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• .' Abstract

New long-wavelength-emitting, high-speed, liquid scintillators have been developed and
tailored specifically for plasma diagnostic experiments employing fiber optics. Those
ccintillators offer significant advantages over commercially available plastic scintillators
in terms of sensitivity and bandwidth.

FWJ1M response times as fast as 350 ps have been measured. Emission spectra, time
response data, and relative sensitivity information are presented.

Introduction

l»ow-0oss optical fibers are finding increasing application in plasma diagnostics, partic-
ularly when wide bandwidth and immunity to electromagnetic interference are required. The
fibers normally serve to transmit a light pulse, generated in a reidiation-to-liglit converter,
to a remote photodetcctor. For the detection of high-energy electrons or gamma radiation,
the Cerenkov light generated in the fiber itself is often sufficient for characterization of
the radiation environment. For neutron detection, organic scintillators (liquid or plastic) .'
•»ij:e used because of their high neutron cross-sections.1

The efficiency of quartz fibers for signal transmission depends very strongly on wave-
length. The optical attenuation due to Hayleigh scattering varies approximately as \~4.
Material dispersion, which describes the variation in transmission time for signals of dif-
ferent wavelengths, varies approximately as X~3.3#

Modal dispersion, the variation of the propagation time for different fiber modes, is
also wavelength-dependent. Fibers arc currently available with modal bandwidth? in excess
Of one GHz~);m at 850 nin. This can degrade to below 200 HHz-km at 600 inn. Long v/aveler.yth
Omission and short decay time in the transducer are thus central to optimal performance.
While the exact scintillator parameters are dictated by the application, the minimum speci-
fications sucin to be GOO nin emission, a KWIIM (to a delta function input) of 2 ns, and a
conversion efficiency comparable to conventional, blue plastic scintj.llators. While progress
has been made in developing such scintillators,2 an optimized scintillator for fibers has
been unavailable.

Rxpcr 5 wen ta 1 pr occdu r e r.

The temporal and .efficiency measurement:; wore carried out on an electron linear accelera-
tor (liiKic) and associated data acquisition systems. The samples wore i rrad i.itec! with I>0-ps
bursts of. 6-MeV electrons at 360 pps. The solutions were contained in 1-cm Supra:; il
spectrophol.oir.otcr cells. The fluorescent omission was collected by a 3-m length of J-mm-
tJinin optical fiber. The fibor was coupled to a scanning monochronutor and viewed by a
MicroChannel plate (ficr) photc-.-iu H i pi ier tube (]-MT) . An ITT MCP typo 1-M129' w.-i« ur.od in all
cases except that of fluor No. C in Table 1. The fast response of this nc.inlill.il.or ncccs-
sitaled the use of a Varian VPM-2211111 MCI' PMT. The system impulse! iicspcmr.c parameters with
these two I'.MTs arc cjiven in Table 1, lines 9 and 1.0. The l'MT output was thru roforded ii::iii<j
«n IIP somplinq oscillor.copc, wliicli wan interfaced to a data acquir-ititm system, ami allowed
one to digitise the d.'ita, signal average, a>)d do r.omu analysi.!;. The electron beam current

V i s woi'K was per formed under the aur.pif.r:; of the U.S. Dcpartmont. of Enertjy under Contract
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in and to any copyright covering this paper.
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New long-wavelength-cmitting, high-speed, liquid scintillators have boon developed" aiuT
tailored specifically for plasma diagnostic experiment..'; employing fiber optics. These
ccintillators offer significant: advantages over commercially available plastic scintilla tors
in terms of sensitivity and bandwidth.

FWJ1M response times as fast as 350 ps have been measured. Emission spectra, time
response data, and relative sensitivity information are presented.

Introduction

Low-loss optical fibers are finding increasing application in plasma diagnostics, partic-
ularly when wide bandwidth and immunity to electromagnetic interference arc required. The
fibers normally serve to transmit a light pulse, generated in a radiation-t.o-light converter,
to a remote phoiodetcctor. For the detection of high-energy electrons or gamma radiation,
the Cerenkov light generated in the fiber itself is often sufficient for characterization of
the radiation environment. For neutron detection, organic ccintillators (liquid or plastic}.'
"ore used because of their high neutron cross-sections.1

The efficiency of quartz fibers for signal transmission depends very strongly on wave-
length. The optical attenuation due to Ilayleigh scattering varies approximately as X~4.
Material dispersion, which describes the variation in transmission time for signals of dif-
ferent wavelengths, varies approximately as A"-*-3.

Modal dispersion, the variation of the propagation time for different fiber modes, is
also wavelength-dependent. Fibers are currently available with nodal bandwidths in excess
of one CjIIz-hm nt 850 nra. This can degrade to below 200 JJHZ-KIH at 600 nm. Long wavelength
omission and short decay time in the transducer are thus central to optimal performance.
While the exact scintillator parameters are dictated by the application, the minimum speci-
fications seem to bo 600 nm emission, a FNIIM (to a delta function input) of 2 ns, and a
conversion efficiency comparable to conventional blue plastic scintillators. While progress
has been mndo in developing such scintillators,2 an optimized scintillator for fibers har.
been unavailable.

Experimental procedures

The temporal and efficiency measurements wore carried out on an electron linear accelera-
tor (liiiuc) and associated data acquisition systems. The samples wore i rradiattc! with I>0-ps
bursts of. 6-MeV electrons at 360 pps. The solutions were contained in 1-cm Supr<>sil
spectrophotometcr cell;.. 'J'he fluorescent omission war. collected by a 3-m length of 1-i;im-
Oiam optical fiber. The fiht;r was coupled to a scanning monochroni.itor and viewed by a
nierochanneJ plate (JICP) photonuilliplior tube (HIT) . An 1TT MCI' typo F4J23' \MH used in .ill
caiior. except- tint of f liter No. G in Table 1. The fast response of this", sc tuti ) In tor nrccs-
oitalcO the use of a Varian vrM-221111' I'.ci' PNT. The system impuiuc; tcRponsc parantutoro with
these two l'JIT.s arc given in Table 1, )i»cr, 9 and 10. 'J'he J'JJT output was tln-n rocordod u:;iiicj
an HP satnplinq oscilloscope, which was interfaced l.o a data acquisition .syr.tcw, and oHouoil
one to digitize the data, signal average, and do some analysis. The electron beam current
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Table 1. Scintillator Emission Parameters (Son Appendix A for
Glossary of Chemical Terms and Abbreviations)

Fluor
Kmnbcr

,

2
3

4
5

6

7

e
••• 9

10

PVT

PVT

PVT

PC

PC

PC

W

BA

•

PBO

mmiQ

BIIHJQ

C-480

C-480

Concentration
(H)

2.7 x lo"3

15.0 x l o " 3

15.0 x i o " 3

1.2 x 10"1

1.6 x 10"1

NE108

Nli) 02

NK111

TPn
C-S40A

C-540A

H4S67

•14SG7

Yarian MCP (2211)

JTT HCP CF4129

Concentrat ion
CM)

2.20 x 10"3

1.00 x 10"1

3.30 x 10"1

1.25 x 10"2

5.00 x 10"2

ItT
(us)

3 .6

0 .9

0 .3

0.4

O.S

0.15

0.05

O.S

0.14
0.27

nvuM
(nr.)

18.1
2.9

1.9

1.3

1.7

0.3(.

1.41

1.2

0.21
0.49

1/u
(»s)

13.1
2.3

1.6

1.0

1.5

0.4

1.2

1.2

0.10
0.20

!KT
(us)

2R.6
6 .6

3.!)

2.f>
4 .2

2.5

3.4

2.7

0.23
0.61

f-PK

1.0

10.4

5.1

4 . 0

2.2

1.7

1.4

1.0

1.0

0 .5

0.25

0.13

0.07

0.03

0.07

O.OS

X
(iim)

!.7O

•120

390

450

MO

SIB

(.10
650

vas monitored with a faraday cup placed behind the scintillator. Relative efficiency com-
parisons between scintillators were made by comparing the ratios of the digitized l'MT output
divided by the electron dose.. HE108 was employed as a laboratory standard and was measured
• at the start of each day. The wavelength dependence of the PMT-ribcr system response was
determined by irradiating the fiber itself and wavelength-scanning the resulting cerenkov
emission. The Ccrenkov intensity is known to vary as A~3.5

Scintill.ator.s

Table 1 shows the emission parameters for a variety of scintillators when irradiated with
50-pc electron pulses. Column 1 is the scintillator solvent or lxu;e plastic, &nd columns 2
to 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 rice time, l'WIJli, and 0.7-t.o
0.7/e decay times. The 0.7-to-0.7/e time approximates the lifetime for the decaying part of
the pulse. Column 9 shows the 10£ to 90'i rise time of the integral (IKT) of the fluorescent
impulses. For a gaussian function this parameter is related to the half power (-3 dD) band-
width by the expression:

BW (IJz) x ma* (sec) ss 0.35 CD

Column 10, cn);, comparer, the amplitude of the pea): of the impulse response, measured through
a 10-mm spectral bandpass f i l t e r centered on the peak of the emission baud, with the ampli-
tude of NE10G, measured at i t s pea); of 070 nm. In column 11, <> i s the rat io of the totn^ •
amount of l ight emitted from each s c i n t i l l a t o r to the tota l NKJ08 emission. Those number:?
are obtained by multiplying the integrals of the impulse response waveforms; by t-he. in tegra l s
Of llie corresponding normalized, wavelength-calibrated emission spectra; they represent the
total prompt emission. The integration times vary from 5 to 100 »r., depending upon the
ewecp speed setting on the sampling osc i l loscope . Kolh Cpj: and i- depend on sample geometry.
In this wor); the samples wore 1 cm thick, and many exhibited severe opl.ic.il self-absorption
in the short wavelength part of the emission bands. In sonic MSPR, rather largo corrections
were made for a loss in system sens i t i v i ty in the red and blue edge, of the v i s i b l e spectrum.
The surfaces of the plast ic fluors wore polished but otherwise were not treated in any spe- .
ci . i l way. Uccausc of these factors, the errors in CpK and <• are estimated lo be ?.0-?.'jt.
Column 12 shows the fluorescent emission maxima.

Fluorr. 1, 2, and 3, Table 1, describe three commercially nvnilnlOo p l a s t i c sc i i i t i l 1 at ors . 6

Floor No. 1 i s the slow bright orange scintil l i ' itor • NK10R, which has an es( rer.iely wide m i s -
sion spectrum, extending from 350 nm to over 700 nm. The. 1'WUN impulse response v.irie«; fiom
several nanoseconds at the blue edge of the emission band to near 20 us at Die red edge.

The emission p.-irnr.ictern for KE)02, fluor Ko. 7, fire in good .njronm-nl with weos»vei«ont.B
imblishcd by Lyons and KVevens,7 using high-energy electron:*.. Pi fferent resu l t s have been
reported by other inventigators using .i) torn.\ti.vo exc i tat ion meUtods. "' 'J

Efficiency and response tir.ie for Ht:ill, fluor Ko. 3, have been observed to wiry
specimen to specimen. We li.ive measured c'pnvnerciiil product.1; with 1'WHM rer.jitwr-e limes AH f.»i;t
Oi; ) .2 ns and as slow as 2.2 ns. Ho havej at lempted lo give the pulse p.ir,um>ter:i lor o »ep-
reisent.itive itawple. The emisMion xpeulruin of Ki;lll iu given in I'iguri" 1.



q d "A", fluor No. A, lias been successfully used In «i plasma-imaging experiment fielded
at the Nevada Test Site.1 This experiment utilized approximately 100 channel!; of graded-
index fiber, each 550 m long, to relay npneo and time information to up-hole detectors. The
pea): or the emission spectrum for Liquid "A", given in Figure 1, is shifted from 450 nm to
540 nm 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,
BZ1HIQ, and a green-emitting final solute, Coumarin 540-A (C-54OA) dissolved in puuedo-cumeno.
This scintillator has a clow decay component that is predominant at the red edge of the
C-540A emission band. The integral rise time, 4.2 ns at 510 nm, increases to nearly 20 ns
at 600 run. At high C-540A concentrations (fluor No. 6) the FKIIM of this two-solute system
becomes very fast (<360 ps) , but the slow component is still present (IKT >2.6 n:;) . The
emission spectrum of fluor No. 5 is given in Figure 1. A plot of the impulse response of
Xluor Mo. 6 is given in Figure 2.
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Figure 1. Scintillator emission spectra
Figure 2. Impulse response of

fluor No. C

Fluorr. Nos. 7 and 8 are two red-omitting scintillators utilizing Kodak Dye S14567 as a
final solute. Couir.arin 480 is used as a wavelrogth-shifter. These dyes are dissolved in
benzo-dioxane (BI), fluor No. 7) and benzyl alcohol (»/>, fluor No. 8) . The emission maximum
of Kodak Dye £14567 varies from 540 nm, when dissolved in the non-polar solvent, psuedo-
cuntene, to 650 nm when dissolved in the very polar benzyl alcohol. The UD fJ.uor is the more
efficient of the tv:o, but it also has the slowest integral rise time. The J?A fluor has the
larger emission wavelength, but it is the less efficient of the two scintillators using dye
{14567. The emission spectra of fluors NOD. 7 and It are given in Figure 1.

F3uors and fibers

Fluor-fiber systesn designs involve a variety of engineering tradeoffs t.oachieve specified
performance goals. Figure 3 illustrates such a tradeoff study in which absolute system sen-
sitivity was investigated ar. a function of fiber length for several fluorr.. In this case,
the system bandwidth was fixed (at 80 MIJz) , as was fiber type (high-quality gradi:d-iiulc;>:)
and photo-receiver (ITT type I1A-3 photocathodc; see Inset, Figure 3). The system sensitivity,
S(L), in pliotoelcctrons (pe) from the receiver photocathodc per rad (100 ergs/g) deposited
ill the fluor is given by:

K • F(Xo,i,,nw) (2 )

where

nnd F

K ** cxpcrimontnl calibration factor to express the sensit ivity in absolute
terms of pJiotocIectrons per rad (see Appendix U)

K{Xo) « r.pectral sensitivity of VIVV pholocathcxle nt the wavelength Xo (C/0)

,10 «= r.|vctr«nl transmission of the. fiber of length 1- at tho wavelength * o
(dimensionloss}

iK) ™ dir.K%nr.ion)o!;:". floor emission factor given by:
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F(Ao,L,BW)

Ero(X) dX
Xo-AX/2

{3)

Era(X) dX

t" where

...*.» total relative total emission from the fluor (Table 1, column 11),
(dimensionlcss)

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

The center wavelength, Xo, is selected at the peak of the fold of fluor emission, fiber
transmission, and photocathode response versus wavelength. Figure 4 shows the result of
this fold for Liquid "A" for several fiber lengths. As seen is the figure, Xo shifts from
450 to 540 nm as the fiber length increases from 10 m to 1 km.

WAVIUNQIMIml

Figure 3. Fluor-fiber-PMT system
sensitivity versus
fiber length

Figure 4. Liquid "A" emission
spectrum folded with
PUT and fiber

Thc optical bandpass, Xo, is chosen to satisfy the system bandwidth (DW) criterion by:

V(0.35)2 - (I1W •
M(XQ) • L • ISW

(4)

vhorc

H(XO) •• material dispersion of tl>e f ibor (o/nin-kin)
It •« lenglh of fibor (km), and

UW - system bandwidth (n"1)



As defined before, the integral rise time, IRT, is the 301-901 rise time of the integral of
the fluor response to a delta-function excitation, or simply the 101-901 response to a step-
function. For Figure 3, the bandwidth was set at 80 MHz, or

BW «= 80 x 106 s"1 (5)

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

3.3
s/nm-km (6)

For applications requiring medium length fibers (10 m <L < 75 i») sensitivities of up tonine
times larger than those shown in Figure 3 can be realized by switching from graded-imlcx
fibers to the new large numerical apcraturc (HA) "fat" fibers.*10 for very short lengths
(L <10 in), single plastic-clad-silica (PCS) fibers up to 1-mm core diameter could be con-
sidered . !1 One-nun PCS fiber could provide sensitivities approximately 900 times larger than
shown in Figure 3. However, modal dispersion from PCS fibers can exceed 150 ps/ia over short
lengths, so bandwidth may bo a concern. In addition, the optical bandpass filter can be
completely removed for short lengths (L < 100 m at 650 mu, or L < 20 in at 400 nm), which would
result in a factor of two improvement over the numbers presented.

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, NISI 11 is the best of the four scintil-
la tors. The initially steeper slope of the JJlilll curve is partly due to the increasing
material dispersion at short wavelengths, and partly due to the large contribution of the
scintillator IRT to the system bandwidth. Both effects cause AA. to decrease rapidly with
fiber length.

The next curve down of the left side of Figure 3 represents Liquid "A" (Table 1, line 4).
The shorter IRT and longer wavelength emission of this scintillator, compared with KF.lll,
means a larger AX at a given fiber length and system bandwidth. At L = 100 m, one is able
to use over 55S. of the entire emission band of Liquid "A" and still maintain the desired
system bandwidth. Kith K'tflll, only 22?; of the omission band is contained within a AX corre-
sponding to a 80-MHz system. These rejected photons may be recovered by using a spectral
equalizer;12 however, for our calculation a blocking filter 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 emission, make a more sensitive system when utilized
With fibers longer than 100 m. • Dye i;i4S67 in BD is the better of the two for an '-0 -HI! z system.

These calculations can be extremely sensitive to changes in bandwidth. Figure 5 shows
another calculation where the desired system bandwidth was sot to 100 MUz. In this case,
only Liquid "A" and Kodak Dye S14SG7 in BA and BD are considered, since KK111 is less than
ft 100-IiHz scintillator. In this calculation, Dye 814567 makes a ler.:; f;cnsitive scintillator
Vlicn dissolved in B'O that when dissolved in BA. This is because of the relatively slow IRT
Of the JSD scintillator (3.4 versus 2.7 ns) .

Linearity

We have not considered scintillator linearity in this presentation. When system sensi-
-tivitier. fall below 30 photoclcctrons/rad, peak dose rates in excess of 10^0 rad/:; are
required to obtain statistically meaningful signals. This laboratory liar, documented the
linearity of only three; of the scintillators presented: NE111, NKIOR, and Liquid "A".
NK111 and Liquid "A" have been measured to be linear at doses rales up to 10.1* rad/sec.13

On the other hand, KK108 has been observed to go nonlinear when exposed to dose rales
exceeding 3 xlO**1 rad/scc.1'1 Linearity may bo n problem with these experimental scintilla-
tors. Measurements to'determine their saturation limits will be done in the near future.

Conclusions

The new long-wavelength scintillator formulations presented here represent significant
improvements in system sensitivity and bandwidth for applications requiring long optical
fibers. The best choice of a scinti .llator depends on fiber length; currently av.i i l.iblc
blue r.cint illatorr. are still the best, choice for short fiber runs. Linearity of the redder
scintillators needs further investigation.

•Tnt" liber diom « 100 |im, HA « 0.3, • bandwidth ™ 20 Mllz-km at 850 nm
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Appendix A; Glossary

All chemicals and solvents in this work were used as received from the manufacturer,
without further purification. The solutions were not outgassed.

Abbreviation

BIBUQ

• C-480

.C-540A

PBD

TPB

#14567

AN

BA

BD

PC

Supplier*

NEI

Exciton

Exciton

Exciton or NEI

NEI or Aldrich

Kodak

Aldrich

Aldrich

Spectrum

NEI

Chemical Name

4-4"-Di (2-butyloctoxy-J)-p-quatcrphenyl_

Coumarin 4 80 or Coumarin 120,
2,3,5,6-111,411, tetrahydro-8-
methylquinolazino-(9,9a,1-gh)coumarin

Coumarin'540A,
1,4,5,311,611,1 OH, totrahydro-8-

trif luor onto thy 1 (i)bonzopyrano (9 ,9a, 1-gh)

2-phcny.l-5- (4-biphenylyl) -1,3,4-oxadiazolc

1,1,4,4-tetraphenylbutadiene
4-dicynnomethylcne-2-ir.C!tliyl-6-p-
dimcthylamino atyryl-4ll-pyran

anisolc

benzyl alcoJjol
benzodioxanc

pneuclocumene (1,2,4-trimctliylbcir.r.ono)

*Alclrich •» Alttrich Chemical Co., Inc .
lixciton » Kxciton Chemical Co., Inc .
Kodak " Eastm<in Kotlak Co.

NKI " Nuclear Kn'.crpri.-tos, Inc.
Spectrum » Spectrum Chemical. Manufacturing Co.



•Appendix D; Calibration factor, K

The calibration factor, K, in Eq. (2) was derived from the following experiment. A 4-cm-
thick volume of Liquid "A" was placed in a calibrated '*Co gamma field. The fluor was viewed
by a short length of PCS fiber, with a numerical aperture of: 0.3, and 250-iim-di.aiu core. A
calibrated photodiodc was used to measure the amount of fiber-transmitted fluorescent photon
energy transmitted through a narrow band optical filter with a 10-mn bandpass ci.-nt.crcd at
540 nm. Correcting for filter transmission and photodiodc r.ennifcivity at 540 nm, one finds
that the ratio of optical energy, in joules, incident on the photocathodo to the gamma dose,
in rads, to tlic fluor was 2 x 10~14 J/rad. For a system employing a fiber of numerical
aperture NA, core diameter d vim, witis a narrow-band filter of peak transmission 'i'j.,,
K is:

IO"U J /rad

1.6

3.75

10"19 C/electron ( QiA) d urn V
0 . 3 (2i>0 |Jin) I

to

f
535

10
5 J-c-lcctron

rad-C

For the "fat" fiber referred to with NA = 0.3, diam = 100 inn,10 the jain in light collection
over the 0.2 NA 50-m-cUam gradod-index fiber, which we assumed for purposes of developing

" the Figure 3 data, is:

(0.3 x 100 Hiri\2 _
0.2 x 50 \m )


