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Abstract

Energy-resolved neutron imaging is employed forin-situ measurements of dopant transport in a simple
experiment performed before the crystal growth of the scintillator BaBrCl:5%Eu via a vertical gradient
freeze technigque. During a stabilization period preceding growth, we observed the di usion of Eu from
the solid phase into the melt over a period of approximately 4 hours. Comparing the measured centerline
concentration pro le with a mathematical model for the system, we estimate the solid-state di usivity of Eu

in BaBrCl as D; =1:9 10 '° m?/s and an upper limit for the liquid-phase di usivity of Eu in the melt
asD, =2:5 10 1° m?/s, at temperatures near the melting point. We compare this experiment, where
di usion is driven by a concentration discontinuity arising from segregation, to the classical di usion couple
technique. Suggestions are o ered on how this segregation-driven couple might be improved as a tool for
measuring di usion coe cients, and we draw attention to the great promise of neutron imaging for in-
situ measurements of the distribution of elements, with su ciently high neutron attenuation coe cients, in

di cult environments.
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1. Introduction

The transport of chemical species is important to virtually every materials processing system, particularly
those involving phase change. A classical example is determining the fate of dopants or impurities during
the growth of bulk, single crystals from the melt [I{5] or the solidi cation of metals [6] [7]. In these processes,
a chemical species migrates through the liquid phase, is segregated at the solid/liquid interface, and di uses
within the grown crystal.

A quantitative understanding of species transport in such systems requires accurate knowledge of the
relevant transport coe cients, in particular di usion coe cients. However, the measurement of di usion
coe cients for such systems is often quite challenging. For example, minimizing the e ects of buoyancy-
driven uid ow on the measurement of liquid-phase di usion coe cients has been attempted by conducting

shear-cell experiments[[8,_ 9] under stabilizing conditions, with cooler liquid underlying warmer, and in mi-
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crogravity experiments [10{12]. Measuring solid-state di usion is usually more straightforward, but typically
requires lengthy and exhaustive analyses, involving sample sectioning and the quantitative measurement of
compositional pro les. Solid-state di usivities have historically been measured via di usion couple experi-
ments, where two or more solid materials of di ering composition are brought into intimate contact to allow
for their interdi usion. A recent overview of the di usion couple technique is provided by Kodentsov and
Paul [13].

In this paper, we present a novel idea by which di usivities, particularly in the solid state, may be deter-
mined much more quickly than by classical approaches, such as di usion couple experiments. Our approach
is based on setting up driving forces for di usion by introducing an initial discontinuity in concentration at
a solid/liquid interface, akin to the discontinuity intentionally introduced in a di usion couple but naturally
arising here via equilibrium segregation phenomena. We speci cally discuss the promise of measuring compo-
sition pro les in situ and in real time by a neutron imaging technique, and we suggest that the data provided
by these pro les may yield good estimates of solid-state di usion and liquid-phase migration coe cients via
a mathematical model for the evolution of the concentration pro le.

These ideas arose during the conduct of research aimed toward the discovery new, high-performance
scintillator crystals for gamma-ray detection [14{16]. In particular, we have pioneered the use of neutron
imaging as a diagnostic tool for direct observation of melt crystal growth processes$ [11/{19]. This approach
is particularly useful for systems such as the Bridgman technique 20, 21], where growth occurs in an en-
closed ampoule within a high-temperature furnace made of refractory materials, rendering more conventional
diagnostic measurements di cult or impossible.

Energy-resolved neutron imaging [[18/°19] allows for the quantitative evaluation of the concentration
of many elements through neutron resonance absorption, providing that their neutron attenuation cross
sections are su ciently large. In particular, we are able to measure the spatial distribution of europium
(Eu), a typical activator of halide scintillators, during the conduct of a Bridgman crystal growth experiment
[17]. With these power diagnostic tools, concentration maps with sub-mm spatial resolution can be obtained
of these elements during growth and after[[17, 18, 22]. In these studies, we clearly observed the transport of
species over time in the proximity of the solid/liquid interface.

In the following, we speci cally examine the dynamics of Eu transport within a mixed-halide scintillator
material, barium bromochloride (BaBrCl), via a melting and stabilization experiment preceding crystal
growth. In this experiment, segregation at the nearly stationary solid/liquid interface provides an initial
discontinuity in composition between the two phases, driving Eu di usion out of the solid and into the melt.
Comparing the compositional pro le measured by neutron imaging with a mathematical model for di usion

and migration provides a novel method for the measurement of transport coe cients. Our results thus



demonstrate the possibility of investigating complicated species transport dynamics both at the solid-liquid
interface and within the solid material. In particular, this new approach provides a fast and straightforward

means by which solid-state di usion coe cients may be measured.

2. Experimental methods

2.1. Energy-resolved neutron imaging

In-situ neutron imaging was performed at the pulsed neutron source at the Materials and Life Science
Experimental Facility at Japan Proton Accelerator Research Complex (J-PARC). A crystal of barium bro-
mochloride, doped with europium at 5 mole % (BaBrCl:5%), was grown within a clam-shell furnace, suitable
for neutron imaging experiments, by a vertical gradient freeze method, a variant of the Bridgman method,
in which a thermal gradient is moved past a stationary ampoule by reducing power input to the furnace
in time [20] 21]. The instrumentation and growth experiments are described in more detail in references
[17,18].

The sample material was prepared by mixing high purity (5N) BaBr, (11.725 g), BaCb (7.395 g) and
EuCl, (0.879 g) in a 12 mm-diameter quartz ampoule. The material initially was dried overnight at 110 C
under 10 7 bar vacuum, followed by a pre-synthesis in a vacuum-sealed ampoule at 880 C over 12 hours.
The sample material occupied 5 cm length of the ampoule, but only the bottom 2.8 cm was imaged,
corresponding to the active area of the detector.

The furnace was installed in a direct neutron beam in front of a fast neutron counting detector with a
28 28 mn¥ active area [23]24]; see Figur’é] 1. The compact design of our small furnace allowed optimization
of the distance between the sample and the detector (which was 10 cm) in order to minimize image blurring
by nite beam divergence, which was 0.1 degree in our experiments. A 25 mm-thick bismuth Iter was
installed in the beam in order to reduce the contribution of unwanted gamma radiation to the direct neutron
beam, especially at the time of spallation as choppers were not used in our experiment. The entire neutron
transmission spectrum was recorded with pulses produced at 25 Hz frequency. The time of arrival to the
detector was registered for each neutron relative to the time of spallation and then converted to the neutron
energy through the Time of Flight (TOF) technique [25] 26]. The unique capability of our detector to
measure position and time of arrival of each neutron allows simultaneous acquisition of over 250,000 spectra,
each within 55 m pixels.

The energy-resolved neutron transmission data set consisted of approximately 3,100 images (3,100 spectral
bins), acquired all at the same time. Analysis of this spatially-resolved transmission spectra enableth-

situ diagnostics of the experiment (which is described in the next section). The location of the growth
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Figure 1: (a) Schematic diagram of the experimental setup. The clam-shell furnace with a single heating element installed
in front of neutron counting detector in the direct neutron beam. The position XY and time of arrival T (relative to pulsed
source trigger) are registered for each neutron. A stack of 3,100 images, each corresponding to a certain neutron time of ight
(energy), is accumulated simultaneously. (b) White spectrum neutron transmission image of a BaBrCl:5%Eu sample during
growth. The location of interface between solid and liquid phases is clearly seen due to the discontinuity in Eu concentration
caused by segregation. (c) Photograph of the BaBrCl:Eu precursor charge, sealed in a quartz ampoule, studied in the experiment
discussed here.



interface of the BaBrCl:Eu material was visible in our neutron transmission images due to segregation
of europium between solid and liquid, leading to a discontinuous Eu concentration across the interface.
The measurement of europium concentration proved quite robust, since Eu provided the highest neutron
attenuation among the elements present in the sample material. All neutron transmission images of the
BaBrCIl:Eu sample were normalized by the images obtained with no sample present in the beam (so-called
\open beam" normalization), which minimized the e ect of features not related to the sample, such as the

internal structure of the furnace, the ampoule, non-uniformity of the interrogation neutron beam, detector

response, etc.

2.2. Melting and stabilization

The precursor charge, synthesized prior to the imaging experiment, was mounted into the clam-shell
furnace at room temperature and then heated for about 2 hours to the point where nearly the entire sample
was melted, except for the material in the very bottom of the ampoule. The set-point temperature at
the half-height position within the furnace, the hottest point, was initially set to 950 C. The set-point
temperature was then gradually reduced until the location of the solid-liquid interface was in the middle of
the eld of view of our detector, at a set-point temperature of 900 C. The system was then left at a steady
temperature condition for about an hour to stabilize the furnace and the sample. A sequence of images was
also started, once the interface was in view, to study the dynamics of Eu dopant within the sample during

this stabilization period.

3. Results and discussion

3.1. Observation of Eu migration across solid/liquid interface and within the solid phase

The original idea behind this imaging of the stationary period was to investigate the possibility to visualize
ow vortices within the liquid phase above the interface that are predicted to arise due to buoyant convection,
according to model predictions [1{4,[27{30]. Unfortunately, we observed that our neutron imaging technique
was not able to directly visualize the movement of liquid within the melt; however, we quickly noticed that

very small changes in Eu concentration were visible over time during this stabilization period.

3.1.1. Neutron transmission contrast images

Figure [2 shows neutron transmission over the system at the various image acquisition times. From an
interface shape that was nearly at, we observed small changes in the shape of the solid-liquid interface,
which became more concave (with respect to the crystal) as time evolved. Less obvious, but even more

important, was that the contrast level in solid immediately under the interface was becoming lighter in later
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Figure 2: White spectrum neutron transmission images of BaBrCl:5%Eu sample consecutively acquired over 22 minute intervals
with a steady temperature within the furnace. Image distortions from the heating element are seen at the upper part of each
image due to imperfect open beam normalization caused by the thermal expansion of the heating spiral. The location of
solid/liquid interface is shown by a dashed line.



Figure 3: Ratio of the two consecutive neutron transmission images shown in Figure 2, W]sualizing the observed change in the
sample transmission over the 22 minute interval (predominantly due to the change in Eu concentration). Despite the steady
temperature conditions, the solid/liquid interface moved slightly downward (dark bands at 22 and 44 min images) and then
upward (white bands in images taken after 110 minutes). The di usion of Eu out of the solid phase is observed to be strongest
during the initial period (brighter area below the interface at the 22 min image).

image frames. Since the darkness level in the image is proportional to Eu concentration, this indicated that
the europium concentration was decreasing, and the only interpretation was that Eu was leaving the solid
phase and entering the liquid.

Each frame of Figure[3 shows the di erence in contrast signal between consecutive images, thus repre-
senting the net change in the europium concentration eld between times. This imaging technique allows
for ready identi cation of the solid/liquid interface, at which there is a discontinuity in Eu concentration.
The solid/liquid interface moved approximately 1 mm during the stabilization period, despite the fact that
the set-point temperature of the heating element was held constant. We speculate that the movement of
interface was caused by residual thermal transients e ects within the furnace over that time period.

During the rst 44 minutes, the interface between liquid and solid phases moved downward. The dark

belt in the rst two images of Figure 8]shows that the distance the interface moved over both 22-minute



Figure 4: (a) Theoretical neutron transmission spectrum of BaBrCl:Eu material calculated for a 12 mm sample with varied
concentration of Eu doping. The shaded rectangle indicates the region of energies (21{820 meV) used for the quanti cation Eu
concentration in the experimentally measured images. (b) The theoretical neutron transmission of BaBrCl:Eu sample averaged

over 21{820 meV energies as a function of Eu concentration, used for the reconstruction of Eu concentration distribution in the
experimentally measured images, shown in Figure 5]

periods. The Eu concentration increased within the dark belt, indicating the interface was located at the
bottom of that dark belt. The increase of Eu concentration in that area (now occupied by the melt) is
consistent with a segregation coe cient of less than unity, as was reported in[[1B].

Between the times of 44 and 88 minutes, the location of interface was nearly constant, and the similarity
of the two images indicates that the interface location was stationary over that period of time, although
continued migration of Eu from solid to liquid was occurring (as indicated by the slightly lighter area below
the solid-liquid interface). The bright belts seen in the images acquired after 88 minutes indicate that the

interface moved slightly upward, with the width of the belt indicating the distance of that interface motion

over 22 minutes.

3.1.2. Determination of Eu concentration eld

A notable strength of energy-resolved neutron imaging is its ability to provide quantitative information
on the elemental composition within the system, as demonstrated in our previous studie§ [18, 19]. The large
attenuation cross section of Eu makes it one of the best elements for quanti cation of its concentration. Not
only the increase of Eu concentration in certain regions within the sample can be visualized, but it can also

be quanti ed with better than 0.1% accuracy and up to 100 m spatial resolution [18].



Ideally, the entire experimental transmission spectrum can be t with theoretical curves based on the
concentration for each chemical species. However, since Eu substantially dominates neutron attenuation
compared to all other elements in our sample, a somewhat simpli ed, but su ciently accurate approach was
implemented here, as described in references ]17] and [18].

First, the theoretical attenuation, averaged over a 21{820 meV range of neutron energies ( 1{2A wave-
lengths), was calculated for a 12 mm-thick BaBrCIl:Eu sample at several Eu concentrations; see Figu@ 4(a).
The average transmission was then plotted with Eu concentration, and the resulting curve, shown in Figure
@(b), was then used for the analysis of Eu concentration in each pixel of the experimental images averaged
over the same neutron energy range.

Since the entire neutron transmission spectrum was measured in each pixel of our data set, the analysis of
these spectra allowed us to reconstruct 2-dimensional maps of Eu concentration. In principle, 3-dimensional
maps can be obtained, if multiple angular projections of the sample are acquired. However, longer integration
time for such data sets makes 3-dimensional elemental mapping ill-suited for the dynamic study performed
in this experiment. Therefore, we simply average across the ampoule in the direction of neutron propagation
in the 2-dimensional images to obtain the Eu concentration elds shown in Figure .

The Eu concentration elds shown in Figure [5 substantiate the claim made in the previous section that
europium is leaving the crystal and entering into the liquid. Indeed, the absolute Eu concentration is seen to
change substantially in the area adjacent to the solid/liquid interface over the observed 4-hour stabilization
period. The Eu concentration in the solid below the interface continuously decreased as Eu di used from
the solid, across the interface and into the melt. Simultaneously, the Eu concentration in the melt increases
just above the interface as time proceeds.

The Eu concentration also varies radially through both phases as time evolves, with increased levels of
Eu in the regions near the outer ampoule wall. This concentration pattern is most likely caused by a toroidal
uid vortex in the melt, driven by thermal buoyancy, which drives a ow downward along the centerline,
outward along the interface, and upward along the ampoule wall. Such radial segregation phenomena are
ubiquitous in vertical Bridgman crystal growth systems [I{E] 27, [28] and was observed in crystal growth

experiments conducted in this system[[18,-30].

3.2. Quanti cation of the Eu di usion coe cient

The neutron imaging techniques described above have provided a wealth of dynamic composition informa-
tion over the stabilization period of this experiment. A full accounting of the evolution of the 2-dimensional
europium concentration eld would require an involved analysis using models for heat transfer, melt ow, and

interfacial phenomena. In [30], we gainfully apply such techniques to describe Eu transport and segregation



Figure 5: The maps of absolute Eu concentration (averaged through the sample thickness) within BaBrCl:Eu material measured
during the stabilization period. The color scale indicates the reconstructed Eu concentration in mole %. The di usion of Eu
from the solid phase results in increasing Eu concentration in the liquid above the interface. The dashed, yellow line in the 0 min
image denotes the position of the solid/liquid interface. The distortions in Eu concentration eld, particularly in the upper

part of each image, are due to imperfect open beam normalization caused by the thermal expansion of the heating elements in
the furnace.
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Figure 6: (a) The smoothed, one-dimensional Eu concentration pro le along the center axis of the sample (averaged over 120
pixels or 6.7 mm) is plotted as a function of vertical position. The origin of the position axis is attached to the bottom of the
crystal, which is outside of the eld of view of our detector. The inset shows an expanded view of the smoothed pro les across
the solid/liquid interface. The oscillations in the pro le arise from imperfect open beam normalization. (b) The solid/liquid
interface position is plotted as a function of time. The slope of the lines thus represents the velocity of the interface, Vi.
in the crystal growth experiment that was subsequently performed after the observations reported heré [18].
Motivated by the idea of a one-dimensional, segregation-driven diusion couple, we forsake the 2-
dimensional features of this experiment and extract only the one-dimensional, axial Eu concentration pro les
along the system centerline for each time frame. To calculate these pro les from the data, we have assumed
axisymmetry, constructed a pseudo-axisymmetric cross-sectional concentration pro le, and then averaged
120 pixels ( 6.7 mm) from the central axis down the sample. A more detailed description of this process is
given in
These axial pro les are plotted in Figure [6(a), where it is apparent that a rapid change in Eu concen-
tration, caused by segregation across the solid and liquid phases, bounds the location of the solid/liquid
interface. While these concentration pro les are noisier than desired, with small, spatial oscillations that
arise from imperfect open beam normalization (an e ect that is also apparent in FigureSDZ anc[]5), they
nevertheless provide meaningful information about Eu transport, as will be demonstrated below.
A mathematical model to describe these pro les is formulated via transient, one-dimensional conservation
equations, as follows. First, let us consider idealized experimental conditions, where the precursor charge is

of uniform concentration, the melting and re-growth of this charge are fast enough to preserve this uniform

concentration, and the thermal conditions in the stabilization period are perfectly stationary. The initial
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state of this experiment is simply a constant Eu concentration across both phases. For times greater than
zero, segregation will produce a discontinuity across the solid/liquid interface, which subsequently drives
di usion of Eu out of the solid and into the melt. In this idealized experiment, convection in the melt
is assumed to be negligible, so that the Eu entering the melt di uses away into the bulk. We derive an
analytical solution for the evolution of the Eu concentration pro les through the solid and liquid for this
idealized experiment in[Appendix B

The data from the actual experiment indicate departures from the ideal behavior discussed above. First,
the initial axial Eu pro le, shown at t =0 in Figures Eand (a), is not constant across both solid and melt,
rather it varies in space, with a steadily decreasing concentration from the solid into the melt. This pro le is
a remnant of the history of the system and may have arisen due to a nonuniform Eu pro le in the precursor
charge and the e ects of melt-back and partial refreezing. Furthermore, the axial pro le through the melt
suggests that mixing, which would have acted to homogenize the europium level, was not important. We
hypothesize that, upon melting of the charge, the buoyant ows were too weak to e ectively mix the solute.
Indeed, we estimate that the radial temperature di erence across the melt was less than 1 K, yielding a very
small dimensionless Grashof number of 350 [30], which is a general measure of the buoyancy driving force
[29]. Finite-element computations representative of this system indicate that the maximum melt velocity is
Vi 0.035 mm/s [30,[31]. Assuming a nominal melt height oL = 4 cm over the the = 2-hour melting
period, a ow of this magnitude would result in only v, =2L  3:2 transits of a particle trapped within
the recirculating melt ow prior to the start of di usion experiment at t =0. Thus, we apply the measured
pro le as an initial condition and ignore the e ects of melt convection in the ensuing model.

Next, we observed in the experiment that the solid/liquid interface moved over a small distance during
the stabilization period. We apply a 3-point, moving-average smoothing Iter to the axial concentration
pro le, and the local minimum near the solid is labelled as the interface position. This position is plotted
against time in Figure @(b), where it is seen that the interface hovers around 13 mm for approximately 110
minutes and then begins to advance. In our model, we assume that the interface is stationary for those rst
110 minutes and apply a constant interface velocity ofy; = 0:00652 mm/min from 110 minutes onward.

We apply conservation equations for Eu in the solid and liquid phases, representing the solid concentration
as ci1(x;t) and the liquid concentration as c,(x;t), over a one-dimensional domain de ned by the spatial

variable x. The spatial domain is xed to the end of the crystal at x = 0, with the solid/liquid interface
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located at x = x; and the end of the melt at x = L. Thus,

@¢ _ @c; . .
- Dli@)%, for0 x X 1)
@g _ @c; . _ )
Bt - D27@£ ;o forxi x L &)

wheret is time and D; denotes the di usion coe cient for Eu in the solid. While the transport of Eu in
the liquid occurs via both di usion and convection, we lump both of these e ects together, with D, as an
e ective di usivity representing migration of Eu in the liquid. This approach is not totally correct; indeed,
the concentration elds shown in Figure [§ clearly indicate that convection is causing radial non-uniformity
of europium, particularly near the solid/liquid interface. However, as discussed above, the melt ows are
relatively weak, and we assume that convection does not strongly a ect the axial concentration pro le along
the centerline of the system. Finally, all variables are represented in dimensional terms to more directly
apply the model predictions to experimental measurements.

We apply boundary conditions to represent no ux of europium through the ends of the system as,

@c _ A,
a@x,, &)
@g _ A,
ox., O (@)

We presume that equilibrium conditions hold at the solid/liquid interface so that the concentrations in
both phases are related by,

ci(Xi;t) = kea(xi;t); )]

wherek is the partition coe cient.

Finally, we enforce species conservation across the solid/liquid interface by balancing Eu uxes as,

@c¢ - p, 9¢

D; @szx. - 2 @X=x. + v (t)ca(Xi;t): ©)

Here, solid-state di usion is represented on the left-hand side of the equation, while the right-hand side has
terms for liquid-phase migration (expressed using the e ective di usivity D,) and an additional convective
ux caused by interfacial motion. This term accounts for the motion of the solid/liquid interface, as expressed
by vi, during the experiment.

The representation of the experimental non-idealities (the non-constant initial Eu concentration pro le

and the moving solid/liquid interface), as well as the nite domain representing the actual dimensions of
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the system, preclude the analytical solution presented irf Appendix B and call for a numerical solution of
the above equations, boundary conditions, and initial condition. We solve using a nite di erence method

to discretize spatial derivatives, along with an implicit time integration scheme to account for temporal

evolution. Care is taken so that there is virtually no discretization error in the computations.

We directly applied the experimental axial pro le at t = 0 minutes as the initial condition for the model.
For computing the ensuing time-dependent Eu centerline concentration pro les, three physical properties
must be speci ed|the solid-state di usion coe cient, D1, the e ective di usivity for the liquid, D,, and the
equilibrium partition coe cient, k. Based on prior measurements [18], we choose the partition coe cient to
be constant, with k = 0:45. We then performed repeated computations using di erent values of the di usion
coe cients for both solid and liquid phases, with the goal of nding values that reasonably matched computed
and measured concentration pro les over the system. Since our overall desire was to put forth the concept of
this experiment and show correspondence with our model, we did not attempt to nd best- t di usivities via
optimization. We comment on the use of more rigorous approaches in the conclusions below. The outcome
of our trial-and-error, empirical tting yielded values of D; =1:9 10 © m?/sand D, =2:5 10 ° m?/s,
which are in reasonable accordance with known values of di usion coe cients in the solid and liquid near
the melting point; see, e.g.,[[32].

Model predictions are compared to experimental data in Figurd ¥ for each 22 minute increment in time.
The uctuations in the initial concentration prole at t = 0 minutes are rapidly damped, and by t = 22
minutes the discontinuity in Eu concentration at the interface is readily apparent in the model results. As
time proceeds, the steep gradients of concentration in the solid drive the di usion of Eu out of the solid and
into the liquid, whose concentration also rises at the interface. The Eu entering the liquid migrates away
into the bulk via a di usion-like process.

In general, the predicted concentration pro les match well with the experimentally measure pro les,
particularly at later times. However, there are some discrepancies, particularly the Eu concentration discon-
tinuities across the interface in the early-time experimental pro les, which do not show such a large jump
compared to model predictions. We attribute this to several e ects. First, the calculations converting image
contrast data to concentration pro les is not easily performed when there is a discontinuity in the underlying
eld, likely reducing the spatial resolution immediate adjacent to the solid/liquid interface. These errors are
also ampli ed by the non- at solid/liquid interfaces in the real system. With a de ected interface, neutrons
will sample both solid and liquid, which contain di erent Eu composition due to segregation, as their paths
pass through the solid/liquid interface. Finally, the interface is slowly moving backward during the early
stages of the experiment, such motion would melt away some of the initially steep concentration pro les

in the solid. This melting was not represented in the interface velocity {;, see FigureBSb) supplied to our
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Figure 7: The centerline Eu concentration is plotted as a function of axial position for the di erent times at which data were
acquired in the experiment. The data are plotted using blue curves (also distinguished by their non-smooth character), and the
model predictions are shown via the smooth, red curves that are discontinuous at the solid/liquid interface. The experimental
data at t=0 minutes served as the initial condition for the our model.

model.

All'in all, we assert that the model is providing a very good description of the transport of Eu occurring in
this experiment, noting that the predicted pro les match their corresponding experimental pro les reasonably
well. The goodness of the match provides some con dence that the model may be used to provide an estimate
of the solid-state di usion coe cient and, to a lesser extent, the liquid-phase migration (this due to our one-
dimensional model and our lumping of di usion and convection together in the liquid). Indeed, we note that

the magnitudes of the assumed di usion and migration coe cients are quite reasonable for temperatures

near the melting point.

4. Conclusions

Our in-situ diagnostics and models demonstrate the possibility to study the dynamics of elemental com-
position during a high-temperature, phase-change process, particularly the redistribution of doping elements
across a solid/liquid interface. We not only observed the di usion of a dopant from the solid phase into the
melt, but, with a model for the experiment, we were able to provide an estimate for its solid-state di usion

coe cient at an elevated temperature. This additional information was available for minimal marginal e ort
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in preparation of a melt crystal growth experiment. Viewed in a wider context, there are additional insights
provided by our results.

First, this experiment represents a novel approach for studying solid-state di usion at high temperatures.
Rather than establishing a driving force for di usion by mechanically joining dissimilar solid materials|the
approach of the classical di usion couple|this experiment uses thermodynamic segregation phenomena to
introduce a concentration discontinuity over a liquid/solid interface, which subsequently drives transport.
With a numerical model for the evolving concentration elds, we determine a solid-state di usion coe cient
of D; =1:9 10 1° m?/s for Eu in BaBrCl at temperatures near the melting point. We also estimate a
liquid phase coe cient of D, =2:5 10 © m?/s for Eu in this system. Due to our ignoring the e ects of
melt convection, D, cannot be strictly interpreted as liquid-phase di usion coe cient; however, it provides
a potentially useful upper bound for its value.

While many non-idealities were apparent in the present experiment, its outcomes nevertheless suggest
that a segregation-driven di usion couple may be useful for high-temperature measurements of transport
coe cients. Improvements in accuracy and robustness of such measurements are suggested by the conditions
put forth in Appendix B for the ideal experiment. In addition, the present non-idealities may be corrected,
to a certain extent, by the application of a more rigorous model for the experiment, e.g., two-dimensional
models accounting for melt convection and furnace heat transfer, such as used in"[30]. Rather than the
trial-and-error, empirical approach applied here, one might apply optimization techniques that provide a
best- t of di usion coe cients from the model-experiment comparison; see, e.g. [33,[34].

Second, the general approach of real-time neutron imaging could be gainfully applied for the future exper-
imental evaluation of di usion coe cient for other materials, when the element of interest has a su ciently
high neutron attenuation coe cient, and in other experimental con gurations. For example, this diagnostic
technique would be powerful to analyze classical di usion couple experiments in solids.

Finally, as demonstrated by this study, the coupling of in-situ measurements of dopant distribution
and mathematical modeling represents a useful way of extracting valuable transport behavior about poorly
understood materials in di cult environments. Here, fundamental information about Eu transport was
obtained in a series of easy and low-cost steps that were carried out prior to the primary crystal growth
experiment. Such approaches hold great promise for advancing our understanding of melt crystal growth

processes and beyond.

16



Acknowledgments

The authors would like to acknowledge the generous donation of Vertex FPGA, Vivado design suite and a
connectivity kit by Xilinx Inc. of San Jose, CA, through their Xilinx University Program. The detector used
in these experiments was developed by the University of California at Berkeley in collaboration with Nova
Scienti ¢, and its readout was developed within the Medipix collaboration. This work was supported by the
U.S. Department of Energy/NNSA/DNN R&D and managed by Lawrence Berkeley National Laboratory
under Contract No. AC02-05CH11231. The authors are also thankful to Czech Technical University in
Prague, Advacam (Finland and Czech Republic), and NiKHEF (Netherlands) for the invaluable help with
data acquisition hardware and software. The University of Minnesota e ort was also supported in part by

the U.S. Department of Energy Award DE-NA0002514. No o cial endorsement should be inferred.

References

[1] R. A. Brown, Theory of transport processes in single crystal growth from the melt, AIChE Journal
34 (6) (1988) 881{911.

[2] J. P. Garandet, J. J. Favier, D. Camel, Segregation phenomena in crystal growth from the melt, in:
D. Hurle (Ed.), Bulk Crystal Growth: Growth Mechanisms and Dynamics, Vol. 2B of Handbook of
Crystal Growth, Elsevier Science B.V., 1994, Ch. 12, pp. 659{708.

[3] S. Kuppurao, S. Brandon, J. J. Derby, Modeling the vertical Bridgman growth of cadmium zinc telluride.
Il. Transient analysis of zinc segregation, J. Crystal Growth 155 (1995) 103{111.

[4] N. Zhang, A. Yeckel, A. Burger, Y. Cui, K. Lynn, J. J. Derby, Anomalous segregation during electro-
dynamic gradient freeze growth of cadmium zinc telluride, J. Crystal Growth 325 (2011) 10{19.

[5] A. G. Ostrogorsky, M. E. Glicksman, Segregation and component distribution, in: T. Nishinaga,
P. Rudolph (Eds.), Handbook of Crystal Growth, 2nd Edition, Vol. I, Part A, Elsevier, 2015, Ch. 25,
pp. 995{1048.

[6] M. C. Flemings, Solidi cation Processes, McGraw-Hill, Inc., New York, 1974.

[7] W. J. Boettinger, D. K. Banerjee, Solidi cation, in: D. E. Laughlin, K. Hono (Eds.), Physical Met-
talurgy, 5th Edition, Vol. 1, Elsevier, 2014, Ch. 7, pp. 639{850.

[8] C. Potard, A. Teillier, P. Dusserre, Methods for measuring interdi usion coe cients in liquid alloys. Pt.
1. Application To The Sn-Ag And Sn-Sb Systems, Mater. Res. Bull. 6 (1972) 583.

[9] E. D. Bourret, J. J. Favier, O. Bourrel, Measurement of the di usion coe cient of gallium in molten
germanium, J. Electrochem Soc. 128 (11) (1981) 2437{2439.

[10] J. P. Kizito, J. I. D. Alexander, R. M. Banish, Transient convective e ects on di usion measurements
in liquids, Journal of Thermophysics and Heat Transfer 17 (2) (2003) 186{192.

[11] J. P. Garandet, G. Mathiak, V. Botton, P. Lehmann, A. Griesche, Reference microgravity measure-
ments of liquid phase solute di usivities in tin- and aluminum-based alloys, International Journal of
Thermophysics 25 (1) (2004) 249{272.

[12] T. Masaki, T. Fukazawa, S. Matsumoto, T. Itami, S. Yoda, Measurements of di usion coe cients of
metallic melt under microgravity|current status of the development of shear cell technique towards
JEM on ISS, Measurement Science and Technology 16 (2) (2005) 327{335.

17



[13] A. Kodentsov, A. Paul, Di usion couple technique: A research tool in materials science, in: A. Paul,
S. Divinski (Eds.), Handbook of Solid State Di usion: Diusion Analysis in Material Applications,
Vol. 2, Elsevier, Inc., 2017, pp. 207{275.

[14] E. D. Bourret-Courchesne, G. A. Bizarri, G. R. Borade, R., E. C. Samulon, Z. Yan, S. E. Derenzo,
Crystal growth and characterization of alkali-earth halide scintillators, Journal of Crystal Growth 352 (1)
(2012) 78{83.

[15] G. Gundiah, Z. Yan, G. Bizarri, S. E. Derenzo, E. D. Bourret-Courchesne, Structure and scintillation
of Eu?* -activated BaBrCl and solid solutions in the BaCl,{BaBr , system, J. Luminescence 138 (2013)
143{149.

[16] Z. Yan, T. Shalapska, E. D. Bourret, Czochralski growth of the mixed halides BaBrCl and BaBrCl:Eu,
Journal of Crystal Growth 435 (2016) 42{45.

[17] A. S. Tremsin, M. G. Makowska, D. Perrodin, T. Shalapska, I. V. Khodyuk, P. Trtik, P. Boillat, S. C.
Vogel, A. S. Losko, M. Strobl, L. T. Kuhna, G. A. Bizarri, E. D. Bourret-Courchesne, In situ diagnostics
of the crystal-growth process through neutron imaging: Application to scintillators, Journal of Applied
Crystallography 49 (2016) 743{755.

[18] A. S. Tremsin, D. Perrodin, A. S. Losko, S. C. Vogel, M. A. M. Bourke, G. A. Bizarri, E. D. Bourret-
Courchesne, Real-time crystal growth visualization and quanti cation by energy-resolved neutron imag-
ing, Sci. Reports 7 (46275) (2017) 1{9.

[19] A. S. Tremsin, D. Perrodin, A. S. Losko, S. C. Vogel, T. Shinohara, K. Oikawa, J. H. Peterson, C. Zhang,
J. J. Derby, A. Zlokapa, G. A. Bizarri, E. D. Bourret, In-situ observation of phase separation during
growth of Cs;LiLaBr ¢:Ce using energy-resolved neutron imaging, Crystal Growth & Design 17 (12)
(2017) 6372{6381.

[20] R. S. Feigelson, Crystal growth through the ages: A historical perspective, in: T. Nishinaga (Ed.),
Handbook of Crystal Growth, 2nd Edition, Vol. I, Part A, Elsevier, 2015, pp. 1{84.

[21] J. J. Derby, A. Yeckel, Heat transfer analysis and design for bulk crystal growth: Perspectives on the
Bridgman method, in: T. Nishinaga, P. Rudolph (Eds.), Handbook of Crystal Growth, 2nd Edition,
Elsevier, 2015, pp. 793{843.

[22] D. R. Onken, R. T. Williams, D. Perrodin, T. Shalapska, E. D. Bourret, A. S. Tremsin, S. C. Vogel,
Crystal structure evolution of BaBrCl and BaBrCI: 5% Eu up to 1073 K by neutron di raction, Journal
of Applied Crystallography 51 (2) (2018) 498{504.

[23] A. S. Tremsin, High resolution neutron counting detectors with microchannel plates and their applica-
tions in neutron radiography, diraction and resonance absorption imaging, Neutron News 23 (2012)
35{38.

[24] A. S. Tremsin, J. V. Vallerga, J. B. McPhate, O. H. W. Siegmund, Optimization of high count rate
event counting detector with microchannel plates and quad timepix readout, Nucl. Instr. Meth. A 787
(2015) 20{25.

[25] W. Kockelmann, G. Frei, E. H. Lehmann, P. Vontobel, J. R. Santisteban, Energy-selective neutron
transmission imaging at a pulsed source, Nucl. Instr. Meth. A 578 (2007) 421{434.

[26] A. S. Tremsin, J. B. McPhate, A. Steuwer, W. Kockelmann, A. M. Paradowska, J. F. Kelleher, J. V.
Vallerga, O. H. W. Siegmund, W. B. Feller, High-resolution strain mapping through time-of- ight
neutron transmission di raction with a microchannel plate neutron counting detector, Strain 48 (2012)
296{305.

[27] R. A. Brown, D. H. Kim, Modeling of directional solidi cation: From Scheil to detailed numerical
simulation, J. Crystal Growth 109 (1991) 50{65.

18



[28] S. Kuppurao, S. Brandon, J. J. Derby, Modeling the vertical Bridgman growth of cadmium zinc telluride.
I. Quasi-steady analysis of heat transfer and convection, J. Crystal Growth 155 (1995) 93{102.

[29] J. J. Derby, Fluid dynamics in crystal growth: The good, the bad, and the ugly, Progress in Crystal
Growth and Characterization of Materials 62 (2016) 286{301.

[30] J. J. Derby, C. Zhang, J. Seebeck, J. H. Peterson, A. S. Tremsin, D. Perrodin, G. A. Bizarri, E. D.
Bourret, A. S. Losko, S. C. Vogel, Computational modeling and neutron imaging to understand interface
shape and solute segregation during the vertical gradient freeze growth of babrcl.eu, Journal of Crystal
Growth (2019) submitted.

[31] C. Zhang, J. J. Derby, Analysis of chemical stress and the propensity for cracking in the grwtoh of
BaBrCI:Eu, J. Crystal Growth (2019) in preparation.

[32] R. W. Ballu, S. M. Allen, W. C. Carter, Kinetics of Materials, Wiley-Interscience, 2005, Ch. 9, p. 210.

[33] J. Zhang, S. O. Poulsen, J. W. Gibbs, P. W. Voorhees, H. F. Poulsen, Determining material parameters
using phase- eld simulations and experiments, Acta Materialia 129 (2017) 229{238.

[34] T. Ujihara, Y. Tsunooka, G. Hatasa, K. Kutsukake, A. Ishiguro, K. Murayama, T. Narumi, S. Harada,
M. Tagawa, The prediction model of crystal growth simulation built by machine learning and its appli-
cations, Vaccum and Surface Science 62 (3) (2019) 136{140.

[35] J. Radon, P. C. Parks, On the determination of functions from their integral values along certain
manifolds, IEEE Transactions on Medical Imaging 5 (4) (1986) 170{176.

[36] W. M. Deen, Analysis of Transport Phenomena, 2nd Edition, Topics in Chemical Engineering, Oxford
University Press, 2012.

19



Figure A.1: The process of extracting a cross-sectional axisymmetric concentration eld from the averaged neutron imaging
data is illustrated by images (a){(d) and described in the text. (e) To reduce overall noise, data in an outer, annular region are
subtracted from the entire sample-width integrated data. The resulting data represent the Radon-transformed concentration
eld of the inner cylinder, which are averaged to yield a one-dimensional, axial concentration pro le for Eu along the system
centerline.

Appendix A. Extracting centerline concentrations from neutron imaging data

The concentrations presented in Figurd b were processed using the 2-dimensional contrast data, averaged
through the local sample width. While this approach is simple and relatively fast, it presumes uniform
scattering of neutrons during their line of ight through the sample, which will only be strictly valid when
the Eu concentration does not vary along the neutron transit path. In fact, there is some radial variation in
composition in the sample, which will give rise to some error in the concentration eld when processed in
this manner.

The radial variation of europium needs to be accounted for to provide a more accurate determination
of concentration. To do this, we utilize the mathematics of computed tomography, which has been widely
applied in medical imaging, using an algorithm known as theinverse Radon transform [35]. Here, it is useful
here to think of the original scan, which depicts the integral of the real three-dimensional density eld onto
the two-dimensional projection surface, as the forward Radon transformed data.

The process of extracting the one-dimensional, axial concentration pro le along the centerline of the

system is depicted in Figure. We start with the raw contrast data from the image (a) and take an
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average of both sides across the centerline, producing a pseudo-symmetric average (b). We then multiply
each pixel's concentration value by the sample width at that point, producing a sample-width-integrated
data (c) with units of [mole fraction length]. We then perform the inverse Radon transform to the
sample-width-integrated concentration image, recovering a pseudo-axisymmetric meridional concentration
eld (d).

The data are noisy, since directly using the inverse-transformed data from only a single projection angle
results a large amount of noise, particularly when there are non-axisymmetric features. To reduce the e ects
of noise outside of the region of interest, we isolate an annular region of our inverse-transformed data,
excluding a nite cylindrical region down the axis. This process is shown schematically in Figur(e).

After constructing a three-dimensional density eld of the annular region, we apply the forward transform
and subtracted this from the sample-width integrated data (c). What results is the forward-transformed data
in the cylindrical region down the sample axis. We sum each row of pixels, yielding values with units [mole
fraction  area]; this is akin to integrating the concentration from the pseudo-axisymmetric concentration
eld in one axial layer of pixels. We then divide this value by the area of a circle of diameter 6.7 mm. The

resulting value represents the average concentration in the cylindrical region at a given axial position.

Appendix B. Idealized model for segregation-driven di usion experiment

We posit that experiments on a suitably designed solidi cation system represent a new method by which
solid-state and liquid-phase diusion may be studied. Below, we briey discuss the elements of such a
segregation-driven di usion couple and present an analytical solution for the evolving concentration pro les
in such a system.

As discussed in Sectiof 3]2 of this paper, we desire an ideal system that exhibits one-dimensional behavior.
For the study of liquid-phase di usion, we also desire that uid ow and convection are minimized. These
objectives may be accomplished by containing the material of interest in a long, thin ampoule that is oriented
in a stabilizing con guration with respect to thermal buoyancy (namely with lower temperatures underlying
warmer, such as in[[9]). Consideration must also be given to sample diameter, neutron beam path length,
and neutron attenuation in order to obtain a su ciently strong contrast from the neutron imaging. Finally,
the ideal sample should be long enough so that its ends are \in nitely" far away from the di usion zone.
In practice, this would mean that the length of sample should be Dt )72 1, where D represents a
characteristic di usion coe cient and t; is the time over which the experiment is performed.

The initial distribution of the species in the experiment is also important and will depend on the history

of the sample, namely the original distribution of the species in the solid charge and how the charge is melted.
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Figure B.1: Depiction of the idealized segregation-driven di usion couple, showing (a) the initial species concentration pro le

as constant and (b) how segregation at the solid/liquid interface produces a discontinuity in concentration and drives di usion

of the species out of the solid and into the liquid.

In the ideal experiment, we presume that a solid of uniform composition is rapidly melted back and held
steady. During melting there is no segregation of the solute (in contrast to that occurring during growth,
which is described by eq[ b), and the melt has the same composition as the initial solid. This is the situation
represented by the initial condition at t = 0 shown in Figure B.Ifa).

With a uniform concentration and the solid/liquid interface held stationary throughout the duration of
the experiment, the following analytical expressions describe the evolution of species through both phases.
If these conditions are not met, modi cations to the mathematical model along with numerical solution
techniques, such as discussed in Secti¢n 8.2, may be employed to predict the evolution of the concentration
pro les.

A schematic depiction of the ideal experiment is presented in Figur¢ B]1, along with de nitions of the
variables in the mathematical model. As noted previously, we presume a uniform concentration everywhere
at t = 0, namely c;(x;0) = ¢(x;0) = ¢. The eld equations and boundary conditions are the same as
presented in equations ){@), except that the spatial domain for the ideal system is unbounded, with
1 x 1 , with x = 0 marking the location of the solid/liquid interface. In addition, the far- eld

boundary conditions, equations G) and G), are replaced by,

ca(l ;t) Co; (B.1)

Co; (B.2)

C2(1 ;1)
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and the interface velocity is zero, so thatv; (t) = 0 in equation ().
We apply similarity transformations (see, e.g., [36]) over both domains, with similarity variables of
1 = x=2(D1t)*72 in the solid (for x 0) and , = x=2(Dt)**2 in the liquid (for x  0). Note that D; and
D, denote the di usivity in the solid and liquid, respectively.

By satisfying the matching conditions at the solid/liquid interface, we can show that,

ca(1) _ k@+R)+(k 1erf( 1), o 1=
o = 1+ kR ; for 1= x=2(Djt) 0; (B.3)

(2) _ (A+R)+R(k Derf(2), o e =2 o
o 1+ kKR ; for o= x=2(Dyt) 0; (B.4)

1=2
wherek is the distribution coe cient, R = B—; , and erf( ) denotes the error function,
5 Z

erf( )= p= e Ydu: (B.5)

0

With knowledge of the equilibrium distribution coe cient, Kk, this analytical solution may be used with
relatively simple optimization techniques to yield best- t estimates for the di usion coe cients, D; and Dy,

from the measured pro les.
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