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Abstract: The performance of ultrafast scintillators under ultrahigh dose rate is highly
important for applications utilizing brilliant radiation sources. In this work, the scintillation
properties of β-Ga2O3, a high-performance ultrafast wide-bandgap semiconductor scintil-
lator, are systematically investigated under dose rates of 107 to 109 Gy/s for the first time
by employing ultrashort high-charge electron bunches (bunch charge from 500 fC to 50 pC)
generated from a superconducting radio-frequency accelerator. Our results show that in
spite of the ultrahigh dose rate, the scintillation intensity was still linearly proportional
to the electron bunch charge. Lifetime analysis reveals a fast decay component ranging
from 3 to 4 ns, along with an average lifetime of 20 ns. These findings establish a solid
foundation for the application of β-Ga2O3 as the scintillation material for high-charge
electron sources such as laser-wakefield accelerated electrons.

Keywords: β-Ga2O3; high charge; pulsed electron bunch; scintillation properties

1. Introduction
High-energy electrons play a pivotal role in modern light sources and tumor therapy.

The cutting-edge technologies of free electron laser (FEL) and FLASH radiotherapy require
bunched electrons with ultrashort duration and high charge [1–5]. It is now possible to
produce electron bunches with ultrashort duration (fs-ps) and high charge (fC-pC) by
utilizing novel acceleration methods such as laser-wakefield acceleration. The precise
detection of these electron beams is increasingly vital. Scintillators have been extensively
used to measure X-rays and charged particles [6–8]. Its linear responsivity, time response
and spectral response are key properties to obtain accurate detection of any radiation
field. However, the nonlinearity of scintillation light intensity and lifetime under strong
pulse radiations have been observed for many materials excited by high-power laser and
strong-pulsed x-ray sources [9–12]. This necessitates calibration of scintillators before
practical applications.
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Commercially available BaF2 scintillators demonstrate an ultra-fast decay time of
0.2 ns; however, they exhibit a notably low light yield [13]. In contrast, while Ce-doped
inorganic scintillators exhibit higher light yields, their decay times remain insufficiently
short for many applications. For example, the decay time of GAGG: Ce scintillator is
approximately 90 ns [14], LYSO: Ce has a decay time of around 40 ns [15], and LaBr3:
Ce displays a decay time of approximately 20 ns [16]. For β-Ga2O3, the light emission
resulting from the recombination of self-trapped holes and free electrons has a decay time
on the order of a few nanoseconds, accompanied by a theoretical light yield exceeding
40,000 photons per MeV [17]. These characteristics position β-Ga2O3 as a promising
candidate for inorganic ultrafast scintillators, which could play a significant role in future
applications demanding ultra-fast temporal resolution. Moreover, β-Ga2O3 is a kind
of wide bandgap semiconductor with high radiation resistance and remarkable thermal
stability. The melting temperature is measured up to 1793 ◦C [18]. The structure of β-Ga2O3

remain intact even using 400 keV Ar ions of a fluence up to 8 × 1015 cm2 (equivalent to
four displacements per atom) [19]. These advantages render them suitable candidates for
strong pulse radiation detections [7,20,21].

Current research on the fluorescence properties of β-Ga2O3 primarily utilizes photo-
luminescence (PL) and x-ray excited luminescence (XEL) [17–22]. Studies on scintillation
properties induced by particle excitation remain limited and predominantly employ low
dose-rate sources. For instance, Pozina et al. employed scanning electron microscope
cathodoluminescence (SEM CL) to explore spectral differences at varying electron excita-
tion densities [23]. He et al. investigated the scintillation response of β-Ga2O3 under α-ray
excitation from 241Am [24]. Valdes et al. explored the energy dependent scintillation light
yield of β-Ga2O3 to fast neutrons and gamma rays [25]. However, in applications such as
accelerators and FLASH radiotherapy, electron bunches are distinguished by their high
energy and high charge. When these electrons interact with the scintillators, they induce en-
ergy deposition far exceeding that of the SEM CL and XEL, thereby generating substantial
concentration of electron-hole pairs. Under such intense irradiation conditions, the excita-
tion and fluorescence process are likely to change. It is crucial to investigate the scintillation
properties of β-Ga2O3 under strong-pulsed excitation conditions. However, systematic
investigations addressing this aspect remain notably absent from the current literature.

In this study, we aim to investigate the scintillation properties of β-Ga2O3 using a
pulsed high-charge electron beam generated by a superconducting radio-frequency (SRF)
accelerator. Our research reveals the excellent stability of its scintillation characteristics
within the electron bunch range of 500 fC to 50 pC for a picosecond-pulsed electron
beam, demonstrating the potential of β-Ga2O3 for applications utilizing high-charge and
ultrashort electron bunches. Furthermore, we also observed that there is a lesser donor–
acceptor transition spectral component in high-charge electron excitation compared to SEM
CL and XEL. This phenomenon may be associated with the difference in instantaneous
carrier density of the excitation, which holds significant implications for future in-depth
investigations of luminescence properties at varying dose rates.

2. Materials and Experimental Methods
The unintentionally doped (UID) β-Ga2O3 single crystal was grown by the Edge-

defined Film-fed Growth method. The growth atmosphere was the mixture of Ar and
CO2 to inhibit decomposition and volatilization of raw material at high temperature. The
growth rate was controlled to be 6–15 mm/h. The crystal was obtained by the process of
seeding, necking, spreading and equal diameter growth. UID β-Ga2O3 crystal sample was
(100) plane and double-sided mechanical polishing for the subsequent test.
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Absorption spectrum of β-Ga2O3 was measured by using a UV–vis–NIR spectropho-
tometer (UV3600Plus, Shimadzu, Kyoto, Japan). The steady-state photoluminescence and
time-resolved photoluminescence spectra were measured using an FLS1000 system (Edin-
burgh Instruments, Livingston, UK). The XEL was acquired using a Newport spectrometer
via a Model 77360 photomultiplier tube with the X-ray tube (12 W X-ray Source, Moxtek
Ltd., operating voltage: 30 kV, Orem, UT, USA) served as the excitation source. CL measure-
ments were performed on a field emission scanning electron microscope (Quattro ESEM,
Thermo Fisher, Waltham, MA, USA combined with Rainbow-CL of Beijing Goldenscope
Technology Co., Ltd., Beijing, China).

In order to investigate the performance of β-Ga2O3 under high-charge-pulsed electron
excitation, an irradiation platform to measure both in situ time and spectral response was
added to the end of a DC-SRF-II photocathode gun beamline at Peking University, as shown
in Figure 1a. The energy of electron bunches was measured by a 90◦ dipole magnet, with a
stable energy of 2 MeV. The bunch charge and beam temporal profile were measured using
a fast current transformer and a Faraday cup [26,27]. The electron bunches passed through
a beryllium window to the air, and the β-Ga2O3 was positioned directly outside the vacuum
chamber window for irradiation. The scintillation lights were collected using lenses and
an optical fiber, then delivered to either the spectrometer (ATP5330/4, Aopu Tiancheng
photoelectric Co., Ltd., Xiamen, China) or the photo-multiplier tube (N6012 MCP-PMT
of North Night Vision Technology Co., Ltd., Nanjing, China) for spectral analysis and
lifetime measurements.
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Figure 1. (a) The instrumental setup for in situ time and spectral measurements of β-Ga2O3 in
DC-SRF-II gun beamline at Peking University. (b) The temporal profiles of the electron beam for
scintillation time/spectral performance characterization of β-Ga2O3. (c) Simulated total energy
deposition rate of 2 MeV pulsed electron beam with 50 pC charge.

The charge of an individual electron bunch and the overall temporal profile of the
electron beam can be precisely modulated by adjusting the intensity and temporal profile of
the driving laser on the photocathode. In the experiment, we could choose to irradiate the
samples using either a single pulse or macro pulses, as depicted in Figure 1b. The single-
pulse irradiation was performed at 1 Hz frequency with a narrow width of approximately
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10 ps. Macro pulse was formed by multiple short pulses at a period of 1 µs, with a duration
of 0.01 ms. The repetition frequency of the macro pulse can be modified from 1 Hz to
continuous. The radioluminescence lifetime was measured by employing a single pulse,
while the spectra were recorded under macro-pulse excitation. The very narrow 10 ps
width of the single pulse allows for accurate measurement of the fast decay component.
The repetition of the macro pulses enhances the scintillation intensity and facilitates the
detection of spectral signals. By adjusting the repetition frequency to compensate for pulse
charge variation, a consistent total irradiated charge can be maintained, effectively reducing
the influence of other variables on the experiment.

The initial diameter of the electron bunches was 0.1 mm, which was enlarged after
passing through the 250 µm beryllium window. The β-Ga2O3 sample had a cross-sectional
area of 1 cm × 1 cm and a thickness of 2 mm, positioned 5 mm away from the beryl-
lium. The energy deposition rate was calculated using the Geant4 program, shown in
Figure 1c. The simulation setup was designed to replicate the actual experimental condi-
tions. Approximately half of the scattered electrons were captured by the sample according
to the simulation. The energy deposition was the integrated energy deposition results
on each cross-section, with a longitudinal depth step size of 0.01 mm. For an electron
bunch with 50 pC high charge and 2 MeV energy, the total deposited energy reached up to
2.41 × 108 MeV. In the performance study of scintillators, dose and dose rate are typically
used for characterization. Dose rate can be calculated from the total deposited energy:

DR =
En

τ × S × D × ρ
(1)

τ is the pulse width of the electron bunch, S is the area of the material, D is the range of
deposited electron, ρ is the density of the material, and En is the total deposited energy. This
resulted in a dose rate of 4 × 109 Gy/s, which is several orders of magnitude higher than
the dose rates of conventional scintillation characterization methods using x-ray tubes and
radioactive sources [28–30]. In our experiments, the dose rate of X-ray source irradiation in
XEL was measured to be approximately 400 mGy/s using a dose-rate standard tester. In
SEM CL, a current of 3 pA was selected, focused on a scanning area of 50 µm × 50 µm. The
average energy of the electrons is 5 keV, with a penetration depth in the micrometer range,
resulting in a dose rate of approximately 103 Gy/s.

3. Results
3.1. Optical Properties of the Material

The optical absorption spectrum is shown in Figure 2a. The sharp absorption edge is
around 250 nm. The inset shows the deduced Tauc plot of (αhv)2 as a function of photon
energy, where α is the absorption coefficient and hv is the photon energy. Consequently, it
can be observed that the optical bandgap of this β-Ga2O3 crystal is 4.71 eV, consistent with
previous reported values [31,32]. Figure 2b shows the scintillation decay time excited by
257 nm pulsed laser using FLS1000. Fitted by the bi-exponential decay curve, the fast/slow
component is 11.67 ns (38.9%)/58.72 ns (61.1%). The averaged decay time is 40.41 ns,
consistent with previous studies [33–35]. Figure 2c shows the photoluminescence (PL)
spectra. A broad spectrum from 2.5 eV to 4 eV is presented under the excitation of 240 nm.
It can be decomposed into two Gaussian luminescence bands, 3.4 eV (68.66%) and 3.1 eV
(31.34%). The luminescence processes are schematically illustrated in Figure 2d. The 3.4 eV
(UV band) peak luminescence is independent of sample preparation methods or dopants [7].
It is attributed to an intrinsic luminescent process arising from the recombination of self-
trapped holes and free electrons, with emission energies ranging from 3.2 to 3.7 eV. The
3.1 eV (UV’ band) peak is the result of the donor–acceptor luminescence [23,36].
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Figure 2. (a) Optical absorption spectra of β-Ga2O3. The inset shows the Tauc plot of the bulk
crystal. (b) Scintillation time response of β-Ga2O3 excited by 257 nm pulsed laser. (c) The PL spectra
measured by 240 nm Xe lamp. The dashed lines represent the Gaussian fitting results, with the red
line corresponding to 3.1 eV and the green line corresponding to 3.4 eV. (d) Illustration of the emission
paths leading to the observed peaks for PL.

3.2. Time Response of Scintillation Excited by High-Charge Electron Bunches

The spectra measured by the spectrometer were integrated to obtain the corresponding
scintillation intensity. The integrated scintillation light intensity reveals a strong linear
correlation with the electron charge, as depicted in Figure 3a. This demonstrates the
remarkable linearity of β-Ga2O3 under high-charge electron bunch excitation, thereby
confirming its suitability as a scintillator for relevant applications.

The time response of the scintillation detector is of vital importance. We measured the
scintillation decay time of β-Ga2O3 for different electron bunch charges with the single-
bunch pulse width of 10 ps. The raw data are shown in Figure 3b. With a decrease in beam
charge, the luminescence intensity of the material diminishes. Nevertheless, the scintillation
time curve characteristics remain essentially unaltered. All the decay time are fitted by a
sum of two exponential decay functions, with the decay time constant and relative portion
summarized in Table 1. The average decay time was calculated from the equation:

τave =
τ1 A1 + τ2 A2

A1 + A2
(2)
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where A1, A2 are the amplitudes and τ1, τ2 denote the time constants.
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Figure 3. (a) A plot of log (integrated light intensity) vs. log (pulse charge). Solid lines are the linear
fitting curves. (b) Time-resolved decay curves under pulsed electron bunch excitation of different
charge levels. (c) The averaged decay time and the fast decay time components for different dose
rates derived from different charges in the 10 ps electron bunch.

Table 1. The decay constant of β-Ga2O3 under high-charge electron bunch excitation.

Bunch Charge (pC) Dose Rate (Gy/s) τ1 (ns) τ2 (ns) Averaged Decay
Time τ (ns)

0.5 4 × 107 5.35 (60.22%) 51.14 (39.78%) 23.57
1 8 × 107 3.04 (69.20%) 56.83 (30.80%) 19.61
10 8 × 108 3.95 (71.16%) 53.92 (28.84%) 18.36
50 4 × 109 3.10 (76.45%) 59.49 (23.55%) 16.38

The averaged decay time and the fast decay time component are plotted in Figure 3c.
The average decay time was found to be approximately 20 ns, which is significantly faster
than the commercially available Ce-doped inorganic scintillators [14,15]. As the electron
charge increases, the transient concentration of excited carriers rises, and the average decay
time exhibits a trend of decreasing duration. This may be attributed to the fact that under
high-density excitation, the excess carriers greatly exceed the intrinsic carriers, leading
to the manifestation of bimolecular processes [37]. The average decay time is faster than
that of PL. Moreover, the fast-emitting fraction exhibits a notably shorter decay time of
approximately 3–4 ns, which is three times briefer than the 11 ns PL lifetime. Figure 3c also
shows the results of the fast decay component under different pulse charges. Overall, the
fast decay lifetimes are less than 6 ns. As shown in Table 1, the fast component dominates,
contributing over 60% of the total signal. Notably, as the pulse charge increases, both the
fast decay speed and the proportion of the fast component rise, highlighting the significant
potential of this material for next-generation ultrafast scintillation detection systems.
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3.3. Scintillation Spectral

Figure 4a shows the luminescence spectrum of β-Ga2O3 under high-charge electron
bunch (HCEB) excitation. It exhibits a lower signal-to-noise ratio compared to other
methods, which can be attributed to the reduced signal transmission efficiency inherent
in the long-distance optical fiber coupling. Despite the relatively low signal-to-noise ratio,
Figure 4a still clearly reveals the luminescent band of β-Ga2O3 in the range of 2.5 to 4 eV.
The acquired spectra were analyzed using Gaussian fitting. The predominant luminescence
component is the UV band emission at 3.4 eV. However, it changes from 68.7% to 51.7%
compared with PL in Figure 2c. Moreover, compared with PL, an additional blue band
emission peak at 2.8 eV was presented. As mentioned, the UV band emission is regarded as
intrinsic. In contrast, other luminescent bands, the UV’ (3.1 eV) and the blue band (2.8 eV)
are a donor–acceptor pair (DAP) luminescence and are associated with various defects or
impurities. The difference arises primarily from variations in defect types [36]. Typical
donor defects include VO and Gai, while acceptor defects are generally VO-VGa or VGa [38].
The appearance of the 2.8 eV suggests that deeper defects are involved in the radiative
recombination process of electron-excited scintillation. The discrepancy from the PL spectra
may be attributed to the different defect concentrations induced by surface excitation in PL
and bulk excitation in electron bunch-induced luminescence.
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To investigate the differences in the scintillation characteristics of β-Ga2O3 under
various conditions, we also measured the luminescence spectra under the excitation of
SEM CL and XEL for the same set of samples. The SEM CL result is shown in Figure 4b.
It can be decomposed into three components. The proportion of the 3.4 eV component
decreases. Emissions at 2.8 eV and 3.1 eV are attributed to defect-related luminescence and
can be collectively categorized as DAP luminescence. At this point, the contribution from
DAP luminescence increases, indicating that more defects are involved in the luminescence
process. In the case of XEL (Figure 4c), even when fitting with three Gaussian curves, the
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data can only be well represented by decomposing it into the 3.4 eV and 3.1 eV components.
This suggests that in XEL, the defect-related luminescence is primarily concentrated around
3.1 eV, corresponding to shallower energy level defects.

Figure 4d shows the area ratio difference of UV band emission (peak 3.4 eV) for
different irradiation sources. Under HCEB excitation, the UV band emission exhibits a
significant enhancement, with the contribution to the total luminescence almost doubling
in comparison to that of XEL. This indicates that UV band emission predominates in this
condition. We present a detailed comparison of the different spectral components relative
to the total luminescence intensity under various conditions, as summarized in Table 2.
Notably, the 3.1 eV emission constitutes the predominant portion of the XEL luminescence,
with no contribution from the 2.8 eV component. In contrast, both the 3.1 eV and 2.8 eV
emissions are observed in SEM CL and HCEB excitation luminescence. This discrepancy
may be attributed to the differing excitation mechanisms involved in X-ray versus electron
excitation. Under HCEB excitation, the proportion of 3.1 eV emission is higher, while in
SEM CL, the contributions from both types of defects are comparable. This difference may
be attributed to the variations in excitation depth and luminescent properties caused by
electrons of different energies.

Table 2. The variation of peaks of β-Ga2O3 as a function of excitation methods.

Excitation Methods 3.4 eV DAP 3.1 eV 2.8 eV

XEL 31.2% 68.8% 68.8% 0
SEM CL 40.6% 59.4% 24.5% 34.9%

HCEB excitation 51.7% 48.3% 25.7% 22.6%

In order to explore whether the luminescence spectra of β-Ga2O3 are stable under the
excitation of high-charge electron irradiation, experiments were conducted by varying the
electron charges in a macro pulse, as shown in Figure 5a. Remarkably, the shape of the
spectrum exhibits negligible changes across 500 fC to 50 pC (approximately 107 Gy/s to 109

Gy/s for a single bunch), suggesting that the emission bands remain relatively unaltered.
The relative contributions of each emission peak were quantified and presented in Figure 5b,
where different groups correspond to specific excitation conditions. This indicates that the
radiation damage has a negligible impact on the spectral results across varying excitation
dose rates (different electron bunch charges), which further demonstrate the stability of
β-Ga2O3 under high charge (500 fC to 50 pC) and high dose rate (107 Gy/s to 109 Gy/s)
electron irradiation.
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peaks (3.4 eV, 3.1 eV, 2.8 eV).
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4. Discussion
The spectra of XEL, SEM CL, and HCEB excitation luminescence exhibit significant

differences. The interaction of keV X-rays with matter predominantly generates secondary
electrons via the photoelectric effect, thereby exhibiting a certain level of theoretical equiv-
alence. Comparatively, XEL exhibited the lowest dose rate (400 mGy/s). In SEM CL, a
current of 3 pA was used over a 50 µm × 50 µm scanning area, with an average electron en-
ergy of 5 keV. This setup yields a penetration depth in the micrometer range and a dose rate
of approximately 103 Gy/s. HCEB excitation luminescence demonstrated the highest dose
rate (up to 109 Gy/s). Through a comparison of spectral data, it was observed that with in-
creasing dose rates, the proportion of UV-band emission rises, while the DAP luminescence
correspondingly diminishes. Under lower excitation densities, the preferential relaxation of
electrons and holes are to band edges and subsequently captured by inter-band defects. As
a result, the predominant recombination path is via DAP. However, at considerably high
dose rates, defects may become saturated, enabling a greater contribution from UV band
emission. Similar trends were reported by Pozina et al. in 2017 when varying the current
of the SEM [23]. A closer examination of the 3.1 eV and 2.8 eV components indicates that
under the XEL excitation, only the 3.1 eV luminescence is observed. In contrast, both SEM
CL and HCEB excitation luminescence exhibit comparable contributions from the 3.1 eV
and 2.8 eV emissions. This discrepancy may be attributed to the difference in secondary
electron generation and thermal relaxation associated with X-ray and electron excitation
methods. Li et al. emphasized the impact of various excitation sources on the luminescence
of Cs3Cu2I5, noting that X-ray excitation tends to capture more electrons directly into
the inter-band energy levels compared to UV photon excitation, leading to emission in
different spectral ranges [39]. Furthermore, the varying penetration depths of electrons
with different energies may invoke different defect species within the material. These
findings underscore the importance of categorizing irradiation types, energy levels, and
dose rates in the field of scintillation physics. Nevertheless, the spectral changes within
our dose rate parameter window (107 Gy/s to 109 Gy/s) are relatively minor, which is
consistent with the results in Figure 3 where a clear linear response is observed.

As for the case of time response for high-charge electron excitation, the fast decay
component is almost three times as fast as that for PL emissions. However, the average
decay time is only twice as fast. The initial rapid decay time was likely attributed to the
quenching effects induced by higher-order processes. Diverging from the through-band
excitation in PL, high-energy electrons can generate secondary electrons through inelastic
scattering. They then facilitate localized carrier accumulation and promote exciton–exciton
annihilation and Auger recombination processes, which exhibit a polynomial relationship
with carrier concentration and can expedite the fluorescence decay rate [40,41]. However, it
is noteworthy that the measured lifetimes of donor–acceptor emissions exhibit slower time
constants compared to the UV-band emission [42]. Spectral analysis reveals that under
HCEB excitation, the contribution of the UV-band emission diminishes compared to PL.
The increased number of deeper defect levels participating in the radiative recombination
process can lead to a substantial augmentation in the proportion of long-lived components.
Therefore, the slow decay component of HCEB excitation of different pulse charges is
comparable or even a bit longer than that of PL. Taking these two factors into account, the
averaged decay time for HCEB excitation is approximately twice as fast as that for PL emis-
sions. As for the decay time under the electron accelerator excitation, the fast decay times
are consistently under 6 ns, with the fast component dominating the total signal at over 60%.
As the dose rate increases, the average lifetime remains around 20 ns, which is significantly
faster than the commercially available inorganic scintillators like GAGG: Ce [14]. This
highlights the material’s considerable potential for future ultrafast scintillation detection
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systems. Moreover, both the average decay time and the fast decay time components ex-
hibit a decreasing trend. This may involve some bimolecular processes under high-density
excitation [37], which will be systematically investigated in future experiments.

These results underscore the distinct differences in luminescence physics and prop-
erties compared to conventional low-energy, low-dose-rate electron, X-ray excitation and
laser excitation. Consequently, it is imperative to perform performance tests on scintillators
under relevant high-charge ultrashort conditions for practical strong-pulsed radiation
detection applications. The precise condition at which significant changes occur in the
properties of β-Ga2O3 and the specific inflection point are still ambiguous, necessitating
further comprehensive research and analysis. Nevertheless, our results demonstrate the
intrinsic stability of β-Ga2O3 in emission characteristics, including emission spectrum,
linear responsivity and fast-decay time, across pulse charges ranging from 500 fC to 50 pC
with pulse width of 10 ps.

5. Conclusions
In conclusion, this study presents the first investigation into the time and spectral

characteristics of β-Ga2O3 under the excitation of electrons with ultra-high charge and
ultrashort pulse duration. Remarkably, the luminescence intensity of β-Ga2O3 exhibits
a strong linear correlation with the charge of incident electrons in the range of 500 fC to
50 pC (dose rate within the range of 107 to 109 Gy/s). Lifetime analysis reveals a fast decay
component ranging from 3 to 4 ns, along with an average lifetime of 20 ns. The obtained
spectrum exhibits prominent peaks at 2.8 eV, 3.1 eV, and 3.4 eV, remaining stable across
500 fC to 50 pC charge levels. These findings provide a solid basis for the application of
β-Ga2O3 as a scintillation detector in high-charge electron bunches. Our comparative anal-
ysis of the emission spectra with XEL and SEM CL reveals that with increasing dose rates,
the proportion of UV-band emission rises, while the DAP luminescence correspondingly di-
minishes. This underscores the importance of categorizing irradiation types, energy levels,
and dose rates in the field of scintillation physics. Consequently, it is imperative to conduct
performance tests on scintillators under relevant strong-pulsed radiation conditions for
practical detection applications. In future studies, comprehensive experiments and analysis
are necessary to elucidate the underlying mechanisms.
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