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Abstract—Because of its fast scintillation component with
subnanosecond decay time, BaF, crystals are considered as
a candidate for ultrafast crystal calorimeters for future high
energy physics experiments at the energy and intensity frontiers.
Undoped BaF;, however, has a slow scintillation component with
600 ns decay time, which causes pile-up. In the part I of this
paper, we report investigations on La doping in BaF, crystals to
suppress the slow component. While typical fast/slow (F/S) ratio
observed in undoped BaF; is 1/5, La-doped BaF, crystals were
found to improve this ratio to about 1/1. The overall F/S ratio,
however, is considered not sufficient for pile-up suppression.

Index Terms—Barium fluoride, rare earth doping, slow
scintillation component suppression.

I. INTRODUCTION

ARIUM fluoride (BaF;) crystals have a very fast scintil-

lation component peaked at 220 nm with sub-nanosecond
decay time, which provides a good foundation for an ultrafast
calorimetry to face the challenge of the unprecedented high
event rate expected in future high energy physics (HEP) exper-
iments at the energy and intensity frontiers. BaF, was used
to construct the two/three arm photon spectrometer (TAPS)
calorimeter [1] and was proposed to build a precision elec-
tromagnetic calorimeter for Higgs searches at the proposed
superconducting supercollider (SSC) back in the 90s [2]-[4].
It was also the baseline option for the Mu2e experiment at
Fermilab [5]. BaF;, however, has also a slow scintillation
component peaked at 300 nm with 600 ns decay time and a five
times intensity of the fast component, which leads to a serious
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Fig. 1. (a) Photograph showing 10 La-doped samples. (b) These samples
under illumination by a red LED. (c) Position of twenty samples in the
La-doped ingot.

pile-up effect [6]-[9]. It is thus crucial to suppress the slow
component in BaF, for future high rate applications. Three
approaches have been proposed: 1) selective doping with rare
earth (La, Ce, and Y) or alkaline earth (Sr and Mg) [10]-[19];
2) selective readout with solar blind photodetector, which
is sensitive to the fast component while not to the slow
component [8]; and 3) heating the crystal to reduce the slow
component to about 1% of its initial value [20], [21].

In the part I of this paper, we report investigations carried
out at the Caltech HEP Crystal Lab for La-doped BaF crystals
grown at the Shanghai Institute of Ceramics (SIC). The part II
of this paper will discuss La-/Ce co-doped BaF; crystals grown
at the Beijing Glass Research Institute (BGRI), and makes a
comparison. Our early result was presented in the Nuclear
Science Symposium (NSS) 2016 conference [22].

II. LANTHANUM-DOPED BaF, CRYSTALS

Early works pointed out that rare earth doping with,
e.g., La, Ce, and Y suppresses the slow component in
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Fig. 2. Images of scattering centers observed by (a) optical microscopy
and (b) SEM/EDS spectroscopy.

TABLE I

STOICHIOMETRIC RATIO OF SCATTERING
CENTERS MEASURED BY SEM/EDS

Concentration (wt%)
Ba F La
Spectrum 1 87.1 10.8 2.1
Spectrum 2 87.1 11.0 1.9
Spectrum 3 87.2 10.8 2.0

BaF, [11], [16]. Pure- and La-doped BaF; crystals were grown
at SIC and were investigated at Caltech and SIC.

Fig. 1(a) shows 10 BaF; samples of 3 x 3 x 2 cm? cut from
a La-doped ingot. Fig. 1(b) shows these samples marked as
P1 to P10 under a red LED illumination, revealing scattering
centers in all samples with the most severe in the sample P6.
Fig. 1(c) is the schematic showing locations of the samples
P1-P10 in the ingot together with additional 10 samples of
3 x 2 x 0.7 cm® marked as C1-C10 cut from the same ingot
at the adjacent positions, respectively, to samples P1-P10.

Fig. 2 shows the images of scattering centers recorded
by (a) an optical microscopy and (b) a scanning electron
microscopy with energy dispersive spectroscopy (SEM/EDS).
The scattering centers show octahedral, cubic, pentagonal-
dodecahedron shape, or a combination of the above.

Table I shows consistent stoichiometric ratios measured
by the SEM/EDS analysis for scattering centers (spec-
trums 1 and 2) and background (spectrum 3). This consistency
indicates that the scattering centers are voids or bubbles,
known as negative crystals formed according to the Roedder’s
liquid-inclusion formation mechanism [23]. While the shape

TABLE II

CONCENTRATIONS OF LANTHANUM, CERIUM, AND
LEAD IN PURE- AND La-DOPED SAMPLES

Sample Concentration (wt%)

ID. La Ce Pb

Pure <0.0004 <0.0007 <0.002
Cl1 0.993 <0.0007 <0.002
C2 0.999 <0.0007 <0.002
C3 1.074 <0.0007 <0.002
C4 0.999 <0.0007 <0.002
C5 0.979 <0.0007 <0.002
C6 0.945 <0.0007 <0.002
C7 0.855 <0.0007 <0.002
C8 0.831 <0.0007 <0.002
C9 0.766 <0.0007 <0.002
C10 0.951 <0.0007 <0.002

and formation mechanism of negative crystal were investigated
for pure BaF, crystals [24], its existence in La-doped BaF»
crystals indicates a morphological instability of the solid-
liquid interface during crystal growth. Such instability is
caused by an out of controlled crystallization velocity, which
occurs often at a high thermal gradient zone such as the seed
end. To grow scattering center free crystals, the crystal growth
parameters need to be further optimized.

The concentrations of Ce, La, and Pb were measured by
an Agilent 5100 synchronous vertical dual view (SVDV)
inductively coupled plasma optical emission spectrometry
(ICP-OES) at SIC. The calibrations were obtained by using
a series of standards prepared from 1000 mg/L aqueous
standards prepared at the Shanghai Institute of Measurement
and Testing Technology. The statistical uncertainties of the
trace analysis are 1% and 1.7% for La and Ce, respectively.
The systematic uncertainty, caused by, e.g., scattering centers,
is estimated to be at 5% level.

Table II lists the trace analysis results for La, Ce, and Pb
in in the samples C1-C10, and compared to a pure sample.
Pb was analyzed because PbF, serves as an oxygen scavenger
in BaF, growth. While no trace element was found in the pure
sample, the results show that both the Ce and Pb levels are
below their detection limit of 7 and 20 ppm, respectively. The
ICP-OES results also show that the La concentration increases
slightly from C1 (the seed end) to C3, decreases from C3 to
C9 (the tail end), and has an abnormal high in C10.

This La distribution can be explained by a relation suggested
by Burton, Prim, and Slichter (BPS relation) [25]

Cs = Cokegr(1 — g)ker ! (1)

al @
ko + (1 — ko) exp (—22)
where Cg and Cy are the dopants concentrations, respectively,
in crystal and melt, g is the solidification fraction of the melt,
and kerr is the effective segregation coefficient. Here, v is
the crystallization velocity, D is the diffusion coefficient of
dopants in melt, 0 is the thickness of the diffusion limited
boundary layer, and ko is the segregation coefficient with
0. According to the BPS relation, keff depends on

keff =

VvV =
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Fig. 3. Relative concentration of La as a function of solidification fraction.

the crystallization velocity. As discussed, the crystallization
velocity is higher at the seed end, leading to a lower kegr. This
explains why the La concentration increases slightly from C1
(seed end) to C3, and then decreases from C3 to C9 (tail
end). We also noticed an unplanned power outage during the
growth of this ingot, which caused an incomplete growth.
Consequently, the sample P10 is more like a frozen melt,
where impurities were concentrated. We, therefore, used data
from C3 to C9 to extract the effective segregation coefficient.
Fig. 3 shows a linear fit, where the effective segregation
coefficient for La in BaF; is determined to be 1.53 + 0.09 for
a crystal growth velocity of 2 mm/h.

Optical transmittance spectra were measured by using
a PerkinElmer Lambda 950 spectrophotometer with 0.15%
precision.

Fig. 4 shows the transmission spectra measured along 3 cm
optical paths for 10 La-doped samples P1-P10 and compared
to the pure sample. The black dots in Fig. 4 represent the theo-
retical limit of transmittance, which is calculated according to
crystal’s refractive index assuming no internal absorption [6].
Also shown in Fig. 4 is the X-ray excited luminescence (XEL)
spectrum for pure BaF, and the numerical values of the emis-
sion weighted longitudinal transmittance (EWLT) for the fast
(peaked at 220 nm) and slow (peaked at 300 nm) components,
where EWLT is defined as

[ LT (A)Em(2)dA
[Em(L)d..

The EWLT values represent crystal’s transparency for its
scintillation light more accurately than the transmittance at
the emission peak.

While the transmittance of pure BaF, approaches the
theoretical limit between 275 and 500 nm, the transmit-
tance of La-doped BaF, samples is much lower than the

EWLT =

3)
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Fig. 4. Transmittance spectra of pure and La-doped BaF; samples.

theoretical limit because of scattering centers in these samples.
An unplanned power outage during the crystal growth caused
an uncompleted growth. Consequently, the sample P10 is more
like the frozen melt than crystal, where the impurities were
concentrated causing the worst transmittance. It explains the
abnormal transmittance observed in the sample P10.

Two absorption bands peaked at 204 and 290 nm are
observed in all La-doped samples. The 204 nm absorption
band reduces the fast component peaked at 220 nm, so is
harmful for the overall fast/slow (F/S) ratio, which is defined
as the ratio between the amounts of the fast and slow scin-
tillation light observed by the photodetector. An early work
attributes the 290 nm absorption band to Ce contamination
introduced during La doping [12]. Although the ICP-OES
result shows that Ce concentration is less than 7 ppm, it is
suspected that the residual Ce level below 7 ppm may cause
this absorption since a 290 nm excitation band of Ce was also
observed in photoluminescence (PL) spectra in this La-doped
BaF, sample. Another possibility is some undetected impuri-
ties, e.g., oxygen contamination introduced during the growth
process. Further investigations are needed to understand the
nature of this absorption. For such investigation, samples
free from scattering centers are needed. XEL spectra were
measured by using an FLLS920 fluorescence spectrophotometer.
Fig. 5 shows the setup, where samples were excited by X-rays
from an X-ray tube.

XEL spectrum was measured in a reflection mode, so that
only the scintillation light from sample’s surface was collected.
This light collection mode minimizes the effect of absorption
within the sample bulk [26], so is not sensitive to sample’s
optical quality or transparency. The FLS920 fluorescence
spectrophotometer was calibrated by using calibrated light
sources.
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Fig. 5. Setup of XEL measurement by using FLS920 spectrometer.

250 T T T T T T T
. BaF,-La SIC

25 X-ray Excited Luminescence 3
[e—e—eP1
[w—u—u P2
[+ P3
[v—=v P4
[ P5
[=-=-aP6
- P7
[o——0 P8
[ P9

n
o
(=}

u.)
B

N
b
o

Intensity (a.
3 B B

«Q
o

1 1 ! 1 1 1 1 1 1

0 1o
200 220 240 260 280 300 320 340 360 380 400

Wavelength (nm)

Fig. 6. Comparison of XEL spectra for pure and La-doped BaF,.

Fig. 6 shows the XEL spectra measured for one pure and
10 La-doped BaF, samples. Consistent emission bands peaked
at 220 and 300 nm are observed in all samples, indicating
that La doping does not introduce new scintillation centers
in BaF,. Compared to pure BaF,, however, both the fast
and the slow scintillation are reduced. While the reduction
of the slow component is significant, it is minor for the fast
component.

The reduction of the fast component is attributed to
a slightly reduced efficiency of the cross-luminescence in
La-doped BaF,. The reduction of the slow component is
attributed to the quenching centers introduced by the La
doping, which leads to nonradiative decays of self-trapped
excitons (STE) of the slow component [27]. The trivalent
rare earth ions (La’") replace Ba®t ions in the lattice, lead-
ing to a charge imbalance. The overall charge is balanced
by defects, such as interstitial F~ complexes or O~ centers
due to oxygen contamination. These defects may act as
quenching centers. The phenomenon has been observed in
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Fig. 8. LO in 50 (top) and 2500 ns (middle) and their ratio (bottom) are
shown as a function of the La concentration for a pure and nine La-doped
BaF; samples.

several trivalent rare earth (La, Ce, and Y)-doped BaF;
crystals [10], [12], [13], [17], [28], [29].

Light output (LO) and decay kinetics were measured
by a Hamamatsu R2059 PMT with a grease coupling for
0.511 MeV y-rays from a Na-22 source with a coincidence
trigger. The scintillation light collected by a Hamamatsu
R2059 PMT was integrated by a LeCroy 3001 QVT in the O
mode. The integration gates were provided by a LeCroy 2323A
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gate generator. The light output was calibrated with single
photoelectron peaks with systematic uncertainties of 1% [30].

Fig. 7 shows the LO as a function of integration time for one
pure and three La-doped BaF, samples. Significant reduction
in both LO and decay time is observed in La-doped BaF,
samples as compared to the pure sample. The reduction of
the slow component is much more than the fast component,
which is consistent with what observed in the XEL spectra.
The overall F/S ratio, obtained as Ag/A; from the fit, shows an
improvement from 1/5 for pure BaF; up to 1/1 for La-doped
BaF, crystals.

Fig. 8 shows LO in 50 (top) and 2500 ns (middle) and their
ratio (bottom) as a function of the La concentration in the pure
and nine La-doped (P1 to P9) BaF, samples.

Both the fast and slow components are reduced by the La
doping. The fast/total (F/T) ratio, defined as the ratio between
the LO of 50 and 2500 ns gates, is increased from 1/6 for
pure BaF, up to about 3/5 for La-doped BaF,, corresponds
to an increase of the F/S ratio from 1/5 to 1/1. The results
of this investigation are consistent with early reports by
Schotanus et al. [10] and Woody et al. [11].

We also note the LO in 50 ns gate decreases slightly as
the La concentration increases from 0.76 to 1.07 wt%, while
there are no obvious variations in the LO of 2500 ns, indicating
that the optimized La concentration level in BaF, is less than
0.76 wt%.

III. CONCLUSION

The ultrafast scintillation light with sub-nanometer decay
time in BaF, crystals provides sufficient light output for ultra-
fast calorimeters. The issue of BaF; crystal’s slow scintillation
light with 600 ns decay time can be handled by several
approaches: selective doping, selective readout with solar blind
photodetector or heating the crystal.

La-doped BaF, crystals were grown at SIC and were
investigated at Caltech. They show relatively poor optical
quality caused by negative crystal defects, indicating that the
crystal growth parameters need to be further optimized. The
distribution of La in BaF, crystals was analyzed by ICP-OES,
and was used to extract the effective segregation coefficients
1.53 £ 0.09 at a crystallization velocity of 2 mm/h.

La doping in the BaF, reduces light output of the slow
component more than the fast component. The slow suppres-
sion of the La doping is due to quenching centers for the
slow STE light. Consequently, the F/S ratio in the La doping
crystal is improved from 1/5 to 1/1, consistent with previous
publications. Such a suppression, however, is judged to be
not sufficient for the Mu2e experiment to mitigate the pile-up
effect.

In the part II, we will report our investigations on La/Ce
co-doped BaF, crystals grown at BGRI as well as a compar-
ison between La doping and La/Ce co-doping.
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