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Analysis of the suitability of a scintillation detector LSO for clinical

dosimetry
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The possibility of using scintillation detectors based on LSO crystals (Lu2SiO5:Ce) for the tasks of clinical

dosimetry in radiotherapy. A computer simulation of the process of photon generation and registration in a

scintillation detector in the Geant4 program has been performed, and optimal crystal parameters (length 10−15mm

for photon energy 1.25−7.5MeV) have been determined. An experimental test of the prototype detector in a water

phantom at the Varian Unique accelerator revealed its advantages (spatial resolution comparable to that of the Sun

Nuclear EDGE semiconductor detector) and disadvantages (sensitivity to illumination, nonlinear dependence on

radiation power). The results confirm the possibility of using scintillators in dosimetry, however, existing detectors

have an advantage due to the smaller thickness of the detector and, consequently, less influence on the uniformity

of the radiation flux.
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Introduction

Modern radiotherapy is one of the key methods of

curing oncological diseases, since it provides local impact

of ionising radiation (IR) on tumor tissues with minimum

damage to healthy structures. But efficiency and safety of

radiotherapy directly depend on accuracy of dosimetry, i.e.

measurement and control of distribution of an absorbed dose

in biological tissues. Traditionally, ionization chambers and

semiconductor detectors are applied in clinical practice, but

these technologies have some limitations that include insuf-

ficient spatial resolution, a dependence on the temperature

and complexity of operation.

Scintillation detectors designed to convert IR into optic

radiation have a high potential for improving dosimetry

systems. Their advantages include high sensitivity, minia-

turizability and no need for external power supply for

operation of a scintillator. They can be applied when

submillimeter accuracy of measurements is required, where

the ionization chambers (which are a standard of the

modern dosimetry) can not provide required accuracy of

measurements due to limitations to volume reduction. A

coupling of the scintillator and a photodiode potentially can

generate a current that is in 5−10 times higher with the

similar volumes, making it possible to reduce a crystal size

without deteriorating a signal-to-noise ratio and to improve

accuracy of dosimetry.

Despite successful use of LSO crystals (Lu2SiO5:Ce) in

positron-emission tomography (PET), their use in clinical

dosimetry is understudied. In particular, there are no data

about optimal geometry of the crystal for various energies

of therapeutic beams, influence of design specific features

of the detector (for example, a length of an optical fiber)
on measurement accuracy and comparative efficiency of the

scintillation detectors in relation to traditional systems under

conditions of a water phantom.

The present study is aimed at estimating suitability of the

LSO-based scintillation detectors for clinical dosimetry via

complex simulation and experimental verification. The aim

was achieved by solving the following problems:

1) analysis of the characteristics of the LSO scintillator

for verifying creatability of the detector based thereon;

2) computer simulation in Geant4 for determining:

• a dependence of light output on the crystal length at

energies 500 keV−7.5MeV;

• light losses in a PMMA optical fiber (polymethyl

methacrylate) of a different thickness;

3) experimental verification of a detector prototype:

• measurement of linearity of a response, noise charac-

teristics and afterglow;

• comparison with the semiconductor detector Sun Nu-

clear EDGE and the ionization chamber SNC125 in the

water phantom.

A scientific novelty of the study consists of the first

systematic analysis of application of the LSO scintilla-

tor for dosimetry of the therapeutic beams, designing a

methodology of optimization of detector geometry based

on simulation and of identifying key design limitations.
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1. Review of references

Modern studies in the field of scintillation materi-

als for medical dosimetry demonstrate a growing inter-

est to cerium-doped scintillation crystals, in particular,

Lu2SiO5:Ce, which is due to a unique combination of its

physical and operating characteristics. Analysis of literature

data makes it possible to distinguish key advantages of the

selected scintillator as compared to the traditional ones such

as NaI(Tl), BGO or CsI(Tl). A matter of principle is applied

to: a high density of the material, a short radiation length

and high light yield, which provide effective absorption

of IR therapeutic doses within a compact crystal volume,

which is crucial for miniaturizing medical-purpose detectors.

LSO has the density of 7.4 g/cm3, the radiation length

of 1.14 cm and light yield of 30 photon/keV. Besides, it is

not hygroscopic [1–5].
LSO has high radiation resistance: light yield is reduced

by less than 10% when the crystal receives the dose of

2000 Gy [6]. When using in monthly dosimetry in a

Varian Unique accelerator, this dose will be obtained by

the detector for 1.5−2 years of operation.

In combination with absence of hygroscopicity, tem-

perature stability of LSO that demonstrates a deviation

of light yield by no more than 1.5% in a clinically

significant range 285−300K radically differentiates this

material from common hygroscopic scintillators of the

NaI(Tl) type, which require hermetic packaging [7]. The

most important characteristic to be applied in real time is

a short fluorescence lifetime: LSO — 40 ns, which by an

order exceeds the similar parameter for CsI(Tl) — 1220 ns

and makes it possible to minimize a signal overlapping

effect when manipulating pulsed beams of modern medical

accelerators. At the same time, energy resolution of

LSO (662 keV) is 6.89%, thereby meeting requirements of

clinical dosimetry [8].
Special attention should be paid to successful introduction

of LSO into commercial systems of medical visualization,

such as PETCT scanners Philips Vereos, Siemens Biograph

Vision and Biograph Vision Quadra, in which these crystals

provide record-breaking spatial resolution, thereby confirm-

ing their technological maturity and reproducibility of the

characteristics in serial production [9–14]. LSO is consid-

ered as promising options of miniature matrices with high

resolution for PET-CT visualization of small animals [15–
17]. This scintillator also demonstrates better efficiency as

compared to other nonorganic modern scintillators when

recording single gamma photons of 2.22MeV [18].
However, analysis of the literature detects a considerable

gap in studied exactly dedicated to dosimetric applications

of LSO, since most studies are focused on visualization

tasks, thereby making the present study especially relevant

for filling in this niche and extending the fields of application

of these materials.

Comparative analysis of the characteristics of various

scintillators unambiguously indicates advantages of LSO in

a set of parameters that are important for clinical dosimetry:

the high density and an effective atomic number provide

good efficiency of recording high-energy radiation, while

temperature stability guarantees reproducibility of results in

real clinical conditions.

Technological difficulties of growing large LSO single

crystals and their relatively high cost as compared to the

traditional materials are still factors that limit wide-scale

implementation. But a progress in synthesis methods and

cost-reduced production, which are observed in Russia

in recent years, make it possible to predict expansion of

application of these materials in the medical dosimetry.

The performed analysis of the literature confirms that

LSO is a promising option for designing new-generation

scintillation detectors of clinical dosimetry, which combines

optima physical characteristics. Absence of systematic

studies of its dosimetric capabilities under conditions of

the water phantom makes the present study timely and

practically significant for designing methods of precise

radiotherapy.

2. Methods

2.1. Computer simulation in Geant4

The scintillation detector was simulated using the Geant4

software of the 11.1.3 version, which was chosen due to

its capability of simulating nuclear interactions and optical

processes, thereby making it possible to accurately describe

the detector geometry, properties of its components and

experimental conditions.

The geometrical model includes several basic compo-

nents: air-filled volume of a calculation domain of the

size 50× 10× 10mm, the LSO scintillator shaped as a

rectangular parallelepiped with variation of length from 4

to 32mm with a step of 1mm at the constant cross-section

3× 3mm; the PMMA optical fiber of the 1mm diameter

and the 120 cm length with a refractive index of 1.49; as well

as an idealized detector with a sensitive area 3× 3mm and

100% efficiency. The system of coordinates was arranged

so that the X axis corresponded to the beam direction

and the longitudinal axis of the crystal, while an origin of

coordinates was at a point, where the photon entered the

crystal.

A radiation source was simulated as a photon ray with

monochromatic lines at the energies 511 keV, 1.25, 3, 5 and

7.5MeV, which was normally falling onto an end face of the

crystal; in doing so, both axial as well as lateral detection

was considered.

With each energy and crystal length, it included from

10 000 to 20 000 simulations. Data were analyzed by

calculating efficiency of recording via finding a maximum

of the dependence of light output on the crystal length.

2.2. Experimental verification

An experimental part of the study included complex

verification of the designed scintillation detector in real
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Figure 1. Diagram of the scintillation detector.

conditions using the Varian Unique electron accelerator and

the Sun Nuclear 3D SCANNER water phantom with an

embedded two-channel PC Electrometer [19,20].
The radiation beam is represented by a continuous spec-

trum of deceleration photons with bombarding electrons’

maximum energy of 6MeV.

Two detectors were fabricated: based on the LSO crystals

of the size 3× 3× 10mm and 3× 3× 15mm. Each

detector consisted of the crystal optically coupled, via

a special glue with a refractive index 1.5−1.6, with a

polymethyl methacrylate optical fiber of the 120 cm length

and the 3mm diameter, which was designed to transmit

the light signal to a FD265A photodiode with the sensitive

area 1.45× 1.45mm. At the same time, all connections

were additionally protected by a heat shrink tube in order

to provide mechanical stability of light insulation, while the

crystals were placed in water-equivalent opaque plastic caps

of the 1mm thickness. A diagram of the detector is shown

in Fig. 1.

An optical fiber between the scintillator and the pho-

todiode is designed for removing the photodiode out of

a radiation field. It is required for two reasons: the

photodiode has a metal case that creates a powerful flux

of secondary electrons, which affects measurement results;

being a semiconductor, the photodiode itself generates a

current when it is hit by gamma photons. The optical

fiber makes it possible to almost completely avoid influence

of IR on the photodiode and, correspondingly, on the

measurement results.

The photocurrent in a point measurement mode was

recorded by a clinical dosimeter Dose-1 in the electrom-

eter mode and an instrument error of the measurements

was 0.5% [21].
Calibration measurements started from determining basic

characteristics of the detector, including a dependence of

photocurrent on dose power within the range 1−6Gy/min

with the step of 1Gy/min. The measurements were

performed on a table for radiotherapeutic procedures at the

distance of 100 cm to a gantry, the field was 10× 10 cm, and

the photodiode was at a distance of 120 cm to the radiation

field. It also included measurements of a dark current

of the photodiode both with the accelerator turned off as

well as during its operation, but with the detector outside

the radiation field, thereby making it possible to estimate

a contribution by scattered radiation to total noise of the

system. Additionally, a coefficient of detector nonlinearity

was calculated — nonlinearity of photocurrent variation

with variation of power and the dose.

Influence of intrinsic radioactivity of the crystals was

measured by measuring a signal from the detector without

the radiation beam in three days of fluorescence. Besides, in

order to determine influence of scintillation of polymethyl

methacrylate, the optical fiber was placed in the radiation

field without the glued crystal at all possible dose powers

(1−6Gy/min with the step of 1Gy/min).
In order to estimate the fluorescence lifetime of the

crystal, afterglow of the crystal was measured in 10min

of irradiation at power of 5Gy/min, wherein the signal was

recorded with the intervals from 15 to 60 s for 15min after

termination of irradiation.

The main dosimetric measurements were performed in

the water phantom, where the detector was placed with

a step of 1mm along the depth from the surface up

to 25 cm for plotting a curve of depth distribution of the

dose and then laterally at the depth of 10 cm for obtaining a

beam profile 3× 3 cm. Comparison with the semiconductor

detector Sun Nuclear EDGE and the ionization chamber

Sun Nuclear Ion Chamber 125c was performed in the same

conditions [22,23].

3. Results

3.1. Simulation results

Simulation by the Monte Carlo method in Geant4 made

it possible to obtain a detailed pattern of interaction of

IR with the LSO crystal and subsequent formation of

optical photons, wherein a key result was detection of a

clear dependence of efficiency of light output on geometric

parameters of the crystal and energy of incident radiation.

With the small crystal lengths, a part of gamma quanta

exits its overall dimensions, thereby resulting in reduction

of energy release. At the same time, with the increase

of the crystal length, losses during photon re-reflection

increases. For photons of 511 keV the maximum efficiency

of detection was achieved with the crystal length of 8mm,

whereas the higher energies exhibited a regular shift of the

maximum of light output towards the bigger lengths. It

is explained by the increased depth of penetration of high-

energy photons and a need of full absorption of their energy

within the scintillator volume (Fig. 2).
Special attention during simulation was paid to processes

of light losses in a signal transmission system. The PMMA

optical fiber of the 120 cm length had total signal attenuation

by 18.9% specified, and it included 12.3% of losses

for absorption in the material and 6.6% for re-reflections

at interfaces. This ratio necessitates use of specialized

lightguides with improved characteristics of transmittance

within the scintillator radiation range (420 nm) in order

to improve total efficiency of the system. Simulation of

spatial distribution of energy release in the crystal identified
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Figure 2. a — Dependence of the number of the detector-recorded photons on the length of the scintillation crystal and energy of

gamma quanta; b — Dependence of relative light output of the scintillator on energy of gamma quanta and the crystal length.

significant nonuniformity that was especially pronounced

for the high energies (5−7.5MeV), where the maximum

of ionization is shifted deep into the crystal, forming

a typical profile with a sharp increase of an excitation

density at the first millimeters and a gradual drop to

the opposite face end. It shall be taken into account

when interpreting experimental data and designing signal

correction algorithms.

3.2. Results of experimental verification

Determination of the main characteristics of the detector

resulted in specifying a direct dependence of photocurrent

on dose power. A signal/noise ratio for LSO 3× 3× 10mm

is 250, and for 3× 3× 15mm it is 450. About 95% of the

noise signal was allocated to photocurrent from scattered

radiation in an accelerator canyon, which unavoidably hits

the photodiode. Linearity of a detector response within

the power range 1−6Gy/ was confirmed by a high coef-

ficient of determination (R2 = 0.977) when measuring the

dependence of photocurrent on dose power, where a charge

value at 1 Gy remained stable within 2862−2880 pC (for
the crystal 3× 3× 10mm), demonstrating the deviation of

at most 1%. At the same time, the nonlinearity coefficient

calculated as a relative deviation from the ideal straight

line was progressively increasing from 0.59% at 2Gy/min

to 3.52% at 6Gy/min, which is related to gradual saturation

of the photodiode at high levels of the signal (Fig. 3).

We could not estimate influence of intrinsic radioactivity

of the crystals on the measurement results, since the

electrometer used did not record statistically significant
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Figure 3. Variation of the nonlinearity coefficient of the detector

with the increase of radiation power.

deviations of power of the recorded photocurrent when

connecting the detectors without their preliminary irradi-

ation. External interference to the electrometer did not

exceed 0.05 pA.

When studying angular sensitivity, signal changes did not

exceed 1%, thereby indicating isotropicity of light yield and

absence of a pronounced dependence on crystal orientation

in the radiation field.

Afterglow of the smaller LSO crystal in 1min after

10min irradiation at 5 Gy/min was 0.41 and 0.30 pA in

15min, decreasing as per the logarithmic law, as shown in

Technical Physics, 2026, Vol. 71, No. 4
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Fig. 4. This factor shall be taken into account during serial

measurements with short intervals between exposures.

In order to estimate influence of PMMA scintillation on

the general level of photocurrent, the optical fiber without

the crystal was irradiated. 10 cm of the optical fiber

was in the radiation field, which corresponds to 0.7 cm3

of polymethyl methacrylate: this volume of the optical

fiber can be under the beam during the measurements.

No photocurrent from scintillation of the plastic has been

recorded outside the dependence on dose power, which is

related to its low light yield without adding activators as

well as insensitivity of the photodiode to light in the UV

range, which comprises the maximum of radiation.

3.3. Results of dosimetry in the water phantom

According to the results of dosimetry in the water

phantom, the detectors demonstrated spatial resolution

when measuring the beam profile, which was comparable

to the detector Sun Nuclear EDGE, as it is clear in Fig. 5.

The measurement results were normalized to the max-

imum for visual comparison of the results. The level

of the signal from the smaller crystal is higher in the

shadow of the radiation beam due to a worse signal-to-noise

ratio: background exposure of the photodiode to scattered

radiation in the accelerator canyon affects the measurement

results.

The depth distributions of the dose, which are obtained

when scanning from the water surface to 25 cm with a

step of 1mm, demonstrated the maximum of ionization

of the smaller crystal at the depth (11 ± 0.1)mm and

at (12± 0.1)mm for the bigger crystal, with a reference

value of 14mm, which can be seen in Fig. 6. The Figure

clearly demonstrates different forms of the graphs, thereby

indicating a different behavior of the scintillators and the

ionization chamber under conditions of the radiation flux

changing around the detector. Due to their design, the

scintillation detectors absorb more energy and output a
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Figure 5. Results of dosimetry at the 10 cm depth in the radiation

field 3× 3 cm: a — the general view, b — the central part of the

field, c — the shadow part of the beam.

higher signal, whereas in reality the real distribution of dose

power with the depth is close to readings of the ionization

chamber, which unlike the crystals has almost no effect on

the radiation flux. The better results of measurement of

depth dose power can be demonstrated by organic (tissue-
equivalent) scintillators. But due to lower light yield and the

smaller density they will emit much less light, which is a

serious limitation when reducing the sensitive volume.

The comparison with the commercial detector Sun Nu-

clear EDGE and the ionization chamber SNC125 demon-

strated both advantages as well as limitations of the designed

system. On the one hand, the LSO detector demonstrated

good spatial resolution when scanning a beam shadow

region due to the small sensitive area and absence of the

Technical Physics, 2026, Vol. 71, No. 4
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Figure 6. Results of measurement of the depth distribution of

dose power.

metal case that creates additional scattering. On the other

hand, due to specific features of the design of the detectors

the depth distribution of the dose is incorrectly recorded,

thereby excluding use of the likewise-designed scintillation

detectors when measuring the dependence of dose power

on the depth.

Conclusion

The scintillation detector based on the LSO crystal and

designed for tasks of clinical dosimetry has been studied

to make some crucial conclusions that are important for

designing the methods of precise radiotherapy. The key

achievement was experimental confirmation of usability

of the scintillation detectors, which is especially critical

for the modern methods of conformal irradiation and

stereotaxic radiosurgery, which require submillimeter ac-

curacy of dosimetry monitoring. The obtained results

demonstrate that the scintillators can become a base for the

new-generation dosimetry instruments that combine high

accuracy of measurements with radiation resistance and

temperature stability. At the same time, the most important

technological advantage is that it is possible to create

miniature detector assemblies with the sensitive volume

below 0.1 cm3, which can not be achieved for the traditional

ionization chambers.

The following conclusion can be made by analysis of the

experimental data: the scintillation detectors can be used in

relative clinical dosimetry except for measurements of the

dependence of the dose on the depth.

The identified advantages of the scintillation detectors

may include measurement accuracy that is comparable

to the commercial detector Sun Nuclear EDGE during

horizontal scanning of the radiation beam, and the signal-

to-noise ratio that is enough for selecting a
”
clear“ signal

in the proven design of the detector without using a PMT.

The disadvantages are: heavy influence of the scintillator on

the radiation flux therearound, which makes it impossible

to correctly measure the depth distribution of the dose

in the water phantom; a need of taking into account the

radiation dose received by the detector and varying light

yield, since the crystal degrades due to accumulation of

radiation defects (it does not matter in relative dosimetry).
A disadvantage of the specific tested samples is also a silicon

photodiode, whose sensitivity in the spectrum blue-violet

range (380−420 nm) is at the level of 5%−10% of the

maximum one. Selection of a more suitable photodiode will

make it possible to significantly improve the signal-to-noise

ratio, thereby positively affecting the signal quality.
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