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ABSTRACT

Chalcogenide glass fibers have been fabricated with minimum optical loss of 0.23 dB/m in
the 1 - 6um region. We report on results of applications of these fibers including IRCM and
chemical sensing. For IRCM we have demonstrated high power transmission through selected
fibers using an Optical Parametric Oscillator with output in the B %vavelength region. The
maximum peak power used was 26.9 kW and the peak power density at the focus into the fiber was
1.07 GW/cri, which to our knowledge is the highest reported for these types of fibers. Analysis of
the near field profile exiting the fibers showed that there was no speckle observed, which is highly
desirable for this application. For chemical sensing, results of infrared reflectance spectroscopy
and evanescent spectroscopy will be described wherein the application is the detection of toxic
chemicals in soil or ground water.

1.0 INTRODUCTION

NRL is developing low loss IR-transmitting chalcogenide glass fibers (e.g. sulfide-
selenide- and telluride-based compositfof)for a variety of applications, including Infrared
Countermeasures (IRCM). Recently, using advanced purification and fiber fabrication techniques
developed at NRL, the optical loss in multimode sulfide fiber has been reduced to a minimum of
0.23 dB/m, as shown in Figure 1. The loss curve shows a residual absorption banagnmear 4
which is due to hydrogen sulfide; it is expected that this absorption loss can be reduced by newly
implemented purification methods.

The fibers are of step index design, with numerical aperture (N.A.) of 0.2 to 0.4, depending
on choice of compositions for the core and clad. Typical core/clad fiber diameters for multimode
fibers range from 10Am/ 250pm to 300um/ 400um. Bending strengftof the fibers is about
100 kpsi, which corresponds to a minimum bend diameter of 1 to 2 cm. In addition, as the results
show in Figure 2, there was no measureable loss due to bending during transmission of mid-IR
laser irradiation at wavelengy where 4um <A < 5pum.
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Figure 1. Optical loss of arsenic sulfide fiber, showing improved minimum loss of
0.23 dB/m with improved purification methods.
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Figure 2. Transmission with circular bends in fiber of various diameters, as tested
with a laser in the 4 - 3m region. No measureable change was observed.



To meet optimum transmission requirements, the fibers need to have AR coatings, due to
the high refractive index (n=2.4) of the glass. AR coatings have been deposited by an outside
vendor which have increased transmission from 58% in an uncoated fiber to 83% for a fiber with
AR coated endfaces, as measured in the dm Begion.

Because to their low loss, high mechanical strength and flexibility, the chalcogenide fibers
are favorable as replacements for all-mirror systems currently being fabricated to connect IR lasers
to the Jam Head in IRCM systems. When compared to an open beam path (such as a mirror-based
mechanical arm), a cable link has distinct advantages, such as simple and robust alignment from
the laser to the Jam Head, flexibility of placement of laser and Jam Head in the aircraft, resistance
to platform vibration and flexure and crush resistance. As a demonstration of fiber feasibility for
this application, we have recently shown successful jamming of missile seekers using mid-IR laser
output from these fibers.

To meet the requirements for the IRCM application, the fibers must be capable of handling
high optical power in the 2 -j&m region. In this paper we report on recent tests done to
determine the optical power handling capability of the fibers using a state-of-the-art, high power
optical parametric oscillator (OPO) in the 2 g region. These results will be presented below
in Section 2.0.

In addition to the IRCM applications, the fibers have been used in chemical sensing
applications. Two types of applications will be described, where both have goal of sensing toxic
chemicals (e.g. toluene, benzene) in the soil or groundwater, using methods of IR reflectance
spectroscopy and evanescent wave spectroscopy. NRL successfully conducted a field test using
twenty meter length cables of chalcogenide fibers inside a cone penetrometer, whereby evidence of
toxic effluents in the ground were detected. These results will be presented in Section 3.0.

2.0 RESULTS AND DISCUSSION: IRCM APPLICATIONS

The benchtop laser used in these experiments consisted of a,ADBORcrystal pumped
by a diode-pumped Ho:YLF laser whose radiation was passed through dual Ho:YLF amplifiers.
The beamline consisted of collinear radiation at two bands in theugh-vBavelength region. The
maximum available average power at the fiber input was 2.69 W. The repetition rate was 10 kHz
and pulsewidth was 10 ns, yielding a maximum available peak power (per pulse) of 26.9 kW. The
focused beam diameter (at the?irgensity points of the Gaussian beam profile) was measured to
be about 80 microns. The laser input to fiber alignment was first obtained by maximizing
transmission through the fiber. A split-off portion of the input power, previously calibrated to the
total input power at the fiber focus, was measured after reflection from a beam splitter while the
fiber output power was recorded. Each fiber was approximately 1 m. in length, and had its
endfaces polished in SMA connectors.



A total of three different sections of fiber without AR coatings were tested for transmission
with the OPO laser source. Figure 3 shows transmission results obtained for the fiber yitn 160
core diameter. The transmission was about 69% per meter, which agreed with previous
measurements of the loss in this fiber. A summary of these results is given in Table I.
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Figure 3. Transmission through 1 m length of fiber in irbregion.

Table I: Results for IR power transmission through chalcogenidewiieno optical damage.

Wavelength Pulsewidth Max. Peak Max. Max. No.

(um) (nsec) Power per Pulse Peak Power Pulses
(kW) Density (GW/cnt)

3-5 10 26.9 1.07 GW/ch 1.7 x 10

Similar results were obtained for the other two fibers tested, which had core diameterguof 130
and 300um, respectively.



The fiber was then irradiated at the maximum peak power input of 26.9 kW for 25 min.
total irradiation time. This corresponds to 1.5 % fi0ises total irradiation at the highest power.
As shown in Figure 4, there was no change in transmission during this irradiation, and upon
removal of the fiber after the test, no observable change to the fiber endfaces was observed with a
200X handheld microscope.
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Figure 4. Long time irradiation of Fiber R4-1 at highest input power.
No damage was observed.

Tests with an AR coated fiber were also conducted, in which it was observed that a
decrease in transmission (from 76% to 68%) occurred after about 18 min. irradiation at 1.78 W.
Upon subsequent examination a small damage spot was observed in the fiber AR coating on the
input end. The peak power density at which the damage first occurred was estimated to be 477
MW/cm?. Similar effects were observed when the fiber was re-tested with input and output ends
reversed. The cause of the damage is unknown; however, with improvements in the AR coating
process higher damage thresholds are anticipated.

The output of narrowband laser radiation from a multimode fiber usually exhibits an
intensity distribution or speckle pattern of high and low intensity regions. Such a speckle pattern is
undesirable for IR countermeasures since it effectively results in a beam with “holes” in the
radiation distribution. This speckle can effectively be smoothed by randomizing the output speckle
distribution as a function of time. NRL has developed a methduch involves dynamically
varying the input angle to the fiber using piezo-driven mirrors, effectively producing a



time-averaged superposition of speckle patterns at the output. Alternatively, we can take
advantage of the fact that speckle is a function of spectral linewidth of the laser source by
employing lasers with wide spectral bandwidths, thus reducing the laser coherence length and
resulting in a smooth output beam from the multimode fibers.

The wide spectral bandwidtkZ00 nm) at each of the output wavelength bands from the
OPO was expected to result in a spatially smooth beam, appropriate for IRCM. The calculated
RMS noise was predict2tb be 1% or less for a fiber with N.A. = 0.2. A lens was used at the fiber
output to image the near field distribution of the fiber onto a Spiricon infrared camera, from which
beam smoothness could be ascertained. Results for the fiber wiiml@tre diameter and N.A.
= 0.29 are shown in Figure 5. As expected, the output distribution was smooth with no discernible
minima.

Figure 5. Output spatial distribution (3D and 2D views) from 1 m fiber (h3@ore diameter
and N.A. = 0.29) showing smooth intensity profile for broadband 8w &ser input.

3.0 RESULTS AND DISCUSSION: CHEMICAL SENSING APPLICATIONS

Due to the wide spectral transmission range (1prhi2depending on choice of
composition$ %) of the chalcogenide fibers, they are excellent candidates for remote chemical
sensing applications for a number of toxic chemicals with infrared absorption signatures. For
example, we have reporfedsults of evanescent wave spectroscopy using chalcogenide fibers to
sense chemicals including benzene, toluene and xylene. In these experiments, unclad telluride-
based fiber was coupled to a FTIR (Fourier Transform Infrared) spectrometer and a 18 cm section
of the 1 m length fiber was immersed in chemical solutions. It was estimated that a detection limit
of 5% toluene in benzene mixture was reached, which could be substantially increased by a longer
length of fiber in contact with the solution or by tapering the fiber.



A successful chemical sensing field fesas carried out using 10-meter lengths of a cabled
fiber bundle, with the setup schematically shown in Figure 6. The cable was threaded into a
hardened steel hollow shaft (the cone penetrometer) which was forced into the ground below a
truck, containing an FTIR spectrometer. Inside the end of the penetrometer was an IR light source
which was directed onto the soil, from which the IR reflectance was collected by optics and
injected into the fiber connected on the other end to the FTIR. The fiber tolerated the unusually
rough handling conditions of the test without failure, thus proving its feasibility for such
applications. An example of diffuse reflectance spectra collected is shown in Figure 7 for diesel
fuel marine (DFM) on sand.
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Figure 6. Schematic of Cone Penetrometer chemical sensing field test utilizing chalcogenide fiber.
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Figure 7. IR Reflectance results for Diesel Fuel Marine (DFM), using chalcogenide fibers
and FTIR spectroscopy.

4.0 SUMMARY AND CONCLUSIONS

The low optical loss, high mechanical strength and flexibility of IR-transmitting
chalcogenide fibers make them an attractive solution to a number of applications, including the
coupling of IR lasers to Jam Heads in IRCM systems and chemical sensing applications. For
IRCM, the highly successful laser transmission tests reported in this paper show their capability to
transmit high infrared optical power, as required by such systems. These results showed that
the uncoated fibers were able to tolerate at least 1.07 GVkai input intensity for up to 1.5 x
10" pulses, with 26.9 kW peak power input in the 3smbwavelength region, and that
optical damage limits were not determined for the uncoated fiber at these wavelengths since
damage was observed for defect-free fibek® coated fiber sustained damage to the coating at a
lower input power density , but improvements are expected with optimized coating processes.
The spatial distribution at the output from the multimode fiber showed no speckle for the output in
the 3 - 5um region, due to the large laser spectral bandwidth. These results will enable the
implementation of fiber cable in a variety of IRCM systems, including Multispectral
Countermeasures, the Navy TADIRCM system, and the Air Force LIFE system.



The fibers have also shown feasibility in a number of chemical sensing applications,
including IR evanescent spectroscopy and IR reflectance spectroscopy. The fibers were cabled in
20-meter lengths and successfully used without failure in a field test utilizing a Cone Penetrometer
system, to detect toxic effluents in the soil.
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