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Samples of blue scintillriting fibres h a i c  been irradiated with thermal neutrons. Tlie light yield and the attenuation length ha\,c 
been measurej for a total integrated flus ranging from 3 to 60 x 10 'beut rons  cm-2 ,  and for tuo different fluxes (3.5 and 35 x IO'' 

.) - neutrons cm-. :; l ) .  The long terni daniage has been investigated for 2 ni long samples with uniform irradiation along the fibre. 
Sizable deterior.itions both in light yield and in attenuatiori length are found even at our lowest integrated neutron flux. 

1. Introduction 

Experirncntal apparata in high cncrgy physics cxpcr- 
iments a t  the future particle accelcrators should opcr- 
a t e  in a radiation environmcnt much higher than in the 
past. A particle detection technique which could be  
vcry prornising, both for calorimetry and  tracking pur- 
poses, is bascd on  plastic scintillating fibres. 

An RRtD prograrn on  scintillating fibres elcctro- 
rnagnctic calorii-ilctry has bcen carried on in Romc in 
1991 /92 [l]. We have dccided to investigate the effect 
of ncutrons c n  the fibres pcrforrnance as: (i) da ta  o n  
scintillating fibrcs radiation rcsistancc refer mainly to  
ganirnri and /o r  electron cffccts (like those produccd by 
a 6 0 ~ o  radioactivc sourcc); (ii) a large contribution of 
ncutrons to  thc  total radiation is cxpccted a t  L H C  and 
SSC proton-proton collidcrs [2]. O u r  test has bccn 
done with a ncutron sourcc providing mostly thcrrnril 
neutrons (98% of the total flux). 

O u r  tests are  bascd o n  "blue" fibres which havc a 
fast response aiid whosc light is well suited to thc 
standard photocathodcs. T h c  scintillating fibrcs sarn- 
plcs havc bccn irradiatcd in a condition of uniforrn 

BCF-10, Kuraray SCSF-38, and Kuraray SCSF-81. Tlic 
scintillating fibres are rnanufactured by Bicron Corp. .  
Newbury, OH (USA) and Kuraray Co. Ltd., Tokyo 
(Japan). T h e  sarnples were provided to us in 1991. 

2. Neutron source 

T h c  radiation source is thc Triga Mark I1 reactor 01' 
the E N E A  Ccntro  Ricerche Energia Casaccia riear 
Rornc. This reactor operates normally at a power of I 

. l 

MW giving a rnaximurn flux of 3 x 1 0 ' ~  neutrons crn - 

s -  l .  

T h c  energy spcctrurn of thc ncutrons from tlic 
reactor core entering in thc fibre samplc volurnc is 
givcn in table 1. The  neutron flux is dominateci by tlic 
thcrrnal componcnt (about 98% of thc total ncutrori 
flux). Garnn-ia rays are also crnittcd by thc corc: tlic 
gamma dosc is 8 x l o p 4  rad/h.  

Tahlct I 
Energy spectrurn and flus of the rieutrons a t  ttie fibi-e posiiioii 

cxposurc ovcr thc wholc fibrc Icngth. - 
Neutron energy Neutron fliix [crn -' s ' 1  T h c  rncasiircmcnt of thc avcragc photoclcctrons p--.- 

nilnibcr aiid tlic a l tcni~at ion  Icngtll [ias bccn per- O eV-0.26 eV (thermlil 1 1 ~ ~ )  3.5 >! 10"' 

foi-nicd on some cornniercial typcs of "hliic" sciritillat- cV-1.2? keV 4.0 X I O "  

ilig ìibrcs. Tlic cììccr o ì  ;i " ycllow" opticiil filtcr (liodal, LcV-O.S 2.7 x I O H  
0.5 McV-2.23 McV 0.0 Y \ O S  

Wriittcn No. S) Iiiis bccri also invcstig:itcd. 
2.33 McV-l0 MrV O:!Y I O n  

Ttic "bluc" fibre'; 11i:it havc bccii tcstcd arc: 13icron 
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ig. 1 S~.li~csl:itic i.,\\, of t h ~  re.:. tor core. Thz fibre sarnple po.;ition during irradiation 15  slso ~Iici\rn. 

I i i  o rdcr  to gci a uiiiforni irradiation of thc 2 m long Hence with the  preseni riicihod only thc "Iong 
wintillatiiig fibies. thc sariiplc is bent in a circle and tcrrn" radiation damage, i.c. irrcvcr\iblc dcgradation of 
pl~iccd o l i  a horizon~iil plane ahovc ihe cylindrical core, thc fibrc performance, can bc m c a ~ u r e d .  "Sliori terrn" 
iriio tlic watcr vcssel of ilic rcactor, as showii in fig. 1. effects (hence thc possiblc fibrc pcrformancc r c c o v e i ~ )  
Thc rcactor pool watcr temperature is around 40°C. arc  not investigated. 

Tlic f i l m  samplc is cnclosed in a water-proof box of The  fibre samplc has becii cxposcd io a flux of 
0.45 in riidius of cuna iu re .  Tlie box is made of pure 3.5 X 10" neutrons cm-'  s - '  al lhc rcactor rnaxirnum 
:iluniiriiuni ( 1  inni iliick) in ordci  to avoid long tcrm opcrating powcr (1 MW). Thc iiiiegraied flus raiigcs 
r;idici,ictivc corii;iiiii~i:i(ion. Ne\~erthcless a tinic iritcrviil from a rninirnum value of -3.2 x 10" nciitrons ~ r i i - ~  i r i  

ii.; Ioril az 3 d:i>s ;iI'irr oach irradi~ition is nccdcd 15 minutcs cxposurc time. U V  i o  ;1 iii;ix~muni of 8.9 x 
i~el'or-c ilic aliiniiiiiiiiii Iicix cnn hc opcricd and ihe fibrc 10'' necitrons cm-'  in 5 hours. 
.;:iniple ;iii:ilyscd. Morcovcr a radiati011 darnagc dcpcndcricc o11 ihe 

Tlic ;idclitioii lo ilic giiiiiiii;~ dosc duc t(> Ilic gamma ncutron flux has bccn irivcstig:~tcd iurriing down ihe 
i-;iy\ cmiticd h! ilic ;iliiiiiiriiuiii follo\\iiig nciitron cap- rerictor to 100 kW power, corrcspontlirig io a 3.5 X 10' 
turcs is ncgligihlc. ncutrons cm-' s . ' flrix. 
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3 .  Esperiniental set-iip 

Tlic riicasiii-crnciii o!' thc  ligiit jlicid and of tlic 
attcriuation I~ r ig th  of cach typc ol' fibrc Iias bccn  donc  
witii thc cspcririicr:i:i: ..L;-;ip siticniatically shown in 
fig. 2. A 2 n1 loiig bundlc of 10 fibrcs is optically 
conncctcd to :in XP2020 photoniultiplicr tube  (PMT),  
througli Rliodor.sil 4 ciptical grcasc.  T h c  o thcr  end of 
thc  bilndlc is sirnply cut  and  basically riot light rcflcc- 
tivc. Thc  fibre(; a rc  staggcrcd in two parcillel laycrs of 5 
fibres cacli. in such a way that  thc bundle avcrage 
thickncss is 1.57 mni. 

A collimated 1 niCi ' " ' ~ r  radioattive source nioves 

Tablc 2 
L>iglii yield niid atteriuatiori Iciicrh r~l~it ive loss Cos I~liic l ' i I > l - c q  

;i( s on~c  iritcgriited fluses of therinal, epitlicriiial ; t i i c j  

ncutrons; thc. associared ganiiiia rays doses ;ire ;ilso (liioted, 
Irradiation is (ione at  a f l u x  of ;.5 X 10 '"  neutrons ciil 2 1 ,  

No filter tiet\\i.cn fihre and PMT photocathode 

Fibi-c l , ,  A Neutron Guiiiiii,~ 
l loss integratedflu~ r:i!,.; d < , y C  

] [%l x 10i3 [ c n i ' ]  [kr:icl]  

Thri-. (Epi. + FasO 
- 

BCFlO 7 36 3.2 0.06 2 O 
l h  45 6.3  01; 4 0 
31 59 12.7 0.36 SO 

alorig tlie fibre buiidle on  a sniall tray; the soiircc to  ScSFS1 25 48 IO 
P M T  distancc rungcs from 15 to 190 cni. ?-i 53 6.3 0. t.? 1 C) 

Tlic P M T  sigiial is gatcd by thc coiricidcr;c,: c ~ f  t \ c ~  

sni;ill scintillaticin couritcrs niounted ori tlic trag. Tlic S('SF38 !' 67 " l '  -l( 1 

'il 78 25.3 0 . 5 2  top  countcr is locatcd bclo\v thc sourcc aiid is niadc of 
160 

01 87 80.0 1.S i O( I 
a laycr of fivc ( 3  cni lorig) scintillating fibrcs parallcl to 
tlic bundlc.  Tlic bottoni counter is ari S x 15 nini7, 1 
cm tliick scintillatioii countcr .  T h c  fibre bulidlc ~ i i i de r  
invcstigation lies in between thcse two count.ci:.. 

T h e  P M T  output  signal is sent to an  I l  bir4 clì,i!.s~c the ex:.: :i: 7f ;i strong reduction (about  a facioi- 0 1  5 )  
intcgrating ADC LeCroy F'ERA 4300B gated by a of the Iigni C G : ~ C C : C ~  5' L L . C  L , l i ~ : ~ > ~ a t  tiodc. 
ns signal. T h e  working conditions ( i .e .  P M T  supply 
higli voltagc, ADC gatc width, counters discrimiriator 

4. I .  Lighl !'ield and  cctter.zuntio~i lelrgth depcrlcleilc~c~ oìi / / I (  
thrcshold) havc bcen kc;3t fixed throughout the  nica- 

i11 tegratcd flu 
surcments.  

Tlic P M T  gain has becri calibrated with a variable 
liglit source made of a liglit cmitting diodc and two 
crosscd polarising filtcrs. This sourcc allows o n c  to 
rcducc thc light rcaching the photocathode dowri to a 
singlc ptiotoelcctron Icvcl. T h c  P M T  gain G is cvalu- 
atcd hy thc anodic ctinrgc (1 collcctcd in thc  singlc 
photoclcctron rcginic; tticn the numhcr o f  photoclec- 
troris N i s  obtaincd by ttic simple rclation: q = GcN.  

4. Data analysis aiid results 

T h r c e  typcs of commcrcial bluc scintillating fibres 
hiivc bcen tcstcd: BCF-10 by Bicron Co., SCSF-38 and 
SCSF-81 by Kurnray Co.  2 m long bundles of 10 fibrcs 
cach havc bccn irradiatcd as discusscd in scction 2. 
T h c  iritcgratcd fliiscs a r c  givcn in tablc 2. 

Af ic i  cvcry irriidiatioii, t hc  liglit rcaching thc plioto- 
c:itliodc as a l'uriction oi  thc  dist;iricc from ttic P M T  
hiis bccn nic:isiii-ed using tlic cspcr-imcntnl sc t -up  dc -  
scr i l~cd  i11 sccticiii 3. Foi- c:icli t,pc of fibre a "zcro" 
nic:isiii-cniciit Iias bccii pci-lornicd bclorc tlic irradia- 
tion. Ali nic;isiir-cnicnis 1i:ivc hccn ciirricd o11 wiili and  
witliciiit a ycllo~v filici- Kcitlak Wr;iiicii N o .  8 iriici-poseC1 
bct\vccn ilic fi1ii.c~ iiiid t lic plioioc:itliodc. TIic ycllo\j, 
I'ilicr cuti\ ;iw:iy tlic slicirt w:ivclcngt ti l iglit coiiil~onciit 

A typical exarnple of measurcd light yicld l' (;i\ci 
agc nuniber of photoelectrons/rnrn) as a functioii 0 1  

the distance x. from the P M T  is shown in fig. 3, fui- i I ~ c  
BCF-10 fibre sample,  at  four differcnt intcgrated l'1i1\~,4 
F (iiicluding the  F = O casc). It can bc seen tti~ii [ l i ( ,  

cffcct of the radiation damagc is: (i) to dccrcasc t i l i .  

light yicld a t  any given distaiice; and (ii) to i i i ; i L c .  

s tccpcr the Y versus x- behavioiir. 
In  order  to parainctrize the F dcpcndcncc ol' i I ic \~ .  

two cffccts, a singlc-exponential fi: has bccri doiic oli 
cach CUITC. giving the two paranictcrs Y;, aiicl A .  ) , ,  

bcirig the light yicld cxtrapol;ricd at  x = O ;iiid ,\ ! l i ( .  

:i!;cnu:ition length. 
Tlic dcpendcncc of Y,, arid l / h  ori ihc iriicgi;iic~~l 

l lus icii t!ie thrce typcs of fibrcs nicasurcd wiilioiii i I l ( .  

intcrpositian o f  the ycllow filter. is shown in Tigs. 4 < i i l i I  

5 .  Iii iable 2 thc  Y,, and h rclati\c losscs ai tlic viii i i i i l \  

irradiaiion coiiditions nrc also rc'portcd. 

Tbc p:ìr:iriictcrs l;, and I ,/A ohi:iiricd Ily iiiccihiii l i l i '  

ilic liglii yicld iritcrposirig tlic \'cllow lilici- ;il-c \ l i ( ) \ \  1 1  l i '  

figs. O ;iri({. 7. Orily lo\v intcgr:itc~i flux r c s ~ ~ l i s  h I i t 1 \ \ l 1  

Iiccnusc tlic cxtrcrncly low Ic\'cl 01' liglii I'oi' liigli i i l i i  

gr~itct l  Iluxcs docs riot allo\+ t i \  i o  cliioic ; i  ic.li.llll~' 



F ( A  : '2-'!,,8 .-.m;) 
PM l d is tance  ( c m )  

Fig. 5. The inverse attenuation length l / A  s., :l!- , In of rhe 
1-ig 3.  Awrage nurnher of photoelectrons Per mrn as a integrated f lux  F :  ( a )  BCF-10 (fuli squares}, j ( . ~ \ :  C 1  (fL:!\ 
I'uiiction of the distance froni the PMT far BCF-IO fibres triangles): (b) SCSF-~S,  Fits accordine t "  ( 2 )  h0~L.7. 
liciorc. irr-adiation (full squares) rind after irradiation at three For SCSF-38 the highest fliis point is not fitted (ser test). 
rIifI'ci-eiit integrated f l u ~ e s :  3.7 x 10" neutrons c111 - 2  (up\vard 
1 ; i I l  ti-iaiigles), 6 . 3 ~  10'" nsutrons cm-' (downward full trian- 
glc,) ,intl 12.7 x 10" (open circles). Single-exponential fits are 

superimposed. By comparing figs. 6 ( 7 )  and 4a (5a) it can be argued 
that the short wavclength l ight  component that is cut 
away by the yellow filter is more affected by the radia- 
tion damage. Therefore lhe light yield Y,, and the 

I [I: 4 1 ' 1 1 ~  iiglil yicltl cxtr,il>~,l~itcd 'it .i- = 0 i i i  p l i o t o c ì ~ ~ i r ~ i i ~  
I'vi I I I I N  ;I< ;i t'iinc~ion ol' tt!c iritcgraicd ilux I-: (a) 13CF-10 
( 1 ~ 1 1 1  ~lii:ii .c\).  SCSF-S I (~'LIII t ri;triglc>); (11) SCSF-38. E X ~ O I ~ C I I -  
''.il l li:, ;ic.c~r tlirig lo cq ( I! ;ire >ticiwii. 1:or S('SIY-38 tlie 

liiglic>l Iliis pciirii i.; ncit i'ittcd (>cc' tcxt). 

Fig. h.  Tlic hiinic ;i5 in fig. 4 frorii riic;isurcriiciit\; uith tlic 
vellow I.ilicr Kodak Wr:iitcii So.  X iiiterpo\cd Iietwcc.ii fit~rc> 

; i i i t I  Ph47' 



1 / A  ' ( x  1 0-'cm-') 

t - 
0 L ; , ' " ; ' L 4  6 8 10 12 1 4  

F ( x  1 0''n/cm2) 

Fig. 7 .  The sarne as in fig. 5 frorn rneasurernents wiih the 
yellou, filter Kodak Wratien No. 8 interposed between fibres 

and PMT. 

attcnuation Icngth A arc both less sensitive to the 
dainage. 

4.3. Krrdia(iori da~nage parametrization 

A siniple parametrization of the dependence of thc 
light yield and of the attenuation length on the inte- 
griitcd flux is givcn by the cxprcssions [3,4] 

wlicre Y,,( F )  and A( F )  are the light yield extrapolatcd 
at x = O and the attenuation length at an integrated 
flux F, rcspectivcly, and y and a are two parameters 
dcscribing thc cffcct of thc radiation damagc on thc 
light ernission and light transrnission. 

However Acosta et al. havc alrcady observcd that y 
and n arc not constant over a largc range of intcgrated 
fluscs. Thc sarnc is apparcnt in our data: i i i  thc casc of 
thc SCSF-38 fibrcs, which wcre exposcd to thc I~irgcst 
flus rangc, thc last point caniiot bc includcd in tlic fit. 
Siiiiiliirly to Acosta et al. WC also «bscpc tliat y ap- 
pciirs to incrcasc and n to dccrcssc witli iiicrcasing 
iiiicgr;iicd Iluxch. 

Thc Y,,(F) cxpcrinicntal data sliown in fig. 4 Iiavc 
Iiccn fittcd witli cxprcssion ( I ) ,  and y valucs for cvcry' 
typc ol' Cibrc havc hccn cxtracted. n valucs havc hccii 
ohtaiiicd by litting ihc [ /h(  F )  expcrirncntal data sliown 
i t i  figs. 5 and 7 with cxprcssion (2). 

In table 3 the obtained values of y and n 
cornpared for thc three fibre types. 

In the yellow filter case, as already mentioncd i l l  

section 4.2, only low integrated flux data could be uscd. 
so that y, and a,, variation effects, i f  any, arc noi 
seen. In table 3 y, i s  not given since, within oi11. 
scnsitivity, it is esscntially infinite. . 

As already noted in section 2, the measurenieiit 
an irradiated fibres sarnple has been done about 3-5 
days after the irradiation. A further rneasuremeni hkis 
been performed on the SCSF-38 fibre sarnplc irradi- 
ated witli 8.9 X 10'' neutrons cm-' 180 day> aftcr tlic 
exposure. No long terrn recovery cffcct has been sccii: 

Fig. S. Compiirisoii hei\rcen ihc niriisureiiiciiis 0 1 '  ilic Iicl~l 
yieltl ;i?; ;i fiiiiciii)ii 01' i h c  disi;ince Troiii iIic l'MI' I'or SC'SI is 
fil?rcs irl-;idiatctl ;I[ ;in inicgraicd ~ I L I X  of S.0  x IO' . '  I I ~ ~ I I ~ I ~ ~ ~ ~ ~  

cm'.'. pcrforriicd ;iI'ier 5 diiys sincr 111s ir r ; ic l i ; i i i t~ i i  i i i i I I  

sqiiiircs) a n d  ;il'icr I X O  dnys \iiiCc ilic irr;itli:iiic~ii ( i 1 1 i ~ ' i i  

sqiiiirzs). Thc iwo mc;isurcmciiis .irc in ;i f i i l l  ;ipi.cci~ici~i q' 

ih;ii iiiiy reco\,cry cl'l'cci ciin Iic excl~itlctl. 



5. Conclusion 

Thc .radiiitioii diiniiigc 1121s bccn invcstigatcd [or 
bluc scintillating fi\>rcs. T h c  irradiatioii was doiie by a 
nciiiroii soiircc with an cncrgy spcctrum sti'oiigly 
peakcd oii tlic thcrinal cornponciit. 

Thc  cffccts on  tlic pci.formancc of thc fibrcs which 
havc a major intcrcst in calorinietry a (  future vciy high 
energy particlcs ;iccelcriitors havc bccii measurcd.  im- 
portant losscs both in light yield and in attcnuation 
length 2irc found when the ncutron iiitegratcd fluxes 

i O 
excccd io'.' ncutroiis cm-'. On tlic o thcr  haiid no 
effcct on the instantancous ncutrori flux is obscrvcd in 

l 
I the raiigc 3.5 and 35 x L O "  ncutrons cm- '  s l. This 

: C 
kind of intcgratcd flux is rcaclicd in one  year csposurc 
at LHC at q = 1-2 [2]. Howcvcr, our two instnnla- 
neous fluxes a r c  much hi'glicr and a r e  reaclied at  1,HC 
oiily foi 3 < q < 5 [2]. In tiny cvcnt the ncutroii spec- 

PMT dis tance  (cm) trum colculatecl in rcf. [2] is not similar to  ours,  con- 
l i g .  O. Comparison beiween ihe measurements of ilie light taining niuch h;irder compoiicnts. 
bicld iis a function of the distance from the PMT for SCSF-81 W e  wish to  point ou t  that ,  if we refer to  the rcsults 
filires irradiated with an integrated flux of 3.2X lo i3  neutrons reportcd in ref,  [4], our  dose is too small be 
~ 1 1 1  ' at a flux of 3 . 5 ~  10" neuirons cm-2 s c i  (open squares) responsihle far the darnage. ~ i k ~ ~ , ~ ~ ,  i f  we refer t. the 
;iiid 3 . 5 ~  10") neutronucm-' s - '  (full squares). The huo results of ref. [SI, o u r  fast ncutron flux produces negli- iiis~isurements are in agreement showiiig no appreciable flux 

gible effects on  Y,, and only small effects o n  A even a t  effect in the explored range of neutron flux. 
the  highest rates. So it appears  that the  damage re- 
ported by us is almost entirely produced by the thermal 

4.5. Neufron flux effecf on damage 
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