Iii ? MAY 2004 H GH RESOLUTI ON AND HI GH LUM NANCE SCI NTI LLATOR AND

RADI ATI ON | MVAGER EMPLOYI NG THE SAME BACKGROUND CF THE | N\/EI\FI'I Thi s

i nvent i on rel ates generally to radiation imging, and nore ?cMIAaYIB{][]Ir
to radiation i magi ng via the conversion of radiation into vi SI bI e |ight

I npinging on a light sensitive imaging array. 5 Radiation inmagers typically
I nclude a scintillator coupled to a light sensitive inmaging array.

Radi ati on absorbed in the BIGHRESOATIPIION AND ASGA LU]Q‘?NA%?E c
scintillator, result in the _em ssion of NEtlcal _Ehotons Ich in turn pass
into the light sensitive PREY TH(}%T@E% HTQADI@ IONEMiGER e i magi ng array,

"such as a plurality of photodi odﬁm Mectrl cal signal
corresponding to the incident opti caI oton ux. Each of the

phot odi odes is coupled to ci rcw try to al I ow charge collected on the

phot odi ode to be read. Fiber tic scintillators or fiber optic
scintill ating BAGKER DfQF INYENTEMNarray of scintillating glass

fi bers disposed substantially parallel to one another. The core of each of

the glass fibers is dop o I t s@ 15 that  the
glass fibers scintillat g% 1%%3@8%}62}&%& g%hcfgg)f P@n?suagﬁm Imggipg, and ppare
surface of eaetiicolarlyhéo gidiation miu@ng Vi thleacdmm:@imnaommaﬁ@h Mol Yigibld Gght

| ower optical | & mat et i ht generated in the scintillator in
response to aﬁljggl%gﬁlg% ﬁgl}téﬁrfséqvedﬁlaginﬁgaﬁ‘% core of a scintillating glass
fiber is emtted isotropically. The portion of the 20 light emtted at an

angl e less than the optiRadiatiofiiitiagérts tgpighl irﬁﬂudehﬁ stinBifktol oliSiEd 86 Lefgniand
guided within the glass, fiber and pret?ﬁra%i made ol exV? ?01% a gur?%lge of

the fiber opfTHSUEEifagingATEHY. JRadiztionpbsenhs d%ﬂleh@mtlll}mr, SmhsaSta ﬁberlopmgl ng

array. The pokdih@MatoQkestifign! ater than t

optical criti call ana ee grntﬂ?]ég%lsg%to&"%&l@él p@ﬁtgﬂg?} gifletPWepaﬁfé{g ﬂ?el ﬁ@}t and

thus may i npi BRJBitys imegingeamiast e dhe dight semtitiveeinagindierray, such as a plurality of
photodiodes, generates an electrical signal corresponding to the incident optical

10 photon flux. Each of the photodiodes is coupled to circuitry to allow charge collected
on the photodiode to be read.

Fiber optic scintillators or fiber optic scintillating plates are formed
from an array of scintillating glass fibers disposed substantially parallel to one
another. The core of each of the glass fibers is doped with a scintillating material so

15 that the glass fibers scintillate when excited by radiation such as x-rays. The surface
of each of the glass fibers is clad with a non-scintillating, lower optical index glass

material,

Light generated in the scintillator in response to absorption of radiation

in the core of a scintillating glass fiber is emitted isotropically. The portion of the

20 light emitted at an angle less than the optical critical angle for the fiber is reflected
and guided within the glass fiber and preferably made to exit from a surface of the

fiber optic scintillator directed towards the light sensitive imaging array. The portion

of the light emitted at an angle greater than the optical critical angle for the fiber exits

the side of the glass fiber and thus may impinge on and be detected elsewhere by the
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-1 7 MAY 2004 i ght sensitive imaging array. This latter portion of the
Ii ght or so called."optical cross-talk" results in inmage quality

degradation. Wiile fiber optic scintillators are generally suht

medi cal imaging, for exanple, using x-rays having energiesﬂo? Eﬁ%ﬁt?@@4Kev
to about 80 . 5 KeV, such fiber optic scintillators have a nunber of
drawbacks for use in industrial inmaging applications such as

dest tive; ' t I Bg. X- [ hi,. ' . g.,
about 100 ke 5pt arshfiermaBe’ drls M B Sory 57 e el 55 ched bapica

scintillating cgisadalk? rdseltsin image Qidliey dé@addiidn. and absorb hi gh ener gy
- X-rays, undesirably results in a reduction of the 10 bri ghtness or

| um nance of the scintil or. In particular, high-density glass fibers
doped with a scintillat i‘&ﬁﬁ%ﬁb@ri ey geintillatess asen geperally ﬁ@é@gléﬁ ©onwmedicalon
of absorbed nmggiak] R dxBinPled Pkingat-rd98 Aa | | lsgss
fibers. In addi t%o%, i ncregsl ng ?tgherdtgﬁi ckg%sg&g@@s{ ﬁfeiaéglluntl g’?@r LI|¥0r1119(§§der
to stop “and &5YorsBCch Hberenjie sshuillgiprschaveys nuinber ofndtewbackis! fpr neesinl industial

i ncreased opt i : " ' r s the resulting detected
i mge. Non-sc ?Igfgélflg %?@%8 tl&gﬁ %‘?{2 lé%%‘é%?%?@%‘ﬁ%i‘é‘% Q?ipﬂg? gsing &"g‘éﬁ E%Vding high
"extramural ebhggichargd., {HoAM\) 00 Kb¥res ghaawe. been used, e.g., interspersed

anong the plurality of scintillating glass fibers, for the purpose of

absorbing stray light before the.light eagches t boftom surface of the
fiber optic scintillat o?f’r frlnic "Fge{bé n?lhb%{@eéelm@aﬁ%gw filags, in

cross-tal k andrdehttﬁstbﬁan@wsowﬁigheeﬁe}g@tﬂ-ﬁa}sg&ndeﬁﬁabw}é&h’"té Iirﬂ-ﬁ Pauclififof HRIC
pno

brightness or |l umnance is also reduced as fewer optica tons reach the
i rage plane brightaessist luglinagee wf dhe setillapr. i &n peiticular, highrdenditye plagsofivers

| St _ | &0 geitio nfhplatofibe
R R A R e e S e

radi ati on. - 2radiation into optical photons compared to low-density glass fibers.

In addition, increasing the thickness of the scintillator in order to stop
and absorb the high energy x-rays also undesirably results in increased optical cross-

15 talk which degrades the resulting detected image.

_ Non-scintillating, black or colored glass fibers, so called "extramural
absorber” (EMA) fibers have been used, e.g., interspersed among the plurality of
scintillating glass fibers, for the purpose of absorbing stray light before the light
reaches the bottom surface of the fiber optic scintillator. However, while EMA fibers
20 reduce optical cross-talk and thus improve the resolution of the scintillator, the image
brightness or luminance is also reduced as fewer optical photons reach the image

plane at the bottom of the fiber optic scintillator.

Therefore, there is a need for a high resolution and high luminous
scintillator for use in medical imaging and in industrial imaging using high energy

25 radiation.



17 May 2004 SUWWARY OF THE INVENTION In a first aspect, the present
invention provides a scintillator having a first plurality Pf MaRgD@d | on
absorbing el ements conprising a scintillating material for 5 converting
radiation into light, and a second plurality of radiation absorbing

el ements i | |rst plurality of radiation absorbing

el enent s. Tﬂm?(ggl@ﬁmﬁ?ﬂékadi ation absorbing elenents has a first
radi ati on absorption efficiency, and the second plurality of radiation

absor bing el enents s a secqnd radiation absqrption efficiency apd an
effective atoni cBnifbr2sgeatierPresenh 1nWsaHeN PEOVidysqe seinhllator bavBE @ Ml ati on

absor pti on ghfkif) SRUAMRLS rhb%érbﬁ{gﬁ@feﬁfenfsh@&nﬁgx@ﬁn I $infiRSH! hReria®PBPT PLi ON

efficiency.” I'n & second aspect, e present 1 nvention provides a
sci nti | 15at ovonyentipg iradiatipn iato ighiy aldi  secofid phudilay obradidsimorabsoring dbements each

conprising .ap inner scinti.llating fi.ber . havj.n scintillating materi al
for conver tlpﬁ:&Splﬁggﬁﬁ 1Y% ﬁ?t ﬁrﬁti‘gﬂ?ilg'n(?fé'ﬁg%h?‘gra%?‘ggi“gt Flsmeis. g“ﬁ}go ’f§|; ng
cl addi ng swi@URHbNEdSRiof dbB6BIngSEembnts Ik laNBrst tIRtionSAsOptibA ¥fficiency,
scintill at;an% fiber having a first radiation absorption éfficiency, said

out er radi aaidotheasssendiphyality| eld sdinfionashserping slenwends hagliaasicond apdistien i on

efficiency ' QW G N r.greate n abo 50., and said
second r adi %? ??ﬁ&égi%rﬁ%ttc&\éﬁdgﬁ e ?té‘ﬁec%/{s%g’] %‘%“ﬁegr%%att%ﬂﬁ%%ﬁ"“g §|0tjm1‘d| b

radi atiion alesaidotradiationf hbsingtitgy effd@erchy whidhi isd gasipe Cthalf the hitrst Hudiatidon, a
radi ation inager, i s _provided, the radiation inmager having a |ight

sensi tive i3PaCfPHEN & CY¥and a scintillator, as noted in the above first
aspect, dispose ] | A4 L ' ' r l.n_a fourth
aspect of the. praccucRGR kel Wabrelealin SRR blotfick TRIRAaRL bipriifs

radi ati on ipleglty obnglidtnnghsoding iberss eadi tomeridimmgh ignear seitillating fiber

scintillatqr dispos .25 adjacent to said.light sensitive inagi .array,
said scint iqtfalV : SCHE_ PF%FWbé“laﬁgjr&%‘(Fétm%@eWgn&ng‘@ﬁf a“rdrFmsqqt‘Fr!ra‘ggB?rher
aspect @f tdhGorbiieeElhddiy sardBid sd‘i&hrfe?rsaﬁlﬂﬂatﬁlgsfﬁbé}g LAilah@d sciffBhigies

provi ding a_bundle conf*lprl sing afirst plurality of radiation absorbing
fiber having a first radiation absorption efficiency, said outer radiation absorbing

cladding having a second radiation absorption efficiency and an effective atomic
number greater than about 50, and said second radiation absorption efficiency being
greater than said first radiation absorption efficiency.

20 In a third aspect of the invention, a radiation imager is provided, the radiation
imager having a light sensitive imaging array, and a scintillator, as noted in the above
first aspect, disposed adjacent to the light sensitive imaging array.

In a fourth aspect of the present invention, a radiation imager is provided, the
radiation imager comprising: a light sensitive imaging array; a scintillator disposed

25  adjacent to said light sensitive imaging array, said scintillator comprising the above
second aspect.

In still another aspect of the invention, a method for forming a scintillator
includes providing a bundle comprising a first plurality of radiation absorbing
elements having a scintillating material for converting radiation into light and a

30  second plurality of radiation absorbing elements, as noted in the above first aspect,
interspersed among the first plurality of radiation absorbing elements, drawing the

bundle to reduce the cross-section of the first plurality of radiation absorbing elements

3



el'enments having a scintillating material for converting radiation into

: Ilght and a 30 second plurality of radiation absorbing el ement sMayaoonot ed
in the above first aspect, interspersed anong the first plurality of

radi ati on absorbing el enents, drawing the bundle to reduce the
cross-section of the first pI urality of radiation absorbing elenments 3 17
May 2004 and the second plurality of radiation absorbing elenents, cutting
the drawn bagdkg sdc@ﬁ@%)ﬁlrfﬂity' o rhdidtiH a&%%lhé? '&feme%&d ARMNRL IO IBﬁndlf:
plurality of sections forma scintillator having an array of parallel
first and s@t&@rﬁdphﬁditat@fosﬁcab@a;r@dngssembhwttbe phurBlityESf BRSORS AP foxnOrR THE

DRAW NGS FlI ro |on Lon af an

exenpl ary r&én&i%ait%nh%"ﬁlﬁaa% P 3ﬁ%rﬂ§§e Qﬁgr{flﬁfhgﬁmp%(’ﬁl@ elsments.a

enl argedg top view of the sci ntlllator shovvn in FIG 1; FIG 3 is an

enl arged, cross-sectional view of the scintillator taken al ong line 3-3 of
FIG 2; 3a BRIERRESSFIRTIOEONTHE BRAYING®wW of an al ternative scintillator
of the present invention; and FIG 5 is an enlarged, cross-sectional, side
view of one of fibers fornmi ng the scintillator shown in FIG 4. 5 DETAI LED
DESCRI PTI ON OF TFE. Il\ﬂéEd\I&'ﬂo@\Jsd%li@naH side viewe bbaposti@t ddD@aakxamelwyofadatiparti on
of an exenpl a% g iation g 10 of the present invention. Radiation

i mager 10 i He&THR Spg‘?ﬁﬁ‘gﬂ?‘éﬁn& B2 on which a |ight sensitive imaging array
14 is digposed, ppsl ﬁsfaheﬁ%rg%etﬂoﬁM&f&kké&hﬁna%ﬁsho%tlh%'Y coupl ed to
|ight sensitive imaging array 14. Desirably, arrier layer 16 is 10

di sposed bet weenFIG.ghts @eamhrgwdxerosmgutmgalaVIB'awf]the au:xdtﬂﬁtomﬂakd:ﬂ albog 1ih8 f or

protecting ;s rpyg, o,
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Ilght sensitive imaging array 14. As explained in greater deta|I below
scintillator 18 provides a high resolution and high | um nous ,sgintil
for,use in, for exanple, nedical inmging and desirably, indudt i MAY
using hi gh energy radiation such as x-ray radiation having energi es of
about 100 KeV or greater. 15 Light sensitive imaging array 14 includes a
plurality of photosensitive elenents or light sensitive inaging regions

that are typicall y arrariJéd 4 s raovep iy of OArll ANEMBHveS WEIBLNALE ot Zhe 'fﬂésent
exanpl e, each [i t se sitive imaging region typically conprises

phot odi ode d|§ r a bottom contact pad and bel ow an upper
“conductive Iayer The upper conductive l[ayer commonly includes a

transparent 20 conducti RGIE! &f aAl entatgtl, ac?oésnéycflé;ﬂatl' BaOXide & ofd9 fibIéFsl nA

suitable light sensitive _inmaging ar r@/ di sclos€d in greater de
U'S. Patent Ndomingéie sspgillator saewnin FIG.<eintillator 18 emits opti cal
photons or visible light in response to the absorption of incident

radi ations Th%mﬁﬁﬂn%@k@bﬁéN%ﬁﬁbﬁM@ﬁwat es barrier |ayer 16

i mpi ngi ng on light sensitive Imaging array e 25 inpingenent of the
light results in voltage |evels that are periodically read and interpreted
as digital data. For ex&hgl bis? pglﬁs-smsalt\nw of aggrtg efranaqxeﬂ‘@lamyadimonrmde

operable via Ie el e tr| rCU|Ir |nes

thin film tr grgdsl f‘gp Sr sﬁ?‘%’%ﬁé}?m nvat ﬁ?n‘i %'Fﬁzo %Eﬂ"éfﬁ* Ftrzﬁ%t é’i“e
in greater detvandhahglamehaﬁye fmbging aphi a4 1§Gispbsekll addoa fib& Miccslhﬂtﬂ'ﬁ{dﬂci%s a
first plurali radi ation absorbing elenments 20 and a second plurality

of- radi ati on Qﬁts‘?ﬂ”% oypled é%ﬁ?'sse&‘é‘tﬁvﬁﬂ@ﬁélﬁéragéﬂ 14ndiegiretle 4 barsier lagenutéaisi t y
of* firstyy adi atsb@&d%%%éw lﬁglt%%ﬁﬁﬁvé ﬁn Brad Nl San@XQITR nﬁfo}‘ 1%‘3 b u'ec?%}n ’

the 5 first and second plurality o %@a%laon absorbi ng sTconprrse a
plurality of lightrsghsitive fraging afray rlréd Asmlmdan@gatcrﬁetalléﬂsml mntﬂlla&)r 18 -

plurality of E)?oq)lc?ets' Ong%br%%lBﬁ&g agd%nglptl&m%%ué scm{fJ Hator for use in, for example,

medical imaging and desirably, industrial imaging using high energy radiation such as

x-ray radiation having energies of about 100 KeV or greater.

15 Light sensitive imaging array 14 includes a plurality of photosensitive
elements or light sensitive imaging regions that are typically arranged in rows and
columns on substrate 12. For example, each light sensitive imaging region typically
comprises a photodiode disposed over a bottom contact pad and below an upper
conductive layer. The upper conductive layer commonly includes a transparent

20 conductive material such as indium tin oxide or the like. A suitable light sensitive

imaging array is disclosed in greater detail in U.S. Patent No. 5,401,668.

Fiber optic scintillator 18 emits optical photons or visible light in
response to the absorption of incident radiation. The emitted visible light then
penetrates barrier layer 16 impinging on light sensitive imaging armray 14. The

25 impingement of the light results in voltage levels that are periodically read and
interpreted as digital data. For example, light sensitive imaging array 14 may be
made operable via suitable external electric circuitry, e.g., data lines and thin film
transistors (TFTs).
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first plurality of scintillating fibers, each of which include a respective
scintilllating core 24 with a respective first refractive index surrounded

by a cladding 26 desirably 10 having a second | ower refracti [ ; re
24 desirably includes a lowdensity glass doped with a sci nT?I Mﬁ%ggm

material. For exanple, the scintillating fibers may include a
terbiumactivated or gadoliniumactivated silicate |um nescent glass core

and a silicate glass cl addiSn® aAdyRMHAGEAISHY grddver USitald @xérx@ﬂ%&eg?éé Yptic

glass, the scintillati r&%@rra_t erial provides a higher conver bsor bed
radi ation i nt sCglptonl8 whichireludessa Bestplarality obraditioy absdrbipi-ettemsits 30 aridass.

"The second pl J 4t : I 2ty | | s 40 include, for

exanpl e, a pl &%quldt %/ﬂuo llt%?g-%gilaﬁtg T ﬁ%g‘??’%n ? 1|e grg{sge@)ﬁ’f)tﬂsg?rﬁ é'lmTﬂnéht- ﬁetr-lféf ty
glbassb Desi r eptbhrylétytcrfeﬁﬂﬁt gﬂdiaéibnsalbsgerﬂga?&néms abﬁQnﬁEngﬁlempIahy i@ﬁnﬁ@étbﬁ@ﬂed
absorber to ahsor i ._,Adyvant ageousl y,. the high-density gl ass provides
a great er§ r aditth gt 5&?2’8& d’thilraﬁg’ ?ggaég?qoé‘i ahseiping EQMPHE BInlrglityt of of
scintillating pfa}abl@rﬁber&drfrggliﬁorahgh‘ag_ensi ty glasses include flint glass or
| ead crystal containing |lead oxide.” O her suitable high-density gl asses

include gl asses having an effective atom c nunber (Z) desirably greater

than 50, e.g., high-dendiof §xanpieche phudiy of mdiionabservingzigeynts g0 atcludera

(Z=78), |ead o : Fingd.| il - .
G assbs,  dosi fah buraliy of REIARE HLe:e, HERE which bluadla ISAEE 3R tUting
about 80 per cente 3 with atrespgtresiimhrbfmbive indox pararred b aadiadding06 deviabRt  of
one or e substances haying a tom ¢ nunber .greater. than 50. Suitable
opti cal W%bso?!’B‘(‘Hg %e[cgpcfiqvg&f %Ffagtb‘?o’ﬂ‘ﬁ%g 'f'izga‘%s}rfidﬁtmﬁ?lﬁé?%ﬁlé?w‘ﬁjé’r‘s’ty
exanpl e, i ncophes AbpaDwithOfimillagnpahdteridll OFérh&aMpgé}ftﬂtﬁ@&hﬁHatﬁ{gaﬁﬁers mayL/

r

MAY 2004 By providi ngt; the non-scintillating fibers with a greater radiation
absor bi ng ef f ARGy trbivgn-activatedyar gadobnivartagtivatednsilieate dnmingscentiglads pere

unit volune) ahfansiiibfe SFisQtd | NG\ £ it HS ipleqto. ase the
absorption of radi sélgli o%sggf:ggtdﬁéedd% ci %\tcka{i,%%%’rus inErl]:) r%sglgéat ﬁgﬁ %érnglgtk&%esg’sﬁ]&
i Il um nation efintiladingchaterial provides amigzhien comassion bE absorbed radiation into optical

15 photons compared to using a high-density glass.

The second plurality of radiation absorbing elements 40 include, for
example, a plurality of non-scintillating fibers comprising a high-density glass.
Desirably, the high-density glass is also doped with an optical absorber to absorb
light, Advantageously, the high-density glass provides a greater radiation absorption

20 efficiency compared to the plurality of scintillating fibers.

Suitable high-density glasses .include flint glass or lead crystal
containing lead oxide. Other suitable high-density glasses include glasses having an
effective atomic number (Z) desirably greater than 50, e.g., high-density glasses
containing barium (Z=56), platinum (Z=78), lead (Z=82), or combinations thereof.

25 For silicate-based glasses, desirably, the high-density glass comprises about 60
percent to about 80 percent silicate glass and about 20 percent to about 40 percent of
one or more substances having an atomic number greater than 50. Suitable optical
absorbing materials for absorbing optical light include, for example, incorporating

iron or cobalt into the high-density glass.
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5 resolution of the scintillator conpared to prior art scintillators. In
the sci.ntillating fibers, the absorption of inmaging radiatiog Zs if@gjly
via.Conpton scattering interactions, i.e., a portion of the en B@Rgf F
X-ray is inparted to an election with a resulting reduced energy x-ray
(i.e., Conpton x-ray). As best shown in FIG 3, an x-ray Ainters a top
surface of scintillator 18 and is 10 absorbed at a point P in core 24 of

the scintillating fiber Begpubtiding the ﬂo@ﬁﬁﬁ%mﬁ £i8¥rs @'ﬁﬁ' @r% E:ﬂ@ir GAdifbn

el ectron which i nEeracts with the scintillating material
scinti || ating #suRINg afficiensyt (et ¥-6ays qbﬁ@nb@dasn a gnajerial mgmrqdages upit mimtnep

‘Light ray L1, { l; . SLdL .cal

internally ref ect egagtlﬂﬂ“%qe%'?% 1213%0 to EI{E?&%% P’r%oms%rp %’f ?%‘}%H%J ieheof
scintillator 38intillatghtinereaseltBe bnghth&ssd»falﬂurmmaﬂ@ mb scigfikabs and tfedsd the
critical angl eF&p? ses hro fﬁﬂ he scintillatin r%; r and continues

t hrough atj acéfit’ Erq St léqucﬁgﬂpgreﬂﬁ?i)}"oﬁ? §cg.nt fbed by a

hi gh-density glass fiber. Another function of the plurality of

hi gh-density glass fibels the $chntilRBBST Hbded MHeO BbsbrptANS of Anfiging CRARIRA ¥ ' ay
R) which travel through_ the scintillating 20 fibers until they are absorbed

by a hi gh- den§PF§ﬁ“@[ waLampian scatieEns IteRpEes. ie.r apertionjof the, enemrqfta@rx-rayr ay
cross-talk,' i 1] at
(e.g., across rru ti p? E@%ﬁ("%l%@tl ng%girgﬁlg néaﬁggccfrgge?g%g ’{]ﬁgq Sgﬁmp%gn {6V ‘t he
scintillator. PLSelsaSt sliviwn it FEGr atmnxerhym ghtedeasog yurficass deitidlawrtl® and is
scintillgting, ensi.ty fibersg,i 1.to.2. 25 Still another ~
functi onﬁ%f tR & ]i’q.ﬁiragl 3 Oym%%‘ 1nhq06?1§68ﬁg1ets§1rgx|llaggg ﬁ%%é?%‘ltl‘%g g 8 PHEBASEY he
radiation stopping peezedlelddi@nSwhithi Intéahas - w1ﬁprth@>§@11ﬁﬁllﬁ’tmg( el anV‘T}ieCh
Interact with hlgh density gl ass fiber produce high-energy el ectron showers

S, which int &iggtating fémjr%t%wmtwﬁmhnhomnﬁn@g; lightr mypLddadilg Lngghrayrlays
e.g., light rayiks t‘ﬁﬂ'aﬁ%l g'l'&%rec thter} tx?&i_/ﬁggk:}:?%ﬁﬂglhl WHBR0 SR 42

scintillator. The el ectron range
and ermtted from a bottom surface of scintillator 18. Light ray L2, emitted at an
15 angle greater than the critical angle passes through the scintillating fiber and
continues through adjacent scintillating fibers until it is absorbed by a high-density

glass fiber.

Another function of the plurality of high-density glass fibers is to

absorb Compton x-rays (e.g., Compton x-ray R) which travel through the scintillating

20 fibers until they are absorbed by a high-density glass fiber. These Compton x-rays,

le., "Compton x-ray cross-talk," would otherwise have a very long range in the

scintillator (e.g., across multiple fiber dimensions) and degrade the resolution of the

scintillator. Desirably, the ratio of high-density glass fibers to scintillating, low-
density fibers is about 1 to 2.

25 Still another function of the plurality of high-density glass fibers is to
increase the radiation stopping power of the scintillator. For example, x-rays B which
interact with high-density glass fiber produce high-energy electron showers S, which
interact in adjacent scintillating fibers producing light rays, e.g., light ray L3, which

increase the brightness or luminance of the scintillator. The electron range for
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el ectron showers by high energy x-rays, e.g., 100 KeV, are of the order of
about 50 microns to about 100 microns. Hence, if the fiber size is of the

or der 'of 20 nmicrons, nost of the electrons will escape the hgg‘rlwﬁgpg(&zr
. . : > . el _

gl ass fibers and produce light in the scintillating glass fi
4 and 5 illustrate an alternate enbodi nent of a fiber optic scintillator
118 having a plurality of double clad radiation absorbing fibers 130. Each

o, 1201 a1 on, SHS0 0, Ly kRS I ARER, S5 b i bl 12

surrounded by an ou I on

scintillating rﬁich&rs td 2Boud 460 rmaiatons. mw iS@% fibep 6izBld bi @Jelorﬂ&rgjlf@ssmfcfd?@r
"core 124 with a Io%eg%%tlcal i ndex glass cladding 10 126 to j ncrease the

critical angl én9%pPtt Hans wél pecaps Bis hgh-fengHy glass fibers aad praduemlighilia dheni ng
cl addi ng 140 %ﬁﬁﬁ@@ﬁ@/glgégrfmeysses a high-density glass as discussed above
In greater detail. As also discussed above, the high- den5|ty gl ass cl addi ng
Is desirably doped with optical absorbers to absorb Ii em tted outside
the critital angle of tH8GSsdi ard |5 Hhustigfefamakiernats emb weoﬁ@uﬁb@ eptied

radiat i on absqhiiaets sl R drTbiti R ABL MR E R B0, Blss!

t he hi gh-densi clfoser~proximty t e ScCI

so that high exﬁeacgytuﬁi &’usb:rbmg ﬁhmﬂBG 1mlihdes laa indidriscineiflating €iberp] 20ckutouhdiel
scintillating.fibers requi, r one

|l i f .onl
Cype. thereby YA PiiELERRGOE AR ERGRSNG iy prbSescin g dbeo o barsmpor
the scintill atgmprifesiiciiafifg gfaabﬁb&%wgwwﬁﬁhrﬁwérl @h@ﬁi iRliext glsssma%aﬁig

I nvention includes formng a relatively small nunber "of elenents into
bundl e, ki ng IRédo apgasenibeheriicehangle Hes lllitélmbrfrﬂelchemqfrhgilta (Blﬂtglhtadmm e

and t hen drawi e 0 ?ﬁﬁi iy h r
bundl es into & g&ﬁ“ﬁg éfmm gﬁsosg%\?P&gm SLSS ec ons ﬁ% falé% tﬁ? ag’Pﬁsggdr gt’%b’%of
fibers which angrdamaﬁethﬂse\d a&mdilsmmseﬁrab(was ltI&Hﬂgh-Eaﬂsmy@aﬁQlaﬂdtlinlghsiﬁ@lirasllyovm
'n FIGs. 4 an%ogéd % opglcgl a%sor%ers to absorgqight emitted outside the critical angle of the

scintillating fiber.

15 The double clad radiation absorbing fibers of scintillator 118 has two
advantages. First, the high-density glass is in closer proximity to the scintillating
fiber so that high energy electron showers will be efficiently coupled to the
scintillating fibers. Second, the scintillator requires fibers of only one type thereby

facilitating the manufacturing process (discussed below) of the scintillator.

20 . A method for fabricating a scintillator of the present invention includes
forming a relatively small number of elements into a bundle, using heat and
mechanical means to form them into a tight bundle and then drawing the bundles
down to small diameters, cutting the fiber bundles into sections, and assembling the

sections into larger arrays of fibers which are heat fused and cut into slabs.

25 For the scintillator shown in FIGS. 4 and 5, the initial double clad
radiation absorbing fibers are formed, for example, by inserting the scintillating fiber

inside of a lower optical index glass tube and then inserting the assembly into a larger



radi ati on absorbing fibers are fornmed, for exanple, by inserting the
scintillating fiber inside of a |ower optical index glass tuieg g&?@?]
inserting the assenbly into a larger -7 1 7 MAY 2004 hi gh-dens$i 3\2 a ll'
tube. This assenbly is then be heated and drawn down to a smaller dianeter
either before or after assenbling into a fiber bundle. Thus, while various
enbodi nents of the present invention have been illustrated and descri bed,
it will be apppgkeieadigdelid thh0SFhiskdsbhBH il RN, mag}ggﬁ and
nodi fications _?ray be??rgade thereunto w lti’hlgt?%éng% Ha%?{eldtr?gépf om t%@ spiri fer and
scope of the Hiamster pier beforapyaiay@asemblingtnto b fiber buadiei | | at or conprising: a
“first plurality of radiation absorbing elenents conprising a scintillating
5 material for converti r aqiaty ' . ; second .pl ural ity of
radi ati on absorbing el e%f gﬂ?l%?ggg%ge%gﬁalggﬁg{ﬁgoégg(??esﬁ?tulpg?rftfoy?%we bedn

radi ati on absilniiaied enddesctibed,stivill be mppreplatedatoi thyseoskilleidinathe aft BhbsSRER Ng

el ement s_havi a first r.adiation bsor,ption effi.ci ency, said second .

ol ural ity of FBBPS I matEG R e B RREE tetmiy wittodoldarindrom dhahish
absor pti on efdndacepecyf thothvati®f.f ecti ve atom ¢ nunber greater than about 50,
and sai d second radi ati on absorption efficiency being greater than said
first radiation absorption efficiency. 2. The scintillator of claim1,
wherein said second plurality of radiation 15 absorbing elenents are
operable to absorb radiation via a photoelectric effect and produce a
plurality of electron showers convertible to light in said first plurality
of radiation absorbing elenents. 3. The scintillator of claim1 or 2,
wherein said first plurality of radiation 20 absorbing elenents are
operabl e to absorb radiation via Conpton scattering, and



wherein said second plurality of radiation absorbing el enents are operable

* t.o absorb radiation generally from Conpton scattering in sai?iMay2804
plurality of radiation absorbing elenments. 25 4. The scintillator of claim
1, 2 or 3, wherein said first plurality of radiation absorbing elenents

conprise a Ei‘lﬂgrk-ér-'ty of scintillating fibers, and said second plurality of
radi ati on a lg el enents conprise a plurality of non-scintillating

fibers, wherein said non-scintillating fibers have a fiber size of about 20
mcrons. 30 5. The scintillator of any one of the preceding, clainms wherein
sai d secondl- pl updcintiflator coraprisiagion absor bing el ements further conprise an

optical absorbin MRy r . rei.n.sai i . i ng
material is sel egt%atl Elr om ﬁogolég%ﬁégcalggé?g%nglﬁﬁeg? ‘?Or"g)r%% P&(ﬁ)ggcflﬂﬁgaﬁég
conbi natd onmatehiel f20 tonvertingvadiatiominitd lightpandf any one of the preceding
clains, wherein said first radj ati on, absorbi ng el enents

pluraljty 5 of .
conprise a | ow d&fgsong id}lﬁ%lg/ REfedistign shrarbing glegentsnigntessngrser i among said
radi ation apsg Ii?*&%raﬂiaﬁﬂﬁ%ﬁ%rﬁﬁmehéﬁtsa hi gh density glass material,
g

wherei n sai ensity glass“material conprises material selected from
the group consistid dystoplutzdity wihragibthén absorbihg adiemantsl havinpi an fitst cradiatiier eof .

10 7. The sgintill at.or. of any one ,of the ecedi ng, cl.ai ns, wherein said
first plur a?ctisf’?tm&fe Gt FEH%( Sﬁ‘f?é‘érp&'ilrﬁgtyegéﬁ@’ﬂpgn MP& glegienfshavingdie of a
| um nesment sdefid kdditioACAsHpkiBH BfidsteyBldesd affe@iVg didticNRMAR P ereater than

gadol i nium activated glass material, "and said second plurality of
radi ati on athwot b.rapdehishesnend radintioh ebsaaptiaraeffioleneiebejhg geeatentlomi wid fiss 8. A

scintillator ,c rd sing: lurality of radiation absorbing fibers, each
conprisin {51%1 |1§ﬁ3¢§°§@%’ﬁtel%ﬁﬁg?{yng fiber having a scintillating materi al
np g

for converting radiation into |light and an outer radiation absorbing
cl addi ng surroundi ng said inner scintillating fiber; and said_inner

scintillatifg fibes SeBlAgr of icladm | aghersibnsaibssepnd plrralityi of andiptionai d
g g out g{]sc;aﬁasa%w@] eRRRAPIB bpetBHA N B RAY 1 DatPonS 65 O BB Akl WP SRS PL T ON
produce a plurality of electron showers convertible to light in said first plurality of

radiation absorbing elements.

3. The scintillator of claim 1 or 2, wherein said first plurality of radiation
20  absorbing elements are operable to absorb radiation via Compton scattering, and
wherein said second plurality of radiation absorbing elements are operable to absorb
radiation generally from Compton scattering in said first plurality of radiation

absorbing elements.

25 4. The scintillator of claim 1, 2 or 3, wherein said first plurality of radiation
absorbing elements comprise a plurality of scintillating fibers, and said second
plurality of radiation absorbing elements comprise a plurality of non-scintillating

fibers, wherein said non-scintillating fibers have a fiber size of about 20 microns.

30 5. The scintillator of any one of the preceding, claims wherein said second

plurality of radiation absorbing elements further comprise an optical absorbing



and an effective atom c nunber greater than about 50, and said second
radi ati on absorption efficiency being greater than said firsy Magdioatti on
absorption efficiency. 9. A radiation imger conprising: 25 a |ight
sensitive imaging array; a scintillator disposed adjacent to said |ight

sensitive ipmagin rray, .sai scint.illator.conprising: ,a first plurality
of radiati olr?ae%?ggr eﬁedX gepélggﬁ?aé aﬁ@ﬁ%lpggfah@aélss%reﬁhﬁﬁcg{l iﬂ??ggroﬁﬁf%r%?sg‘lngf or
converting bofigdmlchbbdlt, afd Bohbi@hfionsahdles® a second plurality of radiation
absorbing el enents interspersed anong said plurality of radiation
absorbing el enents; 10 17 May 2004 said first plurality of radiation

absor bi ng ekenen | ' radiation. a rption. effigien ..said
second pl uréil [ tyhg? chqfétjg?hg?r?o()fi]ahg%)égp ﬁﬁ@%&@%@ Sa‘\ilvlhﬁrﬁlnasaldngSgRﬁX?lg&i ation
absor pt ifon efhiiatienaysodhidg alenehis@otnpyice alowidendity ek ngit@al and sdidBecoalout

50, and said s _comii r%gi_at iagn bsorption efficiency bei ng%greater t han said
first 5 raPPEAS Rt 48<i8HoR aBsprbing; elemppty  comprisgfe highgdensity rglpsvampeteriak, cl ai m

9, wherein bl see al | ad}.at. i ' I
operabl o to" Shoar GRERGRISE ploks RltckBfl b (HGH ARG I HERLE,
plurality ofonsisting pObarsimgweatsiung deadeartd doindbitasions gletedfn said first plurality

of 10 radiation absorbing elenents. 11. The radiation imager of claim9 or
10, wherein said first plurality of radiation absorbing elenents are

oper abl g t07.ab50’[’ﬁe_§éiﬁﬁll9attérftﬁ_aﬁ?!ﬁﬁé B iR prbRdfrnaMinR, WAGkISald Hrst fa'ﬂ&iit erein
said second plurality of radiation absorbing elenents are operag e to 15

absor b Conpelorrdiaiignaatisorbing slen@otspcemprssatt Bastngnd of salwhihescent frhinmbity of

diati [ | . Th i ati . f cl.aj .
2 Wher o U oS FlaERP A abitncLONE oS Bton M B0 Blao bbb wid oy 5
a pluralityseabndplurility bbdatiatioh kbeklsing sRehehfi cmprise a lead oxide glass material.

15 8. A scintillator comprising:

a plurality of radiation absorbing fibers, each comprising an inner scintillating
fiber having a scintillating material for converting radiation into light and an outer
radiation absorbing cladding surrounding said inner scintillating fiber; and

said inner scintillating fiber having a first radiation absorption efficiency, said

20  outer radiation absorbing cladding having a second radiation absorption efficiency
and an effective atomic number greater than about 50, and said second radiation

absorption efficiency being greater than said first radiation absorption efficiency.

9. A radiation imager comprising:
25 a light sensitive imaging array;
a scintillator disposed adjacent to said light sensitive imaging array, said
scintillator comprising:
a first plurality of radiation absorbing elements comprising a scintillating
material for converting radiation into light; and
30 a second plurality of radiation absorbing elements interspersed among said

plurality of radiation absorbing elements;

10



20 second plurality of radiation absorbing elements conprise a plurality of
non- scintillating fibers, wherein said non-scintillating fipemayl?ase a

fi ber size of about 20 mcrons. 13. The radiation i nager of any one of
claims 9 to 12, wherein said second 25 plurality of radiation absorbing

el ements further_ g rise an optical absorbing.material., wherein.said
optical absorbi n.%a“ﬁg?%trﬁgfa%% 055?@8?% aﬁ’?o(S Eh%e@?ﬁﬂﬁ’agﬁﬁs? 21'[r§tnr§d1a§pni ron,
cobal t, andaseftionaffiescy! BAd @edond Jhraliieof Rdiadibh aﬁsdrﬁiﬁg%len@ntsaﬁ%iﬁg;_& of
claims 9 to 13, wherein said first plurality 30 of radration absorbing

el ement s co¥RsPRd eadiatiogabsepsipn eifigiency angt an pHectivaditemicdnwelbsy rpteatéruthani ty of

oy 2004 wherd A0 a3 RERLARMh SPRiol MGV e 502 R & B T

sel ect eds f radiatibe absopption efficisnst i ng of barium platinum |ead, and
conbi nati ons thereof. 15. The radiation imger of any one of clains 9 to
14, wherein said first plurality 5 of radiation absorbing el enents

conprise atqd ea : ] t L; | 1.3 | al and
| um nescentldgjado |éﬁ?ﬁﬁ@%@?ﬁfgﬁgfeg@g@g’Rn@%egé#%@c%ﬁéﬁigﬂﬁ%@e%o%%g%r ality
of radiati cabsatbiny biemgnis| aewpemblotpabsoed aadistih ol 4lghofoalesirivadfict ahd 16, A

radi ati on i mager copprising; 10 | ight sensitive inmaging.array; a
scintillat ol?rogﬁ"'sep%gglga]’é}flf’gg@ﬁ?o? Sﬁ%’“& d ‘]‘qndﬁlftﬁ’i‘?eﬁ‘sh%l}t\}% S?‘Ha%rlshbluéﬂl%?,f sai d
sci ntil{eat ofadzasRabsBIAs cRmRhidr al ity of radiation absorbing fibers, each

conprising an inner scintillating fiber having a scintillating materi al
for converting radiation into light and an outer 15 radi ation absorbing

cl addi ng suryoungdi ng.said.inner .scintjllati f.i ber;. and sajd inney.
scintillati ng f{lﬁ%ﬁ%ﬁﬁgf’%‘nﬁgﬁf iof §F“ add?raﬁ’ B‘H’%éed’é S?IBtﬁfgtquWﬁ*Yc‘?flefﬁ@’ﬂ{m% ai d
out er radi aaﬁsmiragbaaﬁait@grecdgaﬁh@lm BBt Radiati e SR EhI I AdA BbinpibredaRéritgl ON
efficiency, and said second radiation absorption efficienCy being dgreater
t han sai d fandsyhersin said speond plurality of radiation absorbing elements are operable to

15 absorb Compton radiation from Compton scattering in said first plurality of radiation

absorbing elements.

12. The radiation imager of claim 9, 10 or 11, wherein said first plurality of
radiation absorbing elements comprise a plurality of scintillating fibers, and said
20  second plurality of radiation absorbing elements comprise a plurality of non-
scintillating fibers, wherein said non-scintillating fibers have a fiber size of about 20

microns.

13.  The radiation imager of any one of claims 9 to 12, wherein said second
25  plurality of radiation absorbing elements further comprise an optical absorbing
material, wherein said optical absorbing material is selected from the group consisting

of iron, cobalt, and combinations thereof.
14.  The radiation imager of any one of claims 9 to 13, wherein said first plurality

30  ofradiation absorbing elements comprise a low-density glass material and said second

plurality of radiation absorbing elements comprises a high-density glass material,

11



absorption efficiency, 20 wherein said outer radiation absorbing cl addi ng
has an effective atomi ¢ nunber greater than about 50. 17. ATRIap@do4 or
formng a scintillator, the nethod conprising: providing a bundle
conprising a first plurality of radiation absorbing elements 25 conprising

oiurality of PR B bleh.deoli EREY SeleraRe it mifled afienisd tipes Ml Srofa, "
plurality otonsistiflz df bafurd8alnvin) Gead] MBEIHindtdRs Hietsr pl urality of

radi ati on absorbing elenments having a first radiation absorption
efficiency, the second plurality of radiation absorbing elenments having a

second radi a¢i on ' f 1Cl . a fftective. 30.atom nber
greater t haﬁg'aboaﬁpg%lsﬁghg&tag% dsf(e:‘lggr%g‘g P gg I’y Qgﬁo gg’s‘gb?ff ﬁndsﬁl(gﬁ?spgﬁléﬂ@ _

bei ng great ef radiaiont iﬁsoﬂjimgtelenwﬁtsab(mﬁpdw; b ﬁdaﬁ:?@lya oi%l ﬂuYnif{_asxéelaOfQﬂ)idzgath ng
the bundle to reduce the cross-section of the first urality of radiation
absor bi ng e?%%wgéfaéﬁﬁlafwl %‘éﬁ’é‘ﬁﬂn“p‘??%ﬁtﬁa@‘?lyll‘é‘ﬁ'qcﬁmtﬂf glops mplsink prdysaid

el ements; c ' . o I i ti X

Rssenbl i ng. Hioohdpiuk iy OF ABRBH BRofibRLfinfinl it V1O AR MBS
array of 5 parallel first and second radi ati on absorbing el enents. 18. The

met hod of claim 17 d.vxﬁnerei nthe first plurality of radiation absorbing
el enents cobpri s8 AYBYOR MASETCPRPESHFer s, and the second plurality of

radi at i absorb&nghtﬁﬁgﬁmgﬁﬁ%g%?gg%%§e a plurality of fibers, wherein said
second plurality of radiation” 10 absorbing el ements have a fiber size of
about 20 mi cronsa st@tillatiee dispobesd adjhcank 40 makl7 light $@sitiveeinsiging hea¥,i sad
plurality of . Latli . absorbing el enents conprise a | owdensity gl ass

mat eri al angnﬁﬁ%hgéggﬁamﬁgUrality of radiation absorbing elenents
conprises a hi gha gidity yf gdasion Micbing! fibevd) @A dbnsistheld MhahscHfiMBlihy 9! ass
material copprises material selected fromthe group consisting of barium
pl atinum | 8% haxig & seipiilalingdnateriplefos gpnverting radiation into light and an outer

15  radiation absorbing cladding surrounding said inner scintillating fiber; and

said inner scintillating fiber having a first radiation absorption efficiency, said

outer radiation absorbing cladding having a second radiation absorption efficiency,

and said second radiation absorption efficiency being greater than said first radiation
absorption efficiency,

20 wherein said outer radiation absorbing cladding has an effective atomic

number greater than about 50.

17. A method for forming a scintillator, the method comprising:
providing a bundle comprising a first plurality of radiation absorbing elements
25  comprising a scintillating material for converting radiation into light and a second
plurality of radiation absorbing elements interspersed among the first plurality of
radiation absorbing elements, the first plurality of radiation absorbing elements
having a first radiation absorption efficiency, the second plurality of radiation
absorbing elements having a second radiation absorption efficiency and an effective
30  atomic number greater than about 50, and the second radiation absorption efficiency

being greater than the first radiation efficiency;

12



20. The method of claim 17, 18 or 19, wherein the drawing further conprises
heating the bundle. 20 21. The nethod of any one of clains 177 May2004
wherein the assenbling conprises fusing together the plurality of
sections. 22. A nmethod for formng a scintillator, the nethod conprising:

25 providing a buyndle ri.sing ,a urality of radiatjan Sof bi.n

£+ ber sconpr st not A HEPREUE KT oo tndcRist oty dr e i BBy B g
materi al f osbsofdyy €lbinkmd ahd tHeadbt@id plivality dfHhdiati@ebsarbigiélemenitadi at i on
absor bi ng cl addi ng ;surrounding _said inner scintillating fiber, said
scintillating fi%ghn&ﬁ»@idﬁ%bmdl@m apluality of sgstionpendn  ef ficiency, said
outer radiation ' | ' e . radl at | absorpti on
efficiency and a%ggrﬁ?lgﬁg 1?133)'1%? gt%n(% Sﬁgt%lggo 3?@‘61@%?3%{“%‘31%*0?58%‘@3 gég,aﬁaﬁgfs aid
second radi pdralded fadimad pédond rafidticn sbeerpipedlargegs.eat er than said first

radi ati on absorption efficiency; 13 17 May 2004 drawi ng the bundle to
reduce the cross-section of the plurality of radiation absorbing fibers;
cutting theyigra ' : | f ' : :ng the
i al Ty of sectTOAMAE pELAIR B’ difeih tn riplH0 of RatlaRa el g

par al | el r aelemtite nombpesr bplacplity bffilsers, 28d the sscomt plhtadityof ratiiatien albsorfiagt ur e

i | ud th t hod of. any .one of ains 17. to. 22. 14 Y 2004, H GH
RESCLUTT ON ARPOR GRMPERF RAREEingef %WELNF@F?%NH%&BP%P@@%M%ER&HEWL OYI NG

THE SAMD  absorbing elements have a fiber size of about 20 microns.

19.  The method of claim 17 or 18, wherein the first plurality of radiation
absorbing elements comprise a low-density glass material and the second plurality of
radiation absorbing elements comprises a high-density glass material, wherein said
15 high density glass material comprises material selected from the group consisting of

barium, platinum, lead, and combinations thereof.

20.  The method of claim 17, 18 or 19, wherein the drawing further comprises

heating the bundle.
20
21. The method of any one of claims 17 to 20, wherein the assembling comprises
fusing together the plurality of sections.
22, A method for forming a scintillator, the method comprising:
25 providing a bundle comprising a plurality of radiation absorbing

fiberscomprising an inner scintillating fiber having a scintillating material for
converting radiation into light, and an outer radiation absorbing cladding surrounding
said inner scintillating fiber, said scintillating fiber having a first radiation absorption
efficiency, said outer radiation absorbing cladding having a second radiation
30  absorption efficiency and an effective atomic number greater than about 50, and said
second radiation absorption efficiency being greater than said first radiation

absorption efficiency;

13



ABSTRACT OF THE DI SCLOSURE A fiber optic scintillator includes (18, 118),

for exanple, a plurality of relatively |lowdensity glass scinmayloabing

el enents (20, 120) for converting radiation into light and a plurality of
relatively high-density gl ass radiation absorbing elenents 5 interspersed

anong the pluraliity.of ,scintillatin | enents (.20, .120), The hjgh-density
gl ass radiation Q‘&?&?%ﬁ?gé‘&d%f@“?%g?e SRy SqcHen of dhe plpsality r‘gtuy'%glag%i ng
power of thghsofifihgfibérs:at or and al so produce el ectron showers which interact

desirably in adjacent " scintillating el ements (20, 120) to increase the
| umi nance of t hecwtngtheidrawmburdi@intd 4 gluralityhésaetighs; dedisi ty gl ass radi ation

absorbing el enents _also abhserb.x-r cross—talk from,10 absorption of
radiation in t hegsss?:rlnirjlﬁlilg ?‘ﬁt??‘ﬁghgéﬁofﬁé?ﬂ"’&s?%‘?“ﬁ )SC‘QHnHat&EEFYIH%F? AELOfide
opti cal mbspdrbigel sadigtiondbserbhigfbeppt i cal cross-tal k, both of which inproves
the resolution of the scintiilator (18, 118). The plurality of
scintillating elenents (20) and high-density glass radiation absorbing

o ement s (48], LA iNPYRAL Bk nodR e MO bl ol BRI o

| ow densi t ytofl2zass fi bers (120). Figure 1.
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