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Abstract. A powder diffractometer has been recently instaledhe IEA-R1 reactor at IPEN-CNEN/SP. IEA-
R1 is a light-water open-pool research reactorpfgsent it operates at 4.5 MW thermal with the jbbss
maximum power of 5 MW. At 4.5 MW the in-core flux ¢a. 7x1& neutrons ci se¢’. In spite of this low flux,
installation of both a position-sensitive detec{SD) and a double-bent silicon monochromator basetl
possible to design the new instrument as a higbkusn powder diffractometer. In this work, we peat results
of the application of the Rietveld method to selvamutron powder diffraction patterns. The diffiaot patterns
were measured in the new instrument with sample®wipounds having different structures in ordegvaluate
the main characteristics of the instrument.

1. Introduction

The first neutron diffractometer, installed on theam hole’ no. 6 at the IEA-R1 reactor [1],
was constructed in the middle of the sixties undar IAEA project named ‘Neutron
Diffractometry’. It was a multipurpose instrumenitlwa single wavelength and a single
boron-trifluoride (BFE) neutrondetector. Owing to the low flux in the reactor caed
consequent low flux in the monochromatic beam thee instrument was used mainly in
measurements with single crystalline samples [2k7§ieneral, with the old diffractometer a
neutron powder pattern took several weeks to besuaned. It should be noted that at the time
the old diffractometer was installed the reactorswaeing operated at 2 MW in a
discontinuous schedule (8 hours a day, 3 days &)wee

The new instrument [8] was designed as an extengigeade of the old multipurpose neutron
diffractometer and installed on the same ‘beam 'hoked for the old one. The main
modifications introduced in the old instrument wéne installation of a position sensitive
detector (PSD) [9,10] and a focusing silicon momootator [11,12]. Placed at a distance of
1600 mm from sample, the PSD spans an angular rahd@®° of a diffraction pattern
measuring 400 intensity points all at once in @ ste0.05°. An extensive powder diffraction
pattern can be obtained by collecting data in gmatis 20° segments with th€ Aangle
ranging from 5 to 130 The double-focusing perfect single crystal siiamonochromator,
installed in a take-off angle of 84°, can be posiid to produce 4 different wavelengths,
namely 1.111, 1.399, 1.667 and 2.191 A (nominalies). Due mainly to the installation of
the PSD and the monochromator the new instrumeanitideze designed as a high-resolution
powder diffractometer (HRPD). To the new diffractter was given the name ‘Aurora’. The
HRPD Aurora was constructed under a financial stppd FAPESP. Fig. 1 shows

'FAPESP (Fundacdo de Amparo & Pesquisa do EstaBiéadRaulo) is a foundation for financial support of
research in the State of Sao Paulo, Brazil.
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photographs of the HRPD Aurora and the three radksre the instrumentation for control
and data acquisition are installed.

(b)

FIG.1. The HRPD Aurora (a) and the three racks with the associated e ectronics and control
modules used in control and data acquisition (b).

The PSD, the monochromator and a rotating-osciljatiollimator (ROC) [13] were acquired
from Instrumentation Associates (fAJhe ROC is an essential component for the operatio
of the new instrument. The electronic instrumentatior neutron detection as well as a
personal computer and the software used in coatidl data acquisition were also acquired
from IA. Some parts of Aurora were constructedhat PEN machine shop as, for example,
the main neutron shield, the PSD shield, the ia-piid the monochromatic-beam collimators
and the beam shutter. Other parts as the contrdules for the ROC and thé 2Znovement
were developed and constructed at the IPEN eldacgatepartment [8]. It should be noted
that, except for the ROC which is placed at theage to the PSD shield, both in-pile and
monochromatic-beam collimators are open, i.e. withpbates.

In what follows, we present several neutron powdiéfraction patterns measured at room
temperature in the HRPD Aurora. They serve heggv® an idea of the resolution achieved in
the new instrument. For all patterns, we appliediRietveld Method [14] using the program
GSAS [15]. With this program we refined the struatuand thermal parameters of the
crystalline phases found in the patterns. Howeivethis work, we only present as results of
the refinement three of the often-used numericiérea of fit: R-pattern (R), R-weighted
pattern (Rp) [14] and the reduced chi-squarg)([15]. We do not present tables listing
refined parameters since this is beyond the scdpéhe work. Time required for the
measurement of the pattern and the reactor powenglihe measurement are both
mentioned.

The neutron wavelength during the measurementshwad.4119 A (1.399 nominal) which
resulted of a calibration process where a silicamdard sample was employed [8]. Three
different vanadium sample cans are available: Oih2&nd 0.250 in. internal diameter (i. d.),
both 3.0 in. long; 0.375 in. i. d. x 2.0 in. lorig.all measurements we used the 0.250 in. i. d.
can, except for the three resolution curves, whérdree sample cans were used, and BaY
doped with 2% of neodymium, where the 0.375 i.ah was used. Due to the low flux in the
reactor a pattern suitable to be analyzed by thetvBIid method, including refinement of

%Instrumentation Associates, 2 Davis Drive, Resed@ringle Park, Durham, NC 27709, USA.
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positional and thermal parameters for differentsgisa takes no less than 15 hours of reactor
time to be measured with the reactor at 4 MW. Awadter of fact, in general time required
depends on the irradiated volume, the scatterivgep@f the material and the symmetry of
the space-group associated to its structure.

2. Resolution curves
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FIG. 2. Resolution curves FWHM vs. 2@for the HRPD Aurora obtained with Al,Os in three
different sample holders.

The three resolution curves in Fig. 2 were obtaifrech powder diffraction patterns of a
standard sample of alumina (8k) in the three different vanadium sample cans. flile
width at half maximum (FWHM) of the peaks, as achion of the scattering angled2give
the resolution curve for a determined sample carmrdler to obtain the values of the FWHM,
each experimental AD; pattern was fitted by a theoretical pattern whiebutted from the
application of program GSAS. The FWHM values usedhie curves were those obtained
from the theoretical peaks.

2. Rietveld refinement of hematite (Fe03).

Fig. 3 is an example of the results that can beainbtl with the new instrument. It
corresponds to the Rietveld refinement of the povpddtern of FgDs. At room temperature
this oxide has an antiferromagnetic structure agdtallizes according to the trigonal space
group R3c [16]. Time required to measure the pattern in Bigras 48 hours with the reactor
operating at 4 MW. R Ryp andy? resulted equal to 0.047, 0.060 and 3.4, respégtive

3. Rietved refinement of NiO

NiO crystallizes according to the cubic space groem3m [17]. This oxide is
antiferromagnetic at room temperature with the neigrmoments lying in the (111) planes
[18]. Fig. 4 shows the fitting obtained in the Rt refinement of NiO. The experimental
pattern was measured in 48 hours with the reagierating at 4 MW. R Ry, andy” resulted
equal to 0.041, 0.051 and 2.9, respectively.
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FIG. 3. Rietvald refinement of Fe,0s.
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FIG.4. Rietvald refinement of NiO.

4. Rietveld refinement of yttrium-barium fluoride (BaY.Fg) doped with 2% of
neodymium

Fig. 5 shows the fitting obtained in the Rietvekfimement of Ba¥Fs doped with 2%
neodymium [19]. This fluoride crystallizes accomlito the monoclinic space group C2/m.
Due to the low symmetry of the monoclinic spaceugsothe density of peaks in the pattern is
high. Indexing above the pattern shows this facwebler, in spite of the large number of
peaks, B, Ry andy” resulted equal to 0.040, 0.051 and 1.2, respégtiités noteworthy in
Fig. 4, by observing the difference plot, how gi®the agreement between experimental and
theoretical peaks. Time required to measure thenpaivas 24 hours at 2 MW.
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FIG.5. Rietveld refinement of BaY,Fg: Nd(2%).

5. Rietveld refinement of mineral beryl

A structural study of beryl was made using minesamples from Tedfilo Otoni, Minas
Gerais, Brazil. One of the mineral samples was hiuecolor. It was identified as an
aquamarine. The other, that was pale-blue in colag simply called beryl. Powder samples
were prepared by pulverizing the natural gemstonésth minerals.

Beryl, with the approximate formula Bd,(SiOs)s, crystallizes according to the hexagonal
space group P6/mcc [20]. Rietveld quantitative phasalyses of both mineral samples
showed a main phase together with two trigonal mpi@ases AlO; (R3c) and SiQ (P321).
The final compositions for the main phases of nmahdyeryl and aquamarine resulted,
respectively, BgAl;sde 11Nay25SiOs)s and BeAl; gFey1MNap 0gSiO3)s Where Fe is a
substitutional atom for Al and Na an interstitigdbm. Phase concentrations resulted equal to
96.94 wt% for the main phase, 2.70 wt% for Sa@d 0.36 wt% for AlOzin the beryl sample.
For aquamarine they resulted, respectively, 97L& and 0.38 wt%. Concerning,AR,, and

%, they resulted 0.022, 0.032 and 4.0, for beryd, @924, 0.034 and 4.7, for aquamarine.
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FIG. 6. Rietveld refinement of beryl (a) and aquamarine (b).
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In this particular study the quality of the expeemal patterns was very good so that
anisotropic thermal parameters could be refineteats of isotropic ones. Time required to
measure each one pattern was 54 hours with thieored 3.5 MW.

6. Rietveld refinement of tantalum oxide (Ta;Os)
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FIG. 7. Rietveld refinement of TayOs.

Ta,0Os crystallizes according to the orthorhombic spacigrPmm2 [21]. Fig. 7 shows the

result obtained for the

refinement of this oxidém@& required in the measurement was 57

hours at 3.5 MW. R Rup andy? resulted equal to 0.021, 0.027 and 1.9, respégtive

7. Rietveld refinement of rhenium oxide (ReO5)
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FIG. 8. Rietveld refinement of ReO..
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Re(G is monoclinic crystallizing according to the spageup P2/c [17]. Fig. 8 shows the
fitting obtained in the refinement of this oxide,, Rup andy® resulted respectively equal to
0.019, 0.025 and 2.7. The measurement of the erpatal pattern took 54 hours with the
reactor at 3.5 MW.

Final Remarks

In this work, we present seven experimental pasteneasured with the HRPD Aurora.
Taking into account the results attained in thet\Ried analyses of such patterns one can
easily evaluate how good they are for the appbcabtf this type of analysis. In particular,
high resolution is essential to obtain better rtssul the Rietveld method.

The open collimators together with the focusing owmomator and the PSD, all three
installed during the upgrading of the first IPENutren diffractometer, made it possible to
construct the new diffractometer as an HRPD. Frampmint of view, construction of this
type of diffractometer in a low flux reactor withtoilne installation at least of a multidetector
system is a rash decision. It should be notedahatof the drawbacks of installing an HRPD
in a low-flux reactor is the long time needed tcaswge a pattern of good quality. That is the
price to be paid for such an installation.
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