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ABSTRACT: Future high-performance particle colliders, e.g., the
proposed circular electron positron collider (CEPC) or future
circular collider (FCC), demand unprecedented levels of accuracy
in energy measurement for calorimeters. Although the proposed
high-granularity crystal electromagnetic calorimeter has made great
progress in recent years, the designing and matching of Bi4Ge3O12
(BGO) scintillators with lower light output and higher radiation
resistance, as well as not introducing slow components, lag far
behind. Here, a Mn-doped BGO powder exhibits robust radiation
resistance with a faster decay time, accelerating by 15%. Doping
with Mn3% reduces the intensities of photoluminescence (PL) and radioluminescence (RL) to 55% and 22%, respectively, of those
observed in pure BGO powder. Furthermore, Mn-doped BGO exhibits enhanced radiation resistance and can maintain 72% of the
initial RL intensity within 2 h of radiation with a high-power UV lamp, while that of pure BGO is severely degraded to 45%.
Theoretical calculation mechanism studies show that Mn doping not only maintains the intrinsic luminescence of BGO but also
introduces a new intermediate energy level in the energy band to inhibit the formation of color centers. This work provides a new
avenue to search for or discover scintillators from existing cost-effective scintillators for future high-energy physics experiments.

1. INTRODUCTION
After the discovery of the Higgs particle in 2012, the current
period is considered to be the best window to explore potential
new physics related to the Higgs boson. The international field
of high-energy physics has proposed the future lepton collider
experiments, such as the circular electron positron collider
(CEPC) and the future circular collider (FCC).1−3 They
belong to intensity and energy frontier experimental facilities,
which require several hundred tons of high-density inorganic
scintillation crystals with robust radiation resistance and fast
decay to meet the challenges of unprecedented high energy
and counting rates.4 A high-granularity crystal electromagnetic
calorimeter (ECAL) is an attractive novel design with high-
granularity crystal and silicon photomultiplier (SiPM) to
achieve optimal electromagnetic energy resolution.5 However,
the limited dynamic range of SiPM and the large number of
scintillation photons produced by GeV−TeV energetic
particles will yield a saturation effect in SiPM devices.6 Thus,
it is vital to reduce the light output and improve the radiation
resistance of the scintillator.
A bismuth germanate (Bi4Ge3O12, BGO) crystal, as a

promising scintillator candidate for crystal ECALs in CEPC
and FCC facilities, has excellent comprehensive performance,
such as high stopping power, good uniformity, stable physical
and chemical properties, etc.7 The BGO crystal, as a cost-
effective scintillator with high density, is widely used in the
fields of HEP, nuclear physics, astrophysics, medical imaging,
resource exploration, etc.8 In order to meet the application

needs of future large HEP scientific facilities such as CEPC and
FCC, it is urgent to develop BGO crystals with lower light
output and robust radiation resistance, as well as no slow
components.
Element doping is an effective approach for modulating the

properties of scintillating materials. Spurrier et al. found that
Ca−Ce codoping can shorten the decay time of lutetium
silicate crystals to ∼30 ns and enhance their light output.9
Chen et al. found that Y doping can effectively inhibit the slow
component of BaF2 crystals while maintaining its subnano-
second fast component, and that large-size high-quality doped
crystals are feasible.10,11 Li et al. improved the radio-
luminescence (RL) efficiency of Cs3Cu2I5 crystals by doping
Mn2+.12 In terms of doping modification of BGO crystals, Wei
et al. found that Eu doping improves the radiation resistance of
BGO but results in afterglow.13,14 Okazaki et al. reported that
the doping of Er3+ ions produces a new near-infrared light
emission.15 Dunaeva investigated that Dy3+-doped BGO
crystals have a fluorescence lifetime of 630 μs.16 Deng et al.
reported the enhancement of the optical output of BGO by a
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Bi vacancy strategy.17 It can be seen that most of the existing
dopant ions introduce new luminescent centers or afterglows
in BGO. Therefore, the rational selection of dopant ions
remains challenging.
In this work, we demonstrate that doping Mn2+ into BGO

can significantly induce improved radiation resistance, and a
faster decay time was achieved compared to pure BGO
crystals. When the Mn-doped BGO was irradiated continu-
ously for 50 h, more than 80% of its initial luminescence
intensity remained. Furthermore, the Mn-doped BGO exhibits
a reduction of X-ray excited luminescence intensity to 22%.
Additionally, first-principles calculations are combined with
advanced tools such as temperature-dependent fluorescence
spectroscopy to explore the causes of their radiation resistance
enhancement as well as luminescence kinetics studies. These
results indicate that Mn-doped BGO materials are promising
for applications in HEP experiments. It is expected that this
new, robust scintillator will open a window into the field of
HEP facilities at the intensity and frontiers.

2. RESULTS AND DISCUSSION
2.1. Structural Analyses of Mn Doping in BGO. The

crystal structure of BGO is composed of [GeO4] tetrahedra
and strongly twisted [BiO6] octahedra,

18 in which Mn replaces
Bi to occupy the center of the octahedron, as illustrated in
Figure 1a. The X-ray diffraction (XRD) patterns of
Bi4−xGe3O12:xMn with different doping concentrations display
similar diffraction peaks, which match well with the PDF cards

of pure phase BGO (Figure 1b). There is no obvious
displacement of the diffraction peaks after Mn doping,
probably due to the fact that the ionic radius of Mn ( +R Mn2

= 0.83 Å, six-coordinate) is closer to that of Bi ( +R Bi3 = 1.03 Å,
six-coordinate), and a small amount of Mn doping does not
cause obvious lattice distortion. This is further confirmed by
Raman spectra of pure BGO and Mn3%, as depicted in Figure
1c.
To verify the local crystal environments of Mn2+ ions in the

lattice, Rietveld refinements were performed for Mn3% (Figure
1d and Table S1), which confirmed the occupation of Mn2+
ions at the Bi sites. Electron paramagnetic resonance (EPR)
measurements were also conducted. When Mn occupies the Bi
site in the lattice, Mn is isolated from each other, and the Mn−
Mn interaction is almost negligible. Since Mn is a magnetic
nucleus, the EPR spectra show a typical six-peaked hyperfine
structure of Mn2+ (Figure 1e).
The different oxidation states of Mn ions in powder were

detected by X-ray photoelectron spectroscopy (XPS) to
deconvolute the Mn 2p spectrum of 10%Mn (Figure 1f).
However, the maximum binding energies of Mn2+, Mn3+, and
Mn4+ overlap.19 Therefore, in addition to qualitatively
determining the Mn2+ ion, it is difficult to determine the
high energy displacement between Mn2+ and Mn3+. The Mn2+
oxidation state has a satellite near 640.55 eV due to spin−orbit
coupling (MnO), which is not found in the other two
oxidation states (Mn3+ and Mn4+).20 Overall, the presence of
the satellite qualitatively indicates that manganese exists

Figure 1. Structural analyses of Mn doping in BGO. (a) Schematic demonstration of crystal structure of BGO and Mn doping sites. (b) XRD
patterns of powders with different Mn doping concentrations range from 0 to 10.0%. (c) Raman spectra of BGO and Mn3%. (d) Rietveld
refinement of Mn3%. (e) EPR results of Mn3%. (f) XPS curve of Mn 2p in Mn10%. (g) EDS mapping of Mn10.0%.
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primarily in the form of Mn2+ ions. Figures 1g shows the
energy dispersive X-ray spectroscopy (EDX) mapping of 10%
Mn, where the elements Bi, Ge, and Mn are uniformly
distributed in the particles with good homogeneity.
2.2. Photoluminescence and Scintillation Properties.

Under the challenge of unprecedentedly high event rates, the
fast time response properties of scintillators can significantly
reduce signal accumulation, helping to accurately identify
signal origins and particle species. Mn doping shortens the
fluorescence lifetime from 380 to 344 ns (Mn3.0%) and 324 ns
(Mn10.0%), as depicted in Figures 2a and S1. With the
increase of doping concentration, the fluorescence lifetime
decreases significantly, the fastest shortened to 85% of pure
BGO (Figure 2b). It indicates that the shortening of the
lifetime was mainly due to the doping effect of Mn.
Photoluminescence spectroscopy helps to identify the origin

of luminescence, and it is well-known that the Mn ion is also
an important luminescent ion. The excitation spectrum in

Figure S2 shows that the doping of Mn did not introduce new
excitation peak positions. The photoluminescence spectra in
Figure 2c show that the emission in Mn-doped BGO
polycrystals is still from the transition of the Bi3+ ion 3P1 →
1S0. The doping of Mn only changes the luminescence intensity
and has little effect on the luminescence peak. This allows
BGO:Mn to still be a good match for SiPM. The statistical
results of the luminescence peak and integral area in Figure S3
show that Mn doping gradually reduces the luminescence
intensity. Doping with Mn3% reduces the photoluminescence
intensity and integral area intensity to 57% and 55% of those
observed in pure BGO, respectively. When the doping
concentration is up to 10%, the photoluminescence intensity
is 33% of the original.
RL spectra were conducted to verify their scintillation

properties, as illustrated in Figure 2d. With the increase in Mn
doping concentration, the RL intensity gradually decreases.
When the doping concentration is 3.0%, the integral area is

Figure 2. Photoluminescence and scintillation properties of Mn doping in BGO. (a) Decay time curves of pure BGO, Mn0.1%, and Mn3% with an
excitation wavelength of 275 nm and a monitor wavelength of 455 nm. (b). Variation of the decay time with the doping concentration. (c) PL
spectra of powders with different Mn doping concentrations, from 0 to 10.0%. (d) RL spectra of powders with different Mn doping concentrations
from 0 to 10.0%. (e) Variation of integration area of RL intensity with the doping concentration. (f) Absorption spectra with increasing doping
concentration. Two-dimensional plots of temperature-dependent PL for (g) Mn3.0% and (h) Mn10%, respectively. (i) Ln(I0/I − 1) versus 1/kT
activation energy graph of Mn3.0% and Mn10.0%. The activation energy (Ea) of the lattice is obtained by fitting the data.
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22.3% of pure BGO (Figure 2e). The intensity is basically
stabilized when further increased. In addition, RL did not
exhibit luminescence from divalent Mn ions, suggesting that
Mn ions may act as a trap level in the lattice rather than a
luminescence center. The decrease in luminescence intensity
may be mainly attributed to the enhanced absorption at the
visible wavelength (Figure 2f). The absorption values in the
400−800 nm band gradually increase with increasing doping
concentration. As the doping concentration is as high as 10%,
the absorption value in the visible part is greater than 50%, and
the sample color gradually changes from white powder to gray-
black.
Temperature-dependent PL spectrum testing was carried

out to gain further insights into the effect of Mn doping on the
emission of BGO (Figure 2g,h). The luminescence intensity of
both the pure BGO and the low- and high-concentration Mn-
doped samples gradually decreases with increasing temperature
from 303 to 428 K under excitation at 276 nm, since the
nonradiative transition recombination rate of Bi3+ ion 3P1-1S0
increases. Moreover, the luminescence peak is slightly blue-
shifted, which may be due to the change of carrier distribution
from the 3P1 to 1S0 transition under thermal disturbance.
Based on the Arrhenius plot of the PL intensity versus the

reciprocal of temperature (Figure 2i),

=
+ ( )

I T
I

A
( )

1 exp E
kT

0

a

in which I(T) and I0 represent the PL intensity at the
experimental temperature and 303 K. A is a constant, Ea is the
activation energy, k represents the Boltzmann constant, and T
is the test temperature. The activation energies were
determined to be 396 ± 14 and 391 ± 17 meV in 3% and
10% Mn-doped BGO, respectively. Compared with our

previously reported activation energy for pure BGO (382
meV), Mn doping slightly increases the thermal activation
energy, which is still slightly lower than that of Ce doping.17

The enhanced thermal stability of BGO:Mn reflects that
introducing Mn hinders the energy transfer from the excited
state to nonradiative transition centers.21

2.3. Radiation Resistance Ability. Radiation resistance is
another key indicator for evaluating the performance of
scintillation materials because all materials are inevitably
suffered from radiation damage, especially for future HEP
calorimeters operating under unprecedented luminosity.4,12,22

For scintillation crystals, the physical mechanism of radiation
damage is mainly the result of the combined effect of the
micro/macro defect structures present in the crystal and the
color centers caused by irradiation.
Although the radiation resistance of scintillators is mainly

under gamma-ray source exposure, gamma irradiation sources
often require specialized radiation environments, and the
testing process is complicated, time-consuming, and extremely
costly. Using ultraviolet light (UV) as the radiation source is a
method to evaluate the radiation resistance of scintillators
Figure 3a is a sketch of the device used to evaluate the
radiation resistance of powder scintillation samples. First, the
powder sample is irradiated under a UV lamp for different
times, and then, the RL spectrum of the sample is immediately
tested under X-ray excitation. After high-power UVB radiation
for 120 min, the RL intensity of the pure BGO samples
decreased significantly, but the peak position of the
luminescence was not shifted (Figure 3b). The inset shows
that the RL integrated intensity is reduced to 45% of the initial
one. The Mn3.0% sample still has 72% of the initial integrated
intensity after 120 min of UV irradiation, showing excellent
resistance to radiation (Figure 3c). In addition to testing the
RL after high-power UV radiation, the PL spectra were also

Figure 3. PL and RL results of pure BGO and Mn3.0%-doped BGO powder before and after UV irradiation. (a) Sketch of the device for delivering
UV irradiation dose. RL spectra of (b) pure BGO and (c) Mn3.0% before and after UV radiation for 120 min. Two-dimensional plots of
irradiation-time-dependent PL for (d) pure BGO and (e) Mn3.0%, respectively. (f) Trend plot of PL integral intensity with the radiation time.
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tested after irradiation for different times (Figures 3d,e).
Similarly, radiation damage did not cause a shift in the PL peak
position. The Mn-doped samples showed much less radiation
damage. After 50 h of UV irradiation, the luminescence
integral intensity remained at about 80% of the initial one,
while for the pure BGO, it was 60% of the initial one. This is
consistent with the results shown by RL.
2.4. Theoretical Calculations. Theoretical calculations

were carried out to evaluate the effect of Mn doping in the
BGO crystal. Figure 4a,b shows the fat-band structures of pure
BGO and Mn-doped BGO. The pure BGO has a wide
forbidden bandwidth of about 3.52 eV, which is consistent
with the previous study.17,23 Such a wide band gap creates a
good host condition for the introduction of Mn doping.24 The
top of its valence band is mainly coupled by the 2p electron
orbitals of the the valence band of the O group, and the
bottom of the conduction band consists of the 5d electron
orbitals of Bi. Additionally, the Mn doping introduces
additional energy levels, and the difference between the two
impurity energy levels is about 1.3 eV. According to the fat-
band diagram, these levels mainly originate from the orbitals of

Mn. These deep energy levels can initiate the capture of
carriers and energy storage mechanisms in the scintillator. This
may be the reason Mn doping induces a decrease in
scintillation luminescence, as well as an increase in radiation
resistance.
To gain insight into the effect of the doping effect of Mn on

the local electronic structure, pure and Mn-doped crystal
structures of BGO were constructed (Figure 4c,d). Radiation
resistance decreasing in the oxide scintillator is thought to
originate from the oxygen deficiency color center, which forms
a color center by trapping electrons.25 Differential charge
density plots show that there is the accumulation and transfer
depletion of electrons mainly centered around O atoms in pure
BGO (Figure 4e). This may be the main reason that the
radiation resistance of pure BGO is not prominent enough. In
contrast, the depletion of electrons around O is greatly
weakened after Mn doping, and the accumulation of electrons
disappears (Figure 4f). Unexpectedly, the electrons show
accumulation at the Mn atomic positions. This suggests that
Mn doping creates intermediate energy levels in the forbidden
band to capture carriers, weakening the ability of oxygen-

Figure 4. DFT calculations of Mn doping in BGO. (a,b) Fat-band structure, (c,d) crystal structure, and (e,f) charge density difference of BGO and
Mn doping BGO. In panels (e) and (f), cyan represents depletion of electrons and yellow represents accumulation of electrons. The isosurface level
is 0.03.

Figure 5. Proposed RL modulation mechanism in Mn-doped BGO.
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deficient capture of electrons to form color centers.26,27 This
greatly improves the radiation resistance of the Mn-doped
BGO crystals.
2.5. Modulation Mechanism of Mn Doping in BGO.

We propose a possible mechanism for Mn doping to enhance
the scintillation performance, especially the enhanced radiation
resistance and fastened decay kinetics, as shown in Figure 5.
Scintillation is a complex process that can usually be simplified
into three consecutive processes.28 (1) Absorption/multi-
plication: The absorption of a high-energy particle will produce
an inner shell hole and a primary electron. The multiplication
of electrons and holes occurs through secondary X-rays, the
Auger process, and inelastic electron/electron scattering. When
the electron energy is less than the ionization threshold, the
electrons and holes are thermalized to the conduction band
and the valence band, respectively. Electrons and holes can
remain free or combine to form free or self-trapped excitons.
(2) Energy carrier migration: energy carriers are transferred to
the luminous center. In this process, pure BGO with oxygen
deficiency will capture electrons forming color centers, which is
detrimental to the crystal’s ability to withstand high-energy
radiation. (3) Emission: excited electrons recombine with
holes to release energy by emitting photons, accompanied by a
nonradiative relaxation process. Mn doping introduces new
impurity energy levels in the forbidden band, which inhibits
the formation of color centers from oxygen deficiency by
capturing electrons, thus greatly improving the radiation
resistance (Figure 4). Moreover, Mn doping induces an
increase in the nonradiative relaxation probability, which
results in a decrease in luminescence intensity accompanied by
a faster decay time. This is precisely the same reduction in light
output and a faster decay time required for HEP applications.

3. CONCLUSIONS
In summary, this work presents a new Mn-doped BGO powder
with an exceptionally faster decay time and enhanced radiation
resistance. Mn doping not only does not change the intrinsic
luminescence peak of BGO but also introduces a new
intermediate energy level in the energy band to inhibit the
formation of color centers. The fluorescence lifetime was
gradually shortened with an increasing Mn doping concen-
tration. Mn10.0% ion doping resulted in a 15% acceleration of
the fluorescence lifetime from 380 to 324 ns. When the doping
concentration was 3.0%, the PL intensity and RL intensity
decreased to 55% and 22% of those of pure BGO, respectively.
The stronger scintillation luminescence intensity reduction is
mainly due to the nonradiative transition control. Mn doping
also imparts strong radiation resistance, and the 3% Mn-doped
sample still has 72% of the initial RL integrated intensity after 2
h of UV radiation, which is better than that of the pure sample
(45%). After 50 h of UV radiation, the fluorescence
luminescence integral intensity of the Mn-doped sample
remained at about 80% of the initial one. Future work should
be directed toward the growth of high-quality and perform-
ance-optimized BGO crystals with Mn doping. This work also
provides an idea for searching for or rediscovering novel
scintillators from existing classic, cost-effective scintillators for
high-energy physics.

4. EXPERIMENTAL METHODS
4.1. Computational Methods. First-principles calculations were

performed on the basis of density functional theory (DFT) via the
Vienna ab initio simulation package (VASP) code,29,30 and the

generalized gradient approximation (GGA) by the Perdew−Burke−
Ernzerhof (PBE) formulation was used. The plane-wave cutoff energy
was 400 eV, and the Brillouin zone integral was set to a 2 × 2 × 2
Monkhorst−Pack grid with a K-point sampling scheme. The stopping
criterion for the ionic optimization number and the total energy
allowed error criterion are −0.03 Å−1 and 1.0 × 10−6 eV, respectively.
In the Mn-BGO structural model, one Mn atom was applied to
substitute one of the Bi atoms in one conventional cell of Bi4Ge3O12,
whose stoichiometry is Bi28Ge21O84.

4.2. Materials Preparation. A series of Bi4−xGe3O12:Mn (x = 0−
10%) samples were prepared via the high-temperature solid-phase
method. Stoichiometric amounts of the starting materials, Bi2O3
(4N), GeO2 (4N), and MnCO3 (4N), were mixed thoroughly in an
agate mortar by grinding and sintered at 900 °C for 6 h in air. The
sample was cooled to room temperature for subsequent character-
ization.

4.3. Materials Characterizations. The as-prepared powder
samples were carried out on a Bruker D8 ADVANCE X-ray
diffractometer using Cu Kα (λ = 1.5418 Å) radiation. Raman spectra
were tested on an HR Evolution (HORIBA, France) with the
excitation of a 532 nm laser. EPR was carried out on the EMXnano of
Bruker. XPS measurements were performed on an Axis Ultra of
Kratos Analytical-A (Shimadzu Group company) with an Al (Mono)
source (75 W). SEM and TEM were characterized by a Magellan 400
field emission scanning electron microscope from American FEI
Company Corporation and a JEM-2100F field emission electron
microscope from Japan JEOL Co., Ltd. Photoluminescence (PL) and
PL excitation (PLE) spectra were tested on a Hitachi F-4600
fluorescence spectrophotometer with a 150 W xenon arc lamp as the
light source. The UV−visible absorption spectrum was measured with
a UV-3600 spectrophotometer (Shimadzu, Japan) ranging from 200
to 800 nm, and BaSO4 is the reflectance sample. The in situ
temperature-dependent PL spectra (303 K−428 K) were measured
on a Hitachi F-4600 with TAP-02 high-temperature fluorescence test
accessories. RL was measured with Edinburgh Instruments FLS920.
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