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X-RAY DIFFRACTION ON RADIOACTIVE MATERIALS*

D. Schiferl and R. B. Roof
Los Alamos Scientific Laboratory

Los Alamos, New Mexico 87545

ABSTRACT

X~-ray diffraction studies on radioactive materials are dis-
cussed with the aim of providing a guide to new researchers in the
field, Considerable esphasis is placed on the safe handling and
loading of not—-too—exotic samples. Special considerations such as
the problems of film blackening by the gamma rays and chaages in-
duced by the self-irradiation of the sample are coverei. Some
modifications of common diffraction techniques are presented.
Finally, diffraction studies on radioactive samples under extreme
conditions are discussed, with primary emphasle on high~pressure
studies involving diamond=anvil cells.,

INTRODUCTION

X-ray diffraction studies have played and continuz to play an
inportant role in increasing our knowledge of materials containing
radioactive elements., Diffraction terkniques have been used to in-
vestigate hundreds of such materials tucereby revealing, among other
things, the complex chemical crystallography of the actianide ele-
ments and thelr compounde and alloys, This is an area oI consider-
able practical importance and of basic interest as well. The crys-
tal structures and mechanical properties of these muterials change
with the addition of even trace amounts of other elements. Another
problem of practical interest, which is peculiar to radioactive
substances, is the damage sustained due to irradiation, especially

*Work performed under the ausplces of the Department of Energy.



self-1r ion. Some materials are more resistant t-zn others,
and the :sse3 involved are not yet completely uncerstood.

Tl. work 1s intended to provide a gulde to researchers plan-
ning to study radioactive materials by x-ray diffraction techniques,
and o glve a brief review of the field. Only the morz severe
radioactive materials are treated here; thus the mildiy radioactive
substances, such as natural uranium and thorium and their com-
pounds, are omitted. Discussed are the problems of safety, modifi-
cations of various x-ray diffraction techniques, and some of the
special crystallographic properties and problems associated with
radivaztive materials. Examples are chosen chiefly from work don=
at the Los Alamos Scicntific Laboratory or from work done by asso-
clates of the authors at other institutions.

SPECIAL CONSIDERATIONS

Safety

The flrst problem that should be discussed in the handling of
radioactive materials is safety., Exposure to radioactive materlals,
even in the small quantitles required for many types of x-ray ex-
periments, 1s well-known to be dangerous. This point 1is forcefully
brought hume when one sees the reaction of a detector to minute
amounts of the heavier transuranic elements., The procedures fer
dealing with this problem differ according to the tvp= »% radiation
emitted and the chemical propertics of the sample.

Procedures have been developed at Los Alamos for haadling
radioactive gubstances, particularly the actinides, ir a rocutine
way. Primary emphasls is of course on the prevention of accldents;
but equally important is advanced planning of what ste>s ere to be
taken when something does go wrong. The procedures desscribed be-
low have been used for over thirty years without seri:-us incident.

Almost all radioactive materials oxlIdlze readilly in alr, and
the oxide spalls off as very fine particles that can hHecome air-
bourne and be Inhaled. Materials such as plutonlum, walch are
primarily alpha emitters, are not particularly dangerois unless
incorporated 1n the body., Thus, the first requirement is that
the radioactive materials should be handled in an inert-atmosphere
glove box 1) to minimize oxidation and 2) to prevent airborne
distribution of the finely-dlvlided powder of the oxidation pro-
ducts, '

For alpho emltters, it is sufficlent to produce sealed samples
in an argon-filled glrvebox. There is no practical limitation on



the time allowed to complete the sample preparation. lLoading the
sample in a glove box is not nearly as had a handicap as it might
seem., To 1llustrate these procedures, we given as an example the
insertion of plutonium alloy powder into fine fused-quartz (not
glass, which is more fragile) capillaries for Debye-Scharrer cameras.

After the plutonium alloy sample is in the argon-iilled glove
box, the oxide 1s first carefully filed or brushed off. This is
not done for safety considerations, but rather to prevent the ap-
pearance of the oxlde pattern on the film along with that of the
sample. The bare metal is then filed with a separate file so that
the filings drop into a glass dish, The filings may then be crush-
ed or ground in a diamond mortar until the particles are fine enoush
to drop freely down the entire length of the caplllary tude.

The capillaries theuwselves are drawn from 1/8" (inner diameter)
fused-quartz tubing, and the 1/8" mouth serves as an adequate funnel
for introducing the sample. The capillary is safely held for
sample=lvading manipulations in a one-hole rubber stopper which is
fitted in a large test tube., The test tube has a hole in the slde
to equalize the inside and outside pressures during the cycling of
the glove box alrlock.

Once the samples are loaded into the capillary, a fused quartz
fiber is dropped down the capillary to hold thc sample powder in
place, This fiber also keeps the sample from being sucked out during
the evacuation of the airlock as the sample is remcvad from the glove
box. The caplllary is evacuated and sealed off in a fuoe hood adja-
cent to the glove box. The capillary is then loaded in:to 2 Debye-
Scherrer camera in the open laboratory. The capillaries can almost
always be mounted safely with no difficulties; however, oSrecautions
must be taken to confine any contamination that might rasult from
accidental breakage during mounting. A pad of cheesecl:-th with a
paper tissue folded into it 1s placed on the working surZace of the
bench. The capillary is then inserted Into the wax in the brass plug
while both are held a small distance directly over the che=secloth.

I1f the caplllary should break during mounting on :thz plug it
17111 3imply drop onto the cheesecloth pad without shat:izcing,
Because the radloactive material is not badly scattersd, the pad
can be simply folded over the broken capillary and plug and placed
in a container for dioactive disposal. The operator e:xzzines his
hands, clothing and the working area for the presence of any conta-
mination, The rooms in which the samples and fllms are loaded arc
monitored with continuous alpha air monitors having auditle alarms.,
If the alarm sounds, operations are terminated and the personnel
are evacuated from the laboratory. A health physics group then
must cdecide what procedures are involved to bring the laboratory
back to normal operating conditions,



If one 1s workirg with strong gamma or neutron cmlit:zars, such
as amerleclum-243 or curium-244, these same procedures cay be follow-
ed, but the time allowed is drastically curtalled (soana-!mes down
to a few mlnutes). The temptation to examine the sample by looking
at It at close range should be strictly avolded. Dosiseters must
be used to monitor the whole body exposure. It is important to
remember that the eyes are much more semsitive to radiation than
the body as a whole and that the hands are somewhat less sensitive.

Background Due to the High Gamma Activity of the Samples

The high gamma sctivity of some materials, particularly the
heavier transuranic alements, wmay blacken films in power diffraction
cameras so much as to maoke the patterns unreadable. A similar pro-
blem is encountered with the detectors on powder diffractomete.s.
Although the single-channel analyzers in t'.e counting electronics
are aupposed to discriminate against radiation outside a relative-
ly narrow wavelength cr “cergy range, the backgrounds are always
considerably higher than one would expect from naive considerations.

Several things can be done to reduce the backgrounds. The
samples can be made no larger than absolutely necessary, to mini-
mize the number of gammas produced. It is occasionally possible to
chose an isotope which produces fewer gommas than other 1sotopes
avalilable. For many of tlhe transuranium elements, CuKu radiation
with a nickel filter over the {lln provides good diffraztion pat-
terns. The high intensity of the CuKa lines reduces tha exposure
times, and the nlckel foll absorbs much of the radiation produced
by the speclmen. Americium-243, for example, emits copious radia-
tion (including x-ray fluorescence) in the energy raage 12-24 KeV
as well as radiation at higher energies. The nickel fcil absorbs
the "band" of lower energy radlation very effectively. Nickel
foil can also be used of course to reduce the backgrouvrda in dif-
fractometers by placing it over the counter window. Still more
effective perhaps would be the use of an x~ray monochr-=ator bet-
‘ween the sample and a well-shielded counter.

Energy-dispersive x-ray powder diffraction methods are ulso
starting to be explored, a possibility independently coaczived by
Peterson and co-workers (1), Benedict and co-workers (2) and the
authors. In this tcchique (3), "white" x-radiation is incident
upon the sample and the pattern is collected at a fixed diffraction
anzle with high resolution solid state detectors. The diffraction
peaks appear at various energies and the pattern is stc.ed in a
multichannel analyzer with the energy calibrated againat channel
number. The gammas and x-ray fluurescence lines appear largely as
sharp spikes at their characteristic energies. It might also be
hoped that energy-dispersive methods would be well suited for



short-lived isotopes because the entire diffraction pattern 1s col-
lected simultaneously with high (> 952) efficiency. Przliminary
experiments on americium-243 have revealed some pioblems (4). There
is a high continuous background over the entire energ: rzage up to
50 KeV. In addition, the "band" of radiation between 12-24 KeV
makes observation of diffraction peaks in that region nearly im-
possivle, and the AmLy absorption edge further eliminates the region
between 24-30 KeV. The use of smaller sampies and more intense
"white" x-ray sources should overcome the problem of the high con-
tinuous background, and the diffraction angle can be chosen sc

that the diffraction peaks l’e above 30 KeV. Uitimately, it would
be desirable to use a synchrotron radiation source because it would
up to 1000 times more intense than conventional x-ray tubes and
because it would extend the energy vange beyond 70 KeV as well. In
that case, the continuum backgrounds would probably be neglible.
Most likely, however, ail these improvements will not yield sub-~

. stantlally better patterns than can already be obtained with film

methods. The energy-dispersive technique will probably be most
advantageous in high-pressure studies involving diacond-anvil cells
wherz the use of other x-riy techniques 1s severely restricted, as
discussed later on below.

Changes Induced by the Radloactivity of the Material

There are several types of changes that occur as a result of
the radloactivity of a sample., These include self-irradiatlon
damage, changes in the sample chemistry due Lo radlation damage and
due to the presence of '"daughters" and their compouads, significant
raising of the sample temperature, and finally in scme c2s2s half-
llves so short that it 1s extreuwely difficult to prepare aad study
the sample in the short time available. Yor this las: resson iIn
fact, the structures of a number of elements have not w2t been
determined. Besides exotic esctilinides, the lizt includes radon,
astatine and francium,

Self-irradiation produces a variety of changes i- che crystal
structures. A study of Roof (5-7% on 238(80%)Pu0y over & three
year period i1llustrates some of the complexity o self-!rradiation
damage. A sample disk of this material approxinately one centi-
meter in diameter and 0.25 cm thick was s‘ntered at 1623°C just
prior to the erperiment. Plutonium-238 is intensely raudioactive
and the sample remained considerably ahove room temper:zture through-
out the experiment. (In fact the radloactive self-heating 1is so
great that a sphere of 238Pu0y about 4 cm in diameter remains red
hot due to the alpha activity, a property that allows it to be used
for a chermoelectric power source.) In these experiments the
lattice was damaged by self-irradiation and partly repaired during
the course of the experiments. The lattice constant increased
by a small amount for sbhout 60 weeks, then decreased to an



equlilibrlum value close to the original value after an::hzr 140
weeks, From line-broadenlng analysis, the strain in th: lattlce
alsc first increased and ther decreased, but to a val:uc ot far
below the maximum strain; the crystallite size remainz=d unchanged.
Apparcently, the initial swelling of the lattice was pr:duaced by
the formation of interstitial helium atoms. Eventually these com-
bine by diffusion to form bulbles and escape through cracks and

channels in the material, tb *Tywing the lattice constants to
contract back toward their L values. The self-heating aided
in this process bL; promoti. ;jion, but otherwise annealing

effects gseemed minor.

The energy liberated by alpha decay vastly exceeds normal
chemical bond energiles and can break down chemical compounds of
radioactive elements. Peterson (1) reports two factors which yleld-
ed success with einsteinium halides: 1) a sample size and geometry
that maxlnizes escape of the alphas, and 2) provision for a con-
tlnual resynthesls systea to reverse the chemlcal effects of self-
irradiation and maintain a steady-state concentration of the com-
pound studied.

In fact, it is for the compounds of the intensely radioactive
elements, such as radium, polonlum or einsteinium, that the art of
studying radioactive materials with x-ray diffraction has becen
develcped to its fullest. The high specific alpha activity of these
elements 1imits studles of their compounds to very small emounts
of material. For example, 7 mg of polonium produces 32 :curies and
one watt of heat and ccnverts to lead at the rate of £.37 per day
(8). A further complication is the fact that most of the highly
radloactive elements arce also highly reactive chemicall-r.

Thus, thke x-ray studies on radium, polonium, einstzirium and
thelr compounds must be done on 10-50 microgram quantities in inert
atmosphere or vacuum. Moreover, the purlfication on the radio-
active materlal must be done immediately before use, = both the
x~-ray studies and identlfication of the compounds must »2 done in a
short period of time. The common procedure used in th2sa cases 1is
to create the compound of interest from the freshly puriiiad radio-
active clement directly in the x-ray capillary. a varlazy of
methods have been described for preparing samples, eacn tailored
to the chemical reactions involved and the vapor pressuras of the
elements and compounds of interest (1,8-15). Procedures have been
developed for producing a compound, x-raying it, changingz it to
another compound, ete. (1).

When chermical synthesis 1s done on such a small scale, the
problem of ldentlfication of the compounds produced is not trivial.
Witteman and co-workers (8) successfully identified simple polonium
compounds with presumably well-defined stoichiometry by comparing



the lattice constants with those calculated from ionic r:dii.
Substances may also be recognized from their characteristlc powder
patterns, and a critical compendium of the wealth of diZiraction
data on actinides is being prepared by Roof (16) to provide the
basis of compound identification. However, it is very difficult to
tell the oxides and nitrides of many transuranic elemencs from

the metals themselves from only the lattice conatants. For example,
americium and curium and their respective oxides and nitrides all
have the icc structure with similar lattice constants (9), to wit:

-] [-]
Anm a = 5.004 + 0.002 A Cm a = 5.038 + 0.002 A
AmN a= 5.002 CmN a= 5,041
AmO a = 5.045 CmO a= 5,09

Peterson (1) describes a microscope-spectrophotometer to record tha
absorption and/or luminescence spectrum of the sample as it Is
being studied with x-rays.

MODIFICATIONS OF COMMON DIFFRACTION TECHNIQUZS

Except for monitoring for possible cuntamination, the operation
of Debye~Scherrer cameras contailning radioactive matcrials is not
significantly different than for normal materials once the capil-
laries have been loaded according to the procedures described
above.

Radioactlve powder samples may also be studied or Ziffracto-
meters outside of ventilated enclosures. Commonly, a2 mouated and
polished metallographic specimen is used as the sampl=, tut it
must be sealed for work done in the open laboratory. =his is
usually accomplished by wrapping the sample in a thin shaet of a
material that contains the contamination, 1s transparen:z to x-rays
and has an x-ray pattern that will not obscure the patte=n of the
sample. The large amount of heat generated by plutonii==238 and
higher specific activity materials precludes the use o z-y plastics.
Instead the sample is loaded into a metal sample holder (in a safety
enclosure) and covered with a thin metal foll window sea_ed with
sticky leid tape. The preparation and subsequent handling must be
done very carefully to avoid tearing the foll. Wken the =s:aled
sample holder has been found free of contamination it mav then be
placed on the diffractometer in the usual manner.

Many radioactive materials have been studled with single-
crystal techniques. A large number of compounds and alioys of
plutonium have been studied in this way, and such a study has even
been done on CfBr, (1,17). As with powder samples, the main con-
cern 1s to prepare the sample so that particles, particularly of
the oxide, are not scattered about. It ig usuaily not possible to



grow single crystals of plutonlum alloys. For this raasaa, large-
gralned samples are broken in a mortar in a radiation =:faty
cnclosure If the materlal ls sufficlently hard and britcle. The
particles arc then placed in a small bowl and covered with mineral
oil or dllute Duco cement-butyl acetate solution to prevent cxida-
tion. One fragment is then selected and mounted on a standard
goniometer head in the usual way while the operation is viewed
through a microscope. The bead of Duco cement protects the sample
from oxidation, sometimes for years. The radioactivity of the sample
can usually be an advantage in this case, because the fragment can
almost always be found if it is acclidentally knocked off during the
loading preccedure. Once the sample is mounted on the gonilometer
head, the usual single-crystal diffractometer or film methods may
be used. There is no signlficant fllm blackening for patterns of
plutonlun compounds because plutonium is primarily an alpha emitter
and becavse single-crystal patterns require much less exposure tiae
than do powder patterns.

RADIOACTIVE SAMPLES UNDER EXTREME CONDITIONS

A number of studies at high and low temperatures and at high
pressure have been made on radioactive materials. High-temperature
studie - are complicated by the high chemical reactivity aad volati-
lity of some radioactive materials. When small samples are re-
quired, even trace amounts of impurities in a nominally inert
atmosphere or reactlions wilth the caplllary itself can al“er the
sample drastlcally. This is particularly vexing when t-2 sample is
supposed to be the pure metal. The procedures used to sslve these
problems depend on the nature of the substance studied, amd have
been discussed by several authors (1,9-12). Low-tempecature
studles are more stralghtforward. The prinecijpal problez is in
cooling the sample. In practice, this is usually not 70 diffi-
cult for most radioactive suhstances of interest. To 22 sure, a
material with a sufficiently high specific alpha activicv may be
impossible to cool very much; but plutonium 239 alloy: or americium-
243 can be cooled to a few degrees Kelvin without grez: tardship.

Interest In high-pressure studles on radioactive r-aterials is
rapidly expanding, primarily due to rucent developments in diamond-
anvil cell techniques. Radioactive materials have alr2aiy been
studied to pressures over 190 kbar using diamond-anvil cells. To
date only film cassettes have been used in these studies, but
several laboratories are setting up cnergy-dispersive x-ray dif-
fraction systems.

In normal high-pressure studies with diamond-anvil cells, the
sample 1s either 1) placed between the diamonds with no gasket
around it, or 2) placed in the hole of an Inconel gasket with a



hydrostatic fluid. 1In the first case very fine x-ray ccllimators
are used 8o that the x-rays do not see a great pressure Jistri-
bution. Larger collimators may be used with gasketced s:=ples.
Variations of both of these techniques have been muccezs ully
applied to the study of radloactive materials.

Roof (16) has used the non-gasketed technique on plutonium up to
190 kbar. Plutonium foil G.025 mm thick was put betweea two
aluminum foils, each 0.018 ma thick. This sandwich was then placed
between two pleces of scotch tape to form the sample coupon, which
vas thea placed in a Bassett (18) diamond cell. The aluminum also
provided an iuternal pressure standard. Exposure times of 300 to
500 hours were required because of the fine collimators employed,
but exceptionally clear patterns were obtalned. There was no signi-
cant film blackening from the plutonium gamma rays.

Burns and Peterson (19) have studied californivm up to 140 kbar
wvith a Baasett cell with the gasketed diamond cell technique. The
sample of californium metal 0.1 mm in diameter was loaded into a
tiny aluzsinum foil cup which was placed in the hole in the Inconel
gasket. The sample was then covered with a small disk of aluminum
foll. The operation was performed under a microscope in an inert-
atmosphere glove box that was nominally "cold" insidc so that the
outside of the high-pressure cell was not contaminated. When
pressure was applied, the sample was encapsulated in a can of alu-
minum. This arrangement contained the alpha-emitting californium-
249, prevented oxidation by excluding air and provid:c &~ internal
preusure probe from the aluminum lattice constants. ..r=zl x-ray
exposures ran between 18 and 24 hours.

The full advantage of diamond-anvil cells has n.t =t been used
in studies of radioactive materials. We are setting uvp excerlments
that will use the diamond-anvil cell design of Mao and -ell (20-21),
who have recently achieved 1.72 megabars sustained static oressure.
Pressues are measured with the ruby fluorescence techrljue, which is
both rapid and precise (22-24). Energy-dispersive x-ra: p>wder
diffraction will be used to explore phase diagrans and I::armine
compressions. Energy-dispersive methods are very well-sutcied
for use with diamond cells because strength consideratioaa limit
the size of the holes in the tungsten carbide diazmond mounts and
the optimum energy-dispersive diffraction angles are smaller than
the angular apertures of the holes. The energy-dispersive techni-
que also allows extremely rapid exploration of phase dizgrams (25).
Within 20 minutes it is possible to see whether the crystal struc-
ture at a new pressure is the same or grosaly differeat from that
at a previous pressure setting. Tlus it i1s the ideal tocl for
the first exploration of the huge area of phase space now available.



CONCLUSION

We have endeavored to provide a guide to researchers embarking.
on projects involving x»-ray diffraction on radiom~tive zaterials, We
have discussed in detail those mattera which we f.2l w2 are able to
make a useful contribution to and have triled to give ndaguate
references for gsubjects already treated in depth by other authors.
We have enphasized basic safety considerations and have discussed
many of the problems peculiar to studies on radioactive substances.
We have -also pointed out a major developing area; namely, the recent-
ly expandad possibilities of studying these materials with diamond
cells to pressures possibly in excess of one megabar. We hope that
this paper gives useful information on techniques and also gives a
feeling for what the state of the art is at the present time.
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