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Imaging phonons in a fcc Pu—Ga alloy by thermal diffuse x-ray scattering
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X-ray thermal diffuse scattering intensity patterns from phonons in @fo—Ga alloy have been
recorded using an 18 keV undulator x-ray beam with a beam diameter gfrR5he results are
consistent with patterns calculated using the Born—von Karman force constant model of lattice
dynamics, and support the pronounced softening of the transverse acoustic branch ajddd]the
direction observed from inelastic x-ray scattering measurements. This work demonstrates the
feasibility of using a “large-grain, small beam” approach to study lattice properties, such as phonon
dispersion curves, of materials not readily available in the form of large single crystal200d®
American Institute of Physics[DOI: 10.1063/1.1737482

The complex and often unique physical and metallurgi-
cal properties of plutoniuniPu) are well documenteti The
pure metal exhibits six solid-state phases with large volume
expansions and contractions along the path to the liquid
state: a—B—y— 56— 8 —e—liquid. It melts at a relatively
low temperature of~640 °C to yield a liquid with a density
higher than that of the solid from which it melts. The féc
phase with a density of15.8 g/cm is 20% lower in density
than the monocliniax phase (19.86 g/ch), the latter being
the stable phase at room temperature. &tpghase, however,
is brittle and difficult to handle by standard machining tech-
nigues. By alloying with a few percent of Group Ill metals
such as Al and Ga, Pu can be retained in dfghase over a
wide temperature range around room temperéidre.

Lattice dynamical dat#&e.g., phonon dispersion curves,
or PDC3 are critical to the understanding of the mechanical,
electronic, and thermodynamic properties of Pu materials,
including the interatomic force constants, sound velocities,
elasticity, vibrational entropies, electron-phonon coupling,
structural relaxation, phase stability, and phase transforma-
tions. However, measurements with conventional inelastic
neutron scattering methdtikave been hindered by a high
neutron absorption cross section of Pu and difficulties in
growing single crystals large enough for neutron measure-
ments. Thus, PDCs for Pu and its alloys have remained
largely undetermined experimentally until receritijheoret-
ical calculations have proved to be difficult as well due to
complications in treating the exchange and correlation ef-
fects associated with the 5f electrons, which can be either
bonding or nonbonding, depending sensitively on the
environment:®

X-ray-based techniques provide attractive alternatives
for phonon studies by avoiding the neutron absorption prob-
lem. Furthermore, x rays can be focused to a small spot size,
allowing measurements to be performed on very small

samples. With the high brightness third generation synchrorFiG. 1. Transmission TDS images from a f8®u—Ga alloy along thgl11]

direction. (a) Experimental image obtained from a summation of 60 expo-

sures, 30 s eaclfb) Calculated image based on a Born—von Karman model

dAuthor to whom correspondence should be addressed; electronic maiWwith interactions to the fourth nearest neighbors. Both images are presented
wongl0@Ilinl.gov using a logarithmic intensity scale.
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FIG. 3. Phonon dispersion curves 8Pu—Ga. Open circles with error bars
are inelastic x-ray scattering datsee Ref. h Solid curves are derived from

a best fit to the TDS patterns based on a fourth nearest-neighbor Born—von
Karman model.

ing sample integrityPu burns in air spontaneously and must
be kept under an inert atmosphere at all times

The TDS measurements were performed using the undu-
lator beamline of UNICAT at the Advanced Photon Source
(APS), Argonne National Laboratory, with the APS storage
ring operating at 7 GeV and a current of 100 mA. The x-ray
energy was set to 18.037 keV using a doubl@ Bl crystal
monochromator. This energy is50 eV below the Pu 4
edge, and the sample transmission is near a maximum with
an absorption length of-14 um. The incident beam was
focused to~100 umXx260 um, and passed successively
through a 0.5 mmx0.5 mm slit assembly and a pinhole to
yield a 25um-diam beam on the sample with an estimated
flux of ~6x 10 photons/s. A transmission Laue geometry
was employed, and the pattern of the scattered intensity was
FIG. 2. Transmission TDS images from a i8®u—Ga alloy along thEL00] recorded by a charge coupled devi€CD) positioned im-
direction.(a) Experimental image obtained from a summation of 100 expo-mediately behind the sample containment chamber. The ex-
sures, 20s e_zacl(lb) Calculated image bas_ed ona Born—_von Karman model osure times were typically in the range of 5-30 s. All mea-
with interactions to the fourth nearest neighbors. Both images are presented .
using a logarithmic intensity scale. surements were performed with the sample at room

temperature.

Area survey scans of scattering images were recorded
tron sources, two powerful methods are now available. Thes@ystematically to map the single-crystal domains in the poly-
are thermal diffuse scattering’DS)"~® and inelastic Xray  crystalline microstructure of the Pu—Ga specimen. The pro-
scat.termgg.’lo‘l“mded_ by a recently developed technique for cedure consisted of scanning a 580 by 500 um sample
fabricating large-grain Pu materidfswe have designed a grea with the 25um beam using a step size of 5fm to
TDS experiment and successfully measured patterns of x-rayield a total of 121 scans. Each frame was visually examined
scattering by thermal phonons in a fcc Pu—Ga alloy. to identify single-crystal domains. Of special interest were

The material studied here is Pu with 0.6 wt% of Gathe (100), (111) and (110 domains with fourfold, threefold
alloyed in for stabilization in the phase. The sample is 2.8 and twofold symmetry, respectively. Five such 5@®x500
mm in diameter and about 30m thick with grain sizes in  ym areas were mapped. We were successful in locating a
the range of 50-10@m as determined by optical micros- number of(111)- and (100)-oriented grains, but could not
copy. The sample was mounted in an aluminum containmerfind any (110 grains. At each locate11) and(100) grain,
chamber in the form of a cylinder with a diameter of 70 mm,we performed a series of multiple exposu(66—100, with
a height of 90 mm, and a wall thickness of 0.8 mm. Thesean exposure time of 20 or 30 s and the CCD operating at
dimensions were chosen for an 18 keV beam to yield a de~50% duty cycle. Each set of multiple scans was summed to
sired maximum momentum transfer of4 A~? (the lattice  give the final experimental TDS image.
constant of the material is 4.621%A An interior mounting Figure Xa) is a transmission x-ray TDS image from a
plate and an external lead-disk beamstop were used, respdd11) grain. This image is obtained from a summation of 60
tively, to prevent scattering from the upstream and down-exposures, each for 30 s. Ignoring the Debye rings, the TDS
stream aluminum containment walls from reaching the detecpattern clearly exhibits threefold symmetry characteristic of
tor. The containment chamber was needed both for safetthe[111] direction. As is known from previous work® TDS

reasongPu is highly radioactive and toxi@and for preserv- patterns arise from x-ray scattering from thermally populated
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TABLE I. Born—von Karman force constants to fourth nearest-neighbor interactions in'NThe top row shows results from a direct fit to the PDCs of the
same 0.6 wt% Ga—Pu alloy sample determined by inelastic x-ray scattsgagRef. & The bottom row shows the results from a best fit based on a TDS
analysis; the fit used the numbers in the top row as the initial input parameters.

1IXX 127 1XY 2XX 2YY 3XX 3YY 3Yz 3Xz 4XX 477 4XY
9.409 —2.176 11.306 —3.097 0.905 —0.552 —0.295 —0.426 —0.324 —0.066 0.976 —0.498
9.152 0.739 11.650 —5.105 3.050 —0.765 —0.375 —-1.711 —0.588 0.448 —0.583 0.058

phonons. Each point in the image corresponds to a uniquiag of the transverse acoustic branch near the L point. This is
momentum transfer. Regions knspace close to the recipro- perhaps the most interesting feature of the Pu PDCs, and its
cal lattice points as defined by the Ewald sphere give rise ttemperature and pressure dependence is an important issue in
intense spots due to a high phonon population. Streaks comegard to Pu science and technology. The interatomic force
necting the intense spots are generally associated with higtonstants obtained from the best fit are listed in Table I. Also
symmetry directions in the Brillouin zone. The image alsoincluded in the table for comparison are the values deduced
shows the shadow of the beam stop. Shown in Fig),¥or  from a direct fit to the PDCs obtained from inelastic x-ray
comparison, is a calculated TDS pattern based on a leastcattering. The differences can be taken to be an indication of
squares fit to the experimental results. The Debye rings havie accuracy achievable with TDS from currently available
been indexed and can be shown to derive from microcrystalsamples.

line &Pu—Ga (major phasg and PuO impurity (minor In conclusion, the main purpose of the present TDS ex-
phase. The presence of these rings suggests that the beperiment on a fcc Pu—Ga alloy is to demonstrate the feasi-
Pu—Ga samples currently available to us are not yet of sufbility of a “large-grain, small-bearthapproach in probing
ficiently high quality for clean TDS work. The pattern shown phonon properties of difficult materials that are not readily
in Fig. 1(a), however, indicates that the sample area illumi-available in the form of large single crystals.

nated by the x-ray beart?5 wm) is indeed essentially a ) ,
single grain. Figure @) is an experimental pattern from a This work was performed under the auspices of the U.S.

(100) grain in the sample, obtained from a summation of 100P€Partment of EnergyDOE) by the University of Califor-
exposures, each for 20 s. Debye rings are also present. I§i&: Lawrence Livermore National Laboratory, under Con-
noring these rings, the TDS pattern clearly exhibits fourfoldtract No. W-7405-Eng-48 and by the University of lllinois

symmetry characteristic of tj&00] direction. The computed Frederick Seitz Materials Research Labora_t(_)ry under Grant
image, shown in Flg (b), compares well with the experi— No. DEFG02-91ER45439. The UNICAT facility at the APS

mental pattern. is supported by the Frederick Seitz Materials Research Labo-
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using the method discussed in detail in Ref. 9. Briefly, 802K Ridge National Laboratorf).S. DOE under contract
Born—von Karman force constant motfewith interatomic ~ With Lockheed Martin Energy Reseajcfthe National Insti-
force constants as input parameters is adopted to calculatdt® Of Standards and Technology.S. Department of Com-
the PDCs and the phonon polarization vectors. The x-ray"€rc®, and UOP LLC. The APS is supported by the U.S.
scattering intensities are then computed and fitted to the tw@©OE, Office of Science, under Contract No. W-31-109-
experimental images shown in Figgalland Za) simulta- ENG-38.
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