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Using pulsed neutron transmission for crystalline phase imaging
and analysis

A. Steuwer® and P. J. Withers
Materials Science Centre, University of Manchester, Grosvenor Street, Manchester M1 7HS,
United Kingdom
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(Received 19 August 2004; accepted 10 December 2004; published online 22 Margh 2005

The total scattering cross section of polycrystalline materials in the thermal neutron region contains
valuable information about the scattering processes that neutrons undergo as they pass through the
sample. In particular, it displays characteristic discontinuities or Bragg edges of selected families of
lattice planes. We have developed a pixelated time-of-flight transmission detector able to record
these features and in this paper we examine the potential for quantitative phase analysis and
crystalline phase imaging through the examination of a simple two-phase test object. Two strategies
for evaluation of the absolute phase volunipath lengths are examined. The first approach is
based on the evaluation of the Bragg edge amplitude using basic profile information. The second
approach focuses on the information content of certain regions of the spectrum using a Rietveld-type
fit after first identifying the phases via the characteristic edges. The phase distribution is determined
and the coarse chemical species radiographic image reconstructed. The accuracy of this method is
assessed. @005 American Institute of PhysidOI: 10.1063/1.1861144

I. INTRODUCTION detector would allow time and spatially resolved monitoring
hgf phase transitions, with the possibility of fast quantitative

Using a transmission detector one can measure t ;
ephase analysis.

change in intensity brought about by the insertion of th

sample in the bearhin principle, the transmission spectrum halsne Ezlfirgiﬁi% rr’1 WSar?tltht;tri]\(/aela f;‘zg]ivggw r:g;ve%(giczr;%-
contains information about all the different scattering and” q Y.

tron transmission can be used to undertake spectroscopic ra-

reaction processes that have occurred in the sample. Th iography. We analyze certain features of the transmission
spectrum, or rather the total scattering cross section, displays grapny. Y

an intricate pattern in the thermal regime where coherenzgﬁig;mir:ga}hz thrt(e);ngzl @g'ogeg rrgiﬁ;StﬁeA’ hk?ssc‘ae?/ot?gmi
elastic scattering dominates for many materfalés an es- P bp ' b

sentially energy dispersive technique, the framework 01fractlon of a simple two-phase test object containing iron and

time-of-flight* provides the possibility of investigating the copper via a twofold approach. First, using the amplitude of

spectra conveniently and directly as a function of neutrontSZeCOB;gFgbgggzsozsatcviglf'Ca?eiisg;t?);ﬂfseeVrzlflijr:g?r’];r;d
wavelength. There has been a long history of measuring fun- y P ' yp

0 . .
damental properties by neutron transmission, but except foal;pproacﬁ. Additionally we present the results of applying a

radiography, transmission techniques have never really fOunhase filtering technique to the data to obtain phase contrast

their way into mainstream application. The scope of trans, | 129€S- A few preliminary results of the material presented

mission techniques are inherently limited to features definegotnwsr:r?g:g:?\lvs 3:;??3/&3:?: P:}eﬁ/l%r:te ZIE%@tgg Iil;:jopean
by the detector resolution and sample sizes defined by th u g ! pell '

scattering properties and path lengtthicknes$ of the have been published in Ref. 11.

sample or _cc_)nstltuent phasg. The mtgnsny of neutron bean]ﬁ THEORETICAL BACKGROUND

and the efficiency and spatial resolution of new detectars

spallation sources have led to a reappraisal of transmission For a sufficiently polycrystalline materidthat is for a

techniques opening up the possibility of basic crystallinematerial which contains many randomly oriented grains

phase imagindradiography, and thereby implicitly tomog- placed in a neutron beam there will always be a subset of

raphy. Transmission measurements have already been ussgitably aligned grains that diffract these neutrons of a given

successfully to monitor phase transformations and relativevavelength into the appropriate scattering cone at an angle

phase volume fractions in meti8 but usually complemen- 24. The resulting reduction in transmission intensify\) to

tary methods have been relied upon for the calibration othe incident intensity;,(\) is given by the general relation

hase volume fractions. A combination of both imaging and

Eiffraction with a pixelated time-of-flighfTOF) transmigsssi?)n ly(\) = lin(N) exp(= Nworg(N)) (1)

where\ is the neutron wavelengti, the number of atoms

dElectronic address: steuwer@ill.fr. Currently at: FaME38 at the ESRF-ILL,PET Fmig volume, an_d"tot is the atomic tOFal scattering cross
6 Rue J. Horowitz, 38042 Grenoble, France. section. The quantityT,,=exp(—NWo,) IS also known as
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zontally by half the pixel spacin@l.25 mm perpendicular to the beam.

Time-of-flight / us

FIG. 2. The transmission spectruftotal scattering cross sectipfor each
of the eight columns for the first sample position. Only the central four

the transmission factor and describes the probability that golumns exhibit Cu edges, accompanied by a strong increase in the absorp-
neutron will be transmitted a distanoe The total cross sec- Uon rate:

tion is obtained from the measured spectra by inverting Eq.

(1). Practically, it is often more convenient to use the so-transmission geometry. In TOF, for a givekl-reflection the
called macroscopic cross sections, e.gZHM)W  scattering angle approache8=2180° with increasing wave-
=Ngwoeo(N), which describe the bulk properties of the ma- length until a fraction of the incident neutrons is completely
terial. The macroscopic cross sections can be defined as backscattered towards the source. At this point the diffracting
=N.o=Nppa/A=clv,, where N,=0.6022<10°* is lattice planes are aligned so that their plane normal is parallel
Avogadro’s number,p the density of the materialA its  to the beam. For longer wavelengths, Bragg diffraction from
atomic weight, and the volume of the unit cel®Similar  this particular set of lattice plane spacings can no longer
to linear attenuation constants in conventional x-ray diffrac-occur. This is accompanied by a sudden incre@s&ragg
tion, they are quoted in units of ¢ Optionally, one can edge in the transmitted intensity, and equivalently a drop in
include a scale factos=p/p’ which takes into account the the scattering cross section. As a result, the position of each
difference between actual and theoretical density of théBragg edge corresponds to a particular lattice spacing char-
specimen, e.g., for powders. At short path lengths both thecteristic of the crystal structure of the sample, as indicated
scattering and attenuation processes suffer from low signain Fig. 2. In the framework of TOF one obtains for Bragg’s
With increasing path length the coherent scattering becomesguation in transmission

more significan{depending on the scattering lengbecause h

the number of scattering centers increases drastically. How- )\ =2d=—t, (2)
ever, further increases in path length also gives rise to con- myL

siderable attenuation and eventually the coherent scattering, . o is the length of the flight pathm, the neutron mass
. . . n H
fingerprint becomes suppressed by the overall loss of S|gnzH is Planck’s constant, antl the time elapsed before the

due to subsequent attenuation. _neutron is detected. Hence, for a particutdd reflection
The many different contributions to the total scattering,ith d-spacingd,,;, the Bragg edge position can be ex-

Cross secti?? 1réave been discussed and derived in great detﬁﬂessed without loss of generality in a TOF equivalerttgs
elsewhere: . . A Bragg edge in the total cross section is formed when one
'Other scattering effects, such ?‘S small angle scatterlnqam"y of lattice planes ceases to contribute to the scattering,
extinction, and second order, multiple-scattering events ar§q yascribed by Eq2). For the lowest possible reflection,
not insignificant for the current experimental _set-_up andthis is commonly known as the Bragg cut-off. As a result, the
sample geometry, but a comprehensive discussion is beyonfperent elastic scattering cross section contains important

the scope of this paper. In the following, we review only the;n¢, mation about the crystalline state of the sample. In the
basic factors affecting the transmitted intensity for a simpleormal regime for a texture-free polycrystalline solid it is
iron—copper test object in order to examine the feasibilitygiven by

of crystalline phase imaging and quantitative analysise

Fig. 1). 3

A
el — 2
o HN) = Ml F D H(2d N), 3
coh( ) 200 sin 9% hkl| hkl| hkl ( hkl ) ( )

A. The coherent elastic scattering whereDy,, is the usual Debye—Waller factor aifgl, is the

Quantitative phase analysis methods often use the interstructure factor of the unit cell for tHekl-reflection® For the
sity of a Bragg peak as a measure of the amount of materiaake of simplicity later, we have chosen to separate the
of a particular phase in the specimen. Coherent elastic ddebye—Waller factor and the structure factor, which to the
Bragg scattering, which is the cause for these peaks, is delegree of accuracy aimed at in this paper should be permis-
scribed by the Bragg equation and can be formulated for theible. Also, by using a multiplicity factav,,, the sum in Eq.
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(3) is over all symmetry related reflectiohkl. The Heavi- An®?Ap n32An.
side step-functiorH ensures that the the Bragg constraint W= m =C DeoMnt’ (6)
2d=\ is fulfilled, and provides the basic theoretical edge IRk AkITNK
profile. Each Bragg edge amplitude only depends on the covheren®=h?+k?+I% is the index of the reflection is the
herent elastic scattering of one faminkl of lattice planes —atomic number of the single-phase element, and because for
which suddenly ceases to scatter neutrons from the beam, asbcc crystal, the structure factor reducesRgq|®=(2b)? if
the other cross sections are slowly varying functions over théhe sumh+k+l is an even number and zero otherwise.
small wavelength range of a Bragg edden practice, a [Equally, for fcc materials, this readi§;,q|*=(4b)?, for h,k,|
particular edge, say &t has a finite width and a distinct all even or all odd. Since for each spectrum the path length
profile as a function ofr=t—t, Typically, it can be and scattering properties of the sample are constant, the di-
refined®!® using a normalized integral of a Gaussian mensionless quantitff =n32Ag/DpyMpy has to yield the
G(t,0q) convoluted with a cut-off decaying exponential same numeric value for all edges, and is proportional to the
[E(t,a)=exp(—at),t=0;E(t,@)=0,t<0] to give it the char- path length of the underlying phases. The quantlly
acteristic asymmetf)?! arising from the pulsed nature of =A/4b?Nap in Eq. (6) carries the unit length, and defines the
the way neutrons are produced, proportionality between observed Bragg edge amplitude and
phase volumépath length. It is here that more specific as-
sumptions about the nature of the phases have to be made.
T For our(almos) pure Fe and Cu test obje&,has the values
B(7,06,) = f_w Glt,to,06) ® E(t, o, @)dt. (4) Cre=3.27 cm andC,=4.96 cm, respectively. If many Bragg
edges are fitted separately to evaluate the path lengtt6Eq.
extends tov= (o N.) Xf), whereo,=4mb? and(: --) can
Therefore each Bragg edge has a characteristic set of profilte the normal arithmetic mean. It is always possible, of
parametergamplitude, width, and positioranalogous to a course to add further constraints which reflect the crystallo-
conventional Bragg peak. This opens up the possibility ofgraphic nature of the phase to the fitting of Bragg edge am-
applying the whole-pattern decomposition techniques of conplitude. It is worth mentioning here that unlike absorption
ventional powder diffractioff**in order to extract informa- (see Sec. Il Cthe coherent scattering cross section, strictly
tion from the spectrum. In the case of relative phase volume@peaking the sum of all scattering amplitudes in the unit cell
fraction determination, given a suitable implementation ofs,=4x|=,b,p,|?, should not be greatly affected by the pres-
the profile around the edge, each observed Bragg edge prence of small amounts of impurities or alloying elements in
file contributionb;, where the subscrigt indicates theith  the sample. Unlike many stainless steels, the ferritic steel
data point in the profile, can be expressed in a similar fashionsed here contains only small amounts of other elements,
to Eq.(3) in Ref. 24 as e.g., typically between 0.6% — 1% of manganese, and less
than 1% carbon. It is of course straightforward to write down

5 o, if the alloy composition is known.
bei = SMul Fril “DriiBi (%)

with a scale factoS=(NA3/4vg)w. This scale factor is re- B- Single-phonon thermal diffuse scattering

fined during the fitting of the Bragg edge, and proportional to |t js a common procedure to separate the thermal diffuse
the phasévolume path lengthw. Considering the finite area scattering(TDS) of phonon excitations into single-phonon
Ap of each detector pixel, this determines the total masgnd multiple-phonon scattering cross sections, where the lat-
(=ApWNpp) of the phase along the beam path. The concepfer is only significant forE>kgT, and can for the present
of a phase volume is therefore equivalent to that of a phasgase be neglecteza.ln the regime beyond the Bragg cut-off
path lengthfor the transmission geometry. The generaliza-the neutrons scatter inelastically mainly through the annihi-
tion to a multiphase systefand powdersis straightforward.  |ation of phonong® Following Freund? the scattering cross

The relative phase path lengtig are then given byw;  section for single-phonon scattering,,can be expressed as
=§/%;S. In the case of absolute phase volume fraction de- 12
_ 3‘7bat( k1319D> {R(X) X<6

termination, using basic assumptions about the crystallo- oy
graphic structure of the phases from the observed patterns, . A E 3.X 7 x=6
the theoretical Bragg edge amplitudg =(2% W), of a

(7)

ficular B dabklin th lived ‘ b where 6y is the Debye temperaturgs= 65/ T, and o4 IS the
par (ch? ar t_rag? ethg n f nfotrhmft:uzet_ spl)ec “ﬁm €an b€ sum of the bound coherent and incoherent scattering cross
used to estimate the amount of that particular phase. sections. The functioR(x) is given by

Practically, this can be achieved by fitting a step-function
discontinuity in the vicinity of the Bragg edge instead of the BX
asymmetric Bragg edge profil(r,og, «) described above R(X) = E_ m (8)
(equivalent to having no instrumental or sample broadening mo b
The measured edge amplitu@es cross sectignamplitude  whereB,, are the Bernoulli numbers. Evaluating the sum up
Anw is given by the particulathkl-term contributing to  to m=22, we calculated the single-phonon TDS cross sec-
Eg‘l,h()\) only. Therefore one can estimate the absolute pathions at room temperature for Fe and Cu cﬂ:§h()\)=4.01
lengthw from Eq. (3) for a bcc material as X 10725 c? A1\ and TN =2.31X 1072 cn?

“ m-1
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A\ for wavelengths\ larger than given by the Bragg cut- version constant df/m,L=2.56x 10* A/ us was calculated

off. [see Eq(2) in sec. Il A] for the transformation from TOF to
neutron wavelength. The absolute value of this constant is of
C. Absorption no relevance for the purpose of the following analysis. If

applied to an unknown specimen, the positiam terms of
flight path and calibration of the detector should of course
be undertaken independently. A multiple-edge refinenlent
of the copper lattice parameter then yields a lattice parameter
OapdN) = B\, (9 of 28100ps in TOF which corresponds to 3.596 A, and is in
reasonable agreement with the literature values. Pivotal to

the approach has been the development of a TOF-sensitive

VeI?C'FyI'S mverselu);w prgp(?’rttlonal to tthf netu ':ron waveltlangt?r,] ixelated detectd? The detector comprises a ¥0L0 detec-
materials appear “harder- to penetrate at long wavelenging, pixel array on a 2.%2.5 mn? pitch, with Ap=2

than at small wavelengths. As indicated above, the propors 5 oo exposure area per pixel and 0.5 mm thick shielding

tionality becomes apparent at wavelengths after the Braggetween each pixel. Due to limitations in the data acquisition

cut-off of t.he lowest reflection, Eq2), yvhere the _absorptlon hardware, only eight of the ten detector columns were opera-
term dominates the total cross section, see Fig. 2. The ai/

sorption cross section for pure Fe and Cu taken from Ref fonal during the experiment. Apart from a thin aluminum
are given byo™S(\)=1.296x 102 c? A1\, 0SU(\) =2.04 indow over the end of the evacuated beam guides, the de-

tector has an unrestricted view of the moderator. The effect
24 -1 ; i i}
o erosn socton e cross sectog! 18 aluminum shielding along the beam guidema
! . el ) ragg edgeswas automatically accounted for during the ex-
of the previous section one finds that the latter contrlbute$ g9 edgesw y g

: L . raction of the cross section from E({) using spectra col-
roughly 10% to the linear cross section in the region beyon : . .
. ected without the test object in pladepen bearn The
the Bragg cut-off, see also Ref. 26. The absorption cros ) pladep m

s . . L gample was placed upright approximately 3 cm in front of
section is determined bY the _p_redomlnant material in th‘?he center of the eight columns, with its axis vertical and
beam. But low levels of impurities of strongly neutron ab- erpendicular to the direction of the incoming beam, as
sorbing materials such as boron or cadmium can have a prQ; X

- . . . : hown in Fig. 1. The sample to incident slit distance was
found influence. A simple estimate shows tkatfairly typi- wn in g P ncl td W

Mn _ 24 : approximately 400 mm.
cal amount of 1% of Mn (oii=13X 10°*% e at 1.08 A in The divergence of the beam is approximately 1/150 rad

Fe changes the absorption slope by as much as 5%. both horizontally and vertically. The time of exposure
(counting time was 45.9uAh in terms of the proton current
per hour at ISIS which is equivalent to approximately 1000 s
In this section we describe the essential features of theounting time. The sample was then moved by half the de-
experimental set-up, i.e., the geometry of the test object antctor spacing(1.25 mm and measured again in order to
the experimental configuration on ENGIN beam line at ISIS,jmprove the lateral spatial resolution. Additionally the unfil-

True absorption(capturg follows with few exceptions
the so-called 1/, law,! wherev,, is the velocity of the neu-
tron, or expressed as a function of wavelength

lll. THE EXPERIMENT

RAL (UK), where this work was undertaken. tered(open beam was measured for approximately the same
time of exposure. The geometry of the test object means that
A. The test object all the pixels in each column could be added together to

reduce count times, and unless otherwise stated, the ten spec-
For the purpose of obtaining a set of trial spectral radioya of each column have been added together and the cross
graphs, a simple test object was constructed. It consisted of &ctions were extracted using Ed). Each column or pixel
solid copper cylinder of 1 cm diameter and 2.5 cm heighthas peen given a weight proportional to its contribution to
shrink-fitted into a hollow ferritic iror(stee) cylinder of the  the total open beam, in order to account for spatial variations
same height but of 2.5 cm outer diameter with a small intery, the incident flux. The raw data has been corrected for the
ference fit at the inner diameter. The shrink-fitting wasgead-time of the detector af 16X 1072 s, using the relation
achieved by cooling the copper cylinder in liquid nitrogen Ny =ns/(1-ny7), whereny, is the number of raw counts
whilst heating the hollow iron cylinder on a hot-plate. The g the binning TOF channelt and henceéN,, is the number
temperature difference and extent of misfit were sufficient tqyf trye counts. The small differences in counting times be-

allow an easy shrink-fitting of the copper cylinder into the yyeen the two sample positions and the open beam has been
bore. A schematic of the sample is shown in Fig. 1. corrected for in the preprocessing of the data.

B. Experimental set-up and data preprocessing

. . . . Th i I
The radiography experiment was carried out on theC € raw experimental spectra

PEARL/ENGIN beamline at the ISIS pulsed neutron spalla- The eight normalized spectra collected for the first

tion source of the Rutherford Appleton Laboratory in thesample position are shown in Fig. 2. As expected only the
UK. The flight path from source to detector on this beam linecentral four columns clearly exhibit Cu Bragg edges.

is approximatelyt =15.6 m, and provides a spectral range of  This is also accompanied by a proportional increase in
neutron wavelengths of arounds0- 5 A.Assuming a lattice the absorption rate partly because of the increased path
parameter of around,=2.865 A for the ferritic steel, a con- length through the sample and partly because of the larger
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. 312 . . FIG. 4. The absolute path length for Fe and Cu inferred figgusing the
FIG. 3. The quantityfny=n"*Apq/DrMpg, Which is proportional to the  5yerage of the lowest seven Fe Bragg edggsares the strongest and very

path_ length. This has bee_n ev_aluated for t_he lowest seven Brag_g edges fEFear Bragg edge Fe-21(tircles and Cu-111(triangles. These are com-
the iron spectrum of the first pixel column in the detector at position 2. pared with the geometric path lengthimes).

absorption cross section of Cu over Fe. At times of flight,, o e of f,=0.46 is approximately equal for all seven
greater than~16000us no Bragg scattering is possible so edges, and gives an estimate of the absolute path length
that only true absorption and a small amount of incoheren\tNFez 15.1 mm for iron(At this location, there are no copper
scattering contribute significantly to the cross section. Fro”Bragg edges in the spectrunin Fig. 4 the absolute path
the spectra one can conclude that the sample was indegth s are shown as estimated from an average over the
centered between column 4 and 5. On the basis of the sampl§,\est seven Bragg edge for the Fe phase, and from the
dimensions the geometrical estimate of the average total pah,_»11 Bragg edge alone, as well as estimated from the Cu-
lengths for the first and last four columns are approximately; ;¢ edge. The estimated path lengths are also compared with
col. 1 and col. 8=17.8 mm, col. Z and col. 7=21.6 mm, COl.the “req)” path length calculated from the cylinder geometry.
3 and col. 6=23.8 mm, col. 4 and col. 5=24.9 mm. The average over the seven lowest Bragg edges of Fe
gives almost identical results to that determined from the
IV. ANALYSIS Fe-211 Bragg edge only. These inferred path lengths com-

Here we shall examine the extent to which geometricaP@'€ reasonably with the geometrical results quoted.
and compositional information about the test object can be ~Quantitatively, the inferred absolute path lengths fall
extracted from the transmission spectra. To reiterate, sinca0rt of the geometrical values by approximately 30%. The
the detector position is fixed and calibrated, the relation be‘f"{lCt that each measurement point in Fig. 4 shows a §|m|lar
tween TOF and neutron wavelength is known. Therefore, théilscre'panc'y indicates a systematic rgther .than experimental
two phases can be unambiguously identified as one pha&§&ror (in this case for both phas)esThls |nd|cat(_as that the
having the bce structure with a lattice parameter of aroundP@sic model for the Bragg edge amplitude requires some cor-

2.865 A and one phase having the fcc structure with a lattic&ection. o _ _
parameter of around 3.59 A. These two phases can be iden- Qualitatively, as shown in Fig. 5 the derived relative path

tified as iron(Fe) and coppe(Cu), the latter showing a sig- lengths agree very well with the expected profile and sym-
nificant amount of texture as apparent in the shape of the CI€lrY-

edges in the spectra of the central columns in Fig. 2. The

quantitative analysis of the respective path ler(gtimase vol-
ume fraction as a function of the spatial position is now
undertaken following two approaches, first from the mea--
sured amplitude of the Bragg edges directly, and second fron&
a whole-pattern refinement approach restricted to a certair§

ction

08| \\ !/

./
N
\K

06} . — e

region of the spectrum. g [ ideal e
o —=— measured e o
A. Fitting the Bragg edges £ %4r /' s N
. .. . o A \\\.
After preprocessing and normalizing the data in the way2 o5 .

described above, we analyze the Bragg edges separately i@ / Copper
the different spectra. Following the procedures outlined in— ol o o o J . SR Y
Sec. Il, Fig. 3 shows the measured edge amplithglg the R A
calculated Debye—Waller factd,,,, as well as the crystal- ¢ 2 4 68 8 A0 M2 4% 96 18 20
lographic parametera®?, My, for the lowest seven Bragg Detector column position

edges of the ir‘_)'_" spectrum collected on pixel column _1 fOlkG. 5. The estimated relative phase volume fractions for Fe and Cu esti-
the second position of the sample. As expected, the estimateehted in terms of the quantiti,, usingw,=S/=S.

Relat
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FIG. 7. An example of the experimental ddtml. 4, position ] fitted with

theoretical spectrum, highlighting approximately the restricted area of the
it. Note the effect of strong texture in the Cu Bragg edges, e.g., Cu-220
compared to Fe-211.

FIG. 6. The slopesabsorption plus single-phonon contributiaralculated
using the path lengths estimated from the Bragg edges Fe-211 and Cu-1
compared with the fitted values from the region beyond the Bragg cut-off.

Both relative and absolute path lengths indicate a larger luded f the fitti d A It thi
diameter of the Cu core than was used. This has been attrifaS €xcluded from the fiting procedure. AS a result, this
proach does not involve a direct estimation of the phase

ted to the di fthe b d ibl tteri ) .
uted fo the divergence of the beam and possib’e scattering olume fraction through the amplitude of the Bragg edge,

neutrons into neighboring pixels and suggests the use of sed d theref " ind dent | i
ondary collimators or Soller slits between sample and detec@Nd (NErelore represents an independent, complementary ap-
tor. proach to that in Sec. IV A. However, the restricted fit still

Having calculated the absorption and TDS cross sectioﬁontains a significant contribution from the coherent elastic
in Sec. Il C, the measured Bragg edge amplit(etguivalent scattering cross section in the short wavelength limit. Texture

to the amount of material of a phase along the beam)patheﬁeCts become negligible in the short wavelength region

can be used to calculate the slope in the absorption tail of th%nd’ﬂ?]c co_ursei:dothnot occurtrk]) eyond th_e Btr_aggtCLiLoff_we}ve-
spectrum and compare it to experimental values. Fitting é‘eng region. Furthermore, the approximation to the inefas-

linear equation to the absorption taih the region of the tic scattering in the short wavelength region becomes in-

H ,16 - .
spectrum beyond the lowest reflecting= 4.2 A, the results geas;ng\ly _bettéj f\fn exaF'”.”p"; otthUCh :II fit :(St; hvav n 1'?1
for our two phase-system are compared in Fig. 6. 9. /. AS IS evident from Fg. 7, he profiie of the L.u-

For convenience, we quote here the factdg(Fe) and Cu-220 Bragg edges are strongly affected by texture,
~0.08489K 10% cni3 ’and N,(Cu)=0.084662 107 cm™3 which would make an accurate whole-pattern fit without a
p— . C - . L

which can be set equal to 0.0842.0** cmi2 for both mate- proper model very difficult. o
rials in this context(and to our accuragy The calculated Using the restricted Rietveld fitting approach, the trans-

slopes are within reasonable agreement with the measuréwssmn(d|ffract|on) pattern is calculated by adding the total

slopes, and follow the trend observed in Fig. 4. On averages,caﬁering cross sectio_ns of iron and copper, and_ subsequent
the calculated slopes agree to roughly 89% with the experi\—'arylng of the respective path lengths. By allowing the re-

mentally determined slopes. This suggests that a correctio?‘loect've number otf sc?ttgr;ﬂg cebntelr stalongt]hthle bet:;‘\m ]Path tr?
to either the estimate from the Bragg edge amplitude or tg @y, one can estimate € absolute paih fength of eac

the predicted slope should be undertaken for full consistencyphalszfgure 8 shows the absolute path length estimated from

such a restricted Rietveld fit to the measured spectra. Again,
qualitatively, the estimated path lengths follow the expected
Given the knowledge of the scattering contributions toprofile given the sample geometry, and a graph of the relative
the total cross section, it is possible to undertake a wholepath length similar to that of Fig. 5 has been omitted for sake
pattern fitting in the sense of a Rietveld-type fit using theof brevity.
basic properties of the phases one has identified in the spec- Unlike the individual Bragg edge analysis of Sec. IV A
trum, including the theoretical cross sections describedhe copper path length is slightly overestimated. This can be
above. Using the implementation contained within the softin part explained by the fact that the fitting routine does not
ware routines CRIPQRef. 16 for the thermal region, which consider impurities and normal noise. Since Cu has a larger
contains the basic coherent and incoherent, elastic and imAcoherent scattering cross section, any background noise
elastic scattering cross sections, we fitted the measured speaiot included in the modgls more likely to be attributed as
trum restricted to the short and long wavelength region of the&Cu. However, quantitatively the path length again underesti-
spectra. Since the total cross section for the region towardsates the total actual thickness. The ratio between estimated
the lowest reflections is highly complex and fitting requires aand measured total absolute path lengths is fairly constant at
correct model description of inelastic scattering, as wellapproximately 871)%, as shown by the closed symbols in
micro-structural properties such as texture, etc., this regiofrig. 8. While most of our analysis has focused on data

B. Restricted Rietveld fitting
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FIG. 8. The thickness of the sample estimated by fitting a theoretical profile
to the measured data in the short and long wavelefigtiiond the cut-off
limit. Also shown is the ratio of estimated and calculated path length as
percent(right scalg.

summed over all the pixels in each column of our pixelated
detector to get a good estimate of the Bragg edge amplitude,
the signals recorded by each pixel are sufficient for pixel-by-
pixel imaging using the restricted Rietveld analysis ap-
proach. The results from the fit are shown in Fig. 9. As
expected, the variation across the sample is almost identical
for all 10 rows. The estimated path lengths calculated using
the pixel-by-pixel analysis are of course similar to that of the
column-averaged spectri@pproximately 93% of the true
valug. The total path length in Fig. &ottom) is faithful to

the cylindrical shape of the test object.

V. CRYSTALLINE PHASE IMAGING

The analysis of the previous sections leads naturally to
the concept of radiography. Radiography, or tomography, in-
volves the study of the spatial variation of the absorption or
attenuation(i.e.; transmission factpiof radiation. For pulsed
neutron transmission, the energy-selective discrimination of ;g
the attenuation comes naturally, and “radiographs” can in 230

o ) 2110
principle be evaluated for every wavelengémnergy in the 1.90
spectrum. In a related approachealculated the minimum it

detectable mass based on a change in the macroscopic cross
section for different neutron wavelengtienergies By
comparing the relative intensiti€¢sotal scattering cross sec-
tion) just before and after a Bragg edge associated with a
particular(inferred phase, one can introduce the concept of
“phase filters,” e.g., for Fe-200 at=4.05+0.05 A. If the
associated phase is present along a particular beam path, then
there will be a noticeable difference in the total cross section
due to the presence of a Bragg edge provided that the it is not
suppressed by, e.g., texture or has a very small structure fac-
tor etc. If not, then this difference will be negligible.

This is demonstrated in Fig. 10. In this case, the 10 _ _ _ _
16 spectrdfor both sample posiionsiave been analyzed {2, The Somate b s o et phet by sy e s
pixel-by-pixel to obtain the radiographs shown. The gray-ottom.
level is proportional to the relative difference in the value of
the total scattering cross section in the immediate vicinity ofcontribution to the coherent elastic scattering cross section,
a Bragg edge. Applying no filter is essentially equivalent toi.e., where the Bragg edge amplitude is larger than the back-
the averagdsummedl cross section. Of course, these filters ground noise. The extension to a tomographic analysis is
only apply to(crystalling phases which have a significant straightforward.
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