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Abstract

The effects of radiation on fused biconical  taper
wavclcnglh division multiplexcrs  arc presented, A theoretical
model indicates ~hat index changes in the fiber are primarily
responsible for the degradation of these devices.

I. INTRODUCTION

A single optical source uses only a small part of the
available spectral transmission band of an optical fiber.
Transmitting information at several wavelengths
simultaneously through a single optical fiber will ideally
multiply the transmission capability of the fiber times the
number of wavelengths used. In order to combine the sources
into one fiber, and separate thcm at the output of a fiber,
wavelength division multiplexer (WDM)  are required.

Several authors have studied the effect of radiation on
different types of optical couplers [10,11 ,12,24]. In this
paper, wc will limit ourselves to the fused biconical  tapered
WDM which is made by fusing together two single mode
fibers. Fused biconical  taper WDMS are the most widely used
type of coupler in the telecommunications industry, making
them the most likely candidate for multiplexed high data-rate
optical buses in space.

The severe requirements for optical WDMS (30-35 dEt
isolation) in most telecommunications applications are barely
met by fused biconical  taper WDMS (typically in concatenated
structures or followed by wavelength filters) [26]. In order to
usc these devices in space applications, the radiation hardness
of these devices ntxds to be studied in order to establish the
effects of radiation, the mechanism responsible for the effects,
and possible directions to take in the development of a
rad i at ion hardcmxl WDM.

This paper will modify the existing theoretical analysis of
fused biconical tapered couplers [17-23,26] to correct for core
index of refraction and combine with known effects of
radiation on optical fiber  [1,2,3,4,5,25] to model the effects of
radiation on these devices, In the case of fiber, the change in
attenuation dominates its degradation in performance, but for
WDMS it will be shown that the index change caused by the
radiation is most important.

11. WAVELENGTH DIVISION MULTIPLEXER

Numerous articles and [15, 16, 26] discuss the advantages
of wavelength multiplexing in optical systems. Much the
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same as frequency multiplexing in radio and television,
wav+cngth  multiplexing incrc~scs  the bandwidth of an optical
systcm by the number of different wavelengths used. The
combination and distribution of the different optical
wavelengths is performed by a devices called wavelength
division multiplcxcrs  (WDM).
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Fig. 1 A WDM operating as (a) a multiplexer (b) a
dcmultip]excr.

A two-wavelength WDM is shown in figure  1. The deviee
has four ports which are labeled A through D. The WDM cm
function either m a multiplexer (wavelength combiner) or as a
demultiplexer  (wavelength divider) for wavelengths that
closely match II and Lz. Figure la shows the operation of a
WDM as a multiplexer. When light at Al is injected into port
A and light at ZZ into port B, the WDM combines the two
wavelengths at port C. Port D is the crosstalk channel, and
some light at both wavelengths exits through this channel.
Figure lb shows a WDM operating as a demultiplcxcr.  When
light at both wavelengths is injected into port A, the WDM
separates the two wavelengths into ports C and D. The
majority of light at It exits out of port C, but some comes out
through D.’ Light at 12 is separated from light at 11 mostly
coming out through port D.

In order to quantify the performance of a WDM, two
figures of merit arc typically used. Isolation is defined as the
ratio of the output of port D to the cmtput of port C when light
at a single wavelength is injected into port A. Excess loss is
the ratio of the total output  to the total input. These values are
usually expressed in dBopt.
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In addition, the operating wavelength
spccificd (typically t20 nm at kI and k2).

(1)

(2)

range is usually

A beam of ligh(  can bc scparalcd  into its spcclral
components by many diffcrcn~ methods such as using gratings
or prisms. Wavelength division methods such as these have
been integrated with fiber and used for wavcleng~h  division
multiplexing [15,16,24], but the most successful WDM has
evolved from tapered fiber technology. This type of WDM is
the onc treated in this paper and is described in the next
section.

III. FUSED BICONICAL  TAPER WDM

A. Tapered oplicalfiber

When an optical fiber is heated above the glass softening
point and stretched symmetrically, the diameter of the fiber is
decreased at the heat source and gradually tapers to the
original diameter away from the heat source. When light is
launched into the tapered fiber, the mode in the fiber will
change along the taper. Far away from the tapered region, the
light in the fiber is guided by the core, and the cladding can be
assumed to extend to infinity. But as the fitxx gets thinner,
the mode field diameter approaches the diameter of the
cladding and the cladding becomes the guiding medium. If
the taper is slow (adiabatic approximation) all the energy will
be carried by the Iowcst order mode at every point in the fiber.
In this case, there is no loss of energy and the presence of the
taper is not detectable from the properties of the fiber, If the
taper is very sudden, higher order modes will be excited as the
light travels along the taper-down region and interfere when
they couple into the fundamental mode of the fiber in the
taper-up region. The so-called Stewart-Love limit [26]
determines the slope of the taper below which only the’
fundamental mode carries the energy and above which higher
order modes arc excited.

B. Fused biconical  taper  WDM

When two fibers are heated and stretched together in such
a way that the taper slope is below the Stewart-Love limit, the
first two lower order modes are excited in the region between
the tapers. The coupling between the two fibers is then
dctcrmincd  by the interference between these two modes.

Figure 2 shows a fused biconical  tapered coupler, The
fused region is typically about 3 cm long, but the region where
most of the coupling takes place (the coupling region in figure
2) is only around 5 mm long. The original core diameter and
cladding diameters for SMF28  fiber (which is usually USCXI  to
rnakc these dcviccs) arc 9 pm and 125 ym respectively. The
width of the coupling region is typically around 30 pm but
varies between individual devices.

The principal coupling mechanism in fused biconical
tapered couplers is fundamentally different from polished
fiber-optic WDMS or optoelectronic directional coupicrs
which work by cvancsccnt  coupling [6,7,1 1,12,13]. In a fused
biconical  taper coupler, most of the coupling results from the
interference between the first two fundamental modes in the
coupling region, which can bc approximated as a rectangular
wavcguidc  of constmt  crosscction.  Only a small portion of
the coupling is cvancsccnt.
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Fig. 2 A fused biconical  taper WDM. Magnification and
crosscction  of the coupling region.

Outside the fused region, the interaction between the two
fibers is small enough that any mode can be expressed as a
vector sum of the fundamental modes of the two fibers,
Along the taper-down region, the modes in the two fibers
begin to interact becoming distorted. This interaction results
in a small amount coupling. Since the interaction between the
two modes comes from the overlap of one of the modes with
the evanescent field of the other mode, this typ of interaction
and the energy exchange between the two modes is called
evanescent coupling.
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As lhc rnodc field diameter approaches the diameter of the
cladding, the cores of the fibers arc no longer guiding the
light, and the cladding becomes the guiding structure. Since
the taper slope is below the Stewart-Love limit, on] y the first
two fundamental modes of the cladding-air wavcguidc  arc
cxcitcd.  These two mocks arc shown in figure 3.

Since the symmclric mode is more confined to the fiber
than the antisymmctric  mode, the antisymmctric  mode
propagates famx.  The diffcrcncc in velocity of the two modes
ESU]L$ in a build up of the relative phase bctwccn thcm as they
propagalc  through the coupling region. As the fibers taper
out, the modes adiabatically conform to the modes of the two
singic  mode fibers forcing the symmetric and antisymmetric
modes to intcrfcrc.  The output of the two fibers is then
dctcrmincd by the intcrfcrcnce pattern. If we ignore the phase
shift between the symmetric and antisymmetric modes
acquired in the tapered regions, and only consider the phase
shift between the two modes in the coupling region, the
coupling constant is given by:

(3)

where n~ and n~ are the effeztive  index of refraction of the
antisymmctric  mode and the effective index of refraction of
the symmetric mode in the coupling region respectively. A is
the free space wavelength of tight.

Due to the dependence on wavelength of the coupling
constant ( nA and ns are also dependent on ~ ), fused
biconical  tapered couplers can be tailored to have near 100 %
coupling at one wavelength and near O YO coupling at a second
wavelength, A coupler which is tailorcxl  in this way is called a
WDM.

IV. EXPERIMENTAL PROCEDURE

Table 1 lists all the devices that were irradiated in the order
that the irradiations were done. A description of the radiation
they were exposed to is listed in the three columns labeled
“RADIATION”. The “where” column indicates which srxtion
of the device was irradiated. “whole” means that the entire
WDM was exposed to radiation, “input” means that only a
section of the WDM on the side of the input was irradiated,
“output” means that a region close to the output of the WDM
was exposed to radiation, “o-c” stands for output-center, and
“i-c” stands for input-center. The “Type” column indicates
whclhcr the device was exposed to protons (p+) or
Radioactive Cobalt (C060). The “Dose” cohtmn indicates the
total dose received by the device in Mrad (S i02). The type of
dcvicc tested is given in the “Device Name” column.

The ML dc.vices were supplied by NCCOSC Research,
Development, Test and Evaluation Division. These dcviccs
were bare, i.e. the taper region of the WDM was exposed to
atmosphere. The devices were supplied in this way to permit
low energy proton irradiation (6 McV). A total of three of
these dcviccs  were irradiated. The first one (ML-1) was
exposed to 6 McV protons at a dose rate of 1.3 krad/min for
the first 100 krad, and at a dose rate of 10 krad/min for the last
9(K) krad. ML-2 was exposed to CO-60 for a total dose of 1

Mrad and 6 McV protons for 500 krad. The relaxation of the
dcvicc was observed for 45 minutes after 100 krad and for 9
hours after 1 Mrad, The dose rate was 1.3 krad/min for the
first 100 krad and 3 krad/min for the 900 krad.  The dose rate
during protonirradiation  was 10 krad/min The Iasl  of these
dcviccs  (ML-3) was subjected to sectional proton irradiation
(5 mm sections of the dcvicc were irradiated consccutivcly).
The dose rate was 10 krad/ min. The dcvicc was masked with
a 5 mm slit in a piccc of aluminum.

Table 1. Summary of test results.

The Gould devices were supplied by Gould Jnc. Fibcr-
Optics Division, Gould-1 and Gould-2 arc the 16 dB isolation
in a 40 nm band model, and Gould-3 and Gould-4 are the 10
dB isolation in a 40 nm band model. Gould-1 was the only
Gould device irradiated with protons. Since the devices were
all packaged, the proton irradiation was done at the UC Davis
Cyclotron accelerator where 60 Me.V proton energy wm used.
The device received 100 krad at a dose rate of 1.3 krad/min
and 900 krad at a dose rate of 13 krad/min.  Gould-2 was
exposed to Cobo, rccciving a total dose of 3 Mrad at a dose
rate of 3 krad/min.  The irradiation was stopped for 1 hour
after 100 krad to observe relaxation. Relaxation was observed
for 9 hours after 1 Mrad, for 15 hours after 2 Mrad and for 12
hours after 3 Mrad. Gould-3 received a dose of 1 Mrad at a
dose rate of 3 krad/min and was observed for 14 hours of
relaxation. Gould-4 was tested for”scctional  Co60 irradiation
(0.5” sections of the device were irradiated consecutively).
The dcvicc was masked by 4“ thick Icad bricks with a 0.5” slit
belwwn thcm.

.



The ETEK dcvicc  was supplied by E-TEK Dynamics Inc. sensors arc used to track the two rcfcrcncc fibers and the four

.

ETEK- 1 was exposed to Co60 rccciving  a dose of 1 Mrad at a
dose ra~c of 3 kriid/min.  The relaxation of the dcvicc  was
observed for 12 hours.

The tcsl apparatus used for in-situ mcasurcmcnts  of the
isolation and cxccss loss of [he WDMS was modified and
inlprovcd bctwccn tests. Figure 1 shows the method used
which WM prcscrvcd  for all tests. The lasers were changed to
cooled power stabilized Iascr diodes after the first test. ML-1
was the first dcvicc  that was tested, and laser diodes at 1300
nm and 1547 nm were usd. All of the other devices except
for the ETEK were tested at 1306 nm and 1547 nm, The
ETEK dcvicc was only teslcd in-situ at 1547 nm.
Mcasurcmcnts  at 1306 nm for the ETEK device were made
only before and after irradiation. The laser intensity used
varied from 1 pW to 100 pW. Enhanced annealing was not
observed in photo bleaching tests at 1 mW optical power at
both wavelengths.

Onc mayor modification that was made after all the ML
dcviccs and the first Gould device were tested was to add
polarization conlrol  to both wavelengths. At 1547 nm, a
motorized rotation stage was used to rotate a half-wave plate.
At 1306 nm a manual rotation stage was used. This allowed
us to measure, in-situ, the polarization properties of the WDM
at 1547 nm, and to measure the polarization properties of the
WDM at 1306 nm before and after imadiation.

1310 nm

5V
~

Power meters
and sensors

I

l.+ Computer I
I I

Fig. 4 Diagram of the experimental method used.

Figure 5 illustrates the method used in these experiments to
be able to measure isolation and excess loss simultaneously at
two wavelengths. Light at 1310 nm is injected into one of the
input fibers of the test WDM, and light at 1550 nm into the
other. l%c test WDM is then used as a multiplexer (see figure
1 a.) and combines most of the light at both wavelengths into
onc of the output fibers. The remaining light at 1310 nm and
1550 nm comes out of the other output fiber. Two WDMS arc
used to dcmultiplex  (see figure 1 b.) the two wavelengths at
each of the output fibers of the test WDM. Six optical power

OUtpUL\  of (hc WDM (two at each wavelength).
A mcasurcmcnt  resolution in the crosstalk better than 0.01

dB was achicvcd  by averaging over tcn evenly spaced
polarization states once the polarization  control wm in place.

V. EXPERIMENTAL RESULTS

Table 1 gives the measured isolation before irradiation and
the change induced by the radiation for all the tests that were
done under the four columns labeled “ISOLATION (dB)”.
The change in isolation is given under the columns labeled
“Arad”.  The principal effect of radiation on the WDMS that
were tested was to change their isolation. No significant
changes in the excess loss of the device were observed.
(iWsolution  in the measurement of the output of the WDM
was better than 0.1 dB.).

The most important result from our experiments is that
devices cannot be directly compared. Even the Gould dcviccs,
which were matchcxl  in isolation to better than 0.5 dB at 1311
nm and 1553 nm by the manufacturer, had different isolations
at our wavelengths (1306 nm and 1547 nm) and had radically
different isolation changes with radiation (SW Table 1). The
Iargcst change in isolation was on ML-1 which changed by 10
dB at 1547 nm after 1 Mrad of 6 MeV protons. The isolation
was observed to improve for ML-3 at both wavelengths and
for Gould-2 at 1310 nm.

Figure 5 shows a sample of the data that was recorded.
This data is for Gould-2 and shows the improvement in
isolation at 1306 nm, The shadcxl regions mark the lime when
the radiation source was exposed. The white regions show the
anncding  in isolation after radiation.

The results from relaxation observations were qualitatively
consistent with annealing of attenuation for SMF28 fiber [31.
Less than 2070 of the total change in isolation annealed with a
time constant of a few hours.

Sectional irradiations of ML-3 and Gould-4 give
preliminary results on a very important type of experiment.
Sectional, irradiations give information on the sensitivity to
radiation of the different regions of the device. It is observed
that the center region is most sensitive, and that the input and
output regions arc only sensitive when C1OW to the center of
the device. These results, and results of future experiments
will help in better understanding the physical mechanisms that
result in an interaction between radia{ion  and the electric
fields in a WDM.

Tables 1 includes the dependence on polarization for the
ETEK device, which was found to bc very sensitive to
polarization. Only two orthogonal polarizations arc shown,
but it is clear that polarization is an issue for some of these
devices. The polarization  sensitivity of onc of the ML WDMS
was measured, and it was about the same as the ETEK, The
polarization sensitivity of the Gould devices was measured
and varied between 0.1 dB and 1.1 dB. Detailed results of the
polarization  measurements arc not included here duc to lack of
space,.but will be discussed at the SPIE conference in San
Diego and in future publications. Since environmental
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changes vary the bircfringcncc.  of single mode optical fiber,
“ not controlling thcpolarizalion results in incrcascd  noise and

drift in the isolation of the device. S-mall changes in the
excess loss (cO, 1 dB) arc also known to be related to changes
in polarization.
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Fig. 5 Isolation changes with radiation (gray areas) and
relaxation (white areas) for Gould-2 at(a) 1306 nm and (b)
1547 nm.

, VI. THEORETICAL ANALYSIS

A. Rationale ‘

Previous mcasurcmcnts  on irradiated Gc-doped  silica core
fiber [1-5] indicate the presence of four types of color ccnlers
in irradiated Gc-doped si Iica. These are the Ge(l ,2,3) and Ge-
E’ centers with absorption bands at 281 nm, 213 nm, 240 nm,

and 517 nm rcspwtivcly,  By [hc Kramers-Kronig  relation
[28], the index of refraction (real part of the susceptibility
function) is directly related to the absorption (imaginary part
of the susceptibility function), so that the color centers in Gc-
dopcd silica also affect its index of refraction. It can be shown
the index increases for wavelengths greater than the
absorption wavelength (normal dispersion) and dccrcascs  for
wavelengths that arc smaller (anomalous dispersion).
Thcrcforc, radiation will increase the index of the Gc-doped
cores in SMF28 fiber at 1310 nm and 1550 nm.

The increase in index in the cores of the fibers will affect
the coupling of the fused biconical  tapered WDMS shrdied in
this paper. As can be seen in figure 3, the change in index in
the cores will affect the antisymmctric  mode more than the
symmetric mode, since the magnitude of the electric field in
the core region is greater for the antisymrnetric  mode. The
difference in velocity bclwecn  the two modes will decrease,”
changing the phase shift between the two modes at the end of
the coupling region. As will be shown in the more detailed
analysis that follows, the effect will be a pxitivc  shift in
wavelength of the isolation vs. wavelength curve.

B. Mo&?~

Fig. 6 Diagram of the rectangular dielectric wavcguidc  used
to model the coupling region of a WDM.

The most commonly used model for a fused biconical
tapered coupler ignores the coupling in the taper regions and
approximates the coupling region by a rectangular dielectric
wavcguide  as shown in figure 6. When this simple structure is
assumed, the coupling constants for both polarizations can be
easily calculated by using equation (3). The coupling
constants for x and y polarized modes in the rectangular
dielectric wavcguidc are I

CX+c .J2Zil_.
y  32$(J2

vcn from [17] by: .

1

(4)

( )

(1+.;)2 ‘“ ,+; ~ 2

2’V
‘2

(5)

where n2 is the index of the cladding, nJ is Lhc index of the
surrounding medium (typically air), a is the height of the
rectangular crosscction  as seen in figure 6, and:
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The analysis rcsulling  in equations (4) and (5) ignores the
cores of the fibers. These arc shown as shaded squares in
figttrc  6. In order to model the effects of a change in the index
of refraction of the core, the effect of core index on the
coupling constant needs to be calculated. This will be done by
approximating the change in the effective indices of the
symmetric and antisymmctric  modes with an overlap integral
calculation,

M,arcatili  solved for the modes of a rectangular dielectric
wavcgttidc [27]. Wc arc only conccrncd about the first two
fundamental modes which arc the E~iy (symmetric) and E~iy
(antisymmctric)  linearly polarized modes. (These two modes
arc really TM modes with very small electric field in either the
x or y direction.) Since the diffcrcncc  in index between the air
and the cladding is so large, these two modes are tightly
confincxt in the coupling region, and we can approximate the
electric field inside the fiber as:

(7)

(8)

where Es is the electric field for the symmetric mode and E*
is lhc electric field for the antisymmctric  mode. The effcctivc
index of each mode is given by the overlap integral of the
sqttarc  of the electric field and the index of refraction shown
in figure 9:

nefl = n2 +(nl – fq (9)

( J
where n, is the index of refraction of the core and b is the
width of the core in the model shown in figure 6.

Using equations (7), (8) in equation (9), wc can calculate
the change in the symmetric and antisymmetric  indices of
refraction caused by the cores of the fibers:

[ :Sin(%)lAn~=(nl-n2).  ~ b+

A nA = (nl -nZ). $[b+ #sin(~)]2

(10)

(11)

Wc can use equation (3) together with equations (10) and
(11) to SOIVC for the change in the coupling constant caused by
the difference between the core and cladding indices of
refraction. The final result is a correction of equation (4)
when the core index is taken into account:

3  rrA
Cx +  Cy  = ~2%a2

where,

7

I
(1+;)2 + ,+;l 2( )1 +2-AC (1 2)

2 V
‘ 2

AC= ‘(n~~nz)sin(~)[~tsin(%)] (13)

Since the electric field profile is the same for the x-
polarizcd  and y-polarized modes, the change in the coupling
constant is indcpcndcnt  of polarization, so equation (5) does
not change.

C. Change in index at 1310 nm and 1550 nm

Hand and Russcl  [5] measured the effects of high intensity
UV (488 nm) irradiation on the core index change of Gc-
dopcd fiber. We are not aware that any similar measurements
have been made for CoGo or proton irradiation, Therefore, we
will use the results from Hand and Russel  to give. a rough
estimate of the core index change in SMF28 fiber after a 1
Mrad dose of radiation.

By using a three term Scllmcir expression, Hand and
Russcl  predict art index change of 1.9 10-4 at wavelengths
greater than 1 pm for a Gc-doped  fiber with a radiation
induced absorption of the order of 1000 dB/km at 488 nm.
Assuming a Gaussian absorption lineshape  for the Ge,(l) color
center absorption at 281 nm, and a Iincwidth  of 1.97 eV [1],
an absorption of 1000 dB/km  at 488 nm corresponds to an
absorption of 12.6 dB/km  at 1300 nm. This is in excellent
agreement with the measured absorption of SMF28 fiber
exposed to Co60 after a dose of 1 Mrad at 50 degrees Celsius
[3].

It is therefore a reasonable assumption that the core index
change for SMF28  fiber duc to a dose of radiation of 1 Mrad
is in the order of 104 at 1310 nm and 1550 nm.

D, Comparison with experimental results
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Fig. 7 Plot of equation (14) before and after core index
change of 104.

LJsing  equations (12) and (13), the change in the coupling
constant duc to a change in the index of the core can be easily
calculated. Figure 7 shows the isolation as a function of
wavelength before and after irradiation for a coupler with:
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a’= 15~
n3=l

n2 = 1.458

afb = 9/125
The length of the coupler was 6,9 mm in order to Iocatc the

maximum and minimum coupling near 13,10 nm and 1550 nm
kforc radiation. The maximum isolation prcdictcd  by the
theory is too high since the excitation of higher order modes
[23] and the effect of normal mode loss [7] arc ignored. The
change in core index caused by the radiation is rrssumcd to be
10-4.

According to the model, radiation causes a red-shift in the
isolation vs. wavelength curve. This rcsuh is in agr~mcnt
with our cxpcrimcntal  observations.

In the experiment, isolation improved in some devices, and
degraded in others. As shown in figure 7, if the wavelength of
the laser used to test the device is longer than the wavelength
of”maximum isolation, a red-shift of the isolation curve will
improve the observed isolation. If, on the other hand, the
probing wavelength is shorter than the wavelength of
maximum isolation, radiation will degrade the isolation of the
WDM,
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Fig. 8 Sinusoidal fit to pre-rad isolation data for (a) Gould-2
and ,(b) Gould-3

In order to make some correlation between the relative
position of the laser wavelength and the direction of isolation

change with radiation, a sinusoidal fit to four data points was
used to locate the position of the laser wavelength in the
isolation curve, The results are shown in figure 8. Two of
the data points (at 1311 nm and 1553  nm) were given by the
manufacmrcr,  and the other two arc from our experimental
mcasurcmcnts  (at 1306 nm and 1547 rim). The fits arc not
exact since there is a range of error on each data point of
approximately 0.3 dB duc to the polarization dependence of
isolation, Ncvcrthclcss,  it is seen that the laser wavelength is
shorter than the wavelength of maximum isolation for both
devices at 1550 nm, Table 1 shows that the isolation
dczreased for both WDMS after radiation. Gould-2’s isolation
at 1306 nm improved, and the fit shows that the laser
wavelength (the leftmost data point) is to the right of the
isolation peak. Gould-3 degraded in isolation at 1306 nm, and
the laser  wavelength is nearly at the peak of isolation. Such
ils were done for all four Gould devices, and the results were
consistent with the direction of isolation change in the
experiment.
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Fig. 9 Dependence of wavelength shift on dimensions of the
coupling region.

Numerically, the shift in wavelength caused by the change
in coupling can also bc calculated. Figure 9 shows the
dependence of the wavelength shift at 1310 nm on the
dimensions of the coupling region. Typical dimcmsions  of
these devices range between 15 pm and 20 pm, so the
corresponding wavelength shifts range bctwccn  6 nm and 10
nm. The shift in wavelength at 1550 nm is slightly smaller.

The results from sectional irradiations on ML-3 and Gould-
4 indicate that parts of the taper region are also sensitive to
radiation. This would be expected since there is some
coupling between the two fibers in the taper regions. A
complete calculation of the coupling in fused biconical
tapered couplers may be useful to accurately model the effects
of radiation, but such a detailed analysis was considered to be
detrimental in providing a fundamental understanding of the
problcm.
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As was mentioned in the last section, it appears that
protons may induce a Iargcr  index change in these couplers
than gamma-rays. It is possible that another mechanism for
changing the index of refraction of the cores, unrclalcd  to
color ccntcr  absorption, is the formation of permanent electric
dipoles in the ionization trails of the prolons  [5], This frozcn-
in electric fields could gcncratc  Iocalizcd refractive index
changes by means of the clcctro-optic  effect.’

VII. CONCLUSION

The effects of CoGo and proton irradiation of fused
biconic.al  taper wavelength division multiplcxcrs  for 1310 nm
and 1550 nm have been investigated. Changes in the excess
loss of these devices is lCSS than 10-4 dB/krad, while changes
in isolation as large as 10 -2 dB/krad  were measured. A
theoretical model indicates that the change in isolation may be
caused by radiation-induced index changes in the coupling
region. These index changes produce a red-shift in the
isolation characteristics of the WDM of approximately 10
nm.

Eight separate devices from three different manufacturers
were tested in a total of twenty two irradiations. The results
from straight irradiations, annealing at room temperature after

radiation, and sectional irradiation of two WDMS were
described. In addition, measurements on the effect of
polarization on isolation of six WDMS and a comparison
between proton and Com  were briefly discussed,

The manufacture of these devices could be tailored so that
the isolation improves when exposed to radiation. Our thwrry
also suggests that a WDM with a shorter and narrower
coupling region may be less sensitive to radiation. These
fac~ors  should be taken into account in the dcvclopmcnt  of a
radiation hard fused biconical  taper WDM. Other devices that
may bc similarly affected by radiation include tapered
wavcguide optical filters, fused biconical  taper polarization
spliucrs,  and evanescently coupled devices.

The authors thank Simon Cao at E-TEK and Matt
McLandrich at NCCOSC for donating devices for these tests.
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