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Abstract—1In addition to La-doped barium fluoride (BaF;)
crystals, La/Ce co-doped BaF, crystals were also investigated
at the California Institute of Technology, Pasadena, CA, USA.
Strong cerium-induced emissions peaked at 305 and 320 nm
with a decay time of 25 ns were observed, in addition to the
fast and slow scintillation at 220 and 300 nm, respectively.
The La/Ce co-doping was also found effective in suppressing the
slow component in BaF;. Compared to La-doped crystals, the
La/Ce co-doped crystals have a better light output in both
50- and 2500-ns gate. The fast/slow ratio of La/Ce co-doped
crystal was found to be about 1/1, similar to La-doping, which is
also considered not sufficient for pile-up suppression. A 20-cm-
long La/Ce co-doped BaF; crystal shows also excellent optical
quality and light response uniformity.

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

I. INTRODUCTION

HE slow component suppression in barium fluoride

(BaF,) crystals is crucial for applications of this ultra-
fast inorganic scintillator in the next-generation calorimeters
required to take an unprecedented high event rate expected in
future high-energy physics (HEP) experiments [1]-[5]. In the
Part I of this paper, our investigation on La-doped BaF, crys-
tals is reported. The La-doping suppresses the slow component
and improves the fast/slow (F/S) ratio of crystal’s light output
from 1/5 to 1/1, which is considered not sufficient for pile-
up suppression. In the Part II of this paper, we report our
investigations carried out at the HEP Crystal Lab California
Institute of Technology, Pasadena, CA, USA (Caltech) on
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Fig. 1. (a) 10 La/Ce co-doped BaF;, from BGRI. (b) Illuminated by a red
LED. (c) Position of 20 samples in the La/Ce co-doped ingot.

La/Ce co-doped BaF, crystals grown at the Beijing Glass
Research Institute (BGRI). An early result of this inves-
tigation was presented in the Nuclear Science Symposium
2016 Conference [6]. Ce-doping was also investigated by
Visser et al. [7], Woody et al. [8], Dorenbos et al. [9], and
Kurosawa et al. [10]. It was found to induce a strong UV
absorption, which shifts the UV cutoff edge to longer than
300 nm, causing a serious self-absorption for the 220-nm fast
component.

II. LANTHANUM AND CERIUM CO-DOPED
BAF, CRYSTALS

Similar to La-doped samples from SIC, 10 3 x 3 x 2 cm?
samples were cut from a La/Ce co-doped BaF, ingot grown at
BGRI. Fig. 1(a) shows these samples marked in the order of
P1-P10 cut from the seed end to the tail end. Fig. 1(b) shows
these samples illuminated by a red LED, revealing minor
scattering centers in the samples P1-P5 with the most severe
in sample P3. Fig. 1(c) shows 10 samples C1-C10 cut from the
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TABLE I

CONCENTRATIONS OF LANTHANUM, CERIUM, AND LEAD
IN LA/CE CO-DOPED SAMPLES

Sample Concentration (wt%)
ID. La Ce Pb
C1 2.015 0.0065 <0.002
C2 2.064 0.0069 <0.002
C3 2299 0.0076 <0.002
C4 2242 0.0075 <0.002
Cs 1.953 0.0067 <0.002
C6 1.795 0.0060 <0.002
C7 1.379 0.0047 <0.002
Cs 1.216 0.0043 <0.002
9 1.147 0.0041 <0.002
C10 0.771 0.0029 <0.002
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Fig. 2. Relative concentration of La (top) and Ce (bottom) as a function of
solidification fraction in La/Ce co-doped BaF, samples.

adjacent positions of the samples P1-P10, respectively, from
the same ingot for trace analysis.

Table I lists the trace concentration levels for La, Ce,
and Pb determined by ICP-OES. The results show no Pb
contamination and consistent distributions for La and Ce,
where their trace concentration increases from C1 (seed end)
to C3 and then decreases gradually from C3 to C10 (tail end).
The shape of these distributions is consistent with the La
distribution in the La-doped crystals grown by SIC discussed
in the Part I of this paper. As discussed in the Part I of this
paper, such distribution indicates an unstable crystallization
velocity as explained by the BPS relation [11].

Similarly, we use data from the samples C3—-C10 to extract
effective segregation coefficients for La and Ce in BaF,.
Fig. 2 shows the fit results of 1.77 £ 0.09 and 1.72 £ 0.09,
respectively, for La and Ce with a crystal growth velocity
of 1.5 mm/h. The consistent effective segregation coefficients
of La and Ce in BaF; are due to their similar ion radius and
valance.
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Fig. 3. Transmittance of 10 La/Ce co-doped BaF; crystal samples cut from
the same ingot.

Fig. 3 shows transmission spectra of a pure and 10 La/Ce
co-doped samples measured along 3-cm optical path length.
Also shown in Fig. 3 are the EWLT values for the fast, slow
and entire (all) emission. The transmittance of the samples
P6-P10 approaches the theoretical limit (black dots) between
350 and 500 nm, indicating excellent optical quality. Three
absorption bands peaked at 204, 240, and 290 nm are observed.
The 240-nm absorption band is attributed to Ce-doping since
it does not exist in the La-doped BaF,. While the 204-nm
absorption band is certainly due to La-doping, the 290-nm
absorption band is also due to Ce-doping since it is located at
the Ce absorption band in Ce-doped BaF; [6], [9], [12], [13].

The intensities of all three absorption bands are weakened
from the seed end to the tail end because of the large
segregation coefficients of La and Ce. The overlap between
these absorption and emission bands in doped BaF, samples
induces a self-absorption effect, which reduces scintillation
light output. While the self-absorption effect induced by the
204-nm absorption band reduces the fast component, the self-
absorption effect induced by the 240-nm absorption band
reduces both fast and slow components. The self-absorption
effect induced by the 290-nm absorption band reduces the slow
component only, so improves the F/S ratio.

Fig. 4 shows correlations between the values of EWLT
for the fast (220 nm, top left) and slow (300 nm, top right)
scintillation components as well as their ratio (bottom) as a
function of the La (left) and Ce (right) concentrations. The
excellent linearity observed in two top plots indicates that the
La/Ce concentration may be extracted from the EWLT data.
The ratio distributions indicate that the optimized doping level
for La and Ce is 0.77 and 0.0029 wt%, respectively, for slow
component suppression in the La/Ce co-doped BaF,.

In a brief summary, La and Ce dopings suppress the slow
component and improve the F/S ratio. Some loss of the
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Fig. 4. Values of EWLT for the fast (220 nm, top left) and slow (300 nm,
top right) scintillation components as well as their ratio (bottom) are shown
as a function of the La (left) and Ce (right) concentrations.
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Fig. 5. Comparison of XEL spectra for pure and La/Ce co-doped BaF;.

intensity for both the fast and slow components, however,
is expected because of the absorption bands at 204 and 240 nm
induced by the La and Ce-doping, respectively.

Fig. 5 shows the XEL spectra measured in the reflection
mode for one pure and 10 La/Ce-doped BaF; crystals. There
are four emission peaks at 220, 270, 305, and 325 nm observed
in La/Ce co-doped BaF,. While the 220-nm peak is consistent
with the fast component in BaF;, the other three emission
peaks are dues to the overlap of the Ce3* luminescence peaks
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Fig. 6. Comparison of photo-luminescence spectra for a La/Ce co-doped

and a La-doped BaF;.

at 305 and 325 nm [9], [12], [13] with the slow component
peaked at 300 nm.

The Ce3t luminescence may also be observed in the
photo-luminescence (PL) spectrum. The top and middle plots
of Fig. 6 show the PL spectra for a La/Ce co-doped and
a La-doped BaF, samples excited by 204- and 290-nm
light, respectively. Two emission bands peaked at 305 and
325 nm are observed in both samples, which are attributed
to the 5d—4f electronic transitions of Ce3t in the BaF,
crystal [9], [12], [13]. They are consistent with the XEL spec-
tra shown in Fig. 5.

The PL intensity excited by 290-nm light in the La-doped
BaF; sample is about two orders of magnitude lower than that
in the La/Ce co-doped BaF; samples, indicating that the level
of Ce contamination in the La-doped BaF; samples is about
1% of that in the La/Ce-doped samples or about 0.7 ppm,
confirming that it is below the ICP-OES detection limit of
7 ppm. In addition, no PL is observed in the La-doped BaF,
sample when excited by 204 nm, confirming that the Ce
contamination in the La-doped BaF, sample is low.

Fig. 6 (bottom) shows the excitation spectra for the emission
light at 325 nm. Two excitation bands peaked at 204 and
290 nm were observed. The relatively strong excitation band
peaked at 290 nm corresponds to the 4f-5d transition of Ce>*.
The relatively weak excitation band peaked at 204 nm shows
an intensity of three orders of the magnitude lower than that
of 290-nm excitation band, indicating that the QE of the energy
transfer between the 204-nm excitation band and the 325-nm
emission is extremely low.

Fig. 7 shows the decay time of 25 ns measured by using
the FLLS920 fluorescence spectrophotometer with the time-
correlated single photon counting technique when the PL
and excitation wavelengths are fixed, respectively, at 324 and
291 nm for the La/Ce co-doped BaF, sample P1. The observed
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Fig. 7. Decay kinetics of PL of the La/Ce co-doped BaF; sample.
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and La/Ce co-doped BaF, samples excited by y -rays.

25-ns decay time is due to the Ce’T contribution to the
luminescence in the La/Ce co-doped BaF, crystal.

Fig. 8 shows the light output as a function of the integration
time for one pure and three La/Ce co-doped BaF, samples
excited by a Na-22 source. To accommodate the Ce lumines-
cence with 25-ns decay time, the measured data were fitted
to two time constants, and a sub-nanosecond component Ag.
Significant reductions are observed in both the light output
and decay time of the slow component in the La/Ce co-doped
BaF, samples, which is attributed to quenching centers
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Fig. 9.  Light output in 50- (top) and 2500-ns gate (middle) and their
ratio are shown as a function of the Ce concentration in La/Ce co-doped
BaF,.

introduced by the La doping. In conclusion, the La/Ce
co-doping suppresses the slow component and improves the
F/S ratio.

Fig. 9 shows the light output in 50- (top) and 2500-ns gate
(middle), and their ratio (bottom) as a function of the Ce
concentration. While the light output in both 50- and 2500-ns
gate decreases when the Ce concentration increases, their ratio
increases. To maintain the light output of the fast component,
the Ce concentration should be less than 0.005 wt% for an
optimized F/T ratio.

Fig. 10 shows the light output in 50- (top) and 2500-ns
gate (middle) and their ratio (bottom) as a function of the La
concentration for La-doped (circles and squares) and La/Ce
co-doped BaF, crystals (dots and cubes).

The light output in both 50- and 2500-ns gate in the La/Ce
co-doped crystals is almost twice of that in the La-doped
crystals for two reasons. First, the La/Ce co-doped crystals
have a better overall optical quality. Second, the Ce doping
introduces a combined effect of absorption and emission.
The light output in both 50- and 2500-ns gate decreases
linearly with the increased La concentration. To maintain the
light output in 50-ns gate, the La concentration in the La/Ce
co-doped crystals should also be less than 0.75 wt%.

Compared to the pure sample, a significant reduction of
the slow component is observed in the La/Ce co-doped BaF»
while the reduction of the fast component is much less. The
bottom plot of Fig. 10 shows the F/T ratio increased from
1/6 to 1/2 for La/Ce co-doped samples, corresponds to the F/S
ratio from 1/5 to 1/1, similar to La-doped samples reported
in the Part T of this paper. The La/Ce co-doped samples
in this investigation show a better light output of the fast
component as compared to the Ce-doped samples reported
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by Yang et al. [6], Woody et al. [8], Dorenbos et al. [9], and
Kurosawa et al. [10].

Fig. 11 shows the light output losses in 10 La/Ce
co-doped BaF, samples compared to the pure sample in 50-
(top) and 2500- (bottom) ns gate as a function of the EWLT
loss. A good correlation is observed between the losses of
the light output in 50-ns gate and the EWLT of the 220-nm
emission, indicating that the loss of the fast scintillation

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 66, NO. 1, JANUARY 2019

- - —

BaF,-La/Ce BGRI-L

I3 (4 5 fe |17 I8 19 20 21 22 23 24 2

Fig. 12.  20-cm-long BaF; crystal co-doped with La and Ce.
100 1 I I I3 I
| BaF,-La/Ce BGRI-L 30x30x200 mm ]
a0 00 o [ ] ( ] —a .
80 =
= |
© 60 .
[&]
c I
©
E | ..
@ a0 H -
® i ] i 220nm 300nm
= 1
=oon o d
I H 4 T@: 44 5% 4.2%
20H e
I EWLT: 41.2% 58.8%
0 'jJ : 1 1 1 1
200 300 400 500 600 700 800

Wavelength (nm)

Fig. 13. Longitudinal transmittance of the 20-cm-long BaF, crystal co-doped
with La and Ce.

component is due to the absorption induced by La doping.
No correlation is observed between the losses of the light
output in 2500-ns gate and the EWLT for the entire emission,
indicating an additional quenching effect beyond absorption,
which is discussed in the Part I of this paper.

Together with the 20 small La/Ce co-doped BaF, samples,
a 20-cm-long sample was also cut from the same ingot at
BGRI. Fig. 12 shows photograph of a La/Ce co-doped BaF,
crystal of 3 x 3 x 20 cm®. Fig. 13 shows its longitudinal
transmission spectrum, which approaches the theoretical limit
between 350 and 800 nm, indicating its excellent optical qual-
ity free of scattering centers. Absorption bands are observed
around 204, 240, and 290 nm, which are due to the La/Ce
co-doping. These bands are consistent with the transmission
spectra observed in Fig. 3 for small samples.

Fig. 14 shows the transverse transmission spectra measured
at seven points evenly distributed along the 20-cm-long axis
of the sample. The optical path length in the transmittance
measurement is 3 cm, which is identical to that of the 10 small
samples shown in Fig. 3. The intensity of the three absorption
bands around 204, 240, and 290 nm weakens from the seed
end to the tail end because of the segregation of La and Ce in
BaF,. According to the relations between the EWLT and the
concentrations of La and Ce shown in Fig. 4, the La and Ce
concentrations may be extracted to be from 1.1 to 0.7 wt%
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and 0.0049 to 0.0040 wt% from seed to tail, respectively. The
variation of La and Ce concentrations of this large sample
is relatively smaller than that of 10 small samples, which is
probably due to a lower crystal growth velocity for the large
sample at BGRI.

Fig. 15 shows light output of 50-ns gate as a function
of distance to the photodetector for this 20-cm-long La/Ce
co-doped BaF; crystal with the seed (top) and tail (bottom)
end coupled to the PMT. This 20-cm-long doped BaF; crystal

has a similar light response uniformity as compared to the
pure BaF, crystal of the same size [6], indicating that this
doping approach is promising for future HEP applications. The
overall F/T ratio, however, was found increased from 1/6 to
1/2 as compared to undoped BaF; crystals, corresponding to
an F/S ratio from 1/5 to 1/1. The F/S ratio at this level alone
is judged to be not sufficient for mitigating the pile-up effect,
so additional slow suppression by using solar-blind photo-
detector would be required.

III. CONCLUSION

The ultrafast scintillation light with sub-nanosecond decay
time in BaF, crystals provides sufficient light for an ultrafast
calorimeter. 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 photo-
detector, and heating the crystal.

La/Ce co-doped BaF, crystals were grown at BGRI and
investigated at Caltech. The La/Ce co-doped BaF; crystals
grown at BGRI have good optical quality with the effective
segregation coefficients of 1.77 & 0.09 and 1.72 £ 0.09,
respectively, for La and Ce in BaF, with a crystal growth
velocity of 1.5 mm/h.

Both the La and Ce-doping in the BaF, reduce light output
of the slow component more than the fast component. The
slow suppression of the La/Ce co-doping is due to both
quenching for its STE light and absorption from Ce3t where
the later also generates scintillation light of 25-ns decay time.
A 20-cm-long La/Ce co-doped BaF, crystal grown at BGRI
shows excellent optical quality and a promising performance
in the light response uniformity.

Consequently, both La and La/Ce-doping improve the F/S
ratio from about 1/5 to better than 1/1, which, however,
is judged to be not sufficient to mitigate the pile-up effect.

Our previous investigation shows that both BGRI and SIC
provided large-size undoped BaF, crystals of good quality
for the Mu2e experiment [14]. Both manufactures, however,
encounter similar issues in developing rare earth-doped BaF,
crystals of large size. While BGRI successfully grew a large-
size La/Ce co-doped BaF, of good optical quality and opti-
mized the yttrium doping level in BaF; crystals of small
size [15], SIC has successfully grown the first yttrium-doped
BaF; crystal of large size [16].

Recently, we found that Y doping is more effectively in
suppressing the slow component in BaF, crystals as suggested
in the early investigation for mixed powders [17]. An F/T ratio
up to 80% was observed in small samples while the fast com-
ponent remains unchanged [15], [16], which is significantly
more effective than the data published in this investigation.
Our plan is to continue yttrium doping for future ultrafast HEP
calorimeters at the energy and intensity frontiers. Research
and development along this direction has been continued with
yttrium doping.
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