been converted to positions along the normal
to the target surface on the right-hand scale. The radial
laser intensity shape (in linear arbitrary units) is given

by the dashed curve.

JP Geindre, et al.,, Opt. Lett., vol.19, 1997(1994)




Toward
more precise measurements

Large fringe number ~
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QX Yb-doped laser glass
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Models (formula)
for optical refractive index
at high temperature




Temperature dependence of optical refractive index
Which parameters do change in temperature?

n’ = gq(w)= 1+@ /mao)“(;))aigw 1+FS

a =
" mg,
Then
ZnEZFSr 21 21 21 21 2—|
aT | (@f —0?)dT " P dT (w0? - 0?) |
Then dn [ coz a)ﬁ d —|
2n— =F| 3a,,
dar L (0 - 0)) (@f 0" dT
2 2 2 dE
2n@—F—’_ -3a,, 2600 2N T 20)0 2 21(03 _(nz _1£ 3R — : -
dT "(w; —0°) (w0, —@°) dT - oy dT

dE
2n@: n2—1{—3a R-—— 1 bgRj
- dT

Terms for band gap energy change

w->0 components with temperature

Expansion term




60 fs 7940 (6]
o Ajg =0.117 pm
&
|
c 50
T
g 40
&
L
30 - : ; "
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Wavelength [um]
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-800 |

—-1000¢}

2n(dn/dT) [1078/°C)

-1200
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250

G Gosh, Handbook of Thermo-Optic Coeff. Of Optical Materials with Applications

1.0 .0
ENERGY [eV)

Palik, Handbook of Optical Constants of Solids

Others we should consider:

o

Impurity of material (if we carefully investigate the elements.)
Surface contamination layer (Oxidation layer effect)
glow discharge cleaning, oil free vacuum system, laser cleaning

just before the main shot.

Prepulse effect to decrease the density and to make gray region in

front of the solid.

Spatial non-uniformity of pump laser (multimode +broadband

light may relax this effect.)
Surface roughness of the target.
Reproducibility of alignment
Plasma background emission
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05

Dielectric material layer on gold
A n=1.5+0.1*|

1 n=0.8+0.1*1 \/
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Reflected image
or Interferometric image

Probe beam

|

Hg 100fs probe reflection image

Heating beam
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Due to EOS feature, we can expect sharp expansion front with some condition.

5 |l
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Why WDM physics? (2)

Critical point data of Fluid metal

@ atom Tc[K] P. [MPa] Vc [m¥Mmol] | Z=P.V/RT. | p.[g/cc]
= Hg 1750 167.3 34.8 0.40 5.80
(9p]

4 Cs 1651 9.25 351 0.203 0.38
3 Rb 1744 12.45 293 0.218 0.29

o K 1905 14.8 -- -- 0.18
o
S Se 1903 38.0 42.7 0.103 0.103
» Na 2485 or 2210 | 25.6 or 24.8 76.7 0.095 0.30

Sn 87207 or 9280 | 210 or 370 -- 1.5?
(eb]
5 Pb 5400 or 5100 85 or 250 -- 3.2
(9p]
D In 67007 400 - 21
S
2 _— _—

o Mo 140007 57 2.9
& W 230007 or >1000 -- --
©
§ 15000

Many 27 2? 27 27 27
© others




VISAR

MIRROR LENS

HOLE IN MIRROR

/ TARGET: SURFACE
VELOCITY TO BE
MEASURED

BEAM REDUCING
TELESCOPE

motion on the rear surface of a stepped Al plate driven
ockless) stress wave. The curves show the velocities
f~ MIRROR hin (solid curve) and thick (dashed curve) steps of the

Total fringe shift
Velocity fringe constant
A,C
4h(n-1/n)(1+ )

[ Target velocity | gngyy of{talon
MIRROR
Etalon index of refraction

BEAMSPLITTER

GLASS F(t):U(t)/K :U(t)/

ETALON

PHOTODETECTOR

FiG. 1. Simplified VISAR showing optical paths from laser to
photodetector.

To check starting time when expansion component cannot be neglected.
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In the case of low pump intensity, reflectivity can be reproduced from only Fresnel’s

law at the first time.

Au shot 021114-4-1 trajectory
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sample

Snapshots with 100-fs time resolution. Si(111).excited
with 0.47 Jrcm2. Frame size: 300 mm=220 mm.

8
T,=0.5eV/ el
§ 6
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24
2
g, j T,=1.0eV
0 j D. von der Linde, Applied Surface Science 154-155(2000), p.1-10
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Relaxation of Hg surface deformation z(x,t) = acos(kx)sin(wt)
v, =—aw- sin(kx)-e" - cos(at)

Surface z (micron)

= v, =+aw- cos(kx) - e - cos(mt)

1 |

Al ,
& _Vp+O(v
3 p+O(v?)

p = ok’a- cos(kx)-e" - sin(at)

o

20000 Pyrtace = p(X,O,t) ZE

X (micron) 0 o i 1 _ dZZ _
R dx*>
7, o'a

KE="L
2 P

PE =§Loka2sin2(wt)

k?z

cos’ (wt)

Ex. For Hg, c=540erg/cm?, p=13g/cc

A=10um => ¢, =500cm/s = 10pm/(2us) o’ =%k3
2ro
Csp e
Ap

Depth of dip after USP laser irradiation

i

|

7 position [um]

0

0 10 20 30 40 56 66
It will be new test for “evaporation”. Energy density [J/cm’]




Hg: 5d10 6s2

High temperature Zn goes to non-metal condition.

Onset time of expansion

e ——
. 10 2
Zn: 3d 4s Sp-s contour
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“ 2 i T Metal
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Data for Other materials

Sn, W, SS304, Mo, Fe,...

Pump intensity dependence of Sn target.

Sn shot number 040607-4
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Three stages for Sn

a. Warm solid density plasma
b. + expansion warm dense gas . b
c. + cooling dense gas & droplets : /»'/z/- 3
On-set time of expansion in 040607-4 Sn - o . ] / -
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Later time behavior of W (droplet’s effect?)
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Trend of Stainless Steal 304 (pump intensity dependence)
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Au targets were heated to plasma temperature.

boiling point for Au
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Super Continuum Generation from Photonic Crystal Fiber
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+Inter band transitiqn
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Time required to form droplets (expansion time + formation time)
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Scattering particles may have small contribution
to optical constant.
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2. Electrons captured by neutrals
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