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ABSTRACT: Rare-earth-doped  glasses  have  been  demonstrated  as  highly
promising  scintillator  materials,  particularly  for  X-ray  imaging  applications.
However, challenges such as high defect density, low luminescence efficiency,
and  poor  spatial  resolution  remain,  primarily  attributed  to  high  phonon
energy, inefficient energy transfer (ET), and light scattering in glass materials.
Herein,  we report a successfully designed dual-sensitized codoped Gd-based
oxyfluoride glass scintillator that can achieve high internal quantum efficiency
(IQE,  97.5%),  excellent  X-ray  luminescence  (XEL)  intensity  (216%  Bi4Ge3O12),
high optical transparency (approximately 90% at 550 nm), and good radiation
stability by using Tb3+ as the luminescent center, synergistically incorporating
Gd3+ and Ce3+. Specifically, the optimized glass scintillator can achieve a spatial
resolution  of  up  to  32.6  lp·mm−1 for  X-ray  imaging,  coupled  with  an
exceptionally low detection limit of 1.03 μGy·s−1.  Additionally,  the developed glass scintillator enables irregular-shaped and large-
scale  fabrication  (diameter:  5  cm)  that  is  difficult  to  accomplish  with  conventional  scintillator  materials.  The  developed  material
offers a new option for developing low-cost, high-performance glass scintillators for high-resolution X-ray imaging.
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1    Introduction
X-ray  imaging  plays  an  increasingly  critical  role  in  a  variety  of
fields,  including  medical  diagnostics,  security  screening,  and
industrial  nondestructive  testing  [1].  However,  the  current  X-ray
imaging  technology  encounters  challenges  such  as  low  spatial
resolution,  low  X-ray  energy  utilization,  and  poor  large-area
uniformity,  which  impose  strict  limitations  on  the  further
development  of  this  technology  [2,3].  In  fact,  as  the  core
component  of  X-ray  imaging  systems,  the  exploration  of  highly
efficient scintillating materials is crucial for enhancing the imaging
performance.  However,  although  traditional  single-crystal
scintillators (e.g.,  NaI:Tl [4],  Bi4Ge3O12 [5],  and Lu3Al5O12:Ce [6])
offer  the  advantage  of  high  light  yield  (LY),  their  application  in
large-area  imaging  is  restricted  by  the  high  cost  and  formidable
technical challenges involved in fabricating large-area, high-quality
crystals [7,8].

In  contrast,  glass  scintillators  have  emerged  as  a  cost-effective
and  versatile  alternative  to  traditional  single  crystals  due  to  their
tunable  composition,  high  transparency,  and  manufacturing

scalability,  and  even  optical  fiber  form,  to  meet  different  device
requirements  [6,9−12].  Rare earth ions (e.g.,  Ce3+,  Tb3+,  and Eu3+)
as luminescent centers in glass scintillators are a simple,  efficient,
and attractive strategy [13−20]. In particular, Tb3+ is suitable for X-
ray  imaging  and  neutron  detection  techniques  because  the
position  of  its  emission  peak  (544  nm)  matches  the  detection
range  of  charge-coupled  devices  (CCDs)  [21−24].  For  glass
scintillators,  the  option  of  the  amorphous  structure  plays  an
essential  role  in  scintillation  performance;  among  them,  the
lithium aluminosilicate (LAS) oxyfluoride glass system, known for
its  lower  phonon  energy  and  chemical  stability,  is  chosen  as  the
main subject for research on glass scintillators [25,26]. On the one
hand, the LAS oxyfluoride glass can exhibit high solubility (up to
10 wt%) of Tb3+ ions, primarily attributed to Li+ doping increasing
the  number  of  nonbridging  oxygen  atoms,  which  significantly
enhances  the  uniformity  of  Tb3+ distribution  within  the  glass
matrix [27]. On the other hand, the 4f–5d energy level leap of Tb3+

needs the phonon energy of the LAS glass host to be less than its
energy  level  difference  (~3500  cm−1),  and  the  corresponding
nonradiative  leap  can  be  effectively  suppressed  by  introducing 
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fluorides with low phonon energy (< 500 cm−1) into the matrix to
increase the scintillation luminescence efficiency. However, due to
the internal defects in the disordered structure of glass, the energy
cannot be effectively transferred to the luminescent center, leading
to  low  X-ray  conversion  to  visible  light  efficiency,  poor  spatial
resolution, and poor long-term irradiation.

In  this  work,  a  series  of  Tb3+/Ce3+-codoped  Gd-based
oxyfluoride LAS glass (LASNT:xGdyCe) was successfully designed
and  prepared  via  a  melt-quenching  method  by  synergistically
introducing Tb4O7, GdF3, and CeF3. The obtained LASNT:Gd/Ce
demonstrated  strong  green  emission  with  a  high  internal
quantum  efficiency  (IQE,  97.5%)  and  outstanding  X-ray
luminescence  properties  (XEL,  216%  Bi4Ge3O12 (BGO)),
attributed to the synergistic enhancement of energy transfer (ET)
efficiency  by  the  combined  sensitizers  Gd3+ and  Ce3+ to  Tb3+.
Simultaneously,  the  developed  materials  indicated  excellent
radiation  stability  under  long-term  X-ray  exposure,  achieving  a
high spatial resolution of up to 32.6 lp·mm−1 and a detection limit
of  1.03  μGy·s−1,  making  them  suitable  for  X-ray  imaging
applications.  In  addition,  the  proposed  scintillators  can  be  easily
processed  into  flexible  shapes  and  sizes,  offering  significant
possibilities for X-ray imaging.

2    Experimental

2.1    Materials
Preparation  of  Gd-based  oxyfluoride  glasses:  the  glass  precursor
with  the  composition  of  (51−x)SiO2–25Li2O–5Al2O3–10NaF–
xGdF3–4Tb4O7–yCeF3 (x =  2–7  mol%, y =  0–0.25  mol%)  was
synthesized  via  the  traditional  melt-quenching  method.  Twenty
grams of  high-purity  raw material  was  evenly  mixed and melted
in an alumina crucible at 1450 °C for 90 min. The glass melts were
poured  into  a  preheated  graphite  mold,  annealed  in  a  muffle
furnace at 500 °C for 2 h to remove internal stress, and cooled to
room temperature to obtain the glass precursor. For comparison,
the  Tb3+-doped  oxyfluoride  glass  was  denoted  as  LASNT,  while
the  Tb3+/Ce3+ codoped  Gd-based  oxyfluoride  glass  with  different
contents  of  GdF3 and  CeF3 was  denoted  as  LASNT:xGd/yCe.
Additionally,  the  matrix  glass  and  Ce3+-doped  Gd-based
oxyfluoride  glass  are  labeled  LASNT  and  LASNT:xGd/yCe,
respectively  (Table  S1  in  the  Electronic  Supplementary  Material
(ESM)).  Finally,  the  prepared  glasses  were  cut  and  optically
polished to a thickness of 2 mm.

2.2    Characterizations
The  phase  identification  of  the  as-synthesized  samples  was
detected on an X-ray diffractometer (XRD, D8 Advance,  Bruker,
Germany, Cu Kα light source, λ = 0.154 nm). The absorption and
transmission properties of the as-synthesized samples were tested
by  a  ultraviolet–visible  (UV–vis)  spectrophotometer  (Lambda
750S,  PerkinElmer,  USA).  The  IQE  of  LASNT:xGd/yCe  was
examined  by  a  fluorescence  quantum  efficiency  measurement
system  (XPOY-EQE-adv,  Rhino  Spectrum  Optoelectronics,
China).  The  XEL,  variable  temperature  XEL  spectra,
photoluminescence  (PL)  spectra,  and  photoluminescence
excitation  (PLE)  spectra  of  related  samples  were  obtained  on  a
spectrometer  (Omni-λ300i,  Zolix,  China)  and  fluorescence
spectrophotometer  (F-7000,  Hitachi,  Japan),  respectively.  The  X-
ray imaging performance of related samples was performed using
the self-made X-ray imaging apparatus with a camera sensor size
(1-channel  complementary  metal-oxide-semiconductor  (CMOS)
15.86 mm), resolution of 5472 (H) × 3648 (V),  and a lens model
(MVL-KF3254M-25MP,  Hikvision,  China).  The  sample  pictures

and X-ray  imaging  photographs  were  filmed on a  mobile  phone
(under  sunlight  and 365 nm UV light)  and a  camera  (FL-20BW
CMOS, TUSCEN, China), respectively. An X-ray tube (MAGPRO
70 kV 12 W, Moxtek, USA) was employed as the radiation source.
X-ray photons were generated at an acceleration voltage of 20 kV
and operated within a current range of 50–200 μA. Additionally,
the  as-synthesized  samples  for  X-ray  imaging  were  polished  to
2 mm with a size of 10 mm × 10 mm, and the image acquisition
time was 1 s.

3    Results and discussion

3.1    Design and structural characterization of glass
Under  X-ray  excitation,  rare-earth-doped  oxyfluoride  glass  can
emit  effective  luminescence,  primarily  consisting  of  three  stages:
conversion,  transmission,  and  luminescence  (Fig.  1).  In  the
conversion stage, the incident X-ray high-energy photons interact
with  the  outer  electrons  of  the  atomic  nuclei  of  the  glass
scintillator  to  become  high-energy  free  electrons  (secondary
electrons), primarily through the photoelectric effect. Massive free
electrons  are  ionized  to  generate  low-energy  electrons,
subsequently  from  inner-shell  orbitals  to  outer-shell  orbitals,
forming  electron–hole  pairs.  Subsequently,  electron–hole  pairs
migrate  to  the  luminescent  center  (rare-earth  ions)  and  release
photons through radiative recombination.  Evidently,  utilizing the
sensitization  effect  of  codoped  rare-earth  ions  represents  an
effective  potential  pathway  for  enhancing  their  scintillation
performance.

First,  PLE  and  PL  spectra  of  SiO2–Li2O–Al2O3–NaF–GdF3–
Tb4O7 glass  were  measured  as  a  function  of  the  GdF3 content,
both  of  which  exhibit  typical  excitation  and  emission  spectra
characteristic of Tb3+ (Figs. 2(a) and 2(b)). Compared to the Tb3+-
doped  sample,  the  excitation  peaks  of  Gd3+ (274  nm, 8S7/2 → 6I7/2;
312  nm, 8S7/2 → 6P7/2)  were  observed,  confirming  an  efficient  ET
process from Gd3+ to Tb3+ (Fig. S5(a) and Note S1 in the ESM). A
series  of  characteristic  emission  peaks  at  489,  542,  584,  and
620 nm was generated under 374 nm excitation, attributed to the
5D4 → 7FJ (J = 6,  5,  4,  and 3) transitions of Tb3+.  In Figs.  2(b) and
Fig.  S5(a)  in  the  ESM,  the  luminescence  intensity  of  the
LASNT:xGd  samples  first  increased  and  then  decreased  as  the
GdF3 content  increased,  exhibiting  optimal  PL  properties  at x =
4  mol%,  which  may  be  attributed  to  excessive  Gd3+ consuming
energy through charge migration or nonradiative transitions (e.g.,
6P → 8S  transition  of  Gd3+). Figure  2(c)  shows  the  IQE spectra  of
LASNT:xGd  as  a  function  of  GdF3 doping  concentration.  The
IQE  achieved  a  maximum  value  of  96.8%  at x =  4  mol%  (Fig.
S1(a) and Note S2 in the ESM). From the perspective of the glass
network  structure,  the  initial  glass  network  structure  primarily
consists of [SiO4] and [AlO4] tetrahedra units (Figs. 2(d) and S1(b)
in the ESM). When small amounts of GdF3 were incorporated, the
glass  network  structure  partially  depolymerized  to  form [SiO/F4]
and  [AlO/F4]  units.  Given  that  the  vibrational  frequency  of  the
Tb–F  bond  (350  cm−1)  is  lower  than  that  of  the  Tb–O  bond
(600–900  cm−1),  the  phonon  energy  in  the  glass  matrix  is
significantly  reduced,  leading  to  substantial  suppression  of
multiphoton  relaxation  processes  and  thus  enhancing  the
luminescence  efficiency  of  the  material.  Moreover,  when  the
concentration of GdF3 increased from 2 to 4 mol%, the energy gap
between the 5D4 → 7FJ (J = 6, 5, 4, and 3) level of Tb3+ narrowed due
to lattice expansion, resulting in enhanced ET efficiency (Fig. 2(e)).
However,  a  significant  depolymerization  of  the  glass  network
occurred at excessive GdF3 concentrations (accompanied by Gd3+

aggregation/cross-relaxation  and  locally  high-phonon  density),
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leading  to  a  decrease  in  luminescence  intensity,  which  may  be
attributed  to  defect-induced  nonradiative  transitions  [28].  In
Fig. 2(f), the XPS Tb 3d spectra show that the peak shifts toward
higher  binding  energies,  further  indicating  that  excited  Gd3+

efficiently  transfers  energy  nonradiative  to  Tb3+,  accompanied  by
an enhancement in the ionic hybrid nature of the Tb–F bond.

3.2    ET and optical properties
Furthermore, the introduction of CeF3 as a cosensitizer enhanced
the  luminescence  properties  of  LASNT:4Gd,  and  all  LASNT:
4GdyCe samples exhibited totally amorphous phases (Fig. S2(a) in
the  ESM).  Simultaneously,  the  introduction  of  CeF3 has  no
significant  effect  on  the  intrinsic  robustness  of  the  glass  network
structure,  thereby facilitating its  high light output and irradiation
stability  (Fig.  S2(c)  in  the  ESM).  The  excitation  band  of  Tb3+ at
330–390  nm  and  the  emission  of  Ce3+ at  360–500  nm  overlap,
which indicates the existence of ET from Ce3+ to Tb3+ (Fig. S3(a) in
the  ESM).  PLE  spectra  (λem =  542  nm)  of  LASNT:4GdyCe  (y =
0.05–0.2  mol%)  samples  were  studied  and  are  shown  in
Fig. 3(a), and the broad excitation band was attributed to the 4f1 →
5d1 transition  of  Ce3+ ions,  suggesting  the  presence  of  ET  from
Ce3+ →  Tb3+ in  these  samples  (Note  S1  in  the  ESM).  Upon
irradiation  at  374  nm,  the  main  emission  peaks  of  the

LASNT:4GdyCe  sample  at  489,  542,  583,  and  621  nm  exactly
match 5D4 → 7F6, 7F5, 7F4,  and 7F3 of  Tb3+ (Fig.  3(b)).  Notably,  the
broad  excitation  band  observed  at  321  nm  is  attributed  to  the
4f–5d  transition  of  Ce3+,  with  the  corresponding  emission  band
occurring  at  365  nm  (Fig.  S4(a)  in  the  ESM).  As  such,  PL
measurements  conducted  on  the  LASNT:  4GdyCe  scintillator
under  374  nm  excitation  revealed  only  emission  from  Tb3+ ions.
The  typical  PL  time  decay  curve  of  the  Tb3+ 4f–4f  transition
follows  a  single-exponential  function  of  2.59  ms.  As  the
concentration  of  Ce3+ increased,  the  lifetime  of  the
LASNT:4GdyCe  glass  initially  rose  from  2.59  to  2.64  ms  and
subsequently decreased to 2.57 ms, which exhibits a characteristic
double-exponential  decay  (Note  S2  in  the  ESM).  The  observed
decline  can  be  attributed  to  a  valence  state  transition  within  the
Ce3+-containing glass, which reduces the probability of direct hole-
electron recombination, thus diminishing the ET from Ce3+ to Tb3+

(Fig. 3(d)) [29].
Due to the ET process above, compared to LASNT:4Gd, the PL

intensity of LASNT:4GdyCe (y = 0.05–0.2 mol%) was significantly
enhanced, with the optimal PL sample being LASNT:4Gd0.05Ce.
As  the  CeF3 content  increases,  the  PL  intensities  of  the
LASNT:4GdyCe  samples  first  increase  and  then  decrease,
indicating  that  Ce3+ ions  sensitize  and  enhance  the  luminescence
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performance of LASNT:4Gd (Figs. 3(b) and S5(d) in the ESM). In
Fig.  S4(b)  in  the  ESM, the  obtained sample  achieved a  high IQE
and  EQE  of  97.5%  and  84.4%,  respectively.  Due  to  the  ET  from
the 5d–4f of the Ce3+ electron transition to Tb3+, the luminescence
intensity  of  the  sample  was  enhanced,  while  simultaneously
causing its absorption peak to gradually broaden (Fig. S2(b) in the
ESM). Correspondingly,  compared to LASNT:4Gd, the refractive
index of LASNT:4Gd0.05Ce increases by approximately 0.02–0.04
in  the  long-wavelength  region,  indicating  enhanced  local
polarizability that favors increased radiation transition probability
(Fig.  S3(b)  in the ESM).  Furthermore,  high optical  transmittance
is  essential  for  ensuring  the  imaging  properties  of  glass
scintillators,  and  LASNT:4GdyCe  exhibited  a  transmittance  of
approximately  90%  in  the  visible  light  region,  making  it  suitable
for X-ray imaging applications (Fig. 3(c)).

On  the  other  hand,  the  optimized  LASNT:4Gd0.05Ce
demonstrated exceptional PL thermal stability, with the overall PL
intensity  at  300  °C  remaining  at  86.3%  of  its  initial  intensity  at
25  °C  (Figs.  3(e)  and 3(i)).  Meanwhile,  the  PL  intensities  of

LASNT:4Gd  and  LASNT:4Gd0.05Ce  were  diminished  to  77.4%
and 68.6% of  their  initial  values  at  25  °C,  respectively  (Figs.  3(g)
and  3(h)).  These  results  demonstrate  that  thermally  enhanced
electron  transfer  effectively  compensates  for  thermal  quenching
effects,  thus  achieving  superior  luminescence  performance  and
thermal  stability.  Additionally, Fig.  3(f)  shows  the  CIE  standard
diagram and the calculated chromaticity of LASNT:4GdyCe, with
all samples exhibiting bright green light emission (Table S3 in the
ESM).

3.3    XEL properties and X-ray imaging application
To  further  investigate  their  scintillation  properties,  the  X-ray
absorption efficiency of the prepared glass samples was evaluated
over  a  photon  energy  range  of  100–103 keV,  with  the
LASNT:4Gd0.05Ce  exhibiting  outstanding  X-ray  absorption,
slightly  lower  than  that  of  the  same-sized  (15  mm  ×  15  mm  ×
2  mm)  commercial  BGO  (Fig.  4(a)  and  Table  S2  in  the  ESM);
however,  the integrated RL spectra of  LASNT:4GdyCe are 209%,
216%, 212%, 210%, and 201% of that BGO, respectively (Figs. 4(b)
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Fig. 4    (a) Calculated X-ray absorption coefficients of commercial BGO and LASNT:4Gd0.05Ce as a function of photon energy. (b) XEL spectra of LASNT:4GdyCe
compared  with  an  equivalently  shaped  BGO.  (c)  XEL  spectra  of  LASNT:4Gd0.05Ce  under  repeated  10  X-ray  irradiation  cycles.  (d)  Schematic  illustration  of  RL
mechanism of LASNT:4Gd0.05Ce specimen. (e) Integrated XEL intensity varies spectra of LASNT:4Gd0.05Ce with the number of operations. (f) Time-dependent RL
intensity  of  LASNT:4Gd0.05Ce  under  continuous  turn-on/off  X-ray  irradiation  at  50  kV  and  220  mA.  (g)  XEL  spectra  measured  under  various  X-ray  dose  rate
irradiation ranging from 2.6 to 97.8 mGy∙s−1. (h) RL intensity as a function of X-ray dose rate for LASNT:4Gd0.05Ce. (i) 2D contour plot of temperature-dependent RL
spectra for LASNT:4Gd0.05Ce.
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and  S6(a)  in  the  ESM),  indicating  that  while  the  developed
material  has  slightly  lower  X-ray  absorption  efficiency,  its
efficiency in converting X-ray to visible light is significantly higher.
Meanwhile, the integrated RL intensity of LASNT:4Gd0.05Ce was
approximately  1.06  times  higher  than  that  of  LASNT:4Gd.  It  is
evident  that  Tb3+ serves  as  the  luminescent  center  because  the
introduction  of  Ce3+ and  Gd3+ ions  can  significantly  enhance  the
scintillation  properties.  Specifically,  upon  incorporation  of  CeF3
into  the  glass  matrix,  Ce3+ ions  absorb  high-energy  X-ray  energy
and then efficiently transfer it to the luminescent center of Tb3+ via
nonradiative  leaps,  prompting  LASNT:4Gd0.05Ce  to  emit
characteristic green fluorescence during the 4f–4f transition (5D4 →
7F5), thus achieving energy-enhanced coupling (Fig. 4(d)) [29].

In  addition,  X-ray  irradiation  stability  is  one  of  the  key
indicators  for  the  practical  application  of  glass  scintillators.  As
demonstrated  in Figs.  4(c)  and 4(e),  the  RL  intensity  and
integrated  RL  intensity  as  a  function  of  irradiation  cycles  were
tested, revealing that the RL intensity remained consistently stable
throughout  sustained  X-ray  exposure,  with  no  significant
quenching effect observed. After 1200 s of X-ray on/off cycles, the
relative  RL  intensity  of  the  LASNT:4Gd0.05Ce  sample  remained
essentially stable, indicating its excellent X-ray switching response
capability  and  irradiation  stability  (Fig.  4(f)).  Figure  S6(b)  in  the
ESM shows the XEL intensity of the LASNT:4Gd0.05Ce sample at
various  irradiation  powers  (0.1–10  W),  which  gradually  rose  as
the  X-ray  power  increased  and  remained  virtually  undamaged
even  under  high-dose  radiation.  The  detection  limit  of
LASNT:4Gd0.05Ce  was  further  obtained  by  the  measurement  of
photocurrent at different X-ray dose rates (2.6–97.8 mGy∙s−1), and
the lowest  detection limit  was 1.03 μGy∙s−1 based on linear fitting
with a signal-to-noise ratio (SNR) of 3 (Figs. 4(g) and 4(h)), which

is  lower  than  the  dose  rate  required  for  X-ray  medical  diagnosis
(5.5  μGy∙s−1)  [30,31].  Specifically,  the  low  detection  limit  is
obtained  by  fitting  the  RL  intensity,  mainly  due  to  Tb  doping
induction,  but  is  not  equivalent  to  low-dose-rate  X-ray  imaging.
In  addition,  the  variable-temperature  RL  spectra  were  measured,
revealing  that  the  sample  also  exhibits  excellent  RL  resistance  to
thermal quenching (Figs. 4(i) and S7 in the ESM).

Furthermore, based on an X-ray imaging system (composed of
an X-ray source, a scintillator, an optical reflector, and a camera),
the application potential of the developed glass scintillator for high-
resolution  imaging  was  constructed  (Fig.  5(a)).  The  internal
structure of all images (spring-loaded capsules and chips) is clearly
visible  with  well-defined  boundaries,  achieving  an  observed
resolution  of  ~30  lp∙mm−1 (Figs.  5(c)  and 5(d)).  Meanwhile,  the
modulated  transfer  function  (MTF)  of  LASNT:4Gd0.05Ce
(thickness:  2  mm)  was  further  measured  using  the  slanted  edge
method, showing a high spatial resolution of 32.6 lp∙mm−1, which
surpasses  the  performance  of  most  existing  reported  glass
scintillator materials. (Figs. 5(d) and 5(f); Note S2 and Table S4 in
the ESM). After continuous X-ray imaging testing (approximately
6 h), the IQE of the LASNT:4Gd0.05Ce sample decreased by only
1.9%,  exhibiting  excellent  irradiation  stability  (Fig.  5(e)).  In
addition,  the  developed  glass  scintillator  can  be  successfully
manufactured in irregular shapes (e.g., stars and heart shapes) and
at a large scale (diameter: 5 cm) (Figs. 5(a) and 5(b)), indicating its
significant application potential for X-ray imaging.

4    Conclusions
In  summary,  a  high-performance  Ce  and  Tb  codoped  Gd-based
glass  scintillator  material  has  been  successfully  developed.
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Through  systematic  optimization  of  doping  concentrations,  we
determined  the  optimal  codoped  Gd3+ and  Ce3+ concentrations
(4  and  0.05  mol%)  for  achieving  maximum  RL  intensity.  Its
scintillation intensity was significantly enhanced compared to that
of the unmodified material (LASNT scintillator), with a high IQE
reaching  97.5%  and  a  high  XEL  intensity  (216%BGO).
Meanwhile,  the  LASNT:4Gd0.05Ce  scintillator  exhibits  high
optical  transmittance  (~90%  at  550  nm),  low  detection  limits
(1.03  μGy∙s−1),  and  excellent  irradiation  stability.  The  X-ray
imaging based on the developed glass scintillator achieved a high
resolution  of  32.6  lp∙mm−1,  surpassing  previously  most  reported
scintillator  materials.  Evidently,  the  developed  material
demonstrates significant application potential in high-resolution X-
ray imaging.
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