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Multiple film plane diagnostic for shocked lattice measurements „invited …

Daniel H. Kalantar,a) E. Bringa, M. Caturla, J. Colvin, K. T. Lorenz, M. Kumar,
and J. Stölken
Lawrence Livermore National Laboratory, Livermore, California 94550

A. M. Allen, K. Rosolankova, and J. S. Wark
Department of Physics, Clarendon Laboratory, University of Oxford, Oxford 0X1 3PU, United Kingdom

M. A. Meyers and M. Schneider
University of California, San Diego, La Jolla, California 92093

T. R. Boehly
Laboratory for Laser Energetics, University of Rochester, Rochester, New York 14623

~Presented on 10 July 2002!

Laser-based shock experiments have been conducted in thin Si and Cu crystals at pressures above
the Hugoniot elastic limit. In these experiments, static film and x-ray streak cameras recorded x rays
diffracted from lattice planes both parallel and perpendicular to the shock direction. These data
showed uniaxial compression of Si~100! along the shock direction and three-dimensional
compression of Cu~100!. In the case of the Si diffraction, there was a multiple wave structure
observed, which may be due to a one-dimensional phase transition or a time variation in the shock
pressure. A new film-based detector has been developed for thesein situ dynamic diffraction
experiments. This large-angle detector consists of three film cassettes that are positioned to record
x rays diffracted from a shocked crystal anywhere within a fullp steradian. It records x rays that are
diffracted from multiple lattice planes both parallel and at oblique angles with respect to the shock
direction. It is a time-integrating measurement, but time-resolved data may be recorded using a short
duration laser pulse to create the diffraction source x rays. This new instrument has been fielded
at the OMEGA and Janus lasers to study single-crystal materials shock compressed by direct laser
irradiation. In these experiments, a multiple wave structure was observed on many different lattice
planes in Si. These data provide information on the structure under compression. ©2003
American Institute of Physics.@DOI: 10.1063/1.1538325#
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I. INTRODUCTION

When a material is shock compressed at a very low p
sure, it typically responds by deforming elastically. At a pre
sure above the Hugoniot elastic limit, it deforms plastica
This plastic deformation of materials is often characteriz
by a semiempirical model such as the Steinberg–Gui
model.1 Constitutive models such as this have been de
oped by fitting to shock data that were recorded at low str
rates from 103 to 105 s21, such as obtained with a gas gu
They do not describe the microscopic physics that occur
order for that plastic deformation to take place.

When the solid undergoes deformation at high press
stresses that occur in the lattice initiate and propag
dislocations.2,3 The movement of the dislocations results
the rearrangement of the structure, which is plastic mate
flow. The number density of dislocations that are genera
and the speed with which they propagate are dependen
the rate of the applied strain. In order to study the deta
response of a material to shock loading, it is important
study the response of the lattice usingin situ dynamic x-ray
diffraction.4–6

High-intensity lasers provide a capability to access hi
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pressure states of material, with diagnostic capabilities
are not available on other facilities. In particular, large las
with multiple beams provide both a high-pressure capabi
and x-ray diagnostic capability. We have performed a se
of experiments using the Nova and OMEGA lasers to stu
the deformation of single crystals byin situ dynamic x-ray
diffraction.7–9

Recently, the technique ofin situ diffraction has been
extended to provide simultaneous measurements of mul
lattice planes using a new detector. This is a large solid-an
film-based detector that records x rays diffracted from ma
different lattice planes to provide the detailed informati
necessary to diagnose the state of the material under c
pression.

This large-angle coverage detector is described in
context of adding information on the shock compressed
tice, and methods for data analysis are discussed.

II. IN SITU DYNAMIC DIFFRACTION

X-ray Bragg diffraction is a technique used to study t
structure of a solid. Here, x rays scattered from the atom
the lattice constructively interfere when the incident an
with respect to the lattice plane satisfies the Bragg condit

nl52d3sin~u!.
9 © 2003 American Institute of Physics
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The x rays are diffracted at an angleu equal to the incident
angle~relative to the lattice planes!.

When the lattice undergoes a deformation due to sh
compression, the lattice compresses, so the lattice spa
decreases. The Bragg diffraction condition is then met a
different angle determined by the new lattice spacing~Fig.
1!. The technique ofin situ dynamic x-ray diffraction has
been used to probe shocked single crystals with x rays
they undergo deformation by shock compression. An x-
source is positioned very close to the crystal so that the c
tal subtends a range of angles including the new Bragg an
The shift in diffraction angle is then recorded as a spa
shift in the diffraction signal.

III. PREVIOUS RESULTS

Experiments have been conducted on the Nova
OMEGA lasers to study the shock response of Si and Cu
these experiments, the single-crystal samples were app
mately 2 mm in size, with a thickness of 40mm for the Si
and 2mm for the Cu. The single crystal was shock load
either by indirect~x-ray! drive, or direct~laser! drive, and the

FIG. 1. Schematic showing the geometry forin situ x-ray diffraction.
Compression of the lattice spacing is observed as a shift in the Bragg a
of the diffracted x rays.
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sample was probed using x rays generated by high-inten
beams incident on a thin metal foil. A nearly monochroma
source of x rays was created. These x rays were then
fracted from the lattice planes of the crystal and recorded
both static film and x-ray streak cameras.

X rays diffracted from the~004! planes of Si and~002!
planes of Cu parallel to the shock propagation direction
the crystal were recorded with one detector. X rays diffrac
from the orthogonal~040! planes on Si and~020! planes of
Cu were recorded with a separate detector.

In the case of single-crystal Si~100!, the sample was
shock loaded to pressures up to approximately 120 kba
rays diffracted from the~004! planes showed a dynamic re
sponse as the Bragg angle shifted, as illustrated in Fig. 2.
shift of 1.85 Å x rays from a Bragg angle of 42.95°–46.72
indicates a compression of the 2d lattice spacing of approxi-
mately 6.4% along the shock direction. Simultaneous m
surements of the orthogonal~040! lattice planes showed no
response to the shock loading. In this case, the Si appea
respond uniaxially.

In the case of single-crystal Cu, these foils were sho
compressed to a peak pressure of approximately 200 kba
rays diffracted from the~002! and ~020! lattice planes
showed a compression of apprimately 2.5%–3%, as ill
trated in Fig. 2. In this case, the broadening of the signa
thought to be due to a high density of dislocations as wel
due to the structure in the shock due to the laser drive on
very thin samples. The observed compression in both
Bragg and Laue measurements is consistent with a f
three-dimensional compression of the Cu. This volume
compression is a result of the local rearrangement of
lattice under compression due to the generation and pro
gation of dislocations.9

In the case of the single-crystal Si work, the response
the lattice appears to be elastic, but it may also be consis
with a shock-induced phase transformation. At low pressu
the compression of the~004! planes is only a few %. At
moderate pressure~100 kbar!, several different compression
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-
.
-
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-
m

FIG. 2. Lineouts showing the com
pression of single-crystal Si and Cu
For single-crystal Si, there is compres
sion of the lattice parallel to the shoc
direction ~a!, but not perpendicular
~b!. For single-crystal Cu, there is
compression of the lattice both paralle
~c! and perpendicular~d! to the shock
direction. Note that the unshocked fea
ture has structure due to the spectru
of the x-ray source.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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are observed with a multiwave structure. At higher pressu
~from ;110–160 kbar!, a single lattice compression of ap
proximately 6.4% is observed. The fact that the compress
remains at approximately 6.4% along the shock direct
could correspond to the density at which a shock-indu
phase transformation occurs, where the lattice spacing o
final state is not recorded.

In order to further study the response of the Si and ot
materials, a wide solid-angle collection detector was dev
oped. This detector is described in detail in the followi
sections.

IV. WIDE-ANGLE DETECTOR

The new wide-angle detector was developed to collec
rays diffracted from multiple lattice planes. It consists
three separate static x-ray film holders, one rectangula
shape, and two triangular in shape. These film holders
71 mm3142 mm in size. Each film holder has a 0.75-m
thick Be blast shield, and holds several layers of thin me
foil filters and two pieces of Kodak DEF film. These film
holders are bolted together to approximate a 90° segmen
a sphere. The geometry of the full assembly is shown
Fig. 3.

This detector was designed for experiments at
OMEGA laser at the University of Rochester, and has a
been used at the Janus laser at Lawrence Livermore Nat
Laboratory ~LLNL !. We describe the details of how it i
configured and fielded at OMEGA. The detector is po
tioned in the OMEGA target chamber by inserting it in a t
inch manipulator, and held so that it surrounds the tar
chamber center, subtending an angle of>90° in one direc-
tion and 180° in the other. It is placed so that the th
separate film planes are located 53 mm from the target ch
ber center.

This instrument is used in combination with a target d
signed specifically for wide-angle diffraction. The target
illustrated in Fig. 4. It consists of a lead-doped plastic b
plate that holds the single-crystal sample, and a thin g
shield that holds a metal foil for the x-ray backlighter sour
K-shell x rays are created by 4–6 laser beams incident on
thin metal foil. The size of the source of the x rays is defin
by a 200-mm-diam aperture in the backlighter shield.

The K-shell x rays that diffract from the crystal are r
corded on film. The direct line of sight to the film is blocke
with a cylindrical shield placed above the 200mm aperture.

FIG. 3. Geometry for the large-angle film detector. This consists of th
film holders positioned to record x rays diffracted at a wide range of ang
Downloaded 08 Dec 2005 to 132.239.191.82. Redistribution subject to A
s

n
n
d
he

r
l-

x
f
in
re
-
l

of
n

e
o
nal

-

et

e
m-

-

e
ld
.
he
d

This provides x rays over an angular range up to 18
390° that may be incident on the crystal and diffracted
the film.

V. DEMONSTRATION AND ANALYSIS

This new detector has been fielded on a series of ta
experiments at OMEGA. A preliminary test was done w
single-crystal Cu. X rays diffracted from approximately 1
different lattice planes of the static Cu sample were recor
on film simultaneously, as shown in Fig. 5. In this geomet
the crystal had a~001! orientation. It had an arbitrary orien
tation about the sample normal. A thin Cu foil was used
the x-ray source, providing x rays with a wavelength of 1.
Å. X rays diffracted from the~002! planes have a Bragg
angle of 24.36°, and from the~004! planes have a Bragg
angle of 55.64°. Both of these are visible, along with x ra
diffracted from planes at an angle with respect to the cry
surface.

e
s.

FIG. 4. Example of the target used for thein situ shock compression ex-
periments. This is approximately 8 mm in size.

FIG. 5. Example of film data showing x rays diffracted from multiple latti
planes of single-crystal Cu. The~002! and ~004! planes parallel to the sur-
face are indicated.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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The different lines that are visible in this sample ima
are approximated by conic sections. Each results from
point source of x rays diffracted from a single lattice pla
and recorded on a flat piece of film. The geometry to illu
trate this is shown in Fig. 6. In this illustration, x rays di
fracted from an arbitrary infinite lattice plane form the su
face of a cone. The orientation of the lattice normal is
direction of the axis of the cone, and the Bragg angle for t
lattice plane is 90° minus the half angle of the cone. T
extent of the cone of x rays diffracted from the crystal
determined by the angle that the crystal subtends to the x
source, and the appearance of the line on film is the inter
tion of this cone with the static film detector.

The process for identifying the lattice planes and extra
ing quantitative information on the shock response of
crystal is an iterative process that requires us to first iden
the lattice planes, to transform the data to spherical coo

FIG. 6. Geometry that is used in the fit routines for the diffraction sign
Each arc on the film is due to a cone of x rays diffracted from a spec
lattice plane in the crystal. The best fit cone for each line is given by th
angle parameters that represent the Bragg angle and lattice normal ve
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nates, and then to fit the lattice planes for arbitrary diffra
tion signals.

The first step is to identify some of the lattice planes
the film data. This is done using an Interactive Data La
guage~IDL, Research Systems Inc.! procedure to calculate
the expected signal from a given lattice plane. An x-r
source and lattice plane are input, and a diffraction patter
calculated as an image that displays in spherical coordina
theta and phi. A composite image that includes the diffract
signals from several different lattice planes may be cal
lated based on the selection rules for the particular cryst

We show several calculated images in Fig. 7 for sing
crystal Cu. In this case, we show only the diffraction for t
~002!, ~004!, ~61,21,3!, ~6113!, and ~6313! planes. Two
cases are shown, for the rotation of the crystal oriented s
metrically with respect to the film, and for a slight offs
rotation of 20°. By comparing the film images with the ca
culated diffraction patterns, a number of lattice planes
identified. These are then used to optimize the relative p
tion of the target with respect to the film for the detaile
lattice plane analysis.

In this case, the~002! and~004! planes are used. For a
x-ray source with a wavelength of 1.49 Å, the Bragg an
for the ~002! plane is 24.36°, and for the~004! plane is
55.64°. An IDL procedure is used to warp the film images
spherical coordinates based on geometrical inputs such a
position and angle of the crystal relative to the film. Th
transformation is optimized to match the Bragg angles
both the~002! and ~004! planes. The optimum transforma
tion is shown in Fig. 8 for the film images shown earlier
Fig. 5. Note that in spherical coordinates, the~002! and~004!
planes are located at fixed values of theta.

The final step is to extract lattice information from oth
planes. This is done by identifying several points on ea
line, and fitting a conic section to those points. The para
eters for this conic section then define the lattice plane. S
cifically, the half angle of the best-fit cone is 90° minus t
Bragg angle, and the axis of the cone is directed along
unit normal for the specific lattice plane~Fig. 6!. Note that in

.
c
e

or.
FIG. 7. Calculated diffraction signals for specific lattice planes of single-crystal Cu using a Cu x-ray source at 1.49 Å. The relative orientation of the lattice
is rotated by 20° for the image on the right.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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this example of a static Cu crystal, the other planes sho
match the planes for single-crystal Cu.

We have performed this fit for the~313! plane shown in
Fig. 8 for illustration. Preliminary results for the fit param
eters for the~313! plane are evaluated. The best-fit co
indicates a lattice spacing of 1.66 Å, which compares clos
with the actual spacing of 1.72 Å.

VI. SHOCK EXPERIMENTS

This process of analysis may be applied to shock d
provided both the preshock and shock diffraction signals
recorded on the film. The preshock image provides the d
to optimize the transformation to spherical coordinates,
then the shock data provide information on the actual lat
configuration under shock loading. The results from a sh
experiment are shown in Fig. 9. Here, x rays diffracted fro
multiple lattice planes of Si were recorded during a sho
experiment. A multiple-line structure is observed for ma
different lattice planes. This corresponds to both the
shocked and shocked Si lattice.

Preliminary analysis of the diffraction lines in this imag
shows a maximum compression of the~004! lattice planes by
6.4%. Other lattice planes also show compression. The

FIG. 8. Warped image of the x rays diffracted from single-crystal Cu d
played in angle space. The data cover an angular range of 90° in the ve
direction and 180° in the horizontal direction.

FIG. 9. Example image of x rays diffracted from shocked single-crystal
X rays were diffracted from both the shocked and unshocked lattice du
the experiment.
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tails of the compression for each lattice plane will be used
identify the lattice response due to this dynamic loading p
cess.

VII. ADVANCED CONCEPTS

There are several different ways that this large-angle
tector may be used. In the experiments that we desc
above, the duration of the x-ray source for diffraction is 4
determined by the length of the laser pulse. Shorter ti
resolution may be achieved with a shorter duration la
pulse. On OMEGA, this may be a 200 ps impulse. It is a
possible to use a short~ps! pulse for fast time resolution. In
general, this requires multiple shots to acquire a detailed
derstanding of the dynamic response of the lattice.

-
cal

i.
g

FIG. 10. Geometry forin situ diffraction using two separate backlighte
foils to provide dual images with time resolution.

FIG. 11. Example of x rays diffracted from a polycrystal sample of Be. T
presence of short diffraction lines indicates that the foil is solid and
many grains.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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In these experiments, it is critical to calibrate the latti
orientation with respect to the film. We have done this in
example data using the unshocked lattice diffraction patt
In the case where a shorter laser pulse is used to probe
lattice, multiple beams may be used to create a double p
backlighter to record a preshock image of the diffraction p
tern, as well as a diffraction pattern during shock loadi
This may be extended to include multiple images at differ
times during the shock loading, provided the different p
terns may be resolved and distinguished. One concept
this is to use separate foils for the x-ray backlighters.
designing the target with two separate backlighter foils a
apertures, images may be recorded at different times w
different wavelength x-ray diffraction sources. For examp
Fe and Cu may be used to probe a sample of Cu~111!. In this
case, the Bragg angle for the Fe x rays is 62.8°, and for
Cu x rays is 45.8°. The diffracted lines can be distinguish
with differential filtering in the film pack to allow detailed
fitting of the preshock versus shock response of the latt
This concept is illustrated in Fig. 10.

The large-angle collection detector allows us to recor
rays diffracted from many different lattice planes. This m
be used for polycrystalline samples with large grains. Si
the x rays are incident at a wide range of angles on
crystal, this is not useful as a diagnostic of the detailed lat
Downloaded 08 Dec 2005 to 132.239.191.82. Redistribution subject to A
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structure for a polycrystal material, but it does provide
diagnostic of the state of the material by the existence o
lattice. This is demonstrated with images of polycrystalli
Be, shown in Fig. 11. A pattern of diffraction lines is eviden
indicating that this material is solid during the experimen
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