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Shock Compression of Condensed Matter - 2001 

TIME-RESOLVED X-RAY DIFFRACTION MEASUREMENTS 
ON SHOCKED LIP CRYSTALS 

1'. A. Egg,* K. A. Zimmerman, and Y. M. Gupta 

Institute for Shock Physics and Department of Physics, Wtrshington State University, Pullman, WA 991 64-281 6 

Abstract. Time-resolved x-ra:y diffraction measurements were carried out on shock-compressed LiF 
single crystals in plate impact experiments for the first time. Data (2-4 ns resolution) were obtained 
using an x-ray streak camera firom crystals subjected to both shock and ramp wave loading along the 
[ 1 111 direction. Because of the penetration depth of the x-rays into the sample, interpretation of the 
ramp wave loading data required an analytic model to simulate the results. The penetration depth used 
in this model was determined experimentally from the time-resolved shock wave loading data. Good 
agreement between the simulations and experimental data was found for both loading conditions, sug- 
gesting that the analytic model has broad applicability. Analytic developments and the implications of 
our results will be discussed. 

INTRODUCTION 

It has long been recognized that methods ca- 
pable of probing atomic length scales are needed to 
provide direct information about microscopic 
mechanisms governing shock-induced structural 
changes.' In addition, coupling such techniques 
with plate impact experiments - because they pro- 
duce well-characterized planar loading - is desir- 
able. Recently, we reported the ability to obtain 
quantitative x-ray diffraction data from shock- 
compressed single crystals in real time.2'3 This 
effort addressed limitations of previous attempts to 
incorporate x-ray diffiaction measurements into 
shock-compression experiments!-7 The resulting 
data provided a direct relationship between macro- 
scopic elastic and elastic-plastic deformation and 
deformation at the unit cell level in single crystal 
LiF. Here, experiments to obtain time resolved x- 
ray diffraction data, and the development of an 
analytical model to simulate these data, are de- 
scribed. 

To examine the time-dependent behavior of a 
material using x-ray diffraction requires that other 
time-dependencies associated with the measure- 
ment be eliminated or compensated for in the 
analysis. Two such time-dependencies were im- 
portant in this work. The first was the time- 
dependence of the x-ray source intensity. In these 
experiments, this was reproducible and could be 
compensated for in the analysis. The second was 
the effects of a shock wave moving through the 
probed region of the sample (approximately 86 pm, 
as shown later) at the time of the x-ray exposure. 
At any given time, the diffraction signal generated 
from the sample is due to a convolution of states 
existing in front of and behind the shock front. As 
time progresses, changes in the diffraction signal 
reflect a combination of changes due to the moving 
shock front and the inherent time-dependent re- 
sponse of the sample. Hence, the development of a 
realistic method to distinguish between these two 
effects, or to account for them, is required to quan- 
titatively analyze the time-resolved data. 

'Now at Los Alamos National Laboratory 



EXPERIMENTAL APPROACH Streak ''DM 
Changes in the diffraction sigpal due to the 

shock front moving through the probed region of 
the sample must be understood to interpret the 
time-resolved data correctly. The correct analytical 
approach depends on the degree of lattice perfec- 
tion within the crystal. Perfcct crystals require the 
application of dynamical diEraction theory while 
ideally imperfect crystals can be analyzed using 
kinematical diffraction theory.' 

The penetration depth of the diffracting x-rays 
in a perfect aid imperfect crystal under ambient 
conditions differs dramatically. If the penetration 
depth is equal to the absorption depth - which dc- 
pends only on the atoms in the material and the x- 
ray wavelength used - then, the crystal is ideally 
imperfect and kinematical theory is sufficient to 
describe the x-ray diffraction properties. Other- 
wise, some part of dynamical theory is required to 
describe the crystal. Figure 1 illustrates the x-ray 
diffi-action signals expected from ithree important 
events in a time-resolved experiment that can be 
used to determine the penetration depth. 

For this illustration, it is assumed that there is 

Maximum intensity 

FIGURE 1. Schematic representation of stress profiles in the 
sample at various times during x-ray exposure (left) and the 
corresponding diffraction data (right). 

I 

FIGURE 2. Schematic view of the experimental configuration 
used for time-resolved x-ray diffraction measurements in 
shock-compressed LiF. 

a steep, steady shock front is propagating through 
the sample, i.e. no time-dependent response. In 
Frame 1, the shock wave has entered the absorption 
depth, A, of the crystal. The corresponding diffrac- 
tion signal shows a small intensity peak at 0, from 
the shocked material behind the shock front and a 
high intensity peak at 6'0 from the material between 
0 and P, the penetration depth. In Frame 2, the 
ambient peak loses intensity because some ambient 
diffracting material has now been engulfed by the 
shock wave. As the shock wave proceeds toward 
the surface of the crystal, the intensity of the peak 
corresponding to the shocked state increases while 
the ambient peak intensity decreases. In Frame 3, 
the entire crystal is in the shocked state leaving 
only the peak at 01. Given the shock wave speed in 
the crystal, it is then possible to simultaneously 
determine the absorption and ambient x-ray pene- 
tration depths by identifying the times at which 
these three events occur. 

Experiments were performed using a configu- 
ration (shown in Fig. 2) similar to that used previ- 
0us1y~~~ and details about the gas gun facility used 
to perform these experiments can be found else- 

Shock waves were generated in single 
crystal LiF samples along the [ l l l ]  direction by 
impact of an aluminum (6061 -T6) projectile with 
the target. The latter consisted of a thin front 
buffer (z-cut a-quartz), a mid buffer (z-cut a- 
quartz, or fused silica), the LiF[ 1 1 11 sample, and a 
vitreous carbon (VC) back window. LiF was cho- 
sen because of its strong diffraction signal and be- 

2 



19.2 ld.4 10.13 19.8 19.2 16.4 lQ.6 19.8 
Diffraction Angle (deg) 

FIGURE 3. Experimental (left) and simulated (right) streak 
camera data from the 4 ns shock-compression experiment. 

cause below 4 GPa, shock-compression along 
[ 11 13 results in elastic deformatic,n.” Thus the 
compression wave propagates through the sample 
as a steep, steady shock; the conditions required to 
determine the x-ray penetration depth experimen- 
tally. 

Monochromatic x-rays (A = 1.54A) were di- 
rected towards the sample such that the Bragg con- 
dition was satisfied for the (1 11) crystal planes 
(perpendicular to the shock propagation direction). 
The diffracted signal from the crystal was incident 
upon the entrance slit of an x-ray streak camera 
(Hadland Photonics) that dispersed the signal in 
time. At the back of the streak camera, the inten- 
sity of the signal was enhanced wing an image 
intensifier (Photek) and digitally recorded using a 
CCD (Princeton Instruments). 

To obtain diffraction data during the transition 
from the unshocked to the shocked state required 
precise synchronization of the x-ray output with the 
shock wave event because the traversal time of the 
shock wave across the probed region is short. De- 
tails about the triggering and synchronization 
methods used here can be found e l~ewhere .~”~ 

EXPERIMENTAL RESULTS 

Two shock-compression experiments were 
performed to determine the penetration depth of the 
x-rays in our LiF samples. Streak camera records 
were obtained for each experiment displaying the 
intensity versus diffraction angle versus time. 

Figure 3 show streak camera data obtained 
with 4 ns resolution. Three diffraction peak posi- 
tions are clearly visible. The lowest and highest 
angle peaks correspond to the unshocked and 

Dlffraction Angle (deg) 

FIGURE 4. Experimental (left) and simulated (right) streak 
camera data from the 4 ns ramp wave experiment. 

shocked states, respectively. The middle peak late 
in time corresponds to a partially released state 
from the reflection of the shock wave at the imped- 
ance mismatched LiFNC interface.” X-ray data 
from the second shock compression experiment 
was similar to the first, but was obtained with 2 ns 
resolution. In addition, an x-ray photodiode was 
positioned to monitor the ambient diffraction signal 
to determine the penetration depth of the diffiact- 
ing x-rays more precisely. Using these data and 
the shock wave velocity in LiF[ 11 l]”, the absorp- 
tion and penetration depths (A and P in Fig. 1) 
were determined to be equal with a value of 86 * 
14 pm. 

The final time-resolved experiment was per- 
formed to examine time dependent changes in the 
diffkaction data due to ramp wave loading in a 
LiF[ 11 11 sample. This was achieved by replacing 
the z-cut quartz mid buffer, used in the first two 
experiments, with a fused silica buffer of compara- 
ble thickness to produce a ramp wave.I3 The streak 
record shown in Fig. 4 was obtained with 4 ns reso- 
lution. In contrast to the shock-compression ex- 
periments (Fig. 3), the diffraction peak is smeared 
over a range of angles for much of the streak re- 
cord as a direct consequence of the strain gradient 
present due to ramp wave loading. This makes 
direct analysis of these data difficult at best. There 
is no distinct fiducial - such as an abrupt disap- 
pearance of the ambient peak - to indicate the posi- 
tion of the compression wave at any given time in 
the streak record. It is also difficult to determine 
the peak strain state in this experiment or the time 
at which the peak state occurred. Hence, the ability 
to simulate the diffraction data under specified 
loading conditions is important. 
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X-RAY DIFFRACTION MODEL 

Because the absorption and penetration depths 
were determined to be equal for our samples, the 
diffraction data could be modeled using kinemati- 
cal theory.8 Thus the sample Wiis divided into 
many 2 pm layers which each contributed to the 
diffraction signal equally. The density of each 
layer was then calculated from the Hugoniot data'' 
for the time duration of the experiment with time 
steps of less than 0.5 ns. Based on our previous 

uniaxial compression of the unit cell was 
assumed to derive the relation between the density, 
p, and the lattice spacing, d, in the shocked state: 

The Bragg angle was then calculated from 
Bragg's law, 

for every layer and time step. Next, a Gaussian 
profile, with an empirically determined width, was 
applied to each calculated Rragg angle. Consecu- 
tive time steps were then added together to simu- 
late the timc resolution of the streak camera. Fi- 
nally, the time dependence of the x-ray source was 
applied to the simulated data to allow a direct com- 
parison to the experimental data. 

The right side of Fig. 3 and 4 show the simu- 
lated data generated for each experiment. Com- 
parison shows very good agreement between the 
experiment and simulation in both cases demon- 
strating our ability to simulate two very different 
shock-loading conditions with a single model. 
Equally good agreement was obtained for the 2 ns 
shock experiment. 

CONCLUSIONS 

Time-resolved, x-ray diffraction data were ob- 
tained for the first time in plate impact experi- 
ments. The two shock-compression experiments 

were used to determine the x-ray absorption and 
penetration depths in our samples and demon- 
strated that the diffraction data obtained here could 
be modeled using kinematical diffraction theory. 
The model developed here appears to be versatile 
enough to handle general shock loading conditions, 
but more experimental results are required. These 
experimental and analytical methods should prove 
usefbl in examining dynamic lattice compression 
due to elastic-plastic deformation and other phe- 
nomena (i.e. phase transformations). 
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