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New long-wavelength-cmitting, high-speed, liquid scintillators have bheen developed and
tajlored specifically for plasma diagnostic experiments employing fiber optics. Thesce
scintillators offer significant advantages over commercially available plastic scintillators
in terms of sensitivity and bandwidth. .

FWNM response times as fast as 350 ps have been measured. Emission spectra, time
raesponse data, and relative sensitivity information are presented.

Introduction

Low-loss optical fibers are finding increasing application in plasma diagnostics, partic-

wlarly when wide bandwidth and immunity to electromagnetic interference are required. The

fibers normally scrve to transmit a light pulse, gencerated in a radiation-to-light converter,
to a renotoe phetodetector. For the detection of high-energy clectrons or gamma radiation,
the Cexenkov light generated in the fibex itself is often sufficient for characterization of

the radiation environment. For neutron detection, organic scintillators (liquid or plastic) .
are used because of-their high neutron cross-sections. !

Yhe efificicncy of quartz fibers for signal transmission depends very sLrongly on wave-
Jength. YThe optical attenvation duc to Rayleigh scattering varies approximately as A~

MNaterial dlupcrolon, vhich describes the varlutnon in transmission time for signals of dif-

ferent wavelencths, varies approximately as A7

Moda). dispersion, the variation of the propagation time for different f{iber modes, is

also wavelength-dependent. Fibers are curryently available with modal bandwidths in exces
of one GHz~km at 850 nm., This can degrade to below 200 MHz-km at 600 nm. l.ong wavo]orqth
oenission and shoxrt decay time in the transducer are thus central to optimal pnrfornnnco.
While the exact scintillator parameters are dictated by the application, the minimum speci-

fications scem to be 600 nm emission, a FWHM (to a delta function input) of 2 ns, and a
conversion cfficiency comparable to conventional blue plastic scintillators., While progress

lias becn made in developing such scintillators,? an optimized scintillator for fibexs has
been unavailable.

Experimental procedures

The tomporal and .efficiency measurements wore carried out on an electron lincar accelera-
tor (linuc) and associated data acquisition systems. The samples were irvadiated with 50-ps
bursts of 6-MceV clectrons at 360 pps.  The JoJuLJnnr vwere contained in l-cm Supresil
&poctxopholomotel cells., The fluorescent emission was collected by a 3-m lenglh of Y-mm-
Qiam optical fiber. The fiber was coupled Lo a scanning monochromator and vicewed by a
nicrochannal plate {(MCD1) phOtomultiplivr tube (PMP). An 19T HCP type Fa4l297' was uned in all
cases oxcepl that of fluor Ko. 6 in Table 1. The fast response of this scintilliator ncecesn-
sitated the use of a Varian VPM=221pY% MCP PMT. The system impulse response parawmeters with
these two PHTS are civen dn Table 1, lines 9 and 10, The PHT output was then recorded using
an 1P sanmpling oscillos scope, which was interfaced Lo a data acquisition system, and allowed
one to digitize the data, signal average, awd do some 1nu]ya:n. The cleclron beam current

*his work was pcmfoxnod undey the auspices of the U.S. Department of Energy under Contract
No. NE-ACOR=-768VONLIES ROTE: Dy aceeptance of this article, the publisher and/or
rocipient acknewledaes the U5, Government's right to retain a nonexclusive royalty-free
Yiconse in and (o any cupyr)th covering this papoer.
weference to & company or product name does not Swply approval or reconmendation of thy
product by the V.8, Department. of Invlgy to the exclusion of others that may be suitable,
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New long~wavelength-emitting, high-speed, liquid scintillators have been developedahd
tailored npcc1f3cally for plasma diagnostic experiments employing fiber optics. These
scintillators offer significant advantages over commercially available plastic scintillators
in terms of scnsitivity and bandwidth. -~

FiMY response times as fast as 350 ps have been measurcd. Emission spectra, time
response data, and relative sensitivity information are presented.

Introduction

Low-loss optical fibers are finding increasing application in plasma diagnostics, partic-
vlarly when wide bandwidth and immunity to electromagnetie interference are required. The
fibers normally scrve to transmit a light pulse, generated in a radiation-to-light converter,
to a remote photodetector. For the detection of high-energy clectrons or gamma radiation,
the Cerenkov light generated in the fiber itself is often sufficicnt for characterization of
the radiation cnvironment. For necutron detcction, organic scintillators (liquid or plastic).’
‘are used becausce of their high neutron cross-sections.!

The efficiency of quartz fibers for signal transmission depemds very strongly on wave-
Jength. The optical attenuation due to Rayleigh scattering varies approximalely as A™
tateriel dispersion, which describes the varidation in transmission time for signals of Aif-
ferent wavelengths, varies approximately as A~ .

Modal dispersion, the variation of the propagation time for different fiber wmodes, is
also wavelength-dependent. Fibers are currently available with modal bandwidths in excoss
of one Gliz-km at 850 nm. This can degrade to below 200 Bilz-km at 600 nm. Jong wavelength
oemission and short decay time in the transducer are thus central to optimal performance.
Vhile the exact scintillator parameters are dictated hy the application, the minimum speci-
fications scem to be 600 nm emission, a FWHM (to a delta function input) of 2 ns, and a
cenversion cfficiency comparable to conventional bluce plastic secintillators, hhx]u progress
has becn made in developing such scintillators,? an optimized seintillator for fibers has
been unavailable.

experimental procedures

The temporal and .cefficicney measurements were carried out on an electron lincar accelora-
tor (linac) and associated data acquisition systems.  The samples weore imnvadiated with $0-ps
bursts of 6-MeV clectrons at 360 pps,.  The solutions were containced in l-cm Suprosid
qnoctxopholomoL01 cells. The fluorescent emission was collected by a 3-m lenqth of 1-pmn-
diam optical fLiber. The fibor was coupled Lo a scanning monochrontitor and v;vhcd by a
microchannel plate (HICP) photomultiplior tube (PMT).  An XPT MCP typo 141’0 was uscd in all
cases except that of fluor No. 6 in Table 1. The fast response of Lhin scintillator ncces-
sitated the wse of a Varian VPM-221n% McpP pMT.  The systom impuise IQSPOHSO parametors with
these two PiTs arc civen ia Table 1, lincs 9 and 10.  %he NP output was then recorded using
an P sampling oscilloscope, which was interfaced Lo a data acgiisition system, and allewed
one Lo digitize the data, signal average, and do some analysis. $he clectron beam current
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Table 1. Scintillator Fmission Paramcters (Sce Appendix A for
Glossary of Chemical Terms and Abbreviations)
Fluor : Concentrationy ... | concentration| nr Fwt | e IRT i A
Kunber | PA5€ Shifter M) - | Final M) (s) | =) | tas) | (us) | PR ¢ (nm)
1 T NE) 0B 3.6 {18.,) |13.1 |28.6 1.0]1.0 | w70
2 VY NEIO2 6.9 | 2.0 | 2.3 | 6.6 |10.4]0.5 | a20
3 ) NE111 0.3 1.9 | 1.8 | 3.9 | si1]o.2s] 300
« |ec| v 27x10°% | mn | 220 x 1072 Jo.a | 1.3 | 10 | 2.6 | a.0]ea3] 4s0
s | rc | pieug | 1s.0 x 103 [c-saoa{ 1.00 x 107! Jo.s | 1.7 {15 | a2 | 2.2]0.07 w10
6 rc BIeuQ | 15.0 x 107 | c-sa0n| 3.50 x 107! |0.1s)] 0.36] 0.4 2.5 1.7 ]0.03| 518
7 B> | C-480 1.2 x 1077 [nase7| 1.25 x 10°% {o0.05] 1.41] 1.2 | 3.4 1.410.07] o10
6 BA | ¢-480 1.6 x 107! | nase?| s.00 x 107 |o.s 1.2 a2z | 2.7 1.0]0.05] 650
» 9 Yarian MCP £221D 6.14| o0.21} e.10| 0.23
10 ITT HCP £F4129 6.27| o0.49] 0.20| 0.6)

was monitored with a faraday cup placed behind the scintillator. Relative efficicncy com-
parisons between scintillators were made by comparing the ratios of the digitized PMT output
divided by the clectron dose.. NEL08 was cmploycd as a laboratory standard and was measured
“at the start of cach day. The wavelength dependence of the PHP-fiber systom rosponse was
determined by irradiating the fiber itsclf and wavclength-scanning the resulting cexenkov
emission. The Cerenkov intensity is known to vary as A=3,°

Seintillators

Table 1 shows the emission parameters for a variety of scintillators when irradiated with
50-ps electron pulses. Column 1 is the scintillator solvent or base plastic, and columns 2
{0 5 show the solutes and their concentrations, (See Appendix A for.a glossary of chemical
terms and abbreviations.) Columns 6 through 8 show the pulse rise time, FWii, andg 0.7-to
0.7/¢ decay times. The 0.7-to-0.7/¢ time approximates the lifctime for the decaying part of
the pulse. Column 9 shows the 102 to 90% rise time of the integral (IRT} of the {fluorescent
impulses. For a gaussian function this paramcter is related to the half power (-3 dB)} band-
width by the expression: ) .

BW (z) x IRT (scc) = 0.35 . (1)

Column 10, €p), compares the amplitude of the peak of the impulse response, measured through
a )0-mm spectral bandpass filter centered on the peak of the cmission band, with the ampli-
tude of NE108, mecasured at its peak of 570 nm. 1In column ll, ¢ is the ratio of the totnl
mmount of light emitted from cach scintillator to the total RNEI08 cmission. Thesc numbers
arc obtained by multiplying the inteqrals of the impulse xesponse wavelorms by the intugrals
of the corresponding pormalized, wavelength-calibrated emission spectra; they represent the
_ total prompt cmission. The integration times vary from 5 to 100 ns, depending upon the

* sweep speed setting on the sampling oscilloscope. Both cpy and ¢ depend on sample geomelry.
In this work the samples were 1 cm thick, and many exhibited severc oplical self-absorption
in the short wavelength part of the emission bands. 1In some cases, rather large corrcetions
were made for a loss in system sensitivity in the red and blue edge of the visible spectrum.
fhe surfaces of the plastic fluors were polished but otherwise were not treated in any spe-.
cial way. Decause of these factors, the crrors ip tpk and & are estimated to be 20-25%.
Column 12 shows tLhe Iluorcsccnt/cmission maxima.

F]ubrs 1, 2, and 3, Table 1, describe three commercially available plastic seintillators.S

Fluor No. 1 is the slow bright orange sncintillator, NE108, which has an extremely wide omig-
sion spoctrum, oxtending from 350 nm to over 700 nm.  The I'WHN dmpulse response varies from
teveral nanoscconds at the blue edge of the emission band to near 20 ng at the red edqge,

The emission paramcters for REI02, fluor No. 2, arc in good aqreement with mecanurements
published by lyons and Stevens, / using high-enorgy electrons. pifforent resulis have been
: s . : . . [l .

reported by other investigators using alternative excitation methods, 9

Nfficiency and response time for NEll), fluor No. 3, have been ohserved to vary fron
specinen to specimen We hive measared commercial products with FURY responne tines as fast
o 1.2 ns and an slowan 2.2 ns, Ue have atlenpted to give the pulne parameters for a yop-
yenentative nample.  The cmisuion specterum of HE13Y ig given in Figure ).
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Liquid "A", fluor No. 4, has been successfully used in a plasma-imaging cxperiment fielded
at the Nevada Test Site.! This experiment ulilized approzimately 100 channels of graded-~
index {iber, cach 550 m long, to relay space and time information to up-hole detectors. The
peak of the emission spectrum for Liquid “A*, given in Pigure 1, is shiftcd from 450 nm to
540 »m when folded with the absorption spectrum of 500 m of fiber,

Fluor No. 5 is a two-solute system consisting of a blue-emitting wavelength-shifter,
BIBUQ, and a grecn-cmitting f£inal solute, Coumarin 540~A (C-540A) dissolved inpsuedo-cumenc.
This scintillator has a slow decay component that is predominant at the red edge of the
C-540A cmission band. The integral rise time, 4.2 ns at 510 nm, incrceases to nearly 20 ns
at 600 nm. At high C-540A concentrations (fluor No. 6) the FiWHH of this two-solute system
becomes very fast (<360 ps), but the slow component is still present (IRT >2.6 ns). The
emission spectrum of fluor No. 5 is given in Figure l. A plot of the impulsc responsc of
fluor No. 6 is given in Figure 2. .
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Figurxe 2, Impulse xesponsc of
Yigure 1. Scintillator emission spcctra fluor No. 6

Fluors Nos. 7 and 8 are two red-emitting scintillators utilizing Xodak Dye £14567 as a
final solute. Coumarin 480 is used as a wavelragth-shifter., These dyes are dissolved in
benzo~dioxane (BD, fluor No. 7) and benzyl alcohol (BA, fluor Mo. 8). The cmicsion maximum
of Xodak bye $£14567 varies from 540 pn, when dissolved in the non-polar solvent, psuedo-
cumcne, to 650 nm when dissolved in the very polar benzyl alcohol. The BD fluor is the .morxe
efficicat of the two, but it also has the slowest integral rise time. The A fluor has the
larqer cmission wavelength, but it is the less efficient of the two scintillators using dye
$14567. The cmission spectra of fluors Nos. 7 and 8 are given in Figure 1, .

Fluors and fibers -

Fluor-fiber system designs involve a variety of cngineering tradcoffs toachicve specified
pexformance goals. JFigure 3 illustrates such a tradcoff study in which absolute system sen-~
sitivity was investigated as a function of fiber length for scveral fluwors. 1In this case,
the system bandwidih was {ixed (at 80 MHz), as was fiber type (high-guality graded-index)
and photo-recciver (ITT type MA-3 photocathode; seeTnsct, Figure 3). The system scnsitivity,
S(L), in photoeclectrons (pe) from the receiver photocathode per rad (100 exrgs/q) deposited
in the fluor is given by: -

S(L) = F . R(Xo) . T(XO,L) . P(XD,L,BW) (2)
where

X = exparimenta) ealibration factor to express the seasitivity in absolute
terms of photoclectrons per rad (sce Appondix B)
R(2;) = spectral sensitivity of PMT photocathode at the wavelength i, (€/J)
(A _,L) = spectral trinsmission of the fiber of length L at the waveleagth lo
. o {dimensionlens) :

-
»

and ¥ (A5 L, W) = dinensionless fluor eminsion factor given by:
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o_'- Em(A) A\

A =-4)r/2 ' .
2 . 3)

S f Em(}) dA

. _ e = total relative total emission from the fluor (Table 1, column 11},
(dinensionless)

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

. The center wavelength, Ag: is selected at the peak of the fold of fluor emission, fiber
transmission, and photocathode response versus wavelength. Flgurc 4 shows the result of
this fold for Liquid "A" for scveral fiber lengths. As scen in the flgure, Ao shifts from
450 to 540 nm as the fiber lcngth increascs from 10 m to 1 km.
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Figure 3. Fluor-fiber-PMT system "Figure 4. Liquid A" cmission
sensitivity versus . spectrum folded with
] fiber length PrT and fiber
The optical bandpass, Ag, is chosen to satisfy the system bandwidth (BW) criterion by:
[0, 352 2
o ~ (BW « IRT) .

‘ AL = \ _( 0,35%) ( D )

N M(A ) * L « BW

L (s}
whore

M(io) = material dispersion of the fiber (n/nm—km)
L = length of fibox (km), and
) PR = system bandwidth (a=1)

N
- Lt
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As dcfined before, the integral rise time, IRT, is the 10t-90% rise tiﬁc of the intcegral of
the fluor response to a delta-function excitation, or simply the 10t-90% responsc to a step-
function. ror Piqurc 3, the bandwidth was sct at 80 MUz, or

B = 80 x 10% 57} ' (5

The material dispersion of the graded-index fiber assumed here has been measured to be about
575 ps/nm-km at 500 nm wavelength, hence:

. c 3.3
M) = 575 x 10702 . (ﬁ%‘,’;) s/nm-km (6)
For applications requiring medium lenqgth fibers {10 m <I. <75 m) scensitivities of up tonine
times larger than thosce shown in Figure 3 can be realized by switching from graded-index
fibers to the new large numerical aperature (Na} "fat" fibers.*1?® ror very short lengths
(I, €10 m), single plastic-clad-silica (PCS) fibers up to l-mm core diameter could be con-
sidesed. !l One-mm PCS fiber could provide scnsitivities approximately 900 times larger than
shown in Figure 3. lowever, modal dispersion from PCS fibers can exceed 150 ps/m over short
Jengths, so bandwidth may be a concern. In addition, the optical bandpass filter can be
completely removed for shorxt lengths (L <100 m at 650 nm, or L <20 mm at 400 nm), which would
result in a factor of two improvcment over the numbers prescnted.

The top curve on the left of Figure 3 shows the sensitivity of anNElll fiber system as a
function of fiber length. For lengths less than 30 m, NE1ll is the best of the four scintil-
lators. The initially steeper slope of the NE111 curve is partly due to the increasing
material dispersion at short waveclengths, and partly duc to the large contribution of the
scintillator IRT to the systcem bandwidth. Both effects cause Al to decrease rapidly with

f£ibex length, ;

The next curve down of the left side of Figure 3 represents Liquid "A® (Yable ), line 4).
The shorter IRT and longer wavelength emission of this scintillator, compared with KRE11),
‘means a larger 48X at a given fiber length and system bandwidth. At L = 100 m, one is able
to use ovex 55% of the entire emission band of Liquid "AY and still maintain the desired
system bandwidth, With NEI1), only 22% of the emission band is contained within a Al corre~
sponding to a B0-MHz system. These rejected photons may be recovered by using a spectral
equalizer;!? however, for our calculation a blocking fi)ter has been assumed. The bottom
two curves on the left of Figure 3 show Kodak Dye #14567 dissolved in BA and BD. These
fluors, because of their long wavelength cmission, make a more sensitive system when utilized
with fibers longer than 100 m.. Dyc £14567 in BD is the better of the Lwo for an L0-Miz systen.

These calculations can be extremely sensitive to changes in bandwidth. Figurce 5 shows
another calculation where the desired s;stem bandwidth was sot to 100 Miz. In this case,
only Liguid "A" and Kodak Dye #14567 in BA and BD arc considered, since NE111 is less than
a 100-klz scintillator. In this calculation, Dye $#14567 makes a less sensitive scintillator
when dissolved in 83D that when dissolved in BA. This is because of the relatively slow IRT
of -the BD scintillator (3.4 versus 2.7 ns).

Lincarity .
We have not considered scintillator lincarity in this presentation. When system sensi-
“tivities fall below 30 photoclectrons/rad, peak dose rates in excess of 1010 yad/s are
reguired to obtain statistically mceaningful signals. This laboratory has documented the
lincarity of only three of the scintillators presented: NRNE111, NEJOS, and Liquid “A“.
NE11l) and liqgquid "A" have been reasured to be lincar at doses rates up to 1012 yad/sce.l?
On the other hand, KE108 has been obscrved to go nonlinear when exposed to dose rates
oxcceding 3 1010 yad/sce. ! Lincarity may be a problem with these experimental scintilla-
tors. Heasurcements to determine their satuxation limits will be done in the ncar {uture.

cConclusions

The new long-wavelength scintillator formulations presented here represent significant
smprovements in system sensitivity and bandwidth for applications requiring long optical
- fibers.  The best choice of a uscintillator depends on {iber leagth: currently available
blue scintillators are still the best choice for short fiber yumns. Lincarity of the redder
sCcintillators nceds further invesntigation,

S pPat™ {iber diam w Y00 ym, RA + 0.3, bandwidth = 20 Milz~km at BS0 nm
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o Appendix A: Glossary
M1 chemicals and solvents in this work were used as received from the manufacturer,
without further purification. The solutions werc not outgassed.
Abbreviation Supplicr* Chemical Name
" pIBUQ NEIX 4-4"-Di (2-butyloctoxy-1) -p-quaterphenyl
- C-480 Exciton Coumarin 480 or Coumarin 120,
BRI 2,3,5,6-111,4H, tetrahydro-8-
methylquinolazino~(9,9a,l-gh)coumarin
. c-540a . Exciton Coumarin 540A,
- . 1,4,5,34,61,)1 OH, tetrahydro-8-
. . . trifluvoromethyl(l)benzopyrano(9,9a,x-gh)
PBD Exciton or NEI 2-phenyl-5-{4-biphenylyl}-1,3,4-oxadiazole
TPB NEXI or Aldrich 1,1,4,4Ltctrnphcnylbutndicne
- 414567 Kodak 4-dicyanomethylcne=-2-methyl-6-p-
. - _ dimethylamino styryl-4ll-pyran
"M Aldrich anisole
BA Aldrich benzy) alcohol
BD Spectrum benrzodioxanc
re NEX ’ pscudocumene (1,2,4-trimethylbenzene)
*Aldpich = Aldrich Chemical Co., 1lnc. NEI = Nuclear Entcrprizses, Inc.
Exciton = Exciton Chemical Co., Inc. Spectrum » Spactrum Chemical ManufacturingCo.

Kodak = Eastman Kodak Co.
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Appendix B:  Calibration factor, X

rhe calibration factor, X, in Eq. (2) was derived from the following cxperiment. A 4-cm-
thick volumec of Liquid "A® was placecd in a calibrated “co ganma field. The f{luor was viewed
by a short length of I'CS fiber, with a numerical apertuxe of 0.3, and 250-pm=-djiam corce. A
calibrated photodiode was used to measure the amount of fiber-transmitted fluorcescent photon
cnergy transmitted throuqgh a narrow band optical filter with a 10-nm bandpass centered at
540 nm. Correcting for filter transmission and photodiode scnpsitivity at 540 nm, onc finds
that the ratio of optical encrgy, in joules, incident on the photocathode to the gamma <lose,
$n rads, to the fluor was 2 x 10-14 J/rad. For a system cmploying a fiber of numersical
aperturce NA, core diamcter d um, wilis a narrow-band filter of pecak transmission Tfp,
K is:

0

“14 2 f l"‘m(”biquid “A" ax
2 % )0 J/rad R ( (MA) 4 um ) .7 . [
fp

K = (iA)_ :
1.6 x 2077 c/electron  \0:3 (250 wn) 24>
. (“f Em(”hiquid "AM aa
' ~ 535

5 J-elecctron

= 3,75 % 10 rad-C

For the "fal" fiber referred to with NA = 0.3, diam = 100 ym,!? the gain in light collection

over the 0.2 NA 50-m-diam graded-index fiber, which we assumed for purposcs of developing
* the Figure 3 data, is:

©ofos xa00wmd? o, L v o
0.2 ¥ 50 pm - - .



