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Abstract

Various aspects of performing high-pressure studies with radioactive f-elements using synchrotrons as
sources of X-rays are discussed. For ultra-high pressures, intense well-focussed beams of 10 to 30
microns in diameter and a single wavelength of 0.3 to 0.7 A are desired for angle dispersive
diffraction measurements. Special considerations are necessary for the studies of transuranium

- elements under pressure at synchrotron facilities. Normally, with these actinides the pressure cells are

prepared off-site and shipped to the synchrotron for study. Approved containment techniques must be
provided to assure there is not a potential for the release of sample material. The goal of these high-
pressure studies is to explore the fundamental science occurring as pressure is applied to the actinide
samples. One of the primary effects of pressure is to reduce interatomic distances, and the goal is to
ascertain the changes in bonding and electronic nature of the system that result as atoms and
electronic orbitals are forced closer together. Concepts of the science being pursued with these f
elements are outlined. A brief discussion of the behavior of americium metal under pressure
performed recently at the ESRF is provided as an example of the high-pressure research being
performed with synchrotron radiation. Also discussed here is the important role synchrotrons play
and the techniques/procedures employed in high-pressure studies with actinides.

Introductlon

Electromagnenc radiation has long been employed for characterizing materials, and third
generation synchrotrons offer unparalleled opportunities in this regard. In the area of X-ray
diffragtion, a classical tool for structural determinations, synchrotrons offer not only a very intense X-
ray source but also provide beams of superior dimensions and stability that can be customized readily.
These are the characteristics that have expanded greatly the ability to perform ultra-high pressure -
research, and have attracted researchers wishing to investigate actinides under pressure at synchrotron
facilities.

There has been increased interest in the effects of pressure on f-elements and compounds,
especially as pressures in the megabar region are now easily attainable. An important issue in these
studiés,is to determine how the decreasing interatomic distances, brought about by applying pressure,
_ can effect the electronic nature and/or bonding in these materials. Specifically, for the f-elements, the
“question is whether such changes effect the normally non-bonding (localized) f-electrons themseives
and incorporated them in some manner into the bonding of the materials. The 5f electrons of the
actinide elements, whlch are all radioactive to varying degrees, are particularly intriguing in this
regard.

Whereas it is accepted that the actmxde elements from protactinium through plutonium have f
electrons involved in their bonding at normal pressure, in contrast the transplutonium elements are

- considered to be more lanthamde-hke and do not. Thus, one goal for investigating transplutonium



metals is to determine if pressure can bring about delocahzatzon of their f electrons and thereby alter:
the nature of the bonding in the materials.

The spatial extent of the 5f electrons is greater than that of the 4f-electrons, and close in energy to
the 6d, 7p and 7s electrons. Altering certain parameters, such as pressure, may then change the total
energy of the system. An especially interesting element in this regard is americium (clement 95), the
near neighbor of plutonium (element 94). At room temperature and pressure, plutonium is accepted as
having overlapping orbitals, which involve its Sf electrons (hybridized band structure), while
americium has localized Sf electrons (e.g., 5f electrons in a narrow region). The question becomes
whether pressure canreverse this sudden change in 5f-electron behavior that is observed in this region
of the actinide series. That is, can pressure cause the Sf electrons of americium to participate in
bonding? There is also interest in the behavior of different actinide compounds and alloys under
pressure. These latter materials present an additional complexity in that more than one kind of atom

is involved.
 Structural information in high-pressure studies is basically obtained in the classical manner using
X-rays, except that a diamond anvil cell (DAC) is employed for applying pressure on the sample. The
DAC imposes some restrictions in the diffraction studies, but the nature and flexibility of the
synchrotron radiation makes it the preferred choice for pressure work, especially at the higher
pressures. There are several obvious advantages to using synchrotron radiation for pressure studies,
but for pressures of one or more megabars, the small (10-30 micron diameter) X-ray beams of high
intensity are very significant, in some instances even being a necessity.

This work will cover different aspects, both positive and negative, of performing hxgh-pressure
studies with radioactive f-elements at synchrotron facilities. The important role synchrotrons play in
studies with actinides, together with the needs and responsibilities of scientists performing such
investigations will also be addressed. Some of the science being pursued with actinides will be
outlined and demonstrated by a brief discussion of selected studies, which includes the investigation
of americium metal under pressure performed recently at the ESRF (Grenoble, France).

Experimental Aspects

Materials

The actinide elements are all electropositive metals and display variable reactivity toward water
and air. They are prepared by various techniques [1-3], depending on their particular
physicochemistry and availability. In experiments with the limited quantities of the element and with
isotoges having short half-lives, the preparation of the metals becomes an integrated part of the high-
pressure studies. Reactivity of the metal is a concern, especially considering the small amounts of the
sample employed in the high-pressure study. In most cases, sample loading of the DAC must be done
in inert atmosphere gloved boxes to protect the sample from moisture and air, as well as to provide
containment for the radioactive materials. Thought must also be given to the pressure-transmitting
medium being used, to assure that it will not bring about sample degradation, especially with a
lengthy transportation period. Generally, silicon oil, liquefied gases (Ar, He, N, etc.) are acceptable,
wheregs alcohol (e.g., mixtures of methanol and ethanol) can react with some actinide metals,
_ especially those with higher radiation fields that decompose the alcohol to more reactive products.

Diamond Anvil Cell (DAO)

There are a number of dlamond anvil cell (DAC) designs and it is not the purpose here to compare
these designs. Nor is there an attempt to discuss the preparation or loading/unloading techniques
employed. Rather, the discussion is aimed at operations necessary to allow radioactive samples in a
DAC to be studied at a synchrotron.




In our work we have employed tree cell designs: (1) Cornell design [4]; (2) Syassen-Holzapfel
design [S]; and the Megabar design [6]. The first design is best suited for pressure of a megabar or
more, whereas the second design is limited to pressures of ~ 60 GPa. The DAC by necessity (for
alignment, installation of parts, etc.) has several openings to the diamond anvil area. These openings
must be “sealed” when using radioactive samples at a synchrotron. The diamonds and gasket provide
the first level of containment. In addition, other containment must also be provided. For the latter
perspective, some. cell designs are more adaptable than other. We have found that the Cornell DAC
design lends itself nicely for such contamment A photograph of two views of the Cornell cells is
shown in Flgure 1.

~ Figure 1. Two Comell-type, Diamond Anvil Cells with Special Containment Pieces for Studying
. .Radioactive Samples (A beryllium window inside of the housing of the moveable pistonis. . .._.._..
‘" .not shown) . ‘

This DAC is essentially a precision-bored, block of stainless steel that contains a fixed diamond
anvil and is fitted with a movable piston containing a matching diamond anvil. The piston is
associated with the large nut on the right side of the left-hand cell in Figure 1. The accesses through
~ the block are sealed with oval aluminum plugs (threaded hole in center) and a second Allen screw in
each corner. A brass piece fitted with a 6 mm diameter beryllium window is screwed and sealed into
the movable piston (visible only as a nut on the left cell), and rests just before the base of the
- diamond. The X-ray beam enters the piston opening and then passes through a beryllium window.
After passing through this window, the moveable diamond, the sample and the fixed diamond, the X-
rays exit pass through the end slit.

The exit slit is visible in the right band cell (Figure 1) and provides limited two-theta angle of some
twenty degrees The exit slit is fitted with a large brass nng, which has a high strength plastic
(Melinex®, a polyester film by Dupont) sealed to it. The ring is held on the DAC by three screws. The
plastic window was chosen both for its strength and its ability to transmit the ruby’s fluorescence,
~ when the latter is used for pressure determinations. Either ruby fluorescence or the equation-of-state
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for platinum were the techniques used for the pressure determinations. Using a plastlc film over an
aluminum frame also provided additional containment for the cell.

Containment for the other two cell designs was similar in principle, though both were more
difficult given the different cell constructions. Containment for these two cell desxgns is not discussed
here, but a similar approach was used for the other cells. -

Special techniques have been developed for loading/unloading the DAC at ORNL. Experience
has shown these cells can be loaded with radiocactive samples, used in the studies and then unloaded
without contaminating the DAC, except for the gasket and diamond surfaces. It has been found that
the diamonds can easily be de-contaminated and re-used in other studies.

DAC and Synchrotron Radiétion

. High-pressure studies with a DAC can employ either energy dispersive or angle dispersive
techniques. Both techniques have advantages and disadvantages but overall we have preferred the
angle dispersive technique for studies with synchrotron radiation. This approach provides excellent
resolution, most flexible operational conditions, and given the high intensity of the radiation, does not
suffer with regard to the collection time for the diffraction data. Angle dispersive studies with a DAC
do have some special requirements, and these vary with the properties of the specific cells being used.

Provided here are a few comments relative to the study of f-elements in a DAC at synchrotrons.
With the angle dispersive technique, X-rays of a wavelength shorter than ~ 0.7 Aeg,07-034)is
used to maximize the diffraction data that can be collected. A wavelength of 0.7 A is sufficient to
pass through the two diamonds and the sample. Shorter wavelengths allow “compressed” diffraction
data to be collected to favor higher angles. Altering the sample to detector distances and/or rotating
the cell relative to the beam are other approaches that can be done at advanced facilities. These
techniques help overcome the limitation of having relatively small diffraction angles provided by the
DAC (~ 20-25 degrees two theta). Finally, the rapid image plates and readout used at the ESRF
facility is very important, and allow complete diffraction patterns to be obtained with the synchrotron
radiation in a less than a minute. ,

The superiority of synchrotron radiation for high-pressure studies with actinides is in the
machine’s ability to provide intense, well-focussed and stable X-ray beams with of 10-30 microns in
diameter. As the desired pressure region for the studies increases, there is the need for smaller
diamond anvils, small gasket openings and smaller sample sizes. In many cases, diamond anvils with
70-100 micron surfaces and having a gasket with a 30-60 microns in diameter opening are used; only
a few micrograms of actinide sample are employed. These conditions require the small, intense X-ray

. beamg provided by synchrotrons in order to performa-complete study of the material at very high

pressures in the allotted experimental time.

Specifically, the experimental procedure often uses micro-focussed beams of nominally 25x25 um®
(two bent mirrors in conjunction with a 30 um pinhole filter) in many of the studies. Under these
conditions, a 15-second exposure is sufficient (2/3 fill machine mode, at 200 mA) to yield excellent
diffraction images. The images are captured with a Fastscan image detector [7] and the images can be
viewed in 15-60 seconds. This allows a large number of diffraction images to be collected in a short
time. ">
.. Presently, facilities are not available at synchrotrons for loading and preparing DAC with
~ radioactive samples, although facilities exist for preparing certain types of samples at the synchrotron.
For high-pressure studies, this requires that the DAC samples be loaded, prepared for study at a
synchrotron site and then transported to that site by official carriers. This transportation is costly,
time consuming and the process is not forgiving if the sample is satisfactory upon arrival.

This transportation process also limits the number of samples and increases the inability to study
successfully a particular sample. The DAC is an expensive sample device and only a limited number
are’ normally available at one time. Transportation itself "limits the number of cells that can be
transported at one time. Thus, the experimenter must choose between having different samples or




having one to two materials with back-up samples. The total number of samples often falls into a
range of one to six in these high-pressure synchrotron studies with actinides.

f Elements under Pressure

Over the past few decades there have been several studies of the lanthanides and actinides under
pressure. Given recent advancements in high-pressure work and the use of synchrotrons, higher
pressures have been attained and new concepts concerning behavior under pressure have been formed.
The reader is referred to reviews [8-11] on high-pressure studies with f-elements and recent work on
Ce metal [12). There is strong evidence that the 4f electrons in the lanthanide series delocalize under
pressure and that these metals adopt low-symmetry structure types known for the Pa-Pu metals, which
normally have itinerant f-electrons. The pressure for this delocalization process increases as one
moves across the lanthanide series (as the f electrons are “pulled-in” by the greater nuclear charge); it
has not been reported for members of the second half of this series. The greater spatial extension of
the 5f electrons in the actinides, as compared to the 4f electrons in the lanthanides, is expected to
permit the delocalization process in the former to occur at lower pressures.

The phys1cochemlcal properties of the actinide metals at normal pressure vary considerably across
the series. This is largely due to the changing role of the 5f electrons. It is accepted that the 5f
electrons in the protactinium through plutonium metals are involved in bonding at normal temperature
and pressure, and these metals display quite different properties than the lanthanide or transplutonium
metals. The 5f electrons of the transplutonium metals are localized and their behavior is more like
that of the lanthanide metals. In this regard, americium metal is in a pivotal position in the series and
its behavior under pressure is especially interesting in this regard. The determination of whether
pressure can bring about this delocalization is an important aspect of DAC studies with transuranium
elements.

The concept of identical homologs between the lanthanide and the actinide metals is seriously
limited, especially in terms of their pressure behavior, although some comparisons/relationships are
valid and useful. In these pressure studies using X-ray diffraction, the approach is to monitor the
structure of the metals as a function of pressure and extract the bonding behavior from established
structure-bonding relationships. These structure-bonding relationships have both an experimental and
theoretical basis. The goal is to use both theory and experiment to understand the pressure behavior

- and to promote the convergence of experimental and theoretical views of the metals under pressure.
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There are at least two different processes envisioned for the 5f electrons when the metals are
subjected to pressure. One effect is for the 5f electrons to combine/overlap with other electron
orbitals to form a hybrid-type of bonding band (as exists with the Pa-Pu metals at normal pressure).
In essence, the 5f electrons become delocalized and become involved in bonding, either in totally or
partiaily. In this situation, it would be expected that lower symmetry structures would form, perhaps
similar or identical to the structures exhibited by the protactinium through plutonium metais.

The second process is for the pressure to cause promotion of the f electron to another state (e.g.,
f—d) and then this new state would become involved in bonding. This does not seem to have been
observed experimentally in pressure studies to date. A potential example would be to apply pressure
on divalent einsteinium metal ([Rn core] 5f''7s%) and force it to become trivalent einsteinium metal
({Rn core] 5£'°spd). Simple calculations indicate this could occur at relatxvely lower pressures.

The primary structural effects of pressure are: dynamic compression; structural transformations;
and volume collapses. In many of the structural transformations mvolvmg high-symmetry, common
metal structures, s-d interactions are the driving force, as the relative energies of these orbitals change
with pressure. . Transformation from a high to lower symmetry structure can suggest potential
incorporation of f-electron character. A sudden volume collapse is indicative of the onset of f-
electron involvement.

The above discussion provides a snapshot of what investigations of actinide metals under pressure

. are pursuing in high-pressure studies at synchrotrons. The studies require the application of
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established structure-bonding concepts/relationships. Other complimentary analysis under pressure
would of course be useful/informative, and some have been done at lower pressures. However, the
situation is that these other analytic probes (magnetism, resistivity, etc.) are far more limited in the
pressures that can be obtained. The DAC probably provides the highest pressure that can be
expenmentauy obtained in static measurements. The types of changes bemg pursued very likely
requxre these high pressures.

In the subsequent section, 1mportant aspects of americium’s behavior under pressure, determined
in recent studies at the ESRF [13], will be discussed. Studies of americium under pressure have been
reported previously at lower pressures using.conventional X-ray radiation sources. The recent work
on americium [13] differs significantly in the structures observed in the mid- to high-pressure regions,
and these new findings were made possible through the use of synchrotron radiation.

Recent Studies on Americium Metal :

Americium metal was studied recently at the ESRF high-pressure diffraction facility (ID 30) and
the initial findings reported [13]. These studies extended greatly the pressure range examined
previously, from 60 GPa to the reported limit of 100 GPa. In addition, the high quality (resolution)
and extensive diffraction data acquired at the ESRF resolved previous disagreements about the high-
pressure behavior of americium. These new data have allowed a new understanding of the behavior
of americium under pressure. These data are shown in graphical form in Figure 2 as a plot of relative
volume (volume at pressure/volume at normal pressure) versus pressure. The insert in the figure
displays the atomic volume of the different actinide metals versus the atomic number, showing the
sharp increase in volume in going from plutonium to americium. This increase reflects the change
from having delocalized electrons in plutonium (smaller than expected atomic volume) to having
localized f-electrons found in americium. If the localized f electrons in americium suddenly became
delocalized (e.g., by applying pressure), a sharp reduction in its atomic volume would be expected
(e.g., the volume for americium in the insert would drop down toward the volume shown for
plutonium). Conversely, if f-electron involvement could be removed in alpha-plutonium (generation
of localized f electrons), its volume should increase towards that of americium. This can be partially
accomplished by heating or alloying of plutonium with small amounts of other metals.

Figure 2 displays that four phases were observed for americium metal under pressure in a recent

. study [13] at the ESRF. Previous researchers have reported data and interpretations about the

w

behavior of americium metal under pressure below 60 GPa [14-21]. The main differences in Figure 2
from earlier work are found in the two phases labeled Am (IIT) and Am (IV). Differences included

. both the structural assignments and the transition pressures for these two phases. In addition, a

second, small volume collapse was observed for the first time at the transition between the Am (I)
and Am (III) forms (Figure 2).

The structures observed for the four forms were: Am (I) - dhcp (P63/mmc); Am (IT) - fcc (Fm3m);
Am(III) -orthorhombic (Fddd) and Am(IV) - orthorhombic (Pnma). The Am (IV) form is similar to
the alpha uranium type structure (Cmem) [13], while the Am (IIl) structure is isostructural with an

- elevated temperature form of plutonium metal (gamma plutonium). Both the Am (III) and the Am

(IV) structures are believed to involve f-electron character, as do alpha plutonium and alpha uranium.
A detailed discussion and experimental information can be found in the paper [13]. The results of the
pressure study on americium metal can be looked at as a form of “modern structural alchemy”. Under
pressure americium (II) adopts first the structure of y-plutonium and then a structure with a “slightly
altered” arrangement of the atoms than found in a-uranium (loosely speaking, a slightly altered form
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Figure 2: Relative Volume-versus-Pressure Curve for Americium Metal. Inset
shows the atomic volume of the actinides as a function of element.

of a-uranium). The structures are displayed graphically in Figure 3, where the arrangement of the
americium atoms in each form and the transformation processes between structures can be visualized.
The ability to resolve the behavior of americium under pressure was the result of high quality of
the diffraction data obtained at the ESRF synchrotron facility. The quality of these data was
confirmed in Rietveld analyses of the data at different pressures, and Bragg-R factors of 5-8 % were
obtained for the derived structures. The results of the refinements for some data sets for the
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l;igure 3: A form of modern alchemy. Under high pressure, americium (Am IT) first
adopts the structure of y-plutonium (Am (III) and then a structure that is “slightly -
altered” frpm that of a-uranium [Am IV].

face éentered orthorhombic Am (III) and primitive, orthorhombic Am (IV) structures are
shown in Figure 4. The space group for the Am (IIl) structure is Fddd and that for the




Am(IV) structure is Pnma. The latter space group has a lower symmetry than the Cmcm-
space group for a-uranium, which itself is a complex structure. ‘ :
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Figure3: Rietveld fits for the Am III and Am IV
structures at 10.9 and 17.6 GPa. Shown are experimental
(dark lines) and calculated (grey lines) diffraction
patterns, reflection tick-marks and difference profiles

v ' (bottom line) [13]. '

Summarizing Comments

The attributes of synchrotron radiation have permitted and hopefully will continue to
~advance the high-pressure science of the actinides. Obtaining high-quality diffraction data is
crucial to ascertain the proper structural behavior from which electronic and bonding nature

»

of the’ material is extracted. Synchrotron radiation is very important when ultra-high

“pressures are sought, as it can provide the characteristics and the very critical beam

conditions that are required for these particular DAC investigations. The
flexibility/variability of the beams from modern synchrotrons are additional benefits.
Drawbacks to high-pressure studies with actinides at synchrotrons are the lack of on-site

facilities for loading/unloading the DAC. These are not likely to be available, especially in-

the near term, given the requirements for handling DACs, as well as more extensive work
needed with radioactive materials in DACs. In the absence of such facilities, it is necessary
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to transport the DACs pre-loaded with sample and contained. This can be an expenswe,

difficult and time consuming, and the transport of radioactive materials is not likely to o

become easier in the future. This situation is made even less attractive by the fact that_

o f. e,
researchers are likely to only have a limited number of DACs for transportation at any one

time. This reduces the number of samples that can be available for study during a particular
aliotment of beam time. In many instances, a choice must be made between having a back-up
sample or another sample material for study.

The potential for new advancing actinide science is good for these hlgh-pressure studies.

In condensed matter studies, the large reductions in interatomic distances attainable with

pressure are much greater than increases in such distances acquired by temperatures for
conditions attainable in the 1aooratory Hence, important changes can be induced in the

- bonding and physicochemical changes in actinide metals and compounds by applying
pressure.

.

The recent studies of americium metal using synchrotron radiation provides an exar ;ple of
the type of new mformauon that can be obtained with modem techniques. Properly
identifying the Am (III) and Am (IV) pressure phases in recent studies at the ESRF allowed
new insights to be obtained into the behavior of 5f electrons both under pressure and at
normal pressure. Observing a partial delocalization of americium’s 5f electrons in the
Am(II) phase to form a gamma-plutonium type structure followed by a second delocalization
step is perhaps the first example of the occurrence of a muiti-step delocahzatlon process in
actinide metals which normally have localized 5f electrons.

Overall, such high-pressure studies, which reach out to new pressure limits, require
synchrotron radiation to obtain the quality data that are needed. Synchrotron radiation offers
a new potential for establishing important structural and electronic behavior of actinides.
Such studies are important not only for advancing actinide sc1ence, but also for provxdmg
new information for evaluating theroretical concepts/calculations. Hopefully, these studies
will promote the convergence of experimental findings and theoretical views regarding the

behavior of 5f electrons under pressure.
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