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Ultrafast measurement of the optical properties of aluminum during shock-wave breakout
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We have used high-resolution frequency domain interferometry to make ultrafast measurements of shock-
induced changes in the optical properties of thin aluminum targets. Measurements with an 800 nm probe
wavelength found an unexpected phase shift during a 4.65 GPa shock breakout. Further measurements at 400
nm associate this phase shift with the pressure dependence of the 1.5 eV interband transition in aluminum. Data
taken at several angles of incidence allowed the separation of optical from material motion effects, yielding an
effective complex index for the shocked material.
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INTRODUCTION EXPERIMENT

Aluminum is considered to be the simplest nearly free In this experiment, we employed the technique of reflec-

electron(NFE) metal. As such, local pseudopotential modelst'.On Hequencly domain 'nttﬁ rf?jrometfﬁFDrl]) (Refﬁiﬁﬁ’] tto
have been used to describe its experimental high—pressu?ému aneously measure the dynamic pnase shiit between a

properties and are in good agreement with more sophistipair of ultrafast probe pulses during shock breakout from

cated theoretical models for the electronic structure at rethin-film Al targets. Details of the experimental approach can

duced volumé. These models have been used successfully t9€ found in Ref. 5. A single 800 nm, 130 fs, 0.7 mJ laser
interpret spectroscopic data at high static pressure anRulse generated by a seeded, chirped pulse amplified Ti:sap-
temperaturé:® phire laser systerfSpectra Physigsvas used for both shock
Absorption peaks in polyvalent metals may arise when th&@eneration and probing. The shock generafidigve) pulse
Fermi surface cuts the Brillouin Zon@Z) faces® In gen-  (0.2-0.5 mJ was focused through the BK-7 portion of the
eral, an absorption edge is expected for each face that is ctarget assembly onto the vapor-deposited Al to a diameter of
and the position of the edge will occur at a photon energyds=75um. We have found that nonlinear absorpti@pti-
equal to the energy gap appropriate to the particular zoneal breakdowih and possibly other nonlinear effectkerr
plane. At the BZ boundary in the NFE band structure of fccfocusing in the BK-7 lead to a clipping of the pulse inten-
Al, the first and second bands are split by an amount detesity, resulting in top-hat intensity profiles that generate ex-
mined by the absolute valud(G) of the relevant Fourier tremely planar shock wave®.7 nm rms over a 7am di-
coefficient of the potential. A pair of bands is almost parallelameter spot® A small portion of the main pulsé~0.04 mJ)
in BZ planes perpendicular to the two directiohsL and  reflected from a beam splitter was passed through an unbal-
I'-X. The fact that the Fermi surface cuts through these BZnced Michelson interferometer to produce a pair of probe
faces, coupled with the parallelism of these bands, results ipulses separated in time by 4—12 ps. These pulses were fo-
van Hove singularities of the unbroadened joint density ofcused onto the backside of the target at angle§-082.6°,
states for direct optical transitions at energy (%). Be-  82.5° or 84.59the data were sometimes taken at two angles
cause of differences in the density of states, thé(P1l1)  simultaneously, to a diameter oF~200 um which circum-
transition at 0.4 eV is weaker than th& 2200) transition at  scribed the region of shock break out. A doubling crystal was
1.5 eV. Optical reflectivity and absorption measurement®optionally inserted before interaction with the target to probe
show a clearly resolved minimum at 1.5 eV, but the 0.4 eVat 400 nm. Probe wavelengths at 770, 800, and 839 nm were
feature is masked by the strong Drude-type optical responsgenerated by tuning the wavelength of the Ti:sapphire laser
Both the static pressure and temperature dependences of thgstem. In all cases, the probe intensity was less th&n
1.5 eV interband transition have been studied. Tups anck 10'*W/cn?. The reflected probe pulses were imaged at
Syassen found a pressure-dependent shift of 4.3%16 magnification onto the entrance slit of a high resolution
+0.3meV kbar*.2 The temperature variation was found to imaging spectrograptActon model 300) with CCD detec-
be consistent with the expected influence of the Debyetor (Photometrics model SenSys 1600he incidence polar-
Waller factor and volume changes, and is negligible over thézation angle of the probe pulses was adjusted using a mul-
temperature range of the experiments reported here. tiple order half-wave plate in combination with a Glan-
The technique of frequency domain interferometry hasTaylor polarizer.
been used to characterize the rise of the free surface particle The experiments reported here measured the phase differ-
velocity as a shock wave exits a target matetifhe mea- ence between a pair of probe pulses initially produced by the
surements in thin Al films that used a probe wavelength neannbalanced Michelson. Reflection of these pulses from an
800 nm were influenced by an unexpected phase shift duringccelerating metallic surfacéue to the emerging shock
shock breakout. We report results of experiments that suppovtave will yield a phase shift that depends on time and the
the association of this effect with the pressure-dependentlative positions of the probe beams with respect to the on-
shift of theU(200), 1.5 eV, interband transition in Al. set of acceleration. The details of the data analysis used to

0163-1829/2001/641)/1151145)/$20.00 64 115114-1 ©2001 The American Physical Society



DAVID J. FUNK et al. PHYSICAL REVIEW B 64 115114

-2

8x107° mﬁ%
—&— 400 nm probe

-3- 800 nm probe p-polarization ﬂf@?ﬁﬁ

—0O— 800 nm probe s-polarization

Residuals [x10]

End 32.6°

End 82.5°

Phase Shift [radians)

Phase Shift [radians]

-0.04 R suarsas ~

et T L I L e
-20 -15 -10 -5 0 5 0 10 20 30 40
Time {ps] Time [ps]

FIG. 1. Plot of measured phase difference between the probe FIG. 2. Plot of measured phase difference between the probe
beams vs relative delajo the pump laserfor shock-wave break- beams vs relative delayto the pump laserfor a shock-wave
out from a 1000-nm-thick Al thin film. Note the absence of the breakout from a 750-nm-thick Al thin film. The probes are
negative phase shift in the 400-nm détlae data sets are offset in p-polarized 800-nm light taken at three angles of incidefvdaich
time for clarityy and the increase in negative phase shift with are offset in time for clarity Note the maximum negative phase
p-polarized light vss-polarized light at 800 nm. difference occurs in the data taken near the quasipolarizing angle in

aluminum(82.59. The dashed lines are 95% confidence limit pre-

extract the relative phase shift between the probe pulsediction bands.
caused by motion of the surface or transient changes in the
optical properties of the sample during shock breakout aréhe probe wavelength at 400 nm resulted in an observable
given in Ref. 5. The phase data were extracted over the cefegative phase shift during shock breakout. Finally, in Fig. 2
ter ~50 um of the planar shocks. we show three sets of data using the 750-nm-thick Al sample
The targets used in this experiment were Al films-of50  (and their fits, see belowall taken with an 800 nm
and~1000 nm thickness produced by vapor deposition ontd>-polarized probe but at different angles of incidence and
150+/—20um thick BK-7 microscope cover slipdisher  temporal separation82.6°, 8 ps; 82.5°, 4 ps; 84.5°, 4)ps
Scientifig. The samples were examined both with a spectroAs Will be shown, at high angles of incidence the signal is
scopic ellipsometefSentech SE 8Q0and an atomic force dominated by changes in the complex index of refraction,
microscopeg/AFM; Quesant Nomad Best fits to the spectral with a small contribution resulting from the surface motion.
ellipsometric data from the 750 nm Al samgl# and A

measured over 400840 niRef. 9] modeled as an AD; DISCUSSION
layer on top of the aluminum substrate yielded anpQil . . o .
layer 4.9-nm thick, consistent with literature resdftsThis Reflection from an air-metallic interface is governed by

thickness was used in subsequent data analysis and hydiflaxwell's equations and appropriate boundary conditions
code simulations. AFM results indicated an rms roughness deading to the Fresnel relations for the reflection amplitudes
~5 nm over a 90Qum? area, consistent with the ellipsomet- of s- andp-polarized light'***
ric data, in which¥ was fit less satisfactorily thaA.

—sin(6y— 64) : tan 6,— 6,) .

rs:-—zpsel¢s’ o= ma g P eu,bp’
RESULTS SII"I( 00"1‘ 01) P tar( 00"1‘ 01) P (1)
Figure 1 shows the relative phase shift as a function of

delay time between the shock generation pulse and the prolhere , is the angle of incidence in air artt} is the com-
pulses for a 1000-nm-thick Al film measured using a probeplex angle of incidence in the metal as determined from
wavelength of 800 nm, probe pulse separation of 8 ps, an@nell's law and the metal's complex index. Thus, upon re-
both s and p polarization. Each data point is the average offlection from a stationary metallic surface, the electric field
ten shots and the spacing between data points is 0.5 ps. Thdergoes a phase shift, with magnitudep,,, that can be
experiments done at 771 and 839 nm gave results equivaleatcurately calculated from knowledge of the complex index
to those at 800 nm within the error limits. Thegativephase  of refraction, polarization state, and the angle of incidence of
shift that occurs during shock breakout is very apparent anthe light striking the sample. Moreover, this phase shift will
unexpected. We use the convention in our data analysis thae influenced by any time-dependent changes in the complex
material motion alone would yield positive phase shift. It index of refraction of the material, through the resulting
can also be seen that tipepolarization data contains a sig- changes in the phase shifts calculated with Hg, as the
nificantly larger negative phase shift than thpolarization  pressure wave approaches the surface and subsequently ac-
data. Also shown in Fig. 1 is the identical sample undercelerates it. Thus, we initially ascribe the differences inghe
similar conditions, but with a probe wavelength of 400 nmand p-polarized 800 nm probe data and the 400 nm probe
and probe pulse separation of 4 ps. No experiment done wittlata to relative differences in the calculated phase shifts from
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TABLE |. Parameters determined from fits to the data shown in Fig. 1, along with measured and calculated values for the complex index.

This work, 800 nm, Ambient UHV
4.65 GPa This work, 400 nm (Refs. 1 and 1y4.65 GPa (Refs. 1 and 1y (Ref. 10
T 2.36+0.09 ps 2.320.40 ps
up 0.300+0.006 nm/ps 0.290.02 nm/ps
1.56+0.20 1.79 2.35 2.798
8.29+0.04 6.68 7.80 8.446

Eqg. (), resulting from the pressure induced shift of the t—t. + St
U(200) interband transition in aluminum. G1()=Ann_, ki SECH #)
To both account for and quantify the influence of changes
in the complex index, we modeled the data taken at 800 nm 41 cog ¢g) [t t—tj+ oy
with p-polarization and multiple angles of incidence. In ad- + Y Jti Up| 1+tan L dt,

dition to the data taken at 32.6° incident angle, data were

taken at large incident angles to maximize the effect of the @

complex index changes, which occurs near the quasipolariz,vherquj is the phase shift for probe pulse A is deter-

ing angle(near 82.5° in aluminum Measurement at large mined by taking the difference in phases from Ei).(using,

incident angles minimized the contribution of the phase sign, k,nq,ke) and \g is the wavelengthst; is determined

nal due to surface motion, which is proportional to the cosingrom the temporal delay introduced by the interferometer.

of the angle of incidencsee Eq(2)], effectively separating The following parameters were varied:;u,,tj ,Neg Kefr,

the two effects. We assumed that the free surface velocity'sshere 7 is the hyperbolic tangent time constant, is the

time dependence was adequately described by a hyperbolahock state particle velocity; are offsets for the data from

tangent function as in Ref. 5. We then took the changes in theach sef{time relative to the pump, which can change from

complex index to be proportional to the acceleration of theday to day, andn. andk are the effective complex index

surface, which is related to the pressure. of shocked aluminum. Nonlinear least squares analysis
In the case of aluminum, in which an A, layer always ~ (Levenberg-Marquardt, Igor Pro 4, Wavemetjigelded the

exists on the surface, the acceleration is complicated by thearameters in Table I. Also included are the parameters ob-

presence of the overlayer, which enhances the optical effecti@ined by fitting the 400-nm probe data from the 1000-nm-

CTH (Refs. 12 and 18hydrodynamic calculations of an alu- thick film sample using Eq(2) but without the optical con-

minum film indicate that, without the-5 nm ALO; over- tribution, along with the predicted andk from Refs. 1 and

layer, the pressure 1-2 nm below the surface never exceeé% and edxperimentﬁlly derived ambielnt vaI&%}EiLs 0 thg |
i . : } 0-nm data are shown in Fig. 2, along with the residuals
0.1-0.2 GPa. In contrast, inclusion of 4.9 nm,®} over and 95% confidence limit prediction bands. Note that the

Iayer in the calculation ar_1d the resulting shock ImpeOIanC%esiduals are larger for data taken at the high angles of inci-
mismatch allqws the aluminum surface to approa_ch the 4.6 ence, which had a much low&fN ratio due to larger shot-
GPa pressurénferred from the free surface velocity and Al to-shot pointing errors.
Hugoni_oll“) behind the shock front. Since aluminum’s skin ™ A" mbarison of time constantsfrom data taken at the
depth is very small,~15 nm, the influence of pressure- yyo probe wavelengths of 400 and 800 nm show that they
induced complex index changes will be much greater withyre the same within statistical error, which is satisfying, since
the overlayer than without. the shock-wave rise time should be independent of the opti-
Finally, to extract ann-effective (ner) and k-effective  ca effects. Also listed are the,; andke extracted from the
(Ker), and to account for the AD; overlayer in phase shift fit. We have used Sturm and Ashcroft's modekith the
calculations, we treated the overlayer aluminum as a thimodified parameters introduced in Ref. 17 to calcufasad
film in which only the complex index of the aluminum is k as a function of pressure at 800 nm, which is affected by
time dependent. We set and did not vary the index of thehe shift in position ofU(200). We note that their model
Al,O; layer (n=1.76,k=0) to literature valueS and we does an excellent job of calculating reflectivities at a
fixed the layer thickness at 4.9 nm. This choice is consisteniamond/aluminum interface when compared to those mea-
with the facts that the index of sapphire changes very littlesured in Ref. 2. Note that the absolute magnitudes of the
under moderate shock conditiops12.0 GPaRef. 1§] and  changes in the complex index are different, but the trends are
that the compression the sapphire undergoes due to the shoickthe correct direction. Thus, we conclude that our data are
wave (less than 2% or 0.1 nhtauses a phase shift less thanbeing influenced by the pressure-dependent shift of the
the noise in our methof0.7 nm rms(Ref. 5]. Then, the U(200) interband transition in aluminum. However, our
three data sets were fit simultaneously to the differences ahodel yields areffectivecomplex index. Physically, one ex-
the following equation for the time-dependent phase shift opects that the pressure wave moving forward in the material
each probe: will vary the index smoothly from low pressure to high. Our
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model assumes that a single index exists for the aluminum
substrate as the wave moves forward. We have tried model-
ing the layer with two additional schemegt) the shock
wave is infinitesimally sharp, making the surface look like a
time-dependent thin film of three layers »8, Al, and
shocked Al and2) the shocked layer is described with an
index gradient, with a pressure profile given by the accelera-
tion history that moves forward in time. The second scheme
necessitated modeling of the shocked/nonshocked aluminum
as a large number of layers, as is typically done in modeling
a complex film*® In all three cases, the data were fit suffi-
ciently well so that distinction oy squared was not possible.

Residuals x100

Phase [radians x10}]

H : : -0.14 Start 78.3° .
However, we believe the effective model is the most accurate ~ *'1__ u",' , e San 825
and also most relevant to use, since experiments that might 0 20 40 60 80
use this information, i.e., shock temperature measurements Time fps]

from optical emission, only need the effective index as a g, 3. Plot of measured phase difference between the probe
function of time. Moreover, our observations may includepeams vs relative delago the pump laserfor shock-wave break-
some smearing of the breakout due to surface roughnesgyt from a 500-nm-thick Ni thin film. The data were obtained using
which will be better captured by an effective model. Thus wep-polarized 800-nm light and taken at three angles of incidence
have chosen to repomgs and ket as derived from this  (which are offset in time for clarity Note the large positive phase
model. difference in the data taken near the quasipolarizing angle in nickel
Finally, we note that we have also taken data with nickel(78.39, indicating significant complex index changes leading to
substrategFig. 3 at three angles of incidend®In the case phase differences of the same sign as those from surface motion.
of nickel, we found the observed optical contributions are ofThe dashed lines are 95% confidence limit prediction bands.
the opposite sign as those for aluminum, indicating that the ressure-dependent shift of thi200) interband transition
nl_cke_l daya taken at 32.‘6 W'” contain an optlc_al phase conﬁ] aluminumF.) The complex irlllg(ex o)f refraction values ex-
tribution in the same direction as surface motion. However

. trast to alumi thi be int table in t ﬂacted from fits to the data are consistent with optical con-
In contrast to aluminum, this may be Interpretable In tlerms Oy, q+jyities reported from static high pressure and calcula-

a Drude response, as nickel has no inter_b_and transition Nneggnal studies at the pressure given by the final particle
800 nm. We note that the absolute position of the surfacge|ocity in these experiments. We note that FDI measure-
derived from these measurements will be in error if the oPyents at a single angle of incidence may vyield erroneous
tical effects are not taken into account. position vs. time data, due to the influence of changes in the
optical constants of the shocked material if such changes are

not taken into account.
CONCLUSION
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