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 Abstract– The light output response of LYSO(Ce) crystals 
was investigated using helium and carbon beams of 720 MeV and 
3.48 GeV, respectively. Experimental results showed good
agreement with the calculated curves by the Birks equation but 
the values of the parameters in the equation were different 
between helium and carbon ions. 

I. INTRODUCTION 

he medical application of relativistic heavy ions is 
significantly growing in the field of radiotherapy. A lot of 

treatments have already been carried out, especially for deep-
seated tumors. For highly accurate treatments, a precise 
simulation of the interactions between incident heavy ions and 
nuclei in a human body is important, therefore experimental 
nuclear reaction data on such interactions are urgently needed. 
In the measurement of nuclear reaction data, an inorganic 
crystal is often used as a charged particle spectrometer due to 
its high stopping power. Recently, celium doped lutenium-
yttrium oxyorthosilicate [Lu1.8Y0.2SiO5(Ce); LYSO(Ce)] has 
been developed and is expected as one of the promising 
scintillation materials used in future nuclear data 
measurements, because it has excellent characteristics such as 
high scintillation efficiency, high stopping power, non-
hygroscopicity and fast decay time. In order to apply 
LYSO(Ce) for nuclear data measurements using heavy ions, 
the light output response to heavy ions needs to be 
investigated. However, the existing experimental data are very 
limited and confined to gamma ray measurements for 
applications in the medical industry such as PET detectors [1]. 

In this report, the light output response of a LYSO(Ce) 
crystal to helium and carbon ions of energies up to 720 MeV 
and 3.34 GeV is reported, respectively. 
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II. LYSO(CE) CRYSTAL PROPERTIES

 In high energy experiments, various scintillators have been 
developed strenuously with the increase of energy and beam 
intensity of accelerators. Table  shows the basic 
characteristics of representative scintillators used in high 
energy experiments. The performance requested for these 
scintillators is heavier, faster and more tolerant to radiation 
damage. LYSO(Ce) is one of the scintillators which have been 
developed for these requests. 

A. Basic Characteristics 
The effective atomic number of LYSO(Ce) is 66 and 

density is 7.1 g/cm3 and these values are big compared to 
other crystals. The light output of LYSO(Ce) is higher than 
GSO(Ce) or BGO and it is twice as high as that of GSO(Ce). 
Decay time is 45 ns, so LYSO(Ce) is well-suited for high 
counting rate experiments. Emission length is 420 nm, so we 
can use a photomultiplier tube with bialkali photoelectron 
surface. 

However, LYSO(Ce) contains a radioisotope 176Lu as its 
component and it disintegrates into 176Hf. Fig. 1 shows the 
decay scheme of 176Lu. In the disintegration of 176Lu, one beta 
ray and three gamma rays are emitted. 

TABLE 
BASIC CHARACTERISTICS OF REPRESENTATIVE INORGANIC SCINTILLATORS IN 

HIGH ENERGY EXPERIMENTS

Scintillator LYSO(Ce) GSO(Ce) BGO NaI(Tl) CsI(Tl) 

Composition Lu1.8Y0.2SiO5 Gd2SiO5 Bi4Ge3O12 NaI:Tl CsI:Tl 

Effective Z 66 59 74 51 54 

Density [g/cm3] 7.1 6.71 7.13 3.67 4.51 

Light output 
(relative) 
fast/slow 

40 18/2 7 100 145 

Decay time [ns] 
fast/slow 

45 60/600 300 230 1000 

Emission WL 
[nm] fast/slow 

420 430/430 505 415 540 

Radioactivity yes no no no no 

Hygroscopicity no no no yes yes 

T
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Fig. 1. Decay scheme of 176Lu. One beta ray and three gamma rays are 
emitted in the disintegration. 

Fig. 2. The measured background spectrum of LYSO(Ce). The dimension 
of the crystal is a cube 20 mm on a side. 

Fig. 2 shows the measured energy spectrum of the 
background. We used LYSO(Ce) crystals made by Saint 
Gobain Crystals (PreLudeTM 420 crystal). According to their 
catalog the total rate of background activity is about 40 cps/g 
[2]. 

B. Timing Property 
We measured the timing property of two LYSO(Ce) 

crystals using annihilation gamma rays from 22Na. Fig. 3 
shows the obtained experimental spectrum. Considering the 
spread of  electron transit time of photomultiplier-tubes and 
the fluctuations due to electronic devices, the timing resolution 
of LYSO(Ce) for a 511 keV annihilation gamma ray is shown 
by following equations, 
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where tΔσ  is the obtained experimental timing resolution, 

startσ , stopσ  are the resolution of start and stop timing, 

)( 21 LYSOLYSOLYSO σσσ ==  is the timing resolution of an 

LYSO(Ce) crystal, deviceσ  is the fluctuations due to electronic 

devices and PMTσ  is the electron transit time spread of 
photomultiplier tubes. According to the previously performed 
experiment, deviceσ  is 91 psec. We used Hamamatsu H7415 
photomultiplier tube at 1000 V in our measurements. Under 
this condition, the electron transit time spread is about 650 
psec [3]. The timing resolution of LYSO(Ce) crystal for 511 
keV gamma ray was found to be about 820 psec. 

Fig. 3.  The obtained experimental timing spectrum of LYSO(Ce).  

III. EXPERIMENT 

Measurements were performed at the PH1 course of the 
Heavy Ion Medical Accelerator in Chiba (HIMAC) in the 
National Institute of Radiological Sciences. Monochromatic 
beams of helium and carbon ions accelerated up to 720 MeV 
and 3.48 GeV were used in the experiments. Fig. 4 shows the 
schematic view of the present measurement system. It was 
composed of a degrader changer, an active collimator, a thin 
plastic scintillator 2 mm thick and two LYSO(Ce) crystals. 
The active collimator has an aperture of 5 mm diameter as an 
active slit to determine the solid angle of the spectrometer. 
Trigger signals were generated by the coincidence of the thin 
plastic scintillator and the upstream LYSO(Ce). The 
dimension of LYSO(Ce) is 20mm cube. In order to change the 
incident energy to LYSO(Ce), we used degraders made of 
aluminum and/or copper. The incident energy region was 150 
to 700 MeV for helium and 500 to 3400 MeV for carbon. The 
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light output of crystals was normalized by using a LED and 
standard radiation sources. 

PMT
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Beam

LYSO(Ce) crystals

Fig. 4.  The schematic view of the present measurement system. Each 
scintillator was optically coupled to a photomultiplier-tube. 

IV. CALCULATION

The deposited energy in crystals or degraders was calculated 
by the following equation, 
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where r0 is the classical electron radius, z is charge of incident 
particles, mec

2 is the rest mass energy of electron, Z is atomic 
number of material, N is atomic density of material and I is the 
mean excitation potential. 

In order to reproduce the light output of LYSO(Ce), we 
applied the Birks equation. In general, the light output curves of 
scintillators are nonlinear. This is one of the undesirable 
problems when we use scintillators as calorimeters. In order to 
represent the light output curve of organic scintillators, Birks 
introduced the following equation on the assumption that the 
amount of the luminescence per unit length is described by a 
function of its stopping power, 
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where S is the absolute scintillation efficiency and kB is the 
Birks parameter, which shows the magnitude of quenching 
effect [4]. Equation (4) shows that the amount of the 
luminescence per unit length is decreased by quenching 
effects in high dE/dx region.  Equation (4) reproduces the light 
output curves of organic scintillators appropriately. This 
equation was also applied to inorganic crystals and was found 
to reproduce their light output curve relatively.  

V. RESULT

Fig. 5 and 6 show the results of the experiment for helium 
and carbon ions, respectively.  
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Fig. 5.  The light output of LYSO(Ce) for helium as a function of the 
deposited energy in crystal. 
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Fig. 6. The light output of LYSO(Ce) for carbon as a function of the 
deposited energy in crystal.  

In both figures, closed circles are the light outputs from the 
ions that stop in a crystal and deposit all their energy. 
Rhombic points are the light outputs from the ions that 
penetrate a crystal and deposit a part of their energy. When the 
deposited energy is same, the light output of penetrating ions 
is higher than that of stopping ions. The curves in the figure 
are the calculated by the Birks equation. Solid line is for 
stopping ions and dashed line is for penetrating ions. In these 
calculation, the fitted values of Birks parameter were kB = 
5.68× 10-5 m/MeV for helium and kB = 1.03× 10-5 m/MeV for 
carbon.  

VI. DISCUSSION

We carried out the experiment on GSO(Ce) crystals for 
intermediate energy charged particles, previously [5]-[8].
We found that the light output curve of GSO can be 
reproduced using the common Birks parameter for proton, 
deuteron, helium and carbon. In these experiments, the 
dimension of GSO(Ce) crystal is 43 mm cubic. Fig. 7 shows 
the light output curves of GSO(Ce).
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Fig. 7.  The light output of GSO(Ce) as a function of the deposited energy 
in a crystal. The solid lines are the curves for stopping ions and the dotted 
lines are the curves of penetrating ions. 

In these figures, calculated lines were made by common 
parameters, kB = 1.7× 10-5 MeV/m. Compared with this, the 
values of Birks parameter for LYSO(Ce) were different 
between two kinds of ions. We have the experimental data for 
only two kinds of ions now, so we need to carry out the 
experiments about another kind of ions for the better 
understanding of this difference. 

VII. CONCLUSION

We have investigated the light output response of 
LYSO(Ce) crystals using helium and carbon beams of 720 
MeV and 3.48 GeV, respectively. Experimental results 
showed good agreement with the calculated curves by Birks 
equation. But the parameters in the Birks equation were 
different between helium and carbon. On the other hand, the 
light output curves of GSO(Ce) are represented by the 

common value of Birks parameter. In order to use LYSO(Ce) 
for the measurement of heavy ions, it is necessary to 
investigate the light output responses for a different kind of 
charged particles. 

ACKNOWLEDGMENT

This work was performed as the Research Project with 
Heavy Ions at the NIRS-HIMAC, 18P214. 

REFERENCES

[1]  I. Vilardi et al., “Optimization of effective light attenuation length of 
YAP:Ce and LYSO:Ce crystals for a novel geometrical PET concept”, 
Nucl. Insturum. Methods Phys. Res. A, vol. 564, pp. 506-514, June 2006. 

[2] Saint-Gobain Crystals, PreLudeTM 420 crystal data sheet. 
[3] HAMAMATSU, H7415 data sheet. 
[4] J. B. Birks, The Theory and Practice of Scintillation Counting,

Macmillan, New York, 1964. 
[5] H. Yoshida et al., “Absolute efficiency of a stacked GSO(Ce) 

spectrometer for intermediate energy protons”, Nucl. Insturum. Methods 
Phys. Res. A, vol. 411, pp. 46-50, July 1998. 

[6] F. Saiho et al., ”Response and efficiency of stacked GSO(Ce) 
spectrometer to intermediate-energy deuterons”, Nucl. Insturum. 
Methods Phys. Res. A, vol. 537, pp. 594-599, September 2004. 

[7] M. Imamura et al., “Response characteristics of GSO(Ce) crystal to 
intermediate-energy α-particles” Nucl. Insturum. Methods Phys. Res. A,
vol. 564, pp. 324-327, May 2006. 

[8] G. Wakabayashi, et al., “Light output response of GSO(Ce) crystals to 
relativistic carbon ions”, IEEE 2006 Nuclear Science Symposium 
Conference Record, vol. 2, pp. 1175-1177,  2007. 

2306



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


