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∫∑§«“¡π’È §≥–ºŸâ«‘®—¬‰¥â‡ª√’¬∫‡∑’¬∫§ÿ≥≈—°…≥– ‘́π∑‘≈‡≈™—π¢Õßº≈÷° 3 ™π‘¥ ‰¥â·°à YSO(Ce),
LYSO(Ce) ·≈– LSO(Ce) º≈÷°∑’Ë∂Ÿ°»÷°…“∑—ÈßÀ¡¥º≈‘μ®“° 3 ∫√‘…—∑„πª√–‡∑» “∏“√≥√—∞ª√–™“™π®’π
º≈÷° YSO(Ce) · ¥ß§à“·¬°™—¥æ≈—ßß“π∑’Ë¥’∑’Ë ÿ¥§◊Õª√–¡“≥ 9.1% ´÷Ëß¥’°«à“ 11.3% ·≈– 10.6% ∑’Ë‰¥â
®“°º≈÷° LYSO(Ce) ·≈–º≈÷° LSO(Ce) μ“¡≈”¥—∫  ”À√—∫∑’Ëæ≈—ßß“π 662 keV º≈÷° LSO(Ce) ·≈–
LYSO(Ce) · ¥ßª√‘¡“≥· ß∑’Ë‡ª≈àßÕÕ°¡“„°≈â‡§’¬ß°—π „π¢≥–∑’Ëº≈÷° YSO(Ce) ‡ª≈àß· ßÕÕ°¡“πâÕ¬
∑’Ë ÿ¥ „π™à«ßæ≈—ßß“πμ—Èß·μà 31 keV ∂÷ß 1,333 keV §«“¡‡ªìπ —¥ à«π¢Õß¬‘≈¥å· ßμàÕ§à“æ≈—ßß“π√—ß ’
·°¡¡“¢Õßº≈÷°∑—Èß “¡‰¥â∂Ÿ°«—¥ §à“‚ø‚μ·ø√°™—π‚¥¬ª√–¡“≥¢Õßº≈÷°∑—Èß “¡‰¥â∂Ÿ°√“¬ß“π·≈–‡ª√’¬∫
‡∑’¬∫°—∫§à“Õ—μ√“ à«π¢Õß¿“§μ—¥¢«“ß∑’Ë§”π«≥¥â«¬‚ª√·°√¡ WinXCom
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Comparison of YSO, LYSO and LSO Single Crystals
Doped with Ce3+ for Gamma Ray Detection

Akapong Phunpueok* and Voranuch Thongpool

ABSTRACT

In this paper, we compared scintillation characteristics of three types of crystals,
namely YSO(Ce), LYSO(Ce) and LSO(Ce). All studied crystals were supplied by three
companies in P.R. China. The YSO(Ce) sample shows the best energy resolution of about
9.1% which is better than 11.3% and 10.6% for the LYSO(Ce) and LSO(Ce) samples,
respectively. For a gamma ray energy of 662 keV, the LSO(Ce) and LYSO(Ce) samples show
comparable light output, while the YSO(Ce) sample is the worst. Over the energy range of
31-1,333 keV, the light yield proportional characteristic versus gamma ray energy of all the
samples was measured. The estimated photo-fraction of all tested samples was reported and
compared to the cross-sectional ratio computed using the WinXCom program.
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∫∑π”
º≈÷°´‘π∑‘≈‡≈™—π§◊Õº≈÷°∑’Ë “¡“√∂‡ª≈’Ë¬π‚øμÕπ¢Õß√—ß ’·°¡¡“À√◊Õ√—ß ’‡Õ°´å∑’Ëμ°°√–∑∫„Àâ

°≈“¬‡ªìπ‚øμÕπ¢Õß· ß∑’Ëμ“¡Õß‡ÀÁπÀ√◊Õ√—ß ’¬Ÿ«’ §«“¡ “¡“√∂„π°“√≈¥æ≈—ßß“π¢Õß‚øμÕπ≈ß∑”„Àâßà“¬
μàÕ°“√μ√«®«—¥¥â«¬Õÿª°√≥åÕ‘‡≈Á°∑√Õπ‘° å °“√æ—≤π“º≈÷°´‘π∑‘≈‡≈™—π‰¥â‡√‘Ë¡μâπ¢÷Èπ‡¡◊ËÕª≈“¬»μ«√√…∑’Ë 19
·≈–¿“¬„π™à«ß 20 ªï∑’Ëºà“π¡“π’È ®”π«π¢Õßº≈÷°´‘π∑‘≈‡≈™—π™π‘¥„À¡àÊ °Á‰¥â∂Ÿ°§âπæ∫·≈–æ—≤π“¢÷ÈπÕ¬à“ß
·æ√àÀ≈“¬ º≈÷°À≈“¬™π‘¥‰¥â∂Ÿ°æ—≤π“®π “¡“√∂„™â„π‡™‘ßæ“≥‘™¬å ‚¥¬‡©æ“–Õ¬à“ß¬‘Ëßº≈÷°μ√–°Ÿ≈ÕÕ°‰´¥å
∑’Ë∂Ÿ°‡®◊Õ¥â«¬ Ce3+  ”À√—∫„π«ß°“√°“√·æ∑¬åπ—Èπº≈÷°‡À≈à“π’È‰¥â¡’∫∑∫“∑∑’Ë ”§—≠¬‘Ëß ‚¥¬‡©æ“–¥â“π°“√
 √â“ß¿“æ®“°√—ß ’‡Õ°´å·≈–·°¡¡“ ·≈–„™âÕ¬Ÿà„π‡§√◊ËÕß«‘π‘®©—¬‚√§¥â«¬√—ß ’À≈“¬™π‘¥ ‡™àπ ‡§√◊ËÕß positron
emission tomography (PET) ‡§√◊ËÕß X-ray computed tomography (CT) ‡§√◊ËÕß single-photon
emission computed tomography (SPECT) ‡§√◊ËÕß¡◊Õ«‘π‘®©—¬‚√§‡À≈à“π’È®”‡ªìπμâÕß¡’μ—«μ√«®®—∫√—ß ’∑’Ë¡’
§ÿ≥¿“æ Ÿß‡æ◊ËÕ∑”„Àâ°“√ √â“ß¿“æ®“°√—ß ’∑’Ë‰¥â¡’§«“¡∂Ÿ°μâÕß ·¡àπ¬” ‡æ◊ËÕ°“√·ª≈º≈∑’Ë∂Ÿ°μâÕß ªí®®ÿ∫—π
º≈÷°∑’Ë„™â„π‡§√◊ËÕß«‘π‘®©—¬‡À≈à“π’È¬—ß¡’°“√æ—≤π“∑’Ë‰¡àÀ¬ÿ¥π‘Ëß ‚¥¬º≈÷°∑’Ë¡’§ÿ≥ ¡∫—μ‘‡À¡“– ¡°—∫ß“π¥â“ππ’È§◊Õ
º≈÷°∑’Ë¡’§«“¡Àπ“·πàπ Ÿß §à“·¬°™—¥æ≈—ßß“π¥’‡¬’Ë¬¡ μÕ∫ πÕßμàÕ√—ß ’‰¥â√«¥‡√Á« ·≈–‰¡à¥Ÿ¥§«“¡™◊Èπ º≈÷°
∑’Ë ‰¥â√—∫§«“¡ π„®‡ªìπæ‘‡»… ”À√—∫ß“π¥â“ππ’È°Á§◊Õ º≈÷°μ√–°Ÿ≈ÕÕ°‰´¥å∑’Ë∂Ÿ°‡®◊Õ¥â«¬ Ce3+ ‰¡à«à“®–‡ªìπ
º≈÷°≈Ÿ∑’‡™’¬¡ÕÕ°´’ÕÕ‚μ´‘≈‘‡°∑ (lutetium oxyorthosilicate, Lu2SiO2:Ce, LSO(Ce)) [1, 2] À√◊Õ
º≈÷°≈Ÿ∑’‡™’¬¡Õ‘μ‡∑√’¬¡ÕÕ°´’ÕÕ‚μ´‘≈‘‡°∑ (lutetium yttrium oxyorthosilicate, (Lu,Y)2SiO5:Ce,
LYSO(Ce)) [3, 4] ‡π◊ËÕß®“°º≈÷°∑—Èß Õß™π‘¥π’È¡’§ÿ≥ ¡∫—μ‘À≈“¬Õ¬à“ß∑’Ëπà“ π„® ‡™àπ ‡ª≈àß· ß‡¢â¡ §«“¡
Àπ“·πàπ Ÿß ¡’§à“‚ø‚μ·ø√°™—π Ÿß ‰¡à¥Ÿ¥§«“¡™◊Èπ „π∫∑§«“¡π’È§≥–ºŸâ«‘®—¬‰¥âπ”‡ πÕ§ÿ≥ ¡∫—μ‘´‘π∑‘≈‡≈™—π
¢Õßº≈÷° Lu2SiO5:Ce (LSO(Ce)) ·≈–º≈÷° Lu1.8Y0.2SiO5:Ce (LYSO(Ce)) ‚¥¬π”¡“‡ª√’¬∫‡∑’¬∫°—∫
º≈÷° Y2SiO5:Ce (YSO(Ce)) [5] ‰¥â∑”°“√»÷°…“ §à“¬‘≈¥å· ß §à“·¬°™—¥æ≈—ßß“π §à“·¬°™—¥„πμ—«
§à“§«“¡‰¡à‡ªìπ —¥ à«π¢Õß¬‘≈¥å· ß ¢Õßº≈÷°∑—Èß “¡ ¿“¬„μâæ≈—ßß“π¢Õß√—ß ’·°¡¡“μ—Èß·μà 31 keV ∂÷ß
1,333 keV ‚¥¬∑¥≈Õß∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß (room temperature) ®“°º≈°“√∑¥≈Õß∑’Ë‰¥â√—∫ §à“®”π«π
‚ø‚μÕ‘‡≈Á°μ√ÕπμàÕæ≈—ßß“π√—ß ’·°¡¡“ §à“§«“¡‰¡à‡ªìπ —¥ à«π¢Õß¬‘≈¥å· ß ·≈–§à“·¬°™—¥„πμ—«¢Õßº≈÷°
∑’Ë∂Ÿ°»÷°…“∑—ÈßÀ¡¥‰¥â∂Ÿ°§”π«≥À“§à“ §à“‚ø‚μ·ø√°™—π‚¥¬ª√–¡“≥¢Õßº≈÷°∑—ÈßÀ¡¥∑’Ëæ≈—ßß“π 662 keV ‰¥â
∂Ÿ°§”π«≥·≈–‡ª√’¬∫‡∑’¬∫°—∫§à“∑“ß∑ƒ…Æ’∑’Ë§”π«≥‚¥¬‚ª√·°√¡ WinXCom [6] ‰«â¥â«¬

Õÿª°√≥å·≈–«‘∏’∑¥≈Õß
º≈÷°´‘π∑‘≈‡≈™—π 3 ™‘Èπ °≈à“«§◊Õ º≈÷° LSO(Ce) º≈÷° LYSO(Ce) ·≈–º≈÷° YSO(Ce)

¥â«¬¢π“¥∑’Ë‡∑à“°—π§◊Õ 5 mm Ó 5 mm Ó 3 mm º≈‘μ®“°∫√‘…—∑ Hangzhou Shalom Electro-optics
Technology ∫√‘…—∑ Kinheng Crystal Material (Shanghai) ·≈– ∫√‘…—∑ EPIC Crystal μ“¡≈”¥—∫
º≈÷° LSO(Ce) ·≈–º≈÷° YSO(Ce) ∂Ÿ°ª≈Ÿ°‚¥¬«‘∏’ Czochralski „π¢≥–∑’Ëº≈÷° LYSO(Ce) ∂Ÿ°ª≈Ÿ°
‚¥¬«‘∏’ Bridgeman º≈÷°∑—Èß 3 ™π‘¥∂Ÿ°‡®◊Õ Ce3+ §«“¡‡¢â¡¢âπ 0.5% ‚¥¬∑’Ëº≈÷°·μà≈–™π‘¥®–∂Ÿ°π”¡“æ—π
¥â«¬‡∑ª¢“«∑—Èß 5 ¥â“πÀ≈“¬√Õ∫ ‡À≈◊Õ¥â“π≈à“ß‡Õ“‰«â ‡æ◊ËÕ„Àâ· ß∑’Ë‡ª≈àßÕÕ°®“°º≈÷° –∑âÕπ‡¢â“ ŸàÀ≈Õ¥
∑«’§Ÿ≥· ß„Àâ¡“°∑’Ë ÿ¥ ®“°π—Èππ”Àπâ“∑’Ë‰¡à‰¥âæ—π¡“‡™◊ËÕ¡μàÕ°—∫Àπâ“μà“ß¢ÕßÀ≈Õ¥∑«’§Ÿ≥· ß√ÿàπ XP5200B
PMT ‚¥¬„™â silicone grease „π°“√‡™◊ËÕ¡μàÕ‡æ◊ËÕ¬÷¥º≈÷°„ÀâÕ¬Ÿà°—∫∑’Ë·≈–™à«¬ª√– “π™àÕß«à“ß¢Õß√Õ¬μàÕ
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√–À«à“ßº≈÷°°—∫Àπâ“μà“ßÀ≈Õ¥∑«’§Ÿ≥· ß ®“°π—Èππ”‡∑ª¥”¡“§≈ÿ¡∑—∫À≈“¬™—Èπ‡æ◊ËÕªÑÕß°—π· ß®“°¿“¬πÕ°
‡¢â“¡“√∫°«πÀ≈Õ¥∑«’§Ÿ≥· ß

®“°π—Èππ”·À≈àß°”‡π‘¥√—ß ’·°¡¡“∑’≈–μ—« (133Ba 214Am 22Na 137Cs ·≈– 60Co) ¡“«“ß‰«â
Àà“ß®“°º≈÷°æÕ ¡§«√μ“¡¿“æ∑’Ë 1 ‡¡◊ËÕ‚øμÕπ√—ß ’·°¡¡“¡“μ°°√–∑∫º≈÷° º≈÷°®–‡ª≈’Ë¬π‚øμÕπ¢Õß
√—ß ’·°¡¡“„Àâ°≈“¬‡ªìπ‚øμÕπ· ß®”π«π¡“°¡“¬ ‚øμÕπ· ßπ’È®–‡§≈◊ËÕπ∑’Ë‡¢â“ ŸàÀ≈Õ¥∑«’§Ÿ≥· ß ‡¡◊ËÕ
‚øμÕπ· ßμ°°√–∑∫°—∫¢—È«‚ø‚μ·§‚∑¥„πÀ≈Õ¥∑«’§Ÿ≥· ß Õ‘‡≈Á°μ√Õπ°Á®–À≈ÿ¥ÕÕ°®“°¢—È« ´÷Ëß‡ªìπ‰ª
μ“¡ª√“°Ø°“√≥å‚ø‚μÕ‘‡≈Á°μ√‘° (Photoelectric effect) ‚ø‚μÕ‘‡≈Á°μ√Õπ®–∂Ÿ°‡æ‘Ë¡®”π«π‚¥¬°“√∂Ÿ°‡√àß
„Àâ™π¢—È«‰¥‚π¥ (dynode) À≈“¬Ê μ—«∑’ËÕ¬Ÿà¿“¬„πÀ≈Õ¥¥â«¬·√ß¥—π‰øøÑ“∑’Ë‡æ‘Ë¡¢÷Èπ Õ‘‡≈Á°μ√Õπ∑’Ë∂Ÿ°¢¬“¬
∑—ÈßÀ¡¥®–¡“ – ¡Õ¬Ÿà∑’Ë¢—È«·Õ‚π¥ °≈“¬‡ªìπ —≠≠“≥‰øøÑ“ ·≈–∂Ÿ° àß‰ª¬—ß«ß®√¢¬“¬ —≠≠“≥ à«πÀπâ“
√ÿàπ CANBERRA 2005 preamplifier ·≈–∂Ÿ° àßμàÕ‰ª¬—ß«ß®√¢¬“¬ —≠≠“≥√ÿàπ Tennelec TC243
amplifier ·≈– —≠≠“≥‰øøÑ“®–∂Ÿ° àßμàÕ‰ª¬—ß‡§√◊ËÕß«‘‡§√“–Àå —≠≠“≥·∫∫À≈“¬™àÕß Tukan 8K
Multichannel analyzer [7] ‡æ◊ËÕ«‘‡§√“–Àå · ¥ß ·≈–∫—π∑÷° ‡ª°μ√—¡¢Õß√—ß ’∑’Ë«—¥‰¥â

§à“·¬°™—¥æ≈—ßß“π (energy resolution) §◊Õ§«“¡ “¡“√∂„π°“√·¬°·¬–æ≈—ßß“π¢Õß√—ß ’
·°¡¡“∑’Ë‡¢â“¡“„π√–∫∫«—¥ §”π«≥‰¥â®“°§«“¡°«â“ß¢Õß‚ø‚μæ’§ (photo-peak) ¢Õß ‡ª°μ√—¡√—ß ’·°¡¡“
∑’Ëª√“°Ø¢÷Èπ∫πÀπâ“®Õ MCA ·≈–À“√¥â«¬§à“°≈“ß¢Õß‚ø‚μæ’§§Ÿ≥¥â«¬ 100 ¡’Àπà«¬‡ªìπ‡ªÕ√å‡´Áπμå  “¡“√∂
À“‰¥â®“°‚ª√·°√¡ Tukan 8K ‚¥¬°“√°”Àπ¥¢Õ∫‡¢μ¢Õß‚ø‚μæ’§∫πÀπâ“®Õ MCA §à“¬‘≈¥å‚ø‚μ
Õ‘‡≈Á°μ√Õπ„πÀπà«¬ phe/MeV §◊Õ§à“¢Õß®”π«π‚ø‚μÕ‘‡≈Á°μ√Õπ (phe) ∑’ËÀ≈ÿ¥ÕÕ°¡“®“°¢—È«‚ø‚μ·§‚∑¥
„πÀ≈Õ¥∑«’§Ÿ≥· ß‡¡◊ËÕ¡’√—ß ’·°¡¡“ 1 ‚øμÕπæ≈—ßß“π 1 MeV ‡¢â“¡“μ°°√–∑∫º≈÷°  “¡“√∂§”π«≥‰¥â
®“°μ”·Àπàß¢Õß‚ø‚μæ’§∫πÀπâ“®Õ MCA ‡∑’¬∫°—∫μ”·Àπàß¢Õßæ’§‚ø‚μÕ‘‡≈Á°μ√Õπ‡¥’Ë¬« (single
photoelectron peak) ∑’Ë«—¥¢≥–∑’Ë‰¡à¡’º≈÷° ‚¥¬„™âμ—«§Ÿ≥®“°«ß®√¢¬“¬ ·≈–§«“¡μà“ß»—°¬å∑’ËªÑÕπ„Àâ
À≈Õ¥∑«’§Ÿ≥· ß∑’Ë·μ°μà“ß°—π ´÷Ëß‡ªìπ«‘∏’°“√‡∑’¬∫ —¥ à«π¢Õß Bertolaccini [8]  à«π§à“¬‘≈¥å· ß„πÀπà«¬
ph/MeV §◊Õ§à“®”π«π‚øμÕπ¢Õß· ß (ph) ∑’Ë‡ª≈àßÕÕ°¡“®“°º≈÷°‡¡◊ËÕ¡’√—ß ’·°¡¡“ 1 ‚øμÕπæ≈—ßß“π
1 MeV ‡¢â“¡“μ°°√–∑∫º≈÷°  “¡“√∂§”π«≥‰¥â®“°®”π«π‚ø‚μÕ‘‡≈Á°μ√Õπ∑’ËÀ≈ÿ¥ÕÕ°®“°¢—È«‚ø‚μ
·§‚∑¥‡¡◊ËÕ¡’‚øμÕπ¢Õß· ß¡“μ°°√–∑∫ ‚¥¬¥Ÿ®“°§«“¡ “¡“√∂„π°“√‡ª≈’Ë¬π‚øμÕπ· ß„Àâ‡ªìπ‚ø‚μ
Õ‘‡≈Á°μ√Õπ (ª√“°Ø°“√≥å‚ø‚μÕ‘‡≈Á°μ√‘°) ¢Õß‚≈À–∑’Ë„™â∑”‡ªìπ¢—È«‚ø‚μ·§‚∑¥„πÀ≈Õ¥∑«’§Ÿ≥· ß
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¿“æ∑’Ë 1 ·ºπ¿“æ√–∫∫μ√«®«—¥√—ß ’·°¡¡“

º≈°“√∑¥≈Õß·≈–«‘‡§√“–Àåº≈°“√∑¥≈Õß
¬‘≈¥å· ß·≈–§à“·¬°™—¥æ≈—ßß“π

¿“æ∑’Ë 2 · ¥ß ‡ª°μ√—¡¢Õß√—ß ’·°¡¡“∑’Ëæ≈—ßß“π 662 keV ®“°·À≈àß°”‡π‘¥ 137Cs ∑’Ë«—¥‚¥¬º≈÷°
YSO(Ce) º≈÷° LYSO(Ce) ·≈–º≈÷° LSO(Ce) ∑’Ë¡’¢π“¥‡∑à“°—π§◊Õ 5 mm Ó 5 mm Ó 3 mm ‚¥¬„™â
·√ß¥—π‰øøÑ“ 700 ‚«≈μå „π°“√ªÑÕπ„Àâ°—∫À≈Õ¥∑«’§Ÿ≥· ß‡æ◊ËÕ„ÀâÀ≈Õ¥ “¡“√∂∑”ß“π‰¥â ·≈–μ—Èß§à“„π
°“√¢¬“¬ —≠≠“≥‰øøÑ“¢Õß«ß®√¢¬“¬ —≠≠“≥ (amplifier) §◊Õ coarse gain ‡∑à“°—∫ 10 fine gain
‡∑à“°—∫ 0.3 ·≈– shaping time ‡∑à“°—∫ 4 μs ®“°¿“æ®–æ∫«à“μ”·Àπàß¢Õß‚ø‚μæ’§¢Õßº≈÷° LSO(Ce)
®–Õ¬Ÿà∑“ß¢«“¡◊Õ¡“°∑’Ë ÿ¥π—ËπÀ¡“¬§«“¡«à“º≈÷° LSO(Ce) „Àâª√‘¡“≥· ß∑’Ë‡ª≈àßÕÕ°¡“‡¢â¡∑’Ë ÿ¥„π¢≥–
∑’Ëº≈÷° YSO(Ce) „Àâª√‘¡“≥· ß∑’Ë‡ª≈àßÕÕ°¡“πâÕ¬∑’Ë ÿ¥  à«π§à“·¬°™—¥æ≈—ßß“π∑’Ë‰¥â º≈÷° YSO(Ce) ®–
¡’§à“¥’∑’Ë ÿ¥§◊Õ 9.1% „π¢≥–∑’Ë§à“·¬°™—¥æ≈—ßß“π¢Õßº≈÷° LYSO(Ce) π—Èπ·¬à∑’Ë ÿ¥§◊Õ 11.3%  à«π√Ÿª√à“ß
¢Õß ‡ª°μ√—¡ ‚ø‚μæ’§¢Õßº≈÷° YSO(Ce) ®–¡’¢π“¥‡≈Á°∑’Ë ÿ¥ (¥Ÿ„πÀ—«¢âÕ ‚ø‚μ·ø√°™—π) ®“°¿“æ∑’Ë 2
π’È “¡“√∂ √ÿª‡ªìπ§à“¬‘≈¥å‚ø‚μÕ‘‡≈Á°μ√Õπ ¬‘≈¥å· ß ·≈–§à“·¬°™—¥æ≈—ßß“π ‰¥â¥—ßμ“√“ß∑’Ë 1

Gamma

Photomultiplier Preamp. Multichannel

analyzer

(MCA)
tube (PMT)

source

Crystal

AmplifierH.V.

μ“√“ß∑’Ë 1 ¬‘≈¥å‚ø‚μÕ‘‡≈Á°μ√Õπ ¬‘≈¥å· ß ·≈–§à“·¬°™—¥æ≈—ßß“π ∑’Ëæ≈—ßß“π√—ß ’·°¡¡“ 662 keV «—¥
‚¥¬º≈÷°∑—ÈßÀ¡¥

Crystal Photoelectron yield (phe/MeV) Photon yield (ph/MeV) Energy resolution (%)

YSO(Ce) 7,300 ± 370 27,000 ± 2,700 9.1 ± 0.5

LYSO(Ce) 8,448 ± 420 31,400 ± 3,100 11.3 ± 0.6

LSO(Ce) 8,720 ± 440 32,300 ± 3,200 10.6 ± 0.5
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¿“æ∑’Ë 2  ‡ª°μ√—¡¢Õß√—ß ’·°¡¡“æ≈—ßß“π 662 keV ∑’Ë«—¥‚¥¬º≈÷°∑—Èß 3 ™π‘¥

®“°μ“√“ß∑’Ë 1 ‰¥â· ¥ß§à“¬‘≈¥å‚ø‚μÕ‘‡≈Á°μ√Õπ (photoelectron yield) ∑’Ë∂Ÿ°§”π«≥¥â«¬«‘∏’¢Õß
Bertolaccini [8] ·≈–§”π«≥‡ªìπ¬‘¥≈å· ß (photon yield) ‚¥¬„™â§à“ª√– ‘∑∏‘¿“æ§«Õπμ—¡ (quantum
efficiency, Q.E.) ¢Õß¢—È«‚ø‚μ·§‚∑¥„πÀ≈Õ¥∑«’§Ÿ≥· ß ́ ÷Ëß§à“∑’Ë„™â ”À√—∫À≈Õ¥∑«’§Ÿ≥· ß√ÿàπ XP5200B
PMT ∑’Ëμ”·Àπàß§«“¡¬“«§≈◊Ëπ 420 nm (§«“¡¬“«§≈◊Ëπ· ß∑’Ëº≈÷°∑—Èß “¡‡ª≈àßÕÕ°¡“) ¡’§à“ Q.E. ‡∑à“°—∫
27% ∂÷ß·¡â«à“ª√‘¡“≥· ß∑’Ë‡ª≈àßÕÕ°¡“¢Õßº≈÷° LSO(Ce) ®–¡’§à“ Ÿß∑’Ë ÿ¥·μà§à“·¬°™—¥æ≈—ßß“π¢Õß
¡—π°≈—∫¡’§à“¥’°«à“º≈÷° LYSO(Ce) ‡æ’¬ß‡≈Á°πâÕ¬‡∑à“π—Èπ ·≈–°Á·¬à°«à“§à“·¬°™—¥æ≈—ßß“π¢Õßº≈÷°
YSO(Ce) Õ¬à“ß‡ÀÁπ‰¥â™—¥ °“√∑’Ë‡ªìπ‡™àππ’ÈÕ“®¡’ “‡Àμÿ®“°§à“·¬°™—¥„πμ—«·≈–§à“§«“¡‰¡à‡ªìπ —¥ à«π¢Õß
¬‘¥≈å· ß∑’Ë·¬à°«à“ §à“·¬°™—¥æ≈—ßß“π 9.1% ∑’Ë«—¥‚¥¬º≈÷° YSO(Ce) π—Èπ¡’§à“¥’°«à“§à“·¬°™—¥æ≈—ßß“π
9.3% ∑’Ë«—¥‰¥â‚¥¬º≈÷° YSO(Ce) ÷́Ëß¡’¢π“¥„À≠à°«à“„π‡Õ° “√Õâ“ßÕ‘ß [5]

§à“·¬°™—¥æ≈—ßß“π (ΔE/E) ¢Õßæ’§æ≈—ßß“π‡μÁ¡ (full energy peak) ∑’Ë«—¥‚¥¬º≈÷°´‘π∑‘≈‡≈™—π
‡™◊ËÕ¡μàÕ°—∫À≈Õ¥∑«’§Ÿ≥· ß “¡“√∂‡¢’¬π‡ªìπ§«“¡ —¡æ—π∏å‰¥â¥—ßπ’È [9]
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(ΔE/E)2 = (δsc)
2
 + (δst)

2 (1)

‚¥¬∑’Ë δsc §◊Õ §à“·¬°™—¥„πμ—«º≈÷° (Intrinsic resolution) ´÷Ëß®–¢÷ÈπÕ¬Ÿà°—∫§«“¡‰¡à‡ªìπ —¥ à«π
¢Õß¬‘≈¥å· ß §à“§«“¡‡ªìπ‡π◊ÈÕ‡¥’¬«°—π¢Õßº≈÷° ·≈–§«“¡∫°æ√àÕß„πº≈÷° [9, 10] ·≈– δst §◊Õ §à“·¬°
™—¥∑“ß ∂‘μ‘¢ÕßÀ≈Õ¥∑«’§Ÿ≥· ß (PMT resolution) ÷́Ëß δst  “¡“√∂À“‰¥â®“° ¡°“√¥—ßπ’È

δst = 2.355 Ó 1/N1/2
 Ó (1 + ε)1/2 (2)

‚¥¬∑’Ë N §◊Õ ®”π«π¢Õß‚ø‚μÕ‘‡≈Á°μ√Õπ∑’Ëº≈‘μ®“°¢—È«‚ø‚μ·§‚∑¥„πÀ≈Õ¥∑«’§Ÿ≥· ß ·≈–
ε §◊Õ §à“§«“¡·ª√ª√«π¢Õß‡°π„π°“√¢¬“¬Õ‘‡≈Á°μ√Õπ¿“¬„πÀ≈Õ¥∑«’§Ÿ≥· ß ´÷Ëß¡’§à“‡∑à“°—∫ 0.1  ”À√—∫
À≈Õ¥∑«’§Ÿ≥· ß√ÿàπ XP5200B PMT §à“·¬°™—¥æ≈—ßß“π·≈–§à“·¬°™—¥∑“ß ∂‘μ‘¢ÕßÀ≈Õ¥∑«’§Ÿ≥· ß
 “¡“√∂À“‰¥â®“°°“√∑¥≈Õß §à“·¬°™—¥„πμ—«¢Õßº≈÷°®– “¡“√∂À“‰¥â®“° ¡°“√¥—ßπ’È

(δsc)
2
 = (ΔE/E)2 - (δst)

2 (3)

®“°¿“æ∑’Ë 3 ·≈– 4 · ¥ß§à“·¬°™—¥æ≈—ßß“π·≈–§à“·¬°™—¥„πμ—«μ“¡≈”¥—∫ §à“·¬°™—¥
æ≈—ßß“π„π¿“æ∑’Ë 3  ”À√—∫º≈÷° YSO(Ce) ¡’§à“¥’°«à“º≈÷° LYSO(Ce) ·≈–º≈÷° LSO(Ce) ‡°◊Õ∫∑ÿ°Ê
æ≈—ßß“π‡π◊ËÕß®“°§à“·¬°™—¥„πμ—«„π¿“æ∑’Ë 4  ”À√—∫º≈÷° YSO(Ce) ‡Àπ◊Õ°«à“º≈÷° LYSO(Ce) ·≈–
º≈÷° LSO(Ce) Õ¬à“ß™—¥‡®π °“√«‘‡§√“–Àå§à“·¬°™—¥æ≈—ßß“π∑’Ë 662 keV ¢Õßº≈÷°∑—Èß “¡‰¥â∂Ÿ° √ÿª‰«â„π
μ“√“ß∑’Ë 2

¿“æ∑’Ë 3 §à“·¬°™—¥æ≈—ßß“π¢Õßº≈÷°∑—Èß 3 ™π‘¥
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¿“æ∑’Ë 4 §à“·¬°™—¥„πμ—«¢Õßº≈÷°∑—Èß 3 ™π‘¥

®“°μ“√“ß∑’Ë 2 ®–æ∫«à“®”π«π‚ø‚μÕ‘‡≈Á°μ√Õπ∑’Ëº≈‘μ®“°¢—È«‚ø‚μ·§‚∑¥„πÀ≈Õ¥∑«’§Ÿ≥· ß∑’Ë
«—¥‚¥¬º≈÷° LSO(Ce) π—Èπ¡’§à“¡“°∑’Ë ÿ¥·μà§à“·¬°™—¥æ≈—ßß“π∑’Ë«—¥‰¥â°≈—∫·¬à°«à“∑’Ë«—¥‚¥¬º≈÷° YSO(Ce)
·μà‡¡◊ËÕ¡“ —ß‡°μ∑’Ë§à“·¬°™—¥„πμ—«®–æ∫«à“º≈÷° YSO(Ce) π—Èπ¡’§à“·¬°™—¥„πμ—«∑’Ë¥’∑’Ë ÿ¥®÷ß àßº≈„Àâ§à“
·¬°™—¥æ≈—ßß“π¥’∑’Ë ÿ¥¥â«¬ „π¢≥–∑’Ëº≈÷° LYSO(Ce) ·≈–º≈÷° LSO(Ce) ‡ªìπº≈÷°∑’Ë¡’¢âÕ¥’§◊Õ¡’§«“¡
Àπ“·πàπ Ÿß ·μà¢âÕ¥âÕ¬°Á§◊Õ¬—ß‰¡à “¡“√∂∑”„Àâ§à“·¬°™—¥æ≈—ßß“π¡’§à“¥’°«à“º≈÷°√ÿàπ‡°à“Ê ‡™àπº≈÷°
YSO(Ce) ‡æ◊ËÕ„Àâ‡¢â“„®¡“°¢÷Èπ®–¡“«‘‡§√“–Àå∂÷ß§à“ à«πª√–°Õ∫¢Õß§à“·¬°™—¥„πμ—«°—πμàÕ ‚¥¬ª°μ‘·≈â«
§à“·¬°™—¥„πμ—«§◊Õ§à“·¬°™—¥∑’Ë‡°‘¥®“°μ—«º≈÷° ´÷Ëß‡°‘¥®“° à«πª√–°Õ∫∑’Ë ”§—≠§◊Õ §à“§«“¡‡ªìπ‡π◊ÈÕ
‡¥’¬«°—π¢Õßº≈÷° §«“¡∫°æ√àÕß„πº≈÷° ·≈– §à“§«“¡‰¡à‡ªìπ —¥ à«π¢Õß¬‘≈¥å· ß [9, 10] ∑—Èß§«“¡‡ªìπ
‡π◊ÈÕ‡¥’¬«°—π·≈–§«“¡∫°æ√àÕß¢Õßº≈÷° “¡“√∂≈¥‰¥â‚¥¬°“√ª√—∫ª√ÿß‡∑§π‘§„π¢—ÈπμÕπ°“√ª≈Ÿ°º≈÷°
„π¢≥–∑’Ë§«“¡‰¡à‡ªìπ —¥ à«π¢Õß¬‘≈¥å· ß¬—ß‡ªìπ§ÿ≥ ¡∫—μ‘‡©æ“–μ—«¢Õßº≈÷°∑’Ë·°â‰¢‰¥â§àÕπ¢â“ß¬“°

μ“√“ß∑’Ë 2 °“√«‘‡§√“–Àå§à“·¬°™—¥æ≈—ßß“π∑’Ë 662 keV ®“°·À≈àß°”‡π‘¥√—ß ’·°¡¡“ 137Cs  ”À√—∫º≈÷°∑’Ë
∂Ÿ°»÷°…“∑—ÈßÀ¡¥

Scintillator N Energy resolution (%)
(electrons) ΔE/E δst δsc

YSO(Ce) 4,830 9.1 ± 0.5 3.5 ± 0.2 8.4 ± 0.4

LYSO(Ce) 5,610 11.3 ± 0.6 3.3 ± 0.2 10.8 ± 0.5

LSO(Ce) 5,770 10.6 ± 0.5 3.2 ± 0.2 10.1 ± 0.5
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§«“¡‰¡à‡ªìπ —¥ à«π¢Õß¬‘≈¥å· ß
§ÿ≥ ¡∫—μ‘§«“¡‰¡à‡ªìπ —¥ à«π¢Õß¬‘¥≈å· ß∑’Ë‡ªìπøíß°å™—π¢Õßæ≈—ßß“π√—ß ’·°¡¡“ “¡“√∂‡ªìπ

‡Àμÿº≈ ”§—≠„π°“√∑”„Àâ§à“·¬°™—¥æ≈—ßß“π¢Õßº≈÷°·¬à≈ß [10] §«“¡‰¡à‡ªìπ —¥ à«π¢Õß¬‘≈¥å· ß¢Õß
º≈÷°´‘π∑‘≈‡≈™—π∂Ÿ°π‘¬“¡„Àâ‡ªìπÕ—μ√“ à«π¢Õß¬‘¥≈å· ß∑’Ë«—¥®“°μ”·Àπàß‚ø‚μæ’§∑’Ë‡°‘¥®“°°“√«—¥æ≈—ßß“π
¢Õß√—ß ’·°¡¡“∑’Ë·μ°μà“ß°—π‡∑’¬∫°—∫¬‘≈¥å· ß∑’Ë«—¥®“°μ”·Àπàß‚ø‚μæ’§∑’Ë‡°‘¥®“°°“√«—¥æ≈—ßß“π√—ß ’
·°¡¡“∑’Ëæ≈—ßß“π 662 keV

¿“æ∑’Ë 5 §«“¡‰¡à‡ªìπ —¥ à«π¢Õß¬‘≈¥å· ß∑’Ë‡ªìπøíß°å™—π°—∫æ≈—ßß“π¢Õß√—ß ’·°¡¡“¢Õßº≈÷°∑—Èß “¡

¿“æ∑’Ë 5 · ¥ß§ÿ≥ ¡∫—μ‘§«“¡‰¡à‡ªìπ —¥ à«π¢Õß¬‘≈¥å· ß¢Õßº≈÷°∑—ÈßÀ¡¥∑’Ë∂Ÿ°∑¥ Õ∫ μ“¡
ª°μ‘·≈â«º≈÷°∑’Ë¥’§«√¡’§à“§«“¡‡ªìπ —¥ à«π¢Õß¬‘≈¥å· ß∑’Ë¥’ §◊ÕÀ¡“¬§«“¡«à“º≈÷°μ—«‡¥‘¡§«√®–¡’ª√‘¡“≥
¢Õß· ß∑’Ë‡ª≈àßÕÕ°¡“‡∑à“‡¥‘¡∂â“æ≈—ßß“π∑’Ëμ°°√–∑∫º≈÷°‰¡à‡ª≈’Ë¬π·ª≈ß (π—Ëπ°Á§◊Õ§à“¬‘≈¥å· ß) ·μà®“°
°“√∑¥ Õ∫æ∫«à“ª√‘¡“≥¢Õß· ß∑’Ë‡ª≈àßÕÕ°¡“°≈—∫‰¡à‡∑à“‡¥‘¡‡¡◊ËÕμâπ°”‡π‘¥√—ß ’ (gamma ray sources)
‡ª≈’Ë¬π™π‘¥‰ª §à“¬‘≈¥å· ß∑’Ë‡ª≈’Ë¬π·ª≈ßπ’È “¡“√∂¥Ÿ‰¥â®“°°“√π”§à“¬‘¥≈å· ß∑’Ëæ≈—ßß“π 662 keV ¡“‡ªìπ
μ—«‡∑’¬∫(À“√) ∂â“§«“¡‡ªìπ —¥ à«π¥’ · ¥ß«à“ª√‘¡“≥¬‘≈¥å· ß¢Õß∑ÿ°Ê æ≈—ßß“π§«√®–¡’§à“‡∑à“°—π∑—ÈßÀ¡¥
º≈À“√∑’Ë‰¥âμâÕß‡∑à“°—∫ 1 π—Ëπ°Á§◊Õ 100% ¢Õß∑ÿ°Ê ®ÿ¥„π°√“ø ·μà®“°º≈°“√∑¥≈Õß°≈—∫æ∫«à“ §à“¬‘¥≈å
· ß¡’§à“≈¥≈ß®“°æ≈—ßß“π 662 keV ®π¡“∂÷ßæ≈—ßß“π 31 keV ´÷Ëß®“°°“√∑¥≈Õßæ∫«à“§à“¬‘≈¥å· ß¢Õß
º≈÷° LYSO(Ce) ¡’§à“≈¥≈ß 28% ÷́Ëß¥’°«à“ (≈¥≈ßπâÕ¬°«à“) ª√–¡“≥ 33% ∑’Ë‡ªìπ¢Õßº≈÷° LSO(Ce)
·≈–º≈÷° YSO(Ce) ∂â“‡ª√’¬∫‡∑’¬∫®“°°√“øÕ“®®–¥Ÿ§àÕπ¢â“ß¬“° ‡æ◊ËÕ∑’Ë®–∑”„Àâ°“√‡ª√’¬∫‡∑’¬∫ßà“¬¢÷Èπ
Dorenbos [11] ‰¥â‡ πÕ§à“√–¥—∫§«“¡‰¡à‡ªìπ —¥ à«π¢Õß¬‘≈¥å· ß (degree of non-proportionality, σnp)
´÷Ëß§”π«≥μ≈Õ¥™à«ßæ≈—ßß“π¢Õß√—ß ’·°¡¡“∑’Ë∂Ÿ°∑¥ Õ∫

σnp = [(1/N) N
i=1

 ([Y(Ei)/Y(662)]-1)2]1/2 (4)
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‚¥¬∑’Ë σnp §◊Õ§à“√–¥—∫§«“¡‰¡à‡ªìπ —¥ à«π¢Õß¬‘≈¥å· ß N §◊Õ ®”π«π§à“æ≈—ßß“π¢Õß√—ß ’
·°¡¡“∑’Ë∑”°“√∑¥≈Õß Y(Ei) §◊Õ ¬‘≈¥å· ß¢Õßº≈÷°´‘π∑‘≈‡≈™—π∑’Ëæ≈—ßß“πμà“ßÊ ·≈– Y(662) §◊Õ
¬‘≈¥å· ß¢Õßº≈÷°´‘π∑‘≈‡≈™—π∑’Ëæ≈—ßß“π 662 keV ®“°°“√§”π«≥æ∫«à“§à“√–¥—∫§«“¡‰¡à‡ªìπ —¥ à«π¢Õß
¬‘≈¥å· ß¢Õßº≈÷° LYSO(Ce) ¡’§à“‡∑à“°—∫ 0.16  à«πº≈÷° LSO(Ce) ·≈–º≈÷° YSO(Ce) ¡’§à“‡∑à“°—π§◊Õ
0.19 §à“π’È ”À√—∫º≈÷° LSO(Ce) ∑’Ë∂Ÿ°∑¥ Õ∫¡’§à“¥’°«à“ 0.22 ¢Õßº≈÷° LSO(Ce) ∑’Ë∂Ÿ°∑¥ Õ∫„π
‡Õ° “√Õâ“ßÕ‘ß [11] º≈π’È™’È„Àâ‡ÀÁπ«à“º≈÷°¬ÿ§„À¡à à«π„À≠à “¡“√∂ª√—∫ª√ÿß§à“§«“¡‰¡à‡ªìπ —¥ à«π¢Õß¬‘≈¥å
· ß„Àâ¥’¢÷Èπ‰¥â ∂÷ß·¡â«à“º≈÷° LYSO(Ce) ®–¡’§à“ σnp ∑’Ë¥’∑’Ë ÿ¥·μà§à“π’È°Á¬—ß‰¡à “¡“√∂∑”„Àâ§à“·¬°™—¥„πμ—«
¢Õßº≈÷°π’È¥’∑’Ë ÿ¥ (¥Ÿμ“√“ß∑’Ë 2) · ¥ß«à“§«“¡‰¡à‡ªìπ‡π◊ÈÕ‡¥’¬«°—π·≈–§«“¡∫°æ√àÕß¢Õßº≈÷° LYSO:Ce
¬—ß‰¡à∂Ÿ°ª√—∫ª√ÿß

‚ø‚μ·ø√°™—π
§à“‚ø‚μ·ø√°™—π (Photo-fraction) ∂Ÿ°π‘¬“¡‡ªìπ§à“Õ—μ√“ à«π¢Õßæ◊Èπ∑’Ë„μâ‚ø‚μæ’§‡∑’¬∫°—∫

æ◊Èπ∑’Ë¢Õß ‡ª°μ√—¡¢Õß√—ß ’·°¡¡“∑—ÈßÀ¡¥«—¥∑’Ëæ≈—ßß“π√—ß ’μà“ßÊ §à“‚ø‚μ·ø√°™—π¢Õß√—ß ’·°¡¡“∑’Ëæ≈—ßß“π
662 keV ®“°·À≈àß°”‡π‘¥ 137Cs «—¥‚¥¬º≈÷°∑—Èß “¡‰¥â∂Ÿ°√«∫√«¡‰«â„πμ“√“ß∑’Ë 3 §à“Õ—μ√“ à«π¢Õß¿“§
μ—¥¢«“ß¢Õß°“√¥Ÿ¥°≈◊π®“°ª√“°Ø°“√≥å‚ø‚μÕ‘‡≈Á°μ√‘°‡∑’¬∫°—∫°“√¥Ÿ¥°≈◊π®“°ª√“°Ø°“√≥å∑—ÈßÀ¡¥
(Photoelectric effect + Compton effect) ‰¥â∂Ÿ°§”π«≥‚¥¬‚ª√·°√¡ WinXCom ‰«â‡ª√’¬∫‡∑’¬∫¥â«¬
®“°¢âÕ¡Ÿ≈®–æ∫«à“º≈÷° LSO(Ce) ¡’§à“‚ø‚μ·ø√°™—π∑’Ë¡“°∑’Ë ÿ¥ º≈π’È‡°‘¥¢÷Èπ‡π◊ËÕß®“°§à“‡≈¢Õ–μÕ¡¬—ßº≈
(effective atomic number, Zeff) ·≈–§à“§«“¡Àπ“·πàπ∑’Ë¡“°∑’Ë ÿ¥¢Õßº≈÷° LSO(Ce) §à“∑’Ë‰¥âπ’È°Á¡’·π«
‚πâ¡‡¥’¬«°—∫§à“Õ—μ√“ à«π¢Õß¿“§μ—¥¢«“ß (σ-ratio) ∑’Ë§”π«≥‚¥¬‚ª√·°√¡ WinXCom

μ“√“ß∑’Ë 3 §à“‚ø‚μ·ø√°™—π¢Õß√—ß ’·°¡¡“∑’Ëæ≈—ßß“π 662 keV ∑’Ë«—¥‚¥¬º≈÷°∑—Èß 3 ™π‘¥

Scintillator Zeff Density (g/cm3) Sizes Photo-fraction (%) σ-ratio (%)

YSO(Ce) 34 4.5 (5Ó5Ó3) mm3 3.5 3.2

LYSO(Ce) 63.5 7.2 (5Ó5Ó3) mm3 26.4 21.9

LSO(Ce) 66 7.5 (5Ó5Ó3) mm3 27.9 23.8

 √ÿªº≈°“√∑¥≈Õß
®“°°“√μ√«® Õ∫§ÿ≥ ¡∫—μ‘´‘π∑‘≈‡≈™—π¢Õßº≈÷°∑—Èß “¡ æ∫«à“º≈÷° LYSO(Ce) ·≈–º≈÷°

LSO(Ce) · ¥ß§ÿ≥ ¡∫—μ‘°“√‡ª≈àß· ß‡¢â¡°«à“º≈÷° YSO(Ce) ·μà§à“·¬°™—¥æ≈—ßß“π¢Õßº≈÷°∑—Èß Õß
°≈—∫·¬à°«à“º≈÷° YSO(Ce)  “‡Àμÿ∑’Ë‡ªìπ‡™àππ’È°Á‡π◊ËÕß¡“®“°§à“·¬°™—¥„πμ—«¢Õßº≈÷°∑—Èß Õß∑’Ë·¬à°«à“º≈÷°
YSO(Ce) ‡¡◊ËÕμ√«® Õ∫∂÷ß§«“¡‰¡à‡ªìπ —¥ à«π¢Õß¬‘≈¥å· ß°Áæ∫«à“®√‘ßÊ π—Èπº≈÷° LYSO(Ce) ¡’§à“¥’∑’Ë ÿ¥
®÷ßæÕ∑”„Àâ “¡“√∂ √ÿª‰¥â«à“ ∑—Èßº≈÷° LYSO(Ce) ·≈–º≈÷° LSO(Ce) §«√ª√—∫ª√ÿß§«“¡‡ªìπ‡π◊ÈÕ‡¥’¬«°—π
¢Õßº≈÷° §«“¡ ¡Ë”‡ ¡Õ¢Õß Ce3+ „πº≈÷° ·≈–§«“¡∫°æ√àÕßμà“ßÊ „πº≈÷° ´÷Ëß®–∑”„Àâ§à“·¬°™—¥„πμ—«¥’
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Õ¬à“ß∑’Ë§“¥À«—ß·≈–®–∑”„Àâ§à“·¬°™—¥æ≈—ßß“π¢Õßº≈÷°∑—Èß Õß¥’μ“¡‰ª¥â«¬ ·μàÕ¬à“ß‰√°Áμ“¡∑—Èßº≈÷°
LYSO(Ce) ·≈–º≈÷° LSO(Ce) °Á¬—ß§ßπà“ π„® ”À√—∫°“√π”‰ª„™â„π‡§√◊ËÕß«‘π‘®©—¬‚√§¥â«¬√—ß ’Õ¬Ÿà ‡π◊ËÕß®“°
º≈÷°∑—Èß Õß¡’§à“§«“¡Àπ“·πàπ·≈–‡≈¢Õ–μÕ¡¬—ßº≈∑’Ë Ÿß´÷Ëß‡À¡“– ”À√—∫°“√À¬ÿ¥¬—Èß√—ß ’æ≈—ßß“π Ÿß‰¥â¥’

°‘μμ‘°√√¡ª√–°“»
§≥–ºŸâ«‘®—¬¢Õ¢Õ∫§ÿ≥  “¢“«‘™“øî ‘° å §≥–«‘∑¬“»“ μ√å·≈–‡∑§‚π‚≈¬’ ¡À“«‘∑¬“≈—¬

‡∑§‚π‚≈¬’√“™¡ß§≈∏—≠∫ÿ√’ ∑’Ë„Àâ§«“¡Õπÿ‡§√“–Àå ∂“π∑’Ë ”À√—∫°“√∑”«‘®—¬ ß∫ª√–¡“≥∑—ÈßÀ¡¥∑’Ë„™â„πß“π«‘®—¬π’È
‰¥â√—∫°“√ π—∫ πÿπ®“°‡ß‘πß∫ª√–¡“≥√“¬®à“¬ª√–®”ªï 2558 ¡À“«‘∑¬“≈—¬‡∑§‚π‚≈¬’√“™¡ß§≈∏—≠∫ÿ√’
¢Õ¢Õ∫æ√–§ÿ≥ √».¥√.«’√–æß»å ®‘Î«ª√–¥‘…∞å°ÿ≈ Õ“®“√¬åª√–®”¿“§«‘™“øî ‘° å §≥–«‘∑¬“»“ μ√å ¡À“«‘∑¬“≈—¬
‡∑§‚π‚≈¬’æ√–®Õ¡‡°≈â“∏π∫ÿ√’ ´÷Ëß‡ªìπÕ“®“√¬å∑’Ëª√÷°…“«‘∑¬“π‘æπ∏å ¡—¬‡√’¬πª√‘≠≠“‚∑·≈–ª√‘≠≠“‡Õ°
∑’Ë ‰¥â —Ëß Õπ „Àâ§”·π–π”„πÀ≈“¬Ê ‡√◊ËÕß¥â“π«‘™“°“√ ·≈–¢Õ¢Õ∫§ÿ≥¿“§«‘™“øî ‘° å §≥–«‘∑¬“»“ μ√å
¡À“«‘∑¬“≈—¬‡∑§‚π‚≈¬’æ√–®Õ¡‡°≈â“∏π∫ÿ√’ ∑’Ë„Àâ§«“¡Õπÿ‡§√“–Àå„π°“√„™â‡§√◊ËÕß¡◊Õ«‘‡§√“–Àå√–¥—∫ Ÿßμà“ßÊ
·≈– ÿ¥∑â“¬π’ÈμâÕß¢Õ¢Õ∫§ÿ≥§√Õ∫§√—«∑’Ë„Àâ°”≈—ß„®·≈–Õ¬Ÿà‡§’¬ß¢â“ß°—π‡ ¡Õ¡“

‡Õ° “√Õâ“ßÕ‘ß
1. Melcher, C.L., and Schweeitzer, J.S. 1992. Cerium-doped lutetium oxyorthosilicate; a fast,

efficient new scintillator. IEEE Transactions on Nuclear Science. 39(4): 502-505.
2. Wanarak, C., Chewpraditkul, W., and Phunpueok, A. 2012. Light yield non-proportionality

and energy resolution of Lu1.95Y0.05SiO5:Ce and Lu2SiO5 scintillation crystals. Procedia
Engineering. 32: 765-771.

3. Wanarak, C., Chewpraditkul, W., and Phunpueok, A. 2011. Light yield non-proportionality
and energy resolution of Lu1.8Y0.2SiO5:Ce and LaCl3:Ce scintillation crystals. Advanced
Materials Research. 284-286: 2002-2007.

4. Phunpueok, A., and Thongpool, V. 2016. Interaction of 662 keV gamma rays with LYSO(Ce)
and BGO single crystal scintillators. Key Engineering Materials. 675-676: 764-767.

5. Chewpraditkul, W., Wanarak, C., Szczesniak, T., Moszynski, M., Jary, V., Beitlerova,
A., and Nikl, M. 2013. Comparison of absorption, luminescence and scintillation
characteristics in Lu1.95Y0.05SiO5:Ce and Y2SiO5:Ce scintillators. Optical Materials. 35(9):
1679-1684.

6. Gerward, L., Guilbert, N., Jensen, K.B., and Levrning, H. 2004. WinXCom-a program
for calculating x-ray attenuation coefficients. Radiation Physics and Chemistry. 71(3-4):
653-654.

7. Guzik, Z., Borsuk, S., Traczyk, K., and Plominski, M. 2006. TUKAN-an 8k pulse height
analyzer and multi-channel scaler with a PCI or a USB interface. IEEE Transactions on
Nuclear Science. 53(1): 231-235.



SWU Sci. J. Vol. 32 No. 2 (2016)44

8. Bertolaccini, M., Cova, S., and Bussolati, C. 1968. A technique for absolute measurement
of the effective photoelectron per keV yield in scintillation counters. Proceeding of
International Symposium on Nuclear Electronics. 10-13 September 1968, Versailles,
France.

9. Moszynski, M., Zalipska, J., Balcerzyk, M., Kapusta, M., Mengesha, W., and Valentine,
J.D. 2002. Intrinsic energy resolution of NaI(Tl)1. Nuclear Instruments and Methods
in Physics Research Section A: Accelerator, Spectrometers, Detectors and Associated
Equipment. 484(1-3): 259-269.

10. Dorenbos, P., de Haas, J.T.M., and van Eijk, C.W.E. 1995. Non-proportionality in the
scintillation response and energy resolution obtainable with scintillation crystals. IEEE
Transactions on Nuclear Science. 42(6): 2190-2202.

11. Dorenbos, P. 2002. Light output and energy resolution of Ce3+-doped scintillators. Nuclear
Instruments and Methods in Physics Research Section A: Accelerator, Spectrometers,
Detectors and Associated Equipment. 486: 208-213.

‰¥â√—∫∫∑§«“¡«—π∑’Ë 22 ‡¡…“¬π 2559
¬Õ¡√—∫μ’æ‘¡æå«—π∑’Ë 24  ‘ßÀ“§¡ 2559



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


