
Fast-neutron radiation effects
in a silica-core optical fiber studied
by a CCD-camera spectrometer
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A simple CCD-camera spectrometer was deployed at the Los Alamos Spallation Radiation Effects Facility
to characterize fast-neutron irradiation effects in several silica-based optical fibers over the wavelength
range 450-1100 nm. The experimental arrangement allowed optical loss spectra to be developed from
remotely recovered frame grabs at various times during irradiation without it being necessary to resort to
cutback methods. Data recorded for a pure-silica-core/F-doped-silica-clad fiber displayed a peculiar
artifact, which is described and mathematically modeled in terms of leaky modes propagating in an optical
cladding that is substantially less susceptible to radiation-induced optical attenuation than is the
core. Evidence from optical time-domain reflectometry supports the postulate that mode leakage into
the cladding may be a result of light scattering from the tracks of ions displaced by the 14-MeV
neutrons. These results suggest that fibers with fluorine doping in the core, as well as in the cladding,
would be relatively resistant to radiation-induced attenuation in the UV-visible spectral region.
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Introduction

Fusion power reactors based on magnetically con-
fined plasmas depend critically on a wide variety of
diagnostic systems, including optical systems operat-
ing in the 300-1500-nm wavelength range.1 In pres-
ent-generation tokamaks, fiber optics are used to
convey these light signals from ports near the reactor
first wall to shielded instrument areas several tens of
meters distant. In advanced deuterium-tritium-
burning systems, these fibers must continue to oper-
ate under intense fluxes and fluences of high-energy
neutrons (up to 14 MeV) and y rays. To observe the
effects of high-energy radiations characteristic of the
deuterium-tritium fusion reactor environment on
candidate fiber waveguides, an experiment was de-
signed for quick, low-cost deployment at the Los
Alamos Spallation Radiation Effects Facility
(LASREF) associated with the Los Alamos Meson
Physics Facility (LAMPF). LASREF delivers a neu-
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tron spectrum reasonably modeling that of a deuteri-
um-tritium fusion reactor.1 This paper briefly de-
scribes the experiment and presents highly instructive
preliminary results obtained during the August-
September 1992 operation of LAMPF.

Experiment

The experimental arrangement, shown in Fig. 1,
consisted of using a lead-glass prism to disperse
simultaneously the light emanating from several
fibers on the focal plane of a charge-coupled-device
(CCD) camera, so that the recorded images would
consist of a stack of parallel streaks representing for
each fiber the light intensity (convoluted with the
camera sensitivity) versus the tangent of the angle of
refraction. Two types of fibers were selected for the
experiment: pure-silica-core/F-doped-silica-clad fi-
bers from three separate manufacturers and one
graded-index Ge-doped-silica-core fiber. All these
fibers were multimode, with core diameters of 100 or
110 [lm and cladding diameters ranging from 120 to
140 jlm; all the fibers had protective polymer coatings.
Two lengths (1 and 20 m) of each of these fibers were
coiled on a single spool for insertion into a LASREF
beam position delivering 7.5 x 1010 n/cm 2 at an
average temperature of 30 'C. The two pigtail
extensions of each of the eight fiber coils were led up
through 5 m of radiation shielding, where they
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Fig. 1. Schematic diagram of experimental setup.

were fusion spliced to lead-in and lead-out runs of the
identical fiber types leading from the top of the hole to
the instrumentation area 40 m distant. The eight
fiber lead ins were spliced to a pair of 1 x 4 fiber-optic
couplers, which functioned as four-way beam splitters.
Light intensities 1 jiW from a tungsten source were
injected into the input pigtails of the two 1 x 4
couplers by the use of a microscope objective. Both
long and short lengths of each experimental fiber type
were spliced to the same coupler, so that (within the
0.4-dB precision of the coupler) the same light inten-
sity was injected into the 20-m sample length as was
injected into the 1-m reference length. The cleaved
spectrometer ends of the eight lead-out fibers were
aligned in a vertically stacked array by means of a
parallel set of V grooves in a metal block. The
arrangement was such that the exit end of the array
can be imagined as replacing the entrance slit in a
conventional spectrometer. Each of the prism-
dispersed light streaks was individually calibrated in
wavelength by inserting a series of eight sharp band-
pass filters (ranging from 450 to 1100 nm) between
the light source and the microscope objective. Cali-
brations of wavelength versus horizontal pixel num-
ber were developed by fitting the recorded spot posi-
tions with a fifth-order polynomial.

The induced loss, L(decibels per kilometer), in an
effective sample length of 19 m (20 m - 1 m) of a
given fiber type was then calculated as

L(A) = 0.019 logio[) (1)

where I(X) and IO(X) are the pixel intensities (with
backgrounds subtracted) corresponding to wave-
length as measured for the 20-m and 1-m coils,
respectively.

The idea of irradiating the short reference coil as
well as the long sample coil was motivated by the
desire to prevent the light transmitted through the
long and short members of each fiber pair from ever
differing by more than 13 dB in a given wavelength

interval. The purpose of this constraint is to allow
both transmission spectra to be recorded simulta-
neously in a single-frame grab with good signal to
noise for the sample coil while averting saturation of
the CCD-camera by the light transmitted by the
reference length. As both fibers darken, data of
equal quality can be obtained by increasing the
integration time from as short as 0.01 s to as long as
several hours, if needed. A second advantage of this
arrangement is that the optical attenuation in the
lead-in and lead-out fibers is automatically canceled
in the process of calculating the optical loss, L(A), as
described above. This cancellation is important be-
cause the up and down pigtails are comparable in
length to the sample coil but, unlike the sample coil,
are unavoidably exposed to a neutron flux that varies
as a function of height above the beam centerline-a
situation that would otherwise seriously complicate
dosimetry. Coincidentally suppressed in the same
process are the strong OH overtone absorption bands
in the 40-m fiber lengths leading to and from the
instrument area.

Results

It was expected that the transmitted light intensities
of all eight fibers would be roughly the same before
irradiation. However, it was found that the fiber
with the thinnest cladding (7.5 jim, vis-A-vis 10 or 20
jim for the others) transmitted too little of the
injected light to be measured. (Use of longer integra-
tion times was precluded by the blooming of adjacent
streaks of the more highly transmitting fibers.) The
poor transmission of this fiber was traced to light
tunneling through the relatively thin cladding into
the LW-cured epoxy used to reinforce the splices.
Derived losses for the second of the pure-silica-core
fibers were problematic; this was evidently due to a
lossy splice on the reference fiber; for that reason,
these data are not discussed further.

The reference length of the Ge-doped fiber broke
shortly after the beginning of the experiment and
could not be respliced. Nevertheless, the initially
obtained data were sufficient to show induced losses
above 750 nm, which were considerably greater
than losses in the pure-silica-core fibers-as expected
based on earlier y-ray and reactor irradiation stud-
ies.2-8 Below 750 nm, however, the apparent in-
duced losses in the Ge-doped fiber dropped to unex-
pectedly low values. These data are not discussed
further, except to remark that the anomalous results
at shorter wavelengths are almost certain to have the
same explanation as a similar effect observed for the
third pure-silica-core/F-doped-silica-clad fiber of this
study. The results for this last fiber, obtained from
CeramOptec (core/cladding diameters, 100/120 lm;
core OH content, 40 parts in 106) are presented below.

Figure 2 shows the transmitted light spectra I(X)
for the sample and Io(,) for the reference lengths of
the CeramOptec fiber at an early stage of irradiation
(fluence = 5 x 1015 n/cm2 ).9 These spectra comprise
the intensity profile of the tungsten lamp source
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Fig. 2. Transmission spectra of CeramOptec fibers after accumu-
lated neutron fluence 9 of 5.1 x 1015 n/cm 2 . Spectra below 700 nm
are expanded by using a longer integration time.

multiplied by the camera sensitivity, as modified by
absorption in the respective lengths of fiber. Below
- 700 nm, where the beam-induced absorption had

already become significant, a longer integration time
was used to improve the signal-to-noise ratio. At the
0.1-s integration time, the background measured
with the light source blocked was found to be essen-
tially flat, showing no measurable streaks resulting
from either room light or beam-induced lumines-
censes in the fibers (background pickup could be
recorded for integration times > 100 s, however).

Figure 3 illustrates the induced loss in the
CeramOptec fiber calculated by means of Eq. (1) from
transmission spectra recorded at various times dur-
ing the beam-on period. The curves are labeled
according to the accumulated fluence9 in units of 1014
n/cm2 . Note that because of the cancellation of the
attenuations in the long lead-in and lead-out fibers,
the induced attenuation spectra of Fig. 3 exhibit only
faint replications of the prominent first and second
OH overtone bands near 950 and 725 nm,10 which are
strongly apparent in the transmission spectra of
Fig. 2.
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Fig. 3. Induced optical loss spectra of CeramOptec fiber during
neutron irradiation. Numbers on the curves correspond to the
neutron fluence9 (in units of 1014 n/cm

2
).

The induced absorption spectra of Fig. 3 are quali-
tatively reminiscent of spectra previously recorded
for fibers and bulk silica samples exposed to equiva-
lent doses of y rays.11- 13 However, on closer inspec-
tion there are some crucial dissimilarities requiring
explanation: First, the peaks near 700 nm in Fig. 3
are considerably sharper than the well-known bands
peaking near 600-630 nm that are observed under y
irradiation (e.g., Fig. 4). Second, contrary to previ-
ous observation, the currently observed peaks are
increasingly red shifted with increasing neutron flu-
ence above - 1015 n/cm2 . Third, the plateau seen in
Fig. 3 in the wavelength regime between 400 and

650 nm initially grows but then bleaches, as a
function of increasing fluence. At the highest flu-
ence, the induced loss in the 400-600-nm region falls
back below 100 dB/km. Such radiation bleaching in
high-purity fused silica in this spectral region is
unprecedented and, in fact, cannot be explained ex-
cept as an artifact. Nevertheless, as described be-
low, the low induced loss measured in the visible
region is a real effect, and an understanding of the
present artifact gives a strong clue as to how a
reasonably rad-hard fiber for fusion diagnostics might
be designed.

Mathematical Modeling

Most optical fibers consist of a core (or light-guiding
region) that conducts the bulk of the transmitted
light, an optical cladding comprising a transparent
material having a lower index of refraction, and a
protective jacket (for detailed description of fiber-
optic waveguides and telecommunications systems,
see Refs. 14 and 15). If care is taken to inject light
only into the fiber core, and the fiber is not bent or
coiled to a radius below a few inches, only an evanes-
cent wave penetrates the optical cladding. However,
if such care is not taken and the protective jacket of
the fiber happens to have an index of refraction lower
than that of the optical cladding and is not too lossy, it
is possible for light to propagate separately in the
cladding. In many situations such cladding modes
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Fig. 4. Absorption spectrum ofa -irradiated (12 kGy) pure-silica-
core/F-doped-silica-clad fiber (solid curve)'3 and trial spectrum
(circles) used in model calculations of Fig. 5.
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are considered undesirable and are removed (mode
stripped) by first removing the jacket from a segment
of fiber near the input end and then conducting the
bare fiber through a sinuous path immersed in index-
matching fluid. In the present experiment, mode
stripping was not used during neutron irradiation.
Therefore the possibility was considered that the
observed artifact manifested in Fig. 3 can be related
to the presence of copropagating cladding modes that
respond differently to the neutron beam than do the
core modes. This possibility was mathematically
modeled by formally decomposing the transmitted
light intensities in Eq. (1) in the following way:

I = I(core) + I(clad), (2a)

1o = I(core) + I0(clad), (2b)

where I(core) = A exp(-20a), I(core) = A exp(-a),
I(clad) = B exp(-20p), and I(clad) = B exp(-3).
Here, A and B represent the intensities injected into
the core and cladding, respectively, and a and L are
the respective absorption coefficients in inverse me-
ters. The multipliers in the exponents are peculiar
to the present experiment, where I pertains to a 20-m
sample coil and Io pertains to a 1-m reference coil,
both of which are irradiated. For convenience, it
was further assumed that the core absorption coeffi-
cient a takes the form a = of (), where + is the
neutron fluence and f (A) is a suitably normalized
spectral shape function consistent with known radia-
tion-induced-absorption spectra for pure silica (e.g.,
the shapes in Fig. 4). Similarly, , was taken propor-
tional to the product of fluence and a reasonable
spectral shape function g(X) for F-doped silica. The
ratio B/(A + B) represents the fraction of the launched
light that is propagating in the cladding in the lead-in
fibers. A key issue here is the fact that little is
known about g(X) for F-doped silica; several possible
forms were tried in the modeling but, in the end, the
shape of the absorption induced in the cladding
proved immaterial so long as g(X) << f (X) for all X.

In trial and error fashion, both B/(A + B) and f (X)
were varied and the calculated loss spectra L[A, B,
Of (X)] were compared with experiment as a function
of fluence A. The trial shape functions, f (X), were
based on actual experimental data recorded by Na-
gasawa et al. for a y-irradiated pure-silica-core/F-
doped-silica-clad fiber.13 Variations from the data of
Nagasawa et al were constrained to major variations
in the UV tail extending from below 400 nm to 600
nm, very minor changes in the nearly wavelength-
independent IR region (aside from removal of the OH
bands), and no changes at all in the 630-nm band.
The most successful modeling achieved under these
constraints involved an f () given by the circles in
Fig. 4 and B/(A + B) 0.01 [although varying B/
(A + B) by a factor 10 gave similar results].

The results of the modeling are illustrated in Fig. 5.
Even though no systematic optimization process was
applied, Figs. 3 and 5 are qualitatively very similar.
Moreover, above 680 nin, the curves labeled 51 in
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Fig. 5. Model calculation of radiation-induced absorption in a
pure-silica-core optical fiber supporting low-level light transmis-
sion in a rad-hard optical cladding. The shape of the induced
absorption in the core was assumed to be independent of fluence
and was taken to be given by Fig. 4 (circles). The numbers on the
curves are proportional to the intensities assumed for the core
absorption. (These numbers could represent fluences if the in-
duced losses were to grow linearly with fluence.)

Figs. 3 and 5 are essentially indentical. Discrepan-
cies between other correspondingly labeled pairs of
curves appear to be mostly ascribable to the limited
validity of the model assumption that the absorption
grows linearly with neutron dose [a = f (X)].
Indeed, studies of pure-silica-core fibers under y
irradiation typically exhibit near-linear growth in the
dose range from 0 to 102 Gy (where Gy is the
absorbed dose in SI units) followed by a region of
saturation (or slight bleaching) up to 104 Gy.2,3
Using the conversion 1 Gy 3 x 1011 n/cm 2 , the
present neutron irradiations span a dose range of
from 1.5 x 103 to 2 x 105 Gy. Thus if the earlier
,y-irradiation data are any indication, sublinear growth
in L(X) is expected over most of the range of fluences
represented in the present experiment. If this expec-
tation were to be incorporated in the modeling of Fig.
5, it is likely that better agreement with Fig. 3 could
be achieved. However, the present results are suffi-
cient to demonstrate that light travelling in the
presumably rad-hard cladding of the CeramOptec
fiber is almost certainly responsible for the clearly
artifactual behavior evident in Fig. 3. A more gen-
eral discussion of this cladding-mode hypothesis is
given in Appendix A.

Postirradiation Test

To test the cladding-mode hypothesis further, an
additional experiment was run approximately a month
after the LAMPF beam was turned off. This was a
classical cutback experiment performed on the 1-m
coil of the CeramOptec fiber. (The 20-m coil was
abandoned at that point because of its effective
opacity below 700 ni.) In this experiment only, I
was taken as the light through the 1-m coil and its
associated lead-in and lead-out fibers, and jo was
taken to be the light exiting from the lead-in fiber
originally leading to the 20-m coil but now cut back to
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within 1 m of the fiber-optic coupler. This cutback
fiber was spliced directly to the spectrometer end of
the corresponding lead-out fiber, which was itself cut
within 1 m of the spectrometer. Two sets of data
were obtained: one set before and one set after mode
stripping the fibers near their entrance to the spec-
trometer. The optical losses determined from these
results are shown in Fig. 6, where the effective length
of irradiated fiber was arbitrarily taken to be 5 m (1-m
coil plus an assumed 4 m to account for the nonuni-
formly irradiated pigtails). Below 650 nm, a factor-
of- 2 attenuation is noted in the mode-stripped case
vis-h-vis the measurement without mode stripping.
This is qualitatively the kind of effect expected if a
sufficient proportion of the light were to be light
guiding in the relatively rad-hard claddings and thus
bypassing the radiation-darkened portions of the
fiber cores.

An effort was made to measure directly the amount
of light launched into cladding modes by taking the
difference between the values of Io (the light exiting
from the cutback length) recorded before and after
mode stripping. Because of the necessity of physi-
cally moving the bare fibers in this process, the
reproducibility of these measurements was assumed
to have been no better than 1%. Nevertheless,
measurements at 600 and 700 nm consistently indi-
cated 1% of the light to be traveling in the cladding
at the injection end (i.e., within 1 m of the fiber-
optic coupler). In the case of the 1-m irradiated
sample coil, I(X) measured before and after stripping
showed that 50% of the exiting light at 700 nm and

95% of the exiting light at 600 nm was by that
poinit traveling in the cladding. These observations
are again qualitatively consistent with the assumed
mode distribution at the injection end [B/(A + B) 
0.01] used in the model calculations. However, at
600 nm the absolute light intensity propagating in
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Fig. 6. Postirradiation measurement of absorption spectrum of
CeramOptec fiber (1-m coil in beam, plus lead-in and lead-out
fibers) obtained by cutback technique. Below 700 nm, the
spectrum obtained with mode stripping gives the true spectral
shape of the optical loss in the fiber core, although its absolute
value is uncertain within a factor of 2. Above 700 nm, the
induced loss in coil is not separable from the intrinsic loss in leads.

the cladding at the exit end of the 1-m coil was found
to be 5 times greater than the light intensity
propagating in cladding modes in the cutback length
(reproducibility problems hindered measurements at
longer wavelengths). Thus the possibility remains
that significant light may have leaked from core to
cladding modes along the fiber lengths closer to, or in,
the neutron beam. One possible mechanism of leak-
ing core modes into the cladding is suggested by the
results of optical time-domain reflectometer measure-
ments, which showed a high degree of light backscat-
tering in the irradiated regions of the sample coils,
this scattering building up concomitantly with the
induced absorption.16

Discussion

It can be concluded from the above measurements
and modeling that fast-neutron irradiation induces
substantially higher optical losses in the pure-silica
core of the CeramOptec fiber than in the F-doped-
silica cladding. This situation, in connection with
the demonstrated fact that cladding modes were
being propagated, explains the artifact of Fig. 3,
which was in turn simulated in Fig. 5. Although
such an artifact does not appear to have been re-
ported previously, there are some precedents in the
literature that shed additional light on the phenom-
enon.

Recently, West and Dowling17 studied the effects of
,y irradiation on certain fibers propagating cladding
modes. These authors anticipated that "Any light
propagating in the cladding would be expected to
show greater transmission loss than lower-order
guided modes both normally and particularly under
the effects of irradiation." This expectation was
confirmed at 850 nm by means of optical time-domain
reflectometer studies of a fiber composed of Ge:P-
doped silica. In the present context, it is necessary
to remark that Ge:P-type fibers typically contain
phosphorus in the cladding and that such phosphorus-
doping is known to lead to y-ray-induced optical
attenuation that is typically 2 orders of magnitude
higher than for pure silica. 18 Quite a different effect
might have been anticipated for an F-doped cladding
material, because neutron and y irradiation effects in
F-doped-silica-core fibers (at wavelengths 820-850
ni) have been found to be quite comparable to those
in pure-silica-core fibers.8

Particularly germane to understanding the results
of the present experiment are the results of Na-
gasawa et al.19 concerning the effects of cladding
material on the radiation-induced 2-eV (630-nm)
optical absorption in pure-silica-core fibers. These
authors examined pure-silica-core fibers of differing
OH contents and differing manufacturing processes
that were provided with optical claddings of either
silicone polymer or F-doped silica. In every instance
the 2-eV band strength per unit y-ray dose was
approximately an order of magnitude higher in the
F-doped-silica-clad fibers than in the polymer-clad
counterparts. However, this result was shown to be
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because of losses induced in the pure-silica cores and
not the F-doped silica claddings. In an earlier pa-
per,12 Nagasawa et al. successfully correlated the 2-eV
absorption band with the electron-spin-resonance
spectrum of the nonbridging-oxygen hole center (see
Ref. 20 for a recent review of this subject). Using
this knowledge, Nagasawa et al. 19 were able to deter-
mine by an etchback method the radial distribution of
nonbridging-oxygen hole centers (i.e., the 2-eV defect
center) in their fibers. They found that the 2-eV
defect was approximately an order of magnitude more
abundant in the core near the core/cladding interface
than in the F-doped cladding. These near-interface
defects were absent in the silicone-clad fibers. The
results of Nagasawa and coworkers' radial profiling
experiment are fully consistent with the interference
that the 2-eV band in the CeramOptec fiber of the
present study is at least an order of magnitude more
intense in the core than in the cladding.

Finally, it must be remarked that Nagasawa et al.
did not observe any hint of an artifact of the nature of
the one illustrated in Figs. 3 and 5. This is in spite of
the fact that Nagasawa did not mode strip and, in
fact, used a mode scrambler near the launch end,21

which would in principle have filled the cladding
modes. It is necessary to assume therefore that
Nagasawa's glass-clad fibers were jacketed with a
higher-index polymer or a polymer that was consider-
ably more lossy than the polymer on the CeramOptec
fiber of the present investigation. Nor was this
artifact observed during concurrent experiments at
LASREF with a different suite of fibers and a diode-
array spectrophotometer.16 The reason again may
be related to lossy polymer jacketings, although the
use of fiber-optic couplers, rather than fusion splices,
could also have had a negative effect on the through-
put of any cladding modes.

Conclusions

The present results are explained by the existence of
the following set of conditions in the fibers investi-
gated:

1. Both the sample and reference fibers are being
irradiated;

2. the induced absorption in the core eventually
becomes much greater than that in the optical clad-
ding;

3. the intrinsic (as well as induced) loss in the
protective polymer jacket is not too great;

4. a sufficiently large fraction of the injected light
is leaking into cladding modes; and

5. no mode stripping is being used on the fiber
leads returning to the spectrometer.

That the kind of artifact represented by Fig. 3 has not
been reported before, to our knowledge, is probably
because all five of these conditions have not been
simultaneously satisfied previously. Condition 1 held
several advantages in the current context (CCD-
camera detection and highly remote sample coils with

the pigtails also subject to irradiation), whereas most
y-irradiation experiments in the literature have not
required this arrangement. Still there is indepen-
dent evidence that condition 2 is common for pure-
silica-core/F-doped-silica-clad fibers 9 as well as for
Ge-doped-silica-core/pure-silica-clad fibers.2-48 Thus
even without condition 1, effects such as are revealed
in Fig. 6 might have been seen if conditions 3 through
5 had been satisfied. Condition 3 depends strongly
on the cladding material, for which many possibilities
exist. Perhaps the unique situation in the present
experiment was the LASREF neutron beam itself,
which evidence suggests may be responsible for condi-
tion 4 by creating numerous recoil ions whose tracks
scatter light from the core to the cladding. Condi-
tion 5 is a relatively common practice, because the
standard protocols for measuring radiation-induced
attenuation in optical fibers call for optional mode
stripping only at the injection ends.22

The inferred rad hardness of the F-doped-silica
cladding material, coupled with Nagasawa's conclu-
sion20 that most absorption of visible light is associ-
ated with manufacturing-induced near-interface pre-
cursor defects in the pure SiO2 core, suggests a
possible structure for a relatively rad-hard fiber for
fusion reactor diagnostic applications. This struc-
ture would be a graded-index (interface-free) fiber
based entirely on F-doped silica. Indeed, Schneider
and Babst8 found such fibers to perform quite well at

= 820-850 nm under neutron irradiation. Full
spectral studies of fibers having this construction are
planned for future investigations:

Appendix A

The artifactual behavior apparent in the experimen-
tal data of Fig. 3 and the mathematical modeling of
Fig. 5 can be understood intuitively as follows:
Assuming that significant light intensities are propa-
gating in both the cores and claddings of both the
20-m sample and 1-m reference lengths of fiber and
that the claddings are relatively rad hard, three
successive stages are to be expected in the optical
losses determined by Eq. (1) as a function of increas-
ing radiation damage. In Stage I, the amount of
light intensity propagating in the cladding is rela-
tively trivial, so the initial absorption coefficient of
the fiber is essentially that of the core, i.e., a(X). For
this reason, in Fig. 5 the curve labeled 4.6 turns out to
be virtually identical in shape with a(X) = f(A),
where f (X) is the trial spectrum of Fig. 4 (circles).
In Stage II, the optical density of the core of the
sample fiber, 20ax(X), becomes so great that the light
propagating in the cladding is found to be comparable
to or greater than the light in the core in the
wavelength range below 650 nm. At this stage,
the apparent loss in the sample fiber saturates in the
latter wavelength range. Further increases in dose
do not alter this situation in the sample fiber, but
they do begin to bring on the same situation in the
reference fiber. This means that in Stage II the light
through the reference fiber in the range below 650
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nm begins to drop, whereas the light through the
sample fiber remains relatively constant. Thus the
result of calculating an optical density OD(X) =
log(Iref/Isample) shows a negative absorption, propor-
tional to -(x), growing in this dose range. This
effect is seen clearly in Fig. 5, where in the range X <
650 nm the curve labeled 129 is virtually identical to
an inverted curve 4.6. Finally, in Stage III, the core
regions of both the sample and reference coils become
effectively opaque relative to the claddings. From
this point on the optical loss calculated with Eq. (1)
becomes the loss in the cladding alone. Thus the
dotted curve (621) in Fig. 5 for the wavelength range
below 650 nm turns out to be identical with the
shape g(X) that is assumed in the calculation for the
induced loss in the F-doped cladding material. It is
emphasized that the progression from Stage I to
Stage III has a spectral dependence as well as a
dependence on fluence. Thus in Fig. 5, Stage III is
reached only at the higher fluence and only below
- 650 nm with the assumed g(A). Between 650

and 800 nm, an evolution from Stage I to Stage II is
seen as a function of increasing fluence. Above
-800 nm, the transmitted light remains predomi-

nately in guided core modes for all fluences consid-
ered, and the calculated curves do not progress
beyond Stage I.
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