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New liquid scint.illators for filiereoptic applications®
S$.S. Lutz, L.A, Franks, and J.M. Flournoy

#G&G, Nanta DBarbara Oparations
130 kobin 11ill Rnad, Goleta, California 93117

P.B. Lyons

Los Alawrns Mational Laboratory
.0, I‘ux 1663, Lox Alamos, New Mexico 87544

Abstract

Noew Jomp=wive tenqth=cmit e ing, high=rreod, Yiguid seintillators have Been developed ard
taitored speci ieally for planma diagacslico experinenl s omploying fiber optics.  Thesce
scintillators of for signifleant advantages over cormereially available plastle scintillatore
in torae of sonsdlivily and bandwidth,

FWIR respoase Llees g (Lal as 350 ps have been peasured.  Eniseion spectra, time
roegponee data, snd relative sensitivity icformation ooe presented.

Tulroduet ion

Low=1ouk Gt ical fibhers are finding inereasing ajplication in plaswa diagnostice, partiz-
ulim ly when wide bandwidlh aml immanioy to electrowsnet ie interforenee are requirced.  rhe
filvas noamally serve to Lransmit a lichlt palae, generated in o cadia’ ien-to=-light converter,
to a rernta phintndetortor, FPov the dotection ol high=oneigy clectrong or camna radlation,
the Coerenkov Tight gqeneraled in the fibea dtenlf dc aflen sufficient for eha weterizacion ol
the radiation ervivourent . For ueutson detectiaon, organice seirtillaters (Tiguld or plasiio)
ate wred bee ous o ol their B reatvea crenasneet lone !

Thoe el ficienesy o quarts Tileeen tar Cipal trarpaminnicn dejpenans vory shranely on way
Jength, e optical atlemetion due To favicigh neatlerina varien approxis o 3y ag 74,
Materdal dicpeasion, whichv o seriben th - varial i(_‘m in Lonseission Cive cor wighals of dif-

\ -

forent wovelongbng, vinde:s pprogime tely an .2,

Moddal diggrernion, the wariation of Uae propagqat or Live tor dbifioreat (i meden, i
alw wave lenart bopepeent s Fiteo, e cterent by arr i b e wlbth vl Frrcvidthn $ oxoc e
el one Ghe=Li ol a5 e Thie can Comeaae 1o ielow 200 BEa-kne ot GO0 nne Lo vaveson ith
erdntion and shoat decay Live i the Crentdueor are thus contral ta optaral e orianee,
Whi e Ul catael seint i bate s povame ey are dictated by the apprlication, the riniaan opweei-
Picat ionp Been Lo bo 660 ey seisnion, o et (o o ddebta tanet fon Input) of 2 o, aned o
convrrom e ticiensy cere g chite o convent denal Bilae plastde seialib o oo Whin ke poegaer
hat heen e i eledctopdng sueh peduti Viataee,  an optimbee ! seantdHiator for tdbers has
hoessn unavoi labibe,

Buper ienbal proesdurer,

Ther temponr ol cond o0 eio ey Leammrers 0 were car b oul e an electron T 0 e e
tor (Hinere) o ceseentianres ddala aevtaie vt o synlene s The campde s vore i oddaind wilh e
P o 6ede vt ool 60 e The v 1l ione wore cone g i Ve, Sage il
Gle ctpog Vel st e Py e P looreneent cmdnsion wae eV tected By oo em bengt o e
drar el deal PRy e prheer s corploa oo seanprta v laeotore el wieteea ey oo
petochentel plate (0erY photemudtiptics tabe (B0 A U RO Py PES e v G !
e e U Nt o e b e Taibde Ty e Taat e eene o bhar peiat PN ler fees e
Gitaten] the v o o0 Ve fan SRR T P PR, e v bes ey alne penponre pog e tert with
theme w0 e aiven b Tabbe 1y Vivees 9 ood 100 The PIVF o pat waee then recargesd ui b
an B opamp e e eV e ey whiieh ween o antertaeed oo data aceeini e serntemg and al beanod
o Lo ddant e the Loe, moomad oo, gl don o a by, the s Tectbron beam ey e gt

AN o wor ke ow o b e oo wepeienr Lhe aipdees aof Uhe L, Devarttent of Boergy weler Contraet
Ho, DEeACDG- 2k ol e, Loty iy acceptance of thie artivle, the pubbieher andZen

e pdent acheesbed o e O Goverpmest Paorfabt teoetain o ponexe hative royalayefens
i e A0 o Corany vy gl enver g thiz pagen,

Beterenes o o company or e laet nane deen net Jwply apeaoval oar Yerommet ot lon o U he
product by the U, e tee ot of Kievay lo the cielaition of otheris that may be nuftabhe,
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Table 1. scintillutor. Emigaion Paramotors (8co Appondix A for
Glossary of Chemical Tarms and Abbroviations)

Nl:nlulu::- rase | Shirter (:nnccl(\;lz'nt fonl yinal (2onc(-|(|:';'nl ion (:I) I‘r".\l (I"/:) (Il:':;l" LpK " (nxn '
1 VT NE10R a6 {161 |13 |26 ] 1.0)1.0 | 570
2 T NE102 0.9 | 29| 23 | 6.0 J10dfos | a0
3 T NEIN] 03 | 1.0 1.8 | 3.9 | 5.1 ]o.n] 300
4 rC PR 2.7 %1008 | wen | 2.0 007" |04 1.3 | 1.0 ] 2o | 4,00 450
s pee | mwg | 150 <107 | c-saoa] oo k107! Jos |12 boas | a2 | 2a)eer | s
6 re | g | 1s.0 x 1073 [ cosaon] .30 <007 oas| 0] 0 | 2s | 7 looes ] wis
? m | c-as0 2 x 107! [ oaser] roos <0007 fosos | ron ] 12 | s 1.4 007 ] al0
[ W | c-dto Lo x 107! L aner| soo0 - 072 o 1.2 1.2 a7 ] oo ene

- ; H
] Varian MCP 2.0.0°1D 0.14 0..'1 0.10 ] 0,03
10 IIT M 2129 0.? 0,49 ] w20 0.6l

wag monitored with ¢ faraday cup laced behind the sedntillatne, Rolative offieiency com-
parisgong botween neintidlatora we e made by camparing Lhe ratios of Jhe dlgitzed BT oul pul
divided by the clection donie. NELOB wos employid an a laboratory standiord and was measured
at. Lthe starl of oaca day.  The wavelenglh dependenee of the PIT=fibor eyl om respontia was
determined by drradiating Lthe fiboer Jtself anld wavelength=peannding the yesulting e enkov
emionion. The Corenkov Intensity ie known Lo vary as A\=3_ "

Seintittatorne

Table 1 shows the emierslen paroeetorn 1or a varfely of reintillatore when {readlated with
50-pr electrsy puloes. Colusma |oie the seint EThdor sodvent o bare Lt ie, aind oo biene: 2
to b chow the soluten amd thelr coner nbrations. (Sco 2ppendis A for o glotieay o cheical
Ltorms and alneviat lonn.)  Columne ¢ throngh 8 show Lhe ponleo pdne Cme, WY, and D710
0.7/¢ docay timesn,  The 0.7=0o 0,7/ Ulme approstimates the Vitetiae for The decaying part of
the pulse. Column 9 phows the 100 1o 90 yise Lime af the indogral (UYF) af e Lo epeongt
dmpulpens. Por o gaunsban funetion this parameter in relates o the hatt power (-3 db) bamd=
width by the expreanion:

My (Jlx) - TR (noee) 0.1h (1)

Column 10, 1y, comparen the arpldtwle of Che Jeealy of Che fnpal o ronpoise, soaturod theo g
i 10=-mm |l|--|" ral bandpona tister eontoped on Lhe peak of the omfer ion bamd, with the arglie-
tude of BLI0E, peasored ot e peak of 579 nme o ealun VL, 00 fe the vatfe ol e tol -
amaunt of Hght emitved trom cach cednt il tator to the total LTS rnaselon, These o de-en
are oblainest Dy maltipDying Cthee Intorads of G T laas veng onse wavetarns by The - aaale
of the corresponmding nereal Lacd, worns tenithecalibrated s bon spedtrag ey topresont il
total prcapl ewlsidon, The Intearatiom Chims vy [row S Lo DO pe, o ugeon 1l
aweep Gpeed ped Ui, on Che parpd b onted D Voo e Bt o0 vl depend on s le -
In thin wiorl the gamp len vveae 1o thivh, aml oy u'»:hil-i\u-.l v v b el pel e Gl pt o
Inm the ol wave Tennth ot of e eminnion Taodes I 0 canesg daloe e Laress e peael pong
woere made Feooa Toe in o syesbor pens itizity dn the ovod el Bl ol s ot Che vl e seart o,
The pur faees of G phaat e Phoorsn vaore pe Hehed Tl otherwiss woro e Greaocd dnoany ppses
cdal way.  Wecawre ol Uhero Taetorsg Ul orpons in el el e et o he et
Colunn 12 chews the tlTuomeeent epdanion sagim,,

TR

Flume 1, 2, ana by Tabde 1, depes fhe e coeenep e ial 18 avad Tab e Vot Se mednt 0t one,!
Pluor Moo 1odn the olond Bbeight ovame pedr b0 ator o S0100, vhiiel Do o extrons Ty wide opg e
pon ppectrie, oftowdin: cvom 50 mm Co over 700 ey e PRIET P Eetee pesiponpe A fegn 11 o
neveral honoteconds at the blhue saloe of the omitiico bamd to neay 0 e ot the e e,

The emienlon parameteie (o NEvew, flaer Ned 2y ave b oaoed aepreeme ot with wearnn ement g,
publinhed by Lyonzs el Stoverr, " wting hlabcone gy oloetrong, DECferont resultn e v
teported Iy otleg Javest foatmreg undng abterat ive exedtat bon methods, ¢!

Eftictencey and venpaonse thee tor BRI, Plaen Koy 4, Bave boep obzervenld to vy om
npecinen to ppeocimen. We hove megrane] coeda Febal peaaduetn with P coponte Cimen an faed
an 1. nn oand an o slow a2t e Ve have atbempbed to b e pleee porameters Loroa repe:
reentat ivee pomplley Ther cwberion spectiom of BRILL on alven an Fignme 1,
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Ligquid "A", fluor No. 4, has been successfully usced in a plasma-imaqging experiment fielded
at the Nevada Test Site.! This eoxperiment utilized approximately 100 channels of graded-
index fibnr, each 550 m long, to relay space and time information to ur-hole detecto -s. The
peak of the emisrsion speetrum for Liquid "A®, aiven in Figuro 1, is chifted from 4%0 nm to
540 nn when folded with the absorption gpectrum of 500 m of fiber.

Fluor Mo. 5 ig a twn-solute nyfitem consisting of a blue-rmitting wavelengLlh=-shiftor,
BIIUQ, and a qreen-eaitt ing final gsoluvie, Coumarin 540-A (=540A) dissolved in psucde-cumcne.
This seintillator han a slow decay component that is predowinant at the red edge of the
C=5%40A cminslon band. The inteqral rise time, 4.2 na at 510 nm, ilncrecascs to nearly 20 ns
at 600 nm, At high C=540A concentrationn (fluor No. 6) the FWhi of Lhis Uwo-soluln system
becomeys very fast (<360 ps), mt the ilow component ia 8till present (IR 2,6 ns).  The
emingion s;-ctrun of fluor No, 5 is given in Figure 1. A plol of the impulse respont.: of
fluer * .. o i% given in Figure 2,

W ICr--n
| | i i [ i P o " T
" _,-Ih!u'-.hl
Harwm ”»
[ 1]
[ L] w
o .
0o [4
La
’;’ "
(1]
[ ]
op—-
[ 1
" [ 1} ! ' 1 I ' . . .
[} (1] e 1% e ” ae AL am (L] LT ]
°

N am “n " o (] (] n L LI ]

WAVL L Chi DN dmt

Pigure 20 Impalse roaponte ol
Figqure 1. Beigtiblataor enission speclra flum Ho.o G

Pluoiast Ny 7 and Foove two redscmit Ui eeintil ot s utiliziag BEadall Lye §14%07 a0 o
final solule,s Coutenr in AGD d8 used ar o wovelenglh-rhflors The e dyens are dissolwed dn
honzos dics oo (BD, T laor Lo 7)) ad eyl aleohel (BA, flura Roo ). The caisgion bsaMilam
of Kook Iype R 1ASGT vaticss Trom 510 gm, when diceoleod o Che nonepodar go) sond, pooaedos
cutene, Lo 650 i when dineelved in the very polar bentyl aleohol. The Lo lver i e e
efficient o the two, but it alse has the plewogy integral o bse tles The BA (Taor ot i
Jatager cmittion wavelenath, bue ot fe the lesp of fhedent of the two pedat i Hlators using dys:
11as?. e enminttion spectia of claon Hog. 7 and B oare given in Figqure ),

Llueng awl it rs

Fluca =t iber nyntom shetians invalve o varloty of el thg radeof ta Leochiove Sjeed ! joed
perterian e e Figure 8 Bhlustrates: sueh o Dradect U 2rady o which abiadule pys e pene
EiLivily wan investioated anoa fanetion of Cilee tength for geveral fluors, e thils e,
Chee syntes Doopiwiclt o was Pidead (ot S0 MR, an wan Cilvar tyrae (bt g b ity gradesbe- b s
amd photee e e (PP e MAS U phetecat beodde sy seec bacet, P S) 0 The svitem senn br ey,
501, din pherton lectrong (o) oran the receiver photoeathode o cad (100 craia) e peslted
In the Thaoa in qiven by

(D) Ko R(') 'l'(‘“,l.) ' I‘(-“.I..I\\-.') ()

whe e

Koexperimental calllaation factor o exdprers the peenitdvity in absolule
toepme of photoodoetyonn peer tad {nee Appoaelin 1)

Ii(\“) npectbral penndtivity of PEE photocathesde ot Che wavelength by (CA0)

'l'(‘“.l.) gpectral Lraneminelon of the fiva o Yepnath Lot the wavelength A

. 0
(diweneionlean) .

aned FLY L LR dimenciontesn Plo culgndon faetor alven Ly,
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Ao +A)\/2

¢ - Em{}) dA

Ao - A)N/2

f Em(A) dA
o

¢ = total relative total emission from thc fluor (Table 1, column 11),
(dimcnsionless)

F(AO,L,BW) = (3)

wherc

Em(A) = normalized spectral emission of the fluor (Figure 1)

The centor wavelength, Mg, is sclected at the peak of the fold of fluor emission, fiber
transmission, and photccathoude responsce versus wavelength, Flgure 4 shows the result of
this fold for Liquid "A" for scveral fiber lengths. As scen in the figure, Ay shifts from
450 to 540 nm as the fiber lcength increases from 10 m to 1 km.

- - .._.__r_-. -———— : P _-____.I_ — e a ._._:! - - --—-----]-— - ---————--T e m—— -I-—.- ?
MLI=K B VAL) S1ALBM el il ’ ]
- LR I - ]
mm Gmid) RIA)-TAL)
[E7Y Ny
w| ]
-.I=l
[ ]

L LPLI T I T

WY g [ 10)
3

]
w
"
[ ]
[ 1]
[ 1] [} ] | L o 4 . I i
e ” [ 1] - we - (]
W Hymgwn BAVILING T )
HMgure 3. Pluor-ficer=i-d7 nyntop Figure 4. Ligquid "A" enmisgion
pepsltivity vernus ppectrum toldad with
fibor leprgth PET and Fiber

The opltical bamlpast, y,, b choten o satisly the system bandwidth (W) eriterion by:

Vo, % - s 1) ?

AX (4)
MO\ ) Lo bW

where
MENG) 0 materdal dispersdion of the fiber (e/nm=km)
L . length of fiber (hwm), amd
W = pysten bandwldth (171)
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As dofined befora, theintegral risetime, INT, is the 10%-90% risc time of the integral of
the fluor response to a delta-function excitation, or simply the 10%¢-90L responsc te a siop-
funclion. 1#1or Figure 3, the bandwidth win set at 80 Mz, or

pi = 80 x 10° 571 (5)

The material disperrien of the graded-index fiber assumed here has been measured to be about
5745 ps/nm=ki: at: 500 nm wavelenqglh, hence:

-1z sop \3-3
M(s) = 575 ~ 10 77 m s/nm-k {6)

For applications reguirineg npedium lenath fibers (10 w L < 7% m) sonsilivitics ofup Lonine
timen largoer than those chown in Figure 3 can be realized by switching from graded-index
fibers to the now Jarge numaical aperature (NA) "fat" {ibors.*! ' Fnr very short lengths
(1. 10 m), single plastic-clau=-silica (C8) fibers up to l1-mm core diameter could be con-
sidered, Y one~me 1'CS fiber could provide sensitivilios approsinately 900 timos lorger than
shown in I'qure 3, Nowever, nodal disisosion from PCS fibers ean exceed 150 ps/m over short
lenglhs, so boudwidth wmay oo a concerr. 1n addition, the optical bandpass Tiller can be
completely remevesd for short lengths (L- 100 m at 650 nm, or I, <20 w1 at 400 nm), which would
result in a facto; of two inprovenent over the numbaors prescnled.

The lop cmve on the lefl of Figure 3 shows the soensitivity of anNEL1] fibor nystom as a
functionm of fiber Jength. PFPor lengths less than 30 m, RE121 is the et of the four scintil-
laturs, "he inilLially stoeciea slope of the HE1TD curve is partly duc Lo the dincreasing
malerial dispersion at short wavelengths, and partly due to the large contributinn of {he
seintillator T Lo Lhe syiaten bandwidth,  Bobh efrfects causne As to deeroase rapidly wilh
fiber lengih,

The nexl curve down of the 1eft side of Figure 3 roppescents Liauid "A" (Table 1, line d4),
The sl ter TRY amd Tonger waveltenath erission of this seintillator, comparced with NE111,
means o larve sr Lo al o a o given Tibey Jength and system bandwidlh, 240 Lo 100 w, nne is alde
tey e over BO ol the entite cuission hand of Ligquid "A" and sCil11 maintain 1he denired
aysrto s bandei-thy o with NUEHL, onty 200 o Ve end i batad L nontained with fnoa 0y ocorree
spoeling to oo BED-N systenn These rejected photons nay he recovsored by usin o spoectral
cqualizer; ' however, for one eadeulation a bloeking filtery has beon ausumed.  The bot Lo
two cwrves on Lhe 1ol of Figare 3 ghaow Bodaio Dye B 1567 dissolvea in BA and b, Those
MNuors, becoure of thar oo wavelongth eeission, rokea aore Bens il jve syster wheen utilined
wilh tibers longer han 100 e Iye b1ABGY in BD s the bhetter of the (wo for an 3012 gyt e,

These caleutal jeaes ean e extremely consitive to echimaes in boadwidth, Fieme % showns
anolhor aaleal dion where e desired gynton banawidih wan set Lo 100 Bz, In thin cane,
onl s Liguid "AY gl khodak Tece AU in BA el BD o are consiilered, sinec RV an lens U
a loc- Mty vedntillators In this calasulatiog, Dye 14496y makes o lone nensilave seint it laton
whon siinrolved in Lo that when dissed sod in BAG This s bhecours of the vedalivels slow ey
of e Bboseint il latoy (304 verann 2.7 ns) .

it 1 idy

W e not congtidered seint 21 ater Vinearily in Uhie preesont ition,  When sventen senesi-
tivitio: 1a11 be-tesw 30 photoosloctrans/rad, peal dome valer in exeens of 1000 3 gzn e
vepuivesd Ve ol oan sttt st ool by meendnetal sivgnales vhin lalsaateey e docurentesd e
Linear ity aof only three o tiee seintillatoa g preenbods RETLL, Sptos, aned Licaid 0",
NETED aned Lol ™A™ have beow pevatiiresd L b Tineanr ab dones patess Wp Lo 101 o, e,
on e other bated, BEVOE has e ehiepys b oo ao nnp !l inegr whon ctaovacd o desas rate s
cuevcding b 10 0 e, e iUy ray b a mohileg wilh U e capey bient ol sesintilta
tene:, Mcanurera e toode fermine thedr saltvoratior birmats will e e fn the ear talure,

The new Jonee vevelenath ceintillaotor formlation: prented lere represent 8 andticant
Pijprrenvaent s in synien rennibivity and bandwldth tor opr Vieat ieny reauin ing Yoo apt ieal
fibeas, Phe bt chodee ot o seint bl etor depeanlss om Db Topat by o cnpereny To v b et e
Blue coeantillators ave gtill thee best o choges tar ghea t Pilea vunn. Linearity of the sy
pednt il tors needss 1 ther inventigation,

PELEALY fiber ol oun 100 1, K& 0.9, bandyidth 20 M hwe al W0 nm
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Appendix A:  Glontary

All chemicals and solvents in this work were used as received froem Lhe manufacturer,
without further purification. The solutions wore not oulygasnsad,

Abbroeviation

ninng
C-480

C=-LA0A

PR
Thn
114507

AN
bi
nb
pC

— . ——— i — A i . L i ayi b =8

fupplicr?
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Lxciton

Exeiton or NI}
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N
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,2,%, 0, ¢u,0 o1, tetiahydio 8-
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ben=odiogane

pseudocumene (1, 2,4-trimethylhensene)

HEY - uelear Enteyprines, Yhe,
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Appendix R: cCalibration factor, ¥

Tha callbration factor, K, in Eq. (2) war derived from the following experlwmant.. A A-cr-
thick volume of Ligquid "A" wan placed in a calibruted “?Co qamma field. The flunr wae viewed
Ly a shorl length of FCS flber, with o numerical aporture of 0.3, and 25%0-um=diam core, A
ceilbrated pholadiode was used lo meagsure Lhe amount of {iber-Lranenil Lerd Sluarescent photon
energy transmitted Lthrough a narvew Laned optical !ilter with o 10-nm bawlpaea centoered at
540 nm. Correcting for filter trancaitclion and photodinde sonsitivity at 540 nm, one fimis
that the ratin of eptical vnerqy, in Jonles, dncldent on the photocathode ta Che q-aue aesie,
in rads, to the fluor wag 2 # 10=14 /rud.  Por a sysbem omployiong a Ciler ol numerical
aperture A, core dianetar d pm, with a4 narrow=Land filter of peak troancadosion T

K iu: e
_14 ) I-:m(.-)l.j,‘ui‘I wpm i
Koo 2 100 e (___l:;_i}_)___:l im ) I
1.6 ¢ 10777 C/etection  \U+3 (7007 ) s 2
" L”(J)Liquid "h" o
hiah
gn  q" dmelecting

3.0 10 e
For the "fal"™ tilo r referred (o wills LA .1, dij:: 100 .-, ther spain 00 Liahit enldle. ey
o L L 0L WA Sfer=diom g adteds deee o Tiber o whiie beower n e o beo panpres o, e ey it

Lhe Figqure 4 data, in:

(1'(_;.._*2;_ Lo :'ﬁ)? :



