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Introduction
The dynamics of material response to shock loading has 
been extensively studied in the past.1 The goal of those stud-
ies was to understand the shock-induced deformation and 
structural changes at the microscopic level. Laser-generated 
shocks have been recently employed2 to broaden these stud-
ies to higher pressures (~100 GPa) and strain rates (~107 s–1 
to 108 s–1). The use of in-situ EXAFS for characterizing 
nanosecond laser-shocked vanadium and titanium has been 
recently demonstrated.3 Additionally, the observed fast decay 
of the EXAFS modulations in titanium shocked to ~40 GPa 
was shown3 to be due to the a-Ti to ~-Ti phase transformation. 
We show that EXAFS can likewise be used to demonstrate the 
bcc-to-hcp phase transformation in iron. The great interest in 
this transformation stems from the fact that a significant part 
of the earth’s core is thought to consist of hcp iron.4 Initially, 
Bancroft et al.5 showed that the multiple fronts propagating 
within shocked iron indicated a phase transformation at around 
13 GPa. Subsequently, Jamieson and Lawson have shown,6 by 
diffraction in a diamond anvil cell, that a bcc-to-hcp phase 
transformation indeed occurs at around 13 GPa. The historical 
importance of this transition is that it was first observed under 
shocked, rather than static, compression. It also established 
the reliability of shocks for obtaining pressure-compression 
relations. The transformation has been extensively studied in 
gas-gun shock experiments7,8 using the velocity history of the 
back surface of the target, where a long (&10 ns) characteristic 
time for the transformation was deduced. This contrasts with 
the subnanosecond time derived in the present experiment. 
The longer times deduced from velocity measurements7 have 
been explained8 in terms of the pressure dependence of the 
characteristic time. Using Fig. 5 of Ref. 8, we can estimate a 
characteristic time for iron at a pressure of 35 GPa of ~5 ns. 
Much shorter times have been inferred from the residual 
microstructure that is quenched after the passage of nanosec-
ond and even subnanosecond shocks.9 This observation of the 
transformation in nanosecond laser shocks confirms the latter 
finding. Unlike the evidence9 derived from the examination of 
residual microstructure after the experiment, the measurements 
here are in-situ.

EXAFS Measurement of Iron bcc-to-hcp Phase Transformation  
in Nanosecond-Laser Shocks

The EXAFS spectrum of iron is markedly different in the 
bcc (or a-Fe) phase as compared with the hcp (or f-Fe) phase;10 
this provides a signature for identifying the transformation 
in laser-shock experiments. Transient phase-transformation 
experiments require methods for characterizing the crystal 
conditions (e.g., the pressure) during the transformation to 
substantiate the occurrence of the transformation. In static 
compression experiments, the temperature and pressure are 
independently controlled and measured. We show that the 
temperature and compression (and, hence, the pressure) can be 
deduced from the EXAFS record itself in addition to providing 
evidence of the phase transformation.

Experimental Setup
K-edge EXAFS measurements were performed on iron 

shocked to ~35 GPa with a 3-ns laser pulse, provided by 3 of the 
60 beams of the OMEGA laser.11 The radiation source for the 
EXAFS measurement was obtained by imploding a spherical 
target using the remaining 57 OMEGA beams. In a previous 
paper,12 we showed that a CH shell imploded by a multibeam 
laser system emits intense and spectrally smooth radiation, 
lasting ~120 ps, and is suitable for EXAFS measurements on 
nanosecond time scales.

Figure 103.42 shows a schematic of the experimental con-
figuration used to measure K-edge EXAFS absorption spectra 
in laser-shocked iron targets. Two cross-calibrated, flat-crystal 
spectrometers equipped with a Ge (1,1,1) crystal were used for 
measuring the incident and transmitted spectra on a single laser 
shot. The three shock-generating laser beams were stacked to 
form a 3-ns square pulse focused to an irradiance of 0.4 to 
0.5 TW/cm2. The delay time of the three-stacked beams, with 
respect to the remaining beams, was adjusted so that peak 
implosion (and emission) of the spherical target occurred just 
when the shock wave exited the metal layer. The planar target 
consisted of 8-nm-thick polycrystalline iron foil (purity of 
99.85%) coated on both sides with a 17-nm-thick CH layer; 
thus, the iron layer is directly affected by the shock but not by 
the laser absorption and heating. A heat shield (1-mm-thick 
CH foil) minimizes the heating of the metal layer by the soft 
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radiation from the imploding spherical target. The iron thick-
ness is the largest that can still yield significant transmitted 
x-ray intensity. Although the spectrometers used in the EXAFS 
measurement are time integrated, a meaningful shock diagnosis 
can be obtained without streaking the spectrum in time because 
the x-ray pulse width is only ~120 ps,12 much shorter than the 
shock transit time through the metal (~2 ns).

Theory
The expected shock strength and the properties of the 

shocked iron were determined using 1-D simulations with the 
hydrodynamic code LASNEX.13 The tabular equation of state 
incorporated into the code includes the a-Fe to f-Fe phase 
transformation. Figure 103.43 shows the computed profiles 
just as the shock exits the iron layer. The volume-averaged 
values are a pressure of 36 GPa, a temperature of 645 K, and 
a compression of 1.2 (or 20%). 

The measured spectra were analyzed with the FEFF8 
ab initio EXAFS software package.14 The basic theory of 
EXAFS15 yields an expression for the relative absorption 

,k k k 10= -| n n^ ^h h  where n(k) is the absorption coefficient 
and n0(k) is the absorption of the isolated atom. The wave 
number k of the ejected photoelectron is given by the de Broglie 
relation 2 k ,m E E2 K

2
= -'  where E is the absorbed photon 

energy and EK is the energy of the K edge. The FEFF8 pack-
age uses the scattering potential to calculate the amplitude and 
phase shift of the photoelectron waves scattered from several 
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Figure 103.42
Schematic of the experimental configuration. The spherical target, imploded by 57 laser beams, serves as a radiation source for EXAFS measurements. The 
three-stacked beams launch a shock through the iron layer. 
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Figure 103.43
Profiles of (a) target pressure and temperature and (b) density calculated by 
LASNEX (the iron layer, enclosed within CH layers, is highlighted). The laser 
propagates toward the right.
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shells of neighboring atoms, including multiple-scattering 
paths. The main fitting parameters are the nearest-neighbor 
distance R and the vibration amplitude v2 appearing in the 
Debye–Waller term.15 The distance R yields the density or com-
pression; v2 as a function of temperature was calculated using 
the Debye model16 for the phonon density of states, including 
correlation, and it also depends on the density through the 

Debye temperature. The density dependence of the Debye tem-
perature for Fe-f was taken from published measurements.17 
The results (shown in Fig. 103.44) can be approximated by 
v2(Å2) = 0.001 + 2 # 10–5 T(K)/C3.58, where C = (t/t0) is the 
compression ratio. Using this dependence and the result for v2 
from FEFF8 fitting, the temperature can be derived.

Experimental Results and Analysis
To assess the reliability of our Fe EXAFS measurements, 

we obtained the EXAFS spectrum for unshocked iron using 
the configuration described above but without firing the shock-
launching beams. Figure 103.45 shows a comparison between 
the resulting absorption and a standard iron absorption spec-
trum measured at the Stanford Synchrotron Radiation Labora-
tory (SSRL). The agreement is seen to be good.

EXAFS provides a very distinct, qualitative signature for 
the bcc-to-hcp phase transformation in iron.10 This is dem-
onstrated by Fig. 103.46, showing (a) the EXAFS spectrum 
for the two phases calculated by the FEFF8 code and (b) the 
EXAFS spectrum measured on OMEGA for unshocked and 
shocked iron. Anticipating the fitting results described below, 
a compression of 20% (with respect to the initial bcc density) 
and a temperature of 700 K were assumed in Fig. 103.46(a) 
for the hcp phase. The bcc calculation is for room-temperature 
and ambient-pressure conditions. The main signature of the 
phase transformation is seen to be the disappearance of the 
peak marked “W.” When the calculations for the bcc phase 
are repeated for a wide range of compressions, the feature W 
remains intact. Thus, its disappearance can only be because of 
the phase transformation, not because of the shock compression 
(we later show that this is true—even in the case of 1-D com-
pression). The effect of compression on the EXAFS spectrum is 
to increase the period of oscillation (in k space), and the effect 
of the heating is to cause the oscillations to decay faster with 
increasing k; both are evident in Fig. 103.46(a).

The experimental results shown in Fig. 103.46(b) mirror 
the changes seen in Fig. 103.46(a). Compression and heating 
are evident, and the disappearance of the W feature indicates 
a bcc-to-hcp phase transformation. The complete disappear-
ance of that feature indicates that the transformation is com-
plete, hence that its time constant must be shorter than ~1 ns. 
Additionally, the predicted enhancement in the peak around k 
~ 3 Å–1 is also observed in Fig. 103.46(b). These results were 
consistently observed on repeated experiments under the same 
conditions. These conclusions are borne out by the more precise 
fitting analysis below.
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Figure 103.45
Comparison of the measured absorption of unshocked iron on OMEGA and 
a standard iron EXAFS measured at the Stanford Synchrotron Radiation 
Laboratory.

Figure 103.44
Debye–Waller factor (v2) of f-Fe, calculated from the correlated model of 
Sevillano et al.16 and the measured dependence of the f-Fe Debye temperature 
on compression.17
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To understand the origin of the W feature, we show the major 
components of the full EXAFS spectra calculated by the FEFF8 
code for the bcc and hcp crystals in Fig. 103.47. The contribu-
tions from the first several shells of nearest neighbors, including 
several multiple scattering paths, are shown. Both crystals were 
assumed to be compressed by 20% and to have a temperature 
of 700 K. The calculation of a bcc crystal compression by 20% 
may seem unwarranted because the bcc phase is known to trans-
form into the hcp phase at compressions above ~6%. However, 
because of the much higher strain rate in this experiment, the 
phase transformation cannot be assumed a priori to take place. 
The origin of the W feature is seen to be a coincidence in the 

waves scattered from the n = 3 and n = 4 shells occurring (for 
this compression) at k ~ 4.7 Å–1. No such coincidence occurs for 
the hcp crystal. As mentioned before, the W feature is seen to 
remain intact even under compression. Thus, the disappearance 
of the W feature upon shocking in this experiment is not due to 
compression, but rather by phase transformation. 

We now turn to FEFF fitting to the experimental EXAFS 
spectra. As Fig. 103.46 shows, we cannot fit the data with bcc 
EXAFS spectra; the two are qualitatively different. Conversely, 

Figure 103.46
(a) FEFF8 code calculation of the EXAFS spectrum for unshocked a-Fe 
(bcc) and f-Fe (hcp), the latter compressed by 20% with respect to the initial 
bcc iron. (b) Experimental results for unshocked and shocked iron. In the 
shocked case (at a deduced pressure of ~35 GPa), the peak marked W is seen 
to disappear, indicating a bcc-to-hcp phase transformation. Also, the period 
of oscillation is seen to increase, indicating compression. Finally, the damping 
rate increases, indicating heating. 
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The major components of the FEFF-calculated EXAFS spectra due to scat-
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hcp-calculated EXAFS agrees well with the experimental 
EXAFS data. Figure 103.48 shows the best fit, in wave number 
(k) space and in distance (r) space. The fit in r space (where 
the spectrum shows the spatial charge distribution around the 
absorbing atom) is obtained by inverse Fourier transforming 
the experimental, as well as the theoretical, curves in k space.15 
The dimensions a and c of the hcp unit cell are known as a 
function of hydrostatic compression18 (for all compressions 
c/a ~ 1.6), and thus, the bond length (or nearest-neighbor 
distance) R is simply related to the compression under such 
conditions (we discuss the implications of finite shear strength 
below). Note that the value of R corresponding to the best fit is 
larger than the position of the peak in Fig. 103.48(b) because 
of the phase factors in the wave scattering. The fitting yields 
R = (2.39!0.0133) Å, which corresponds to a compression of 
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Simplified EXAFS calculations for 1-D and 3-D–compressed bcc iron. 
(a) Comparison of the simplified results and a full FEFF8 calculation for 
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1.22!0.023. This value agrees well with the average compres-
sion of 1.2 predicted by LASNEX [see Fig. 103.43(b)]. Turning 
now to the estimate of temperature, the FEFF best fit to the data 
[Fig. 103.49(a)] corresponds to v2 = 0.0078!0.0030 Å2. From 
Fig. 103.44, this value of v2 corresponds to a temperature of 
670!170 K, thus agreeing well with the average temperature 
of 645 K predicted by LASNEX [Fig. 103.43(a)]. Using the 
equation of state of iron and the measured temperature and 
compression values leads to an estimate of the pressure as 
~35 GPa. LASNEX uses the equation of state of iron, which 
includes the a to f phase transformation (but not its kinetics). 
These values also agree with the equation of state calculated 
for the Hugoniot of iron.19 The deduced pressure is well above 
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the pressure of slower shocks in iron, where a bcc-to-hcp 
phase transformation takes place.18 Also, the derived values 
of pressure and temperature correspond to a point on the phase 
diagram of iron5 that is well within the Fe-f (hcp) region. 

Velocity interferometric measurements (VISAR)20 were 
performed on iron targets identical to those used for the 
EXAFS measurements, except that the CH coating was placed 
only on the side facing the laser. In this way, the velocity 
of the iron-free back surface could be measured. From the 
surface velocity, the particle velocity could be determined by 
dividing by 2. This relationship has been shown21 to hold for 
iron shocked to pressures of up to ~150 GPa. Because of the 
relatively high pressure and the small foil thickness in this 
experiment, the velocity waves7,8 indicative of a transition to 
plastic flow and of a phase transformation were not resolved; 
thus, the VISAR results cannot confirm either transition. How-
ever, the deduced particle velocity can be used with the known 
Hugoniot curve of iron to determine the compression. For the 
measured rear-surface velocity of 1.5 # 105 cm/s, the resulting 
compression is C = 1.17, in agreement with the values predicted 
by LASNEX and with the values measured by EXAFS (using 
the FEFF8-code fitting). 

Elastic-to-Plastic Transition
The analysis above has assumed that the compression of 

the hcp crystal, but not necessarily that of the bcc crystal, is 
hydrostatic. The dynamic yield stress in polycrystalline iron 
has been found to be lower than 1 GPa,22 using millimeter-
scale specimen thicknesses and strain rates of order of 105 s–1. 
Because the dynamic yield stress in iron increases with strain 
rate as well as with decreasing specimen thickness,22 we 
cannot assume plastic compression of the bcc crystal prior to 
the phase transformation; in thin iron samples, the Hugoniot 
elastic limit can even be higher than the pressure for phase 
transformation.23 However, the transformation involves atomic 
motions in various mutually perpendicular directions in the 
bcc phase,10,24 and thus, also in a direction perpendicular to 
the shock direction; this should lead to relaxation of the shear 
stress. In the hcp phase, the first shell of nearest neighbors, 
whose distance is given by the unit-cell parameter a, has a 
major contribution to the EXAFS spectrum; thus, the analysis 
primarily determines a, whereas the unit-cell parameter c is 
primarily needed for the calculation of volume compression. 
Therefore, values of c/a somewhat different from the static 
values used here cannot be excluded. However, such values 
would still imply a compression consistent within experimental 
error with the compression obtained by VISAR measurements 
and by hydrodynamic simulations. 

Since the possibility of elastic compression of the bcc crys-
tal cannot be discounted, the following question arises: Can 
the observed EXAFS be explained by a 1-D compression of 
the bcc crystal with no phase transformation? In other words: 
Would the W peak disappear because of 1-D compression 
where no phase transformation takes place? To answer this 
question, we calculated the EXAFS spectrum assuming that 
atomic coordinates in the bcc crystal are reduced only in the 
shock direction. Since the grains are oriented randomly in a 
polycrystalline sample, the angles between the crystal axes and 
the shock direction assume all possible values. Therefore, the 
result was averaged over all these angles. For simplicity, only 
single scattering from the first four nearest-neighbor shells was 
considered, using the scattering amplitudes and phase shifts 
from the tables of Teo and Lee.25 To check the reliability of this 
model, Fig. 103.49(a) shows a comparison between the simpli-
fied and the full FEFF8 calculation for 20% isotropic compres-
sion of bcc iron at T = 700 K. Fair agreement between the two 
calculations is seen, and, in particular, the W feature appears 
in both. The W feature in both cases arises from the same 
coincidence of n = 3 and n = 4 scatterings. Figure 103.49(b) 
shows a comparison between the results for the cases of 3-D 
and 1-D compressions. The 3-D compression is 20%, as above. 
The 1-D compression was varied to match the experimental fre-
quency of modulation, resulting in 12% compression (in slower 
shocks, the transformation starts to occur at a compression 
of ~6%). This is larger than the reduction in distances in the 
3-D case (which is 1.21/3 ~ 1.06) because in 1-D compression 
distances not in the direction of compression are reduced by a 
smaller factor. Since the W feature has not disappeared upon 
1-D compression (nor has the first peak increased in intensity), 
the measured EXAFS spectra cannot be explained as result-
ing from a 1-D compression without a phase transformation. 
Thus, only the analysis assuming the hcp phase agrees with 
the measurement. As shown above, this conclusion agrees with 
VISAR measurements and LASNEX predictions.
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