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h i g h l i g h t s

� Diffusion of U in a-Zr was measured for the first time.
� The used technique was a-spectrometry.
� An extended temperature range was studied 763–1123 K.
� A downward curvature in the Arrhenius plot was observed.
� The non-Arrhenius behaviour is similar to self-diffusion one.
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a b s t r a c t

U bulk diffusion in a-Zr was measured by mean a-spectrometry in the temperature range 763–1123 K
(540–850 �C). A deviation from the Arrhenius law consistent in a downward curvature was observed;
such anomaly is similar to the self and hetero substitutional diffusion previously measured in a-Zr
matrix.

The measurements are compatible with the existences of migrating Fe–vacancy complex that could be
competitive with a simplest single vacancy mechanism for substitutional diffusers. The possibility that
this could be the reason for the non Arrhenius behaviour is discussed.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The present work is part of two larger and systematic investiga-
tions, on one hand on U diffusion at infinite dilution in metals and
in the other hand of substitutional diffusers in a-Zr with particular
emphasis in those of interest in the nuclear industry.

The interest on the subject lies in the fact that the available U
diffusion coefficients at infinite dilution in the literature are scarce,
mostly measured in the 60’s and 70’s Cf Ref. [1] for a list of the
measurements performed up to 1990. Besides, a quick (probably
not exhaustive) literature search (e.g. Ref. [2] and the Scopus data
base) suggests there are no measurements of diffusion at infinite
dilution in pure metals newer than the mentioned ones.

Regarding U diffusion in Zr at infinity dilution, the available
data is restricted to the bcc b phase [3] measured by direct section-
ing in the temperature range 1223–1773 K. Extending the scope to
interdiffusion in U–Zr solid solutions, a couple of works [4,5] were
reported. In particular in [4] Zr concentration goes from 0.1 to 0.95
atomic fraction where chemical diffusion coefficient eD is measured
in the temperature range 973–1123 K in the (c-U, b-Zr) phase,
where neither intrinsic, nor infinite dilution diffusion coefficients
were obtained.

Up to our knowledge, there are not data for U diffusion at infi-
nite dilution in the low temperature hcp a phase reported at
present.

In order to extend diffusion measurements to the hcp a phase,
our first task was to adapt the a spectroscopy reliable technique, to
the determination U diffusion profiles, in a sub-micrometric depth
scale [6]; in this way and taking into account the depth resolution
of the technique reported in this work, we were able to apply a
spectroscopy and perform non destructive measurements in
pure a-Zr samples, down the a/b transition temperature
(Ta/b = 1136 K) to lowest ones in the frame of reasonable annealing
times (around 107 s).

On the other hand, it is well established that a-Zr self-diffusion
do not follow the Arrhenius law, a downward curvature is
observed once a large enough temperature range is studied [7].

Since the early 70s there have been reports in the literature that
some metallic elements such as Fe, Co, and Ni dissolved in hexago-
nal Zr behave as ultra-fast diffusers [8–10]; namely, their diffusion
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coefficients, close to the hcp/bcc transformation are over 106 times
higher than the host self-diffusion one. The observations referred
mainly to well annealed, single or large grain polycrystalline sam-
ples, thus essentially ruling out possible extrinsic effects. Such
huge figures were interpreted as the outcome of an interstitial-like
diffusion mechanism, idea that was thought to apply also to other
earlier studied systems, such as Au into Pb [11]. Further experi-
ments followed through the 80s and 90s, becoming clear that reli-
able extraction of the diffusion parameters, i.e., activation energy
and pre-exponential factor, was an especially difficult task.
Tracer hold up at the surface, back diffusion, general non-
Arrhenius behavior of the profiles, were rather common issues,
demanding non-standard corrective procedures at both, experi-
mental and data analysis stages. Sample purity is an added concern
to the list, as it was evident that a sort of defect complexing
impacted solute diffusion at low temperatures. These problems
plagued dramatically the Zr host, where all the solutes named
show a downwards curvature in the (Arrhenius) plots of ln D ver-
sus T�1. Such a result, coupled to the limited extent of the hcp
phase in the high temperature region, renders the estimation of
diffusion parameters rather uncertain.

When sub-micrometric techniques (essentially Ion Beam
Sputtering: IBS, Rutherford Backscattering Spectrometry: RBS and
Heavy Ion RBS: HIRBS) were available and the temperature range
in the hcp diffusion studies was extended, similar deviations from
the classical Arrhenius behaviour were observed in substitutional
diffuser in a-Zr [12–14] in all cases, including the interdiffusion
measurements in Ref. [4], a break at around 1000 K is observed
which can be interpreted either as a downward curvature [7] or
as two regions, where the one below 1000 K could reflect the for-
mation of not identified solute atom complexes [10]. Whether that
behaviour is an intrinsic effect or the consequence of the interac-
tion between ultrafast impurities and the diffusing atom is an open
discussion topic in the literature (see for example [15] and refer-
ences therein). In this frame a similar behaviour could be expected
for U diffusion in the a-Zr matrix.
Fig. 1. Optical micrography (5�) corresponding to a typical a-Zr sample after
growth and stabilization annealing. A few large grain sizes were obtained.
2. Experimental method

The measurements were performed in high purity (99.97%)
discs of Zr of about 12 mm in diameter and 3 mm thickness.
Table 1 reports a complete list of the impurity content. Let’s
remarks the Fe content of 150 lg/g.

The samples were mechanically polished and subjected to an
annealing cycle in order to increase their grain size: 1 h at
Table 1
a-Zr samples impurity content.

Impurity Content (lg/g)

Al <10
Cd <0.5
Co <10
Cr <10
Cu <10
Fe 150
Hf 64
Mn <10
Mo <10
Ni <10
Pb <20
Si <30
Sn <30
Ti <10
V <10
C 29
N 11
O <50
1473 K followed by 20 days at 1133 K, in highly pure argon atmo-
sphere. This procedure led to samples with at most 3–4 large
grains. A micrography showing the grain size in a typical sample,
revealed by thermal etching, is shown in Fig. 1. In the upper grain,
the small black dots and stripes observed are product of poor pol-
ishing. Subsequently the samples were mechanically and chemi-
cally polished again in order to obtain very flat surfaces. After
that a new annealing for 1 day at 1123 K was performed in order
to release stresses originated during the process.

Diffusion pairs were obtained by evaporation of depleted U,
99.97% purity, onto the sample surface, by heating a tungsten fila-
ment in a vacuum better than 10�6 torr. The a-spectrum taken
after the deposition and before diffusion annealing (full line in
Fig. 2) shows, thorough the analysis presented in Section 3, that
the U layer deposited is less than 9 nm.

The diffusion anneals were performed under dynamic vacuum,
2 � 10�6 torr, when the total annealing time was shorter than
2 � 105 s, or in sealed quartz tubes under high purity argon for
longer times. To prevent reactions between Zr and quartz, the sam-
ples were wrapped into Ta foils. The diffusion temperatures were
controlled within ±1 K with a Pt–PtRd S type thermocouple.

A silicon base p–n junction surface barrier detector (Canberra
PD 150-16-100-AM) was used in order to measure the a spectra,
with an active surface of 150 mm2 and an energy nominal res-
olution of 16 keV. As neither the detector nor the samples are
points, the solid angle subtended between them is not unique. In
order to test their influence in the peak width we change the sam-
ple-detector distance between 2 and 10 cm, inside the vacuum
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Fig. 2. a spectra, before and after diffusion annealing.
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Fig. 4. a particle stopping power dependence with energy in Zr matrix.
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chamber. Of course, an increment in the distance implies an incre-
ment in the acquisition time, but not significant variation in the
peak width was observed. Consequently, in order to minimize
the acquisition time, a distance of 2 cm between sample and detec-
tor was chosen. Typical acquisition times were between 20 and
40 h.

Calibration in energy was made using three a peaks from a
241Am standard source, one from a 233U standard source and the
last one is the 238U peak. Calibration curve is given in Fig. 3.

The (as evaporated) initial spectra was fitted with a gaussian
function whose width is given by the convolution of the effect of
the a emission depth across the U deposit, the electronic noise,
and the difference in the particle path due to the solid angle sub-
tended between the sample and the active surface of the detector.
Other noise contributions, like straggling, could be neglected. In
this particular case, the initial width was 45 keV.

3. Data analysis

A carefully detailed description of the a spectrometry as applied
to measure the U diffusion coefficient in metals is given in Ref. [6].
We now proceed to apply it to the a-Zr case.

Fig. 2 (full line) shows the a particles spectra measured after U
deposition, before the diffusion annealings; we focus the analysis
on the particles emitted by the 238U isotope. After annealing, there
is a spectrum broadening towards low energies (Fig. 2 doted line)
given by the increase in the emitter distance to the surface due to
diffusion, entailing larger energy losses.

This energy loss is given by the stopping power (dE/dx) as was
defined, for instance, in Ref. [16]; it was calculated by the subrou-
tine ‘‘stopping range’’ from the program SRIM 2008 [17] for a par-
ticle moving in Zr between 10 keV and 5 MeV, with an error
estimation lower than 3%.

The a-particle stopping power dependence with the energy for
this particular case is shown in Fig. 4. The solid line is a data para-
bolic fit valid between 800 keV and 5 MeV:

dE=dxðEÞ ¼ aþ b � Eþ c � E2 ð1Þ

being a = 66.9913848 eV Å�1, b = �1.5731277 � 10�5 Å�1 and
c = 1.4080616 � 10�12 eV�1 Å�1.

Then, when the a-particle is emitted by a 238U atom from a dis-
tance x to the surface:

x ¼ �
Z Ed

E0

dE
dE=dx

¼ �
Z Ed

E0

dE

aþ bEþ cE2 ð2Þ
where E0 is the energy of the a-particle when emitted (4.267 MeV)
and Ed is the detected energy when arriving at the sample surface.

Analytic integration of expression (2) is straightforward, giving
a relationship between the U depth and the detected energy:

xðEdÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ac � ðb=2Þ2
q arctan

cE0 þ b=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ac � ðb=2Þ2

q
0
B@

1
CA� arctan

cEd þ b=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ac � ðb=2Þ2

q
0
B@

1
CA

2
64

3
75
ð3Þ

when (b2 � 4ac) < 0 as in the present case.
Eq. (3) shows a bijective correspondence between energy lost

and depth, and consequently, with the spectrum channel number.
On the other hand, the amount of U at each depth is directly
related to the amount of counts cumulated in that channel.

So, all the information in order to obtain a typical diffusion pro-
file, concentration versus depth is now available.

4. Results and discussion

Given the initial thickness of the as deposited U, a Gaussian
shape solution to Fick’s law is proposed:

CðxÞ ¼ C0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pDðt þ t0Þ

p exp
�x2

4Dðt þ t0Þ

� �
ð4Þ

where C is the U concentration at depth x, C0 is the initial amount of
U per unit of area at the surface, D is the diffusion coefficient at a
given temperature, t is the annealing time and t0 is a fitting parame-
ter coming from the initial profile (before the diffusion annealing)
used in order to perform a deconvolution to its initial width as
described in [6].

Typical diffusion profiles ln [C(x)] versus x2 were built, with the
algorithm described in Section 3. They are shown, for each tem-
perature studied, in Fig. 5a and b. In all cases straight lines were
obtained, that means all the deposited U diffuses in solid solution
in the a-Zr matrix, thus Eq. (4) is satisfied as expected. Diffusion
coefficients are obtained from:

D ¼ s� s0

4 t ss0
ð5Þ

where s is the slope of the diffusion profile and s0 is the one of the
as-evaporated initial profile.

A complete list of temperatures, diffusion annealing times and
D values at each temperature is given in Table 2.

Fig. 6 is an Arrhenius plot [ln (D) versus T�1] for all those D
values; a non Arrhenius behaviour in the U diffusion results is
evident, but less pronounced that the one observed in the a-Zr
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Fig. 5. (a and b) U diffusion profiles in a-Zr for all measured temperatures.

Table 2
D values measured at different temperatures.

Temperature (K) t (104 s) D (m2 s�1)

1123 1.08 (1.4 ± 0.4) � 10�17

1113 0.36 (1.0 ± 0.3) � 10�17

1093 1.44 (6.3 ± 0.6) � 10�18

1074 8.28 (4.5 ± 0.5) � 10�18

1030 8.64 (1.4 ± 0.3) � 10�18

1029 21.6 (1.1 ± 0.4) � 10�18

983 86.4 (2.5 ± 0.3) � 10�19

913 829.44 (4.8 ± 0.8) � 10�20

863 1071.36 (1.5 ± 0.3) � 10�21

813 2341.44 (1.0 ± 0.3) � 10�22
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self-diffusion [7]. It can be thought either as a downward curvature
or as a break in two different regions, above and below 1000 K.

This kind of non Arrhenius behaviour was observed in most dif-
fusers studies in a-Zr when the temperature range is large enough
(see [15] and references therein) and seems to be related to the
amount of ultra-fast impurities, in particular Fe, present in the
a-Zr matrix, even though an intrinsic effect cannot be disregarded.

In Fig. 6 U diffusion coefficients are in an Arrhenius plot
together with the a-Zr self-diffusion measured in two matrices
with different Fe contents: the purest samples (around 20 lg/g of
Fe) from [7] and samples with a higher amount of Fe (160 lg/g)
[18]; this last amount is similar to the impurity content in the pre-
sent work samples (150 lg/g). An increment in the self-diffusion
values due to the increase on the ultra-fast Fe impurity is evident.
If we compare U diffusion in a-Zr from this work, it is clear that
they are closer to the self-diffusion data measured in least pure
a-Zr samples [18] than the ones measured in the purest ones [7].
This behaviour is congruent with the hypothesis that the presence
of Fe increases the diffusion process.

Also in the Arrhenius plot in Fig. 6, U diffusion in b-Zr phase [3]
and b-Zr self diffusion [19] are shown together. In this case, the
reason for the curvature observed in the b-phase in both diffusers
is well established as a phonon softening of the mode LA 2/3 h111i
effect, an intrinsic characteristic of bcc structures that diminish the
energy required to move a vacancy when the temperature goes
down until it reaches Ta/b (see for instance [20]).

U diffusion in the b-phase follows the self-diffusion behaviour:
U diffusion coefficients D values are close but systematically lower
and the curvature in the Arrhenius plot is similar. A vacancy
mechanism ruling the U diffusion process in b-Zr is consistent with
this behaviour.

Below Ta/b diffusion coefficients for both, a-Zr self-diffusion
[7,18] and U diffusion (this work) drop between 3 and 4 orders
of magnitude, mainly due to the phase transition from an open
bcc structure to a close hcp structure. Again D values are similar
in both cases and the U ones are almost equal or lower than the
self-diffusion ones [18] when they are measured in a-Zr matrixes
with similar Fe content.

Nonetheless, the origin of the deviation from the Arrhenius law
in the a-phase is not so well established as in the b-phase. It seems
to be clear that a similar, although not well known, mechanism
could be the responsible in both cases.

As we pointed out, the presence of the ultra-fast impurity Fe
seems to be the key in order to understand the origin of
this anomalous behaviour. Nevertheless up to day a complete
explanation is not given in the literature. This is essentially
an experimental work nevertheless, in what follows we are
going to enumerate a number of elements in order to begin to
understand the phenomena.

The first step consists into establish the existence of a complex
vacancy–Fe mechanism with lower formation and migration ener-
gies than a single vacancy in order to mediate in the self-diffusion
enhancement. If it exists, any substitutional element in the a-Zr
matrix, like U, could migrate via such complex.

The second and more difficult step, is to find a reason on why
one or several of such vacancy–Fe complex could be activated or
deactivated at different temperatures in order to explain the apart
from the Arrhenius law.

A possible Fe–vacancy complex, as the one discussed above was
recently presented in [21]. According to ab initio calculations, the
Fe atoms present as impurities in a-Zr lattice are stables in a set
of quasi-degenerated configuration: octahedral position is the
most stable one but the so called off-site configuration has an
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energy formation only 0.36 eV higher. In the off-site configuration
the Fe atom is slightly displaced from the lattice node towards the
octahedral position, whereas four nearest neighbour Zr atoms
move closer to the Fe atom. The interatomic distances decrease
to around 2.5 Å from the 3.13 Å nearest neighbour distance in
the perfect a-Zr lattice. Such distance and configuration are similar
to the interatomic distances and configuration in ZrFe intermetallic
compounds: Zr3Fe or Zr2Fe [22]. Also in the octahedral position the
equilibrium distance between Fe and a nearest neighbour Zr is
2.43 Å. For both configurations, off-site and octahedral, there is a
strong interaction among the involved species valence electrons.

The off-site Fe presence produces both a decrease in the
vacancy formation energy and a distortion of the lattice, with Zr
atoms displaced from their lattice nodes towards the Fe site. In
order to explain the diffusion enhancement a mechanism involving
the movement of the complex Fe–vacancy as a whole was calcu-
lated obtaining an energy cost 0.4 eV lower than the single vacancy
mechanism.

As the off-site Fe with a nearest neighbour vacancy can dissoci-
ates into an octahedral Fe plus a second neighbour vacancy, an
effective three-dimensional Zr migration can result from the dis-
placement of an off-site Fe into another off-site position, passing
through an octahedral position with a second neighbour vacancy.
The activation energy associated to this process is almost 0.4 eV
smaller than the single vacancy exchange. A detailed displacement
description and involved energies calculation is given in [21].

The first step, to found a possible mediating mechanism for the
enhancement in the diffusion processes due to Fe presence, was
fulfilled. Unfortunately, to introduce temperature in ab initio
calculations is not an easy task, so the evolution with temperature,
the cross interaction with single vacancy mechanism and/or
another kind of Fe–vacancy complex that could explain the curva-
ture in the Arrhenius plot is not determined yet.

Another characteristic shared among diffusers in a-Zr is that
when their diffusivity is studied in a-Ti the Arrhenius law is
observed at all temperature. When U diffusion was also studied
in our laboratory using the same a-spectroscopy technique [23],
a straight Arrhenius plot is obtained with a well defined activation
energy Q and pre-exponential factor D0 characterizing the diffusion
process.

a-Ti is in the same column IV-B in the periodic table than a-Zr,
and they share several thermodynamic, chemical and mechanical
characteristics. The first works trying to explain the non
Arrhenius behaviour in a-Zr (in particular [24]) were based in
the idea that the break at around 1000 K was related with the pre-
cipitation of Fe in solution and consequently claim that the same
break should be present in a-Ti matrix at lower temperatures
given the higher Fe solubility. Nevertheless, when the Co diffusion
in a-Ti was measured at low temperatures [25], between 823 and
619 K (600 and 346 �C) not curvature was observed and the results
align perfectly well with previous data measured at higher tem-
perature, from Ta/b to 823 K [26] with the same diffusion
parameters.

This behaviour: downward curvature for diffusion in a-Zr and
straight Arrhenius plot for a-Ti, is observed for all diffusers, includ-
ing self diffusion, when they were measured in both matrices, in an
extended temperature range (see [15] and references therein).
Again, our measurements for U diffusion are in line with those pre-
vious results.

A more elaborated mechanism than the simple Fe precipitation
responsible for non Arrhenius ultra-fast impurity diffusion was
recently given by means of ab initio calculations in [27]. Diffusion
behaviour of ultra-fast diffusers: Fe, Co and Ni in both a-Ti and
a-Zr matrices were modelled. The migrating specie may adopt
any of three states: (1) a highly mobile interstitial, (2) (relatively)
immobile quasi-substitutional and (3) (relatively) immobile
trapped at impurities dumbbell configuration. A dissociative
mechanism was postulated and so the explanation for the differ-
ences between both matrices relies on the relationship among
binding energies of these states in each matrix. Even though
extrapolation of that model to substitutional diffusers like U is
not straightforward, our experimental results go into this direction.

Finally let’s say a word regarding the determination of activa-
tion energy Q and pre-exponential factor D0 in non Arrhenius
systems.

In cases where the superposed mechanisms responsible for non
Arrhenius behaviour are well established, determination of Q and
D0 as the slope of the Arrhenius curve at a given temperature could
be useful. This is the case, for instance, in fcc metals where at low
temperature a single vacancy mechanism is dominant, then the
slope at this low temperatures gives the activation energy associ-
ated to vacancy formation and migration in the lattice, whereas
at temperatures close to the melting point Tm, divacancies are
dominant and now the slope close to Tm is related to their forma-
tion and migration energies.

Extrapolate this procedure to any non Arrhenius system is not
always correct. Let’s analyze what happen when Q depends with
the temperature, as is the case for diffusion in ferromagnetic a-Fe.

Example. Activation energy for diffusion in ferromagnetic a-Fe

The ferromagnetic spins alignment in a-Fe results in a depen-
dence of Q with the temperature given by (see for instance [28]):

Qf ðTÞ ¼ Qpð1þ a SðTÞÞ ð6Þ

where Qp is the activation energy in the paramagnetic region, a is an
adimensional constant and S(T) is the ratio of the spontaneous mag-
netization at temperature T to the one at 0 K (reduced
magnetization).

The Arrhenius curve slope is defined by:

slope ¼ @½lnðD=D0Þ�
@1=T

ð7Þ

of course, in an Arrhenius systems (7) is directly �Q/K; but for
ferromagnetic a-Fe is:

�K � slope ¼ Qpð1þ a SðTÞÞ þ
a Q p

T
@SðTÞ
@1=T

¼ Q f ðTÞ þ
a Q p

T
@SðTÞ
@1=T

ð8Þ

Then the activation energy in a-Fe ferromagnetic diffusion at a
given a temperature is (6) and the slope of the Arrhenius curve at
the same temperature is (8). The difference between both is a tem-
perature depending factor.

In fact, it is well established, both experimental and theoreti-
cally [28,29], that the ferromagnetic alignment induce a stiffness in
the lattice and consequently an increment in the activation energy
(a S(T) > 0), whereas the slope in the Arrhenius curve, for instance
for Nb diffusion in a-Fe [28], diminish at low temperatures with
respect to the one in the paramagnetic region (the derivative of
S(T) < 0).

Summarizing, in the present work we can calculate the diffu-
sion parameters above and below 1000 K, which is done it in the
next paragraph, but without knowing the mechanism or mecha-
nisms responsible for the curvature, their meaning is not
straightforward.

If we consider only the first 7 D values obtained at temperatures
closer to Ta/b the diffusion parameters are Q = 259.2 kJ/mol and
D0 = 1.6 � 10�5 m2 s�1. Considering only the lower temperature 3
Ds now Q = 358.5 kJ/mol and D0 = 12 m2 s�1. Considering the
lower 4 Ds the parameters change to Q = 305.3 kJ/mol and
D0 = 6.3 � 10�3 m2 s�1.
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We can change the set of data involved in each calculation with
a wide scatter in the diffusion parameters so, as we pointed out,
whether or not they are the actual values at each temperature it
is not clear.

5. Conclusions

U diffusion in a-Zr in the temperature range 813–1123 K was
determined using a spectrometry, a sub-micrometric technique
capable to extend the temperature range of measurements below
half the melting point.

Arrhenius plot for U diffusion in a-Zr shows a downward curva-
ture which is analogue to the ones observed in self-diffusion and
most of the diffusers studied in this matrix.

The existence of a Fe–vacancy complex with activation energy
lower than the single vacancy one, as previously calculated by
ab initio methods, and candidate to be responsible for the influence
of ultra-fast impurities, like Fe, in the diffusion in a-Zr is compati-
ble with our results.
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