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Transient x-ray diffraction used to diagnose shock compressed Si crystals
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Transient x-ray diffraction is used to record time-resolved information about the shock compression
of materials. This technique has been applied on Nova shock experiments driven using a hohlraum
x-ray drive. Data were recorded from the shock release at the free surface of a Si crystal, as well as
from Si at an embedded ablator/Si interface. Modeling has been done to simulate the diffraction data
incorporating the strained crystal rocking curves and Bragg diffraction efficiencies. Examples of the
data and post-processed simulations are presented19%® American Institute of Physics.
[S0034-674809)62601-9

I. INTRODUCTION strain rates with a technique that probes the lattice structure
itself. We use x-ray Bragg diffraction to achieve this.

The response of a material to shock loading is typically  In this article we describe the technique of dynamic dif-
described by a constitutive materials model such as thé&action and demonstrate its use for experiments done on the
Steinberg-Guinan modéIThis is a semiempirical model that Nova laset in which single-crystal Si samples are shock
describes the material response using parameters that hasempressed to pressures of up to 500 kbar using a hohlraum
been normalized against shock wave measurements of pa-ray drive. We describe the target geometry and two differ-
rameters such as the shear stress and yield stress. This moést shock experiments that we performed.
is an elastic-perfectly plastic model. When a stress is applied
to a sample, it respont_js elastically up to the pomt_ where thtﬁ- DYNAMIC DIEFRACTION
stress exceeds the yield stress. As that point, it yields to
plastic flow. X-ray Bragg diffraction provides a measurement of the

In fact, the material has a lattice structure not accounte@d lattice spacing in a crystal structure. Here, x rays scat-
for in such an empirical description. When the solid under-
goes deformation at high pressure, stresses that occur at a
Igttlce Ieyel resylt mygthe.generatlon and subsequent propaga- X faﬁwme diffracted x-rays
tion of dislocationg:® It is the rearrangement of the lattice
structure by transport of these dislocations that is plastic ma-

lattice

terial flow. structure {Bragg
The number density of dislocations that are generated Y ——————————————— v
and the speed with which they propagate are dependent on

the rate of the applied strain. The parameters defined in the

constitutive materials model are determined from experi- shock propagation

ments such as those with strain rates on the order of % %
10°—-10 s 1.4 Application of the model is speculative at the

higher strain rates of 16-10° that may be achieved with a pressure source

laser d”V?n shock experiment. As a result, .'t IS Important t.QZIG. 1. Diagram showing the method of transient diffraction being used to
characterize the shock response of materials at these higkobe a shock compressed lattice structure.
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FIG. 2. Nova hohlraum target design used for transient x-ray diffraction ¢
experiments. The hohlraum has internal shields to prevent x-ray preheat of backlighter foil
the crystal sample. The crystal and backlighter foil are placed around the

midplane of the target. laser beam

FIG. 3. Axial view of the target design used to probe the free surface of a
tered from the atoms in the lattice constructively interfereshock compressed Si crystal.
when the incident angle with respect to the lattice plane sat-
isfies the Bragg condition:

nA=2dXsin(6). through the two laser entrance holes at 50° from the cylinder
In this case, the x rays are diffracted at an anglequal to ~ 2XiS on the inner wall of the hohlraum. GolM banq and
the incident anglérelative to the lattice plangsFig. 1). thermal x rays generated from the laser plasmas in the two

When the lattice undergoes a deformation due to shoclaser heated cavities heat the central or x-ray heated cavity
compression, the lattice spacing decreases. The Bragg dif2rough the apertures in the internal shields, creating the
fraction condition is then met at a different angle determined”lanckian x-ray drive. _ _
by the new lattice spacing, provided the x-ray source is close  1he crystal sample is mounted over a hole in the side of
enough to the sample that the crystal subtends a range i€ hohlraum at the midplane. The x rays in this cavity then
angles including the new Bragg angle. The shift in diffrac-aPlatively drive a shock into the crystal, which we diagnose
tion angle is recorded as a spatial shift in the diffractionPy X-ray diffraction. The internal shielding is designed so
signal. that a crystal sample placed over a hole in the hohlraum wall

Since the x rays that are typically used for Bragg diffrac-at the midplane has no direct line of sight to regions of the
tion are multi-keV, the depth in the crystal that can pehohlraum that are directly illuminated with the high intensity
probed may be tens of am. If there is a range of densities |aser. This prevents 2—4 keV Ad-band emission from the
and corresponding lattice spacings within this depth of thdaSer heated spots from preheating the crystal prior to shock
surface, we record a Bragg diffracted signal from the corre£OMPression.
sponding range of angles. In other words, we record a mea- 1Wo additional beams of Nova are used to generate the
sure of the fraction of the material that is compressed at eackray source for Bragg diffraction. These beams are pointed
density. By recording the signal with an x-ray streak camera®nto & thin foil (5-12 um) such as vanadium. A Ta pinhole
we obtain a time-resolved record of the compression in th@Perture is located behind the fé#ig. 3), providing a small
crystal. For the case where there is a shock wave with £100 um) source ofK-shell line emission that is self filtered
monotonic pressure profiléwhich results in a monotonic t_’y the foil itself to provide a nearly monpenergetic back-
variation in material density for the case where there are n§ghter spectrum. Note that by using a pinhole aperture to
volumetric changes associated with a phase trangitibie define the backlighter source size, we are able to generate a
dependence of the diffraction signal on compression in prinSMall backlighter source with a pulse leng#tb ns. The ex-

ciple can provide a measurement of the shock wave p,fbf”e_pansion of the laser heated plasma creating the backlighter x
rays is masked by the pinhole substrate.

The backlighter foil is located only about 2 mm from the
crystal so that the crystal subtends an angle of up to about

A cylindrical gold hohlraum target is used to generate a25° to the x-ray source, allowing for a range of Bragg dif-
Planckian soft x-ray drive. The hohlraum target is shown infraction angles. The x rays diffracted from the crystal are
Fig. 2. Itis 5.75 mm long and 3.44 mm in diameter with two recorded with an x-ray streak camera. This camera is located
internal shields. These shields divide the hohlraum into awith the photocathode 12 cm from the target, allowing us to
laser heated cavity on each end, and an x-ray heated cavity aollect nearly a 15° range of diffraction angles from the tar-
the center. Eight beams of the Nova laser are incidenget. A film holder is located in front of the streak camera to

IIl. NOVA EXPERIMENT CONFIGURATION
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FIG. 4. Streak record of the x-ray diffraction from(811) shock com-  FIG. 5. Post-processed LASNEX simulation of the diffraction pattern from
pressed at 200 kbar. Si(111) shock compressed to 160 kbar.

record a time-integrated record of the Bragg diffracted x raydattice spacing normalized to the initil11) lattice spacing
as well as the streak record. as a function of time. Here, we observe diffraction from the
A 4 ns square profile laser pulse delivers from 2.4 to 9.0uncompressed Si. We also observe diffraction from com-
kJ of laser energy at 0.3am into the hohlraum. An x-ray pressed Si as the shock propagates toward the back surface
radiation field is created in the central region of the hohl-of the crystal. As the shock breaks out at the back surface,
raum, which ablatively drives a shock into the crystal. Wethe signal from the unshocked material disappears since the
probe the lattice structure by x-ray diffraction as the shockiull depth of the crystal is under compression. When the
propagates through the crystal. Since the backlighter, crystalyave releases, the rarefaction returns the crystal to the initial
and streak camera are all positioned around the midplane afensity, characterized by the return of the diffraction signal
the hohlraum target, this technique is flexible in that it can becorresponding to solid density Si.
easily adapted for a variety of different crystals and lattice  This streak record potentially provides significant infor-
planes by matching the Bragg diffraction angle for the par-mation about the shock propagation and lattice dynamics un-
ticular experiment. der compression at high strain rates. A vertical lineout
We have recorded an x-ray diffraction signal prior to andthrough the data at a particular time provides a measurement
during the shock breakout at the badlee) surface of a Si  of the distribution of lattice spacings within the probe depth,
crystal. We have also recorded an x-ray diffraction signalr a measurement of the shock front profile, convolved with
from a Si crystal ablatively compressed with a low densitythe x-ray absorption and Bragg diffraction efficiency.
CH(Br) ablator by probing through the ablator to the embed-  Simulations were done using LASNEXhen post pro-
ded CHBFr)/Si interface. cessed to generate simulated streaked x-ray diffraction data.
Strained crystal rocking curves were generated using a solu-
IV. BRAGG DIFFRACTION FROM Si (111)—FREE tion to the Takagi-Taupin equatién,® under a layer
SUREACE approximation:! such that the strain is 1D and perpendicular
to the diffracting planes. Then by stacking rocking curves
Silicon at ambient pressure is a diamond cubic latticecalculated at different times, a simulated x-ray streak was
The 2d spacing for the(111) lattice planes is 6.27 A. A generated.The resulting post-processed simulation is shown
sample of Si 40um thick oriented with the(111) lattice  in Fig. 5 for the case where the Si is compressed at 160 kbar.
planes parallel to the surface was mounted over a hole on th@ote that the simulation was done treating the Si as an iso-
midplane of the shielded hohlraum target. The hohlraum Xtropic fluid, which means that it does not include solid-solid
ray drive was used to shock compress the crystal. By usinghase transitions and associated volume changes that are ob-

3.2 kJ of laser energyiia 4 nssquare pulse, a shock pressureserved under static compression at presssr260 kbar!?
of about 200 kbar is generated in the Si.

A V backlighter foil providedK-shell x rays of wave-
length 2.38 A, which Bragg diffract from the uncompressed
(111 lattice planes at 22.3°. The backlighter was positione
so that the x-ray streak camera would collect the diffraction  We used the dynamic Bragg diffraction technique to
from the (111) lattice planes of solid density Si as well as measure shock timing and characterize the compression at
from lattice planes compressed in one dimension by as mucthe interface between a low density (B4) ablator and a Si
as about 6%. crystal.

In Fig. 4@ we show the streak record obtained from A 20 um thick layer of brominated polystyrene
Si(111) using a V backlighter timed from 2.0 to 7.5 ns rela- [CH(Br)] ablator was pressed in contact with a 4t thick
tive to the start of the hohlraum drive beams. This is plottedsample of(111) Si. Approximately 1000 A of Al was coated
with axis scales to represent fractional 1D compression iron the ablator, and this package was then mounted over a

V. BRAGG DIFFRACTION FROM (111)—EMBEDDED
NTERFACE

Downloaded 12 Jan 2006 to 131.215.240.9. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



632 Rev. Sci. Instrum., Vol. 70, No. 1, January 1999 Kalantar et al.

crystal/ablator 1.05 3 T
diffracted diffraction from unshocked lattice
X-rays o ki : S
backlighter l:> streak CDE 1.00 ) » PRy,
foll camera g 2 A I
[1=] . aty :
al® 095 - shift due 7
3 2 to lattice —p -
d i 4
I E ynamics o
= 090+ =
o= X
= shock arrival
hohlraum 0.85 at interface
. I I T I I I
Ta pinhole 30 35 40 45 50 55
Time (ns)

laser baam

L . . FIG. 7. Streak record of the x-ray diffraction from the ablatq®t$1) in-
FIG. 6. Axial view of the target design used to characterize the Shocﬁerface indicating shock arrival at the interface.

propagation through a plastic ablator by x-ray diffraction at the embedde
plastic/Si interface.

peak indicating a reduction in the lattice spacing of about 6%
hole on the midplane of the shielded hohlrautV back- relative to the initial(111) Sillatticg spacing, and we com-
lighter foil was placed over a separate hole with a small T&a"€¢ the time-resolved diffraction structure with post-
aperture (100 um) to provide a small x-ray backlighter processeq simulations. We have. alsq usgd this teghnlque to
source, as illustrated in Fig. 6. A separate slot was cut in thgharacterize the shock propagation time in a plastic ablator
hohlraum to allow the diffracted x rays to be recorded withPY recording the time the shock reaches an embedded
the x-ray streak camera. ablator/crystal interface.
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