
r' 

'..,. J • 

LBL-25062 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

Engineering Division 
LAWRENCE 

BERKel.!7Y LABORATORY 

MAR 3 1989 

LIBRARY AND 
DOCUMENTS SECTION 

Presented at the IEEE 1988 Nuclear Science Symposium, 
Orlando, FL, November 9-11, 198.8, and to be published 
in IEEE Transactions on Nuclear Science 

Radiation Effects on Optical Data Transmission Systems 

B. Leskovar ( 

April 1988 TWO-WEEK LOAN COpy 

This is a Library Circulating Copy 
which may be borrowed for two weeks. I 

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098. 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not nccessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



... , 

LBL-25062 

Radiation Effects on Optical Data Transmission Systems 

Branko Leskovar 

Engineering Division 
Lawrence Berkeley Laboratory 

1 Cyclotron Road 
Berkeley, California 94720 

April 1988 



LBL-25062 
RADIATION EFFECTS ON OPTICAL DATA TRANSMISSION SYSTEMS 

Branko Leskovar 

Lawrence Berkeley Laboratory 
University of California 
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ABSTRACT 

The state of the art of optical transmitters, low 
loss fiber waveguides and receivers in both steady 
state and pulsed radiation environments is reviewed 
and summarized. Emphasis is placed on the effects of 
irradiation on the performance of light emitting and 
laser diodes, optical fiber waveguides and photodiodes. 
The influence of radiation-induced attenuation of opti
cal fibers due to total dose, dose rate, time after ir
radiation, temperature, radiation history, photobleach
ing, OH and impurity content, dopand type and concen
tration is described. The performance of candidate 
components of the transmission system intended for de
ployment in the Superconducting Super Collider Detec
tor and primary beam tunnel nuclear environment is 
discussed. 

INTRODUCTION 

The Superconducting Super Collider Detector 
System will contain calorimetry, particle tracking, 
electron and muon identification subsystems, each 
involving typically 100,000 to 200,000 channels of 
readout electronics. 

The overall detector system should be capable of 
operating with luminosity corresponding to an inter
action rate of the order of 108 events per second. 
The required dynamic range is determined by the maxi
mum energy that must be measured without saturation 
and by the precision that is required at low energy. 
Typically, the dynamic range wi 11 be of the order of 
8 bits for the particle tracking chamber and 14 bits 
for the calorimeter subsystems. 1,2 Furthermore, the 
nonlinerity should be less than 1% over the operating 
range for some sUbsystems. The high interaction rate, 
requires adequate time response capability of the 
readout electronics. In addition to wide dynamic 
range and fast time response, the readout electronics 
should have a power dissipation as low as possible, 
typically less than 50 mW/channel. This would make 
it possible to locate the entire front end readout 
electronics directly on or very close to the detector 
elements thus preserving the hermeticity of the 
ca 1 orimet ry. 

In general, for the SSC Detector System, if the 
signal transmission from the detector elements to the 
remote signal processing electronics and data acqui
sition subsystems were done by conventional cables it 
would present an extremely difficult packaging problem 
and would require an enormous space allocation. This 
in turn would compromise performance because of elec
tromagnetic interference and signal loss as well as 
reduced maintainability and reliability of the com
plete detection system. To reduce the cable subsystem 
size and to simplify the overall system architecture 
it will be necessary to multiplex readout electronics 
using analog and digital fiber optics transmission 
links and radiation-hardened components. 3- 7 Fur
thermore, because the cost of electronics subsystems 
for SSC detectors will be a major part of the cost of 
the total detector system, the application of multi
plexing and analog and digital fiber optics 
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transmission links in front end electronics, trig
gering and data acquisition will significantly reduce 
this cost. 

An example of the use of fiber optic transmission 
links is given in Fig. 1 where signals are multiplexed 
onto the fiber optic waveguide after the Level I 
Trigger. 7 Only sparse data are digitized from all 
the signals emanating from the detector and stored in 
the buffer memory. After the Level I Trigger has 
selected the potenti al events of interest, the data 
are passed on to the time division multiplexer. The 
time division multiplexer converts the data from 
parallel bits to serial bit form for transmission 
over fiber optic waveguide. After reception of the 
optical signals, the demultiplexer converts the 
serial signals back to parallel bits for storage in 
another buffer memory. The data are then passed 
through the Level II Trigger, the Software Trigger 
and on to the Processor Farm. 

Another application of fiber optic transmission 
links is with the use of highly segmented detector 
subsystems in SSC detectors which require a large 
number of signal channels even with innovative 
schemes for sparse data scan logic. For example, 
high resolution pixel devices might be used for 
vertex detector which would require many signal 
channels to be read out from deep within the SSC 
detector. Highly multiplexed signal channels onto 
just a few high-speed fiber optic systems could be 
employed here. Multiplexing would alleviate the 
problem of the large number of wires which would 
otherwise be required for parallel dataways operating 
at tens of Mbit/s speeds. 

Thus, the hermet i city of SSC detectors wi 11 be 
significantly improved by the use of fiber optic 
because of their lower space requirements as indicated 
in the above examples. Furthermore, the immunity to 
noise pickup and the low mass of fiber optic cables 
are additional advantages. 

Similarly, an 
appears attractive 
and communication 
systems. 

application of optical fibers 
for a number of data transmission 
tasks in various SSC accelerator 

The data base for the co 11 i der beam monitori ng 
subsystems and control system must accommodate approx
imately 62,000 monitoring and control pOints. 3 Each 
of these points has a number of words in the data base 
for its description and specification of properties. 
Monitoring and control pOints in the data base are 
divided among the various control subsystems. The 
control system of the collider consists of a host 
computer cluster, eight sector computers, two cluster 
computers, five injector subsystem computers, and 
approximately 400 distributed front-end processors. 
These computers and processors are connected together 
by 1 oc a 1 networks and a maj or long hau 1 network of 
approximately 80 km in length. All the necessary 
communications from the central control facility to 
subsystems around the ma in acce 1 erator ri ng wi 11 be 
accomplished by a ring information network using 



broad band coaxial cables or optical fiber links. 
However, analog and digital transmission links and 
associ ated electronics components which wi 11 be used 
in the SSC detector and primary beam tunnel wi 11 be 
required to withstand exposure to the nuclear radi
ation background. Presently preliminary existing 
radiation background estimates for the dose rate and 
neutron fluence are 102-5Xl06 Gy/year and 
1012-1013n/cm2/year, respectively. These values 
of background radi at i on are hi gh enough to cause an 
increase of optical losses of several orders of magni
tude from the intrinsic fiber loss in some fibers. 
Also, optical losses can be very long-lived in some 
fibers, depending upon the glass or polymer 
composition. 

This paper reviews the recent progress in under
standing the behavior of optical fiber waveguides 
when they are exposed to ionizing and neutron radi
ation, and in explaining the defect centers giving 
rise to the radiation induced optical attenuation. 
Furthermore, a short review of radiation damage in 
associated electronics components and subassemblies, 
such as light emitting diodes, injection lasers, and 
optical receivers will be given. 

OPTICAL SOURCES IN RADIATION ENVIRONMENT 

Light emitting diodes and semiconductor lasers 
are the most frequently employed as light sources in 
optical systems. 4- 6 Light emitting diodes offer 
the advantages of simple fabrication and operation as 
well as low cost, high reliability and good linearity 
and small temperature dependence of the light output. 
Semiconductor index-guided injection 1 aser diodes 
offer hig~ output power level, efficiency and bit 
rate modulation capability as well as extremely 
narrow spect ra and exce 11 ent mode s tabi 1 i ty of the 
emitted light. 

The physical mechanism which causes radiation
induced degradation of the light output from LEOs is 
that nonradiative recombination centers are introduced 
which compete with radiative centers for excess 
carriers. 8-9 This results in a decrease in minority 
carrier lifetime. These various centers, such as 
unintentionally added impurities, dislocations, 
growth-induced lattice defects and radiation induced 
lattice defects can act as sites for non-radiative 
recombination events producing heat. If lattice 
defects are introduced by exposure to a radiation 
dose or fluence <1>, the ratio of the preirradiation 
(L~) and postirradiation (L) light outputs is given 
by 

(~)n_ ~_ L -, - 1 + '0 K¢ (1) 

Where '0 and, are total preirradiation and post 
irradiation lifetimes. respectively; K is damage con
stant which is determined by the physics governing the 
interaction of radiation with semiconductor material. 
The exponent n = 1, for a device with constant voltage 
operation where radiative current is diffusion con
trolled, n = 2/3 for a device constant current oper
ation where L and current density are diffusion con
trolled and n = 1/3 for a device under constant cur
rent operation where L is diffusion controlled and 
current density is domi nated by space charge 
recombination. 

The damage constant is defined by 

(2) 
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Where 0NR is the carrier capture cross section 
associated with nonradiative centers, Vth is the 
minority carrier thermal velocity and C is the 
constant whi ch magn i tude depends on the probabi 1 ity 
of generation of a particular defects by a unit of 
radiation fluence. 

When value of the term '0<1> is much larger than 
1 the minority carrier lifetime will decrease leading 
to a corresponding decrease in the output light inten
sity (due to the increased strength of the non-radia
tive recombination). Studies have indicated that the 
radiation hardness of a device can be significantly 
increased by decreasing the p'roduct 'oK. This can 
be accomplished by a heavy doping of the emitting 
region of the device and by operating the LED at 
high current densities. 

Irridiation test performed on InGaAsP LEOs, with 
y-rays operating at 1300 nm 10 , showed that no sig
nificant degradation of parameters can be observed up 
to a total dose of 105 Gy. The 1 ight output power 
decreased by 5% from the initial value upon an irradi
at i on dose of 106 Gy. I t was also est imated, that 
the light output power decreases to 50% of the initial 
value for the total dose of 2XI07 Gy. 

The normal ized 1 ight output characteristics as a 
function of the neutron fluence for various LEOs under 
constant current operating conditions are shown in 
Fig. 2. The data are shown for the following devices: 
Plessey InGaAsP-High Radiance LED, Laser Diodes Labo
ratories GaA1As IRE-160-High Radiance LED, Texas In
struments GaA1As LED, Radio Corporation of America 
InGaAs LED, Hewlett Packard GaAs 4120 LED, and Texas 
Instrument GaAs: Si ,Si LED. The high radi ance (HR) 
devices, show the smallest sensitivity on the radi
ation. These LEOs have very small source and junction 
areas, so that the injected minority carrier cur'rent 
density is large even at moderate current levels. 
Consequently, it can be expected that the radiative 
recombination rate is enhanced at typical operating 
conditions. These devices can provide sufficient 
light output in many applications after neutron 
fluences in excess of 2X1014 n/cm2. 

Devices with GaAs:Si,Si junction are significantly 
more sensitive on radiation. The minority carrier 
lifetime in these LEOs is very long, typically 200-
400 ns. Consequent 1 y the product 'oK is 1 arge, 
resulting in the output light decrease for approxi
mate ly 103 when compared with typ i ca 1 GaA lAs LEOs 
at neutron fluence of 1014 n/cm2, Fig. 2. The 
GaAs:Si,Si devices were originally developed for high 
initial light output. 

Proton i rrad i at i on effects on the performance of 
variety of LEOs have been extensively studies. 8 In 
Fig. 3 the light output characteristics as a function 
of diode current and 16-MeV proton and neutron fluence 
as parameters are shown. Measurements were made on 
Laser Oi ode Laboratory GaA iAs I RE-160-h i gh rad i ance 
LED, emitting at 860 nm. A study of the characteris
tics reveals that the degradation rate is smaller at 
larger currents. Furthermore, comparison of the deg
radation rates, at large currents, indicates that 
16-MeV protons are approximately 26 times more effec
tive than neutrons in producing degradation in this 
device, because of value of ,oK is significantly 
larger for protons than for neutrons. 

More recent studies of the effect of neutron 
irradiation on LEOs fabricated from strained-layer 
superlattice structures in the GaAs/GaAsP configu
ration show that there is no light output degradation 
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until a fluence of approximately 3X1014n/cm2 is 
exceeded. 9 . 

Radiation induced degradation of the light output 
from the semiconductor laser diode is caused by a re
duction of minority carrier lifetime resulting from 
displacement damage. Total light output of a GaAs 
laser diode as a function of current density with neu
tron fluence as a parameter is shown in Fig. 4. In 
the subthreshold region 1 of the characteristics, the 
laser behaves like a light emitting diode. The light 
output, at constant current, decreases with neutron 
fluence at about the same rate as for LEOs. At the 
beginning of lasing action (region 2) the neutron 
irradiation causes a strong decrease of light output. 
Finally, when the device is deeply in the lasing 
action (region 3), irradiation does not have a sig
nificant effect unti 1 the increase in the threshold 
current density prevents the laser from reaching 
region 3. Minority carrier 1 ifetimes are of order 1 
to 10 ps in GaAs junctions under intense stimulated 
emission. The lifetimes are of order 1-10 ns in sub
threshold region. Therefore, a much larger concen
tration of radiation induced defects is required to 
influence the radiative recombination rate in lasing 
region. Consequently, for radiation environment a 
semiconductor laser diode should be selected with a 
low threshold current and a very high maximum opera
ting current. Recently developed double heterostruc-

. ture GaAs laser diode has shown that it is still 
capab 1 e for 1 as i ng action after a neutron fl uence in 
excess of 2X1014n/cm2. 

RADIATION-INDUCED ATTENUATION OF OPTICAL FIBERS 

The optical properties of fiber waveguide are 
degraded by exposure to nuclear radi at ion, pri mari 1 y 
through the generation of color centers in the fiber 
core. Color centers are formed by radiolytic elec
trons and holes which are trapped on defects that 
either exist in fiber prior to irradiation or are cre
ated by the exposure. These centers cause the optital 
attenuation which can be significantly greater than 
intrinsic fiber loss. In addition to the radiation
induced absorption light is generated in fibers during 
pulsed irradiation by photoexcitation of the color 
centers or by the Cerenkov process. 

Radiation-induced attenuation consists of a per
manent and metastable components. The permanent com
ponent lasts for a long period of tjme after initial 
exposure. The metastable component consists of tran
sient part which decays by 10 dB/km in less 1 s after 
pulse irradiation and component which decays after 
10 s after irradiation. The detailed behavior of the 
induced absorpt i on depends on a number of factors 
such as the fi ber parameters (fi ber structure, core 
and cladding composition fabrication and dopands), 
radiation parameters (total dose, dose rate, time 
after irradiation, and energy, nature and history of 
the radiation), and system parameters (operational 
wavelength, light intensity and temperature). 

The radiation-induced attenuation of fiber initi
ally increases 1 i nearly with i ncreas i ng dose under 
steady state irradiation as it is shown in Fig. 5. 
However, at higher doses, the loss characteristic 
shows saturation due to the recovery processes that 
occur simultaneously with the fiber darkening. The 
level of saturation depends upon fiber, radiation and 
system parameters. In multimode polymer clad silica 
fibers, having the high OH content core, such as 
Suprasil,ll and manufactured in the late 1970's, 
saturation levels were near 70 dB/km at a total dose 
of 102 Gy and operating wavelength of 820 nm. At 
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doses higher than 102 Gy the induced loss decreased 
with increasing dose due to the radiation ~nd photo
bleaching of color centers causing the absorption 
loss. Also, at doses larger than 104 Gy the fiber 
loss increased drastically because of embrittlement 
of the polymer. In multimode pure si.lica core fibers 
with florine doped cladding manuf~ctured in the middle 
1980's, saturation levels are near 5 dB/km at dose of 
102 Gy.13 

Because previous studies identified many variables 
that influence the radiation-induced effects in opti
cal fibers, an international collaboration was organ
ized to develop standardized testing procedures and 
assess the status of research and development relating 
to radiation response of optical fiber, fiber optics 
components and systems. Data shown in Figs. 5-11 and 
13 are derived from information presented in Refs. 12 
and 13. 

Radiation induced attenuation and recovery charac
teristics for multimode Dainichi-Nippon St-100B fiber 
are shown in Figs. 5 and 6 using a LED injected opti
cal power of 1 ~W and a fiber length of 50 m. This 
fi ber has a Si02 100 ;lm-di arneter core, with a 
fluorine/boron doped Si02 140 ~m-diameter cladding. 
The OH content and intrinsic attenuation is 5-10 ppm 
and 6.7 dB/km, respectively. The wavelengths of the 
injected optical signals were 840 and 850 nm. The 
fiber showed a radiation induced attenuation of 4.6 ± 

0.27 dB/ km at a 30 Gy tota 1 dose with a y-rays dose 
rate of 3 Gy /mi n. The measured recovery wi th time of 
radiation-induced attenuation after exposure to 30 Gy 
is given in Fig. 6. 

Also, the radiation-induced loss as a function of 
time for Dainichi-Nippon St-100B fiber exposed to pul
sed irradiation with 5, 1.5X102 and 103 Gy dose is 
shown in Fig. 7. Similarly, in Fig. 8 the data are 
shown for the wavelengths of injected optical signals 
of 1280 and 1300 nm and power levels of "1 ~W and 
370 ~W. A comparison of the characteristics in Figs. 
7 and 8 shows that significantly smaller initial 
induced attenuation are obtained at longer 
wavelengths. 

The irradiation source was Hewlett Packard 
Febetron pulsed electron accelerator, Models 705 and 
706, which provided 2 MeV electrons with 20-30 ns 
pulse width and 600 keV electrons width 2-3 ns pulse 
width, respectively. The wavelength of the injected 
optical signal was 840 nm at a power level of 600 ~W. 
The wavelength of the injected signal was 860 nrn at 
optical power level of 1 ~W. 

Radiation-induced loss characteristics for multi
mode Schott PH300 fiber exposed to pulsed irradiation 
of 103 Gy is shown in Fig. 9. This fiber has 
Fluosil SS 1.2 type preform, OH content of 800 ppm 
and preirradiation attenuation of 10 dB/krn at a wave
length of 850 nm. The irradiation source was 
Hewlett-Packard Febetron pulsed electron accelerator, 
Models 705 and 706. The injected 'optical power levels 
were 0.2 ~W, 20 ~W and 300 ~W. It can be seen from 
this figure that the recovery of the radiation induced 
attenuation is faster for higher amounts of injected 
optical power. 

Influence of photobleaching on the radiation 
induced attenuation is shown in more details in 
Fig. 10. A multimode Schott P858E fiber having a 
length of 10 m was used for testing. This fiber was 
produced using plasma impulse chemical vapor depo
sition method. It has a Si02 104 11m-diameter core 
and flourine doped Si02 254 ~m-diameter cladding. 



The OH content and preirradiation attenuation is 
50 ppm and 3.6 db/km, respectively, at a wavelength 
of 850 nm. This measurements were performed using a 
dose rate of 3 Gy/min, and injected optical power 
levels of 0.1 ~W, 1 ~W and 10 ~W at the wavelength of 
860 nm. It can be seen from Fig. 10 that there is a 
large dependence of the radiation-induced attenuation 
on the injected optical power level. 

The radiation-induced attenuation can be also 
effectively decreased in optical fibers by radiation 
hardening. This attenuation as a function of wave
length, after a short 4 Gy exposure and radiation 
hardening dose of 0, 103 and 104 Gy, is shown in 
Fig. 11 for pure silica core fiber containing 150 ppm 
OH in the core. 14 Preirradiation of the fiber re
sulted in added loss at short wavelengths but loss is 
smaller for wavelengths longer than 750 nm. Also, 
the effect of preirradiation can be seen in Fig. 12 
for the Heraeus Fluosil 55 1.4 multimode fiber having 
Si02 100 ~m-diameter core and fluorine doped 140 ~m
diameter cladding. 13 This fiber has an OH content 
of 1500 ppm and preirradiation attenuation of 20 dB/km 
at wavelength of 850 nm. The second irradiation, 18 
hours after the fi rst, with dose rate of 3 Gy /mi n 
yielded a distinctly different course of the induced 
attenuation at lower doses. At larger doses, above 

, 30 Gy, the attenuation for the first and second irra
diation approaches assimptotically the same value. 
In this measurements the wavelength and injected 
optical power was 840 nm and 1 ~W, respectively. 

The above discussion has centered on the behavior 
of multimode fiber waveguides in a radiation environ
ment. Although bandwidths of approximately 2GHz X km 
can be obtained with this fiber, higher bandwidths 
require the use of single mode waveguides. The radi
ation response of single mode fibers is different from 
that of multimode waveguides because the larger part 
of optical power is transmitted through the cladding. 
Also, in single mode fibers the doping levels in core 
and cladding are smJller than those used for multimode 
fibers, because the required difference in the index 
of refraction is substantially smaller. Consequently, 
single mode fibers have demonstrated lower radiation 
sensitivity than multimode fibers. 

Radiation-induced attenuation as a function of 
tota 1 dose and dose rate as parameter for a s i ngl e 
mode Sumitomo fi ber hav i ng a pure s i 1 i ca core and a 
fluorine doped cladding is shown in Fig. 13. 15 ,16 
This fiber was fabricated by the vapor axial depo
sition process. The fiber core diameter and cladding 
diameter is 8.5 ~m and 125 ~m, respectively. 
Depending upon the grade of the fiber, the preirradi
ation attenuation varies from 0.4 to 0.7 dB/km. 
Di~persion is smaller than 3.5 ps/nm/km'for the range 
f/om 1285 to 1330 nm. Measurements were performed 

,;Using 60C source and changing the dose rate from 
"1.0 to 103 Gy/hour. The injected optical power 

level was 20 nW at a wavelength of 1300 nm. It can 
be seen from Fig. 13 that the radiation-induced 
attenuat i on is 20 dB at total dose of 7 Xl04 Gy and 
dose rate of 103 Gy/hour. 

Similar measurements were performed on the fiber 
waveguide with the same geometry as given above but 
with germanium doped silica core and pure silica 
cladding. Under iL!entical measuring conditions this 
fiber showed the radiation-induced attenuation of 
20 dB at total dose of 1. 5 104 Gy and dose rate of 
102 Gy /hour. 

Furthermore, both fiber waveguides were irradi
ated with 14 MeV neutrons. Results are shown in Fig. 
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15. The neutron induced attenuation of 20 dB was 
obtained after approximately 0.6 hour of irradiation 
,for germanium doped core fiber. The attenuation 
increased up to 70 dB/km after 3.5 hours of irradi-
at i on (neut ron fl uence of 1. 5X1014 n /cm 2). 
However for pure silica core fiber the induced atten
uat i on reached approx imate ly 10 db /km after the same 
irradiation time. Experimental results have clearly 
showed that pure silica core fiber has significantly 
lower radiation sensitivity than germanium doped sil
ica core fiber for both y-ray and neutron irradiation. 

OPTICAL RECEIVER IN RADIATION ENVIRONMENT 

High sensitivity optical receivers ,will be re
quired for use in S5e networks particularly in high 
data rate long haul link. In radiation environment 
in which the optical data transmission systems will 
operate the optical detector of the receiver is found 
to be the limiting component. To achieve the required 
high performance the best possible detector and re
ceiver configuration should be selected. An appraisal 
of the most promi nent detector opt ions for several 
Gbit/s data rates was summcrized in Ref. 17. 

The same physical process that make detectors 
sensitive for optical radiation also make most detec
tors sensitive to ionizing radiation. However, the 
ionizing radiation generates electron-hole pairs uni
formly throughout the semi conductor materi a 1 of the 
photodiode while optical radiation generates carriers 
only in the active region of the photodiode pn junc
tion. Consequently low ionizing radiation sensitivity 
can be achieved by (1) reducing the volume of the ac
tive region and at the same time keeping the responsi
vity of the device to optical signals high, and (2) 
reducing the volume of the optically nonactive regions 
of the photodiode. Also, it is beneficial to reduce 
the collection at the photodiode junction of the ion
ization radiation-induced carriers from optically non
active regions. The first task can be accomplished 
by fabricating the photodiode from III-V semiconduc
tors, such as GaAs which have a large absorption coef
ficient at the wavelength of the optical radiation. 
In this case the photodiode active region is very 
thin, typically several tenths of a micron, offering 
a very small volume to ionizing radiation. The second 
task can be accomplished by a heterostructure configu
ration of the photodiode. 9 In such configuration 
additionaT barrier layers are introduced and the geo
metry of the active region is precisely defined pre
venting collection of carriers from optically non
active regions of the device. 

Various radiation studies were performed on these 
radiation hardened devices, measuring an increase of 
leakage current caused by ionization and neutron 
irradiation. 8,9 For comparison purposes a figure 
of merit was introduced, MpD, defined as the ratio 
of the photodiode signal current per unit of incident 
optical flux to the ionization induced current per 
unit of dose rate. The figure of ,merit MpD = 40-70 
X 10-10 Gy/optical photon for a GaAs photodiode 
wi th heterost ructure conf i gurat i on. For compari son 
MpD = 0.5-2.0X10-10 Gy/optical photon for a typi-
cal 5i photodiode. This and other data have revealed 
that double heterostructure A lGaAs/GaAs devices are 
far superior to 5i radiation hardened photodiodes. 
GaAs devices were able to operate up to 106 Gy/s, a 
level several orders of magnitude above the capability 
of Si PIN photodiodes. 

It can be concluded from the measurements of neu
tron irradiation effects on photodiodes 8 that the 
device leakage current increases by a factor of 10 in 
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the A1GaAs/GaAs photodiode and factor of 103 in the 
S i devi ces after exposure to a neutron fl uence of 
7X1014n /cm2. At thi s neutron fl uence there is no 
optical responsivity degradation of A1GaAs/GaAs photo
diode while Si device responsivity decreased to 60% 
of its preirradiation level. 

Similarly, in InGaAs photodiodes, intended for 
data transmission links with operating wavelengths of 
1300 nm, no degradation of optical and electrical 
characteristics were observed up to 106 Gy dose, 
with an exception of leakage current. The leakage 
current increases up to a factor of 6 from the pre
irradiation value when the total radiation dose is 
106 Gy. 

CONCLUSIONS 

From the above review it is apparent that optical 
sources, fiber waveguides and optical receivers suffer 
a measurable degradation of their operating character
istics when exposed to radiation. However, it is also 
apparent, that using existing radiation hardened com
ponents, and choosing an appropriate operating wave
length, analog and digital fiber optics transmission 
links can be designed to function during and immedi
ately after exposure to ionizing radiation and neutron 
fluence expected in the SSC environment. Systems de
sign will then include adequate optical power margins 
to maintain the signal-to-noise ratio necessary for 
reliable operation. It is essential to evaluate the 
expected incremental optical power loss in various 
SSC data transmission systems. 

Accurate evaluation of the expected optical power 
loss in data transmission systems involves specific 
data on the amount and spati al distribution of the 
total dose, dose rate, required bandwidth and the 
environmental temperature in the SSC detector system 
and primary beam tunnel. The total dose and dose rate 
data are particularly important because the net radi
ation-induced attenuation in a fiber waveguide strong
ly depends on the competing processes of color center 
formation and recovery. In general, for smaller dose 
rate the induced attenuation is' smaller, providing 
that the fiber recovers in the time scale of the expo
sure. Also, the attenuation can be significantly re
duced by photobleaching effects, increasing the in
jected optical power levels and by higher environmen
tal temperatures. Lower temperatures inhibit the re
covery, thus causing greater attenuation by the steady 
state irradiation. In particular critical radiation 
environments the optical data link should be operated 
at longer wavelength, such as 1300 or 1500 nm, where 
the induced attenuation is smaller in comparison with 
that at shorter operating wavelengths. 

However, it will be necessary to evaluate contem
porary low radiation sensitivity fibers made by seve
ral manufacturers at long wavelengths for total doses 
larger than 102 Gy and dose rates typical for var
ious SSC sUbsystems. 

A choice between single mode or' multimode fiber 
data link will primarily depend upon bandwidth re
quirements and allowable radiation sensitivity of 
each particular subsystem. For the SSC detector 
subsystem and primary beam local area networks the 
multimode fiber data link will suffice in most cases. 
For the long haul network the single mode fiber data 
link should be used. Because of the length of this 
network, which is approximately 80 km, a number of 
optical repeaters may be inserted in the data trans
mission links to recover optical power level of the 
signal if silica-based optical fiber are used. 
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The number of repeaters can be significantly 
reduced or completely eliminated if very long 
wavelength fluoride optical waveguides with low 
intrinsic attenuation and radiation sensitivity 
become available for deployment. 
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Fig. 1. Simplified block diagram for fiber optic transmission link in SSC detector system. 
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silica core. 
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