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The objective of this investigation was the in situ evaluation of the thermal annealing and photobleaching on neutron irradiated optical fibers. The investigations continue the research started in second half of 2005.

1. Introduction

Optical fibers are expected to play an important role, along with other optical components such as windows and mirrors, in plasma diagnostics set-ups to be used in ITER. They have to operate under high temperature, high radiation fields (gamma-rays, neutron), hence the interest towards the investigation of their radiation resistance capabilities.           Under irradiation, optical fibers exhibit both the degradation of their optical transmission and radiation induced optical emission. Both phenomena show wavelength dependence. In some situations, the increase of the optical attenuation over some spectral bands can be reduced by heating the optical fiber, or in special situations by the injection of optical radiation along the optical fiber. All these effects are related to the generation of radiation induced color centers in optical fiber core. Color centers appear over the entire optical spectrum (UV, visible ranges), but they produce a great concern in the UV part of the spectrum as ordinary silica optical fibers perform poorly in this region, the optical transmission deteriorates drastically below 250 nm. Specially designed optical fibers (with higher OH contents, or of solarization resistant type)    are normally used for spectroscopic measurements in the UV range. Even such optical fibers show optical transmission degradation when irradiated. Hydrogen loading of the optical fiber core can contribute to the increase of their radiation resistance. Jacketing the optical fiber with Al it is expected to improve the mechanical and thermal behavior of the optical fibers to be used in radiation environments.

2. Experimental set-up

The optical fibers

The present phase of the investigation was directed towards the evaluation of the combined neutron/ gamma and temperature effects on the optical transmission of some large diameter optical fibers for UV spectroscopic applications. The radiation induced degradation of the optical attenuation for:

-three types of such optical fibers were measured on-line during neutron irradiation at the Cyclotron irradiation facility of the National Institute for Physics and Nuclear Engineering “Horia Hulubei”;

- three types of such optical fibers were measured on-line during 60Co gamma irradiation at the Center for the Radioisotopes Production facility of the National Institute for Physics and Nuclear Engineering “Horia Hulubei”;

- two types of such optical fibers were measured on-line during gamma irradiation at the Electron Beam Accelerator Laboratory at the National Institute for Lasers, Plasma and Radiation Physics

 All of them are commercially available optical fibers. Their characteristics are summarized in Table 1. 

The measuring set-up

The evaluation of the changes induced in the optical attenuation of the investigated optical fibers, as well as the would-be radio luminescence or thermally annealing effects         was done using the PC-controlled set-up described into our previous reports. It consists            of a multi-channel optical fiber spectrometer (covering the 200 nm – 1050 nm spectral range),   a deuterium lamp, a tungsten lamp and an optical fiber multiplexer. Data can be acquired automatically, in a sequence on two separate optical fibers samples, both over the same spectral band (i.e. 200 nm – 850 nm).

All the connections are made with solarization resistant optical fibers. The optical fibers connecting the sample to the optical source and to the spectrometer have 12 m length            (one way) and core diameter of 400 μm. The connection was implemented using SMA connectors. 

Samples having the same symbols and the designation ½ represent two samples of the same optical fiber type irradiated simultaneously at the same total dose (fluence), one kept at the room temperature and the other heated during irradiation (see Table 1 for the temperature range). The measurements on these samples were carried out every half an hour with automatic data acquisition in Excel compatible format.

In order to perform the irradiation at different temperatures, the optical fibers samples were introduced in the irradiation zone in two sealed temperature resistant glass tubes.           The length of these tubes was about 15 cm, while the uniform neutron flux covers about 10 cm lengths of the samples. The in-situ measurements were done over 10 cm optical fiber length because of irradiation geometry constrains (the limited volume over which an uniform irradiation can be expected and the minimum bending radius of the optical fiber sample).      One of the glass tubes was kept at room temperature, while the inside a small furnace heated volume of the other tube. An Al foil also covered the interior wall of this second tube in order to minimize the heat flow. The two glass tubes were placed at the distance of 4 cm, both located in the central part of the irradiation zone, where the neutron spatial density is estimated to be uniform within 15 %. The furnace was permanently heated, during the irradiation, by electrical current, which can be modified to set-up the required temperature inside the tube.

Table 1. The characteristics of the investigated optical fibers.

	Fiber sample
	Type of the optical fiber
	Core diameter [μm]
	Cladding diameter
[μm]
	Jacketing

(diameter, μm)
	Sample length
[cm]
	Irradiation type
	Total dose

	S14_8
	Enhanced UV response
	400
	440
	Tefzel (480 μm)
	58
	neutron
	1.3 x 1013 n/cm2

	S18_1
	Solarization resistant, H2 loaded
	200
	210
	Aluminum (280 μm)
	200
	neutron + temperature
	2.1 x 1014 n/cm2 + (80-240 oC)

	S18_2
	Solarization resistant, H2 loaded
	200
	210
	Aluminum (280 μm)
	200
	neutron
	2.1 x 1014 n/cm2

	S33_1
	Improved solarization resistant
	600
	660
	Polyimide (710 μm)
	115
	neutron
	2.2 x 1013 n/cm2

	S33_2
	Improved solarization resistant
	600
	660
	Polyimide (710 μm)
	115
	neutron + temperature
	6.1 x 1013 n/cm2 + 240 oC

	S34_1
	Improved solarization resistant
	600
	660
	Polyimide (710 μm)
	50
	electron beam + broad band gamma ray
	139.15 kGy_e + 5.8 kGy_g

	S34_2
	Improved solarization resistant
	600
	660
	Polyimide (710 μm)
	50
	electron beam + broad band gamma ray + temperature
	139.15 kGy_e+5.8 kGy_g + 240 oC

	S35_1
	Improved solarization resistant
	600
	660
	Polyimide (710 μm)
	50
	broad band gamma ray
	8.3 kGy

	S35_2
	Improved solarization resistant
	600
	660
	Polyimide (710 μm)
	50
	broad band gamma ray + temperature
	8.3 kGy +     240 oC

	S36_1
	Solarization resistant, H2 loaded
	400
	440
	Polyimide (480 μm)
	50
	broad band gamma ray
	8.5 kGy

	S36_2
	Solarization resistant, H2 loaded
	400
	440
	Polyimide (480 μm)
	50
	broad band gamma ray + temperature
	8.5 kGy + 240 oC

	S37_1
	Solarization resistant, H2 loaded
	200
	210
	Aluminum (280 μm)
	200
	60Co gamma ray
	28.16 kGy

	S37_2
	Solarization resistant, H2 loaded
	200
	210
	Aluminum (280 μm)
	200
	60Co gamma ray + temperature
	28.16 kGy + 240 oC

	S38_1
	Improved solarization resistant
	600
	660
	Polyimide (710 μm)
	200
	60Co gamma ray
	9.20 kGy

	S38_2
	Improved solarization resistant
	600
	660
	Polyimide (710 μm)
	200
	60Co gamma ray + temperature
	9.20 kGy + 240 oC

	S39_1
	Solarization resistant, H2 loaded
	400
	440
	Polyimide (480 μm)
	150
	60Co gamma ray
	29.26 kGy

	S39_2
	Solarization resistant, H2 loaded
	400
	440
	Polyimide (480 μm)
	150
	60Co gamma ray + temperature
	29.26 kGy + 240 oC


Before the start of the irradiation, the temperature was measured inside the tube over   12 cm length and it proved to be constant within 10 % variation. On the same occasion,          the calibration of the inner temperature versus the driving current was done.             Temperature monitoring and calibration of the set-up was performed with a USB data logger from National Instruments running under the LabVIEW graphical programming environment. The temperature was measured with a “J” type thermocouple introduced inside a small metallic tube placed along the longitudinal axis of the glass tube. The thermocouple was an               iron-constantan one, operating up to the maximum temperature of 482 OC with an error            of 0.75 %. The data logger sampling frequency during the calibration was 1 Hz, with an A/D conversion resolution of 16 bits.

During the irradiation of the optical fibers samples, the temperature was changed manually by adjusting the driving current through the heating system. The temperature steps used were: 80 OC, 160 OC and 240 OC. For these temperature levels, the injected electrical power for the heating system was:

· 4.22 W during the calibration and 4.38 W during the irradiation, to achieve the 80 OC level;

· 11.4 W during the calibration and 11.61 W during the irradiation, to achieve the 160 OC level;

· 18.1 W for both the calibration and the irradiation, to achieve the 240 OC level.

A similar set-up was used to perform irradiation with broadband gamma rays, carried out at the Electron Beam Accelerator Laboratory.

For the 60Co gamma irradiation, the irradiation set-up was described in the 2005 Annual Report. As compared to the previous described set-ups, this one permits the irradiation             in a cylindrical geometry. In Fig. 1 is illustrated this set-up (a) as well as its detailed mechanical/ electrical parts (b).
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Figure 1a. The set-up for the 60Co gamma irradiation.
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Figure 1b. The set-up for the 60Co gamma irradiation: detailed mechanical/ electrical parts.

2.3 The irradiation conditions

2.3.1. Neutron irradiation

Neutron irradiation was performed at the Cyclotron accelerator facility of the National Institute of R&D for Physics and Nuclear Engineering “Horia Hulubei”, Magurele.                The fast neutrons facility at U-120 Cyclotron in Bucharest (Figure 2) is based on the reaction 9Be + d (n + X, using a deuteron beam (13 MeV) and a thick beryllium target                          of 165 mg.cm-2. To obtain the desired neutrons fluencies the samples are located downstream   at the distances from 10 to 40 cm from the Be target. A dosimetric characterization of the neutron fields was performed prior to the radiation-damage studies. The threshold detectors (115In, 197Au), mica track detectors (Th and U), 6LiF and 7LiF dosimeters were used to determine the neutron fluence and photon doses, and to measure the total absorbed dose angular distribution. The neutron flux at 0° (i.e. in the beam direction) was found to be equivalent to 2.13x108 n.cm-2.s-1.μA-1, at 10 cm distance from Be target. The neutron energy spectrum shows a mean energy of 5.2 MeV.  The neutron and gamma components of the mixed radiation field give rise respectively to 138Gy/C and 2.38 Gy/C  at 90 cm distance from Be target.                The spectrum has a bell shape distribution around a mean energy of 5.2 MeV. The higher part of the energy spectrum was derived from the time of flight (TOF) measurement.  The neutrons flux above 1 MeV is estimated with a relative error of about 20 %.  The measured production yield, at 10 cm distance from Be target, is 2.13x108 n.cm-2.s-1.μA-1. The maximum neutron flux achievable in our set-up, at a distance of 10 cm from the target, is 2.109 n.cm-2.s-1.μA, corresponding to a deuteron beam intensity of 10 μA. In practice, neutron fluence up to         1013 n.cm-2 can be obtained in about 1-6 days of irradiation, depending of the position of the samples. 

During the reported irradiations the neutron fluencies were measured by activated foil detectors (58Ni (n,p)58Co reaction) and mica track detectors. The Ni detectors having a sensitivity of 2.5x109 n.cm-2g-1Bq are appropriate for long irradiation time. The accuracy of the measurements is 20%, due mainly to uncertainty in activation cross-sections, but results are typically reproducible to within a few percent. By measuring the integrated beam current,       the time-stability of the neutron source was checked every hour. The deuteron current, on target, was roughly constant (6-7 μA) over the irradiation period.

As an example, in the case of the optical fiber sample S14_8, the irradiation conditions (temporal variation of the accelerator current and the variation in time of the total electrical charge deployed on the Be target) are specified in Figure 3.

[image: image3.jpg]



Figure 2. The Cyclotron accelerator. General view.
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Figure 3. The irradiation conditions for the optical fiber sample S14_8: 1 – the irradiation was stared;    2 –the irradiation was stopped; 3 – a new start for the irradiation; 4 – final stop; the blue bar indicates the time interval over which no neutrons were produced and the optical fiber was subjected only to the gamma-ray background.

For the experiment involving parallel irradiation of the same type of optical fiber at room temperature (S18_2) and during heating (S18_1), the irradiation was separated into three steps: 

· one irradiation step up to the total charge on the target of 669.2 mA s, over 28 h                 of continuous irradiation;

· one irradiation pause with a duration of 6 h; 

· a second irradiation step for 4 h, up to a value of 109.5 mA s for the total charge deployed on the target.

The temperature profile during the irradiation is depicted in Figure 4. On the left side scale is indicated the heater injected electrical power, while on the right the rough temperature variation inside the glass tube is given. On the Figure 4 there are indicated several zones           of interest:

1. start of the heating process;

2. start of the irradiation;

3. constant temperature level of 80 OC;

4. end of the 80 OC heating;

5. transition point to the 160 OC heating;

6. constant temperature level of 160 OC;

7. end of the 160 OC heating;

8. transition point to the 240 OC heating;

9. constant temperature level of 240 OC;

10. injection of blue LED light;

11. end of the first irradiation step;

12. injection of the broad band UV optical radiation;

13. beginning of the second irradiation step;

14. end of the second irradiation step;

15. cooling of the furnace.
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Figure 4. The temporal variation of the temperature inside the heater.

Some of the points above mentioned are also indicated on Figure 5, where the temporal variation of the accelerator’s current and the total charge deployed on the Be target are indicated for the first irradiation step. Figure 6 presents the same data for the second irradiation step. From the total amount of charge heating the target at a specific moment can be roughly calculated the neutron fluence at that moment. For the total irradiation time of about 35 h,       the total fluence estimated with the Ni detectors was 2.1x1014 n/cm2, corresponding to a total charge reaching the target of about 779 mA s.
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Figure 5. The target current and total charge on the target during the first neutron irradiation step.
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Figure 6. The target current and total charge on the target during the second neutron irradiation step.

For the first 5 h of irradiation the steady state regime is reached by the progressive increase of the beam current from 2.4 μA to about 7 μA. For the rest of the irradiation the beam current was kept almost constant at 7 – 7.6 μA, which is quite a good performance for this type of device.

The temperature changes inside the heated glass tube during different experiment phases are given in Figures 7 and 8. Figure 9 indicates the cooling down process in the same tube. As one of the glass tubes was heated the other one was kept as room temperature.             In Figure 10 is illustrating the temperature variation in the heated tube for the steady state operation at the temperature level of 240 OC, while Figures 11  – 13 present the modification of the temperature in the tube operating at room temperature as the other tube was heated. One can notice the small influence the heated tube has over the other one. So, it can be estimated that one of the optical fiber samples was really irradiated at room temperature.
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	Figure 7. The temperature profile inside the testing glass tube during heating for the final temperature level of T = 80 OC (point 1 in Figure 3).
	Figure 8.  The temperature profile inside the testing glass tube during heating for the temperature level of T = 240 OC (point 8 in Figure 3).
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	Figure 9. The temperature profile inside the testing glass tube during its cooling (point 15 in Figure 3).
	Figure 10.  The temporal variation of the temperature inside the heated tube during the steady-state operation (point 9 in Figure 3).
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	Figure 11.  The temporal variation of the temperature in the glass tube kept at room temperature, for the case the other tube was kept at 80 OC.
	Figure 12.  The temporal variation of the temperature in the glass tube kept at room temperature, for the case the other tube was kept at 160 OC.
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Figure 13.  The temporal variation of the temperature in the glass tube kept at room temperature, for the case the other tube was kept at 240 OC.

2.3.2. Broadband gamma irradiation
We continued our investigation on radiation induced optical absorption in optical fibers by evaluating the optical attenuation induced by electron beam irradiation followed by gamma ray irradiation, using the set-up illustrated in Figure 14. The irradiation conditions were the following: the mean electron energy: 6 MeV, the electron beam current: 1 μA, the pulse repetition rate: 100 Hz, the pulse duration: 3,5 μs, the beam diameter: 10 cm, the spot uniformity: - +/- 5 %. The electron beam was incident on a tungsten target, and gamma-rays are generated. In order to separate the electron flux from the gamma-rays two Al foils, one having  a thickness of 3 mm, and one of 4 mm were placed at the distances of 10 mm and respectively  at 120 mm away from the target. In same cases, we used only the first Al plate in order to have  a mixed electron/gamma irradiation. This was the case of the samples S34_1 and S34_2;  gamma ray was obtained, as the electron beam was incident on a tungsten target. The electron beam dose rate was 6.05 kGy/min, while the gamma ray dose rate was 36 Gy/min. The total irradiation dose for the electron beam irradiation was 139.15 kGy, and the total gamma dose was 5.8 kGy.

The heated optical fibers were kept during the irradiation at a fixed temperature           of 240 0C. In Figure 14 the upper glass cylinder constitutes the oven used to control the optical fiber temperature during the irradiation. In front of it there is the USB interface and the thermocouple employed for the temperature monitoring. In Figure 14 b is illustrated the irradiation geometry: the optical fibers are maintained in a straight-line position in front of the tungsten target, which constitutes the gamma-ray source. The Figure 14 c depicts the optical fiber mini spectrometer along with the optical fiber multiplexer and the deuterium light source.
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	Figure 14. Detail of the experimental set-up for broad band gamma-ray irradiation and mixed electron/gamma irradiation: the optical fibers irradiation and heating device (a); the optical fibers placed on the irradiation site (b);             the optical attenuation measuring set-up in the control room (c).




2.3.3. 60Co gamma irradiation
In the case of 60Co, some optical fibers were heated in steps as follows: at 80 0C          for 15 min; at 160 0C for 15 min, and at 240 0C for the rest of the irradiation time. For some other samples the temperature was maintained constant for all the irradiation time (at 240 0C). The dose rates used were:

· 5.3 kGy/h, and the total irradiation dose of 28.16 kGy, for the samples S37_1 and S37_2;

· 1.995 kGy/h, and the total irradiation dose of 9.2 kGy, for samples S38_1 and S38_2;

· 6.71 kGy/h, and the total irradiation dose of 29.26 kGy, for samples S39_1 and S39_2

The optical fiber coil diameter was:

· 13.5 cm for samples S37;

· 22 cm for samples S38;

· 12 cm for samples S39.

3. Experimental results

During the irradiation of the two identical optical fibers (S18_1 and S18_2),                 at two different moments, one during the irradiation and one during the pause between the two irradiation steps, both samples (the one kept at room temperature and the heated one)           were illuminated for about 20 min once with a broad-band UV source and once with a blue-emitting LED (λ = 473 nm). Both illuminations were done in CW mode. Before each such experiment and right after its finish, the optical attenuation of the irradiated optical fibers was checked. No photobleaching effect was noticed. On the other hand, during the irradiation          at constant temperature both the samples were interrogated to look for radio luminescence (points 6 and 9 in Figure 3). No irradiation-induced emission was observed. We plan additional such investigations to be carried out in the Laboratory on irradiated optical fibers by using lasers sources and shorter connecting optical fibers.

The effects of the neutron irradiation on the optical attenuation of the optical fiber sample S14_8 are presented in Figures 15 – 17, for several neutron fluencies.
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	Figure 15. The variation of the optical attenuation for the sample S14_8, irradiated at room temperature for a fluence of   640.6 x 1012 n/cm2. The curve denoted by 2 corresponds to point 2 in Figure 3, when the irradiation was stopped.
	Figure 16. The variation of the optical attenuation for the sample S14_8, irradiated     at room temperature for a fluence of            640.6 x 1012 n/cm2. The curve denoted by            2 corresponds to point 3 in Figure 3, when the irradiation started again.
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	Figure 17. The variation of the optical attenuation for the sample S14_8, irradiated     at room temperature for a fluence of              1.18 x 1013 n/cm2. The curve denoted by              2 corresponds to point 4 in the Figure 3,      when the irradiation process was stopped.




The following figures illustrate the optical attenuation of the optical fiber samples S18_1 and S18_2, irradiated at room temperature and during heating, at different neutron fluencies.
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	Figure 18. The optical attenuation of optical fiber sample S18_1 heated at 80 OC for a neutron fluence of 152.3 x 1013 n/cm2; this attenuation corresponds to point 4 in Figure 4 (after 6 hours heating at 80 OC).
	Figure 19. The optical attenuation of optical fiber sample S18_1 heated at 160OC for a neutron fluence of 601.1x 1013 n/cm2;              this attenuation corresponds to the point 7 in Figure 4 (after 7 hours heating at 160 OC).
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	Figure 20. The optical attenuation of optical fiber sample S18_1 heated at 240OC for a neutron fluence of 1.8 x 1014 n/cm2; this attenuation corresponds to the point 11 in Figure 4 (after 17 hours heating         at 240 OC and when the irradiation process stopped).
	Figure 21. The optical attenuation of optical fiber sample S18_1 heated at 240OC for             a neutron fluence of 1.8 x 1014 n/cm2;              this attenuation corresponds to the point 13      in Figure 4 (after 24 hours heating at 240 OC and the irradiation started again).
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	Figure 22. The optical attenuation of optical fiber sample S18_1 heated at 240OC for             a neutron fluence of 2.1 x 1014 n/cm2;              this attenuation corresponds to the point 15      in Figure 4 (after 40 hours heating at 240 OC and the irradiation process stopped).


In Figures 23 – 27 is reproduced the irradiation induced optical attenuation for the optical fiber S18_2 exposed at room temperature, in order to be compared to the optical attenuation for the same type of optical fiber heated during irradiation (S18_1).
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	Figure 23. The optical attenuation of S18_2 irradiated at room temperature for a fluence of            152.3x1013 n/cm2.
	Figure 24. The optical attenuation of S18_2 irradiated at room temperature for a fluence of 601.1 x 1013 n/cm2.
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	Figure 25. The optical attenuation of S18_2 irradiated at room temperature for a fluence of 1.8 x 1014 n/cm2 (the irradiation process was stopped).
	Figure 26. The optical attenuation of S18_2 irradiated at room temperature for a fluence of 1.8 x 1014 n/cm2 (the irradiation process started again).
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	Figure 27. The optical attenuation of S18_2 irradiated at room temperature for a fluence of 2.1 x 1014 n/cm2 (the irradiation process ended).





In order to check the detection limits of the present set-up for the in-situ measurements, the two optical fiber samples S18_1 and S18_2 were measured also in the Laboratory before and after the irradiation. Such a measurement is useful as far as much shorter optical fiber probes are used. In this way, the perturbations induced by the long optical fiber probes are drastically reduced. The results are given in Figure 28 and Figure 29. 

In Figure 30 are depicted the results concerning the evaluation of the optical attenuation in the visible – IR range (600 nm – 1700 nm) for the optical fiber sample S18_1, measurements done in the Laboratory with an optical spectrum analyzer before and after the neutron irradiation. No changes can be noticed in the attenuation spectrum for both optical fibers samples S18_1 and S18_2.
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	Figure 28. The optical attenuation of sample S18_1 measured in the Laboratory with two probes each having a length of 2m, before and after irradiation.
	Figure 29. The optical attenuation of sample S18_2 measured in the Laboratory with two probes each having a length of 2m, before and after irradiation.
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	Figure 30. The optical attenuation spectrum in the visible – IR range for the optical fiber sample S18_1.


Additional tests were performed on a new type of improved solarization resistant optical fibers, commercially available by the beginning of 2006. Figures 31 and 32 illustrate the change induced by neutron irradiation on this optical fiber as it was irradiated at room temperature (S33_1) and when heated in several steps, up to 240 oC. The same type of optical fiber was subjected to mixed electron beam and gamma ray irradiation, both at room temperature and at 240 oC. The symbol e indicates the electron beam total irradiation dose, while the g symbol refers to gamma total dose. In parenthesis are indicated the time intervals for each irradiation.
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	Figure 31. The change of the optical attenuation of the optical fiber sample S33_1 at the neutron fluence of 2.2 x 1013 n/ cm2.
	Figure 32. The change of the optical attenuation of the optical fiber sample S33_2 at the neutron fluence of 6.1 x 1013 n/ cm2 during heated             at 240 oC.
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	Figure 33. The change of the optical attenuation of the optical fiber sample S34_1 at the electron beam (139.15 kGy_e) and gamma irradiation               (5.8 kGy_g).
	Figure 34. The change of the optical attenuation of the optical fiber sample S34_2 at the electron beam (139.15 kGy_e) and gamma irradiation   (5.8 kGy_g) during heated at 240 oC.


The samples S35_1 and S35_2 refers to the same optical fibers as S34_1 and S34_2,  but they were subjected only to gamma ray, generated as the electron beam was incident          on a tungsten target. The same irradiation conditions were used in the case of the samples S36_1 and S36_2, where an H2-loaded optical fiber was irradiated by a broadband gamma source.
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	Figure 35. The change of the optical attenuation of the optical fiber sample S35_1 at gamma irradiation (8.3 kGy)
	Figure 36. The change of the optical attenuation of the optical fiber sample S35_2 at gamma irradiation (8.3 kGy) during heated at 240 oC.
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	Figure 37. The change of the optical attenuation of the optical fiber sample S36_1 at gamma irradiation (8.5 kGy).
	Figure 38. The change of the optical attenuation of the optical fiber sample S36_2 at gamma irradiation (8.5 kGy) and heated at 240 oC.


60Co gamma irradiation was performed both at room temperature and during heating (several steps up to 240 oC) on a 200 μm core diameter, H2-loated, Al coated optical fiber (Figures 39 and 40). Similar irradiation conditions were applied to two other types of optical fibers: S38 – an improved solarization resistant optical fiber, polyimide coated of 600 μm core diameter (Figures 41 and 42); S39 – a solarization resistant, H2 loaded, polyimide coated         of 400 μm core diameter (Figure 43 and 44).
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	Figure 39. The change of the optical attenuation of the optical fiber sample S37_1 at gamma irradiation (28.16 kGy).
	Figure 40. The change of the optical attenuation of the optical fiber sample S37_2 at gamma irradiation (28.16 kGy) and heated at 240 oC.
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	Figure 41. The change of the optical attenuation of the optical fiber sample S38_1 at gamma irradiation (9.20 kGy).
	Figure 42. The change of the optical attenuation of the optical fiber sample S38_2 at gamma irradiation (9.20 kGy) and heated at 240 oC
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	Figure 43. The change of the optical attenuation of the optical fiber sample S39_1 at gamma irradiation (29.26 kGy).
	Figure 44. The change of the optical attenuation of the optical fiber sample S39_2 at gamma irradiation (29.26 kGy) ) and heated at 240 oC.


4. Discussions

4.1 Four types of commercially available optical fibers were irradiated: 

· one with an enhanced UV response; 

· one of an improved solarization resistant type; 

· one solarization resistant H2-loaded with Al jacket; 

· one solarization resistant H2-loaded with Polyimid jacket.

4.2 Four types of irradiation tests were performed:

· neutron irradiation;

· 60Co gamma-rays irradiation;

· electron beam irradiation;

· Broadband gamma-ray irradiation (obtained through the deceleration of an electron beam on  a tungsten target.

4.3 The investigated parameter was the irradiation induced optical attenuation in the UV-visible spectral range.

4.4 All the measurements were carried out on line, using a PC-controlled set-up composed       of a mini spectrometer, a deuterium CW operated light source, and an optical fiber multiplexer.

Two types of investigations were performed on all the optical fibers:

· the irradiation at room temperature;

· the heating of the optical fiber sample during the irradiation, either in temperature steps (80 0C, 160 0C, 240 0C), or at constant temperature (120 0C or 240 0C, depending on the maximum allowed temperature for the optical fiber jacketing material).

4.5 In some cases, tests to evaluate the radiation induced luminescence and the optically induced bleaching of the color centers were run.

4.6 The maximum fluence level reached during neutron irradiations was 2.1 x 1014 n/cm2.

4.7 In the case of 60Co gamma-rays irradiation, the maximum total irradiation dose was      29.26 kGy.

4.8 For the broad band gamma irradiation the maximum total dose was 8.5 kGy.

4.9 The maximum total irradiation dose during electron beam irradiation was 139.15 kGy.

4.10 In all cases, the irradiation geometry was a linear one (the irradiation flux being perpendicular to the optical fiber which was placed in the irradiation set-up in a straight line), the exception was the irradiation done at 60Co where the irradiation geometry was a cylindrical one, the optical fiber sample being coiled around the gamma source.

4.11 For some the tested optical fibers (the enhanced UV response and the solarization resistant, H2 loaded) no significant changes of the optical attenuation in the UV spectral range were detected after neutron irradiation. This conclusion is valid for both the samples irradiated at room temperature and those heated during the irradiation. This assumption applies to the on line measurements.

4.12 In the case of off-line measurements on neutron irradiated (fluence of 2.1 x 1014 n/cm2) optical fibers a slight increase of the optical attenuation was measured in the spectral band     230 nm – 500 nm (about 1 dB) for the Solarization resistant, H2 loaded, Al jacketed optical fiber, heated during the irradiation. 

4.13 The same off-line measurements run on the the Solarization resistant, H2 loaded,         Al jacketed optical fiber irradiated at room temperature indicate a lower increase (less than     0.5 dB) of the optical attenuation over the spectral range 230 nm – 280 nm.

4.14 The improved solarization resistant with Polyimid jacket proved to be less resistant to neutron irradiation as an increase of the optical attenuation can be noticed at about 260 nm,     for both the sample irradiated at room temperature (fluence of 2.2 x 1013 n/cm2), and that irradiated at 240 0C (fluence of 6.1 x 1013n/cm2 . 

4.15 No modification of the optical attenuation was noticed for the neutron irradiated optical fibers in the spectral range 600 nm -1700 nm.

4.16 For any irradiation condition (neutron, electron beam, gamma-ray) a radio luminescence emission was observed at the dose rates and fluences used.

4.17 No optically induced bleaching of the color centers was observed during the exposure of the optical fibers to a broad band light or to the emission of a blue LED.

4.18 The optical fiber samples irradiated with mixed electron and gamma-ray exhibit a noticeable increase of the optical attenuation in the spectral band from 230 nm to 350 nm:          a 8 dB increase for the optical fiber irradiated at room temperature and a 6 dB increase for the heated sample (maximum temperature 240 0C, for 190 min).

4.19 The same type of optical fiber (as that mentioned at point XIX) has a much smaller change of the optical attenuation when irradiated only by broad band gamma-rays (about 3 dB or even less for the heated sample).

4.20 In the case of 60Co irradiation, one can notice a better radiation resistance for the solarization resistant, H2 loaded, Al jacketed optical fiber, heated during the irradiation as compared to the same optical fibers, irradiated at the same dose rate/ total dose but at room temperature.

4.21 The same conclusion is valid more or less for the solarization resistant, H2 loaded, Polyimid jacketed optical fiber, where the temperature keeps the irradiation induced optical attenuation at a lower level as compared to the sample irradiated at room temperature.

4.22 The heating has almost no effect during gamma-rays irradiation of the improved solarization resistant, Polyimide jacketed optical fiber. Both the heated optical fiber and its counterpart irradiated at room temperature exhibit quite the same increase of the optical attenuation.
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