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Proposed Experiment to Investigate Use of Heated Optical Fibers 
for Tokamak Diagnostics during D-T Discharges 
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D. Palladino, and A. Ramsey 
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ABSTRACT 

A collaborative JET/TFTR study has been undertaken to  
investigate attenuation and luminescence effects due to neutron 
irradiation of optical fibers heated to 400" C. I t  is expected that a 
significant improvement in fiber behavior will be observed due to 
thermal annealing. This technique may be important for use in 
fiber-related, tokamak diagnostics exposed to high neutron flux. 
The study will make use of aluminum jacketed, 600 pn diameter, 
all silica (F-doped cladding) fibers in lengths of 150 m. The fibers 
are prepared in 1 foot coils. Of the coils to be irradiated, one is 
heated constantly to 400" C, a second is not heated, and a third is 
heated periodically. A fourth fiber coil is not to be irradiated. 
Spectrally and temporally resolved transmission and 
luminescence data under neutron irradiation during D -T 
discharges on TFTR will be obtained. An investigation of 
permanent and short term effects will be made. Experimental 
details along with initial results will be presented. 

a) JET Joint Undertaking. Abingdon, U.K. 
b) Naval Research Laboratory. Washington, D.C., U.S.A. 

7'his report is an expanded uerswn of a paper presented at the 10th Topicd Conference on High Temperature 
Plasma Diagnostics Rochester IVY, 8-1 2 May 1994 and due to appear in the RS.1. in Jan. of 1995. 



I. Introduction . 

Fiber optics are used extensively in high temperature plasma diagnostics, primarily 

in the collection and transfer of visible light emission from the plasma to remote 

detectors. There have been extensive studies to characterize the behavior of optical 

fiber in nuclear, environments 1. When exposed to ionizing radiation, optical fiber 

has been found to suffer increased absorption and induced luminescence2. 

Similar effects occur when optical fiber is exposed to radiation produced during D- 

D discharges (where the working gas is deuterium and the neutral beams inject 

deuterium) and trace tritium discharges on large tokamaks394. The significant 

increase in neutron flux during D-T discharges (where the working gas is 

deuterium and tritium is injected with the neutral beams) is expected to enhance 

significantly the absorption and luminescence. Studies on TFTR (Tokamak Fusion 

Test Reactor) and JET (Joint European Torus) indicate that data quality and 

reliability may be compromised. In future devices such as TPX and ITER there is a 

strong need to address issues of potential damage and its avoidance, repair, or 

correction so fiber based diagnostics will operate satisfactorily over the lifetime of 

the machines5. 

Transmission loss may be transient, showing complete recovery to pre-irradiation 

levels, or permanent when, under neutron bombardment, vacancies in the glass 

structure are created. The physical mechanisms for transmission loss have been 

studied6 and involve a complex array of short-lived color centers and permanent 

damage sites. Thermal annealing has been found to remove some of the incurred 

damage. The temperature required to remove the dominant loss mechanisms and 

allow this partial recovery of the transmission, is typically larger than 400" C. For 

this study, however, our operating point of 400" C was determined by the 
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limitations of the aluminum jacketed fibers which were used and which are 

described below. 

11. Motivation and Objectives 

A JET/TFTR collaboration was undertaken to determine the effect of neutron 

irradiation on optical fiber operating at high temperature. The primary objective 

was to compare the transient and permanent transmission loss between a heated 

and an unheated fiber. Both spectrally and temporally resolved data are required. 

The initial wavelength region to be considered was the visible region from 400 - 

700 nm, relevant to many diagnostics. Time scales on the order of 10 - 100 ms are 

needed to resolve changes during the irradiation pulse (1-2 seconds of D-T 

neutrons) and long time scales (10 - 1000 seconds) to examine the recovery phase. 

An additional objective was to investigate the effects of temperature on fiber 

luminescence. Two sources of luminescence may exist. Neutron induced damage 

centers may emit recombination radiation resulting in so-called 

radioluminescence.7 Alternatively, emission from the tokamak may lead to high 

energy electrons propagating through the fiber faster than the speed of light, 

resulting in Cerenkov radiation. 8 Cerenkov radiation should display a distinct 

spectral signature (1/h2), follow the radiation time history, and be insensitive to 

operating temperature. Radioluminescence should be reduced and possibly 

eliminated in the heated fiber. 

Further objectives include investigations of the behavior of a periodically annealed 

fiber, photobleaching and numerical aperture effects. Photobleaching has been 

observed when intense light sources have been propagated through the fiber. This 

effect is most clear in experiments using light levels which exceed that used in this 

study by 2 or 3 orders of magnitude. Measurements of numerical aperutre taken 
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before and after irradiation should indicate if there is preferential transmission 

loss for specific propagation modes within the fiber. 

The fiber selected for the study was an all silica, aluminum coated fiber with 

higher sensitivity to neutron damage (Oxford Electronics, HPSIR series, low OH 

content - -5 ppm, 600 pm core diameter). This fiber has good red and infra-red 

spectral response but absorbs very strongly below 450 nm. To enhance the effects 

of nuclear irradiation, 150 m lengths of fiber were used and coiled into loops -1 

foot in diameter. 

III. Experimental Setup. 

The set up is shown in fig. 1. Three fiber loops were wrapped in heating tape and 

then with an insulating tape. They were placed in individual ovens and stacked 

just below the outside structure of the tokamak (see figs. 2 & 3). Two of the fibers 

were taken from the same preform and were selected for the comparative studies. 

Throughout this paper they will be referred to as the heated and unheated fiber. 

The third fiber from a different preform was not heated and was selected for 

periodic annealing. 

The current to the heating tape is controlled remotely. Thermocouples are used to 

monitor the oven temperature. Each oven was constructed from 2, 2 inch slabs of 

calcium silicate that were channeled out to accept the wrapped fiber loop. 

Approximately 2 hours are needed to reach 400" C and -6 hours to return to room 

temperature. The temperature variation within the oven is - 10" C. 

The light source is located in the Hot Cell, next to the Test Cell. A schematic of the 

source is provided in fig. 4. The lamp filament was reimaged with a condenser lens 

and then transmitted through a rotating chopper wheel using a linear array of 
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microlenses. The chopper wheel is geared to rotate at either 1800 rpm or 900 rpm. 

The wheel (Optical Coating Laboratory, model VCl80-017) consists of two halves: a 

continuously filtered region and an opaque region. The filter scans the visible 

region from 400 - 700 nm. The light transmitted through the filter is launched 

using microlenses into 800 pm, PCS lead-in fibers. These fibers carried the source 

light through a penetration in the Test Cell wall and across to the coils in the Test 

Cell (a distance of -20 m). Fibers are terminated with Amphenol ST-connectors 

throughout. 

Returning from the Test Cell coils, 800 pm PCS fibers are again used. In the Hot 

Cell these lead-out fibers are connected to a patch panel. The output can then be 

directed either to an array of photomultiplier tubes (PMTs) o r  a 1/4 m 

spectrometer. The arrangement of the detectors is shown in figure 5. To account 

for effects in the lead-in/lead-out fibers, two sets of these fibers are connected to 

each other in the oven location with no test coil contained in the loop. 

A single short (1 m) 800 pm fiber connects the source to a PMT to provide constant 

monitoring of the source. The output of the PMTs is amplified and then digitized 

and stored using the TFTR data acquisition system (CICADA). Since the source 

wavelength is varying with the filter wheel rotation, the PMT signal can be binned 

into spectral components. At 1800 rpm, the spectral region and a blank region is 

sampled every 60 ms. The blank region allows a period in which the PMTs can be 

used to measure, spectrally unresolved luminescence. 

The spectrometer (SPEX, 270M spectrograph) is arranged with four fiber inputs. 

The f/# of the inputs are optically matched to the spectrometer. A CCD camera 

(Wright Instruments, peltier cooled, 1152 x 770 pixels) is used as the detector. A 

300 l/mm grating provided a 200 nm range on the camera. The input slit and the 
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central wavelength can be quickly and easily adjusted using a hand-held 

controller. Two exposures taken on separate discharges are needed to cover the 

range from 400 - 700 nm. A trigger signal generated from the filter wheel allows 

the read-out of the CCD to be synchronized with light and dark periods of the 

source. Reliable read-out of the camera requires the filter wheel be slowed to 900 

rpm which provides spectrally resolved transmission and luminescence data every 

133 ms. Data is taken for periods up to 6 seconds. A personal computer is used for 

camera control and data storage. 

Recently a foil activation probe has been placed in the oven location to determine 

actual neutron exposure. Initial results are available but the analysis is not yet 

complete. 

IV. Initial Results. 

A few D-T discharges have been taken with the fibers in place. In two of these 

(#75936 and #75941) the output was directed to the spectrometer. In the rest, the 

output was directed to the PMT array. 

Raw data from the PMT was examined. The transmission loss was evaluated in 

terms of dB using the relation; 10 log(I1/12), where I1 is the signal intensity after 

and I2 is the intensity before the neutron event. On discharge #76504 (with an 

estimated 4 x 109 D-T neutrons/cm2 at the fiber loop) the unheated fiber lost 

2.7dB while the heated fiber lost 0.12 dB. On the same discharge, the 800 micron 

PCS lead loops connected to themselves at the ovens lost 0.14 and 0.18 dB which 

accounts for most, if not all, the observed loss in the heated fiber. The third fiber, 

from a different preform, was unheated and lost over 4 dB in transmission. These 

results are summarised in fig. 6. 



Initial results from-the spectrometer are summarized in figs. 7 - 13. The spectral 

response (uncalibrated) of the light source used in the transmission measurements 

is given in fig. 7. The rapid fall off below 500 nm is a result of the combination of 

low levels of shorter wavelength emission at the source and very strong absorption 

of the fiber. There is only weak indication of an absorption feature near 650 nm. 

In fig. 8, the time history of the transmitted signal is shown for both the heated 

and unheated fibers. The results are virtually identical to those from the PMT 

detectors. The heated fiber shows c.08 dB loss while the unheated fiber show -1.5 

dB of loss during the neutron event (from 3 - 4 s during the discharge - the time of 

neutral beam injection). The signal level in the unheated fiber prior to the neutron 

event occuring from 3 - 4 seconds in the discharge is noticeably lower than that of 

the heated fiber. This is in part due to a loss induced in the unheated fiber from 

two earlier D-T discharges. 

The ratio of the transmitted spectra taken after the neutron event to that taken 

prior to it is given in fig. 9 for both the heated and the unheated fiber. This shows 

a loss of -1% for the heated fiber with no noticeable spectral dependence. The 

unheated fiber shows a peak in the transmission loss of >30% at -530 nm 

dropping to -10% at 700 nm. The apparent low loss near 400 nm is not real and is 

due to the signal dropping to the background level which has not removed. Details 

of the spectral response of the transmission loss require further analysis. 

The time history of the luminescence is given in fig. 10. Again, data for the heated 

and unheated fibers are shown with the neutron rate. It is clear that in both cases 

the luminescence closely follows the irradiation time history. Although the 

luminescence appears (-20%) brighter in the heated fiber, the level of 

luminescence may have been reduced. The signal level in the unheated fiber must 
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be corrected for tr-ansmission loss primarily from this discharge but also from 

previous D-T discharges. This correction must be done carefully, treating the 

luminescence as an extended source with varying transmission 1 0 ~ ~ 3 9 9 .  Spectrally 

the luminescence seen in the unheated and heated fibers is somewhat different. 

The raw spectrum for the unheated fiber is shown in fig. 11 and the ratio of the 

spectrum taken from the heated and unheated fibers is shown in fig. 12. As with 

the transmission spectra, details of the luminescence spectra requires calibration 

and further analysis. Nevertheless, if one accounts for the enhanced transmission 

loss in the green region, there appears to be a stronger short wavelength 

component to the luminescence from the heated fiber which may be consistent 

with a more Cerenkov-like spectral dependence. 

V. Conclusions and Future Work 

The purpose of this paper is to present an experimental approach to investigate the 

effect of temperature on radiation damage to optical fibers. The experimental setup 

was successfully configured and tested. Initial results in D-T operation have been 

obtained. Calibrations and error analysis are in progress. The primary conclusion 

drawn from the initial results is that the optical fiber heated to 400" C showed 

significantly less transmission loss than the unheated fiber. While we have selected 

conditions to enhance the deleterious effects of radiation on fiber performance, it 

would seem reasonable to conclude that potential difficulties related to normal 

diagnostic use of fibers in these environments would be alleviated by implementing 

a well-engineered design for heating the fiber. 

I t  is necessary to continue the spectral and temporal analysis of transmission and 

luminescence effects. I t  is of interest to scan longer wavelengths with the present 

fiber and, moreover, to investigate a more typical diagnostic fiber with higher 

-8- 



transmission in the "blue" spectral region. I t  is important to determine the 

transmission loss as a function of operating temperature since it may be possible 

to lower the temperature with significant cost savings. Evaluation of the long term 

recovery in these fibers and the potential for performance improvements by 

periodic annealing are further objectives of the study. 
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Figure Captions 

Fig. 1. Experimental Setup in Test Cell and Hot Cell. For clarity, not all lead fibers 

are shown. 

Fig. 2. Schematic representation of the wrapped optical fiber. 

Fig. 3. Schematic representation of the orientation of the fiber loops and ovens. 

Fig. 4. Schematic of the light source used in transmission measurements showing 

the rotating filter wheel which continuously scans the region from 400 - 700 nm 

and the microlens array used to launch light down the 800 p m  lead-in fibers. 

Fig. 5. Schematic of the detector systems. The light reurning from the Test Cell can 

be directed either to an array of PMT detectors or to a spectrometer outfitted with a 

CCD detector. 

Fig. 6. Signal observed using the PMT detectors. The loss observed in the heated 

optical fiber is consistent with that observed in the lead-in/lead-out fibers alone. 

This indicates that the loss in the heated fiber loop has been completely removed. 

Fig. 7. Raw spectral transmission signal taken prior to the neutron irradiation. The 

data drom 2 discharges has been spliced to give the wavelength region shown. 

Fig. 8. Time history of transmission during a D-T discharge (#75936). The data are 

integrated spectrally. The integrated neutron rate is shown for comparison. 

Fig. 9. The ratio of transmission spectra taken before and after the neutron event 

for both the heated and unheated fibers. The data are averaged over 1 second 

windows. Transmission loss in the unheated fiber increase toward shorter 

wavelength. The heated fiber response is flat. Signal below 500 nm is weak and 

unreliable. 
-11- 



Fig. 10. Time history of the luminescence from both a heated and unheated optical 

fiber during a D-T discharge (#75941). The neutron rate is shown for comparison. 

The signal from the unheated fiber is not corrected for transmission loss. 

Fig. 11. Raw spectral luminescence data for the unheated optical fiber taken 

during neutron irradiation. The data drom 2 discharges has been spliced to give 

the wavelength region shown. 

Fig. 12. The ratio of the luminescence spectra for the unheated fiber to the heated 

fiber. The signal from the unheated fiber was not corrected for transmission loss. 
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