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Shock-wave phenomena generated by femtosecond laser pulses in submicron iron film samples have been
studied by the interferometric method with the application of frequency-modulated diagnostics in the pico-
second time range. The splitting of the shock wave into the elastic and plastic waves with a compression stress
of up to 27.5 GPa behind the front of an elastic precursor has been detected. The corresponding maximum
shear stress reaches 7.9 GPa, which is even somewhat higher than the calculated ideal shear strength. The
measured spall strengths reach 20.3 GPa, which is also comparable to the calculated values of the ideal tensile

strength.
DOI: 10.1134/S0021364013200022

The creation of high-power femtosecond lasers
made it possible to study the behavior of materials at
extremely high rates of the application of mechanical
load. This information is necessary for the develop-
ment of the physical theory of strength and plasticity
of materials, construction of models and determining
relations for the computational forecasting of intense
pulsed actions on materials and constructions in a
wide range of the parameters of loading, and creation
of the experimental foundation for testing the results
of the atomistic simulation of such actions. The results
of the first investigations [1—7] of shock-wave phe-
nomena that are generated in thin-film metallic sam-
ples by femtosecond laser pulses indicated that shear
and tensile stresses close to the extremely possible
(“ideal” [8—11]) shear and bulk strengths can be
achieved under these conditions. It is also important
that experimental data obtained by different methods
in a wide range of load durations are described by uni-
fied dependences of the resistance to deformation and
fracture on the strain rate [12]. These works are of sig-
nificant interest and stimulate further experimental
investigations in this field.

In this work, to continue the previous experimental
studies of the dynamics of picosecond shock compres-
sion pulses in aluminum, we measure the evolution of
shock waves in submicron iron samples. In contrast to
aluminum with the fcc structure, iron has the less
dense harder bcc crystal structure. Iron undergoes an
o — € polymorphic transition at a pressure of
13 GPa. The high-pressure € phase has the hcp struc-
ture. The molecular dynamics calculations [4] indi-
cate the onsets of plastic deformation simultaneously
with the o — € polymorphic transition. The corre-
sponding compression stresses are sensitive to the

interparticle interaction potential and vary with
change in the shock-compression direction.

The dynamic elastic limit and transition pressure
are measured by recording the wave profile of the
velocity or pressure. In this work, the interferometric
method is used in these measurements for detection
with the use of a subnanosecond frequency-modu-
lated (chirped) pulse. Owing to this method, the time
dependence of the spatially non-uniform motion of
the rear surface of the sample when the shock com-
pression pulse arrives at this surface can be recorded in
a single experiment with picosecond time resolution
[2, 3, 13—16]. The application of the Fourier analysis
of the recorded interference patterns and comparison
of the phase distributions obtained before the experi-
ment and in the process of arrival of the compression
wave ensure the measurement of the displacement of
the target surface with an accuracy of several nanome-
ters. In contrast to multipulse pump—probe methods
[1, 16], the single-pulse method ensures much higher
reliability of the measurements and can be used to
analyze the reproducibility and statistics of shock wave
phenomena in thin-film samples.

Pump and probe pulses were generated by a Ti:sap-
phire laser system that is based on the amplification of
chirped pulses and consists of a master oscillator,
stretcher, regenerative amplifier, and compressor. A
small fraction of a frequency-modulated pulse after
the amplifier was guided from the optical unit of the
laser and was used to probe shock wave phenomena
under study. A frequency-modulated (chirped) probe
pulse with a duration of 300 ps, a spectral FWHM of
40 nm, and a central wavelength of 795 nm passed
through an optical delay line and arrived at the rear
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reflecting surface of the sample, which is a component
of a Michelson interferometer.

A higher power pump pulse with a duration of
100 fs behind the compressor was focused on the sur-
face of a plane sample at an angle of 45° by a lens with
a focal distance of 30 cm through a glass substrate. The
focusing spot had a Gaussian spatial distribution of the
intensity with a diameter of 40 pm at a level of 1/e. The
absorption of pump radiation in the surface layer of the
metal was accompanied by the generation of a com-
pression pulse, which propagated toward the rear free
surface of the sample and moved this surface. The
mechanism of the generation of ultrashort shock
waves in metals by femtosecond optical pulses was ear-
lier considered in [17]. The energy of pulses was varied
by means of a polarization attenuator and was con-
trolled by a calibrated photodetector. After each laser
action, the sample under study was displaced to a new
place at a distance of about 300 um by means of a
three-coordinate micromanipulator. This ensured the
absence of overlapping of modified regions of the tar-
get from shot to shot.

We studied 150-pm-thick iron film samples depos-
ited on glass substrates by the magnetron sputtering
method. The thickness of the samples measured with
an atomic force microscope in the experimental
region with an area of about 1 mm? was 250 + 5 and
540 = 5 nm. Laser irradiation was performed from the
side of a glass substrate.

The diagnostic part of the setup was the Michelson
interferometer with the imaging configuration, which
was connected to an Acton 2300i diffraction spec-
trometer. A CCD camera at the output of the spec-
trometer recorded a two-dimensional interference
pattern. The longitudinal coordinate of the interfer-
ence pattern was the sweep of the spectrum of a fre-
quency-modulated probe pulse, where each wave-
length corresponded to a certain time instant [15]. The
Fourier analysis algorithm applied to two-dimensional
interference patterns [18] with the normalization of
phase distribution ensured the determination of the
phase shift of the probe pulse with an accuracy of d¢ ~
0.01 rad. This accuracy corresponds to the accuracy of
the determination of the surface displacement 6z < 1—
2 nm.

The implemented measurement scheme ensured
the continuous recording of the displacement of the
sample surface as a function of time with the spatial
resolution 8y = 2 um in the radial coordinate in the tar-
get plane and with the time resolution determined by
the dispersion of the spectrometer. The measurement
scheme with a diffraction grating with a groove density
of 600 grooves/mm ensured the recording of the dis-
placement of the surface in the time interval of 0—
230 ps with a time resolution of 6¢ ~ 1 ps. Calibration
of the time interval with the use of the optical delay
line showed that the relation between the wavelength
and time in the frequency-modulated pulse is linear.
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Fig. 1. Displacement histories of the free rear surface of the
iron film sample as measured with the use of the (lines,
FM) frequency-modulated pulse and (points, PP) pump—

probe method at the energy densities of 3 and 1.1 ] /cm2,

respectively, in the center of the focal spot. Here and below,
zero time is chosen arbitrarily.

Asin [19], we observed the limitation of the ampli-
tude of the generated shock compression pulses at the
energy densities of pump pulses F, > 4 J/cm? because
of the optical breakdown in the glass substrate of the
target. In view of this circumstance, the experiments
were performed at lower energy densities.

Figure 1 shows the experimental results for 250-nm
iron film samples at two energy densities in the center
of the focal spot of a laser pulse that were obtained with
two methods for the recording of the time dependence
of the displacement of the sample surface. The profiles
were plotted for the central irradiated region with inte-
gration over a spatial interval of £2 pm, which corre-
sponds to the range of variation of the energy density
of incident radiation AF/F, = 0.01. As should be
expected, the displacement histories measured in one
experiment with the use of the frequency-modulated
probe pulse contain a smaller number of chaotic oscil-
lations than that in similar data obtained by the
pump—probe method in a series of single-type experi-
ments.

At a constant energy density of a laser pulse, the
measurement results in the initial segment of the
motion of the surface are well reproducible. A small
relative displacement of wave profiles on the time axis
in this segment is apparently explained by the variabil-
ity of the thickness of the sample. The scatter of points
in the time dependence of the displacement obtained
by the pump—probe method is approximately equal to
the relative shift of the displacement histories obtained
by the frequency-modulated pulse method. A signifi-
cant difference in the histories of displacement at
times 7 > 80 ps is attributed to the spall fracture at the
reflection of the compression pulse from the surface,
which will be discussed below. The slope of the initial
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Fig. 2. Example of the processing of one of the displace-
ment profiles z(f) shown in Fig. 1 for the 250-nm-thick
sample. The dashed lines are the measured displacement
profile and the velocity profile of the free surface obtained
by the differentiation of the smoothed profile z(#). The
solid lines are obtained by iterative processing.

segment of the displacement profile z(f) and, there-
fore, the velocity in this segment remain unchanged
when the energy density of the laser pulse changes by
a factor of 3. At F, = 3 J/cm?, a further increase in the
velocity follows the initial segment; i.e., two successive
compression waves are detected. This feature is absent
at Fy=1.1J/cm>.

Figure 2 exemplifies the processing of the displace-
ment history. The velocity history of the free surface
was obtained by the differentiation of the experimental
dependence z(f) with the subsequent iteration process-
ing that ensures the best correspondence of the inte-
gral of the velocity to the measured displacement time
dependence.

Figure 3 shows the results of three experiments
with 540-nm-thick samples. The amplitude of the first
wave is reproduced quite well, whereas the spread of
the data increases with time.

Figure 4 shows the averaged velocity profiles of the
free surface for 250- and 540-nm-thick film samples.
They exhibit strong decay of both the compression
pulse as a whole and the first shock wave of the two-
wave configuration. The velocity of the first wave front
in the range from 250 to 540 nm averaged over all mea-
surements is Ug = 6.45 = 0.2 km/s. The velocity of the
surface behind the first shock wave decreases from
1.06 £ 0.06 km/s at a distance of 250 nm to 0.45 +
0.03 km/s at a distance of 540 nm.

Comparison of the velocities obtained for the shock
wave and particle velocity u, = ug/2 with the Hugoniot
of the € phase of iron [20] shows that the measured
velocity of the wave front is much higher than the
expected value. Taking into account a short (<1 ps) rise
time of the first wave, the first wave of the detected
two-wave configuration is certainly an elastic precur-
sor of the compression wave. Using the average values
of the particle velocity behind the precursor front and
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Fig. 3. (Dashed lines) Velocity profiles of the free surface of
the 540-nm-thick film sample at an energy density of

3] /cmz. The wave fronts are shifted from the average
motion beginning time by no more than 1 ps. The solid line
is the averaged profile ug(?).

its propagation velocity, as well as the longitudinal
speed of sound at zero pressure ¢, = 5.97 km/s, we
plotted a metastable Hugoniot of iron in the form Ug=
5.97 + 1.2u, km/s. After that, the compression stresses
behind the elastic precursor front were calculated by
the formula oy = poUstie/2, where p is the density
of the material, and the values of 27.5 £ 2.5 GPa and
11.0 £ 1 GPa were obtained for the distances of 250
and 540 nm, respectively.

The diagram of states of iron is shown in Fig. 5,
where the estimated metastable elastic-compression
Hugoniot, the equilibrium adiabat p(V) of the low-
pressure o, phase, and the Hugoniot with the transition
to the high-pressure € phase are plotted. In terms of
the deviation of the state behind the precursor front
from the equilibrium adiabat of the low-pressure

2.0(
Fe, 3 J/cm’

[a—
Lh
T T

Free surface velocity (km/s)
.c i
wh [==]
| |

50 100
t (ps)

Fig. 4. Evolution of the compression pulses propagating in
iron.
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Fig. 5. Parameters of the state of iron behind the shock pre-
cursor front at distances of 250 and 540 nm.

phase, the maximum shear stress T was determined
from the relation [21, 22]

Gz(V)_p(V) = 21’ (1)

where o, is the longitudinal elastic-compression stress.
The values of 7.9 and 3.3 GPa were obtained.

Figure 6 shows two families of wave profiles of the
free-surface velocity for the 250- and 540-nm-thick
samples. Each of the families was obtained in one
experiment. The profiles were plotted for various dis-
tances from the center of the focal spot of the laser
pulse and correspond to various energy densities. A
smooth increase in the velocity in the upper segment
of the compression wave after the jump in shot no. 7 is
not necessarily due to the beginning of plastic defor-
mation and can be attributed to the intermediate stage
of the formation of the shock wave at a given energy of
the laser pulse.

The reflection of the compression pulse from the
free surface of the sample results in the appearance of
tensile stresses in the sample; the magnitude of these
stresses increases as the reflected wave propagates
from the surface to the bulk of the sample. When the
tensile stresses exceed the strength of the material
Ogpall> @ fracture (spall) appears in the material [22, 23].
The relaxation of stresses at fracture leads to the for-
mation of a secondary compression wave, the so-
called spall pulse. Reaching the free surface, this pulse
again increases the velocity of the surface. The tensile
stress immediately before fracture is determined from
the difference in the velocity Aug between its maxi-
mum value and the value ahead of the spall pulse
(Fig. 6). In the acoustic approximation, when the
contribution of the nonlinearity of the compressibility
of the material is insignificant, the characteristic
method gives the simple formula 6, = pocAug/2,
where c is the speed of sound, for the calculation of the
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Fig. 6. Evolution of the compression wave in iron in the
range from 250 to 540 nm at the energy density varying

from 2.5 J/cm2 in the center to 0.8 J/cm2 in the peripheral
part of the focal spot.

spall strength. High tensile stresses were achieved in
our experiments and nonlinearity cannot be
neglected. For this reason, to process the measure-
ment results, we extrapolated the Hugoniot in (c,, ©,)
coordinates to the region of negative pressures. This
leads to the relation

1
cSspall = EPO(CO - bAufs/?-)Aufs’ (2)

where ¢, and b are the coefficients in the linear expres-
sion for the Hugoniot Us = ¢, + bu,. An additional dif-
ficulty is due to possible elastic—plastic effects. With
allowance for these effects, the formula for the calcu-
lation in the linear approximation for triangular load
pulses has the more complex form

3)

Ogpal = POCIA”fs"""""""'1 pw s
1/ €p

where ¢, is the bulk speed of sound.

The spall strength was estimated from the experi-
mental results for 250-nm-thick samples. For two
peripheral profiles in Fig. 6, the maximum compres-
sion stress certainly does not exceed the elastic limit.
Consequently, the spall fracture resistance can be esti-
mated by Eq. (2) with the coefficients of the metasta-
ble elastic compression adiabat. The velocity decre-
ments Aug in these experiments were 0.96 and
0.83 km/s. The corresponding spall strengths are 20.3

and 17.8 GPa at a deformation rate of V/V, = (3—4) x

103 s~!. Plastic deformation apparently occurred in the
center of the focal spot. Correspondingly, the spall
strength was estimated by Eq. (3) with correction to
the elastic—plastic behavior of the material. The esti-
mated spall thickness (110 nm) indicates that the
probability of spall at the boundary with a melted iron
layer is high in this case. Figure 7 shows the resulting
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Fig. 7. Spall strength of iron measured for picosecond
loads in comparison with the data obtained in the experi-
ments with colliding plates [24].

spall strengths in comparison with the measurement
results [24] for a longer shock load.

The ultimate shear strengths obtained in the ab ini-
tio calculations for iron are 7.2—7.5 GPa [25, 26]. The
estimates from the measurement results reported in
this work give the maximum value t = 7.9 GPa, which
is even somewhat higher than the calculated ideal
shear strength. However, it should be taken into
account that compression is accompanied by an
increase in the shear modulus and, correspondingly, in
the ideal shear strength, which is proportional to the
shear modulus. The ab initio calculations reported in
[26, 27] give a value of 27.7—28.45 GPa for the ideal
uniform tensile strength of iron. This value is slightly
higher than the maximum spall strength of 20.3 GPa
found from the measurement results. The ideal tensile
strength under the uniaxial-tension conditions should
be somewhat lower than that under uniform tension
[27]. Furthermore, the ab initio calculations of the
ideal shear and bulk strengths were performed for zero
absolute temperature. At the same time, it is known
that an increase in the temperature reduces these val-
ues. Thus, stressed states of iron, where these values
are very close to the ideal strength values, have been
achieved and measured with picosecond loads.

Unfortunately, owing to a strong nonstationarity of
waves and a high rate of relaxation processes, the evo-
lution of the state of the material after the achievement
of the dynamic elastic stress could not be estimated.
For this reason, the possibility of polymorphic trans-
formations in the picosecond range of compression
durations is an open problem and requires further
investigations.
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