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THE EFFECTS OF FAST AND THERMAL 4 . Reduced size. Optical fiber links are also smaller
NEUTRON FLUX AND GAMMA and weigh less than conventional electrical cables.
RADIATION ON THE TRANSMISSION
CHARAC TER ISTIC S O F OPT IC A L F I BERS Although these numerous advantages have cause d

increased use of optical fiber links in military systems ,
one possib le problem with optical fiber links is that
nuclear radiation is known to create coloration centers

1 INTRODUCTION in optical materia l, titus causing an increase in t he at-
tenuation of t he light transmitted through the niaterial. 3
Radiation can also generate light within the optical
material. Any nuclear-radiation-induced effect in theBackground

A fiber optic link consists of a light source whose in- transmission characteristics of an optical fiber link may
tensity is modulated by a transmitter , an optical fiber prove to be a limitation in a military communications

to transmit the light, and a photodetector. The photo- system which is deployed in a potential nuclear envir-

detector , which is sensitive to the optical signal trans- onment.
mitted by the fiber , produces an electrical signal which Previous research on the effects of nuclear radiation
is proportional to the output of the modulated light has been limited to the effects of fast neutrons , high
source. Research over the past several years 1 has m di- energy electrons , and gamma, X-ray, and alpha radia-
cated that replacing conventional electrical cable used 

~~~~ This study primarily investigated the effects of
in data transmission with fiber optic finks has several thermal neutron radiation, which had not previously
advantages: been studied.

I. Reduced susceptibility to electromagnetic inter- Objective
ference (EMI) resulting from electromagnetic fields and ‘L~e objective of this study was to augment past re-
pulses (EMF and EMP). Electromagnetic interfe rence is search on the effects of radiation on optical fibers by
a major prob lem in the design of nuclear EMP-hardened investigating the following specifi effects:
fac ilities. While conventional electrical cables are very
susceptible to EMP and EMF. tests conducted at the 1. Possible short-term effects of thermal neutron
U. S. Army Construction Engineering Research Lab- flux on various commercially available optical fibers.
oratory (CE RLI 2  have determined that high intensity The short-term effects to be investigated were attenua-
EMP and E# environments have no appreciable tion variations and radiation-induced luminescence.
effect on fiber optic links. (Se e the glossary for definition of attenuation and

short- and long-term changes.)
2. Electrical isolation. Because optical fibers are

made of nonconductive glass or plastic , grounding 2. Possible long-term attenuation changes in various
problems between the transmitter and the receiver commercia lly available fibers due to thermal neutron

flux.are not possible. Optical fibers also circumvent the
problem of crossta lk between cables , because electri- 3. Possible long- and short-term effects on the trans-cal current is not employed in transmission. mittance of various fibers in an environment consisting

of gamma radiation, fast neutron flux, and thermal3 . Wide bandwidth. With current optical fiber tech- neutron flux.
nology , fibers have a bandwidth capability of 100 Gui .
This wide bandwidth permits simultaneous transmis 

-

______________

sion of several thousand signals over a single fiber using 3R. 0. Manual, F. J. Schiel , S. Kronenburg , and R. A. Lu’~.multiplexing techniques. Bandwidth capability of this l~ffeet of Neutron- and Gamma Radiation on Glass Optical
size is not possib le in conventional metallic conductors. Waveguides ,” Applied Optics (September 1973);and .1. A. Wall

and J . I . Bryant . Radiation Eff ects on F iber Opti ux . AI ( R1.-
TR-75-0190 (Air Force Cambridge Researct i J~ahoraIor ies ,

- (;.~tt~w~ . (Ip i tc a l  Filer links for  Tclecotninunica tion 1975).
it , . S. .~ rmy Strateg ic Commun ications Command , 1973) 4 Manual Ct at;  Wall and Bryant; and P. L. Matte rn . 1.. M.

2K . G . Mc( orinack md I) . C’ . Sie ber . Fiber Optic ’ C’o,n,nun- Watkins , (‘. I). Skoog, J. R. Brandon, and F. II. Barsis , The
it af i t ,p tc  I t,,~~ I’, r lorn,a,w ’ in Eu P and Intense j ig/it Transient /~(f ~’cts of Radiation on the Absorption and Lu,ninetccnce of
1MI’ironh,u ,,t.c . Interim Report t .94/A DAO32 I 26 (Ii. S. Army Fiber Cptic Wat ’eguides and Ma terials (Sandia Laboratories.

‘ I l s t r I j c t j o f l  I ngineerint Research l..aboratory, 1976). 1974).
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Approach 2 EXPERIMENTAL PROCEDURES
ilirec te pte s ei i t a t ivc types of opti ca l llbcrs were

studied: ( I)  low—loss tused silica , ( 2) all-p lastic , and

(3) medium- loss lead-silicate w ith hotosi l icate cladding. Test Samples
This sectio n describes t he three representative types

of commerciall y availab le optical fibers tested in this
The study consisted of two experim ental phases: study.

I detertu m a  I ion of the ct’fec Is ol i h ermal tie u Iron
flux on the transmission character istics ot an optical Plastic Fiber
fiber , and (2 ) determination of the combined e ffects of Plastic fibers , which are inexpensive but have very
fast neutron flux , thermal neutron flux , and gamma high attenuation , consist of a polymethyl methacry late
radiation. or polystyrene core and a cladding of a polymer having

an index of refraction less than the core. The fiber used

Three effec ts may occur due to exposure to a the r- in this study was plastic inonofilatnent with a polysty-

inal neutron environment: lum inescence , short-term renc core and an acrylic plastic cladding.

atte nuation , and long-term attenuation. Because loin-
inescence and short-term attenuation cannot be detec- Low-Loss Fused Silica Fibers

ted using a simple pre- and post-pulse measurement Fused silica fibers , which are drawn from pure fused

technique . they were monitored by measuring t he tra ns- silica, have attenuations of less than 50 dB/km. The

mission of the fibers during the thermal neutron pulse llber used in this study consisted of a single optical

( 10 12 n/cm 2 ) . The amplitude and time duration of any fiber with a polyester elastonier jacket. The core mater~
luminescence detected during the pulse were deter- ta l is pure fused silica and the cladding material is a

mined, as were the maximum value and time duration high-quality optical plastic. The maximum attenuation

of short-ter m attenuatio n detected . Long-term attenUa- of t his fiber is 20 dB/km at a wavelength of 8200 A.

tion due to the t hermal neutron flux was detected by
measuring the transmission of the fiber for several Medium-Loss Borosilicate and Lead-Silicate Fibers

minutes afte r the thermal neotron pulse . The duration These fibers are drawn from standard optical glass.

and amplitude of the long-term attenuation was dete r- The fiber used in this study has a borosilicate cladding

mined from this measurement. and a lead-silicate core. Its attenuation is 400 dB/km.

Experimental Setup
In the second phase of the study. the fiber was sub- Figure 1 is a schematic of the basic experimental

jected to a 20-minute steady -state exposure tO CotTi setup used in both phases of the study. The setup con-
hined fast and thermal neutrons and gamma radiation. siste d of a laser light source , a light chopper. a focusing
This radiation exposure could cause two e ffects: radia- lens, 10-ni length of optical fiber placed in a nuclear
tion-induced attenuation during the exposure. and a reactor port (t hermal or beam), a photomultiplier.
long-term attenuation effect after the exposure. To three osci’t oscopes, and a digital recording oscilloscope-
determine it’ there was any radiation-induced attenua- The three optical fibers along with each element of the
tion during the exposure . t he transmission of the fiber experim ental setup are described below:
was measured several times during exposure. Long-term
attenuat ion was identified by measuring t he fiber trans- Ligh t Source
mission several times after exposure. A S-mW helium-neon laser (wavelength = 6328 A)

was used as the light source because its highly collimated

Scope beam enables simplified coupling into t he fiber.

This study wa s not intended to investigate t h e
mechanism by which fast or thermal neutron flux inter- Light C/mopp er

,icis with optical fiber materials to affec t the tra nsmis - The light beam was chopped by a mechanical chop-

sum characteri stics . Consequent ly. no attempt was made per. The chopped light level was used rather than a

to quan titatively determine the ef fects that expected constant light level so that the light amplitude measure-

threat-le ve l nuclear environments wou ld cause on any ment would not be susceptib le to any de level change

optica l fiber link , in t he measurement equipment.
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Figure 1. Basic experimental setup.

Focusing Lens The thermal port was used in the first phase of the
A lens was used to focus the laser beam onto the study because the energy of the neutrons in the port

ends of fibers which have very sm all dia m eters. The is primarily thermal (less than .025 eV). The total
lens, raser, and fiber-end holder were mounted on an integrated thermal neutron flux at the position of the
optical bench to isolate them from any mechanical vi- optical fiber in the thermal colunin was 1012 n/cm 2
bration . Figure 2 shows the illum ination setup. per pulse . for a pulse level of 1900-MW peak. Since a

tota l integrated flux level of 1012 n/cm 2 is the flux
Optical Fiber Length level possible at a distance of I mile (1 .6 kiii) from the

The optical fibers were wound around plexigla ss explosion of a I-megaton device ,5 this flux level was
cylinders, which were placed in one of the reactor considered acceptable for exposure of the optical fibers
ports. Time length of eac h exposed fiber was accuratel y in t he termal neutron effects phase of experimentatio n.
mnca~mi m ed so that amm y attenuation change could be Ic-

hated to Iit’em length . Figure 3 shows ii fiber wound on The beam port of the reactor was used in the second
a cy linder , and Figure 4 shows a fiber entering the phase of the study. The optical fiber on the cylinder
t lmc r iima i port of time reactor. (See the appendix for a was placed in the beam port and the reactor was oper-
description of tI me re a c tor  ports. ) ated at a steady-state power level of 1.5 kW for 20

minutes. During this period , the total integrated fast
Reactor Ports neutron flux was 4 X loll n/cm 2 .the tota l integrated

The thermal and beam ports of the University of t hermal neutron flux was 4 X 1012 n/cm 2 . and the
Illinois TRIGA Reactor * were used in this stud y.
_____________ 

gamma radiation dose was 2 X l0~ roentgen: these
TRIGA (‘t ’ ra in ing , Research . isotope production. General levels were considered sufficient for the experiment.

Atom ic) is a t radeiima rk of (lie ( cime ral \ t oun lc t ) ivis ion of Itt e
;enera t l)ynansics Corporation. t he appendix describes tI me 5S. (ilass ione , Tlu- Effects of Nuclear Weapons (United

University of Il li nois TRIGA reactor. States Atomic I nergy ( omnhission , April 1962).
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Figure 2. Illumination setup. Left to right: laser , chopper, focusing lens , and fiber-end holder.

this response was compatible with the wave-length of
ihe light source (6328 A ) . The photomu ltiplier was

______________________________________________ tised because of its high gain capability.

‘~ ‘~ - Oscilloscopes

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. _________________ Three oscilloscopes set at various time bases were
- , ~‘s used in the ther m al neutron effects phase of the study

- to monitor the output of the photomultiphier during
the reactor pulse . The oscilloscopes were triggered by a
trigger pulse frotn the reactor control room at the in-
stant the contro l rod was pulled out of the reactor to

- 

.? initiate a pulse . In addition , an uncompensated ion
chamber (Westinghouse . Model WL -6937) was used to

compare the relative power levels of the individual
pulses. The ion chamber ’s vo ltage output is propor-
tional to t he power output of the reactor.

Only one osci lloscope was used to monitor the out-
ptit of the pholotnultiplier in the second phase of the
sttm dy. Photograp hs o1 the scope trace were taken several

Figure 3. Optical fiber wound on cylinder, times during t he 20 m inutes of steady-state radiatiom s
exposure.

Digital Recording Oscilloscope
Photornu ltiplier In order to per m it researchers to monitor the trans-

A photomultiphier was used as a light level detector mission of light through the optical fiber during and af-
at the output end of the optical fiber. The photoniulti- ter the reactor pulse . a Nlacrodymse ERDA(’ III digital
plier used was constructed at CERL using a RCA-7 l02 recording oscilloscope v~a~ used to digitize the output
photomultip lier tube. The 7102 has a S-I spectral re- of the photornultiplier tube and record (lie digital data
sponse having a spectral rati ge of ’ 4500 .~ to 11500 A : on magnetic tape . Fac l m time period monitored was dmv-

10
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Figure 4 Fiber entering thermal port

ided into 4096 samp les , with the sampling interval Operational Procedures
set according to t he length of the titne period. Typ ical Deternt ina tion of Th ermal Neutron Effects
samp ling intervals were from 0.2 rnsec to 0.5 insec. T he The optical fibers wound around plexiglass cylinders
amplitude of the signal can be resolved to one-thou- were placed in the thermiial port. Gold foil detectors
sam idt h of the full scale voltage range . Data collection were taped at both et ids of t h e  cy linders to obtain a
using the ERDA(’ Ill made it possible to analyze the measure of the average thermal neutron flux to which
data using a minicomputer . The recording feature of the fiber was subjected . A sulfu r pellet and calcium
the ERDAC III also provided an accurate record of the fluoride TLD were placed on the first tlber samp le to
c . t  data , determine the fast neutron flux and gamma radiation

dose present for a typical irradiation in the thermal

Radiation Dosage Monitoring 
port.

Detertnining t ime total neutron flux (thermal and fast) The light chopper was et so the laser beam was
amid gamnma radiation dosage that the fibers were sub- m odulated into a square wave with a frequency of 215
ect e d to was necessary in both phase s of the study. Hz. The fiber end was aligned to obtain the peak amnphi-
Three types of radiation detectors were used to obtain tride signal f’rorn the photomultip lier.
this mm ifori nat io rm . Gold foils were used in conjunction
ssm t l m cadmiumn-cuvered gold foils to deter m ine time total The thre e oscilloscopes and digital recording oscillo-
thermal neutron flux using the cadmium differem ice scope were on a .285-se cond delay after the trigge r
technique. Sulfur pellets we re used in detecting tast pulse from the control room . Time delay was needed to

to  m m ’ ~ mleut rons h aving energies greater than 3 MeV). display t he output sigtual of the photomu ltmplm er just
( a lcmun i fluoride Ihermnulumninescent dosim mieters (TLDs) prior to t h e  reactor pulse . T h e osc illoscope camera
were used in noml itoring t he gamma radiation dose . Al l shutters were manually opened 2 seconds prim to the
(he dete - to ts  were obtained from Edgerton . Germe- reactor pulse and closed after the reactor pulse . The

~Im. im i’ .en . and ( ci . ln~ - who provided a readot mt on digital recording oscil loscope wa s operated such O mi t  a
t ime c i - , i l l s  a t t em ~‘ \ h ) ~

1SO
~~ 

h —second interval of th e phiotonumlti plie m output u

“•‘ ‘
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digitized .immd recorded variou s times after the reactor 3 DATA ANALYSIS
pulse . The samisp les were taketi for IS imlinutes after t h e
ilulse to measure t Ime time dumation amid amplitude of
radiation-induced attenuation. The samples were re- Attenuation Analysis
corded on magnetic tape for subsequem it analysis. The amplitude of the square wave output of the

photomultiplier at various times during and after the
Prior to testing time Ilbers , the outptit of t he photo- radiation exposure was m easured to determine the dur-

m ultiplier (without light m il put) was momsitored during a ation and amp litude of radiation-induced attenuation
test pulse to de t ermmm mne whether radiation shielding was chiamige s in the optical fiber. The following sections dis-
needed to protect the photumsiultip lier from any pos cuss the techniques used in determining the amplitude
sible e:~ternal radiation durimig t h e  reactor pulse . The of the square wave output for the two phases of the
oscilloscope trace of the output signal showed that study and the method used to calculate the attenua-
there was no effect omi the phototmi~ltip1ier , indicating tion change.
that tso shielding was needed .

Determination of Thermal Neutron Effectslwo of tIme three types of optical fibers were sub-
jected to seven to ten reactor pulses , at 20- to 30-minute The square wave a m p litude was measured by exam-

ining the oscilloscope pictures taken during the reactorintervals. Time m edium- loss borosilicate fiber was only
pulse and 0.5 seconds thereafter , and the record madesubjected to two reactor pulses : the fIber was com-
by the digital recording oscilloscope during and up topletel~ opaque after the second pulse . making furt her 15 minutes after the pulse.testing impossible . simice no light could be transmitted.

The reactor was pulsed at a power level around 1 900 Although it was originally planned that the digital
~IW: the actual power level of each pulse was recorded

recording oscilloscope data would be analyzed by ain the reactor contro l room.
minicomputer, the analyzing program was so sensitive

Determination of Thermal Veutro n, ~~~ 
to small variations in data that the computer could not

.‘s-eu4’ron , and Gamma Radiation Effects be used. Imistead , measurement of the square wave am-
The optical fibers were placed iii the beam port of plitude was accomp lished by manually examining the

the r :acto r. 1 lie light chopper was set so time lase r beam recorded trace , using the cursor feature of the record-
s~as modulated into a square wave with a frequency of ing oscilloscope , which displays the amplitude of each
2 1 5 liz. The end of the optical fiber was aligned to ob- recorded data point . Sim ple subtraction of the high
ta m the peak amplitude output signal from the photo- and how states of the square wave will determine the
multiplier, amplitude. Several half cycles of the square wave were

averaged to eliminate the effects of some 60-Hz noise
To monitor the total neutron flux (fast and timer- present on the square wave output.

nial). sulfur pellets and gold foils were placed on the
fiber samples. Calcium fluoride TLDs were placed on Determinatio n of Fast Neutron Flux, Thermal
the fibers to measure the accu m ulated gamma radiation Neutron Flux, and Gamma Radiation Effects
dose . In this phase of the study, the amplitude of the

square wave at various times during and after the
The photomultiphier ’s output during its radiation irradiation was measured from oscilloscope pictures

exposure was monitored by takim ig boils osci lloscope and recorded traces on the digitah recording oscillo.
photograp hs and digital recording oscilloscope records, scope . Measurement of the square wave amplitude using
Osci lloscope pictures of ’ the phmotumultip lier output the digital recording oscilloscope was done by averaging
were ta ken at vario ’ms ti m es during and after the radia- the high and low states of 20 square wave cycles at
lion exposure. The digital recording oscilloscope was various times during and after the radiation exposure.
used to record 0.08-second intervals at various times
during the radiation exposure . Calculation of .dtrenuarion C/mange

The results of time square wave amplitude measure-
Two types of optica l fibers were used in this phase ments were used to calculate the attenuation change ,

of ex pen immienta t ion : t he low-loss , plast ic-clad pure using Eq 1
silica amid all-plastic fibers. The fibers were subjected
to a 20-minu te radiation exposure w it h the reactor 10 log10 v1,

[Eq 1]operatim ig at a I .5-kW steady -state power leve l. L

12

- -  -- --- —- -,-- - - — —- -.--



r 

-, _ _ _ _ _ _  _ _ _ _ _ _ _ _  

- .

re AT cimamige iii attenuatiom i dB/ km im 4 TEST RESULTS

V0 square %s ave a m p litude prior to radiatiomi
exposure Thermal Neutron Effects

Low-Loss Fused Silica Fibers
V = square wave ammmpiitude during or after ma- A 16,25-rn length of low-loss fuse d silica fiber was

diatiomi exposume used in this phase of the study. Time Icngti m of t ue  fiber
placed in the thermal port of the reactor was 9.57 m.

I length of optical fiber exposed. The fiber was subjected to ten react or pulses with an
average pulse level of 1800 MW .

I.u,ninese’ence .4 nali ’sis
The output of time photomultiplier was m onitored

during the radiation exposure to determine the ampli- Gold foils determined that time total accumulated
tude and time duration of luminescence , l uminescence thermal neutron flux for the ten pulses was 8.29 X
ssa~ identif ied h~ a change in t he output of the photo- 1012 n/cm 2 , or an average therm imal neutron flux of
multip lier during both the off and on states of square 8.29 X 1011 n/cm 2 per pulse . A sulfur pellet placed
wave Figure 5 is an oscilloscope picture of the photo- on the sample determined that the total accumulated
mimu ltiplie r output during t he reactor pulse: the down- fast neutron flux was 1.5 X l0~ mi , cmn 2 . or 1.5 X 108

ward change is due to luminescence, n/cm 2 per pulse, The calcium fluoride TLD detected a
dose of 3800 roentgen for the ten pulses . or 380 roent-

The amplitude and time duration of the lumines- gen per pulse.
cem ice during time thermal neutron flux pulse was mea-
sured by the digital recording oscilloscope and analyzed The low-loss fused silica fiber experienced a radia-
by the minicomputer. The program used determined tion-induced attenuation change which decayed rapidly
time magnitude of the downward change and its time from 14 dB/km to 6,3 dB/km in a period of 1.5
duration. The luminescence present during the I 5-kW seconds after the reactor pulse . Figure 6 is a plot of the
steady-state exposure was too small for computer average attenuation change for six thermal neutron
analysis, so the level of the off state of the square wave flux pulses, The attenuation change dropped from 6.3
was m anually determined using the cursor feature of dB/km to 0 dB/km in a time duration of 900 seconds:
the digital recording oscilloscope, Figure 7 plots this decay . Thus, time low-loss fused silica

Ion Chamber
Output

Photomultiplier 

,[

Output

Figure 5. Square wave output of photomultiplier and ion chamber output during
L reactor pulse . Scale: 5 msec/division.
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Iii det e m m mmi im e the po’~s ib lc c i i ’  I of lIme ther m al
neutromm flux omm a lummge m l emm g i l i  fiher .a 1 ) 8 — n m  k rm g i hm

~~ ~~~~~ ~ of t ime f Iber was placed i i i  lime t I te m m im al port. 1 he anmpli-
tude of ti m e lum rm i mm esce t mce I mlca ~ L i I c t duri img time pulse

_____________________________________________________________________________ was .17 V with a lime duration 1)2 ~c Lol lds. ‘lIme itt-
creased lengtim of fiber si mbiec mcd to t h e  t h mci mt m al  neUtron
radiatio rm allowed rilure em ie rge m he absorbed h~ m im e

— — ____ —~~~~~~
_

~~~~
._

~~ optica l fiber, Time relaiiom’iship he t sse cm m time immcr ease in
the length of the fiber amid time correspo nding increase

- in amplitude of lumnines cemmce s’,as h o t  d ei ermmm mm med in
_________________________________________________________________ this study: the phenomenon w a~ ,m ils i demm m if led.

—~~~—~~~ Aiedim,m-l.o.ss l3vrosilu ’ate and
—~~ r. — Lead-Si licate I-thcr

A 7 .08-nm length of f ihem as placed in time ihernial

• 
port of the reactor. After ommc reac t or pulse wit h a total
integrated t iserm imal t me utrot m f lux ot 7 .62 / lol l  ml c l m m 2
the fiber experi emmced atm attenuation chmai mge greaier
than 300 dB/ ktm i. Seventeen hours after tIme first pulse .

Figure 8. Luminescence in low-loss fused silica fiber the fiber recovered 50 dB / kt m m . emmou g hi to  allow a signal
during reactor pulse . Top trace is ion cham- to be transmitted througfm it . amid limos allow anot her
ber output , which is proportional to time pulse test.
reactor output; bottom two traces are time
top and bottom of the chopped square wave. After t he secom id reactor pulse. no measurab le signal
Scale: 50 mV/vertical division: 100 msec/ could be transmitted through time fiber. Figure () s lmows

horizontal division, an oscilloscope photograp h of tIme tr a m ismmmitted square
wave waveform , illustrating time suddetm attenuatiom s
change .

fiber did not experience any permanent attenuation
change. Time fiber completely recovered within 900
seconds after each reactor pulse .

The short-term attenuation change was determined
to be due to the thermal neutron flux. Fast neutron
flux was eliminated as a possible cause based on results
of a previous study by Wa ll and Bryant.6 Their study
indicated that the attenuation change induced by a fast
neutron flux level equivalent to that present in this
study is several orders of magnitude smaller than the
attenuation change measured in this study,

The low-loss fused silica fiber did exhibit lumines.
c ’nce during the reactor pulse. The average amplitude
of t he luminescence for the ten reactor pulses was .05
V with a time duration of .02 seconds. Figure 8 is a
scope picture of time luminescence of a fiber being
subjected to a total integrated thermal neutron flux of ’

- 
I 8 X 101 1 n/cm 2 .

6J -\ Wail and J. i . Bryant , Radiation Effects on i-the,’ Figure 9, Massive att e nu at m o mm c hlu m Ige t im nmediuni- loss
Optics . A I-(’RL-IR-75 .0 1 90 (Air 1-orce Cambridge Research borosmlmeate fiber dumim ig lu st radi a tmomm cx-
I j horato rics . 1975 1. posllre.
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The massive perimmanent attenuation clmange in the ponent of the experimental setup causing this effect is
fiber was probably due to the boron in the optical fiber srnail. An actual improvement in the optical fiber’s
m aterial. Boron has a large cross section f’or absorbim ig transmission propert ies could be the reason for im-
neutrons , which results in ch anges iii the optical trans- provement. Radiation is kn own t o change the hardness
m ission properties of the materia l. This fact makes of plastic material; this change could in turn change the
optical fibers containing boron very susceptible to optical transmission properties of the plastic fiber ma-
neutron radiation. terial, Further investigation is needed to test this

hypothesis.
The fiber also exhibited luminescence during the re-

actor pulse. The amplitude of the luminescence was The plastic fiber also exhibited luminescence during
measured to be .03 V wit hin a time duration of .022 the reactor pulse. The average amplitude of the lumin-
seconds. During the second exposure , after the fiber escence present was .245 V, with a time duration of
had recovered slightly from the first exposure , t he lum- .028 seconds. The amplitude of this luminescence was
inescence was m easured to be I mV . larger than that of the other two fibers, possibly because

the plastic fiber did not have an outer jacket like the
Plastic Fiber other fibers.

A 14 .97-rn length of plastic monofmlament fiber was
used in the experiment; 7,66 m of t he fiber were Fast Neutron Flux , Thermal Neutron
placed in the thermal port of t he reactor and subjected Flux , and Gamma Radiation Effects
to a total integrated thermal neutron flux level of I X Plastic Fiber
1012 n/cm 2 per pulse . A l3.5-m length of the plastic fiber was placed in

the beam port of the reactor and subjected to a 20-mm -
The plastic fiber had an initial increase in attenuation ute exposure with accumulated thermal neutron flux

of about 10 dB/km just after time reactor pulse. The of 5 X 1012 n/cm 2 , an accumulated fast neutron flux
change in attenuation quickly began to recover to 0 of 5.86 X 1011 n/cm 2 , and a gamma radiation dose of
dB/km within .3 seconds after the pulse . As the plot of 2.5 X l0~ roentgens.
the average attenuation change for seven reactor pulses
(Figure 10) shows , the attenuation change started to During this exposure , the attenuation increased at a
becom e negative , meaning t hat the signal from the rate of 1.75 dR/km/minute. When the reactor was shut
photomultiplier increased after time reactor pulse . down, the fiber began to recover; recovery was com-

plete 6 minutes after the power was shut down. The
Time increase in the output signal of the photoniulti- attenuation change then became negative; 20 minutes

plier continued for several of the reactor pulses. Figure after the reactor was shut down the attenuation change
I I  plots the change in the pre-pulse square wave ampli- was — - 15 dll/km/sec. Figure 12 is a plot of the attenua-
titde following seven reactor pulses. The net increase in tion change versus time,
the pre-pulse square wave amplitude was measured to
be 2.23 dB for eight reactor pulses. This negative attenuation change is very similar to

that of the plastic fiber in the thermal port. Again, the
Four things could be causing this increase in the optical transmission properties of the fiber may have

photomultiplier output: been improved due to the radiation exposure , but
further investigation is necessary,I. An miliprovement in the photomultmplmer s sensi-

tivity 
During the steady-state power level, a Iumninescence

- - - level of 4 mV (approximately 2 percent of the signal
— .  An increase in t he laser beam s output level) was measured from the output of the photo-

3 . An improvement in the alignm ent of the laser multiplier,

beam and the end of the fiber - - -Low-Loss Fused Silica Fiber
A 10-79-rn length of the low-loss fused silica fiber4. An actual Improvement in the optical fiber

transmission properties. was also tested , 8.29 m of the overall length were
placed in the beam port. The fiber was subjected to a

Because the output signal of the photomultiplier im- 20-minute exposure with an accumulated thermal
proved over a 2-hour period, t he probability ofa corn- neutron flux of 3,87 X 1012 n/ cm 2 , an accumula ted
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fast neutron flux of 3.64 X loll mm e m lm 2 . and a gam mm tmm a neutron flux ex posure . After exposure to a total inte-
radiation dose of 2. 19 X 10” roem mtg ens . grated il ic it ima l micutroi l flux level of 1Q 12 n/cm 2 , the

tlher exp er iem m c ed a im increase in attenuation of over
1-igure 13 is a plot of time mti di ~ated vuriatiomm iii t ime 300 dB/km Time ci iamm ge in attenuation was for all

fiber att c mmua tiom m . Data po iimt s for t imis 1)101 were de- practical purposes pe rmmma m m ctmt. Because of time nmassive ,
rived using Immmnicomn pliie r a imalysis to average time leve ls pe rmm ma netmt a t tenuat ion increase , use of this type of
of the tops and bottomm is of all 17 square waves recorded optical fiber in possible thermal neutron environments
during eac im O.082 .secommd rec o: d immg interval. This tecim- is not recommm m nended.
imique enab led a reduction in appare imt mmoisc through
long-term averaging. Imiterva ls of recording are repre- Time nmediummi-loss borosilicate and lead-silicate fiber
sented by the tinmmng of data points in Figure 13. also exh ibited lummm inescence during the thermal neu-

tron flux exposure.
The data indicate a slight improvetn emmt in transimmis-

sion within the first 2 seconds, fo llowed by a 7-tnitmute 3. Plastic fiber. Exposure of this fiber to a total
period w hen light transmission was less t iman tIme st art- irmtegra ted tl iermmia l neutron flux level of 1012 n/cm 2
ing value. During time first S mmi immu te s , att enuatmo mm iii- induced aim initial increase in attenuation of 10 dB/km.
creased 15 dB/ kmmm . Fromim 5 minutes after beginning The fiber recovered to the original state within 0,3
exposure to 25 minutes alter , however , hght transmis - seconds. The fiber ’s transmission characteristics actually
sion inmproved. Time reasomms for th is imimprovemiment were appeared to improve after exposure to several reactor
not determined , but the possible causes are the same as pulses , but time reason for this improvenment was not de-
for t he plastic fiber. Since this fiber has a plastic clad- te rimmined.
ding, radiation hardening of the material is a possible
cause of the improvenment. Further mimvestigations are Lumiminescence was also present during the thermal
necessary to analyze these e ffects. mme utrom i exposure. Time amplitude of this luminescence

was large r timan the luminescence present during irradi-
The luminescence level during this exposure was too ation of the other fibers, possibly because the plastic

small to measure . fiber did not have an outer jacket like the other fibers.

Fast Neutron Flux , Thermal Neutron
Flux , and Gamma Radiation Effects5 CONCLUSIONS Results of this phase of experimentation indicated
timat time conibined radiation did affect t ime transmission
characteristics of time two fibers tested. Time specific

Thermal Neutron Effects effects for eac h fiber are given below,
Results of t imis phase of e x p e r immm c mm tat ion indicated

timat t hermal neutron flux does affect tIme trans imiissio mm I, Plastic fiber. Subjection of the plastic fiber to a
c haracteristics of the three fiber types tested. The spe- 20-mm iirmute radiation exposure induced an increase in
~ific e ffects for each fiber are given belos~. attenuatio n : time attenuat ion increased at a rate of 1.75

dB/kim mjmnin ute during the exposure . The fiber began to
I. Low-loss fused silica fiber. I hernial neutron flux recover after the reactor was shut down; within 6

levels of 10 12 n/ c ut 2 induced a tern pora ry increase in imiinutes , the f iber had completely recovered, The fiber ’s
attenuation of about 14 dB/kmm m . but (lie attemmuation transmission characteristics then appeared to improve .
decayed rapidly to one-imaif its va lue w itimin I second. The reason for this improvement was not identified,
Time fiber fully recovered ss ithin 900 seconds ( 15  m u m -  but it is believed that it may be due to radiation hard-
ti les) after exposure to the t hermiiai net itron radiation. ening of time plastic optical immaterial .

l umimi mmes cenc e s~as detected durimig t he t imernm al Du ring time combined radiation exposure , a lumines-
mmcutr o n f lux ex posure. The atm m pl i t tide of time hmm m ii immcs- cence level of 4 tmmV was measured in time plastic fiber.
cence increased wimemi l ime Ie m m gt lm of time f iber exposed
was increased, 2. Low-loss fused silica fiber. During time first 5 min-

utes of t he 20-minute exposure in time combined radia-
2. Medium-loss borusihicate and lead-silicate f iber. tion environ miment , t he low-loss fused silica fiber exhi-

This fiber was found to be very susceptible to t imerma i bited an increase in attenuation of 15 dB!km, The fiber
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t lmcn begarm to recover to its original commditio rm . Af ter  I - T imree nmammua liy operated control rods. These
recovery, the light trammsimmissiomm char act e rist ics of time th mre e rods are ittanually controlled by inmof ors localed
fiber appeared to iimm prove . Ti me m e:mso m i for t ins mi m iprove- above ti m e m eactor. Timey also co nta lim a fuci .moderato r
mi ment was mmot mdem m t i f ied. but it is he l icvcd th at radia scLliom m below tIm e poi somm sect iom i to increase the reac-
tiorm hma rde imimmg of time plastic c iaddimmg of time fihet imma ~ tmvmty wor t h  of t h e  rod and give a u m mmfor m n f lux distri-
he t ime cause . ~o luitminescenc e could be measured ‘.. butmuim 1m m time cute when the rod is withdrawn.
during the exposure. - N

2. Adjustable transient rod. This rod , which can be
operated pneumatically as well as manually, imas a poison
section with au air follower. The stroke length of the
rod ca\n be adjusted accor ding to the size of the desired

APPENDI X : tran sie I~t.
DESCRIPTION OF NUCLEAR RE ACTOR

3. Fast transient rod. This control rod can only be
operated pneumatically. It has an air follower like the

The nuclear reactor used in t lm isst udy was the Illimmois adjustable transient rod, but it imas a double-length
Advanced TRIGA Reactor at time University of Illinois poison sect iomi so that the initial acceleration of the rod
at Urbana-C hampaign . Primmmari ly a research reactor de- takes place without a change in reactivity. As a result ,
signed to furnish neutrons (or othcr ionizing radiation ) the actual reactivi ty inset-lion occurs at a faster rate
for experimmmenta l purposes , t ime reactor is licensed by than that for the adjustable transient rod.
the L I . S. Nuclear Regulatory Commmiission to operate at
stead y-state power leve ls up to I .5 MW , with pulsing The latter two rods are used for pulsed operations.
capabilities to a peak power of 6000 MW . The reactivity insertiomi of the adjustable transient rod

takes place in about IOU immsec , whi le the reactivity in-
The pulsed type of operatio rm is possible because of sertion of the fast transient rod takes place in about

an inherent safety characteristic of the reactor fuel (a 50 msec. When both rods are used, a delay circuit is
hydrided uranium- zirco mmiummm alloy). wimi ch Imas a large employed so that the ends of the reactivity insertions
prompt negative fuel temperature coefficient. As the occur at the same time.
fuel temperature increases , the protrmpt negative fue l
tempe rature coefficient acts as a shutdown mechanism. To initiate a pulse . the reactor is brought to critical

at a low power (e.g., 15 W) using the manually driven
Followitmg a step insertion of positive reactivity, the control rods with bot h transient rods in the down posh-

me ac tor power increase s until a fuel temperature is tioim . When a critica l condition is reached , t he transient
reac hed at which time loss of react ivity due to the nega- rods are armed and the adjustable transient rod cylinder
tive te mmmpcrature coeff icient will compensate for the is placed in the desired position. The transient rods are
react ivi t~ inserted. As time luel temp e rature continues then pneumaticall y wit hdrawn resulting in a step inser-
to rise he~ und t his point , there is an increasing loss of tion of positive activity.
rcact ivit~ w ith a su bsequent power decrease. 1mm oth er
s~ords . the power incteas e is terminated h~ time prompt The pulse is nmonitored by aim uncompensated ion
negative temmmper ature coett ic ient. Wit h the exception of chamber.
the reactor period , whic h depends on the reactivity
inserted , t he parammm et er s of a pulse depend on the feed- Since time reactor is desigtmed for experimental pur-
bac k e ffects of time protnpt miegative temperature coet- poses , a numuiber of experimenta l facilities have been
ficment . Timus . the time to peak and the pulse width included in the design of the reactor , Of ptsr ’ cu lar
depend on the inagimitude of t he pulse , wit h time time interest to this study are the thermal column ar~u the
to peak being sim urter amid t he pulse width narrowe r for through beam port. Figure Al shows a cross section of
larger pulses. the reactor at the beam port level. The detail of the lo-

cation of other beam ports and other experimental 
-

The reactor power level is deterimiined by several facilities has been omitted in time figure for simplicity.
contro l rods (grap iuite - immmprcgnat ed with boron carbide)
s~hich conta in a pumsoim (hor nm m ) to absorb neutrons. The thermal column is a section ofmoderator(graph-
Time reactor imas five control rods: ite) which extends from the outer face of the reflector ,
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which surrounds the reactor core , through time reactor attenuat ion (short term ): That attenuation (increase )
pool and concrete shield to a imig hm density concrete wimich ~curs after subjection of a fiber to a radia-
door , which is mmioumm ted on tracks ammd niay be memmioved. lion dose but which lasts less than I minute.
The graphite section (4 it X 4 ft ~ ~.5 Ii in lemigib

1.2 nm X 1.2 in X 1 .7 iii ) is surroummd cd by a welded attenuation (long term): That attenuation which oc-
aluminum container fabricated fronmu 1/ 2 -1 mm. ( 12. 7 nmnm) curs after subjection of the fiber to a radiation dose
thick shmeets of alutmitnuni atmd lined with 1/2-in. ( 12. 7 which lasts inure than I nminute.
tu rn) thick boral (boromm -al utm uimmummm) sheets to reduce
capture gam m as in the surr uuumdmmi g comm c rete. To re cladding: The outer portion of an optical fiber having a
duce the gamiinua ray background . a 4-in. (101.6 iron) different index of refraction than the core .
thick lead shield is placed wit lmin the graphite appruxi-
mmiately 50 in (1.3 nm) from time outside surtac e (neat core : The center portion of a step-index optical fiber
the concrete door) of the thernmal co lummmn . Approxi- having a constant index of refraction.
mately 3 ft (0.9 m) from the outside surface is a 1/4-in.
(6.3 m m )  thick boral sheet w imicim mm a~ be raised om EMI: electromagnetic utmterference.
lowered to control tIme slow neutron flux in the outer
region of the graphite section. Nine of t he 4-in. X 4-in. X EMP: e lect romagm uetmc pulse .
36-in. (101.6 rnnm X 101.6 nun X 0.9 nm) graphite
bloc ks in the outer section of the thermal column may fast neutrons: Neutrons whic im have velocities corres-
be removed for experimental wor k. During this study, ponding to a band of energy levels: this band is nor-
one of the graphite blocks was removed , the borat cur- mally defined as from 10 keV to 20 MeV. For
tam raised , and the concrete door closed. The optical purposes of tlmis report . however , fast neutrons are
fiber was situated approximately 2 ft (0.6 nm) froni defined as those with greater energy than thermal
the oute r surface of the thermal column. neutrons.

The through beanm port extends completely tlmrougim jac ket: The protective outer sheath (usually a form of
the reactor shield and the core reflector. This permits plastic) of aim optical fiber cable . The jack et has no
placement of a test specimen in a region adjacent to optical function,
the reactor core to obtain a lmigher mleutromm flux. In the
experiments in the beam port , the optica l fiber v~as thermal neutrons: Neutrons which are in thermal equil-
placed in a position as tuearly tangential to the core as ibrium with a medium near room temperature
possible. (20°C). The neutrons have a Maxwellian distrib~-

tion of velocities with a most probable velocity of
Beck7 provides a mmm ore comp lete description of the 2200 rn/second (corresponding to an energy of

Illinois Advanced TRIGA Reactor. 0.6253 eV).

TLD: A thermoluminescent dosimeter used to mneasure
gamma radiation dosage .

GLOSSARY

attenuat ion: The loss in propagating light power in op- REFERENCES
tical fibers normally expressed per unit of length in
decibels as

Beck , G. P. et al., Safety Analysis Report for the Illinois
Attenuation = 10 log Pt P2 Advanced TRIGA (University of Illinois, January

where P
~ 

= power propagating at the reference point 
1971).

of int ere st . . . , -Gallawa, R. L., Optical Fiber Links for Telecommuni-
= power propagating after passing through a cation (U. S. Army Strategic Communications Corn-

unit fib er length. mand . 1973)

7G P. Beck e m at. , Safety  Analys is Report for the Illinois Glasstone , S., The Ef/ects of Nuclear Weapons (United
.4d ronc ed TRIGA (University of Il l inois , January 197 1) .  States Atomic Energy Commission , April 1962).
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