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CHAPTER I

INTRODUCTION

Gamma-ray detectors with high efficiency, low power consumption, low

maintenance, and small size and weight have long been needed for many applications.

While this ideal detector has not yet been achieved, the continuing devc:lopment of solid-

state photodiodes with large area and low noise has resulted in significant progress toward

this realization. Silicon PIN photodiodes (PDs) have become one of the most commonly

used photodetectors and thallium-activated cesium iodide, CsI(TI), is one scintillating

crystal that has been widely used with these PDs. Although CsI(TI) was recognized as a

scintillating crystal that could be used for gamma-ray detection as early as 1950 by

Hofstadter [HOF50], its use has been limited due to the poor match of its emission

spectrum with the quantum efficiency of commercially-available photocathodes. However,

the CsI(TI) emission spectrum is very well matched with silicon PIN PDs, yielding a

wavelength-averaged internal quantum efficiency of approximately 90% and an external

quantum efficiency of about 70% (Geist, et ai. discuss the difference between internal and

external quantum efficiency [GEI82]). Fig. 1.1 shows ,low the emission spectra of both

NaI(TI) and CsI(TI) match the external quantum efficiencies of a S-11 photocathode and a

typical PD. The original investigations of the CsI(T1)/PD detector were performed in the

1960's [FAN64, KEI68, BAT69], but it has only been in the past decade that practical

room temperature detectors have been available. CsI(TI) is an efficient absorber of gamma

rays, with a radiation length of 1.65 cm at 662 keV, a density of 4.51 g/cm 3, and an

effective atomic number of 54. CsI(T1) has a refractive index of 1.8 in the visible

spectrum.
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Due tothepoorspectralmatchoftheCsI(TI)emissionspectrumwithtypical

photomultipliertubesensitivitie,,i,thescintillationefficiency,and thustheabsolute

scintillationyield,ofCsI(TI)atroomtemperaturewasbelievedtobeabout45% ofthat

fromNaI(TI)[HEA79].SincePDshavebecomeavailable,moreaccuratemeasurements

haverevealedthatCsI(TI)hasthelargestabsolutescintillationyieldatroomtemperatureof

knowninorganicscintillatingcrystals[HOL88,SAK87,VAL93b].

ThescintillationemissionsofCsI(TI)havealsobeenreportedtobedependentupon

theexcitationmechanism[ALA86,BEN89,HRE60,KRE87,MEI88,OWE59, ROB59,

ROB6 I,STO58].OneoftheCsI(TI)scintillationdecaytimeconstantsisobservedtobe

dependentontheionizationden_;ityofparticlesbeingdetected.Thus,by pulse-shape

analysistheatomicnumberoftheionizingparticlecanbedetermined.CsI(TI)hasbeen

usedforparticleidentificationinlightionphysicsapplications,andhasbeenproposedto

beusedinheavyionphysicsapplicationsbyBenrachi,etal.[BEN89].



CsI(T1) crystals coupled to a PD have been studied for use in many different

applications. Kilgus,et al. [KIL90]evaluatedtheCsI(TI)/PDdetectorfor use in low-level

spectroscopy, while (3rassmann,et al. [ORA85] and Blucl_l, et al. [BLU85] have

proposed and are building electromagnetic calorimeters for high-energy physics

experiments and Viesti, et al. [VIE86] and tong, et al. [(3ON88] propose intermediate

energy(i0-100 MeV) applications. TheCsI(T1)/PDdetectorhas also been proposedto be

used in current mode to monitorquasi-monochromaticphotons generated by Compton

backscatteringof laserlight against relativisticelectrons[OHO92]andto monitorthe beam

currentof particle accelerators. Forapplicationsthat involve imaging gamma rays, the

CsI(TI)/PDdetectorhas several favorablecharacteristics.CsI(Tl) is a soft, ductile material

thatcan be easily machinedand is only slightly hygroscopic,while PDs aresmall, rugged,

insensitive to magnetic fields, have low power consumption, and have good long term

stability. Consequently, the CsI(TI)/PD detector is a likely candidate for many imaging

applications. Dean, et al. [DEA871 are building a imaging camera based on Compton

scattering with multiple CsI(TI)/PD detectors for gamma-rayastronomy, while others have

proposed the use of CsI(TI) in different medical imaging modalities, such as radiation

oncology and x-ray computed tomography (x-ray CT) [FAR821. Jing, et al. [JIN921have

evaluated the use of CsI(TI)with amorphous silicon photodiodes for both conventional and

digital radiography. Additionally, we are interested in the imaging of gamma-rayfields in

the nuclear reactor environment.

Even though the interest in CsI(T1)is well-established for many applications, we

have found that for many of the CsI(TI) scintillation characteristics and their temperature

dependence there is poor agreement among reported values and that some of the

/ " q "icnaractenstcs are incorrectly represented. Therefore, we have measured the temperature

dependenceof the gamma-rayexcited scintillationcharacteristics of CsI(TI) and we attempt

to explain our results with previously reported informationregarding the solid state physics

of the scintillation process in CsI(TI) and other alkali halides. Section 1.1is a compilation
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of previouslyreportedscintillation mechanisms in CsI(TI) and other alkalihalides,while

Section 1.2 describes which scintillation characteristics are of interest when evaluating

CsI(TI) as a gamma-ray detector and discusses the previously reported values of those

characteristics.

1.1 SdntlllatlonMechanisms

Gamma rays interactin a detector via the photoelectriceffect, Comptonscattering,

and pair production creating one or more "high" energy electrons (also known as delta

rays). As these "high" energy electrons travel throughthe detector they transferkinetic

energy to the detector, Forscintillating crystals, some of the deposited energy will raise

electrons from the valence band across the band gap to the conduction band. As seen in

Fig. 1.2, some of the conduction band electrons and the holes left in the valence band will

r_combineto emit scintillation photons (usually in the visible regionof the electromagnetic
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spectrum).Recombinationtypicallyoccursaftertheelectronsandholesmovethroughthe

bandstoluminescencecenters,

Some kineticenergyfromthe"high"energyelectronwillnotcreateconduction

bandelectrons,whilesomeoftheconductionbandelectronswillreturntothevalenceband

bynon-radiativeprocesses,andsomeenergywillbelosttophononswhiletheelectronis

changingenergylevelsintheconductionband.Thescintillationefficiencyistheenergy

emittedasscintillationphotonsdividedbytheenergydepositedbythegammarayandhas

beenusedasafigure-of-meritforscintillators.

Theemissionofphotonsbyscintillatorshasbeendescribedprimarilybydifferent

typesofinterbandradiativetransitionsofconductionbandelectronstothevalenceband,

Fig,1.3showsthethreemostpredominantmechanismsthatareresponsibleforthese

transitions,Edgeluminescence(mechanismA) iscausedby theannihilationoffree

excitonsand ischaracterizedby decaytimeson theorderof picoseconds.Both



mechanismsB andC'areassociatedwithlocalizedelectroniclevelsductocrystaldefects,

impurities,oractivators.M_hanism B representstheannihilationofaself-trappedexciton

formedbyafreevalencebandelectronanda self-happedhole.MechanismC isgoverned

by thethermally-activatedmigrationofintrinsicorimpuritycentersandbothB andC are

characterizedbyd_ay timesintherangeofnanosecondstomicroseconds[DEI92].The

followingsectionsde_ribeseveralsuchscintillationprocessesthathavebeenreportedto

he prominentinactivatedalkali-halldesand tocontributetotheCsI(TI)scintillation

mechanism,

1.1.1 Thallium Luminescence Centers

Smallconcentrationsofthallium(0.01to0.imole%) aretypicallyaddeda.san

activatortobothpureCsl and Nal duringthecrystalgrowthprocesstoimprovethe

' )scintillationefficiencyofthesecrystals.Consequently,thescin_laucn mechanismofboth

CsI(TI)and NaI(TI)isprimarilygovernedby mechanismC inFig.1.3.Me roleof

thalliuminalkalihalidescintillationpr_¢_es hasbeenstudiedbymany differentgroups

withsomewhat inconsistentresultingconclusions[DIE72,DON68, FON68, GUT'7,1,

GW163, KAU'/0,MOR59, SE138,SHA69, VAN56, VAN64]. Thus,we willpresent

someofthegeneralpropertiesthat_m tobeconsistentthroughout.

Shamovskiiand Shushkanov[SHA69] performedcrystallochemicalanalysison

CsI(TI)crystalstodeterminethecrystallinestructurcandhow thethalliumactivatorembeds

itselfinthecrystalstructure.They reportedthatTI+ embeddediLselfwithtwo different

associationstothel-ionsintheface-centeredcubicCsl crystal',theTI+ was either

surroundedby threeornineI-ions.ThesetwodifferentassociationsofTI. withI"°ions

resultintwodifferentthalliumluminescencetenors[GUT'7,4],

DietrichandMurray[DIE72]andKaufm_m,etal.[KAU'70]agr_thatthereuretwo

differentprocessesfortherecombinationofelectrons(e-)and holes(h+) withthe



accompanyingemissionofa photonatTI. sites.First,anelectroncouldbeinitially

trappedattheTI+site,followedbyrecombinationwithahole:
e-+_ +_TI °

h++'11°_ (TI+)'_ TI++photon.

The secondprocessistheholebeingtrappedfirstfollowedbyrecombinationwithan

elec_n'.

h.+T]+--_T1++

e"+'I"I++_ (_.)"_ _. + photon.

Consequently,electronsaretrappedatTI.ionsasTIocenterswhileholesaretrappedatTI+

ionsas'11++centers.Bothgroups,aswellasDonahueandTeegarden[DON68],Outan,et

al.[GUT74],andOwin andMurray[GWI63],addthatholesmay heself-trappedatVk

centers(discus,_dinSectionI.1.3)thatareadjacenttoaTI+ion,Therecombinationofan

electronwithaVkcentercouldfolloweitherp_.

VanSciver[VAN56]reportsthatthetransitionofsomeoftheexcitedTI+states,

(TI+)',tothegroundstate,TI++photon,areforbiddenduetothebandstructureofTI.for

NaI(TI).We assumethattheexcitedTI+statesofCsI(TI)willdisplaysimilarbehavior.At

high temperatur-'_,the trappedCTI+)' can be thermallyactivatedto a statethatdoes not have

a forbiddentransitionto the groundstate. However, at low _mperatures the trappingof

(TI+)* will result in stored energythat will be released as thermoluminescencewhen the

crystalisheated,

1.1.2 F Center Luminescence

One othermechanismthathas beenreportedtotrapelectronsinalkalihalides is the

formationof F cenlers [JOH53,PLC66,SE146]. F centersare formedin CsI(TI)when an

electron is trappedin ani- vacancy, as seen in Fig. 1.4. Consequently,the formationof F

centersis anintrinsicmechanismof the crystal, whereastherecombinationof these centers

with holes typically occurs at impurityor activat.orsites. Like electronstrappedat a TI+



Figure 1.4: Diagram of F center in CsI(TI).
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Figure1.5:Schematicofluminescenceprc_essatanF center.

site, F centers can recombine with holes with the resulting emission of a luminescence

photons, Johnson and Williams [JOH53] repon that F centers predominantly recombine

with Vi¢centersthat are self-trapped adjacent to a TI+ site for KCI(TI), as seen in Fig, l,S,

and Pick [PIC66] reports that most alkali halides display similar F center characteristics.



Thus, F centers in CsI(TI) probably recombine with Vk centers in a similar fashion to

KCI(TI).

1.i.3 Vk centers

As previouslymentioned,holes maybe self-trappedas Vkcentersadjacentto a "1i+

ion. A Vk center for Csi(TI) is a pair of I- ions that are coupled together to forma hole,

!_, when an electron is removed,as seen in Fig. 1.6. Vk centerscan be createdanywhere

in the crystal, but only contribute to thallium luminescencewhen self-trappedadjacent toa

'11+ion. Consequently, the Vk centers mustmove througha crystal by thermally-activated

reorientation [DIE72,MUR75, $ON70, VIT661. As seen in Fig. 1.6,the reortentationcan

be either 90° or 1800to the coupled I_. When the third dimension of the face-centered

cubic crystal is accountedfor a _°-reorientation will also be apparent, Although there are

morepossible 60°-reorientationsites, the activation energyis largestforthis mode,while a

Vk center will not move via 180°-reorientation on average because it will have a 50%

chance of going one of two directions for each reorientation. Consequently, 900-

reorientation is the most likely means of transporting Vk centers to T1+ sites in CsI(TI).

()nee at the"171+ sites, the self-trappedhole can recombinewith a freeelectron or an electron

that is either trappedat a TI+ center or an F center to create a scintillation photon. Donahue

and Teeitarden [DON68] and Gutan, et al. [GUT'74]both conclude that the recombination

prt_ess forVkcentersthat areadjacent to T!+ ions follows

1_"+ TI+ ---)I_TI+

e- + I_TI+ --4(I_-)'TI + -4 21- + TI+ + photon,

where the e- can be a previously trappedor free electron. This recombination process is

_' ',_tmtlarto the processes describedin 1.1.1,except that the excited ion in this process is the

v kcenter insteadof the TI+ ion.
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90°-reorientation

180°-reorientation

Figure 1.6: Diagram of Vk center in CsI(TI) with possible directions tbr 900 and 180°-
reorientation.

1.1.4 Intraband Luminescence

Although the bulk of scintillation photons are accounted for by interband

' 'Otransltt ns, two different intraband transitions have been reported to account for

luminescence in scintillators. Cross-luminescence has been observed to account for the fast

component of barium fluoride, BaF2, and some other crystals with similar band structu_s

to BaF2 [LAV83], while alkali halicles and some other ionic crystals have been reported to

emit intraband luminescence [DEI92]. Intrabandluminescence can originate in either file

' ' tevalence or conduction band, while cross luminescence is only observed to ongma in the

valence band, as seen in Fig. 1.7. For valence band origination, intraband luminescence is

the result of a "high" energy electron (created by a gamma ray interaction) transferring its

kinetic energy to a deep valence bandelectron leaving a deep hole in the upper valence band

or an inner valence band. The deep hole can then be filled by a higher energy valence band
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Figure 1.7: Schematic of intraband and cress-luminescence ,alongwith competing phonon
process for intraband luminescence.

electron accompanied by the emission of an intraband luminescence photon or relax to the

top of its valence band via phonon emission. This scintillation mechanism is characterized

by decay times on the order of picoseconds because the competing phonon process occurs

in that time frame. Cross luminescence occurs when a hole in an inner valence band

relaxes to the top of that band and is subsequently filled by an upper valence band electron

that is accompanied by the emission of a photon and is characterized by decay times on the

order of a nanosecond. For the conduction band origination of intraband luminescence, a

valence band electron is excited into the conduction band and moves toward the bottom of

the band by either intraband luminescence or phonon emission. Conduction band intraband

luminescence is also characterized by decay times on the order of picoseconds. Intraband

luminescence is one of the fastest known scintillation processes, but typically has a

scintillation efficiency of 10-4 to 10-5 for alkali halides as compared to an overall

scintillation efficiency of about 0.14 for both NaI(TI) and CsI(TI). Since intraband

luminescence is governed by the band structure of the host crystal, both the emission
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spectrum and scintillation efficiency will be independent of impurities and activators in the

crystal. Additionally, the band structure does not change significantly with tcn_perature,

and thus the intraband luminescence emission spectrum and scintillation efficiency will be

approximately independent of temperature [DEI92].

1.2 Scintillation Characteristics that Affect Detector Performance

To aid investigators in assessing the use of CsI(TI) for a particular application we

have measured the gamma-ray excited scintillation characteristics that are critical to detector

performance. In addition to measuring the scintillation characteristics of interest at room

temperature, we have also measured the temperature dependence of these characteristics.

The temperature dependence of CsI(T1) is of interest for two reasons. First, the thermally

excited dark current present in silicon PIN PDs at room temperature limits the achievable

energy resolution and suggests that low temperature operation might result in better energy

resolution since the dark current will decrease exponentially with inverse temperature.

Second, some applications require ambient temperatures other than typical room

temperature. Consequently, the temperature dependence of the CsI(T1) scintillation

characteristics has been studied in the temperature range of-100 to +50°C.

The solid state physics of the scintillation mechanism is of interest primarily to aide

in the search for better scintillators. However, the manifestations of the scintillation

mechanism comprise two important characteristics, the emission spectrum and the temporal

behavior of the gamma-ray excited luminescence. The emission spectrum is the

distribution of scintillation photons as a function of wavelength. As previously mentioned,

the emission spectrum can dictate the photodetector that will best convert scintillation

photons to charge carders, quantum efficiency, that can be processed by electronics. The

emission spectrum averaged over the photodetector quantum efficiency along with the

scintillation efficiency determine the number of charge carriers created by a scintillation

event, Ncc. Since the statistical fluctuations of Ncc will be the limiting factor of detector
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energyresolutionwhen a detectorisoperatedinpulsemode,itisadvantageoustoknow

' 0boththeemissionspectrumandscintillationefficiencyofa scmtillatr.Furthermore,the

scintillationefficiencycanbe determinedby measuringtheemissionspectrumandthe

absolutescintillationyield.

Forgamma-rayexcitationatroomtemperaturetheemissionspectrumofCsI(TI)has

beenreportedtohaveup tofouremissionbands,themostprevalentofwhichpeaksat

about560 nm [CRA74,ORA84, ORA85, OUT74, OWl63, KRE87, LAG61, MAS66,

SCH90, TOW68], Measuringtheabsoluteshapeoftheemissionspectrumrequires

correctingrecordeddataforwavelength-dependentvariationsinmonochromatorefficiency

andphotocathodequantumefficiency.Itisnotstatedinmostcaseswhetherthepreviously

reportedemissionspectrahavebeencorrectedforsuchvariations.Wc havecorrectedour

dataaccordinglytoyieldanabsoluteemissionspectrumshape.

The absolutescintillationyieldisa dominantfactorindeterminingtheenergy

resolutionofa scintillationdetectorbecausetheyieldgovernspulseamplitude,aswellas

thestatisticalfluctuationsinthenumberofchargecarrierscreatedandthescintillation

efficiency. Electronic noise and the uniformity of the light collection efficiency across the

volume of the scintillator are also energy resolution factors that must be considered, but the

absolute scintillation yield is typically the limiting contribution to energy resolution. Since

CsI(T1) has the largest known scintillation yield, it has the potential for producing the best

energy resolution of any scintillating crystal. Holl, et al. [HOL88] have reported that the

CsI(T1) absolute scintillation yield is 51,800 photons/MeV at room temperature, but did not
!

account for ballistic deficit due to the long decay time of CsI(TI). We have reported a room

temperature absolute scintillation yield of 64,800 photons/MeV using a method that

accounts for ballistic deficit [VAL93b]. The temperature dependence of the CsI(TI)

absolute scintillation yield is also of importance because some applications require an

operating temperature other than room temperature. Previous relative measurements of the

scintillation yield temperature dependence [BLU86, GRAB5, KOB89] give an indication of
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this behavior, but do not account for long scintillation decay time constants and the

variation of these decay times with temperature. Kobayashi, et al. [KOB89] have

demonstrated that the temperature dependence of the CsI(TI) scintillation yield for gamma

rays does not vary with incident gamma-ray energy. Thus, if the temperature dependence

of the absolute scintillation yield is measured for any single gamma-ray energy, the result

should apply to all gamma-ray energies. Additionally, the scintillation yield of CsI(T!) is

known to be dependent on thallium concentration, unlike the decay times [SCH90].

Consequently, crystal.to-crystal variations of absolute scintillation yield are expected. This

thallium concentration dependence may also manifest itself in differences in the temperature

dependence of the scintillation yield.

When a detector is operated in pulse mode, the temporal behavior of the scintillation

--,4 i 0emissions determine the timing capabtl ties, high count rate limitations, and in some cases

the ability to utilize the charge carriers created by the detector. The temporal behavior is

characterized by rise and decay times that determine when scintillation photons are emitted

with respect to the gamma-ray interaction. Many scintillator applications require using

timing signals for coincidence measurements. The best timing signals are produced by

scintillators that have high light yield with fast rise and decay times. The number of

gamma-ray excited decay modes, their decay times, and their temperature dependence for

CsI(T1) have been the subject of some controversy; both one and two primary decay modes

have been reported [GRAB4, GRA85, JON60, MAS66, MOR59, PLI59, SAS61, SCH90,

STO58, VAL93a]. Also, the presence of a significant exponential rise time has been

recognized, but it has only been quantified by Grassmann, et al. [GRA85] and Valentine, et

al. [VAL93a]. Table 1.1 shows the previously reported values of the rise time constant,

zr_se,and the two primary decay time constants of CsI(TI), x I and x2, at room temperature.

The confusion about the number of decay modes might be due to the length and relatively

small initial intensity of the longer component. However, the longer component is

responsible for about 40% of the scintillation yield and leads to significant ballistic deficit
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Table i. 1' Published values of primary decay time constants at room temperature.
i...... L............ . - ii [ .........

_rlse _1 '_2

Author(s) (ns) (ns) .............. (its) _

....Benrachi, et ai' [BEN89] -- 700 4.0
Crannell, et al. [CRA74] -- 800 1.6
Grabmaier [GRAB4] m 980
Grassmann, et al. [GRA85] 40 850 --
Masunaga, et ai. [MAS66] M 8CK) 1.2
Morgenshtem [MOR59] -- 550 0.7
Pliavin [PLI591 m 800 1.6
Sastry and Thosar [SAS61 ] -- 9(X) 10
Schotanus, et al. [SCH90I u 6(1_) 3.4
Storey, et al. [STO581 -- 700 --
Valentine, etal. [V_93al 19.6 ................679 3.34

when CsI(TI) is used with commercially-available linear amplifiers. The long decay

component thus has a significant effect on pulse processing and the observed scintillation

characteristics of CsI(TI), e.g. energy resolution and light yield. Therefore, variations in

the long decay time with temperature are of significant interest. The decay times of CslCII)

have been reported to be independent of thallium concentration for gamma-ray excitation

ISCH901. This thallium concentration independence "ould result in small variation in

decay times from crystal to crystal, independent of crystal ,,rigin.

For current mode operation, as proposed for CsI(TI) in high energy physics

applications, the emission spectrum and the scintillation yield will again determine N,:c.

However, ira scintillator emits thermoluminescent light in the temperature range of

operation, current mode and some pulse mode results may be erroneous. CsI(TI) is known

to be thermoluminescent in the temperature range of-100 to +50°C [GRA84, GUT741.

Therefore, we have investigated the temperature ranges over which thermoluminescence

occurs and whether these ranges vary from crystal to crystal.

CsI(TI) crystals from several vendors were investigated to assess the differences in

scintillation characteristics. Cubic crystals of 8 mm on a side were procured from Bicron

Corporation, Horiba Crystal Products, Rexon Components, Inc., and Solon Technologies,
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Inc. The STI crystalwas chosen at randomto be used for the bulkof the measurements.

To assess the performanceof CsI(TI)as a g_ma-ray detector, we have measuredthe

emission spectrum(ChapterIH).the absolutescintillationyield (ChapterIV), the riseand

decaycomponents(ChapterV), andthe thermoluminescenceemissions(ChapterVI).



CHAPTER II

THEORY

2.1 CsI(TI) Scintillation Pulses

To determinethe absolutescintillationyield, the scintillationprocessand all of the

subsequentmechanismsfor transformingthe scintillationlight to a usableelectronicpulse

must be considered. For the present discussion, only the mechanisms that lead to

productionof chargecarriersin the photodetectorwill be considered. The processingof

the pulse created by these charge carrierswill be discussed in Section 2,2. The total

number of charge carriers (electron-hole (e-h) pairs in a photodiode (PD) and

photoelectronsin a photomuitipliertube(PMT))createdby a full-energygamma-ray,F._

event at t=O,N_(F_T), can be writtenas
dm)am)

Nc_(E.f,T)= _fN(E.f,_.,T,t)TI(X,T,t)Q(X,T,t)dXdt, (2.1)
oo

whereN,!I,andQ arethenumberofscintillationphotonsproduced,lightcollection

efficiency,andphotodetectorquantumefficiency,respectively,expressedu functionsof

wavelength_,,temperatureT,andtimet.

Consistentwithearlierobservations,weshallassumethattheluminescentstatesof

CsI(TI)aredepopulatedbyexponentialprocessesandarepopulatedeitherexponentially,

instantaneously,orbyacombinationofboth.Usingthese_umptions,thetotalnumber

ofscintillationphotonsproducedattimetcanbeexpressedas

._ a,(T) -t/,_j(T)
N(E._,_,T, t) = E,y_,.,_ e ej(_,T), (2.2)

j 'cj(T)
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where aj,_j, andzj are the numberof photonsproducedper unit energydeposited

(integratedluminescence),theriseor_ay timecons_t, andtheemissionspectrumof the

jth luminescencemode.Forall luminescenceprocesses,thecharacteristictimeisadecay

time constant and the integratedluminescence takes on a positive value, ad,_,_>O.The

exponentialpopulationof a luminescentstate manifesu itself as a separateiumin_cence

mode in Eqn. (2.2). In this representation,the rise component behaves as a negative

integratedluminescence(ev_,.<O),thecharacteristictimeisarisetimeconstant,endthetotal

integratedluminescencefor a processwith an exponentialpopulationfeedinBan

exponentialdepopulationis%,.+ad.c.y,A nesativeintegratedluminescenceimpliesthat

thert_ componentreducesthetotalintellratedluminescencefromwhatit wouldbe if the

populationof theluminescentstatewereinstantaneous.If a luminescentstateispopulated

onlyby asingleexponentialprocessthentheabsolutevalueo£theinitialintensitiesare

equal, Ideczy= -Iris,. Althoughit iswellknownthattheemissionspectrumisdependenton

the luminescencemodefor somescintillatorssuchas BaF2, theemissionspectrumof

CsI(T1) has been assumedto be independentof the luminescencemode and thus

independent of time (ej(;L,T)=e(_,T))[VAL93a]. The assumptionof emission spectrum

temporalindependencewill be discussedfurtherin Section 3.3. Consequently,bydefining

thetemporalluminescen_intensityl(T,t) asthesumof theexponentialcomponents:

_ -,/,j(T) = E[J(T) e-'/_J(T)
](%0 = J 1:j;_,_,., e , (2.3)J

whereIj is the initialintensity_r unitenergydepositedof thejth exponentialcomponent,

andEqn.(2.2) can be re-written

N(E,t,3.,T,t) = E.fI(T,t)e(_.,T). (2.4)

Whenthe emissionspectrumis normalizedsuch that

f e(_,,T)d_,= 1.0, (2,5)
0

the integrationof I_,t) overtimeresultsin the absolutescintillationyield
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_I(T,t)dt,,_aj(T)" NAt,,(T). (2.6)
o J

2.1.1 Light Collection Ettlelency, TI(),,T,t)

The light collection efficiency, rl, has conventionally_n defined as the average

probabilityof a scintillationphotonof wavelength k being incidenton the photodetector

averagedover all possible positions of a scintillationevent and directionsof the emitted

scintillationlight. Fora highly reflective system withgood opticalcoupling between the

_intillating crystalandthe photodetector(conditionsnece_ary to achieve optimalenergy

resolution for a scintillation detector), a single photon could be incident on the

photodetectormore thanonce. Thus, the possibilityof a lightcollectionefficiency greater

than unity exists with this conventional definition and 11 is no longer a legitimate

probability. This 11is also impossible to measure experimentally because an incident

photoncan only becountedif it createsa chargecarrier.Consequently,1!has beendefined

in this work as the average probabilityof a scintillation photon of wavelength _. being

absorbed in or transmittedthroughthe photodetector. Forthe 3_)l.tm thick silicon PIN

photodiodeused for determiningabsolutescintillationyield, it is reasonableto assumethat

noscintillationphotonsaretransmittedthroughthe photode_tor. The de_ition of rl for a

PD thus becomes the averageprobabilityof a scintillation photonof wavelength_kbeing

absorbedin the photodetector.11has beenassumedto be independentof time, tem_rature,

and,as justifiedin ChapterV, scintillationphotonwavelength. Thus we c_ treatthe light

collation efficiency as a constant,TI(_,,T,t)=TI.

2.1.2 Quantum Efficiency, Q(X,T,t)

Photodetectorquantumefficiencyis conventionallydefinedas the probabilitythata

scintillationphoton incidenton the photodetectorcreatesa chargecarrier,i,e., ane-h pair
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for a photodiode. This de_ition canbe morn accuratelyde_ribed L,ttheexternalquorum

efficiency [GEI82], Q,n,, and is inconsistent with our definition of 11. Thus, we shall

define Q as the average probabilitythat a scintillation photonwhich is absor_d in the

photodiodecreates an e-h pair. This definition of Q is consistent with that of intemai

quantumefficiencyandb relatedtoQ,xtby

l-p

wherep is the reflectanceof the photodiode[GEI82]. AlthoughQ,xtandp are dependent

bothon the angle of incidence, e. andthewavelength._..of the _intillation photon.Oeist.

¢tat. [OEIg2]haveconfirmedthat Q is independentof the incidentangle. ThereforL.if Qnt

andp _ knownat a particularincidentangle, 0o.thenQ canbe dete_irP..d forall incident

angles:

Q(_.),, Q,,t(_..eo) (2.8)
l -po,,eo)

Theincidentangleindependenceof Qlendsfurtherjustificationforourdefinitionsof 11and

_, sincetheconventionaldefinitionswouldrequiretheangulardistributionof the incident

scintillationphotonsto determineQ,xt. Our definitionsaremore rigorousthanthe

conventionalonesbecauseallopdcaipropertiesarecontainedin!1andonlysemiconductor

propertiesarecontainedin O. Similarly,ourdefinitionsdivide1"1andQ intomeuurable

quantities,whereasme_uringthenumberof photonsincidentona surfaceis impossible

unlessall incidentphotonsaredetected.The internalquantumefficiency,referredto as

quantumefficiencyhenceforth,isassumedto beindependentof Lime,Q(_.,T.t)=OO.,T).

2.1.3 Absolute Scintillation Yield, NAb,(T)

,_ubstttutingEqn.(2.4) intoE,qn. (2.1)andusingtheresultsof Eqns.(2.5)and(2.6),the

numberofchargecarrierscreatedis

Ncc(E_,T)= E,/TIN^b,(T)_e(_,,T)Q().,T)d_., (2.9)
0
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whereit hu _n m_ed _t quantumefficiencyis timeindepen_t andUshtcoli_tton

efficiencyisconstant.ThewavelenBth-averalledquorumemciency,de_ as
,ira

_(T)- _t().,T)Q(),,,T)dX, (2,i0)
o

is_ wave!eniph-avera,ledprobabilityof anabsorbed_tnttllattonphotonc_tin8 ane-h

pairin _ PD at temperatureT. SubstitutinllEqn.(2,10) intoEqn,(2.9)andrearranBtnll

resul_ tn

N_(ET,T).
NAbI(T) I e,q_(T ) (2.ll)

'T'nu,,by determintn8N_(E_T),q, and _ andknowtnllE.r _ wmFrat_-dependent

,bsolumscintillationyieldcanbedemnn_d.

3.3 Charlle CallbraUon Meth_m

The temporal luminescenceintensityof CsI(TI) _tntillatton lisht at room

lemperatureis bestrepresentedby twodecaycomponent.,,((at. 'rl) and(az,_a)whe_

'ca<'c2),and. deecomponent(_r,,., ¢rt,e) thal is associatedwith the shorterdecay

component(ll =, It.,,).

_e"l/%ael(t) = +

= ] "film,]ie'tl_ + ]2e"t/_r_-I- r4me

. ]l(e"l', -e"/'r_ l+ I,e ''`', , (2,12)

As_en in Table1,1thelonBerdecaytimeconstant,'ra,isexpectedtobeontheorderol'

mtcro_.,conds,while'_landx.. axeexpectedtobeon theorderot'hundredslind tensof

nanoseconds,respectively,

After thescintiUattonltsht is convertedto e-h pairsin thePD, the pulsewill

c'ontinueto havethesamebasicshape,sincethePD rise_e (afewnanoseconds)isshort

comparedto thefleeanddecaytimeconstants.Theelectroncur_nt puleeproducedbya

s_.'indlladoneventis
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,(,). [,,(.-"-."'+.)+,2."',]
w_m e is theel_tront¢ ¢hsrp, and_ ¢o_pondtnB to_ chup of t_ pul_ is

Is)

qc,, " _l't)dt "eE,q_l,¢,- I,%. + I_¢:]. (2.14)
0

_Anlnll ql_F-.tq_It¢i andq2me_ [_12¢2,_n. (2.14)slmplinesto

qc,t "ql - ql _ + q2, (2,15)

and_n. (2,13)_omes

i(i) .. -_l.(e"'/_' -e "'/_m')+_e -'/'+, (2.16)
tl t +I

Whenthiscm"mntpulm i+In_umd Into a charge-mnsltlvepreampliAerhavinll+1,=R_I+

. the time conmnt of thechargeintegrator,thecurrentpulm is tntegramdover the

feedbackcapacitor,CF,andyieldsa voltqlepul_ withthefollowingtimedependence

when_F>>_l ,_2,_rtN:

VPt_P(I) " _e'It'Fcp "°_( l_'I/Itl --_e"/'_" _"l/'ltl --,_e -I/''.Cp (2,1"/)

For_m,<<_l<<'_r and1:rtN<<'_2<<'cr,thepeakvoltaieis Vc,,l=qCol/C F [KNO89], Thus,

thepreamplifier_a,k voltal_eisdirectlyproportionalto the totalcharlJeinducedby the

CsI(TI) scintillation. Fillure2,1 demonstratesthederivedpulseshapesfor a Csl(Tl)

,scintillationpulse, Thismodelrepresentsan idealpreamplifierbehavior,buttheactual

componen_functionconsistentlywiththismodel.

Whenthepreamplifieroutputpul_s aresubsequentlyshapedby a linear amplifier,

it is n_e.ary to have an _plifler shaping time larger than fourtimes the longest decay

time to preserve99% of the preamplifieroutput pulse amplitude. Thus, some ballistic

c_ficit is unavoidablycreatedwhenCsI(TI)_intillation pul_s areshapedby commercially-

av_lable linearamplifiers(shapinlttime :_12Its)due l(>the largevalueof _2. The amount

of ballisticdeficit will be smallerwith inc_asinl+shapingtime, thusthe amplitudeof the

shaped pul_ will increase with increasingshapingtimes, The following two sections

de_rtbe why the two methodsthathave been traditionallyused for calibratingamplifier
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Figure2,1. CsI(TI)scintillationpulse shapes:(a) scintillationyield, (b) prcampUfierinput
currentpulse, (c) preamplifieroutput voltage pulse, and (d)amplifieroutput voltage pulse.
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pulse height to integrated charge for systems with PDs (observing direct photon

interactions in the PD and introducing a square wave voltage pulse onto the input capacitor,

CTe_t,of the preamplifier) result in erroneous calibrations due to the ballistic deficit,

2.2.1 Direct Interactions in PD

The use of direct gamma-ray or x-ray interactions in a PD has been a widely-used

charge calibration method. It relies on a full energy event, _ in the PD creating qDif_/e

e-h pairs, where ¢ is the average deposited energy necessary to create an e-h pair.

Although this method accurately calibrates the amplifier pulse amplitude to the charge

created by a direct interaction in the PD, the charge is introduced to the preamplifier in a

time frame that is short compared to thatcharacterizing a CsI(TI) scintillation event. In this

ca_, the preamplifier output pulse rise time is short relative to most shaping times and thus

not affected by ballistic deficit. Figure 2.2 demonstrates how the ballistic deficit affects the

direct interaction calibration. To illustrate the problem, we have assumed that the total

charge crea_d in the PD by the direct interactionis the same as the total charge created by a

CsI(TI) scintillation event (qDlfqcd). Note that the shaped pulse amplitude of the direct

interaction pulse will be nearly constant for all shaping times, while the shaped CsI(TI)

pulse amplitude has been previously noted to increa_ with increasing shaping time. Thus,

due to the difference in the preamplifier inputcurrentpulse, the direct interaction calibration

will be shaping time dependent. Under these circumstances the CsI(TI) scintillation yield

inferred from this calibration method will be different for each amplifier shaping time and

will underestimate the true yield.

2.2.2 Square Wave on CTest

Introducing a square wave of amplitude Vo onto CTostthrough the test input of the

preamplifier will result in an short impulse of charge, qsw_qVo, that is introduced to the
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Figure 2.2. Direct interaction (DI)method pulse shapes:(a)preamplifier input current
pulse, (b) preamplifier output voltage pulse, and (c) amplifier output voltage pulse.

charge integrator. CEqis the parallel sum of the test capacitance and any stray capacitance

(CEq---CTest+Cstray).Figure 2.3 demonstrates the pulse shapes for the square wave method

when the total charge is equal to the charge created in the PD by a CsI(T1)scintillationevent

(qsw=qcsl). Since we again have an impulse of charge, this method produces results

similar to the direct interaction method, and the inferred scintillationyield will again depend

on the choice of shaping time.
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Figure 2.4: Shaped square wave (SSW) method schematic.

The precision to which CEqis known directly affects the precision of the calibration.

For the preamplifier used, CEq was inferred from the direct interaction method to assess the

contribution of Cstray.The resulting equivalent capacitance of about 1.27 pF is consistent

with the nominal value of the capacitance of the test capacitor (1.2 pF 5: I%) and the

addition of a stray capacitance on the orderof a few percent.

2.2.3 Shaped Square Wave (SSW) on CTest

To compensate for the ballistic deficit that is the result of the long decay time of

CsI(TI), we propose to introduce a current pulse of known total charge, qssw, with the

shape of the scintillation pulse, Eqn. (2.16), to the charge imegrator. The shaped square

wave (SSW) method models the scintillation pulse to satisfy this requirement [VAL92a].

As seen in Figure 2.4, a square wave is introduced to the SSW circuit, and the pulse is split

into three branches, each branch representing one characteristic time (2 decays and 1 rise

time constant) and the relative contribution of that rise or decay mode to the pulse. To

simulate the characteristic time, each branch is passed through an integration stage (two

non-inverting for the decay times and one inverting for the rise time) with an RC time
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constant that represents the respective rise or decay time constant. Subsequently, the

branches representing '_2and zrtseare attenuated by k I and k2, respectively, to model the

contribution of the long decay time and the rise time to the pulse, relative to thecontribution

of zl. Finally, all three branches are summed resulting in a voltage pulse that when applied

to CTeu will yield a current pulse with the same shape as the CsI(TI) scintillation pulse.

The negative voltage pulse introduced to CTeltwill behave according to

Vcallb(t) - - Vo(e -t/zct + kl e-t/_c2 - k e -t/get2 )" (2.18)

For this input voltage pulse, the current introduced to the charge integratoris

i(t)=CEq _- c_lib(t)=-CEqVo _ ....... + _ , (2.19)_CI '_C2 _Cr

while the total charge delivered to the charge integrator is

qssw ffi Si(t)dt ffi CEqV0(1+ k1 - k2), (2.20)
0

The resulting preamplifier output voltage pulse will be

Vpre_p(t) = qSS_We-t/_F- C_V° [e-'/_c' +kle -t/_c_ - k2e-'/_c']. (2.21)CF CF

Eqns.(2.17)and (2.21)areidenticalatalltimesonlyifzlfZcl,z2fZc2,"Crlse='_Cr,

qcsi=qssw,ql=CEqVo,kl=q2/qt,andk2=1:rtse/'_I. Figure2.5shows theresultsofthe

SSW methodwhen theaboveconditionsaresatisfied.Withscintillationandcalibration

pulsesofidenticalshapeandamplitude,thecalibrationofamplifierpulseheighttocharge

createdinthcPD isindependentofshapingtimebecauseeachampiificroutputpulsehas

thesameballisticdeficit.

The trailingedgeoftheinitialsquarewavewillproduceexactlythesameresultsas

theleadingedgebutwiththeoppositesign.The negativepulseswillpassthroughthe

amplificr,butwillnotberecognizedbytheanalog-to-digitalconvcrtcrinthcmulti-channel

analyzer.

Insummary,theSSW methodrelieson creatinga calibrationpulseofknown

chargewiththesame shapeandamplitudeasthefullenergyCsI(Tl)scintillationpul_s
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such that both pulses experience the same ballistic deficit. When this is realized, the

photopeak and calibration peak centroids will occur in the same channel of a multi-channel

analyzer, independent of amplifier shaping time. Since the SSW method relies on

comparing pulse amplitudes (or integrated charges) for different available shaping times,

the method will only be sensitive to rise and decay components that are similar to the

amplifier shaping times. Although the SSW method was developed for calibrating pulse

amplitude to the integrated charge created in a photodiode by a CsI(TI) .scintillation pulse to

ultimately determine absolute scintillation yield, the method also conveniently results in

estimates of the rise and decay time constants and the relative contribution of the

luminescence modes. We shall use this feature in the next section.

2.3 Rlseand Decay Time ConstantDetermination

The decay time constants and relative intensities of the decay components dictate the

high rate capabilities of a scintillator. Thus the aj's and %}'sin Eqn. (2.3) and their

temperature dependence are important scintillation characteristics that are used to evaluate

the suitability of a scintillator for a given application. Consequently, the temporal

luminescence intensity of CsI(TI), l(t), has been determined by both the Bollinger-Thomas

method [BOL61], as modified by Moszynski and Bengtson [MOS77], and by the shaped

square wave (SSW) method [VAL92a]. The modified Bollinger-Thomas (MBT) method

has become the standard technique for determining l(t), and was thus used both to

determine the most accurate estimates of the parameters and to confirm the applicability of

determining l(t) by the SSW method.

2.3.1 Modified Bollinger-Thomas method

The Bollinger-Thomas method was developed specifically for determining

luminescence decay times. As modified, the method uses a trigger that is correlated in time

with the initiation of the luminescence siglml; a photodetector then randomly samples the
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luminescence distribution by restricting the mean number of phot_lectrons generated per

trigger to much less than one, This restriction is commonly reali_d by creating a "poor"

crystal-to-photodetector geometry. To determine the true luminescence intensity I(t),

standard nuclear electronics, with an impulse respon_ function O(t), are used to acquire a

timing spectrum. (The temporal representation of G(t) is discussed in Appendix D.)

Consequently, the observed luminescence intensity H(t) corresponds to the convolution of

the impulse response function and the true luminescence intensity:

H(t)= fI(t')G(t = t')dt'. (2.22)
0

For fitting purposes l(t) was normalized to the absolute scintillation yield, NAb,, which is

the sum of the aj's. With this normalization, each aj repre_nts the fraction of the total light

emitted by the jth process. For the case of an exponential process (arise,"Cri_) populating a

luminescent state (adec,y,%dec=y),the traction of the total light contributed by this ri_Jde_ay

pair is art,e+ad_ay.

The measured data, Mk,are the number of counts in the kth bin (corresponding to

the time interval [tk,tk+St])and are analyzed using a non-linear least squares fitting program

[DER93]. The fitted number of counts in the kth bin, Fk, is determined by summing the

integral of the dming sl_ctrum and Rch,the chance coincidence rate contribution to that bin:
t k+_t

Fk = RchSt + ]H(t)dt (2.23)
t_

The chancerateappearsasa fiatbackgroundon whichtheluminescencedistributionis

superimposed.Thismanifestationonlyoccurswhen thechancerateismuch smallerthan

theinverseoftherandomsamplingtime(TAC range).MinimizationofX2,where

(Mk-2F k)!= Z (Mk - Fk)2 (2.24)

results in the best estimates of the aj and 'i:jparameters, where Fk is the best estimate of the

variance of the counts in the kth bin. The number of dimensions on the X2 surface is the
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Figure2,6: X2 surface projectedinto ajspace.

numberof free parametersusedin the fittingprogram,whichco_espondsto twice the

numberof exponentialcomponenL_in F_.ln.(2.3)(oneforeachajandtj), plusoneeachfor

theflatbackgroundorchancecoincidencerateRobandthezerooff_t of theluminescence

pulse(thefixeddelayrime). Asseenin Fig.2.6,the fit parametervalueof aj is chosenat

)_2min. To determine the statistical uncertaintiesof the fit parameters,the largest and

smallest value of each parameteron the 2Xmln+l surface are determinedwhile all other

parametersarevaried. Fig. 2.6 demonstratesthis methodfor theparameteraj, whore the

g2 surface has been projected into aj spac?. This method results in values for +oaj and

-oaj that are not equivalent when the Z2 surface is asymmetric. When this occurs, the

reportedvalue of Crajis the averagevalue of the +oajand I-oajl,such that aj:l:oajis reported,

For most mmporal luminescence intensity timing spectra, the values of +o and .-o are

nearly equal and thus the g2 surface is approximately symmetric. This method of

n t tdetermining statisticalu cenmntnesis dt_ussed e,xtenslvely by Rogers[ROG751.
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2.3.2 Shaped square wave method

TheSSWmethod,describedin Section2.2.3,wasdevelo_dspecificallyfor the

chargecalibrationof Csl(Tl)/photodlodesys_mstoaccountfor theballisticdeficitdueto

theIonsdecaytimeconstants.However,themethodalsoconvenientlyresult,,'inestimates

of theriseanddecaytimeconstantsandtherelativecontributionof'theluminance modes

fromtheRC timeconstantsandattenuationfactors,respectively.TheRC constants_cl,

zc2.and'ccrareestimatesof _I, 'c2.and'_ri,,whenthe$SW methodhasbeensuccessfully

applied,while kI resultsin an estimateof the ratioof the chargecontributionsfrom

luminescencemode2 to mode1. q2/qlor a2/(al+ari,,). As previouslymentioned,the

SSWmethodisonlysensitivetoriseanddecaytimesthatareon theorderof'theamplifier

shapingtimes(2:50nsto 12ps).



CHAPTER IH

EMISSION SPECTRUM

The emission s__ of a scintIHatorcan be u_d to learn about the scintillation

mechanisms of thatparticularmaterialand to determinewhich photodetector will most

efficiently detect that material's scintillation light. Wavelenllths of peak emission

correspondto theenergy levels of the radiativestates for that scintillator,and can thus be

used to betterunderstandthesolidstate physics that govern the behaviorof thatscintillator.

Accuratequantificationof the CslCTI)energyie_Is _uires measuringthe fl_ structureof

the emission spectrum. Conversely, to characterizea scintillation material for use as a

gamma.raydetector,it is not necessary to accuratelydeterminethe fine structureof the

emission spectrum. This is because the productof the emission sp_trum, e(_,,T), and

quantumefficiency, Q(_,,T),is integrawd over a!l wavelengths(Faln.(2.10)) to determine

the wavelength-averagedquantumefficiency, (_(T), where Q(_,T) for a PD is s slowly

varying function o£ wavelength. Thus, knowledge of the line structureor the emission

spectrumwill notsignificantlyimprovethe accuracyof the calculatedvalue of Q(T). To

calculate_(T) by Eqn. (2.10), the emission spectrum must be normalizedto unity (Eqn.

(2.5)). This normalizationand the slowly varying wavelength dependence of the PD

quantumefficiency implythat only thecoarseshapeof the emissionSl",,..ctrumis neededto

determine_(T),

Theenergyresolutionof anyde_tor will be limitedby thestatisticalfluctuationsin

the numberof chargecarrierscreated,Ncc(F_T); thus,the bestenergy resolutionwill be

achieved by a detector system that creates the most charge carriers per unit energy

deposited.Formanyyearsit wu believedthattheCsI(TI)scintillationyieldwas inferiorto

34
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thatof NaI(TI)andthusinherentlyhada_rer limitingenergyresolution.Then beliefs

wereba_d onrelativemeasumrnenLqof P_ phot_lectronyieldanddidnotco_ct for

the wavelength-averagedquantumefficiency. As _en in Figure 1.1, the quantum

efficiency of a typicalPMTat the _ emi_ion wavelengthof CsI(TI)(5_J am) is a_ut

an o_r of magnitudelower thanat the peakemissionof NaI(TI)(450 nm), thus_sultin8

in t_ ervo_ous conclusionthatthe_inttllatton yield of Nalm) is Aupedor.Incont_t to

PMTs,the quantumefficiencyof a PD increaseso_r the rangeof 3(X}nm to 9_ nm. This

rangeof increasingquantumefficiency includestheemiMtonwavelengths of both Nal@:l)

andCsI(TI),thus the wavelength-averagedquantumefficiency forCsl('ll) will _ _u_rtor

to thatof NaI(TI)when bothcrystals _ coupled to a PD. Furthermore,we can _e from

Figure1.1 thatthe wavelength*averagequantumefficiency for a CsI(TI_D detector will

be su_rior to thatof theCslm)/PMT, NaI('II_MT, and NaI(TI)/PDcombinations. Thus

_tPD will _ the photodetectorof choice for most applicationsthatutili/.eCsI(Ti) at r'oom

tem_ratur-,:,while a PMTis still the best photodetectorwhen using NaI(TI). Priorto the

developmentof silicon PIN PDs, the NaI(TI_MT combinationyieldedthe largestnuml_:r

of chargecarriers_r unitenergy depositedof any _intillator/photodelector pair (at best

10.0(X)photoelectron_eV) and thus had the best possible energy resolution. With the

presentcommerclally.availahlePDs, theCsI(TI)/PDcombinationnow yields at least four

times as manychargecarriers(about40,(XX)electron-holepair_MeV)and ha.__come the

_intillatorlphotodetectorwiththe _st possibleenergyresolution.

Changes in the shape of the Csl(Tl) emission s_ctrum with temperature will

change the wavelength.averaged quantum efficiency and could thus change the

photodetectorpreference. Therefore,it is importantto accuratelyknow the sha_ of the

emission sl_ctrumas a functionof temt_Jratureso thatanappropriatephotode_ctorcan Ix,

cho,_n andthe wavelength-averagedquantumefficiencycanbe calculatedat the anticipated

_mperatumof operation.
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As stated in Chapterl, the CsI(TI) emissionspectrumand its temperature

depen_ncehave_n reportedbywvera]authors,Inmostcasesit isnotapp_nt whether

theemtutons_L,'a wereco.ted forthes_tral efficiencyof the_tecttonsystemused,

Not correctinBfor thespectralefficiencycanleadto verypoorrepresentationsof the

emissionspectrum. Forexample,Schotanus,et ai, [SCHg(}]reportCsi(TI) emission

spec_m datathatwu notco.ted for thespectra]efficiencyof themon_hromatorand

PMT andthe resu|ttnltemissionspectrumis peakedat about$(10nm. The authors

acknowledBethattheemissions_trum probablypeaksat about5_ nm, However,if

theirdatawereu_d tocalculatethewavelensth-averalledquantumefficiency,aresultat

lees|5%smallerthan_ expectedvalueforCsi(_) coupledwitha typicalsiliconPIN PD

would_ reali_d, Therefore,correctingemissions_tra datafor thespectralefficie_y of

thedetectionsystemisanes_ntial partof theab_lute measurementof _(_,,_ coveredin

thischapter,

3.1 EmissionSpectrum Experimental Methodt

TheCsI(TI) crystalsprocuredfromBicronCorporation,HodbaCrystalProducts,

RexonComponents,inc,, andSolonTechnoloBies,Inc. (STI) wereusedto assessthe

crystal-to.crystalvariationsandtemperaturedependenceoftheemissionspectrum;theST]

crystalw_ randomlythorn for thetemperaturedependencemeasurements,Asseenin

Fii_,3.l,theemissionspectraofthefourCsI(TI)crystalsweremeasuredusinBaO.125

me_rJ_eli-AshMonoSpecI_monochromntorwithtwodifferent12(X}line/ramBratinBs,

oneblandfor3(X}nm andtheotherforS(}Onm. Themon_:hromalorentranceandexit

slitswere5(X)l_mwide,whichcorrespondstoa 12nm spectralresolution._IIkeV

annihilationphotonsfroma0.7mCi6_e sousewereusedtoexci_thecrystals,The 12

nm sp_tralresolutionisnotsufficientfordeterminingthefinestructureoftheCsI(TI)

emission spectrum, hut is sufficient for identifying the majorvariations thataffect the

calculation of the wavelength.averagedquantum efficiency. The crystal of interestwas
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Figure3.1: Dete_tionsystem schematic foremissionspectrameasurement.

placed at the focal pointof a quartzlens; a similarlens thenref(g:usedthe emissions onto

the entranceslit of the monochromator.The crystals and first fi_cusinglens wereplaced in

a _parate, thermally.in_.sulated,tem_rature.controlledenclosurethat was optically coupled

to thePMT via quartz lends andairgaps. A brass block servedas theheat sinkand source

for theenclosure. To allow low temperature o_ration, a constant flow of liquid nitrogen

was passed throuBh the block. The temperature regulation was provided by a

microprocessor-controlled heating element in the brass block (temi_rature regulation

method A) as shown _hematically in Fig, 3,2. The crystal temperaturewas monitoredby

placinga thermocouplein directcontactwith thecrystal. A HamamatsuR-2059 PMT was

placed at the exit slit of the monochromatorin a thermallyinsulatedenclosure. The PMT
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was cooledto-20°C toreducethedarkcurrent,and a backgroundrateof about

I{}photoeiectrL,ns/secondwas thusachieved.The PMT wasshieldedfromthesourcewith

leadbrickstopreventdirectinteractionsofthe5iIkeV photonsinthePMT. The outputof

thePMT was convertedto a logicpulseby a TennelecTC-454 constantfraction

discriminatorandsubsequentlycountedwithaJorway84CAMAC scaler(Fig.3,3).To

determinetheemissionspectra,countratedatawereacquiredfor30_onds ateach5 nm

incrementovertherangeof200to7{}{}nm andwerecorrectedforthebackgroundcount

ratedue todarkcurrent.Datawereacquiredove_therangeof2_}0to500 nm withthe

gratingblazedfor300nm,whilesimilaracquisitionsweremade from3(}0to700r.mwith

the 500 nm grating. The data taken with each grating were corrected for the spectral

efficiency of the monochromator and PMT.

To determine the spectral response of the monochromator and PMT, the

temperature chamber and crystal were replaced with a NIST traceable, calibrated

Hamamatsu L2196 Deuterium Lamp. The known emission of the lamp, normalized to

unity at peak emi._sion, and the observed response of the system for both the 300 nm and
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Figure 3.3" Detection system and electronics schematic t_r emission spectra measurement.

5()_)nm gratings, normalized to always be smaller than the normalized known intensity of

the lamp, are sh_wn in Fig. 3.4 over the range of 2()() to 7(X)nm in 5 nm increments.

Much of the fine structure of a typical deuterium lamp emission spectrum is lost because of

the 12 nm spectral resolution of the monochromator. However, sharp pe_s at ablaut ,_80

and 66() nm and a broad peak with a maxim_lm at about 58() nm, as well as the other

general features of a typical deuterium lamp emission spectrum seen in Fig 3.4, indicate

that the emissions of the calibrated lamp are consistent with the expected behavior of such a

lamp. Tw_ calibrated cut-off filters were used to assure that the observed response of the

monochromator and PMT were nc_tcontaminated by higher order passage of light thr,i_ugh

the m_)n_chromator. The actual and observed lamp emission spectra have been normalized

such that the relative spectral efficiency of the mc_nc_chromator and the PMT can be

determined f<_reach grating by dividing the observed response of the system by the known

emissi_m c_tthe lamp at each 5 nm increment. The resulting relative spectral efficiency for



40

-''*_""' • v .... v "' '"'_" • i " • ' ' i ''''''v d' , " ; "'' " • i '"'""'_ ......

]O°r !
o

10-I

Io .O

1 "O Actual Lamp Emission

o 0"3 + 300 nm Observed •Z 1 * 500nm Observed *
O

.%.. •
10"4 i i... I . . , . I *..... I , , * . I * .... I ......

100 200 300 400 500 600 700 800

Wavelength (rim)

Figure 3.4: Monochromator and PMT spectral efficiency calibration for
the 300 and 500 nm gratings.

the 300 and 500 nm gratings is shown in Fig. 3.5. The absolute spectral efficiency at each

5 nm increment is some fraction of the reported values. Since the CsI(TI) emission

spectrum is normalized to unit area when determining the wavelength-averaged quantum

efficiency, it is not necessary to know the spectral efficiency absolutely. The

normalizations of the actual and observed lamp emissions are irrelevant as long as the same

normalization is used for both monochromator gratings. The spectral efficiencies are

reported over the range of 200 to 500 nm and 350 to 700 nm for the 300 and 500 nm

gratings, respectively, because the emission spectra data for the CsI(T1) crystals were taken

in these ranges. The point-to-point results seen in Fig. 3.5 are smooth with the exception

of wavelengths around 480 nm for the 300 nm grating and around 430 nm for the 500 nm

grating. The former is probably due to the emission peak of the lamp at about 480 nm,

while the latter may be due to second order contamination. Data acquired with the 300 nm

grating and corrected for spectral efficiency should be reliable over the entire range of

wavelengths because the efficiency varies smoothly and never approaches zero. Similarly,
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Figure 3.5: Relative spectral efficiency of monochromator and photomultipUertube for 300
and500 nm gratings,

the data acquired with the 500 nm grating should be very reliable up to 600 nm and have

somewhat decreasing reliability above 600 nm as the efficiency approaches zero. The

spectral efficiency above about 640 nm is very small (between 0.004 and 0.025); this will

tend to accentuate fluctuations in the data taken at these wavelengths when the data are

corrected for spectral efficiency. The poor spectral efficiency above 640 nm also manifests

itself in poor counting statistics which will result in large fluctuations in the data before it is

corrected. Therefore, large fluctuations in the reported emission spectra are expected for

wavelengths larger than 640 nm.

3.2 Emission Spectrum Results

An example of the background subtracted data taken with each grating for the STI

crystal and the data corrected for spectral efficiency at each 5 nm increment is shown in

Fig. 3.6 where any background subtracted data that results in a negative count rate has been

omitted. Similar to the uncorrected results of Schotanus, et al. [SCH90], the 500 nm
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Figure 3.6: Example of background-subtractedand background-subtracted, efficiency-
corrected emission spectra data for 300 and 500 nm gratings.

grating, background subtracted, uncorrected data is peaked at about 500 nm. However,

when the data are corrected for the spectral efficiency of t._emonochromator and PMT, the

emission spectrum is observed to peak at about 570 nm, which is similar to previously

reported values [CRA74, GRA84, GRA85, GUT74, GWI63, KRE87, LAG61, MAS66,

TOW68]. Once corrected for the spectral efficiency, the 300 and 500 nm grati'agdata agree

quite well in the overlapping range of 350 to 500 nm. This agreement conftrms the spectral

efficiencies derived above. As predicted, the corrected data fluctuates drastically above 640

nm due to poor counting statistics and poor spectral efficiency. The four data points above

660 nm that are significantly above zero count rate in the background subtracted, corrected

data do not appear to deviate significantly from the other background subtracted,

uncorrected data. Similar points that are not shown in the figure appear below zero count

rate. These significant fluctuations in the resulting emission spectrum are due to dividing

the background subtracted data by the small spectral efficiency of the monochromator and

PMT at long wavelengths, as mentioned above. To avoid erroneous results when
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calculating Q(T), datapointsabove 640 nm that fluctuatesignificantly fromthe apparent

trendhave been omitted andhave been likewise omitted from the subs_uently reported

emission spectra.

A comparisonof theCsI(TI)emission spectrumfrom the fourdifferentcrystalsat

room temperatureis shown in Fig. 3.7 with the data normalized to unity at the peak

emission countrate. The uncertaintiesshown for the STIcrystal aredue only to counting

statistics and aretypical for all emission spectrareported. The emission spectrumfor all

fourcrystals is observedtopeak between560 and 570 nm,while a muchsmalleremission

bandis observedto peakatabout400 nm. The 400 and560 nmemission bandshave been

Vattributed to F centers created by I- acancles and thallium luminescence centers,

respectively [GUT74, SCH90]. Although these are common scintillation processes (as

describedin ChapterI), it is difficultto verify thattheseare the actualmechanisms thatare

producinglight. The peakwavelengthsindicatethat the luminescenceenergylevels for F

center-V k center recombination (Fig. 1.5) and for thallium luminescence center

recombination(mechanism C in Fig. 1.4) are 3.1 and 2.2 eV, respectively,but the 12 nm

spectral resolution of the monochromatoris probablyobscuringthe fine structureof the

emission spectrum. Lagu and Thosar [LAG61] reported four peaks in the emission

spectrumof CsI(T1)over thesamerangeof wavelengths. Due to the spectralresolutionof

oursystem, threeof these fourpeaksare probablybeingaveragedtogetherto result in the

observedbroademission bandpeakedat 560 nm, while theotherpreviouslyreportedpeak

is probably the 400 nm emission band. Furthermore, the data reported here is not

sufficient to fully characterize the energy levels and scintillation mechanisms of CsI(TI).

Although the 400 nm emission band of the Horiba Crystal Products crystal has a slightly

smaller magnitude than the other three, all four crystals display very similar room

temperature emission spectra. As seen in Table 3.1, when the four emission spectra are

averaged over the internal and external quantum efficiency of a typical silicon PIN PD, the

resulting wavelength-averaged quantum efficiencies vary by 0.15% or less from the mean.
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Figure 3.7: Gamma-ray excited CsI(TI) emission spectrum at room temperature for

crystals from Bicron Corporation, Horiba Crystal Products, Rexon Components, Inc.,
and Solon Technologies, Inc.

Table 3.1, Room temperature internal and external wavelength-averaged quantum
efficiencies for a typical silicon PIN photodiode coupled to CslfTI) crystals from Bicron

Corp., Horiba Crystal Products, Rexon Components, Inc., and Solon Technologies, Inc.

....................................................Crystal Bicron Horiba Rexon STI ....

- ......... 0.896 0,898 0.895 ' 01897 _Internal Q (25°C) ................ i _ i if i i

External Q (25°C) 0.685 0.689 0.684 0'687 ....

Consequently, it can be concluded that variations in the emission spectrum of CsI(T1) from

vendor to vendor or crystal to crystal at room temperature are minimal. For our definitions

of light collection efficiency and quantum efficiency, the internal Q (T) is the parameter of

interest. We have also included the external values so that our results can be compared to

what is expected from the conventional definitions. 'l'he small peak that appears in most of

the emission spectra at about 520 nm is believed to be due to the recorded count rate

peaking sharply around this wavelength (as seen is Fig. 3.6). Thus, this peak is not
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believed to be a true emission peak, but an aberration of the correction for spectral

efficiency,

Since the crystal-to-crystal variations in the CsI(T1)emission spectrum at room

temperature were found to be minimal, we only studied the emission spectrum temperature

dependence of a single crystal and assumed that other crystals would behave similarly.

, t nFig. 3.8 shows the emlsslo spectrum of the STI crystal over the range of-100 to +50°C

in 25°C increments, normalized to the peak emission count rateat room temperature. The

emission spectrum appears to peak between 560 and 570 nm at all temperatures, while the

400 nm band is observed to disappear between -50 and -75°C. We believe that the

decreased mobility of the Vkcenters that recombine with F centers to create the 400 nm

emission bandwith decreasing temperature and/or the decreased thermal excitation needed

to liberate the electron from the F center account for the disappearance of this band.

Although the 400 nm bandis quite evident above -50°C, its relative contribution to a pulse

S ' ' owill be small when CsI(TI) ,cmullatxon light is detected with a PD. This small relative

contribution is due to the relatively small contribution of the 400 nm light to the total

emission, and also due to the PD quantum efficiency increasing with wavelength in this

range. Thus the PD will be more sensitive to photons from the 560 nm band than the 400

nm band. Table 3.2 shows the expected temperature dependence of the internal and

external wavelength-averaged quantum efficiency for a typical silicon PIN PD coupled to

CsI(TI). All of the Q(T) values reported in Table 3.2 were calculated using the room
,,.,,,,,.

temperature quantum efficiency and thus do not represent exact values of Q (T) but are

presentedas an indicator of the variations in the emission spectrum withtemperature. The

implications of these Q(T) values are further discussed at the end of Section 4.3, The

increase in Q(T) with decreasing temperature is due to the decrease in the number of

photons emitted in the 400 nm band, thus increasing the weight of the 560 nm band. Due

to the normalizationof the data in Fig. 3.8, the change in relative peak count rate observed
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Figure3.8: Temperaturedependenceof gamma-rayexcitedCsI(TI)emissionspectrumfor

SolonTechnologies,Inc. crystal.
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Table3.2: Temperat_ de_ndence of wavelength-averaBedquantumefficiencyfora
typicalsilicon PINphotodiodecoupledto the SolonTechnologies,Inc Cslm) crystal

Tem_mtu_ Internal Exmmal

II Ir Illll Illll

+50 0,896 0.685
hlll[ll[iT IIIm[I . I I I]1[ iF I _ _. IIIIII I I] ] I]1]$[11 .....

+25 0.897 0.687I - iii ,111i[lllmllllli .J}L_]I II _;J[JllY IIIIIIll I[
0 0.898 0.689

.................... r........ I I I_ 11 f III I I I I1111111111111111I III II Jl_/li ............. .....

-25 0.90(I 11.691
_ i. II[IIIU][II]I I I1[ II1 [ i Illl[lfi]lllBIIIIII ] IIIll I ......

-50 0.9112 0,694
II[ifil [ fill I / [I

..... ........... 0,907 0.702.......
--100 0.912 0.709

IE_-_ _Z- ] ..... i ....... I " ' ....... 11111 II Ill TIIll roll.....

with changingtemperatureis indicativeof the temperaturedependenceof the _intillation

yield. The reportedrelativecountratemay hocomplicatedbyCsI(TI)t.hermoluminc._ence

emissions, as will bc di_ussed in ChapterVII. Furthermore.,the change in relative peak

count rateand thearea underthe emission spectrumare only indicatorsof the scintillation

yield behavior, However, the shape of the emission spectrum is the scintillation

characteristic of interest since r(),,,T) is normalized according to Eqn. (2,5), and

thermoluminescence was not observed to affect the shape of the emission spectrum,

Furthermore,using a PD to detect CsI(TI) scintillation emissions will result in the

maximumnumberof"charge carrierscreatedat all temperaturesbecau_ of the minimal

variationsin the emission spectrumshapeandthe resultingwavelength-averagedquantum

efficiencywith temperature,

3.3 Temporal Dependence of Emission Spectrum

Spect_,ally.msolvedtimingmeasurementsweremade to determinethedependence

of the temporalluminescenceintensityof CsI(TI),I(T,t), on the wavelengthof the emitted

scintillationlight,as addressedin Eqns, (2.2) through(2,4), With the monochromatorset

at either4(X)or 560 nm, the modifiedBollinger-Thomasmethod(describedin ChapterV)
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wasusedtomeasurel(T,t) atroomtemperature._ly a few_rcent of theemittedCsl(_)

_intillattonphotonsarep_d throushthemon_hromator,whilethechancecoi_tdence

ramwill remaina_roximateiythe_e. _ algorithmu.,mdto anaiy_ thestandardtiming

spectracould not _ useddueto this deltradationof sisnal.to..noise.However,no

appreciabledifferencesweredet_tedbyavlsu_comparisonof thetimingspec_ acqu_d

from the 4_ nm band, the 560 nm band, and the entire emission s_ctrum of Csl(Tl).

9 'Cons_uently, we have assumedthat the temporalI mlnescence intensity and emission

spectrum of CslCTI) are independent. As previously mentioned, Lagu and Thosar

ILAG61] reportedfouremission bands. _e two mostprominentbandspeak at about565

and 595 nm andhave similarpeak amplitudes. It is psslble that tho_ two emission bands

are res_nsible for the two primaryluminescencemodesandthatthefractionof light

emittedin theothertwo bandsissosmallthatthedecaytimesareobscuredin thetiming

st_ctrum. Althoullhthedecaytimeswe_ not resolvedbythes_ctrally._solved timing

measurements,it seemslikelythatdifferentemissionbandswouldhavedifferentdecay

times. If eachemissionbandha._adifferenttemporalbehavior(_](_,,T)_(k,T)), thenthe

integrationovertimeandwavelengthof F_n.(2.I ) resultsin

N,_(Ey,T) - Ev n a,t'r _j(T), (3.1)
J

where Qj(T) is the effective wavelensth.averaged quantum efficiency of the jth

luminescencemode:

0j(T)
0

I1'0i(T) is approximal_ly constant for all lumine_ence modes (0_(T)_(T)), then Eqn,

(3.1) is equivalent to Eqn. (2.11). Even if Q_(T) is only constant for the primary

luminescence modes (primary aj > non.primary aj) assuming that QitT)=_(T) will not

introducemuch error. Since about 9()9_of the Csl(Tl) scintillation light is emitted in the

560 nm band as seen in Fig, 3.7 (or a group of a couple of bands with _ak wavelengths
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closetogether),thetwoprimaryluminescencem_es appa_ntlyhev-esimilarvaluesof

Qj(T). Thus.theassumptionof thetemporal|nde_ndenceof theCalm) emtMion

s_m (l_j().,_(),,,_), and c__nLly thewavelenjth-a_raledquJmtumemcie_y,

shouldno;introducemucherrortn;otheabsolute_tn;tilaztonyielddeterminaltons

d_ribed inChapterW.



CHA_ER IV

9CINTILLA_ON YIELD

long_ay tenant ofCslCTI)complicatesthemeasurementoftheabsolute

_tntillationyield. As seenin Table1.1,_2is exited to beon theorderof a few

micro_onds at_m temperatureandto inc_ withdecreasingtemperature.Whilean

amplifiershapingtimeat leastfourrimeslongerthanthelongestscintillationdecaytimeis

n_essary to preservethe lull pulseamplitudethroughtheshapingandampltncation

process,_ largest_own commercially-availableamplifiershapingtimeis only 12lag.

Whenthisconditionis notsatisfied,the,Impltfieroutputpulseamplitudeis degradedby

ballisticdetlcitandwillyieldan incorrectvahmforthescintillationyield, As_n in _n,

(2.11),

N^.(T). (2
determiningthea_olumscintillationyieldrequiresmeasuringthenumberor"chargecarrie,

creamdinthephotodetector,Nov(F_T).ToobtainN_(F_T)foraPD,theamplifieroutput

pulseheightisusuallycalibramdtothechargecreatedin thePDbythedirectinmraetion

methodor thesquarewavemethod,asdiscussedin_tions 2.2.1and2.2.2,res_tively.

However,anaccuratechargecalibrationforCslCTI)requiresusinga methodthataccounts

t'_rthe ballisticdeficitlike theshapedsquarewave(SSW)method,as discussedinSection

2,2,3, The $SW methodis a pulse modemethodthatwas developedfor the s_it'tc

purlx_seel'calibratingamplifierpulseheighttothenumberof electron-holepairscreatedin

thePD(Ncc(F_T))at anytemperature,byaccouteringforballisticdeficit,I1'thegamma-ray

energy,lightcollectionef_ciency,andwavelength.averagedquantumefficiencyareknown

S0
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ntthetemperatureatwhichN_(_T) ismeuured,thentheabsolutescintillationyieldcan

calculatedbyEqn.(2,Ii).

Thetem_raturedependenceoftheCsI(TI)scintillationyieldcanbedetermined

usinga methodthat sccoun_ forthe ballistic_flcit (like the SSW method),or bya meth_

thatLsunaffectedby long _ay times. Consequently,anindependent,cu_nt mode (CM)

method that is unaffected by long decay times was also used to measure the relative

_intillatton yield tem_rature depen_n_. _ resultingrelativeyielddatawa_snonnali_

to the room temperatureabsolute scintillation yield that was determined by the SSW

method.

4.1 Ncc(E_,T) aa Determined by Shaped Square Wave (SSW) Method

4.1.1 SSW Circuit and Method Confirmation

An analog circuit wu designedto implementthe SSW methodde.rind in S_tion

2,2,3. The circuit diagram is shown in Fig. 4.1, A squarewave with repetitionperiod

muchgreaterthanboth the longestamplifiershapingtimeconstantandgreaterthananyof

the CsI(TI)decay times is applied to the inputGEN. This signal is split into threeRC

integrationstages. The first twostages simulatethe two primarydecay timeconstantsof

Csl(TI). Each stage consists of a potentiometer (PI,P2), a resistor (RI,R2), a capacitor

(CI,C2), and a follower (AI,A2), The time constants are I:(.t=(PI+RI)CI and

xc2=(P2+R2)C2, The thirdbranch,witha timeconstantof xcr=(R311R4)C3,simulates the

ri_ timeconstantof CsI(TI), The polarityof the risecomponentsignal is oppositeof the

first two branchesand is achieved with an invertingamplifier, A3, Subsequently,the

signals fromA1, A2, andA3 are introducedto an analogsummer,reali_d by operational

amr,litter A4, The signals from A2 and A3 areweighted relative to the signal from AI,

The weight of the signal fromA2, as determinedby kI=Q2/Qt. is _t by potentiometerP3
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and the resistor R7. Similarly, k2---'grisJ%1 is used to weight the signal from A3 and is set

by P4 and R8. The output voltage of the analog summer, A4, represents the simulated

pulse shape of Eqn. (2.18).

The calibration signal is then applied to the input of an active divider, realized by

operational amplifier A5 (amplifiers A1-A5 are AD847's). The divider allows the pulse

amplitude, Vos c, to be accurately measured by an oscilloscope at the OSC output and then

scaled to the desired calibration pulse amplitude at TEST, according to Eqn. (2.20). The

ratio of the divider was set to be 50:1 at the maximum value of potentiometer P6. Thus, the

preamplifier input voltage pulse amplitude is calculated by

Vo(1 + k 1 -k2)= V°sc Se5 (4.1)500 '

where Sp5 is the setting of potentiometer P5 (ranging from 0.00 to 10.00), such that the

charge injected into the preamplifier is

CeqV°sc SP5 (4,2)
qssw =CeqVo(1 +kl- k2) = 500 '

according to Eqn. (2.20). When the shape and amplitude of the full energy CsI(T1)

scintillation pulse and the SSW calibration pulse after being applied to Ceq are equivalent

(Eqns. (2.17) and (2.21) equivalent), the CsI(TI) photopeak centroid and the SSW

calibration pulse peak centroid will occur in the same channel. If the SSW method has

been successfully applied, the calibration peak centroid will match the photopeak centroid

as a function of amplifier shaping time.

To confirm the applicability of the SSW method and the implementation of the

circuit in Fig. 4.1, a lxl cm right cylindrical CsI(T1) crystal was mounted on a lxl cm

square silicon PIN PD. A charge-sensitive preamplifier, a linear amplifier, and a multi-

channel analyzer were used to process the scintillation and calibration pulses. Fig. 4.2

demonstrates the behavior described in Sections 2.2, 2.2.1, 2.2.2, and 2.2.3 by showing

the photopeak centroid for CsI(T1) scintillation events and the calibration pulse peak

centroid for the direct interaction (DI), square wave (SW), and SSW methods as a function
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Figure 4.2: NormalizedCsI(T1)photopeak and charge calibration peak centroid positions
as a function of amplifier shaping time constant.

of amplifier shaping time. The data in Fig. 4.2 are all normalized to unity at the 10 _ts

photopeak centroid to illustrate the increasing effect of ballistic deficit with decreasing

shaping time. As previously mentioned, the CsI(T1)photopeak centroid increases with

increasing amplifier shaping time and the SSW method results mimic the CsI(TI) behavior,

while the DI and SW method results are relatively constant with shaping time. To further

illustrate the behavior of the calibration techniques, the calibrated nurrber of e-h pairs

created in the PD per unit energy deposited (Nce(E_,,T)/E_,),as a function of amplifier

shaping time, has been tabulated in Table 4.1 for each of the three methods. The

calibration of amplifier output pulse amplitude to charge by the SSW method results in a

shaping time independent calibration, while both the DI and SW methods result in shaping

time dependent calibrations. The DI and SW method calibrations show a pulse height

degradation of at least 7% at 10 Its and are increasingly affected by ballistic deficit with

decreasing shaping time. From Fig. 4.2 and Table 4.1, we can conclude that ballistic

deficit is a significant problem when calibrating CsI(T1)/PD systems to charge at room
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Table 4.1' Comparison of charge calibration methods.

_plifier Shaping C_brated Charge (e'h pairs_eV)
Time Constant D_t Interaction Square Wave Shaped Square

.... ![.ts) .... Method. Method _ Wave Method
0"5 ...... 22,400 22,200 .... 48,000

1 27,600 27,700 48,0001,1| i i

2 ......................33,400 ...... 33,400 48,000,,,,, ,,, ,, ,, ,,,,,,,,,

..... 3 ....................36,700 L 36,500 48,000
6 41,300 41,500 48,00.0ii ii

10 ..... 44,.200 ...... 44,60.0 48,000 ........i, .................

temperature. These ballistic deficit problems will become magnified with decreasing

temperature as the decay times of CsI(T1) increase. Consequently, only the SSW method

yields an accurate charge calibration for CsI(TI)/PD systems and will thus be the preferred

method for absolute scintillation yield of CsI(T1) determinations.

4.1.2 SSW Method Experimental Methods

The same Solon Technologies, Inc. (STI) 8x8x8 mm cubic CsI(T1) crystal that was

used for measuring the emission spectrum temperature dependence (Chapter Ill) was used

to measure the temperature dependence of Ncc(E.t,T). The crystal was wrapped with about

twenty layers of white PTFE tape on five sides, while the sixth side was coupled to a

lxl cm square Hamamatsu $3590-03 PD via Viscasil 60,000 silicone oil, as seen in Fig.

4.3. The CsI(T1)/PD combination was mounted on an aluminum box for stability and

reproducibility of geometry. To complete the Faraday cage, aluminum rings and a thin

aluminum top were mounted on the box, as seen in Fig. 4.4. The aluminum box with the

detector mounted on it was placed inside a Tenney Jr. environmental chamber which was

modified for liquid nitrogen operation. Initially, the programmable temperature controller

on the environmental chamber regulated the flow of liquid nitrogen through a solenoid

valve when operating below room temperature, while a heating coil was used when

operating above room temperature. However, the turning on and off of the solenoid valve
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Figure 4.5: CsI(T1)/photodiode electronics schematic.

every second or so was picked up by the PD as noise and resulted in a significant

degradation of the system energy resolution. Consequently, the solenoid valve was

replaced by a manual valve that was left partially open during operation below room

temperature to allow a constant flow of liquid nitrogen into the chamber. The

programmable controller then regulated the temperature with the heating coil both above

and below room temperature (temperature regulation method B).

As seen in Fig. 4.5, the remaining data acquisition electronics consisted of a

Canberra 2003BT charge sensitive preamplifier, a Canberra 2021 linear amplifier, a high

voltage power supply, a research pulser, and a multi-channel analyzer board, The pulser

was used to monitor system drift and not for charge calibration. A short cable connected

the PD and preamplifier through a chamber penetration and thus served as a thermal break

so that the preamplifier could remain at room temperature while the detector temperature

was varied. Two J-type thermocouples, in reproducible positions, monitored the internal

temperature near the detector. The uncertainty in the detector temperature at thermal

equilibrium was estimated to be !-0.5°C. Since the Faraday cage for the CsI(TI) crystal and

PD was a sealed configuration, the detector temperature lagged the temperature outside the

Faraday cage during temperature changes. To account for this thermal lag, a temperature

run was made with one thermocouple in contact with the detector while another
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thermocouple was in its reproducible position outside the Faraday cage. It was found that

the detector temperature came to thermal equilibrium with the exterior about twenty minutes

after the outside temperature stabilized when the temperature was increased in 10°C

increments over the range of-100 to +50°C. The time to thermal equilibrium was about

twice as long when decreasing the temperature in 10°C increments over the same range.

Consequently, temperature runs were always begun by cooling the detector to the coldest

temperature to be studied and then increased to subsequent temperatures. To assure

thermal equilibrium, data acquisition was not begun until at least one hour after the

temperature outside the Faraday cage was stabilized.

With the CslgF1)/PD detector inside the environmental chamber, the temperature

was varied over the range of-100 to +50°C in 10°C increments. At each temperature, the

programmable controller brought the chamber to thermal equilibrium and maintained that

temperature throughout data acquisition. Pulse height spectra were acquired at ten of the

twelve available linear amplifier shaping time constants (0.25, 0.5, 1, 2, 4, 5, 6, 8, 10, and

12 Its) at each temperature. The other two shaping times, 1.5 and 3 Its, were observed to

have excessive over-shoot when the pole-zero was not adjusted. To use the SSW method,

the photopeak data and calibration pulse peak data must be taken under identical conditions.

Since the SSW method is performed after data acquisition, adjusting the pole-zero between

each spectrum would have made it impossible to apply the SSW method. Consequently,

the 1.5 and 3 Its shaping times were avoided when acquiring the pulse height data and

analyzing the data with the SSW method. 54Mn was chosen as the gamma-ray source for

its "clean" spectra resulting from a single emission line at 835 keV. The peak centroids

were determined by taking the first moment of the background subtracted region-of-interest

data. The uncertainty in determining the centroid by calculation of the first moment has

been derived in Appendix A and was found to be <1% for all photopeak and calibration

peak centroids [VAL92b].
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4.1.3 Ncc(E_.,T) Results from SSW Method

By manually varying the resistances in the SSW circuit of potentiometers P1, P2,

and P3 to simulate variations in xl, '_2,and k l, respectively, the photopeak centroid as a

function of amplifier shaping time was replicated using the SSW method at each

temperature. It was assumed that variations in the rise time constant with temperature did

not have a significant affect on the SSW method due to the small fraction of the total charge

contributed by the rise component k2 (about 1% at room temperature). Thus, both the rise

time and the charge contribution were held constant for all temperatures at zrise=20 ns and

k2=0.03. When the calibration pulse centroids match the photopeak centroids at all

amplifier shaping times (Section 2.2.3), the number of e-h pairs contributing to the pulse is

N_(Ev, T)=kcqss w, where kc is the charge collection efficiency and qssw is calculated by

Eqn. (4.2). Complete charge collection efficiency (kc=l.0) is approximately realized for a

fully depleted PD, thus all e-h pairs that are created in the depletion region will contribute to

the signal and Nee(Ev,T)=qssw. The PDs were always reverse biased such that full

depletion was achieved. Fig. 4.6 shows some examples of the photopeak and calibration

peak centroid matching, while Table 4.2 shows the calibrated e-h pair yield per unit energy

deposited, Ncc(E.t,T)/F_ as a function of temperature. Above +30°C, accurate photopeak

centroids were not attainable for some amplifier shaping times because of excessive PD

noise, while below --60°C, the photopeak centroids for the shorter shaping times were

obscured by the noise shoulder. The photopeak centroid uncertainty is not considered

when matching SSW calibration peak centroids with the photopeak centroids. Thus, any

error in a photopeak centroid will either result in an error in the replication of the CsI(TI)

pulse shape by the SSW method or in the matching of all photopeak and calibration peak

centroids simultaneously not being possible. Similarly, if some of the photopeak centroids

can not be resolved, then the shape of the CsI(T1) pulse can not be accurately determined by

the SSW method. Additionally, decay time x2 of CsI(T1) becomes longer than the longest
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(SSW) method cahbration pulse peak centrolds for Solon Technologies, Inc. crystal.

Table4.2:. Temperaturedependenceof clectron-hoiepairyieldper unitenergy
depositedasdeterminedby the shapedsquarewave methodfor Solon

Technologies, Inc.CsI(TI)crystal.
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amplifiershapingtimebelow-6(}°C.As discussedinSection2.2.3,theSSW methodis

onlysensitivetod_ay timesthataresimilartotheamplifiershapingtimes.Con_uendy,

determiningN¢c(E_T)forT>30°CandT<_0°C bytheSSW methodwasnotpossible,

Thee-hp_ yieldat-IO°Cand0°Cof49,7_perMeV suggeststhatthemaximum_curs

around-5°C,Ncc(E_T)_.rdropstoabout80% ofthe.-I0andO°Cyieldat--60°C,and

about94.5%at+30°C,

TheuncertaintyinNcc(ErT)/E_isdominatedbytheuncertaintyassociatedwiththe

SSW method,sincetheerrorinpeakcentroldcalculationswas small(_I.0%). The

uncertaintyindeterminingthenumberofe-hpairscreatedinthePD hytheSSW methodis

dominatedhytheuncertaintyofthemeasurementofVest(estimatedtohe2.5%)andthe

precisionofC'rejt(i,0%).Therefore,ithasheenestimatedthateachvalueofNc,_(Ev,T)

hasanuncertaintyofabout:i:3%.

To confirmthattheCsI(TI)crystalsprocuredfromBicron,Horlba,andRexon

wouldyieldsimilarNcc(F_,T)resulttothosereportedfortheSTIcrystal,thephotopeak

centroidsforallofthecrystalswererecordedatroomtemperatureforallamplifiershaping

timesandareshowninFig.4.7.ItisobservedthatthecentroidsoftheBicron,Horiba,

andRexoncrystalsarewithin8% oftheSTIcrystalcentroidsateachshapingtime.Ifwe

assumethatpulseheightat12ItsisindicativeofN=(F_T)thatwouldbemeasuredusing

theSSW method,thentheexpectedstandarddeviationofcrystal-to-crystalvariationsis

about:1:3.6%.Thus,theexpectedvariationintheme_uredNc,:(E_,T)resultsbytheSSW

methodfromcrystaltocrystalislessthan:t:5%,thesquarerootofthequadraturesumof

theSSW uncertainty(3%)andtheobservedcrystal-to-crystalcentroidvariations(3.6%),

4.2 LightCollectionEfficiency,

Thelightcollectionefficiency,11,forthegeometricandopticalpropertiesofthe

CsI(TI)/PDdetectorweremodeledusingthevisiblelighttransportprogramDETECT
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Figure,4.7: Amplifiershapingtimedependenceof Csl(Tl)pulmeheightforcrystalsfrom13icronCorporation,HodbaCrysl_Products,RexonComponents,Inc.,andSolon
Technologies,Inc.Normalizedto the12Itspul_heightoftheS_ crystal.

[KNOB8]. Using ourdefinitionof 11(theprobabilitythat a scintillationphoton is absorbed

bythePD) requiredthatDETECT be modifiedto accountfor theFresnelreflectionof

photonsfrom the PD back into the scintillator. The modificationfirst requiredthe

calculationof thephotontransmi_ionangleusingSnell'slaw:

where eI ande2are the angles of incidenceand transmission,respectively, and nI andn2

are the index of refractionfor the thin layer (100 nm) of SiO2 (nlffil.46) that covers the

silicon and the index of refractionfor silicon (n2ffi4.08at 550 nm). Subsequently, the

probabilityof reflection for randomly pola_zed photons is calculated using the Fresnel

equations. The probabilityof reflectionforparallelpolarizedphotonsis

tan2(el-e2)

p,,. =:(ei +ei.), (4.3)
and the probabilityof reflectionfor perpendicularpolarizedphotonsis
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Theprobabilityof refl_tion forrandomlypol_d photons(whichis whatwe assume

photonsthathitthePDare)is_ averageof theparallelandpe_ndicularprohahilitt_

Pfa.d=' 2 '

Finally,a MonteCarlocalculationis performedto determinewhetherthe photon is _flected

or transmittedat the StO 2 to silicon interface. If the photon is refitted, the program

continuesto follow its faro,while photonsthataretransmittedinto the silicon areaMumed

to be absorbedin the PD. For the geometry andoptical pm_rttes of the CslfTl) crystal

(n,=l.8), coupling compound (n-1.5), _d PD used, the light collection efficiency was

calculatedto be 81.4% 01-,0,814). The thinresin coating (n,,i.5) thatseals thePD from

the atmosphere(and is thus in contactwith the coupling compound) was also modeled.

The surfacesof the scintillatorwereall polishedandmodeledaccordingly,while the white

PTFEta_ u._d to wrap thecrystals was as.sumedto havea reflectanceof 0.98. The input

file usedandpartof theoutputfile producedbyDETECTap_ar in Ap_ndix B.

The indexof refractionfor siliconis wavelengthde_ndent andthereforecauses the

modeled light collection efficiency to he de_ndent on k, as seen in Fig. 4.8. The light

collation efficiency is observed to decrea_ with the increasing index of rtJfractionof

siliconduetotheincreasedprohahilityof reflectionattheSi()2 to siliconinterface,

AlthoughI"Ivariesbyahout4% overtherangeoftheCsI(TI)emissions_ctrum,mostof

thevariationisohservedtooccurbelow45()nm whereonlyasmallfractionoftheCsI(TI)

lightisemitted(Fig,3.7).Aroundthe560nm peakemissionofCsI(TI),rlvarieshyabout

±1%; con_quent!y, we haveassumedthatrl is independentof _,.

The value of rl used from DETECTwas determinedassumingno hulk absorption

or hulk scattering of _indllation photons inCsI(TI), Althoughthis is not actually the ca,_'_,

realistic hulkahso_tion mean free pathis on theorder of a few meters [VIE741, A 5 m
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meanfree pathreducedthe lightcollection efficiency by about 1%,while a 1 m mean free

pathreducedq byabout691,.Introducingbulk_attering intothesimulationdidnot change

q significantlydue to thesmall dimensionsof thecrystal.

Consideringthe variationsdescribed, it has beenestimatedthat the uncertaintyof

the simulatedlight collection efficiency is rl=O.814_}.024(or ±3% relativeuncertainty).

This result has beenconfirmedby Bird, et ai. [BIR91, BIR92] by an independentMonte

Carlo programand experimental measurements. Bird, et ai, report a light collection

efficiency of about 0.785 from their programand about 0.79 from their experimental

measurementsfor a lxlxl cm cubic CsI(TI)crystal coupled to a lxl cm silicon PIN

photodiode. Although ourcrystal w_ slightly smaller,we do notbelieve thedifferenceis

significantbecausewhen theirsystem was modeledwithDETECTa valueof !"1=0,817was

found. Bird,et at, alsomodeledandmeasuredexperimentallythe lightcollectionefficiency

of crystals withseveraldifferentlengths. Since the opticalpropertiesthatmost affect the

light collection efficiency aresurface treatmentand reflective wrapping,to benchmarka
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model it |s nece_ury to have 8(_Jdng_ment _tween modeledandme_Lquredvalues for

diffe_nt detectorBeometries.DtfferenceAin _eometry_sult in diffe_nt averagehumors

of surfaceinter_tions, whichre._ultin confirmationof theaccuracyot'thesurface_tment

and r,:fl_ttve wrapptnilm_eltnB. Thus, if themodeledandex_rimental lil_htcollection

efficiencyre_ulL,t aSreefor differentcry_tal lengths(diffe_nt genme_e,_),then wecan

_a._onahlyconfident thatthemc_leli_accuratelyre_mhling theex_riment. The_ results

are furtherdi_u.,_d in Section4.5.

4._ Wavelenith.Averzlled Quantum Eflleleney

We havedefinedquantum emciency, Q(X,T), as the proh_lhilitythat _ photon of

wavelength _. that is ahsor_d in the PD will c_ate an c-h pair when the PD i._hein_

o_ramd at temt_ratureT, We shall al_o_fer toU(;L,T)a_ theintc,rnulquantumefficiency

whenwe wi._hto distinguishour definition fr,_m theconventionaldefinition of quantum

efficiency, which we shall termexternalquantumefficiency. The wavelength-averaged

quantumefficiency _(T) has beendefineda_ th_ quantumcfi_cicncy averagedover the

_intillation emissionsi_._trum. O().,T) and_ (T) definedin this mannera_ inde_ndent

of the _eometry and optical propertie_ of the detector, anti thus are fundamental

characteristic_of the PP. I1 a scintillation ph,,toncre=,¢smore.thanone coh pair, a._is

possiblel__rphoton._with energie_at lea.,_ttwice the handg,p of silicon, the definition of

quantl_mefl_ciencymustherecon_ide_d. However,Christen_n ICHR761 hasshownthat

thepmhahilityof a singlephotonc_ating morethanonee-hpair insiliconis approxima_iy

zcrt) for )._350 nm. Consequently, our definitions of QtY.,T) and _(T) seem to hold

rigorously i_r CsI(TI) cotipied to a PD, These definitions may not he well.suited t'o_a

photomultiplier tut,e because of th,.' significant transmission ¢_t"light through the

ph,_toca_ode.

To determineO(T) hy Eqn.(2,{()),both_(_,T)undO().,T)musthcknc_wn.The

emission_pcc:trumofCsl(Tl),c(_,T),wa_ measuredinChapter{{l;Fi_,_.7show_
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_O,,25°C)forthecrystalsfrom Bicron,Horiba,Rexon,and STi and Fig.3.8shows

£(_,T)fortheS_ crystalovertherangeof I(_to+50°C in25°Cincrements,me datain

Figs.3.7and3.8musthe no_alizedto_n. (2.5)forEqn.(2.I())tohevalid.

A calibratedHam_auu 35_-03 siliconPINphotodi_ewas pr_uredtofacilitate

theaccuratedete_inatlonof bothQ(_,,T)and _(T). The room teml_ratureradiant

sensitivityofthePD,R(_,25°C,0),was c_ibratedbyHamamaLsuusin_a _ST traceahle

standardPD overtherangeof360to4(X)nm inI0nm incrementsand400toii(lOnm in

20 nm incremenLs.AppendixC containsanequipmentschematicforthec_dlhrationandthe

resultinBradiantsensitivityasa functionofwavelength.R(_,,T,0)isdefinedasthecun_nt

induced hy an incidentpholc: _am of known powerat wavelen_,th),,,tem_rature T, and

angle0, andis measuredby _ording thecurrentinducedhy a knownbeam of photons

that is perpcndiculariyincident (0=0°) on the PD throughair. as seenin Fig. 4,9, To

determinethe in_rnal quantumefficiency_.,'1"), theradiant_nsilivity is firstc()nvertcdto

external quantumefficiency Q=u(_,.T,0) and thencorrectedi'orFresnelreficction in the

calibrationprocessat eachin_rface, asseenin Eqn.(2.7). R(;L25°C,0_) °) isconve_d to

ex_mal quantumefficiencyhy
hcR(;_,,25°C,O= 0¢') R(_,25_C,O= 0°)

Qe_t(3,,25°C,0 = 0°) = -- - = 1.24_.-------_ (4.6)e _. _ '

whc_ h is Planck's constant, c is the velocity of light, and c is lh_,electronic charge, When

R(;L25°C,O=()°) is expressed in mA/W and _ in nm, a value for hclc of 1.24 will corrcctly

cancel uniLs. To correct thecalibration fi)r light lost due to index ot"refrtLctionmismatches,

the fraction of perpendicularly inciden! light that is Fresnel reflected,', ' p(0=()o), at ,n'l

in_rface when passing from material l to material 2 is calculamd hy

p(0=()°)= _ , (4.7)
Ln,+ n=.J

where nI and nz arctheindicesof refractionformaterialsI and 2,respectively,

Substitutingvaluesl'ornIandn2,4'7,oftheincidentph()tonsareFresnclreflectedattheair
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Figure 4.9: Schematic for photodiode calibration.

to resin coaling interface and less than 1% are reflected at the resin coating to SiO2

interface. Since the index of refraction of silicon is wavelength dependent, p is also a

function of k at the SiO2 to silicon interface. The fraction of reflected photons in the range

of the CsI(T1) emission spectrum ranges from a maximum of p(0---0°)=34.2% at k=400 nm

to a minimum of p(0---0°)=19.6% at k=700 nm at the SiO 2 to silicon interface. Recalling

Eqn. (2.8):

Q(_) = Qext(_"0°) (2.8)
1- p(_,0o)'

the angle independent internal quantum efficiency is calculated from the angle dependent

external quantum efficiency, and both are shown in Fig. 4.10. The resulting Q(_,25°C) for

the PD and the previously determined 8(k,25°C) for each CsI(T1) crystal normalized to

Eqn. (2.5) are then used to evaluate Q (25°C) in Eqn. (2.10) numerically using Simpson's

method. The results appear in Table 3.1 for each crystal.

The temperature dependence of Q(X,,T) was determined by measuring the
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Figure 4.10: External and internal quantum efficiency of calibrated Hamamatsu $3590-03
silicon PIN photodiode.

temperature dependence of the PD pulse height response to a green light emitting diode

(LED). For the LED used, Eqn. (2.1) is generalized to
oo q_,o

Nee(T)= ;_NLED(_,,T,t)rlLED(_,,T,t) Q(_,,T,t) dldt, (4.8)
00

where NLED is the number of photons emitted by the LED, rILEDis the light col]_,ction

efficiency of the LED and PD, and Q is the PD quantum efficiency as functions of

wavelength _,, temperature T, and time t. The narrow emission bandwidth of the LED

around _ can be assumed to be a delta function, 8(Z,-_,o). If the LED is flashed for a very

short time and kept at room temperature, while the temperature of the PD is varied, then

NLED(_,,T,t)=N0_i(_.-;Lo)8(t), where NOis the number of photons emitted each time the

LED is pulsed. Again, assuming that 1"1is independent of time, temperature, and

wavelength and that Q is independent of time, Eqn. (4.8) becomes

Nee(T) = N0rlLEDQ(_,o,T)= kQ(_,o,T), (4.9)
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where k is a constant. This implies that the temperature dependence of Ncc(T) for the LED

depends only on the temperature dependence of the quantum efficiency. Since the LED is

pulsed for a very short time, the pulse processing of the LED pulses will be similar to that

of the direct interaction and square wave methods of charge calibration (Sections 2.2.1 and

2.2.2) and no ballistic deficit will be observed. Consequently, the amplifier output pulse

will be proportional to Ncc(T) and thus proportional to the PD quantum efficiency.

Flashing the green LED though a window in the environmental chamber allowed

the LED temperature to be maintained at about +23°C, while the PD temperature was varied

over the range of-100 to +50°C. The CsI(T1) crystal was not mounted on the PD and the

aluminum cap that completed the Faraday cage was replaced by a sheet of aluminum foil

with a small hole in it. Noise levels were observed to increase because of the hole in the

Faraday cage, but the pulser peak from the LED was still easily resolved. The LED

measurements resulted in a change in pulse amplitude of less than 1% from +30°C to

-60°C, thus Q(_,o,T)=Q(_,o). It was then assumed that this temperature independence of

the quantum efficiency at _ also holds for the entire emission spectrum of CsI(T1) so that

Q(_,,T)=Q(_,). Consequently, the values tabulated in q'able 3.2 for the emission spectrum

of the Solon Technologies, Inc. CsI(T!) crystal are the best estimates of the Q (T). Since

the SSW method could only be applied between -60 and +30°C, the quantum efficiency

results are of primary interest in the same temperature range. From Table 3.2, we see that

Q(T) varies by about 1% between --75 and +50°C. Since we have estimated the

uncertainty of determining Q(25°C) to be "!-0.018 (or +2.0% relative uncertainty), any

variation of Q(T) with temperature is within the room temperature uncertainty.

Furthermore, assuming that the wavelength-averaged quantum efficiency is independent of

temperature ( Q (T)= Q---0.897) will not introduce any significant uncertainty.
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4.4 Relative Scintillation Yield Temperature Dependence
as Determined by Current Mode (CM) Method

4.4.1 CM Method Experimental Methods

To determine the temperature dependence of the absolute scintillation yield with the

SSW method required making assumptions about the temperature dependence of the PD

quantum efficiency. Also, the decay modes (other than the primary two, x1 and 'c2) and the

temperature dependence of the rise time 'crise(T)were neglected by the SSW method due to

both the complexity of accounting for them and the SSW method only being sensitive to

characteristic times on the same order as the amplifier shaping times. Thus, it was assumed

that the contribution of the minor decay modes and the rise time to the total charge created

by a scintillation pulse were negligible. To assess the validity of the SSW method

assumptions and approximations, an independent method was needed to measure the

temperature dependence of the CsI(T1) scintillation yield. The current mode (CM) method

used as the independent method is not affected by very long or very short decay times and

utilized a thermally-isolated photodetector. Consequently, the current mode method results

do not suffer from the shortcomings of the SSW method.

The current mode method was carded out by placing a 0.7 mCi 68Ge source near

the CsI(T1) crystal in the same thermally-insulated, temperature-controlled enclosure as was

used for the emission spectra measurements. The monochromator was replaced by a

cooled Hamamatsu R-2059 PMT at the focal point of the second quartz lens, as seen in

Fig. 4.11. The PMT output current was measured with a Keithlcy 617 electrometer at a

rate of about three times per second, averaged every ten seconds, and recorded in computer

file along with the crystal temperature, as seen in Fig. 4.12. It can be assumed that this

average PMT output current is directly proportional to the scintillation yield. The crystal

temperature was controlled by a slightly different method than was used to make the

emission spectrum measurements because thermoluminescence was observed to affect

these measurements both while increasing temperature and at thermal equilibrium. These
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Figure 4.12: Detection system and electronics schematic for current mode
method measurements.

thermoluminescence observations are further discussed in Chapter VI. To avoid these

problems the crystal was initially heated to 50°C, the heating element turned off, and the

crystal cooled at a rate of about I°C per minute by manually regulating the liquid nitrogen

flow such that the crystal temperature was monotonically decreased (temperature regulation

method C, as seen in Fig. 4.13). The light collection efficiency and photodetector quantum

efficiency were assumed to be independent of CsI(TI) crystal temperature for the CM

method. We believe that the temperature independence of the quantum efficiency is a very

good assumption for the CM method because the PMT was thermally isolated from the

crystal and thus maintained at a constant temperature. Additionally, the results of the

CsI(T1) emission spectrum temperature dependence in Chapter III suggest that changes in

the wavelength-averaged quantum efficiency with temperature will be insignificant.
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4.4.2 CM Method Results

The PMT output currents are shown in Table 4.3 in 10°C increments for the CsI(Tl)

crystal procured from STI, while the CM method results for all four crystals are shown in

Fig. 4.14. The data in the figure are all normalized to unity at room temperature and thus

represent relative scintillation yields. The scintillation yield is observed to peak between

-35 and -25°C for all four crystals between 5% and 8% above the room temperature yield.

At -100°C, the yield is seen to have decreased to about 64% of the room temperature yield

for all crystals, while at +50°C the yield is between 90% and 95% of the room temperature

yield. In the range of-30 to +50°C, the scintillation yield is observed to be only slightly

temperature dependent, varying from about 5% above to 10% below the room temperature

yield, respectively. From the figure, we conclude that there is no significant difference in

the temperature dependence of the scintillation yield from crystal to crystal.

4.5 Absolute Scintillation Yield Temperature Dependence, NAbs(T)

Using the SSW method, light collection efficiency, and wavelength-averaged

.......................................................................................................... : ................................................................
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Table 4.3: Photomultiplier tube output cu_nt as a function of temperature
for Solon Technologies, Inc. CsI(T1) crystal.
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Figure 4.14: Temperature dependence of CsI(TI) relative scintillation yield for crystals
from Solon Technologies, Inc., Bicron Corp., Horiba Crystal Products, and Rexon

Components, Inc., as measured by the current lnode (CM) method.
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quantum efficiency results from Sections 4.1.3, 4.2, and 4.3 (Table 4.2, 11=0.814, and

_.897), respectively, the temperature dependence of the CsI(TI) absolute scintillation

yield for gamma-rays is calculated using Eqn. (2.11) and is tabulated in Table 4.4.

Additionally, the CsI(TI) relative scintillation yield results from Section 4.4.2 normalized to

the 20°C absolute scintillation yield determined by the SSW method are seen in Table 4,4 in

10°C increments, while Fig. 4.i5 compares the results from the SSW and CM methods.

The results from the two different methods agree to within 1% above-10°C, but are

observed to diverge below this temperature. We believe that the divergence is due to not

modeling the rise time of CsI(TI) exactly at every temperature dependence with the SSW

method, due to the degraded accuracy of the SSW method when 1:2becomes similar to the

longest amplifier shaping time, and possibly due to not accounting correctly for the

temperature dependence of the wavelength-averaged quantum efficiency in the SSW

method. Section 5.2.3 contains a more detailed analysis of the problems associated with

the SSW method at low temperatures. Since the CM method is unaffected by any rise and

decay time variations and used a PMT that was held at a constant temperature, these

problems do not affect the CM results. Furthermore, we believe that the CM method

results are the most accurate representation of the CsI(TI) scintillation yield temperature

dependence. However, we also believe that the room temperature absolute scintillation

yield (65,500 photons/MeV) determined by the SSW method is the most accurate value

reported because we accounted for the ballistic deficit caused by 'r2. We believe that 1"1,Q,

and Ncc have been accurately determined at room temperature and that it is only under the

assumptions about temperature dependence that the SSW method has problems. It is

observed that the scintillation yield peaks around -35°C at about 69,300 photons/MeV,

about 61,800 photons/MeV at +50°C, and about 41,900 photons/MeV at-100°C. Also,

we see that the yield does not si_;nificantly change over the range of-40 to +50°C, varying

from about 7% above to 6% below the room temperature scintillation yield.

The uncertainty in determining NAbsby the SSW method is the square root of the
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Table4.4: Csl(T1)absolutescintillationyield temperature dependence asdetermined
by the shaped _uare wave (SSW) method and the cu_nt mode (CM) method for

the Solon Technologies, Inc. crystal. The CM method data are normalized to
20°Cyield determined by the SSW method.

Teml_rature ..... CsI_) Abaolu_ Scintillationyield .......
(°C) SSW Me_0d CM Method
+50.............. -- .......... - .... 61S'_

' +40 " -- ..... 63 200
+30 .............. 64 400 _ ........ 64,400

- +20 65500 ......_ _oo
' +10- "..... 67300 ........ 66-400

........ 0 68 ii00 ......... 67 300 ........

..........: ..........-lO' ° .................68,,]60.... 68 loo....
..... '20 67,500 _" " 68800 .........
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Figure 4,15: CsI(TI)absolute scintillationyield temperature dependence for Solon
Technologies, Inc. crystal, as determined by the shaped square wave (SSW) method

and the current mode (CM) method.
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quadrature sum of the uncertainties associated with rl, _, and Ncc and is estimated to be

±5%. Since each of the uncertainties have been assumed to be independent of temperature,

5% is the estimated uncertainty of each value of N^t,_(T). This uncertainty coupled with

the observed deviation in pulse height among the four different crystals of 3.6% (Fig. 4.7)

suggests that we can expect about a ±6.2% variation in the measured NAbsfrom crystal to

crystal.

Although the CM method is not affected by changes in rise and decay times and the

PMT is held at a constant temperature, the 4_S photocathode used with the R-2059 tube is

significantly more sensitive to the 400 nm emission band of Csl(Tl) than the 560 nm band.

We estimate that the external quantum efficiency of the PMT is about 30% at 400 nm and

about 5% at 560 nm from the specification sheets in the Hamamatsu catalog. Thus, the CM

method results will be about six times more sensitive to changes in the amount of light

emitted by CsI(Tl) in the 40(] nm bandthan in the 560 nm band, Recalling that the intensity

from the 4_ nm band varies significantly over the range of-10(_ to +50°C (Figure 3.8)

andeffectively disappears between -50 and-75°C, the possibility arises that the variations

observed in the scintillation yield using the CM method could be more representative of

changes in the 400 nm emission band than the properly weighted emissinn spectrum of

CsI(T1). Consequently, we have made a first order correction of the STI crystal CM

method results for the spectral response of the PMT as shown in Fig. 4.16 to estimate this

effect. Although the response of the R-2059 and the monochromator used for the emission

spectrum measurements were calibrated, there is no simple means of decoupling the PMT

and monochromator responses. Thus, the correction shown in Fig. 4.16 is based on the

Hamamatsu specifications of the PMT response, not a calibrated response of the actual

PMT used. From the figure, we see that with decreasing temperature the uncorrected CM

method results are increasingly inaccurate, but that the scintillation yield still peaks at about

the same temperature. The uncertainties shown in the Fig. 4.16 are based on an estimated

uncertainty of about 0.5% for the integration of the PMT quantum efficiency over the
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Figure 4.16: Comparison of shaped square wave (SSW) method and current mode (CM)
methodabsolutescintillauonyield resultswith CM methodresultscorrecte.dfor

response of HamamaL,_uR-2059 fCM Corrected).

CsI(TI) emission spectrum propagated through the calculations made )o determine the

correction factors. A photocathode with a fiat response over the emission spectrum of

CsI(TI) would yield the most accurate uncorrected CM method results, while a PMT with a

calibrated response would allow proper correction of CM method data. We believe that the

' titrue scintillationyield of CsI(TI) lies within the uncenam es of the correcteddata shown in

Fig. 4.16, but that the uncorrected data represents the overall trends of the CsI(TI)

scintillationyield accurately(i.e., temperatureof maximum yi_Idand monotonicdecrease in

yield above and below the maximum).

One possibleexplanation for difference between the SSW and CM method results is

that a significant fraction of the CsI(TI) scintillation yield is contributed by decay modes

with characteristic times much longer than x 2. The CM method is sensitive to all light

emitted by the scintillator, while the SSW method was developed to only be sensitive to

light emitted by the two primary decay modes. Light emitted with characteristic times on
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theorderof millisecondsorlongeraretermed"afterglow"andob_rved to contributeabout

9%of the total NaI(TI) scintillation yield and typically about 0.1 to 0.8% of the Csl(_)

total yield [FAR82]. These long characteristictimes _ typically caused by impuritiesin

the scintillatorthat create eleztron traps in the bandstructure. Thus "afterglow"decreases

as crystal growing techniques improveand crystals are grown with fewer impurities. The

luminescencethat is describedas "O.erglow"is relea._dwhen the el_trons that are trapped

at impurity sites are freed by thermal excitation, Thus, the characteristic times of

"afterglow" decay components will increase exponentially with inverse temperature, as

describedin the Chapter V (moresimply, the characteristic times increa_ with decreasing

temperature). Re impuritysite electron trapsare typically "deep" and thus the excitation

energy necessary to free the electron is relatively large. Consequently, the characteristic

times of "afterglow" components will increase orders of magnitude for relatively small

decrea_s in temperatureand become on the order of hours or days at low tempe, atures.

When characteristic times become this long, the luminescence emitted as the result of

impurity site electron traps is typically thermolumincscence (caused by an increase in

crystal temperature, further discussed in Chapter VI) instead of "afterglow". Since

significantCsI(TI) thermoluminescencehas beenobserved _low -20°C, it is reasonableto

assume that the roomtemperature"afterglow"components are the source. Furthermore,it

is reasonableto assume thatCsI(TI)"afterglow"doesnot significantly increase in the range

of-100 to +S0°C and will notcontributemorethan about 1% of the totalscintillationyield.

Therefore the roomtemperatureabsolutescintillationyielddetermined by the SSW method

probablyunderestimates the yield by <1%and the divergenceof the SSW andCM method

results with decreasing temperatureis probablydue to the problems with SSW method

enumeratedabove.

On several occasions it ha:;been mistakenlyassumed that the reason that we have

reporteda larger scintillation yield for CsI(TI)than previouslyreportedis becal,se we use a

light collection efficiency of 81%, where other authors have assumed near perfect light
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collection efficiency (rl=l.0). However, the same authors use a wavelength-averaged

quantum efficiency of about0.71, such the product 1'1_, which appears in the denominator

of _n. (*2.11),is about 0.71. Due to the definitions of vl and _ that we have adopted, our

values of vl _d _ are significantly different (0.814 and 0.897, respectively), but the

product is about 0.73. Clearly, the difference betw_n the resulting N^h j that we have

re_rted and what others have reported is not significantly affected by our definitions or vl

and _, and thus our _tntillation yield is larger _cau._ we have accounted for the ballistic

deficit.

Our room temperature absolute _intillation yield can _ confirmed using the results

presented by Bird, et a!. [BIR92], since a very similar CsI(TI)/P_ _iet_'ctor was used and

they have conveniently quantified most of the differences. They report a value for

Ncc(EwT)/E._ at room temperature of 41,000 e-h pairs/MeV, arrived at using the direct

interactions method of charge calibration and a 3 its amplifier shaping time, Aclditionally,

the crystal was polished on all sides except the side opposi_ the PD which was roughened

and all sides were wrapped with a white fii_r paper. Bird, et al. report that roughening the

one side yields the optimum light collection efficiency and that a crystal with all six sides

polished, like ours, was measured to yield about 95% of the optimum. They also report

that wrapping the crystal with the filter paper yielded about 9c_,mo_ light than when the

crystal was wrapped with white PTFE tape like ours was. Using these two correction

factors we can estimate an effective light collection efficiency rl,u based on the q-_)._._14 as

._en in Table 4.5. Referring to Table 4.1, we see that using the DI method at 3 las with our

crystal resulted in about 36,700 e-h pair_eV. Thus, the absolute scintillation yield (not

corrected for ballistic deficit) can be calculated for the 3 las DI method results from both

Bird, et al. and this study. A correction factor for the ballistic deficit (1.302) can then be

determined by dividing the true absolute scintillation yield (65,500 photons/MeV),

determined using the SSW method, by the yield determined for our DI method at 3 ;as

(50,300 photons/MeV). Table 4.5 tabulates the light collection efficiency and ballistic
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Table .5, Comparison of room tem_rature absoluw scinullation Held detc_med in this
study to)resulLqfrom Bird, ct al, [BIR92] and Holl, et al, [HOL881 by correcting for
differences in light collation effictency and ballistic deficit ex_..'.nenccd in the direct

interaction (DI) calibration method for an amplifier sha _ing time of 3 Its,

....... I This Study This study ....[BIR921 [HOLg8]
SSW Dl@31as Dl@31_s Dl@3lJs

........ [111 _. II/ [llU[ff .... J [ ]1[

Nce/Ev(e-h palra/MeV) 47,8(_) ,_6,7 :X) 41,0(X) --
i 1IT! ..... IIIIrlIINIIII I : [_l :

Light Collection Efficiency, 1! (:).814 0.814 0,814 ....
(This Study)

• _) nCorrect)o for surface treatment,
C, .... 0,95

Correction for wrapping, C. ....... l ( ._

Efficiency, H)f_('CJC,) ....... ()._)34 ._-
ffl III IIIII I J I L

_antum Efficiency, _ 0,897 0,897 ().897 ....
! I!ll[l! !ll I II I [111 .... ....... II1HIII ....... 1 - YI[H I! !ll __j " _.:._Jill .... Ili|lN : Z::L:

NAt,_with DI@ 3_s (photon_MeV) 50,3()() 48,9(K) 51,8(X)
.................... . _:J _ :I [ ![till lit: _ : - ill]: i :='_--: : : -- : ......... ::: ]

Ballistic Deficit Correction for

NA_(SSW) ...... 1 302 I,'I02 1,3()2

Dl@3_s, CaD = NAb-,(Di@3l_s) .....: : ul lllll II I irl.... I l]l jj ...........

(photon_MeV) 65 5(X) 65,5()() 63,7()() 67,4(X)

deficit corrections, The coveted estimate ot' the absolute scintillation yield ba_d on the

results from Bird, et al. is 63,7(X) photons/MeV which is about 2.8_, smaller than the

65,5(X!"t:6,2_,photon.,dMeV that we are reporting. Consequently, the results of Bird, et al.

IBIR921 seem to confirm our room tem_rature CsI(T1)absolute scintillation yield.

To further confirm our results we can correct the previous CsI(TI) absolute

scintillation yield that was most often quoted, tt()11,et al, IH()L881 reported an absolute

scintillation yield of 51,8(X)photon_MeV fi)r CsI(TI). They used methods similar to ours

to determine the wavelength-averaged quantum efficiency and the light collection

efficiency, but they used a 3 ).tsamplifier shaping time and the direct, ,teraction method to

calibrate pulse height to charge. When corrected for ballistic deficit using the same [_ctor

as used above, the absolute scintillation reported by Holl, ct al. is about 67,40()
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photons/MeV (Table 4.5). This result is about 3% larger than our reported value, which is

within both the 5% percent uncertainty and the expected crystal-to-crystal deviation of

3.6% that we have reported (thus, within the estimated total uncertainty for our value of

6.2%).

As mentioned in Chapter I, scintillation efficiency has been used as a figure-of-

merit for scintillators. By taking the product of the average scintillation photon energy and

the absolute scintillation yield, the scintillation efficiency can be calculated. The average

scintillation photon energy of CsI(T1) was determined by calculating the first moment of tlhe

STI crystal emission spectrum with a result of 2.3 eV, or about 540 nm. The resulting

CsI(T1) scintillation efficiency is 0.151, or 15.1%. For many years it was believed that

NaI(T1) was the most efficient scintillator with a reported value of 0.141 by Van Sciver and

Bogart IVAN57] and values as high as 0.135 by Sakai [SAK87], but when the absolute

scintillation yield of CsI(T1) is accurately determined we see that CsI(TI) is about 7% more

efficient at converting gamma-ray energy to scintillation photon energy.

Previously published CsI(T1) scintillation yield temperature dependence results have

been based on measuring the photopeak centroid as a function of temperature with a single

amplifier shaping time. Fig. 4.17 shows our measurement of the photopeak centroid

variation with temperature for 2, 5, and 12 Its shaping times. The data are normalized to

unity at room temperature. Fig. 4.18 compares previously published results with our 2 _ts

data. Note that the 2 Its data reproduces the previously reported values. Note also that the

temperature dependence of the photopeak centroid data in Fig. 4.17 varies significantly

with shaping time. The photopeak centroids are observed to increase with increasing

shaping time and the spread becomes larger at lower temperatures. This spread is due to

neglecting the ballistic deficit and results in an inaccurate representation of the CsI(T1)

scintillation yield. Consequently, we believe that the results presented in Fig. 4.15

represent the most accurate values of the absolute scintillation yield temperature dependence

of CsI(T1).
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Our original interest in the temperature dependence of the CsI(T1)/PD detector was

to see if the energy resolution would improve significantly wi'h decreasing temperature due

to the decrease in PD dark current. When looking at the temperature dependence of the

scintillation yield and considering the improvement of the PD with decreasing temperature,

the initial implication is that the energy resolution should be optimized around the

temperature of maximum scintillation yield. However, the photopeak centroid decreases

with temperature below about +10°C, as seen in Fig. 4.17, even though the scintillation

yield is observed to increase with decreasing temperature to about-35°C (Fig. 4.15). The

reason for the difference is that the ballistic deficit is not allowing the full integration of the

CsI(T1) scintillation yield. Consequently, we found that the energy resolution was

optimized around 0°C with only a slight improvement over the room temperature energy

resolution. Therefore, the temperature dependence of the pulse height, as reported in Figs.

4.17 and 4.18, is actually the data of ultimate interest for practical applications using these

shaping time constants since most applications use pulse height to acquire and analyze data.

However, it is misleading and incorrect to report the pulse height data as the scintillation

yield. While the pulse height data is the usable and more practical information, we believe

that we laave reported the fundamental characteristic of CsI(T1) and that systems may be

designed to utilize the absolute scintillation yield of CsI(TI) in the future. Since the pulse

height behavior will be dependent on the detector geometry and the data acquisition system

(e.g., shaping time constant), the pulse height data should be measured for each system

configuration.



CHAPTER V

RISE AND DECAY COMPONENTS

The rise and decay time constants of a scintillator will largely determine the

counting rate limitations of a detector that uses that specific material and the timing

capabilities of the material if it were to be used as the source of a timing signal. The values

and number of the decay times of CsI(T1) have been controversial issues through the years

(as mentioned in Chapter I) due to a relatively long decay time that has a relatively low

initial intensity and thus can easily be mistaken for background. Additionally the 40 ns rise

time at room temperature reported by Grassmann, et al. [GRA85] is much longer than has

been observed for any other scintillating material [DER90, DER92], but has not been

reported by others. Additionally, the rise and decay time constants, zj, are expected to

behave like

'l:j _ e EJ/kT, (5.1)

where Ej is the activation energy of the jth process and k is the Boltzmann constant

[BIR64]; thus, it is expected that the characteristic times will increase with decreasing

temperature. Furthermore, the rise time and decay times and their temperature dependence

directly affect the operational characteristics of CsI(T1) and had not been sufficiently

determined prior to Valentine, et al. [VAL93a]; these results are presented in the remainder

of this chapter.

The temporal luminescence intensity of CsI(T1), I(t), (as defined by Eqn. (2.3))

was determined by the modified Bollinger-Thomas method [BOL61, MOS77] (as

discussed in Section 2.3.1), while the primary contributions to l(t) for CsI(T1) (as defined

by Eqn. (2.12)) were determined by the shaped square wave (SSW) method [VAL92a] as

84



85

discussed in Section 2.2.3. The modified Bollinger-Thomas (MBT) method has become

the accepted technique for determining I(t), and was thus used to determine the most

accurate estimates of all rise and decay times and the relative contribution of each

luminescence mode. Additionally, the MBT method was used to confirm the applicability

of determining the parameters of the primary contributions to I(t) for CsI(T1), Eqn. (2.12),

by the SSW method.

5.1 Experimental Methods

5.1.1 Modified Bolltnger-Thomas Method

As seen in Fig. 5.1, the modified Bollinger-Thomas method used a barium fluoride

(BaF 2) scintillating crystal coupled to a Hamamatsu R-2059 PMT to)provide a trigger, or

start signal. Another R-2059 PMT coupled to the CsI(T1) crystal provided the stop signal.

The "poor" optical coupling between the CsI(T1) crystal and the PMT required for the MBT

method was provided by separating the crystal and PMT by about 50 cm and by placing a

sheet of aluminum foil with a small aperture over the entrance to the PMT cooler assembly.

The BaF 2 and CsI(T1) were aligned with a 511 keV annihilation photon source between

them to excite both crystals simultaneously. Timing signals were generated from the PMT

outputs by a Tennelec TC-454 quad constant fraction discriminator. The time difference

between the start and stop signals was then determined by a Tennelec TC-862 time-to-

amplitude converter (TAC) and digitized by a LeCroy 3512 analog-to-digital converter, as

shown in Fig. 5.2. The impulse response function of this system, G(t) in Eqn. (2.22),

was determined by measuring the response to an ultra-fast scintillator (ZnO(Ga), which has

a 600 ps decay time), and subsequently fitting the data while holding the scintillator

parameters constant and allowing the response function parameters to vary. The full-width

at half maximum of the resulting response function (or timing resolution) was found to be

about 500 ps. (The impulse response function is quantified in Appendix D.)

Consequently, the lower limit for measuring rise and decay times by the MBT method is
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5()0 ps. The crystals and first focusing lens were placed in the same therma!!y-insulated,

temperature-controlled enclosure as was used Ibr the emission spectrum measurements

(described in Section 3.2), and temperature regulation method A was used (Fig. 3.2).

To assess the crystal-to-crystal variations in the CsI(TI) temporal luminescence

yield, the MBT method was used with the four different crystals at room temperature and at

(I°C. As noted in Section 3.1, the STI crystal was randomly chosen to determine the

temperature dependence of the temporal luminescence intensity over the temperature range

of-lCX) to +50°C in 10°C increments.

5.1.2 Shaped Square Wave Method

The experimental results used to determine the temperature dependence of the e-h

pair yield (described in Section 4.1.3) were used to estimate 1:1,I:2. and q2/ql by the SSW

method. The potentiometers used for the integration stage RC time constants and the

attenuation factor k nin the SSW circuit (Fig. 4.1 and Eqn. (2.21)) were calibrated with an

_scilloscope. When the requirements of the SSW method were met (the photopeak and

calibration pul_ peak centroids occurring in the same channel for each available amplifier

shaping time constant, see Fig. 4.6), the potentiometer settings were converted to decay

time constants and the charge ratio.

While the MBT measurements yield the rise time and any decay times of CsI(TI) as

a function of temperature, the SSW method can also be used as an independent method of

determining the temperature dependence of the characteristic times. However, the SSW

method is only sensitive to rise and decay times on the order of the amplifier shaping times

(Ik_rthe Canberra 2()22 linear amplifier used, 250 ns to 12 Its), Therefore, the rise time and

any decay time shorter than xt were not determined by this method. Similarly, the SSW

method is not applicable when 1:: becomes longer than amplifier shaping times.

Consequently, even though we tried to avoid using any a priori values when implementing

the SSW method, it was necessary to use a rise time constant of about 2() ns to account for
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the exponential population of the I:1 luminescence mode at every temperature. The

variations in the rise time with temperature were assumed to have a negligible affect on the

total charge created by a CsI(T1) scintillation pulse. Any decay times shorter than "¢1were

similarly assumed to contribute a negligible fraction of the charge to the scintillation pulse.

Consequently, only x l, '_2,and q2/ql for CsI(T1) can be determined by th_ SSW method

with commercially-available amp_ers.

Photopeak centroids were acquired at ten different amplifier shaping time constants

for all four crystals at room temperature to investigate the crystal-to-crystal variations in x 1,

z 2, and q2/ql observed during the MBT method measurements. The STI crystal was used

to determine the temperature dependence of "¢t,_:2,and q2/q_ over the range of-.I(X) to

+50°C in 10°C increments by the SSW method.

5.2 Results

5.2.1 Modified Bolltnger.Thomas Results

The most reliable fitting results for the modified Bollinger-Thomas method are

achieved with a TAC range >3xj and a bin width <0.1xj. Since decay time constants as

short as <0.5 ns and as long as 18 Its were observed, these constraints would require

t_ing data in 50 ps bins over a 50 las range. The dynamic range of the TAC used was not

large enough for this to be possible, thus data were acquired with two TAC ranges.

Timing spectra were taken with a 1 Its TAC range in 0.8558 ns bins at each temperature to

accurately determine any exponential components with characteristic times of several

hundred nano_conds or less. For T>-20°C, data were also taken with a 20 Its TAC range

in 16.64 ns bins, and for T,_,,--20°Cwith a 50 Its range with 10.35 ns bin,_. These longer

TAC ranges allowed the accurate determination of components with 1-20 Its characteristic

times. The system was calibrated for each TAC range separately by using a pulser and six
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different stop signal delays. A linear least squares t'it of the six data points was used to

determine the bin width for each TAC range.

The reported parameter values were determined through an iterative process of

fitting the long and short TAC range data. First, the longer TAC range data was fit by

allowing all of the parameters to vary (an initial best estimate of the "longer" decay

components). The resulting values were then used as starting values for the 1 Its TAC

range data, but only the parameters associated with the "shorter" components, less than

about one microsecond, were allowed to vary (an initi_ best estimate of the rise and shorter

decay components). Subsequent estimates of the "longer" and "shorter" parameters were

made using the previous best esdnlates of the short and long range TAC data, respectively,

until both sets converged. In most ca._s only a t_w iterations were required.

Fig. 5.3 shows both the 1 Its and 20 Ats TAC range timing spectra at room

temperature lk,r the ST! crystal. Along with decay times 1:1and 1:2, 772:!:8ns (61.1%) and

3.53:t:().10 Its (38,7%), respectively, an ultra-fast component and a 22.7:t:1.0 ns rise time

that populates 1:1(li = -Iri,,e) are observed. The ultra-fast component appears as the three

high channels at the beginning of the 1 Its TAC range spectrum and is not observed in the

2(IIts TAC range data due to its small fraction of the total luminescence yield and the large

bin width. The ultra-fast component has a decay time <(I.5 ns t().5 ns is the timing

resolution of the system used and thus the minimum decay time that can he accurately

determined) and yields about 0.2% of all of the photons (about 10() photon_MeV), Of the

several hundred scintillators studied by Derenzo, et al. IDER9(I, DER921, none were

_bserved to have a rise time as long as we report here. Thus, we believe that the rise time

t_fCs!(TI) at room temperature is longer than that of any other known scintillator. Table

5. I compares the best fit at's and x i's for the four difl;zrent crystals at room temperature and

()°C. For T_<-3()°C, additional decay components (j=4,5) were observed and are believed

to be attribu_d to the luminescence of put_ Csl. These decay components and the other fit

results for all temperatures Ibr the STI crystal are shown in Table 5.2. The fits
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resulted in typical X2 per degree of freedom values between 1.0 and 1.2 for both the long

and short TAC range data. Fitting program output files for every crystal, temperature, and

TAC range represented in Tables 5.1 and 5.2 have been compiled in Appendix D. The

output files contain the fit parameter values, the uncertainty for each parameter that was

determined by the program, background count rate, the f'txed delay time, and the _2 for the

fit. Additionally, a table of the X2 per degree of freedom values for each fit appears in

Appendix D.

Even though the long decay component yields 35-45% of the photons, its initial

intensity, 12, is about an order of magnitude lower than the initial intensity of the main

component, 11, and typically no more than a few times the background (chance

coincidence) count rate. Accurately resolving z2 when using the MBT method thus

becomes strongly dependent on the knowledge of the flat background. Since we have

observed that 12decreases with decreasing temperature below-20°C while the background

remains nearly constant, accurately determining the background becomes even more

important with decreasing temperature. The initial channels of the timing spectra seen in

Fig. 5.3 represent the fixed delay introduced into the stop channel prior to the TAC and are

typically used to determine the background count rate. Unfortunately, the fixed delays

used during the 20 and 50 _s TAC range data acquisition resulted in only about 10 to 20

channels before the start to the scintillation pulse. The poor statistical accuracy of

determining the background count rate from these channels resulted in large uncertainties in

the estimates of the aj's and xj's. However, by acquiring data with a 20 Its TAC range in

16.64 ns bins for T>-20°C and a 50 Its TAC range in 10.35 ns bins for T<-20°C, the last

hundred or so bins of most spectra were approximately down to background level.

Consequently, to make the most accurate estimate of the background an additional iterative

procedure was implemented, using the last set of bins. During the initial fit, when the

initial best estimates of the "longer" decay components were being determined, the

background count rate was allowed to vary along with the other parameters. Subsequently,
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the initial best estimates of 'I;2 and the background count rate were used to fit only the last

ten to twenty microseconds of the timing spectrum (where it was assumed that the

contribution from z 1 was negligible, since t>10_1). The resulting background count rate

was then held constant while the entire spectrum was fit. The best estimate of z2 was then

held constant while fitting the last ten to twenty microseconds of the spectrum. The

background count rate was thus iteratively determined. Once this iterative process

converged, typically after two iterations, the previously described iterative process was

resumed while determining a new best estimate of the background count rate for each new

best estimate of z2.

Deich, et al. [DEI89] and Aluker, et al. [ALU88] have also observed the ultra-fast

decay time and reported it to be <10 ps, independent of temperature over the temperature

range of 80-400 K, emitted with a broad emission band peaking at about 620 nm, and

independent of crystal defects, impurities, and activators. They have attributed this

component to intraband luminescence induced by a "hot" charge carrier, as discussed in

Section 1.1.4. Since this ultra-fast component is emitted in a time frame much shorter that

the timing resolution of the electronics, it is observed as an impulse of light. However, the

fittino, program does not recognize a decay time of <0.5 ns as an impulse and continues to

try to determine the best estimate of the decay time. Consequently, once it was determined

that we were observing this ultra-fast component in the 1 Its TAC range data at all

temperatures for all crystals, the data were analyzed while holding Xultra-fast constant at

10 ps. The fitting program and the iterative procedure converged more rapidly under these

conditions and the resulting temperature dependence of the parameters was more consistent

with the expected behavior. Additionally, decay component 4 in Table 5.2 is not resolved

by the fitting program for T = -30°C when the ultra-fast component is not held constant

Thus, we believe this procedure results in more accurate estimates of the aj's and zj's, and

the resulting parameters are those reported.
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The rise time of CslfF1) became too long to accurately fit below -60°C. However,

when the rise time was accurately fit, it was always observed to be associated with 1:l, as

evidenced by the similarity of the initial intensities, 11and Irise. Similarly, below -60°C the

ability to accurately fit the long decay time is diminished because of signal-to-noise and the

decay time approaching the limit of the TAC range. The fitting program requires that the

sum of the aj's always be unity, thus when any of the rise or decay components are not

resolved that fraction is removed from the sum. Consequently, when Xrise and/or z 2

become unresolvable (T =-80 and -100°C in Table 5.2), the aj's no longer accurately

estimate the fraction of the total light being emitted by the jth process.

The presence of two different decay times is consistent with the observations of

Shamovskii and Shushkanov [SHA69]; they noted that two different thallium luminescence

centers will be present in CsI(T1), as discussed in Section 1.i.1. Furthermore, the

association of "Criseand 'cI and the absence of a rise time for 'c2 suggests that each of the T1+

centers trap different types of holes. The rise time is probably due to the migration of Vk

centers toward T1+ ions, as discussed in Sections 1.1.3 and 5.3.3, while the instantaneous

rise is probably due to holes being trapped as T1++ at T1+ sites, as described in Section

1.1.1.

5.2.2 Shaped Square Wave Method Results

To confirm that all four CsI(T1) crystals would yield similar 1:l, '_2, and q2/ql

results from the SSW method, the photopeak centroids for all of the crystals were recorded

at room temperature for all amplifier shaping times and are shown in Fig. 5.4. The

photopeak centroids for each crystal, taken from Fig. 4.7, were normalized to that crystal's

12 _s centroid. It is observed that there is less than 3% deviation in the values for all

crystals at each shaping time. Thus, the SSW method will result in very similar z l, "c2, and

q2/ql values for all crystals. The STI crystal was used to determine the temperature

dependence of these parameters.
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Figure 5.4: Amplifier shaping timedependence of CsI(TI)pulse height for crystals from
Bicron Corporation, Horiba Crystal Products, Rexon Components, Inc., and Solon

Technologies, Inc. Normalized to 12 Its pulse height of each crystal.

The STI crystal photopeakcentroids, recordedat three differenttemperaturesalong with the

associated SSW method calibration pulse peak centroids, were shown in Fig. 4.6. These

data are typical of that acquired and the associated SSWresults at 10°Cincrements over the

temperature range of-60 to +30°C. When the calibration pulse peak centroids best

matched the photopeak centroids at every shaping time constant, the potentiometer settings

were recorded and converted to the appropriate decay time o.-chargeratio according to their

calibrations. The resulting decay times and charge ratios are shown in Table 5.3. Above

+30°C, accurate estimates of the photopeakcentroids at all amplifiershaping time constants

were not achievable due to the increased photodiode dark current that manifests itself as

electronic noise during pulse processing. Below -60°C, x2 becomes longer than the

longest amplifier shaping constant and the photopeak centroids for the shorter shaping

times begin to become obscured by the noise shoulder. Consequently, for T>+30°C and

T<-60°C the SSW method could not be used. We have estimated the uncertainty of

determining x l, x2, and q2/ql by the SSW method to be :]:5%of the reported value. This
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Table5.3: Temperature dependenceof primarydecay time constants andcharge
contributionratio for Solon Technologies, Inc. CsI(T1)crystal as determined

by the shaped square wave method.*
................ iiiii i[

......Temperature xl x2
(°(2) (ns) (Its) q2/ql ........
+30 8_ ..................3.00 0.680
+20 832 5.50 0.760
+10 956 6,85 0.742

0 1040 7.97 0,760
-10 1060 8.58 0.865
-20 1100 9.47 0.927
-30 1150 10.40 1.01
--40 1190 11.20 1.09
-.50 1240 12.20 1.17
-60 1370 12.90 1.19

IHI I I I I . . ,it i i in ......

..... *Estimateduncertainty of_% on all values.

uncertainty is due to the uncertainty of the potentiometer calibrations, which we have

assumed dominates all other sources of random uncertainty,

5.2.3 Comparison of MBT and SSW Results

A comparison of the best estimates of _nse,'rl, and 172from the modified Bollinger-

Thomas method and SSW method is shown in Fig. 5.5. As previously mentioned, the rise

time was held constant for all of the SSW method calibrations because the SSW method is

not sensitive to characteristic times shorter than the shortest availableamplifiershaping time

(250 ps for our measurements). Estimateduncertainties are smaller than the symbols used

in Fig. 5.5. The rise and decay times are plotted versus I/T to confirm the behavior

predicted by Eqn. (5.1). Activation energies of 0.23, 0.063, and 0.090 eV for xrise,'rl,

and 1:2, respectively, were determined by fitting the modified Bollinger-Thomas results to

Eqn. (5.1), while values of 0.030 and 0.058 eV for 'r_ and 1:2, respectively, were

determined by fitting the SSW method results. The resulting rise time activation energy,

0.23 eV, corresponds closely to the activation energy associated with the 90°-reorientation

of Vkcenters in pure CsI, reported by Pellaux [PEL76] to be 0.198 eV, and to the rise time



98

...10 5 .... ' , '', _" "', • • " , ' • "_-_..........

104
X

o3N1

/ "- De.Y(i-MB'T_Decay 2 (MBT)

_I0 2 _,_0 --Rise (MBT)

[Z] Decayi (SSW)

•_ _ Decay 2 (SSW)
101 , . ._... ,.,..
3.0 10.3 4.0 10.3 5.0 10"3 6.0 10.3

lfr(K "l)

Figure 5.5: Comparisonof the modified Bollinger-Thomas (MBT) method and shaped
square wave(SSW) method rise anddecay time constant results forCsI(TI).

activation energy reportedby Aluker,et al. [ALU86] of 0.2 eV. Consequently, our results

seem to confirm the predictionby Aluker, et al. [ALU861that the rise time can be attributed

to the migration of Vkcenters toward thalliumluminescence centers via 90°-reorientation.

If only the SSW results for T'e-10°C are fit to Eqn. (5.1), then the activation energies for

z I and 1:2are 0.052 and 0.099 eV, respectively. These activation energies agree much

better with the MBT values than when fitting for all temperatures. Therefore, we believe

that assuming that variations in the rise time do not affectthe SSW method is reasonable for

T>-10°C. Thus, the difference between the SSW and MBT results above -10°C is

probably due to a systematic error in the calibration of the *t and 'c2 potentiometers.

However, the rise time variationsare causing x t and 't2 to be underestimated below -10°C

after accounting for the systematic error. It is also possible that 1:2becomes too long to be

accurately determined by the SSW method below-10°C. Furthermore, we believe that the

activation energies that were determined by fitting the MBT results are more accurate than
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Figure5.6:ComparisonofthemodifiedBollinger-Thomas(MBT)methodandshaped
squarewave(SSW)methodchargecontributionratioresultsforCsl(_).

fromtheSSW results.

TheSSW methodyieldsaratioofthechargecontributionsfromthetwoprimary

componentstothetotalpulse,q2/ql.Thischargeratioisequivalenttotheratioofthe

integratedluminescenceofthetwoprimarycomponents,a2/(a1+arlx),fromthemodified

Bollinger-Tl_.omasmethod,A comparisonofthechargeratioresultsfromtheMBT and

SSW methodsisshowninFig.5.6.When therisetimecouldnotbeaccuratelyfitbythe

MBT method(T<-60°C),thechargeratiocouldnotbecalculated.SincetheSSW charge

ratiosarelargerthantheMBT resultswe believethattherewasasystematicerrorinthe

calibrationofthepotcntiometcrusedbytheSSW method.Bothmethodsappeartoyielda

similarchargeratiotemperaturedependenceforT'Z-10°C,butdivergebelow-lO°C.To

successfullyapply'theSSW method,theintegratedchargemustbenearlyequalforthe

CsI(TI)andcalibrationpul_sforallamplifiershapingtimes.Furthermore,iftheriseand

decaytimesareunderestimatedbytheSSW methodbelow-10°C,asconcludedabove,the

resultingchargeratiowillbeanoverestimate.Fig.5.7demonstratesthedifferenceinthe
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resultsforSolonTechnologles,Inc.crystalat-60°C.

chargeratioresultsbyshowingthebasicCsI(TI)pulseshape(theriseandtwoprimary

decaytimes)asdeterminedbybothmethodsat-60°C,wherethelinesdistinguishbetween

luminescencemodesland2foreachmethod.Theareasaboveandbelowthelineare

equivalenttoqlandq2,respectively.FromTables5.2and5.3,we seethatthetotal

relativeintegratedchargevalues(orareasinthefigure)forbothmethodsareabout

qSSW=0.457,qSSW=0.543,qlMnT=0.550,qMaT=0.443.Consequently,we believethe

trendshownby theMBTdatain Fig. 5.6 mostaccuratelyrepresentsthe behaviorof the

temperaturedependenceof thechargeratio. It is not obviousfromthe figurethatthe

integratedchargefromthe SSWmethodforshortamplifiershapingtimeswill besimilarto

that from the CsI(TI) pulse. However,when the ultra-fastcomponentand decay

component4 fromthe MBTresults(notrepresentedinFig. 5.7)areconsidered,someof

thedisparityis accountedfor. In this tllu,qration,we havenotcorrectedtheSSWresults

forthe proposedsystematicerrorinthepotentiometercalibrations.
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Although the $$W method yields some estimates of the primary decay time

constants and charge ratio that _ outside the uncertainties of the modified Bollinger-

ThomL,) method results, the $$W method results _ reasonable estimates with a possible

systematic bias. These systematic uncertainties in the $$W method results arc probably

due to the rise time component not being modeled exactly at each temperature and

inaccurate potentiometer calibrations. Modeling the rise time at each temperature with the

SSW method would increase the activation energies for 'cI and _2 and would decreL,)e the

charge ratios below -10°C. A systematic inaccuracy in one of the potentiometer

calibrations would shift all of the data for the associated parameter up or down. Even

though the _sults of the SgW method are sensitive to the rise time, the implementation of

the calibration (matching photopoak and calibration _ak centroids) is not. Thus. the fi_

time would have to be known at each temperature before the $$W method could be

implemented. Consequently, we believe that the MBT results reported are a better

repr_ntation of the temporal lumine_v,ccnce intensity of CsI(TI).



CHAPTER Vl

THERMOLUMINESCENCE

As mentioned in Chapter I, CsI(TI) has been previously reported to be

thermoluminescent in the _mperatuR range of-I_ to +50°C [GRAB4,GUT?4]. The

_,missionof thermoiuminescenceis _ resultof anincreaseincrystaltemperatureproviding

theactivationenergynecessaryto li_rate a trappedstate. The trappedstatethat is I/_ra_

can be a trappedhole, a trappedelectron,ora trappedexcited state (e.g., CTI+)') andmust

recombine at a luminescencecenter after being untrapped to be considered

thennoluminescence. Thepresenceof thermoluminescenceis ob_rved afterfreeelec_ns

and holes arecreated in a scintillatorby ionizingradiation(el¢:ctronsand holes createdby

photonsin the absorptionbandof a scintillatorare typicallyexcitons, andthusnotfn_) and

the crystalsubsequentlywarmed. ForCsI(TI),Gutan, eta!. [(}UT74] have also no_d the

t 4emlssion of inertialluminescencein temperaturerangesof high thermolumine_enceyield.

Inertialluminescence is the resultof the sameprocessas thermoluminescence,except that

the activation energy is providedby the transferof kineticenergy from a "high" energy

electron(createdbya gamma.rayinteraction)to a trappedstate. Whilethermoiumine_ence

appearsduringor immediatelyaftera changein crystal temperature,inertialluminescence

will be of concernprimarilyat thermalequilibrium.

Although thermoluminescence emissions are not typically considered when

evaluating the characteristicsof a scintillator,thermoluminescencecan affect bothcurrent

and pulse mode measurements. Forcurrentmode applications, thermolt_minescencewill

directly lead to erroneous inferences about the incident beam of photons or charged

particles due to the increased light yield from the scintillator. For the currentmode

102
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measurementswith temperature regulation C used in Chapter IV to determine t_c

scintillation yield, the crystal temperature was always decreasing, In this manner,

thermoluminescence was eliminated from these measurements. The effect of

thermoluminescence on pulse mode measurements is more subtle. Since

thermoluminescencephotonshavenocorrelationin timewith anyscintillationeventand

havetypicaldecaytimesmuchlongerthananyscintillationdecaytime, thesephotonswill

appeara.qa noisydc signal to thephotodetectorrelative to scintillationevents(similar to

darkcurrent), Also, typicalpulsemodemethodswill havemuchlowercountingratesthan

currentmodemethods,andthuswill notbeassu_eptihle to inertial luminescence_cau._

of thedecreasedenergydepositedin thecrystalper unit time, Thus, thermoluminescence

will appearasa de-offsetfor pulsemodemethodsthat integratethechargecreatedin the

photodetectorbya gamma-rayinteractionin the crystal. A couplingcapacitorcaneasilybe

used to decouple the ac (signal) and dc (dark current and thermoluminescence)

components, However, the increased level of the dc component due to

thermoluminescencewill degradesignal-to-nolo, The degradationof energy resolution

due to the increased dc component will only be significant during periods of high

thermoluminescence emissions, during or immediately after a change in crystal

temperature, Con_quently, thermoluminescenceshouldnot degradeperformancewhen

detectorsarco_ratcd at thermalequilibrium,The photopeakcentroidsusedto performthe

_haped_uarc wavemethodwereall acquiredaboutan hourafterthe detectortemperature

was stabilized and also at low count rates, and thus we believe that both

thennoluminescenceandinertiallumine_encedidnot affect our measuremenu_.For pulse

mode methods where single photons (or photoelectrons) are being counted,

) ' " i S' ' ' 'r" sthermcluminescenceandinertiallumne,cencewill ap_ar asan mc ca.ed background(or

dark)rate, A coincidencemethodthatusessinglephotonsto generatetiming signals,such

as the modified Bollinl_er-Thomas(MBT) method, will see this manifestation of

thermoluminescence as an increased chance coincidence rate, Thus, the timing spectra
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acquiredusingtheMBT methodmay be more difficultto fit due tothepresenceof

thermoiuminescenceorinertialluminescence,and resultingriseanddecaycomponent

parametervalueswillhavelargeruncertainties.Methodsthatrelyonrecordingthecount

rateofsinglephotons,likethemethodusedtomeasuretheCsI(TI)emissionspectrumin

ChapterIll,willbesusceptibletothermoluminescenceandinertialluminescenceduetothe

increaseddarkrate.Con_uentiy,we havemeasuredthethe_olumine_cenceemissions

ofthefourdifferentCsI(TI)crystalsovertherangeof-l(Dto+50°C.

6.1 Thermolumtneseenee Experimental Methods

As mentioned in Chapter IV, the current mode method was found t,., yield

erroneous results when used with temperatureregulation method A (Fig. 3.2) to determine

the scintillation yield temperature dependence. To illustrate these difficulties, the Solon

Technologies, lnc. CsI(TI) crystal scintillation yield was measured using the current mode

method temperature regulation method A fron, -100 to +50°C. The measurements were

performed by first heating the crystal to +50°C, recording the PMT output current, then

decreasing the temperature in 10°C increments while continuously recording the PMT

output current. The crystal temperaturewas held at each 10°(2 increment for at least half of

()nhour to assure that thermal equilibrium was achieved.

To determine the temperatures and magnitudes of the peak thermoluminescence

emissions, the "glow curves" of each CsI(TI) crystal were measured. Data acquisition was

achieved using the same detector geometry and electronics schematic as the current mode

measurements of the scintillation yield (Figs. 5.2 and 5.3, respectively). After the crystals

were brought to thermal equilibrium at-I{)0°C at the conclusion of the current mode

method scintillation yield measurements, the liquid nitrogen flow was turned off and the

heating element turned on, temperatureregulation method D (Fig. 6.1). The crystal was

subsequently heated at a rate of about 5°C per minute while the PMT output current was

recorded. The scintillation yield measurements required the _gGe source be located inside
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Figure 6.1: Schematic of temperature regulation method D.

the temperature-controlled enclosure to produce as high a PMT output current as possible.

Consequently, the source could not be removed betOre the thermoluminescence

measurements. Due to this continuous irradiation it was necessary to subtract the gamma-

ray excited scintillation yield (determined using temperature regulation method C) from the

recorded data to arrive at thermoiuminescence yield.

To determine the wavelengths of the thermoluminescence emissions, the electronics

for the emission spectrum measurements (Fig. 3.1) were used with temperature regulation

method A and the STI CsI(T1) crystal. The crystal temperature was increased abruptly

10°C in a temperature range where high thermoluminescence yield was observed with 'he

monochromator passing the 400 nm band light, and at a different time the 560 nm band

light, while the PMT output current was monitored.

6.3 Thermolumlnescence Results

When using temperature regulation method A, the PMT output current for the STI

crystal was observed to pass through a minimum then rise to its equilibrium value when
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Figure 6.2: Current mode method results in temperature range of high thermoluminescence
yield for temperature reguladon method ,4. Data taken while changing from thermal

equilibrium at-50°C to thermal equilibrium at -60°C for Solon Technologies, Inc. CsI(T1)
crystal.

decreasing the crystal temperature 10°C from one state of thermal equilibrium to another

between -30 and -80°C. Fig. 6.2 illustrates this behavior for a change of crystal

temperature from -50 to -60°C. For temperature regulation method A, the heater coil

cycles on and off to counter the constant flow of liquid nitrogen at thermal equilibrium. As

seen in the figure, the temperature controller was programmed to decrease as quickly as

possible to -60°C, starting at t=13,500 seconds. Thus, the heater coil was off until the

crystal reached about -60°C, when it started to cycle on and off again to stabilize the

temperature. The figure shows that while the heater coil was off, states were being

trapped, but once the coil began to cycle again some of the trapped states were liberated

with resulting luminescence. If the thermocouple reading was significantly lagging the true

crystal temperature, these results might be interpreted as the crystal temperature decreasing

below -60°C before the heater coil began to cycle, and subsequently increasing back up to

-60°C. Thus, the thermal equilibrium PMT output current would be representative of the
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Figure 6.3: Difference in current mode method scintillation yield results for temperature
regulation methods A and C for Solon Technologies, Inc. CsI(T1) crystal,

normalized at +20°C.

scintillation yield. However, when the scintillation yields inferred from the current mode

method with temperature regulation methods A and C are compared (Fig. 6.3), we see that

the thermal equilibrium results for temperature regulation method A over-estimate the

scintillation yield for T<25°C. Thus, we conclude that inaccurate temperature readings are

not the cause of the behavior seen in Fig. 6.2. We believe that this behavior suggests that

small temperature variations and/or thermal gradients across the crystal due to the nature of

temperature regulation method A were causing some equilibrium thermoluminescence

release with a possible contribution from inertial luminescence.

As mentioned, the crystal was continuously irradiated during the

thermoluminescence measurements, and thus it was necessary to subtract the scintillation

yield of the crystal from the thermoluminescence data. Fig. 6.4 shows the data acquired

using the current mode method while cooling and warming the crystal (temperature

regulation methods C and D, respectively) to determine the scintillation yield and

thermoluminescence emissions, respectively, for the STI crystal. Thermoluminescence is
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Figure 6.4: Difference in currentmode method results observed when cooling and
warming (temperatureregulationmethods C andD, respectively) Solon Technologies, Inc.

CsI(TI) crystal.

present for the data taken while the crystal was being warmed that is above the scintillation

yield data. The resulting thermoluminescence "glow curves" for the four different crystals

are shown in Fig. 6.5. The thermoluminescence yield for each crystal has been normalized

to its room temperature scintillation yield. It is observed that all of the crystals have

thermoluminescenceemission peaks at about --65°C,the STI crystal either has peaks at --65

and -55°C or one very broad peak, the Bicron, Horiba, and Rexon crystals all have peaks

at about -90 and +200(2,and the Bicron crystal has an additional peak at about --40°C. P.is

not known why these significant crystal-to-crystal differences are observed, but using

CsI(T1) crystals in temperature ranges of large thermoluminescence yield may lead to

erroneous results.

To determine the wavelengths of the therrnoluminescence emissions, the 400 nm

band and the 560 nm band light were passed through the monochromator at different times,

while the STI crystal temperature was quickly changed from -60 to -50°C. The results are
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shown in Hg. 6.6, where we see thatCsI(TI) thermoluminescence is emitted in both bands

and decays within ten minutes of the initial temperature change. Consequently,

thermoluminescence and/or inertial luminescence emissions will affect the count rate of the

emission spectra data, but we believe that the overall emission spectrum shape will not be

affected due to the emission in both bands.

The observation of thermoluminescence at --65°C from all of the crystals can be

explained by the storage of energy at thallium luminescence centers and at F centers. As

described in Section 1.1.1, Van Solver [VAN56] reported that some transitions of the

excited TI+ state to the ground state are forbidden. These trapped states must be thermally

excited to a state that does not have a forbidden transition to the ground state for

luminescence to be observed. With decreasing temperature, the thermal excitation will

become less probable and the energy will be stored until the temperature is increased.
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Figure 6.6: Comparison of 400 and 560 nm band thermoluminescence when quickly
changing Solon Technologies, Inc. CsI(Ti) crystal temperature from --60to -50°C.

Additionally, we observed the disappearanceof the 400 nm band in the CsI(T1)emission

spectrum below -50°C. Since thermoluminescence was observed to be emitted in both the

400 and 560 nm bands, we assume that the absence of 400 nm band light in the emission

spectrum below -50°C indicates that this energy _, being stored. Since the

thermoluminescence peak temperatures seen in Fig. 6.5 were not the same for all crystals

(except for the -65°C peak), we believe that these peaks are probably due to different

impurities in each crystal.
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CONCLUSIONS

The gamma-ray excited emission spectrum, absolute scintillation yield, rise and

decay time constants, and thermoluminescence emissions of CsI(TI) have been measured

over the temperature range of-100 to +50oC. These characteristics were evaluated for

CsI(TI) crystals from four different vendors. Negligible differences were observed in the

four different emission spectra at room temperature. The decay times for the four different

crystals were found to vary by less than 10% at 0°C and 17% at room temperature. The

crystals were observed to have similar scintillation yield temperature dependence, with

yields peaking at temperatures rangingfrom -35 to-20°C. The thermoluminescence "glow

curves*' were the only characteristic that varied significantly from crystal to crystal.

Thermoluminescence emissions were found to peak at about --65°C for all crystals, while

peaks at -90, --40, +20, and possibly -55°C were observed for some crystals. For the STI

crystal, it was found that thermoluminescence and/or inertial luminescence in the range of

-80 to-30°C affect both current and pulse mode measurements. Low count rate

applications will suffer less from inertial luminescence since less kinetic energy is deposited

in the crystal per unit time. Similar problems should arise for any CsI(Tl) crystal in

temperature ranges of large thermoluminescence yield. An important implication of these

thermoluminescence findings is that results of applications that require room temperature

operation in current mode could be susceptible to temperature fluctuations.

The CsI(TI) emission spectrum was observed to have emission bands peaking

around 400 and 560 rim, These bands are believed to be attributed to the recombination of

F centers at Vk centers trapped adjacent to a TI+ ion and the recombination of holes and
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electronsat thallium luminescencecenters,respectively.Each of thesebandsmay be made

up of morethan one emission peak,butthe spectralresolutionof the system used was not

sufficient to resolve these peaks. However, ourinterestwas not in the fine structureof the

emissionspectrumbutinthegeneralweightingofwavelengths,The400nm bandwas

observedtodisappearbetween-50and-75°C,whiletheshapeofthe560nm banddidnot

changesignificantlywithtemperature.Althoughtheemissions_trum measurementsfor

theSTIcrystalwereprobablyaffectedbyinertialluminescenceand/orthermolumine_ence

inthe-80to-30°Crange,itwasnotobservedtoaffecttheshapeofthespectrum.Thus,

comparingthepeakcountrateoftheemissionspectrumortheareaundertheemission

spectrumatdifferenttemperaturescouldleadtoerroneousconclusions.However,the

emissionspectrawerenormalizedtounitareasothatthewavelength-averagedquantum

efficiencycouldbecalculated,thusonlytheshapeoftheemissionspectrumwas of

interest.

The roomtemperatureabsolutescintillationyieldof CsI(TI)wascalculatedtobe

65,500-2:4,I00photons/MeVbydeterminingthelightcollectionefficiency(_=0814:k3%),

thewavelength-averagedquantumefficiency(_=0.897:1:2%),andthenumberofcharge

carrierscreatedinthePD perunitenergydeposited(Ncc/_47,8(X_3%).Thecomputer

programDETECT wasusedtomodel_ forthedetectorgeometryused,whiletheCsI(TI)

emissionspectrumwasmeasuredusingamonochromatorandaveragedoverthespectral

sensitivityofacalibratedPD todetermine_; theSSW methodwasusedtodetermineNcc.

The 6.2% uncertaintyofthescintillationyieldwas determinedfromtheestimated

uncertaintiesofthethreeparametersandourestimateofthecrystal-to-crystalvariations

(:I:3.6%).Thereportedabsolutescintillationyieldisabout17% largerthanhadbeen

previouslyreported.Thereasonthatouryieldislarger(andwe believemoreaccurate)is

thatwe haveaccountedfortheballisticdeficitduetothelongdecaytimeofCsI(TI)inour

chargecalibrationwiththeSSW method.Toourknowledge,theballisticdeficitcorrection

hasnotbeenperformedpreviously.CsI(TI)hasthelargestknownabsolutescintillation
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yield of inorganicscintillatingcrystals,and thushasthe possibility of havingthe smallest

relative fluctuation in the numberof charge carriers. Consequently, CsI(TI) has the

possibility of having the beatenergyresolutionof known inorganic scintillatingcrystals.

The uniformityof the light collectionefficiency across the detector volume will affect the

chargecarrierstatistics andthe contributionof electronicnoise to the signal affectenergy

resolutionas well, but the scintillationyield will typically be the limiting contributionto

energy resolution. Unfortunately,the significantballistic deficit does not allow the full

integrationof theyield for presentcommerci_ly-available_plhqers.

The temperaturedependenceof the CsI(TI)scintillation yield was measuredby the

SSW method andan independentcurrentmodemethod. The two methods producesimilar

results for T_-I0°C, but theresults divergebelow this temperature. We believe thatthe

currentmode methodyieldsthemostaccuraterepresentationofthe.Cslm) scintillation

yieldtemperaturedependence.Furthermore,we believethatthedivergenceoftheSSW

resultsisduetooneormoreofthefollowing:a)theCsI(TI)risetimewasnotmodeled

accuratelyateachtemperature,h)theassumptionofPD quantumefficiencytemperature

independencewasnotaccurate,orc)thedecaytimesofCsI(TI)becom,:toolongforthe

SSW method.Fromthecurrentmodemeasurements,themaximum scintillationyieldis

observedtooccuratabout-35°CfortheSTIcrystal,approximately6% abovetheroom

temperatureyield.Theyieldisalsoobservedtodecreasemonotonicallyaboveandbelow

themaximum.At-I00and+50°C,theyieldwasmeasuredtobeabout64% and95% of

theroomtemperatureyield,respectively.Thedecreaseinscintillationyieldbelow-35°Cis

believedtobeatleastpartiallyduetoenergybeingstoredinthecrystalastrapped

luminescencestates.Thisstoredenergyisthesourceofthethermoluminescencelightthat

isreleasedwhenthecrystaliswarmed.TheFakingofthescintillationyieldat-3S°C

suggeststhatenergyresolutionofCsl(Tl)shouldbeoptimizedatthistemperature,

However,thelongdecaytimeison theorderofthelongestcommercially-availablc

amplifiershapingtime,resultinginas;gnificantballisticdeficit,Infact,theballisticdcficit
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causes the amplifier output pulse mplttude (or photopeakcentroid) to decreue with

temperaturebelow about t0°C forall mp_er shapingtimes,even thoughthe _intillatton

yield is increasing down to-35eC. Thus, improving the energy resolution of

Csl(Tl)/photodiodedetectorsbelow _m temperatureis not as promising u originally

hoped, Since thescintillationyield variationswithtemperaturearesmall overthe rangeof

-50 to +50°C, other factors,such as decay times andthermoluminescence,will dictate the

optimumoperatingtemperature.

ThemodifiedBolltnller-Thomu(MBT) methodwu u_d todeterminethert_ and

decaytimeconstantsof CslCTI).The SSW methodwas usedto confirmthe prtm_ decay

times,'ct andx2,determinedby the MBTmethodand to confirmtheassumpUonsregarding

temperaturedependence that were necessary to u,_ethe SSW method for the absolute

scintillationyield measurements.Therewas anapparentsystematicbias in the SSW decay

times due to inaccuratepotentiometercalibration,but for Te-IO°C the MBT and SSW

resultsshow similar temperaturedependence. Consequently, we believe that the MBT

resultsmoreaccuratelydepict the rise and decay times of CsI(TI)and their temperature

dependence. However,we also believe thatthe applicationof the SSW method atroom

temperatureaccuratelymodelsthe CslCrl) behavior.

The two primarydecay timeconstants determinedby the MBT method, 'ct andx2,

werefoundto increaseapproximatelyexponentiallywithinversetemperature.A significant

rise timeconstantwas foundto populate'ct and was also observedto increaseexponentially

withinversetemperature. The two differentdecay Umescan be explainedby thepresence

of two different thalliumluminescencecenters, An exponentialrise beingassociated with

one of the decays while the other decay has an instantaneousrise suggests that two

differentty_s of holes are trappedat thedifferentthalliumcenters. At room temperature,

our bestestimates of _riN0'_1, and _2 are 19,6 ns, 679 ns, and 3.34 Its, ForT_-30°C and

T,,-i00°C, additional decays were observed and the former was found to increase

exponentiallywith inversetemperature,The SSW methodwas foundto reachits limits of
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applicabilitydue to the lengthof x2atab,Jut.-60"C. _ _curate dete_tnaUon or _2using

the modified Bolltnger-_om_ methodwas complicatedby poor signal-to.nolse. The

signal.to-noise t_ceme worse with decreasing temperaturedue to the tncreutng decay

timesandcouldbe furtherdegradedby thermoiumt_en_ light.

An ultra.fur decaycomponentww confirmed. Ourbestestimateof the decaytime

is <0.5 ns, butit has been previouslyreportedto be <10 ps by Detch, et _. [DEI89]. The

yield of the ultra-fur component appem'sto be nearly independent of temperatureand

accounts for roughly0.2_ of the total light yield for the PMTu_d (about 100 photons/

MeV for gamma rays). This yield is too mill to be seen in our emission s_ctrum

meMu_ments, but has _n reportedto have a broademissionbandthat _u around620

nm [DEI89]. The ultra-furcomponentis of limiteduse in g=mma-rayexperimentst_cause

of this long wavelength of emission. The quantumefficiency of typical photocathodesat

620 nm is verylow, suchthattheyieldwill be <1 phot_lectronJMeV. Althoughthe

quantumefficiencyof photodiodesis typicallyverygoodat 620nm,thephotodiodenot_

will tendto obscurethissmallsignal, Consequently,usingCsI(TI) to producetiming

signalsfrom gamma.rayeventswill resultin poorleadiniledgetimingbecauseof the

significantrisetime, However,it maybe possibleto usethe ultra-fastcomponentto

producegoodtimingsignalsinhighenergyphysicsapplications.

Althoughthe SSWmethodhas beendemonstratedfor usewith PDs only, its

applicabilityshouldextendtoPMTsthathaveaknowngain. Likewise,themethodcould

he usedfor thecalibrationof anyscintillator,but its useis primarilyof interestwhen

hallisticdeficitrendersothermethodsinaccurate.Scintillatorswitha singledecaytime

constantwill bemucheasiertomodelwiththeSSWmethodbecausetheuseof kI andk:

will not be necessary.As mentioned,the SSWmethodis not an accuratemethodof

determiningriseanddecaytimes.However,if thed._anddecaytimesof ascintillatoram

knownat anytemperature,theSSWmethodcanheeffectivelyusedto calibrateamplifier

t_utputpulseheighttochargecreatedin thephotodetectoratthattemperature."['heSSW
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methodis theonly methodthatweknowof thataccountsforballisticdeficitdueto long

__at;on decaytimesandthusacc_wly_bra_ Cslm)InliUon

?.1 Future Work

_I(TI) coupledtoa siliconMN photodiodehas_ome anestablishedde_tor for

gammarayandchargedparticleapplications.Eventhoughpre_nt daycommercially-

availablenuclearelec_nics do not fully utili_ theCsI(TI) scintillationyield,energy

_solutionu goodorsllghdybetterthanNa]m) coupledtoaPMTcaneasily_ achieved.

In thelastdecade,thedevelopmentof Im'_ _, lownoiseP_ _ _n I_gely motivated

by theinterestin uminllsuchphotodetectorswith CsI(_), FurthertmprovemenL,Jin the

manufacturingof PDswill prol_blyresultin largerarea,lowernoL,LesiliconPDs. C,everal

othermeansof improvingtheCs]CTI)/PD_tor arebeingpursued.

One meansof improvingthe signal-to-noiseby decreasingthe noiseis the

developmentof charje-sensitlvepreamplifiersthatarespecificallydesignedto matchPD

characteristics.To date,hybridp_amp]tt'iershavebeenusedextensivelywith modest

_rforrnanceimprovementsanda significantimprovementin detector/preamplifiersi/_e.

Anotherpromisingsolutionis to fabricatethePD andpreamplifieronthesamewaferof

silicon. Bothtypesof preamplifierscutdownonthenoisedueto capacitanceandthe

su_eptibilityof thedetectortomicrophonics.Unfonuna_ly,decreasingtheseriesnoise

thatis primarilyduetocapacitanceisie,t,timportantthandecreuingthepar_]elnoisethatis

primarilydue to the PD darkcurrent. Due to the long decay timeof CsI(TI)it is desirable

to use an amplifier shat*ingtime of at least 10 ps. Since series and parallel noi_ are

inversely and directly proportionalto amplifier shaping time, respectively, it is more

importantto decre_ darkcurrentthan cap_!tance, Nevertheless,_signing preamplifiers

specificallyfor PDs is a stepin therightdirection.

Anotherpossibilityfor improvingdetectorperfonnanr:einvolves thedevelopment

¢)fnew linearamplifiers with shaping times as long as 20 or 30 its, If such an amplifier
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weresyllable,thenthetemperature_pen_nce ofCs!(TI)couldbeusedwithaverylow

capacl_ PD toIrnpro_energyresolution.At_m tem_ra_re_ detectorwouldhave

_r enerllyresolutiond_ tothehighdarkcu_ntthatwillbeInberendypre_ntinlow

capacitancePDs,huttheCalmeD detectorcould_ cooledto-30°CtoSillniflcandy

_re_ thedarkcurrent.At-30_,theCsI(TI)_indllationyieldismaximized,hutthe

long_sy timeisabout9ps.A 20to30I_L,npllflershapingtimewouldp_rve about

94_ io98% ofthefullpulNamplitude,respecti_ly,andhaveacombinationofparallel

and_rle_noiwthatisminimized.Unfortunately,anamplifiershapingtimeof20to30ps

woulddisqualifythissystemformany applicationsduetopul_pile-up.Theuseofa

Bated integrator, instead of the Hmi-Oausaian shaping that is typically utilt_d by

commercially-available ampllflen, could reduce the pul_ pile-up problems. A gated

integratorcould similarlypP.jervea_ut 94% to 9Aq.of the CsI(TI)pul_ amplitudefor 20

to 30 ItSintegration,respectively, butthe totallengthof a semi-Gaussianshaped pul_ is

typicallyaboutfourtimesu long u a Baledintegratorpul_.

Two other promising technologies_ the fabricationof avalanche PDs [JAM92]

andsilicon drift PDs [AVS_]. f)ne reuon thatPDs have a difficulttime competingwith

PMTsis thatPDs haveunity gain andc_uently small signals. To date,aval_che PDs.

with a typical gain of I(X),have demonstratedsimilarenergy _solution to standardPDs

withCsI(TI)at _m temperature.Theimprovementsin gainareoffset by non.uniformity

across the sensitive area of the PD and by increa_s in both _ries and parallel noise.

However. the fabricationof avalanchePDs is a reasonablynew technology thatmay see

dramaticimprovementsin thenear futu_. Silicon drift PDs are anothernew technology

thai could significantly enhance the u_ of CsI(TI)with a PD. By using electric field

gradientsto localize thechargecrea_d by the scintillationphotons,silicon drift PDs can

greatlytncre_ the_nsitive areaof a PD withoutinc_asing noise. To date, these PDsa_

primarilyu_d for position sensitive applications. However,one can easily envision the

coupling of avalancheandsilicon drift technologiesto producea largephotodetectorwith
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appneciableg_nandlownoise.ThisPD wouldutili_thesilicondrifttechnologytodirect

alloftheelectronstoasmallavalanche_gion,andthusalleviatetheproblemsofnon-

uniformityandhighnoisethathaveplaguedavalanchePDs.

InadditiontothesenewtypesofPDs,theuseofwidebandgapsemiconductorsas

PDsisalso_ingdeveloped.Independentofwhichmeansarcpursuedtowardimproving

signal-to-noisefortheCsI(TI)/PD,itisalwaysimportanttoconsiderthescintillation

characteristicsofCsI('TI).Duetothelongdecaytime,CslCTI)isamoredifficultscintillator

tofullyutilizethanmost.Consequently,thecharacterizationthatwe haveperformed

shouldaideinthefurtherdevelopmentofPDs,preamplifiers,andamplifiersforusewith

CsI(TI).
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APPENDIX A

UNCERTAINTY OF CENTROID AND FULL-WIDTH AT
HALF MAXIMUM DETERMINATIONS

The accurate determination of the centroid (xo) and full-width at half maximum

(FWHM) is crucial to applications ranging from detector characterization to resolving

multiplet peaks in gamma-ray spectroscopy. The uncertainties associated with determining

the centroid and FWHM are fundamental to the knowledge of accuracy. Furthermore,

assurning that histogrammed data can be represented by the continuous Gaussian shape will

have some applicability limits that will affect the accuracy of determining the centroid and

FWHM. This binning effect should be minimized for optimum accuracy [CIA70, HEA84,

HUT73].

In gamma-ray spectroscopy it is often assumed that photopeaks have the Gaussian

shape and thus FWHM=2.355_, where ¢_ is the standard deviation of the photopeak

distribution. Conventional graphical methods measure the FWHM exactly to within the

statistical limits of the data and thus will not be severely hampered by this assumption in

most cases, but may result in a relationship between FWHM and ¢_that is different from

FWHM=2.355t_. On the other hand, any method that utilizes fitting a Gaussian to the data

will suffer if the distribution is not truly Gaussian. A reasonable visual fit will not

necessarily yield an accurate FWHM calculation since FWHM=2.355¢_ is based on the

assumption of a Gaussian shape. Calculating the central moments will have a similar

problem for data that does not have a Gaussian shape, but has the benefit of being able to

assess whether the data has a Gaussian shape.

To assess the uncertainty in centroid and FWHM determinations we have used a

Monte Carlo program to generate Gaussian shaped peaks for analysis. The peaks were
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analyzed by both non-linear least squares fitting and the calculation of moments. In

addition, the expected uncertainty in the moments calculations have been derived.

A.1 Error Propagation

A.I.1 Definitions of Moment Equations

For a distribution y(x), the itlamoment, mi, and itlacentral moment, gti, are defined

by mi=E[xi] and lai=E[(x-xo)i], respectively, where Eli is the expected value of the

bracketed term and xo is the centroid of the distribution or the first moment, xo=ml=E[x].

The second central moment of y(x) is the variance of the distribution, gt2=cr2, while the

third and fourth central moments of y(x) determine the coefficients of momental skewness,

sk, and kurtosis, k, which are defined by

sk= _t3 (A.1)
_i.3/2'2

and

_t--A-4-3. (A.2)
k=_t _

The central moments can be broken down to sums and products of expected values of

powers of x and the centroid:

gt2 = E[(x- Xo)2] = E[x2] - Xo2, (A.3)

l.t3 = E[(x - Xo)3] = E[x3] - 3E[x2]Xo + 2X3o, (A.4)

_t4 = E[(x - Xo)a ] = E[x 4] _ 4E[x3]Xo + 6E[x 2]Xo2 _ 3x4, (A.5)

such that the moments, m i, are combined to determine the central moments, gti [STU87].

For a Gaussian distribution, we know that FWHM=2.355g and sk=k=0 [STU87].

In practice, given a discrete distribution y(x) we can calculate the centroid, variance,

skewness, and kurtosis using the definition of the expected values of the powers of x for

discrete data:
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I

x nZ lYi

g[x n ] = i=1...... (A.6)I

t=l

where xi is the ith bin and yi=y(xi) is the number of counts in the ith bin, respectively, of a

distribution with I bins [STU87]. Using Eqn. (A.6) to calculate m 1 and in Eqns, (A.3-

A.5), the centroid, variance, skewness, and kurtosis of any distribution can be determined,

but result in sk=0 and k_ when the distribution is of Gaussian origin.

A.1.2 Statistical Uncertainty in Moments Calculations

To determine the uncertainty of the moments calculations used to calculate xo and

FWHM, the statistical uncertainty of the yi's were propagated through the moments

calculations. The error propagation formula for a function F(x,y,z) where x, y, and z are

uncorrelated random variables is

var(F)=(_xx) var(x)+k_-y-y) var(y)+_ _)z) var(z), (A.T)

where var(F), var(x), var(y), and var(z) are the variance associated with F, x, y, and z,

respectively. Since E[xn] has Yi'Sin both the numerator and denominator, the partial

derivatives must involve the quotient rule. It can not be assumed that the peak area,

A=Zy i, is uncorrelated with the numerator of any expected value calculation. The error

calculation for the distribution variance has correlated E[xn]'s (i.e. E[x] is correlated with

E[x2]) because of the yi's in each of the E[xn]'s. Thus to apply Eqn. (A.7) to the moments

calculations, the yi's are assumed to be the uncorrelated random variables.

Using this assumption and the error propagation formula, the variance of the

centroid of a distribution is

°5Xo var(yj). (A.8)var(x°) = _ i}y
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The variance of the bin contents, var(yj), is governed by Poisson statistics and is thus

var(yj)=yj. The partial derivative for the jth bin is

_yj l=_ )2
Yt _Yt

\t I 1=1

Substituting Eqn. (A.9) into Eqn. (A.8) yields

1 I ]2

vat(x°)= ii=_y i] 2j_I[Xj-X0 YJ\t 1 J

"I I l

E x_yj _xjyj _yj

1 j=l 2x ° j=l= -1-'-" ....l- l .... +xu__2=1._

_Yi _Yj _YJ _YJ
i=l j=l j=l j=l

+xo]A

A
O 2

(A.10)
var(x o) = .-_-,

where t_ is the standard deviation of the original distribution and is given by

! 1 2

Z x_y, E xiy,
o=__- _X_)-[E_x)]__-_---- ,_,, . _A.__)

ZYl ZYt
i=l i=l

Using Eqns. (A,7) and (A.11), and the assumption of uncorrelated yi's, the variance of the

standarddeviation of the distributioncan be determined by

var(_) = i_l_i_y i ) var(yj). (A.12)

Again var(yi)=yi, and the partial derivative with respect to the j_ bin contents is determined

from Eqn. (A.II) to be
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ayj 2c_y_
i=l

The variance is then

1 I 2

1 4 22

+ 4x0E(x2 )xj +4 X_ - 4x02E(x2)+ [E(x 2)]2]yj

__r_x_,_ _x_,__x_,_ ___
4==E y,LZyj 4Xo ZY; 8x°2 - 2E(x2)

i=l

_ 8x30Z.zyjXjYj+ 4x0E( x2)_._2_,yj + 4%4_YYJ

var(¢_)= _--_" [E(x4)-4x°E(x3)+SxgE(x=)-4x°4-[E(x2)]=]'4a AL (A.14)

regrouping the terms and recalling the clef'tuition of _t4
1va ,o,- 1,

where _'2=g2 is the distribution wu'i_ce.

When the underlying distribution has a Gaussian shape, the variance of the standard

deviation, var(c), further simplifies because of the definition of the coefficient of kurtosis,

Eqn. (A.2), (if Gaussian, then k=0, then g4=3 g2 = 3(_2)22 ), consequently

=2"A' (A.]6)
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Recalling that FWHM=2.355a and that the standard deviation of a parameter q, Sq, is

related to the variance of q by var(q)=S2q, we see that the theoretical relative standard

deviation of the FWHM is

s_ /V_(_HM) 42.3552var(a)42.3552_2/2A 1
FWHM = Fw'HM '_ = :_ 21_355_ = _2.355cr _ = 2_'_ (A. 17)

and is thus independent of peak width.

A.2 Peak Generation Program

To test the results or"the error analysis a computer program was developed. The

program produces Gaussian shaped distributions comparable to a background subtracted

photopeak [CIA68, FAL84]. This method of peak generation was chosen over actual

experimental data for its diversity in creating peaks of different shapes and the ease of

creating thousands of peaks.

The program creates a peak with 8_ (-,3.4FWHM) total width, given a peak area

and FWHM. To approximate an experimental peak the centroid bin was offset randomly,

chosen from --0.5 to +0.5. A peak that is symmetric about a single bin has 0.0 offset,

whereas a peak that is symmetric about two bins has either --0.5 or +0.5 offset, as shown

in Figure A.I. After choosing the offset, a Gaussian distribution with prescribed peak area

and FWHM was integrated into a discrete distribution (bins) such that the chosen offset

was satisfied. Subsequently, Poisson noise was applied to the content of each bin and thus

a realistic model of a peak was achieved (see Figure A.2).

The prescribed centroid and FWHM were compared with the moments calculations

or least squares fitting results for many different peaks with the same underlying

distribution to determine an experimental standard deviation. The expected standard

deviation of the centroid and FWHM from the moments calculations can be determined

from Eqns. (A.I()) and (A,16), respectively. Thus, comparing the experimental and

cxpected standard deviations of the moments calculations we can assess the effect of
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Figure A. 1: Examples of centroid offset.
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Figure A.2: Examplesof (a) peak integrationand (b) addition of Poisson noise,
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FigureA,3: Cen_oldresultsof momentacalculationsandleast_lU_ fittingfor a peak
areaofI0,000counts.

binning dam, l.e. for comparableexpected and experimental standard deviations we

concludethatbinninghasnegligibleeKectandti_t thediscrete damcan _ approximatedby

a Gaussiandistribution.

A.3 Results

The centmidandFWHMof peaksgeneratedby the programweredeterminedby moments

calculationand bya non.line_ least squaresfining program.The resul_ areshownin

FiguresA.3 andA.4 alongwiththe theoreticalvaluesderivedin SectionA.I for a peak

areaof I0,_ counts. Eachpointin the figuresrepresentstheexperimentalstandard

deviationderivedfrom i0,_ differentpeaksgeneratedby the program.FromFigure A.4

we see that the theoreticalandmomentscalculationmethodresultsdivergewithdecreasing

FWHM. ForFWHM_II bins,theresultsof the momentscalculationmethod are within

5% ofthetheoreticalvalues.We haveconcludedthatthisdivergenceisduetothebinning
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FigureA,4:FWHM resultsofmomentscalculationsandleast_uaresfittingfora peak
area of iO,(Xk')counts.
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FigureA.5: _HM lllxivewhichmomentscalculaUoriimceritn_ arewithin5_ ofthe
iheore_ll p_tcltoni.

eff_t. Thevalueof _HM belowwhichthes|muhuedlnd theoreticalr_ullA divergeby

Z5%,_HM o,is dependentonthe_ area,lialhownin FigureA.5. It is lllsoobserved

thai the lesti squ_ ftdng methodhasa minimumuncap.lintyat aboutFWHM-i0 bins

forpeek_as of 10,000count, l'his minimumtt tll_ dependentonpeekarea.

AboveFWHMo theuncertaintyin delermintnllthe FWHM will be minimized.

Unforiunalely,diestandarddeviationof thecenirotd,Sxo,isnotmtnimi_d undertheetme

conditions, as seen in Figure A,3. We notice from the figure that the binningeffect d_s

not affect s_until_HM<2, this resultis inde_ndent of peakareaunlikethe previously

described _HM o, However,it is observed that_o_, ! bins for FWHMS20and xo is

typically large (hundredsor thousandsof bins), the combinationof which yields a small

relativeun_rtainty.
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A.4 Conclusions

u._fl_ty in__|ninB Ulecenm)idor aOau.i_ ,ha_d _ak isminlmi_,_d

hy u_in_eitherthe least_uare, ftttinll or first momentL:aluulatlonmethodandhy ltmitin_

the width of t_ FWHM to a_ut 2 bin,, Similarly, the momenL_taiculation meth(_

mtnimil_ the uncertainty in determininBthe FWHM of a Oau_ian ,ha_d _ak and

_pproathesthe statisticallimit with in¢_a.,_inBF_VHM. While the lea_t_uar_ fittini;

method_.lt_ in a larBerun_rtatnty in theP.VIIM thant_ moment_calculationmethod,

the unterlaintyis minimizedat a s_iflc valueof FWHM thatt_dependenton peaka_a,

Peak sea_hinp and multiplet _olvinp routinesarc exampk,_of applitati.n_ that will

_qui_ ¢on,_id_,rationof wwerlaJntyminimil,ation,
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APPENDIX B

DETECT (LIGHT COLLECTION EFFICIENCY) INPUT AND OUTPUT
FILES

The visible light transport progrtm DE_T that was u_d to determine the light

collection efficiency of our Csl(Tl_photodi_ system was ortjinally written by Thomas F.

Knoll [KNOB8], then of The Univentty of Michigan. As described in Chapter IV, we

have modified the program to account for the l:resnel reflections of the photons at the front

_f the photodiode. With this modification, the program can _ used to determine light

collection efficiency, as we have defined it, by modeling the optical behavior of a

_intillator and photodiode, _ pn_gram_uires an input file thatcontains the optical and

gee,metric pml_rties of each medium that_intillation photons might travel through on the

way to the photodiode, The input file also specifies where and ht_w many scintillation

photons are generated. The program then generates photons that travel in random initial

directions and follows the fate of each photon until it is either bulk absorbed, surface

absor_d, lost fr()m thesystem, timed out (photon trap_d in the scintillator), or transmitted

into the photodiode, All photons that were transmitted into the ph(_tt_diodewere assumed

t_ subsequently be absor_d in the photodiode. The input file used for our

Csl(Ti)/phot()diode system is listed below and Fig. B, 1 shows the resulting geometry that

is modeled, The comments in parenthesis have been added for descriptive purposes. The

units for the dimensiems in the input file are all in _nths of millimeters. Component 1 is the

CsI(TI) crystal, 2 is thecoupling compound, 3 is the resin coating, and ,t is the SiO2. Note

that photons could leave the system through the sides of the coupling compound and by

exiting the PD resin coating on the outside millimeter all the way aroundthe PD. ttowever

) 'we have modeled these escape paths as vacuums with black reflectors at their (utslde

boundaries (compements 5, 6, 7, and 8). Thus photons that leave via these paths will be
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recordedasescapedintheoutputfile,butwillbe includedinthesurfaceabsorbedcount

along with photons that _ absorbed by the white _ tape that is wrapped around the

CsI(TI) crystal.

DE_ input file listing

muir,out (outputfile name)
:wraplxxl8x8x8cu_ ofCsI(TI)coupledtoPD (_tion ofdetecto¢)
DMATI,1.8N (materialI,CsI(TI)withindexofrefractionof1.8)
r)MAT2,l.SN (material2,couplingcompoundandPD resincoatingwithindexofrehctionof1.5)
DMAT3,1.46N (mawrial3,silicondioxidewithindexof_fractlonofI._)
DMAT4, I,ON (mateai_4,airorvacu_ withindexofrefractionofl.O)

I)FINI,PAINT,0,98RC (surfacefinish 1, whitePIW'Etapewith reflectanceof 0,98)
DFIN2,DE_ (surfacefinish 2, silicon PIN_olodi_)
I)FIN3,1_LISH (surfacefinish 3, poli_ surfaceatall interfaces_r th_ flnbhea 1, 2, and4)
DFIN4,PAINT,O,0RC (surfacefinish4, black b(xJyabuwber)

l)Pldstl,OZ (differentplanesusedtom(xlelthedet_torge(_etry)
I)PLN2,1Z
I)PLN3,1IZ
I}P!_4,91Z
I)PLNS,4OX
I}PLN6,-40X
I)P[.N7,,tOY
I)PLNS,-40Y
I)PLN9,SZ
I)PLNI0, |01Z
I)PL.NIl,_0X
DPLNI2,.50X
I)PLN 13,50Y
DPLNI4,.S0Y

('.OMPI,MATI (componentI,8xSx8mm cubicCsI(TI)crystalwrap_
SU_,FIN3,PLN3,ZL,C2 withwhiteFIFE _ onfivesidesandconncclcdon
SIJRF,FINI,PLN5,XS thebottomto component2,bottomispolished)
SIiRF,FINI,PLN6,XL
SURF,FINI,PLNT,YS
SURF,FINI,PLNS,YI.
StJRF,FINI,PLN4,ZS

C()MP2,MAT2 (component2,0 3xSx8mm ofcouplingcompoundbetween
SURF,FIN3,PLN3,ZS,CI componentIontopand3onthebottom,alsoincontacton
SIJRF,FIN3,PLNS,XS,C5 the sides with components5, 6, 7, and8, all sides l_llsh_)
St !RF,FIN3,PLN6,XL,C6
SURF,FIN3,PLN7,YS,C7
S[)RF,FIN3,PLNS,YL,C8
S[!RF,FIN3,PI.NCJ,ZL,C3
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COMP3,MAT2 (component 3, 0.7xl0xl0 mm resin coating between
SURF,FIN3,PLN9,ZS,C2,C5,C6,C7,C8 components 2, 5, 6, 7, and 8 on top and component 4
SURF,FINI,PLN11,XS on the bottom, top and bottom are polished ,sides are
SUR_F,FIN 1,PLN 12,XL reflective white ceramic material of PD packaging)
SURF,FIN1,PLN13,YS
SURF, FIN1,PLN14,YL
SURF,FIN3,PLN2,ZL,C4

COMP4,MAT3 (component 4, 0. lxl0x 10 mm silicon dioxide between
SURF,FIN3,PLN2,ZS,C3 component 3 on top and the PD on bottom, top is
SURF, FIN1,PLN11,XS polished, sides are reflective white ceramic material
SURF, FIN 1,PLN 12,XL of PD packaging)
SURF,FIN1,PLN13,YS
SURF, FINI PLN14,YL
SURF,FIN2,PLN1,ZL

COMP5,MAT4 (components 5, 6, 7, and 8, air or vacuum outside photon
SURF,FIN3,PLN9,ZL,C3 escape paths, outside surfaces black, surfaces connecting
SURF,FIN4,PLN11,XS with components 2, 3, and other air components polished)
SURF,FIN3,PLN5,XL,C2
SURF,FIN3,PLN7,YS,C7
SURF,FIN3,PLN8,Y'L,C8
SURF,FIN4,PLN3,ZS

COMP6,MAT4
SURF, FIN3,PLN9,ZL,C3
SURF,FIN3,PLN6,XS,C2
SURF,FIN4,PLN12,XL
SURF,FIN3,PLN7,YS,C7
SURF,FIN3,PLN8,YL,C8
SURF,FIN4,PLN3,ZS

COMP7,MAT4
SURF,FIN3,PLN9,ZL,C3
SURF,FIN4,PLN11,XS
SURF, FIN4,PLN 12,X'L
SURF,FIN4,PLN13,YS
SURF,FIN3,PLN7,YL,C2,C5,C6
SURF, FIN4,PLN3,ZS

COMP8,MAT4
SURF,FIN3,PLN9,ZL,C3
SURF,FIN4,PLN 11,XS
SURF,FIN4,PLN 12,XL
SLrRF,FIN3,PLN8,YS,C2,C5,C6
SURF, FIN4,PLN14,YL
SURF,FIN4,PLN3,ZS

GEN,MAT1,11ZS,91ZL,-40XS,40XL,-40YS,40YL (randomly generate photons in CsI(T1) crystal)
LIFE10(O)0 (max_num lifetime of photons, 'afterwhich it is timed out or considered trapped)
HIST, STEP200,50STEPS (format for time of arrival, not decay times but time-of-flight)
SEED29 (initial random number generator seed)
RUN 1000000,DETIMG0,-50XS,50XL,- 50YS ,50YL,64S Q (generate 1,000,000 photons)
END
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Figure B.I: CsI(T1)/photodiode geometry for DETECT.
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The portion of the DETECT output file that reports the fate of the photons simulated

is shown below. As mentioned in Chapter IV, we assumed that bulk absorption was small

due to the small size and high reflectivity of the system and thus did not model it. Although

the report claims that no photons were timed out, the mean age and surfaces for all of the

photons are reported as infinity. Thus, some photons, less than 50 out of a million

(<0.005%), were timed out or trapped in the crystal. Likewise, the reported uncertainties

of 0.00% are actually non-zero values, but smaller than the format chosen for the DETECT

output (<0.005%).

Portion of DETECT output file with light collection efficiency report.

************ Simulation Report ************

Photons Simulated: 1_

Photons Counted: 81.39% (0.00%)
Photons Escaped: 0.00%
Photons Bulk Absorbed: 0.00%
Photons Surface Absorbed: 18.61% (0.00%)
Photons Timed Out: 0.00% (0.00%)

Photons Shifted (Counted): 0.00%
Photons Shifted (All): 0.00%

Mean Age (Counted): 846.4 (0.9)
Mean Age (All): Inf

Mean Surfaces (Counted): 13.5 (0.0)
Mean Surfaces (All): Inf

Total Counted Photons: 813870
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APPENDIX C

PHOTODIODE CALIBRATION TECHNIQUE AND DATA

The Hamamatsu$3590-03siliconPIN photodiodewas calibratedby Hamamatsu

beforeitwasshippedtous.The calibrationwas performedusingtheelectronicsschematic

shown in Fig.C.I by firstmeasuringtheresponseof a NIST traceable,standard

photodiodeand thencomparingthe responseof our photodiodeto the known

characteristicsofthestandard.The responseofthephotodiodcwas recordedasradiant

sensitivityR(_,,T,0),whichisthecurrentinducedbyanincidentphotonbeam ofknown

power atwavelengthX,temperatureT,and angle0. To accuratelycharactcrizcthe

photodioderesponsc,mcasurementswcrcmadc in10nm incrementsfrom360to40{)nm

andin20nm incrementsfroth40{)tolI00nm. The rcsponseofsiliconphotodiodcshas

somc finestructurcbelow 400 nm becausctheindexofrefractionforsiliconhasa

pronouncedpeakaround380nm thatresultsinasignificantreflectionofincidentphotons.

Thus,smallerincrementswere uscdbelow 4{)0nm tocharactcrizcthephotodiodc

response.The calibrationwas performedatroom temperaturewiththcphotonbcarr

perpendicularlyincidentonthephotodiodc,thusR(_,,25°C,0=0")was measuredandthe

rcsultsappearinTableC.I. As mentionedabove,R(_.,25°C,0=0°)shows some fine

structurcbclow400 nm whileincreasingfrom125mA/W at360 nm toa peakvalueof

597 mA/W at 960 nm. Above 960 nm, R(_,,25°C,0---0°) decreases abruptly to 72 mA/W at

1100 nm as the photon energy approaches the band gap of silicon (about 1.11 eV, or about

1120 nm). The radiant sensitivity over the range of 360 to 700 nm was subsequently used

in Chapters III and IV with the CsI(TI) emission speclrum to calculate the wavelength-

averaged quantum efficiency.
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PC-gSOI

Figure C.1: Photodiodecalibrationmethodschematic.

TableC.1: Radiantsensitivityof calibratedHamarnatsu$3590-03 silicon PINphotodiode
at roomtemperature.

Wavelength R(_.,250C,0---0o) Waveleng_ ....R(_.,250C,0=0°)
(rim)........ (_ i (_) (m_
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...................................380 139 760 469 ......
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440 - 215 840 ............525 ......
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.... 580 " " ..... 338"' 980 .............579
600.................. 352................... I000 532

..........................................620 368 i020 ................... 441
" 640 + 384 + '..........]040 ..... 320 '"
.........660 .... 39'8........... 1060 ' 191

680 412 1080 117..........
.... Jl t _ _ iiiiii + ! i ..... iii _ i

700 426 11O0 72
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APPENDIX D

INSTRUMENTATION IMPULSE RESPONSE FUNCTION AND CsI(Ti)
RISE AND DECAY COMPONENT RESULTS FOR MODIFIED

BOLLINGER.THOMAS METHOD

D.I Impulse Response Function

The non-linear least squares fitting program used to analyze the luminescence

timing spectra of CsI(TI) was written by Stephen E. Derenzo of Lawrence Berkeley

Laboratory and is described in [DER93]. As described in Section 2.3.1, the program

deconvolves the instrumentation impulse response function, G(t), out of the observed

timing spectrum to arrive at the true luminescence spectrum of CsI(TI), l(t). The

instrumentation impulse response function, in Eqn. (2.22), is expressed as the sum of I

exponential triangles:
I

G(t) = _Gi(t)
t=1

[ b! t< (D.l)
U i + Vi Si,

Gt(t)= / bi e-(t-st)/vi
tui+v t>s

where bt, ui, vi, and si are the area, rise time constant, decay time constant, and time shift

of ith triangle. The fitting program normalizes the impulse response function to unit area:
+'0 I

fGft)dt = _._b i = l, (D.2)
-_ i=l

,Iw

with the result that the area under the first triangle can be computed by
I

bI= I- _ bi. (D.3)
I=2

Additionally,thereisnotimeshiftforthefirsttriangle,sl---0.0.The inputfilepos.parthat

thefittingprogramreadsG(t)fromislistedintheboxbelow.Notethatallofthestepsizes
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are zero because the impulse response function parameters are not varied during the fit.

Note also that st and b t _ predetermined and thus not listed.

parameter value s_pI [_[!l [ U [ I ...... I - --

1 vt 1.006893438323 0.00
2 ul 0.846863739190 0.00
3 b2 0.487008216405 0.00
4 s 2 0.845027781308 0.00
5 v2 1.035099447590 0.00
6 u2 0.345945937184 0.00
7 b3 0.00 0.00
8 s3 0.00 0.00
9 v3 0.00 0.00
!0 u3 0.00 0.00
11 b4 0.00 0.00
12 s4 0.00 0.00
13 v4 0.00 0.00
14 u4 0.00 0.00
15 b5 0.00 0.00
16 s5 0.00 0.00
17 v5 0.00 0.00
18 u5 0.00 0.00
19 b6 0.00 0.00
20 s6 0.00 0.00
21 v6 0.00 0.00
22 u6 0.00 0.00
23 b7 0.00 0.00
24 s7 0.00 0.00
25 v7 0.00 0.00
26 u7 0.00 0.00

i i II I III

D.2 Output File Listings

Recalling that the program is fitting for I(t) with a sum of J exponential

components:
J

](t) = E "_ e-t/'_j' (D.4)
j=_ xj
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where aj and 'rj are the integrated luminescence and rise or decay time constant of the ith

component, respectively. In this representation, an exponential rise will manifest itself as a

negative integrated luminescence as the rise effectively takes away a fraction of the area

under the decay component that it is associated with. The program normali_s l(t) to
J

I(t) dt = _ aj, (D,5)
0 j=l

such that aj represents the fraction of the light emitted by the jth component. The

normalization also enables the integrated luminescence of the first component to be

calculated by
J

aI = 1- _ aj. (D.6)
j=2

One of the output files, stream.out, from the fitting program lists most of the

important information regarding the fit. The following is a compilation of all of these files

for the results presented in Chapter V. An example of the section of the output file that lists

the fit parameters and their uncertainties (--40°C, 50 Its TAC range) appears in the box

below. The background (bkg) or chance coincidence rate multiplied by the bin width was

held constant for all long TAC range data, as explained is Section 5.3.1. The fixed delay

between the TAC start and stop signals is reported as to. Parameters that have step values

of 0.0 were held constant during the fit, except for parameter aI which is calculated by

Eqn. (D.6). The order of the rise and decay components in the output file is somewhat

random. Usually, the short primary decay component (reported as 'I:I in Chapter V) is first

and the other rise and decay times are in ascending order after that with the ultra-fast

component last. In this particular file, the rise, long primary decay, and ultra-fast

components happen to be components 3, 4, and 5, respectively. However, this pattern is

often broken. The :t:o value that appears is the average of the -.-o and +or values that are

determined by the program. Note that the decay time of the ultra-fast component is always

held constant at I0 ps, consistent with the findings of Deich, et al. [DEI89], while its
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fraction is allowed to vary. If the ultra-fast decay time was not held constant, the program

converged slowly and the resulting decay time would vary from I() to 5_ ps randomly.

This variation is not surprising since the FWHM of the impulse response function is

5(}0ps. We also observed that the two additional decay componenB that apl'_ar at-30 and

-I(}O°C were difficult to resolve when the ultra-fL_td_ay time wL_ allo_d to vary.

par. par, parameter
,,,#........va!u©, ............st©D ........+a ...........±a

bkg 27 16.4_ O.0(X)(X}() 0.(1(10000 0,000(_0 0.000000
to 28 20.418401 O.I_ 0,000000 0,000000 0.0{}00_
aI 29 0.791192 O._N) {).000000 0,_I0000 0.O000{X)
't I 30 1771.085869 10,00{_ -64.213826 61.385539 62.799683
a2 3i 0.002994 O.O(XX_}O0().O()f_X) 0,(_}()0 O.00Cg}{}{)
_2 32 4.909857 0.0{_}00 0,(__) O.(}OOtX)O O.(XX_(}O
a_ 33 -0.164663 0.(}00100 -0.()24146 0.019169 0.021657
'c3 34 460.248257 iO.O0_JO0 -33,604481 37.3591{}4 35,481793
a4 35 0.367561 0.005000 -0.()12584 0.012993 0.012789
•c4 36 11721.254495I().(KI<_X)-602.946543660.994660 631.97{)602
as 37 0.002916 0.0(}0{}00 ().(_)0000 0.00(_{X)O ().0{}0()00
_S 38 0.010_1() O.O(X}{_IO (!.O0(}(t(x) (),{X}O(}(_) (),(}O0(){X).................. ]1 . _-_U IN I I II ii I "= _ -- ........

The measured timing spectrum that was beingfit is listed as the data file and

appears either as temperature_short.dat or as temperature_long.dat. The files with short

correspond to data acquired with the 1 Bs TAC range, while long corresponds to the 20 Bs

TAC range data for T>--20°C and the 5() Bs TAC range data for T_--2()°C. The Elapsed

time in stream and Elapsed time in shore entries refer _othe microprocessor time u,_,d to fit

the data and to determine the parameter standard deviations, res_ctively. The reduced )C2

can be determined by dividing the Best fit chi squared result by the number of bins (listed

on the line with signal counts...) minus the number of free parameters and is tabulated in

"FableD. 1 for each file at the end of this appendix.
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Compilationof s_am,dat outputfilm fortheSolonT_hnologies, inc, cryst_ in the range
of-100_s'T:_+50_andat23°C_d O_ furtheBicronCorporation,HodbaCrystal

Products,andRexonComponent.s,Inc.crystals.

data file: _)__long,dat
impulsefile: pos.pat
maximumcounts 14464.(XX_X)at 49,92(_X) ns _-bin26
signal counL,_11608_.560000 over 335 bin_
time _r bin(ns): 16.6397_
Elap._dtimeins_amm 1_C
Best fit chi _u_dn 373,791645
Elapsedtime inshore- 6 _c

27 382.00000()0.O(XX)O0 0.000(OX) O.(XXXXX) O._XXXX)
28 O.121584 0.IO(X_) O.{X)(X_) O.(_XXX) O.(XXXX)O
29 0,716915 0.(XXXXX) O.(X){XXX} O.(XX_X) 0.(XXXXX)
30 651.{X)15530.50(XX)O -2.842597 2.832376 2.837486
31 0.(X)205i 0.0(XXXX} 0.0(XXXX) O.(XXXXX} O.(XXXXX}
32 O.O()10fX) O.O(X}O(X)O.(XXXXX) ().(XXXXX) O.(XXXXX)
33 .....0.012271 0.(XIIXXX)0.(XXXXX) ().(X_XX_) O._XXXX)
34 13.329802 O.(XXXXX) O.(XXXXX) O.(XXXXX) O.(X_XXX)
35 0.293305 0.OI(XX){) 0.(X)3569 0.1X)3611 0.(X)3590
36 2627.053525 IO.(XXXXX).o30.122458 30.635258 30.378858

data file:_)°C_shon,dat
impulsefile: pos,par
maximumcounts i638.0(XXXX)at54. I(M(XX)ns-_bin 133
signalcounts 991407.92(XXX)over376 bins
time_r bin(ns):().8588()6
Llap_d timem s_am 1 _c
Best fitchi squared=523.976839
Elap_d time inshore= 28 s_

27 117.5759(X) ().OI(XXX) O.(XXXXX) ().(XXXXX) O.(XXX)(X)
28 2.320965 0.I(XXXX} O.(Xl(XXX) ().(XXXXX) ().(XXXXX}
29 0,716915 0.(XXXXX) (},(XXXXX) ().(XXXXX) O.O(XX)(X)
30 628.361095 50.(_XXXX)--2.793267 2,8()84()4 2,800836
31 0,(X)2()51 O.(XXX)IO _(),O(XX)58 (),(XXX)59 O.(X)(X)58
32 ().(X)I(XX) O.(X)(XX)O (),(XXXXX) ().(XXXXX) O,O()(XXX)
33 _),012271 O.OI(XXX) -0.(XX)287 O.(XX)281 0.(X)0284
34 13,329802 0,40(X)O0 -0,445625 0.461523 0.453574
35 0.293305 0.(XXXXX) 0.(XXXXX) O.(XIO(X)O O.(XXXXX)
36 2627.()535250.(X)(}(XH)O.(XXXXX) O.(X)(XX)0 O.(X)(XXX)



datafile:40%'_lonB._t
impulsefile',pos.p_
maximumcoun_272._X) at66,5_X) ns-obin27
signalcount,_37149._K'_)('_over335bins
tlmc_r bin(ns)':16.6397W
F:lap_dtimein steam,, i _c
Bestfit chi_ua_d= 3_.435410
Elapsedtime-in_o_,, 16s_

27 23,(X)(_')(_ ()._X_X) O,(_XXX) O.(IX)O(X) ()._X_X)
28 -_.087635 O,I0(_ O,(X)O(XX) O,O0(XXX) O._XXXX)
29 0.649004 O,(X)O0(O) 0,0(0)0()0 O,(_XX) O.O(kq(X)O
30 674.924638 0.50[XXX) _27,412(KM 26,885213 27.148609
31 0.(X)2256 O,(l)O(_')O O.(XXI(X)O O.(XX_X) (),(W)O(X)O
32 O,OI(X_ O,_XX)O O.O00(XX) O.(XXXXX) O.O0(OXX)
33 _.Ot 3728 O.(X)O(XX) O,O0(XXX) O.(XX)(XK) O,O00(XX)
34 13,825496 O.(XXX_) (),(XX_X) ().(XXXIX) ()._XIXX)
35 0,361569 O,(X)IO(X) 4),030496 0,032729 0.03 i612
36 2964,735425 IO.(XK_ =268,504240 312.946484 2_).725362

datafile:_)°(:._hon.dat
impulsefile:pos.par
maximumcounts45.(XXX:I(X)at I(_.07(XXX)ns bin197
_ignalcounts2286(),(XXXXX)over376bins
time_r bin (ns):0.858806
Elap_dtimeins_am= 0 _¢
!!est fitchi _4uamd- 35%469558
Elap_d time in xhoP_= 28 S_

27 6328352 ().OI(XXX) O.(XXKNX) (),(XXNX:K) ().(XXXXX)
28 2.219627 O,I(XXXX) O.(XXKXX) O,(XXXXX) O.(XXXXX)
29 0.649_)4 O.O0(XXX) O,(XXXXX) O.(XXXXX) O.O(XXXX)
30 643,688060 50.(XX)O00.....24,2689_ 25,358720 24,813842
31 0,(}02256 0,(}(}(}010 4),(}(X)387 ().(}(XMI8 O,(}(}(M02
32 (),OIIXXX) O.(XXXXX) ().(_X_XX) (:),(r_-X-__X) 0,(_X___:)
33 4).01372g ().(X)I(XX) 4),(X)2228 ().(X)1894 0,(X)2()61
34 13,825497 (),4(XXXX) _2,48()523 3,168493 2,824508
35 0.36156_) O.(XXXX:X) O.(XXX)tX) ().(XXXXX) O.(XXXXX)
36 2964,735425 O,(XXXKX) O,(XXXXX) O,(XXXXX} ().(XXXX))
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impul_ file: _,._.par
maximumcount.,t274.(XXXXX)at _,5NXXX) n__ bin 27
_iunalcounu_25H37.(XXXXM)cwer335 bin,
lime _r bin (n_). 16.6_97_

I_lap_d !treein __- 0 _c
I!e_t fit chi_uu_d_ 3()7.5425_
l.:lap_d tim_"in _h._ 14s_

27 g,T(_l(X::X) (),(NXXXX) (),(XXXNN) (LfNXNNX) (),(XXIXX)
21_ .04_794 (),i(XXKX) (L(i(XXXX) ().(XXXXX) ()AHXXXXI
29 (Lr_561 O,(XXXXX) (L(XXXXX) (),(XIXXX) ().(XXXXX)
3() 71N.86"/927 O,_XX)(X) _24,()69!74 23,74g'/()_) 23,g(_441

i O,(X)II_9_ U,(XXXXX) O,(XXXXX) O,(XXXXX) (),(XXXXX)
32 (),OI(XXX) ().(KXXX)O O,(X)O(XX) O,(XXXXlO (),(XXXXX)
33 _(),()13544 (),(XXXXX) (),()XXX)) O,(XXIXX) O,(X)(XXX)
34 13A_)437 O,(XXXXX) O.(XXXX)) ().(XXXXX) (),(XXl(XX)
35 ().]5_)85 ().(X)5(XX) _).()24(_1 ().()25432 0.02474_
3_ 31i_19525 I()_(XX)rXX) _.214.2_Y_63 240.2203_ 227.2_5!_

d_tafile: 3(1"Csh_rl.dat

_mpuls_fil_: p_,_.parmaximum c_ttnts48,(XXX)(X)at_), I?4(XX)n&....hi. 17._
,,ignul c(_unts 2311X,(XX)()(X)_)ver375 bins
l!me _r bin (.s): ().SSS8(_
hlap_d !im_ in sveam_ I _c
Itestlit chi _ua_d= 326.561_415
t':lap_d tlme in sh()m= 3()s_

27 3.2(X)3_ (),Ol()(XX) ().(XXXXX) (L(XXXXX) (),()()(XXX)
2_ 2.492473 ().I()XXX) (),(XI(XXX) (),(X_XXX) ().(XXX)(X)
2_ (L_5_561 (),(XXXXX) ().(XXXXX) ().(XXXXX) O.(XXXXX)
30 635,242876 5(),(XXXX)() ........18,54_()21 19,32977:_ 18,938897
.11 (L()) 1898 O,(XXX)I 0 .....().(XX)]21 ().(X))341 ().(_X)331
32 (),()l(XXX) (),(XHX)(X) (),(XXX)()() (L(XXX)(X) (),O0(X)(X)
33 ().()13544 O,(HXX)IO .....().(X)17()7 ().(X)1525 ().(X)I_16
_4 13.4L)()St)() 0.4(XXIX) ....1.9_1_5_,1 2.332_83 2.15()771
3_ (),35_()_ (),(XXXXX) (),(XXXXX) (),(XXXXX) (),(XXXXX)
36 ._IIf_,81()525(),(XXXXX) ().(XXXXX) (),(XXXXX) (),(XXXXX)
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datafile: 23°C_Bicron_loni,dat
impulse file: pos.p_
maximum counts728,00(XX10.t 99.84(XXX)ns_-bin 29
signalcounL,_72226,lXXXXX)over335 hlns
timeperbin(ns):16.639799
Elap_dtimeinstream,, I aec

Best fit chisquared=339.289927Elapsed time i. shore- 15 sec
27 24.tq_ 0.{XXX}(X) O,(XXXXX) O.(XXXXX) 0.0(XX)(X)
28 4).436797 O.I(lX)(X} O.(IIXXX} O.(lXKXX) O,(_XIO(X)
29 0.658629 O.O(XXXX) O,(XXXXX) O.(XXXXl) O.O(}(X)IX)
30 724.303326 0.5(XXXX) -12,249i49 12.214807 12,231978
31 0.(X)1250 O,O(XXXX) 0,(_ XkxLx) (r),(X_X X) ().(_ XXX)
32 0.01(_) O,O(xXXX) O,O(XXXX) O.(XXXXX) O.(XXXXX)
33 _0,021225 O.(XXXX)0 O,(XXXXX) O.(X)(XXX) O.(XXXXX)
34 28.752421 O,(XXXXX) O.(XXXXX) O,(XXXXX) 0.00(X)00
35 0.361347 O.(X)5(XX) ().011765 0.012063 0,0i1914
36 3355.863132 I().(IC_XXX) o_119,682452 126.724954 123.203701

data file: 23_C_Bicron._ort.dat
impulsefile:pos.par
maximum counts59,(XXXXX)at7,1.71_XX)ns bin156
.signalcounLs2678 I.(XXXXX)over 375 bins
time_r bin(ns):0.858805

Elap,_dtime,insteam=, 0 _c
Bestfit cht_uarcd=4(D.96()613
Elapsedtimeinsho_= 30s_

27 3,652775 O,OI(XXX) O,(XXXXX) ().(X)(XXX) 0.0(_X)(X)
28 2.4(M462 ().OI(XXX) O.(XXXXX) ().(XXXXX) O,()(XX)(X)
29 0.658629 O.(XXXXX) O.(XXXXX) O.(XXXXX) ().(_X)(X)
30 676.888313 50,(XXXXX) =22.562825 23.3_316 22.96357()
31 4).()21225 O.(XX)5(X) -O.(X)3081 (),(X)266() 0.002871
32 28,752426 I,(XX}(XX} _.()332(_ 4.674952 4,354()8()
33 O.(X)125() O,(X)I(_X) _(),(XX)312 (),(XX)3I0 ().O(X)311
34 O.()I(XXX) O.(XXXXX) O,(XXXXX) O,(XXXXX) 0.0(){X)(X)
35 0.361347 O.(XXX)(X) O.(XXXXX) ().(XXXXX) O.()(XX)(X)
36 3355,863132 O.(XXXXX) O,(XXX)(X) (),(XX_X)() O.O(XX)(X)
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data file: 23°(" Horiha_h,ng,dai
impulsefile" po_.par
maximumc_mnts16(!1.(1_X1¢]_)at 99.X4(XI_I_Ins hin 29
_igna!counts 175529.(14(XXX)over3_5 hin_
time per bin (n_): 16.63979q
Elap,_d time in ,_trcam= I _c
Itcst fit chi _uarcd= 382,6559I_I_
I:,lap,_dtime in shorc_ 11 se¢

27 8l.(l_lO0(l{l0,0OO000 II.00(XX;O (I.(;OOIX!O O.llllO(l(i0
21_ (I.299257 I).j0(I00() II.(XXI{I{IO II.(I_XlIIO0 (|.(_{HI{III{I
29 (I.fi55363 (I.(I{I_IIXI0(I.Ii{I_IIXI_iIHI{I{I{IO(I II.(III{XiIXl
_(t 679.28 !t864 I).5{X)(XI() -_8.517595 8.499696 K5{18646
31 (Hill1647 ().(i(I(I(XI()(|.(III{I{I{Xl(I.(I{_{I{I_Xl().(IIIIXlII_I
.12 (i.IIII)(}0(I {I.(IOIXlIX!(I.II0(I{I0(Ill.ll_l{l{i_l_lII.I_0(I{)II{I
33 !I.!II_!362 (I.OIIO0(Xl(l.ll{Xi{l{ill().(i00(I{i_I().lli}O(l(iO
34 19.621195 II.(XXI(XXIII.(iO(I(Xi(I(HI(I(i(I(Xl (I.(I(HXI(XI
.15 (l.361352 (I.(X)SIIO().:(HI(lI_552 (HI{)87Ill IHIIIX631
36 3344.ll25(}9NIII,(MXXM]O ._94.7()9267 _,_I_.94lfi_l(l 9f_.ig25473

dala !'i1¢:2. ( Ih,nha._shL,n.dal
_mpulsc fi':: p_m.par
maximum counts 12M.It(XI(XI(Iat 67.845(i(Xl ns bin 14_
,,ignal counts 55437.(1(XX1(_)over376 hins
rune per bin (ns): ().NSM_(_
I';lapscdtimt' in s_am= (I mc
lies[ fit chi squared= 4(11.857(__7
I:lap_,d time in sh¢,_= 27 see

27 7,627915 O,(tlIXXI() (t,(I(N!(WWI _).(I_WI(MMI (),(_(_(_ t
28 2.2(M_85 (i, I(I(XXX) (t,(t(I(Xi(I(I (t,(X_(XXX) ()(_l(_t(l_t
29 (!,655M_3 (I,(I(KI(XKI (I.(I(XI(I(I(t (!.(t(Xi(t(I(I ().(l_l(l(!(t(I
3(1 6_,96_552 5(I.(I(XXXI()13,1973(1N 13.54(II_ 13..6871_
31 O,I1(tl647 (I,(I(i(X)I() o(1.(1(1(}188 (},(XX)I99 (I,(t(}(}I t,_3
32 (t,()I(_(I(X} ().(XXI(X_) ().(XXXXX} ().(I(XI(I(I(} (I.(l(l(l_t(l(}
33 (l,()i 83(,2 (),(ll (Ill(Ill ().(X)15(15 (HX)I3_7 (HXll446
34 19.621195 0.4(XXXX) .-.1.773793 1.963551 l,N619672
35 (t.361352 (I.(_I(I(XI() ().(I(I(Xi(1(1 (I.(I(!(XXI(I (HXI(Xt(XI
3(,, 3.144.()25(t9i'1 (),(I(XXXX) ().(I(I(I(XI(! ().(1(I_1(_(1(1 ().(t_}(_(1(1()
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data f'de: 23°C_Rexon_long.dat
impulse file: pos.par
maximum counts 2174.0(0)0 at 66.56(K)00 ns- bin 27
signal counts 178718._ over 335 bins
time per bin (ns)' 16.639799
Elapsed time in stream= 1 sec
Best fit chi squared= 369.150420
Elapsed time in shore= 6 sec

27 47.000000 0.(K)0(O)0 0.0(K)(_) 0.0(O)O) 0.000000
28 0.231790 0.100000 0.0(0)0(O 0.0(0)0(O 0.000000
29 0.635091 0._ 0._ 0.0(0)0(O 0.000000
30 645.846948 0.500(0 -6.214872 6.220959 6.217915
31 0.002530 O._ 0.0(0)O 0._ 0.000000
32 0.010000 0.0(0)0(O 0.(K)O(O)O 0.0(0)0(O 0.000000
33 -0.020322 0.0(0)0(O 0.0(0)0(O 0.0(KJ(K)0 0.000000
34 23.683718 0._ 0.0(0)010 0.0(020(O 0.000000
35 0.382701 0.005000 --0.005947 0.006007 0.005977
36 3246.052128 10.000000 -57.034346 58.634592 57.834469

data file: 23°C_Rexon_short.dat
impulse file: pos.par
maximum counts 110.(K)O(0)0at 1.717600 ns- bin 72
signal counts 53694._ over 376 bins
time per bin (ns): 0.858806
Elapsed time in stream= 1 sec
Best fit chi squared= 388.551076
Elapsed time in shore= 26 sec

27 5.612050 0.010000 0.0(0)0) 0.0(0)0(0) 0.000000
28 2.337553 O.100000 0.000(0)0 0.0(0)0(0 0.000000
29 0.635091 0.00(O)00 0.00(0)00 O.0(OK}_ 0.000000
30 616.925663 50._ -12.286581 12.590429 12.438505
31 0.002530 O.0(g_lO -0./")O0208 0.000219 0.000214
32 0.010000 0.0(O)O(O 0.0(O)O)0 0.000(OX) 0.000000
33 --0.020322 0.010000 -0.001690 0.001561 0.001626
34 23.683789 0.40(0)00 -2.083024 2.283042 2.183033
35 0.382701 0.0(O)O(O 0.0(O)0(O 0.0(O)O) 0.000000
36 3246.052128 O.O00(K)O O.O(O)OfO 0.0(0)0(0 0.000000
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data f'fle: 23°C_long.dat
impulse file: pos.par
maximum counts 5532._ at 66.560000 ns - bin 27
signal counts 679902.440000 over 335 bins
time per bin (ns): 16.639799
Elapsed time in stream= 1 sec
Best fit chi squared= 388.767668
Elapsed time in shore= 5 sec

27 290.000000 0.0(KK)(O 0.0(0)0(O 0.0(0)0(O 0.000000
28 --0.237697 0.100000 0._ 0.0(0)O10 0.000000
29 0.627492 0.00(0)O) 0.0(K)(0)0 0.(X)0(KI0 0.000000
30 781.504086 10._ -5.355928 5.350053 5.352991
31 -0.016081 0.0(0K)00 0.0(0)0(O 0.0(K)(K)0 0.000000
32 22.662072 0.0(X)(0)0 0.0(0K)_ 0.(K)0(0)0 0.000000
33 0.386836 0.000500 -0.004838 0.004880 0.004859
34 3528.396410 10.0(0)0(O -49.048433 50.191889 49.620161
35 0.001753 0.0(K)(K)0 0.(K)0(O)O 0.0(K)(O)0 0.000000
36 0.010000 0._ 0._ 0.0(0)0(O 0.000000

data file: 23°C_short.dat
impulse file: pos.par
maximum counts 510.00(0)00 at 2.576400 ns - bin 72
signal counts 307536.160000 over 375 bins
time per bin (ns): 0.858805
Elapsed time in stream= 0 sec
Best fit chi squared= 449.966553
Elapsed time in shore= 32 sec

27 39.354900 0.010000 0._ 0.0(K)(0)0 0.000000
28 2.572595 0. I(K)0_ 0.0(0)0(O 0.0(0)0(O 0.000000
29 0.627485 0.0(0)0(O 0.0(0)0(O 0.0(0)0(O 0.000000
30 771.549860 10._ -8.062233 8.177199 8.119716
31 -0.016081 0.000500 -0.000606 0.000583 0.000595
32 22.662070 1.0(0)0(O -0.972159 1.018096 0.995128
33 0.001761 0.001000 -0.000076 0.000077 0.000076
34 0.010000 0.O(K)(K)0 0.0(OK)00 0._ 0.000000
35 0.386836 0.0(K)(0)0 0.0(0)0(O 0.0(0)O)0 0.000000
36 3528.396410 0.0(0)O)0 0.0(0)0(O 0.0(0)O)0 0.000000
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data file: 20°C_long.dat
impulse file: pos.par
maximum counts 533._ at 99.840000 ns - bin 31
signal counts 47967.0(0)0(0 over 337 bins
time per bin (ns): 16.639800
Elapsed time in stream= 0 sec
Best fit chi squared= 381.722387
Elapsed time in shore= 13 sec

27 13.150000 0.(g)0(O)0 0._ 0.0(0X)(K) 0.000000
28 16.097429 0.10(OK_ 0.(X)O(O)O 0._ 0.000000
29 0.616002 0.O(g)(O)0 O.0(OK)O0 0.0(0)0(O 0.000000
30 710.062307 0.500000 -14.933906 14.899761 14.916833
31 0.002086 0.0(0)O)0 0.000000 0.00(OK)O 0.000000
32 0.010000 0.0(0)O)0 O.(X)(X)O0 0.0(Og)O0 0.000000
33 --0.019977 O.(X)(K)O0 0._ 0._ 0.000000
34 24.882950 0.O(OK)O0 O.0(K)O(K) 0.(X)(K)O0 0.000000
35 0.401889 0.005000 -0.013825 0.014137 0.013981
36 3261.308380 10.000000 -116.346692 123.463118 119.904905

data file: 20°C_short.dat
impalse file: pos.par
maximum counts 260.0(g)(0)0 at 2.576400 ns - bin 73
signal counts 139080.880000 over 376 bins
time per bin (ns): 0.858806
Elapsed time in stream= 3 sec
Best fit chi squared= 393.274102
Elapsed time in shore= 30 sec

27 12.746701 0.010000 O.O(X)O(O 0.0(0)0(O 0.000000
28 2.619480 0.100000 0.0(0)O 0.0(0)0(O 0.000000
29 0.616002 0.00(0)00 0.O0(K)00 0.0(0)O_ 0.000000
30 686.075235 50.000000 -9.415592 9.584612 9.500102
31 0.002086 0.000010 -0.000115 0.000118 0.000116
32 0.010000 0.(X)O(O O.(K)O(O 0._ 0.000000
33 -0.019977 0.010000 -0.001006 0.000955 0.000980
34 24.882947 0.400000 -1.337819 1.420799 1.379309
35 0.401889 O.O(K)(K)O O.(K)O(O)O 0.0(0)0(O 0.000000
36 3261.308380 0.0(0)0(O 0.0(0)0(O 0.0(0)O)0 0.000000
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data file: lO°C_long.dat
impulse file: pos.par
maximum counts 242.()O(0)00at 99.840(0)0 ns- bin 29
signal counts 23634.0(0)0(0 over 335 bins
time per bin (ns): 16.639799
Elapsed time in stream= 0 sec
Best fit chi squared= 324.714643
Elapsed time in shore= 14 sec

27 7.500000 0.0(0)0 O.(K)O(O)O 0.0(0)0(O 0.000000
28 0.510990 0.100000 0.(K)(K)O0 0.0(0)0(O 0.000000
29 0.610513 0.(K)(K)00 0.0(0)000 0.0(0)0(O 0.000000
30 749.343285 0.500000 -21.551105 21.654781 21.602943
31 0.002781 0.000000 0.0(0)0(O 0 .O(K)(O)O 0.000000
32 0.010000 0.0(OK)00 0.0(O)0(O 0.0(0)0(O 0.000000
33 -0.019428 0.0(0)0(O 0.0(O)O) 0.0(0)0(0) 0.000000
34 25.482366 0.0(0)O)0 O.O(K)(K)0 0.000(0)0 0.000000
35 0.406134 0.005000 --0.017372 0.017841 0.017607
36 3846.970546 10.O(gg)O0 -198.929921 217.629256 208.279588

data file: lO°C_short.dat
impulse file: pos.par
maximum counts 42.0(K)000 at 1.717600 ns - bin 72
signal counts 20385.000(0 over 376 bins
time per bin (ns): (ns): 0.858806
Elapsed time in stream= 4 see
Best fit chi squared= 375.799605
Elapsed time in shore= 27 sec

27 2.666191 0.010000 0.0(0)O) 0.0()0(O)0 0.000000
28 2.560320 0.10(0)00 0.0(0)0(0) 0.000000 O.O000(X)
29 0.610513 O.O(K)(O)O O.O(03(g)O 0.000(_) O.O0(X)O0
30 684.887182 50.0(0)0(0 -24.986997 26.173373 25.580185
31 0.002781 0.000010 --0.000338 0.(X)0365 0.000351
32 0.010000 0.0(0)0(0 O.(X)OO(X) O.O(X)O(O) O.O0(X)O0
33 -0.019428 0.010000 --4).002791 0.002434 0.002613
34 25.482517 0.400000 -3.531168 4.137981 3.834574
35 0.406134 0.000000 0.000000 0.000000 0.000000
36 3846.970546 O.(X)O000 0.00(0)00 O.0(D(O)O 0.000000
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data file: 0°C_Bicron_long,dat
impulse file: pos,par
maximum counts 1136._ at 133.120000 ns - bin 30
signal counts 128789,0(0)OI0 over 334 bins
time per bin (ns): (ns): 16.639798
Elapsed time in stream= 1 sec
Best fit chi squared= 337.685654
Elapsed time in shore= 14 sec

27 37.500000 0.0(0)0(O 0.0(0KI_ 0.0(0)0(O 0.000000
28 0.142351 0,100000 0._ 0._ 0.000000
29 0.618963 0.0(0K_ 0._ 0.0(0)O)0 0.000000
30 836.598097 0,50(KI_ -10.290331 !0.305252 10.297792
31 0.001462 0.0(0)OI0 0.O(0Y)O0 0.00(0)00 0.000000
32 0,010000 0._ 0.(Y)O(O)0 0,0(0)O_ 0.000000
33 --0,022588 0.0(Y)(K)0 0._ 0._ 0.000000
34 38.044734 0.(R)0(0)0 0._ 0.0(KI(O)0 0.000000
35 0.402163 0,005000 --0.007711 0.007807 0.007759
36 4206.207696 10.(KI(Y)O0 -99.084148 103.350516 101.217332

data file: O°C_Bicron_short.dat
impulse file: pos.par
maximum counts 160.0(0)0 at 2.576400 ns - bin 72
signal counts 98668.200000 over 375 bins
time per bin (ns): 0.858805
Elapsed time in stream= 1 sec
Best fit chi squared= 380.336083
Elapsed time in shore= 31 sec

27 8.474895 0.010000 0.000000 0.000000 0.000000
28 2.661823 0.100000 0.000000 0.000000 0.000000
29 0.618963 0.000000 0.000000 0,000000 0.000000
30 856.877881 50.000000 -19.184539 19.656983 19.420761
31 O,001462 0.000001 -0.000108 0.000112 0.000110
32 0.010000 0.000000 0.000000 0.000000 0.000000
33 -0.022588 0.010000 -0.001646 0.001513 0.001579
34 38.044724 0.400000 -2.518653 2.719766 2.619210
35 0.402163 0.000000 0.000000 0.000000 0.000000
36 4206.207696 0.000000 0.000000 0.000000 0.000000
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data file: 0°C_Horiba_long.dat
impulse file: pos.par
maximum counts 1684._ at 116.480000 ns - bin 30
signal counts 171344.0(0)0 over 335 bins
time per bin (ns): 16.639799
Elapsed time in stream= 1 see
Best fit chi squared= 356.083200
Elapsed time in shore= 11 see

27 46.000000 0.000000 0.000000 O.O00{X)O 0.000000
28 --0.045281 O.100000 0.000000 0.000000 0.000000
29 0.625410 0.000000 0.000000 0.000000 0.000000
30 778.483947 0.500000 -7.511602 7.523783 7.517693
31 0.001609 0.000000 0.000000 0.000000 0.000000
32 0.010000 0.000000 0.000000 0.000000 0.000000
33 --0,021464 0.000000 0.000000 0,000(_0 0.000000
34 30.430614 O.O0(X)O0 0.000000 0.000000 O.O000(X)
35 0.394445 0,005000 -0.005609 0.005663 0.005636
36 4361.776137 10.000000 -82.970192 85.774557 84.372374

data file: 0°C_Hofiba_short.dat
impulse file: pos.par
maximum counts 134._XXX) at 2.5764(X) ns - bin 72
signal counts 74649.000000 over 375 bins
time per bin (ns): 0.858805
Elapsed time in stream= 3 sec
Best fit chi squared= 397.752181
Elapsed time in shore= 36 sex:

27 6.344836 0.010000 0.000000 0.000000 0.000000
28 2,553526 0.100000 0.000000 0.000000 0.000000
29 0,001609 0.000000 0.000000 O.O00(lO0 0.000000
30 0.010000 0.000000 0.000000 O.O00(X)O 0.000000
31 --0.021464 0.01 (_)00 -0.001521 0.001409 0.001465
32 30.430754 0.400000 -2.073984 2.240781 2.157383
33 0.625410 0.010000 -0.001419 O.(X)1532 0.001475
34 779.467369 50.000000 -16.492456 16.942695 16.717575
35 0.394445 0.O0(X)O0 0.000000 0.000000 O.O000(X}
36 4361.776137 0.000000 0.000000 0.000000 O.00(X)(X)



154

data file: 0°C_Rexon_long.dat
impulse file: pos.par
maximum counts 1865.00(0K10at 166.4_ ns - bin 32
signal counts 191696.0(0)0(0 over 334 bins
time per bin (ns): 16.639798
Elapsed time in stream= 0 see
Best fit chi squared= 382.508389
Elapsed time in shore= 10 sex

27 54.000000 0.000000 0.000000 0.000000 0.000000
28 0.037737 0.100000 0.000000 0.000000 0.000000
29 0.620716 0.000000 0.000000 0.000000 0.000000
30 752.671531 0.500000 -7.278744 7.287151 7.282947
31 0.002546 0.000000 0.000000 0.000000 0.000000
32 0.010000 0.000000 0.000000 0.000000 0.000000
33 -0.026408 0.000000 0.000000 0.000000 0.00000()
34 35.641027 0.000000 0.000000 0.000000 0.000000
35 0.403146 0.005000 -0.005950 0.006005 0.005978
36 3880.311543 10.000000 -69.339700 71.472441 70.406071

data file: 0°C_Rexon_short.dat
impulse file: pos.par
maximum counts 150.(K)0(O)0at 2.576400 ns - bin 72
signal counts 69939.0(0)0(0 over 375 bins
time per bin (ns): 0.858805
Elapsed time in stream= 1 sex
Best fit chi squared= 367.195278
Elapsed time in shore= 33 sex

27 5.839163 0.010000 0.(K)O(_) O.00(O)(X) 0.000000
28 2.824215 0.100000 0.0(0)0(O O.0(OK)00 0.000000
29 0.002546 0.000000 0.0(K)(O)O 0.0(0)O_ 0.000000
30 0.010000 0.000000 0.00(0)0) 0.0(0)0) 0.000000
31 -4).026408 0.000100 --0.001751 0.001633 0.001692
32 35.640991 1.000000 -2.077211 2.213168 2.145189
33 0.620716 0.010000 --0.001639 0.001758 0.001698
34 754.517500 50.000000 -16.407045 16.897012 16.652029
35 0,403146 O,O(g)O(O) O.O000(X) 0.O0()(K)O 0.000000
36 3880.311543 0.0(O)000 0.(X_9OOg) O.f_)O(_) 0.000000
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data file: 0°C_long.dat
impulse file: pos.par
maximum counts 617.0(0)0(O at 166.40(0)O ns - bin 34
signal counts 66800._ over 336 bins
time per bin (ns): 16.639799
Elapsed time in stream= 1 sec
Best fit chi squared= 360.256165
Elapsed time in shore= 12 sex:

27 19,000000 0.(K10(K)0 0.0(0)0(O 0,0(0)0(O 0.000000
28 --0.014845 0.100000 0.000000 0._ 0.0000(X)
29 0.610310 0.0(0)0(O 0.0(O10(O 0.0(KI(0)O 0.000000
30 784.487346 0.50(0K)0 -12,725013 12.776161 12.750587
31 0.002000 0.000000 0.000000 0._ 0.000000
32 0.010000 0.000000 0.000000 0.(g)0(O)0 0.000000
33 --0.02568 i 0.000000 0.000000 0.0(0)0(O 0.000000
34 36,845152 0.000000 0,000000 0._ 0.000000
35 0,413371 0,005000 -0.009426 0,009558 0.009492
36 4311.463344 10.000000 -130.433374 137.611303 134.022339

data file: 0°C_short.dat
impulse file: pos.par
maximum counts 174.00(0)O) at 1.7176(X) ns - bin 72
signal counts 90362.0(g)(0)0 over 376 bins
time per bin (ns): 0.858806
Elapsed time in stream= 5 sec
Best fit chi squared= 410.176392
Elapsed time in shore= 30 sec

27 9.292837 0.010000 0.000000 0.000000 0.00(1000
28 2.352571 0.10(0)O 0.(R')O(0)O 0.000000 0.000000
29 0.610310 0._ 0.0(O10(O 0.fg)(K_) 0.00(1000
30 768.550716 50,0(0)0(0 -15.880812 16.278109 16.079460
31 0.002000 0.000010 -0.000132 0.000137 0.000134
32 0.01130(10 0.0(0)010 0.00(10(10 0.(100(00 0.000000
33 -0.025681 0.010000 -0.001670 0.001553 0.001611
34 36.8451.58 0.40(0)00 -2.138347 2.286642 2.2124!)4
35 0.413371 0.1X_(1000 0._) O.00000t) O.O000(X)
36 431 1.463344 0.000000 0.000000 0.(100000 0.00(1000
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data file: - 10°C_long.dat
impulse file: pos.par
maximum counts i95._ at 133.120000 ns -- bin 32
signal counts 22799._ over 336 bins
time per bin (ns): 16.639799
Elapsed time in stream= 0 sec
Best fit chi squared= 362.528072
Elamed time in shore= 8 sec

"27 6.5(X)000 0.0(_ O.O(XXXX) O._)O(XX) O.00(XX}O
28 O.i 68931 O.100(0)0 O.(X)OO(X_) 0.0(0)00 O.O0(X)O0
29 0.600544 0.000000 0.(_ O.(XXXXX) O.0000(X)
30 919.387172 0.5(X)000 -22,576798 22.719832 22,648315
31 0.002111 0._ 0._ 0.000000 O.O0(X)O0
32 0.01 _0 0.0000(0) 0._ 0.O0(K)(X) 0.000000
33 -0.026583 0._ 0._ 0.000000 0.000000
34 46.635740 0.__ O.O(O)O(X) O.(X)O(XX) O,O00()(X)
35 0.423928 0.005000 -0.012066 0,012414 0.012240
36 6550.731064 10.0_0 -379.788259 426.529662 403.158961

data file: -I O°C_short.dat
impulse file: pos.par
maximum counts 39.0(XX)O0at 1.7176(X) ns - bin 72
signal counts 17127.0(X)(X)0over 376 bins
time per bin (ns): 0.858806
Elapsed time in stream= 0 sec
Best fit chi squared= 416.254923
Elapsed time in shore= 6 sec

27 2.262656 0.010(XX) O.O0(}O(X) O.O0{XXX) ().O0(X)fX)
28 2.391350 O,I(XXXX) O.0(XXXX) O.(XX)_XX) O.O0(X)O(}
29 0.002111 O,O(XXX_ O.(XX}(X)O ().(XXX_) ().00_)(_)
30 O.OIO(X)O O.(X)O(O)O O.O000(X) ().(XXXXX) 0,O0(X)(X)
31 --0.026583 0.01(X)00 --0,000298 0.(XX)277 0.000288
32 46.636057 0.4{XXX)O -2.063133 2,347277 2.205205
33 0.6(X)544 O.()O(XX)O O.(X_X) O.(XXXXX) ().O0(X)fX)
34 919.387172 0.O0(XXX) O.O000(X) O.(XXXXX) O.()O(X)(X)
35 0.423928 0,00(}000 O.O0(X)(X) O,O0(XX){) 0.00(X)(X)
36 6550.73 I()64 0.(3()0000 0.()000()() O.(_)O(X)(} ().()O(X)(X)
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data file:--2fi°C_long.dat
impulse file: pos.par
maximum counts 232.(}(X)(}(X}at 175.95{}(XX1ns - bin 36
signalcounts68685.1744(X)over461bins

timeperbin(ns):I(1.349932
Elap._dtimem stmam,_ I,,_c
Itest fit cht squared= 5(15.784818
Elapsed time in shore= 14 sec

27 8.15(XXX) O.O{XXXX) (I.fXXXXXI ().{XXXXX) O,(XXX_X)
28 20.515788 O.ItX}(XXI O,(XX)4XX) O,(XXX)('X) O,O{X}(XXI
29 0,59930,4 O.(X}(XXX) O.{XXXXX) O.(}04XX)O O,(X}4XXX)
30 988.574730 0.50{XXX) -15.045350 15.145205 15,095277
31 0.(X12551 O.(X)O(}(X)O.(XXX}O() O.(XXXXX) O.(XX}(XX)
32 ().()IfXXX) O,O0(X}(X) O.(}(XX}('X) O.(}(}(XXX) O,{XIIXltX)
33 -0.(}34025 O.(X}O(XX) O.(XXXXX) O.(XXXXX} (),{XXXI(X)
34 6(1,696729 O.(}(XXXX} {I.(XXXXX) {I.(X}(XXX) ().(X)(}()(}()
35 0,432171 O.(X)5(XX) 4),(X)7476 0,(X17530 0,(X17503
36 7766,291789 IO,O('XXXX)-220.694882 229,248,167 224,971675

data file:-.2(r'C_short, dat
impulsefile:pos.par
maximum counts33.{}(XXXXIat2,5764(X1ns_.bin73
signalcounts13126,(XXXXXIover376bins
timeperbin(ns):0.858806
Elapsed time in stream= 1 sec
Hesl fit chi squared= 349.23{1196
[.lapsed time in sh re- 6 sec

27 1.682351 O.OI()(XX) O,{X)OfX)() O.IJf_fX}O{) ().O()(X)(_I)
28 2.618351 (1.I tXXIX) (I.(XX)fXX) ().(XXXIfX) ().()(1(X1()4)
29 0.002551 O.fXXXXiO O.tXXX))() O.(XXX)(X) t).f)t)(X)fX)
30 O,()I(XX)O O,(XXXXX) O,(XXXX)O ().(XXX!tX) (I.(!O(X)fXI
31 -(1.()34{1260.(11(}(X)(I -4_,0(}4)332 ().(XX)302 ().{)()(1317
32 60.695421 0,4(XXX)O -2.338663 2.624686 2,,181675
33 ().5993{14 ().(XXXX){IO,{XXXXX) ().04XX)(_) 0.0(1(}(1{X)
34 988.574730 ().{XX}{X)()t).(XXXX){) (),(X)(XXX) ().{IO(X)fX)
35 (1.432171 O.(XXXX)O O.(XXXX)O ().(XXX)(X) ().()O(X)(X)
36 7766.291789 O.(XItX){I() (),(X)(X)()O (),(XIO(X)() ().O0{X){X)
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datafile:-30°C.iong.dat
impulsefile:pos.p_.
maximum coun_ 223.(_}(}()at455.4(X}(l(X)ns_ Mn 63

signalcoun_ 82433.5632(_over461 bins
time_r bin(ns):I0.34_32
Elapseduse ins_= 0 .,-_c
Best fit chi _uamd= S_.843175
Elap_d the in shom= 16see

27 I0,2_ 0.__ 0.00(X_}O 0.0000_) 0._XXXX)

29 0.619628 0,0('_ 0,_XK) (),O(XXXX) 0.()O(X)O()
30 1100.950739 I0._) -IS.064229 15.138310 15.101269
3i 0,002_5 0._ 0.C£X)(}(}0 ().0(}(}(XX)0._X)IX)
32 O.OI(XX)0 0.00C_}00 0.{XXXX}0 0._) 0.000000
33 4).059726 0.0(}(_ 0.0(}(_ O.O(X)(}O0 O._){X)O0
34 125,378777 0.(KI}O00 0,(_}0(}0 0.00_T_(X) 0,(XXKXX)
35 0.436724 O.()05(X_ 4)._7142 0.()07194 ().(K}7168
36 8757.966096 IO.O000(X) -243.265036 252.874703 248.069870
37 0,(XI1309 0.(}(10(_) 0.(}O0(X}() O.(XXX}(X) ()._(X_}O
38 1.806018 O.(X)f}O(}()(),0(XXX}O (),(XXXXX) 0,(X)flO(X)

data file: --30°C_shon.dat
impulse file: pos,par
maximum counts 56.(X_KI(X}at 1.7176(X) ns .-bin 72
signal counts 16557,(X}(}(}(X)over 376 bins
time_r hinins): (),8588(_
Elapseduse ins_am= I_c
Best fit chi _uared=365.09(1827
Elapsed time in shorn= 49 scc

27 2.711669 ().OltXXX) O.(X)O(X}O O,(XXXXX) ().()(XX)(X)
28 2,233180 O,I(XX}(X} 0.(X)(X)()() ().(XXXXX) 0,00(X)(X)
29 ().(X)2065 ().(X_X}O0 O.(X)(XX)() (),(X)(XX}_I O.(_)(X)(K)
3() O.OI(_IXX) 0.(X)(R)O0 O.(X)(XIXX) (),(}()O(XX_ ().()(=XX)(X)
31 -0,()59726 0.01(X)O0 -0.0(X)362 O.(XX)331 ().000347
32 125.374937 0,4(XXXX) -4.047657 4.339682 4.193670
33 0,619628 0.000(XX) 0.(X)(X)()() ().(XXXXI() 0.00(X)(X)
34 11()0.950739 ().(XX_)O0 ().(X)(X)()() (),(XX3(XX) O.O0(X)(X)
35 0.436724 0.(XXXXX) 0.(X)(XX)O ().(XXXXX) (),()()(X)(K)
36 8757.966096 0,(XX_XX) ().(X)(IOfX) 0.(XXX}O() (),0()()0(X)
37 (),(X)1309 O,(XXX-X)I -0.0(X)538 0,(X)3407 0.001972
38 1.80608] 0.()0]0{}0 -0.674928 0.983419 ().829173
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data file: _()_.lonB.dat
impul_ file: pos.pat
maximum counts IO8.O{KXX}Oat 328._{N_) ns - bin 28
signal counts 60268.(165_K)over 391 bins
time _r bin (ns): 4,15_55
Eiap_d time in s_am= • 1 _:
Best fit chi _ua_d= _7,449862
Elap_d time in sho_= 20 s_

27 4,SIXXIO0 O,(X)(X_) O.(XXXXX) O,(X_X) O,(X)iXXD
28 528.307464 O.I()00_ ().{_IIX) O.(I_X)O(Xi O,(XXIXI;
29 0._149() O.(;O0Cg)O O.O{}{I){lO O.O0{}O{X) O.O0{}O(X)
30 1309,637979 10.{_)(_) -16.438268 16,289407 16.363837
31 0.(X)2141 0.(}01(_ O._}(_X) O.{I}(_K) O._M_{X)
32 O.()ItXK)O O._I}O0 O,O{)OOtX) O._X'_) .(a'_lO{X)
33 ....(},I i 1787 I).O00(_ O,_KX}OO O.(){g}(XK) O,_){X)
34 277,8648()1 O.{DO0(}O (H)O(}(X}O O.(K]{XXX} (),(X)O{}_X;
35 OA6fi828 0.005{}OO -O.0{_477 ().(K)6504 0.006490
36 11290,692387 I0.000{}O{1 -636°430454 698,292553 667,361503
37 O.(X)1328 ().O0(XXX) O.(XXX]O() O.(XX_X) O,IX_XX)()
38 3,2343!3 O.(IO(XXX) O,{XXX)(X) O.(XXXXX) O.IX)(X_)

datafile: -t()OC_short.dat
impulse file: pos.par
maximum counts 44.tXXXX}Oat 1.7i76(X; ns o_bin 72
signal counts I()237.(XXXXX)over376 bins
time _r bin {nsl: 0,858806
Elapsed time in s_am= 1 _c
Best fit chi _uat_d= 421,707405
Elapsed time in sho_= 34 sec

27 2,168182 O.()I(XX_) O,(_XXXX) O.(XXXXX) O,O()(X)(X)
28 2.271330 ().iOtXXX) O.(XX_XXX) O.(XXXX_) O.OIXX)(X)
29 ().(X)2]41 O.{XXXXX) (),(XXXXX) ().(XXXXX) (),()()O_)(X)
30 (),OI(XXX) O,(XXXXX) ().O(XXXX) O.(XI(XXX) I),(X)IX)IX)
31 4). 111787 O.O001(X) _4).(XX)461 ().(XX)416 ().00()439
32 277.855195 ().4(XX_kO --7,629966 8,_6283 7.848125
33 0,641490 ().(XXXX,_) ().(X_XXXX) O.(X-XXX)() ().O()(X)(_)
34 1309.637979 ().(X_XXX) O.(XXXXX) O.(_)(){X)O O.O0(X)(X)
35 0.466828 O.O(XXXX) O,(XX.X-X)O O,(_)(XX)() O.O()(X)(X)
36 l 1290.692387 O.(X)(X)(X) (),(_)(X)()O (),(X}O(X)O O.O0(X)(X)
37 0,0(11328 O.(XX)L(X) -0.0(X)447 ().(X10506 0.00(1476
38 3,234434 O.OI(X)O0 -1.424384 1.776422 1.6()()4()3
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datarile:-50"YC_long.dat
impulse file: pos.p_
maximumcountsI80._}(XXX)at 2().7(XXXM)ns=,bin 25

'= SSilJnaicount,, i 11562.216(X_over465 hins
t!m¢,._r bin (n,O:I0.34_33
Elap_d time in su,,am= 1_c
Best fit chi _uared= 490.098430
Elap_d time inshorn= 64 s=

"27 16,4(X_,X) O,_X) O.(X)OO(X) ().(X)O(X){) O.(_XXX_)
28 20,418)01 O.100(}00 O,(}(XXXX) O.(XX}(XX) O.(XXX_X)
29 0.791192 O.OC_ 0.O('_')(X) O.(X_) O,(XXXXX)
30 1771., 85869 10,O(kg(XX) =64.213826 61,385539 62,799683
31 0.(X)2_4 O,(_.X)O O.(XX_XX) O,(_XXXX) ().(XXX_X)
32 4.909857 0.0(}(}000 ().(X}O(}(}()O,O000(X) 0,O0(_XK)
33 --0.164663 0.0(}01_ ....(}.(}24146 0,019169 0,{)21657
34 46(),24_7 IO.(Xi(I(-I(X) -33.6(_481 37.359104 35,481793
35 0.367561 O.O05(X}O -0.012584 ().012993 0,012789
36 11721.254495I0.0(}00(X)-602.946543 660._466(l 63[.97(_()2
37 (),(X)2916 (),(XXX}(_ (},(XXX}(X) (),(XX}(XX) (}.(XXXXX)
3_ O,OI(XXX) ()._XX_ O.(XXXXX) ().(KXXXX) (),O(XX)(X)

data file:-5()_'C short.dat
|repulsefile: pos.par
maximumcounts82.(XXXXX}at 2.5764(X)ns= hin73
,_iijnalcounts 12405.(XXXXXtover376 bins
time_r bin (ns);().8588{_
Elapsedtimein s_am= 8 _c
Besttit c.hi_uared= 370.5(X)585
Elap_d tameinshore= 97 s_

27 3.258610 O.OI(XXX) O,(XRRXX) O,(XXXXX) O.O(XX)(X)
28 2,746147 ().I(XXXX) O.(XXXXX) ().(XXXXX) (),()(XX)(X)
29 (),(X)3()37 O,(XXXXX) (),(XXXXX) (),(XXXXX) (),(XXX)(X)
31) 4.982791 O.O01(XX) =1.46553() 1.46553() 1,46553()
31 .... ()' 164741 O.(XX)I(X} -4},()(X)57() O.(XX)521 (}.(X)O545
32 47().182409 0.4(I(I(I(X) ....10.858670 1!.4()367 t) 11.131174
33 0.791192 ().()(XXXX)(),(XXXXX) (),(RXXXX) (),O(XX)(X)
34 1771.()857 25 O.(XXXX)O O.(X_XXX) (),(XXXXX) (),(XXX)(X)
35 0.367561 O,(XX)O00 O,(X}(XXX) (),()XXXX) O.O(_X)(X)
36 11721.254495 O.(X)(_X) O.(X)(X)(X) O,(X)O(X)() O.00(}()(X)
37 0,()()2951 O.(XXX)IO 4).(XX)429 0,(XK)429 0,()(X)429
38 0.() I()O(X) O.(XXX)00 O,(XXXXX) ().{XXXXX) (),()O(XI(X)
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data file: --60°C_long.dat
impulse file: pos.par
maximumcounUs179.(XXXXX)at 20,7(XXXX)ns- bin 25
signalcounL_75045.382400over465hlns
tlmepcrhm {ns).tO..49933
Elap_dtimeinstream= 4 .,¢c
Best fit chi squared=467.825155
Elap_d time in shorn= 258 scc

27 IO,90(XX_ O.O00(XX) O.(XIXI)) O,(X/XXXX) O,(X)(X)(X)
28 20.574852 O.I(X)(X')OO,(X)(}(XX) O.(XXXXX) O.(XXX-XX)
29 0.678770 O.O(XIO(}O O.(XXXXX) O.(XXXXX) O.(XXXXX)
30 3045.323707 I(X),(XX)(XX)-317.434545 277.636238 297,535392
31 O,(X)4119 O,(_l O.O()(XXX) ().(X)OO(X) O,O0(XI{X)
32 7.938293 O.O(XXXX} O.O0(XXX) O.(}O0(XX) O.O()()O(X)
33 .-0.129422 0.0I(XX)O -().062202 ().()32391 0.047296
34 885,471552 I()().(X)O(XX) -126.783058 167.88_939 147.334499
35 0,442946 (),O5(XXX) --0.()43846 0,(M6412 (),045129
36 13393.499_7()500.(X)O(X)(}-1314.(}249261696.433699 1505.229313
37 0,{X)3587 O,(XX)fXX} (, (XXXXX) ().(XX)OIX1 O.O0(XXX}
3X (),()iIXXX) O,O(XXXX) ().(X)(I(_X) O,(XX)(XX) O,O()(X)(X)

dam file: 6(VC_shon.dat
impulse file: pos.par
maximum counts 58.(XXI(I(X)at 2,5764(X) ns -- bin 73
signal counts 6184.(XX}(X)Oover 376 bins

tlme_r bin(ns):11.85881)6
Elap_dtimeins_am= 2 _:c
Best lit chi _4uared= 391,213250
Elap_d time in short,:= 75 see

27 2.684620 O.OI(XX}O ().(XXXXX) ().(XXXXX) ().()(XX)(X)
2X 2,551928 (),I(XXXX) O.(XXKXX) ().(XXXXX) ().("IIXXX)
29 (),(X)4119 O.(}_)(XXX)().(XXXXX) (),(XXX}(X) ().(XXX)(X)
30 7.938()23 ().05(XXX) -1.879945 I.X79945 1.879945
31 -(l.129422 O.(XXXXX) ().(XXXXX) ().(XXXXX) ().()()(X)(X)
32 XX5,471552 O.(XXXXX) O.(XXXXX) (),(XXXXX) (),()()(X)(X)
33 ().67877() O,(XXXXX) (),(XXXXX) ().(XXXXX) ().()()(X)(X)
34 3()45.3237()7O,(XXX)_)_) ().(XXXXX) (),()_XX}_)) (),(X)(X)(X)
35 (),442946 O.(XXXXX) (),(XX-XXX) ()(XXXXX) (),()()(X)(X)
36 133_L'4.499570O.(X)(I4X)O (),(XXX)(|() (),{XXXX)() ().O()(X)(X)
37 ().()()3587 ().(X)OI(X) -().(XX)4i5 (),(X)04(14 0.()0041()
3X ().()I()()()_) O.(X)(X)()O().(XXX)()() (),(X)()(X)() ().()()(X)(X)
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data file:-80°C_long.dat
impulse file: pos.par
maximum counts 176.00(K1(Oat 20.70(0)0 ns - bin 25
signal counts 52162.406400 over 465 bins
time per bin (ns): 10.349933
Elapsed time in stream= 1 sec
Best fit chi squared= 465.352954
Elapsed time in shore= 396 sec

27 10.300000 0.0(0K)00 0.00(OK)0 0.0(KI(KIO 0.000000
28 20.813951 0.100000 0.0(0)O)0 0.(K)0(O 0.000000
29 0.012998 0.0(X)(O 0.0(K)(0)0 0.(K)(X)O0 0.000000
30 0.010000 0.000000 0.0(X)(O 0.(K)(K)O0 0.000000
31 0.034645 0.000100 -0.003576 0.003797 0.003686
32 84.395609 0.100000 -12.586945 14.404769 13.495857
33 0.170706 0.005000 -0.020667 0.022546 0.021607
34 2218.086898 10.000000 -291.147340 330.360832 310.754086
35 0.781651 0.005000 -0.022840 0.020808 0.021824
36 17980.022978 100.000000 -1297.300605 1573.004644 1435.152624

data file:-80°C_short.dat
impulse file: pos.par
maximum counts 46._ at 1.717600 ns - bin 72
signal counts 3348.(D0000 over 376 bins
time per bin (ns): 0.858806
Elapsed time in stream= 0 sec
Best fit chi squared= 379.014768
Elapsed time in shore= 6 sec

27 1.671107 0.010000 0._ 0.000000 0.000000
28 2.811952 O.lO0(E_ 0.00(0)O 0.000000 0.000000
29 0.035770 0.0(0)O 0.0(O)0tO 0.000000 0.000000
30 39.482081 1.500000 -5.006340 5.610159 5.308250
31 0.170706 0.0(0)0(O 0.0(0)0(O 0.000000 0.000000
32 2218.086898 0.000000 0.(K)O(O) 0.000000 0.000000
33 0.781651 0.000000 0.000000 0.000000 0.000000
34 17980.022978 0.000000 0.000000 0.000000 0.000000
35 0.011873 0.001000 -0.001119 0.001194 0.001156
36 0.010000 O.(K)O(O)O 0.000000 0.000000 0.000000
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data file: - 100°C_long.dat
impulse file: pos.par
maximum counts 272._ at 20.70(0)00 ns - bin 22
signal counts 29380.940800 over 462 bins
time per bin (ns): 10.349932
Elapsed time in stream= 8 sec
Best fit chi squared= 475.250111
Elapsed time in shore= 22 sec

27 6.359429 0.010000 0.0(0)0(O 0.0(O000 0.000000
28 20.746489 0.100(O 0.0(0)0(O 0.0(0)0(O 0.000000
29 0.171484 0.(K)0(0)0 0._ 0.000000 0.000000
30 49.926571 1._ 0.(KJ(K)00 0.00(OK_ 0.000000
31 0.306027 0.001000 0.0(O)0(D 0.(K)0(O 0.000000
32 385.598251 10.000000 0.(K)(K)00 0._ 0.000000
33 0.480394 0.005000 -0.025565 0.024105 0.024835
34 3523.841313 10.000000 -364.878746 413.725795 389.302270
35 0.042094 0.0(0)O 0.000000 0.0(0)O10 0.000000
36 0.010000 0.0(0)00 0.0(0)0(O 0.000000 0.000000

data file: - 100°C_short.dat
impulse file: pos.par
maximum counts 94.0(0)0)0 at 2.576400 ns - bin 73
signal counts 4319.0(K)(0)0 over 376 bins
time per bin (ns): 0.858806
Elapsed time in stream= 2 sec
Best fit chi squared= 395.984016
Elapsed time in shore= 31 sec

27 1.567661 0.010000 0.(X)(X)00 0.0(0)0(O 0.000000
28 2.479115 0.100000 0.0(0)0(O 0.0(K)(KIO 0.000000
29 0.042109 0.000000 0.0(OK)00 0.0(0)O0 0.000000
30 0.010000 0.000000 O.(X)(X)_ 0.0(0)O)0 0.000000
31 0.101060 0.010000 -0.013489 0.014757 0.014123
32 19.816957 0.400000 -3.298995 3.866941 3.582968
33 0.376436 0.010000 -0.015091 0.013689 0.014390
34 170.955402 10.000000 -15.956594 18.002209 16.979401
35 0.480394 0.0(0)O)0 0.(K)O(O)O 0.0(K)(K)O 0.000000
36 3523.841313 0.0(0)0(O 0.0(0)000 0.0(0)0(O 0.000000
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Table D.I: Calculated reduced _2 values for temporal luminescence intensity
least squares fits.

File Redu'ced'"Z2' File ...........Reduce"d_2
.....50_]ong 1.133 0°C Rexon 10ng 1.163

50_short 1.420 0°C_Rexon_short 0.9978
40_long 1.110 0°C_long 1.088
40_short 0.9688 0°C_short 1.112
30°C_long 0.93 l 9 - 10°C_long 1.095
30°C_short 0.8850 - 10°C_short 1.122

23°C_Bicron_long 1.028 -20°C_long 1.109
23°C_Bicron_short 1.114 -20°C_short 0.9413
23°C_Horiba_long 1.160 -30°C_long 1.111
23°C_Horiba_.short 1.089 -30°C_short 0.9894
23°C_ Rexon_long 1.119 --40°C_long 1.159
23°C_Rexon_short 1.053 -40°C_short 1.143

23°C_long 1.178 -50°C_long 1.070
23°C_short 1.095 -50°C_short 1.004
20°C_long 1.150 --60°C_long 1.021
20°C_short 1.066 -60°C_short 1.054
10°C_long 0.9840 -80°C_long 1.018
10°C_short 1.018 -80°C_short 1.022

0°C_Bicron_long 1.026 -100°C_long 1.047
0°C_Bicron_short 1.034 -100°C_short ..... 1.073
0°C_Horiba_long 1.079
0°C_Horiba_short 1.08 !
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