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We demonstrate a distributed fiber Raman sensor for absolute temperature measurement with
spatial resolution on the order of 1cm at 1550nm wavelength in a single-mode fiber using
superconducting nanowire single-photon detectors. Rapid measurements are shown, with less than
60s integration period, allowing the demonstration of temperature evolution in an optical fiber
recorded at over 100 resolvable, 1.2cm spaced positions along the fiber simultancously. This
distributed sensor has potential application as a primary reference standard, in which high-accuracy,
high-spatial-resolution temperature measurements can be obtained without the need for a separate
temperature calibration standard. © 2011 American Institute of Physics. [doi:10.1063/1.3656702]

Distributed fiber-optic sensors are an attractive alterna-
tive to multiplexed point sensors, because a single fiber-optic
cable can potentially replace thousands of individual sensors
and dramatically simplifying sensor installation and readout.
Two important classes of distributed fiber optic sensors are
coherent optical frequency-domain reflectometry (OFDR)'
and optical time-domain reflectometry (OTDR).> Coherent
OFDR systems have the advantage of high spatial resolution
(on the order of 1cm)' and good temperature resolution (on
the order of 1K), but the maximum sensing range is gener-
ally limited to 10m.

OTDR measurements typically employ a pulsed source
and determine position information from the time-of-flight of
the photons that are backscattered from the fiber under test
(FUT). One important class of OTDR sensors is based on the
measurements of Raman scattering. Dakin ef al. were the first
to demonstrate that the temperature could be determined from
a ratio of measured Stokes and anti-Stokes Raman scattering,”
Typical performance of a Raman-based OTDR is 1 m spatial
resolution and 1K accuracy for a 5-min measurement integra-
tion period, with a system range of 10km.” The range is typi-
cally limited by loss in the fiber and fiber intermodal
dispersion (if multimode fiber is used as the sensing fiber).
Another factor affecting OTDR range is the pulse rate of the
pump laser, but this can be modulated, either internally or
externally to the pump laser. The 1 m spatial resolution that is
typical for Raman-based OTDR sensors is sufficient for some
commercial applications, such as monitoring of oil and gas
wells, but there are other applications, such as the detection of
hot spots along the steam pipes of power plants, where spatial
resolution much better than 1 m is required.”

One drawback of distributed-fiber sensors is that the
backscattered signal is typically very weak; therefore, early
work focused on multimode fibers to increase the collection
of backscattered photons. Additionally, pump lasers near
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800 nm-900 nm were chosen so that high-performance silicon
avalanche photodiodes (APDs) could be used for detection.?

In this paper, we demonstrate a distributed temperature
sensor with very high spatial resolution using a single-mode
FUT, operating in the telecom C-band with wavelengths near
1550nm. We employ time-correlated single-photon counting
technigues,*” in which we create histograms of the time
delays between the launch of a laser pulse and the detection of
backscattered photons at our superconducting nanowire
single-photon detectors (SNSPDs). These detectors have
exceptional performance in the visible to mid-infrared wave-
length regions™’ and can be integrated into practical closed-
cycle refrigerator-based detector systems® for use in advanced
photon-counting experiments. The low timing jitter of the
SNSPDs allows us to achieve spatial resolution on the order
of | cm in standard single-mode telecommunications fiber.

A diagram of our measurement setup is shown in Fig. 1.
The entire system is constructed from inexpensive, standard,
off-the-shelf fiber-optic components that were designed for
the telecommunication industry. The sensing fiber is a stand-
ard single mode fiber with a mode field diameter of 10.4 pym
and attenuation less than 0.2dB/km at a wavelength of
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FIG. 1. (Color online) Diagram of our high-spatial-resolution fiber-optic
temperature-sensor system. The pulsed laser is a femtosecond fiber laser with
a 36 MHz clock rate. The pump filters are bandpass filters with 1 nm linewidth
at a center wavelength of 1533.47 nm, The pump rejection filters are identical
to the pump filters, but are connected so that they reject the pump wavelength
and pass all other wavelengths. The bandsplitters are used to separate the
S-band wavelengths (1460nm-1490nm) and L-band wavelengths
(1570nm-1610nm) from the C-band wavelengihs (1530 nm—I1565 nm).
EDFA: erbium-doped fiber amplifier, SNSPD: superconducting-nanowire sin-
gle-photon detector, TTA: time-interval analyzer.
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1550nm. Our source is a femtosecond fiber laser with a repe-
tition frequency of 36 MHz and a spectrum centered near
1550nm. We apply a 1 nm linewidth bandpass filter to the
pump laser. We also attenuate the pump laser before amplify-
ing it with an erbium-doped fiber amplifier (EDFA). The at-
tenuator minimizes the pulse distortion due to gain saturation
in the EDFA. We use 1-nm wide bandpass filters post-
amplification to remove all broadband amplified spontaneous
emission (ASE) from the pump, which could otherwise be
Rayleigh backscattered in the FUT, and create unwanted
counts at our detectors. We apply multiple filters in series
both before and after the EDFA, because each filter typically
provides 20-30dB rejection of unwanted wavelengths, We
inject the pump light into our FUT via a fiber-optic circulator.
The length of our FUT is currently limited to about 2.8 m by
the repetition rate of our pump laser. The light that is back-
scattered from the FUT is directed by the circulator to a series
of filters that have been chosen to reject the pump wavelength.
Without these filters, we would have unwanted photons at the
pump wavelength reaching our detector due to Rayleigh back-
scattering in the FUT, Fresnel reflection at the endface of the
FUT, and imperfections in the circulator and imperfections of
the fiber-to-fiber interconnections. The far endface of the FUT
is immersed in index-matching fluid to further suppress Fres-
nel reflections at that endface. The 980 nm filters are used to
block any of the EDFA pump photons that might otherwise
reach the detectors. We use a series of band splitters to sepa-
rate and filter the Raman-backscattered photons into an
S-band channel (1460nm-1490nm) and a L-band channel
(1570nm-1610nm). The pump wavelength was chosen to be
1533.47nm (ITU Channel 55), so that it was approximately
equally spaced between the S- and L-barids. The time-interval
analyzer (TIA) creates histograms of the time delays between
a laser clock electrical pulse and the electrical pulses created
by the detection of photons at the SNSPDs.

We model the Stokes and anti-Stokes contributions to
the total Raman backscattering as follows:”

I, = 'h«A"rtPOLIgR[N(Qup)Dm (D

where /I, is the backscattered photons per second, the sub-
script u is either § or @ for Stokes or anti-Stokes, 1, is the
detection efficiency (DE) of the SNSPDs, Av, is the band-
width of the Stokes or anti-Stokes filters, Py is the peak
pump power, L is fiber length, gg is the Raman gain factor,
D, is the duty cycle of the pump signal, €, is the radial fre-
quency detuning between the pump and the mean Stokes or
anti-Stokes wavelengths, and N represents the phonon popu-
lation as follows:

1
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The Raman gain generally increases with detuning, reaching a
peak near a detuning of 15 THz (approximately 100nm), but
is typically quite small, i.e., on the order of 1.0 W™ km™!,
Although SNSPDs with high detection efficiency have been
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demonstrated,'™"" the devices available for this project had
relatively low DEs on the order of 1%.” Our pump power is
limited by gain saturation in our EDFA to around P,,,=18
mW. Therefore, we maximized our output power with wide
Stokes and anti-Stokes filters and detunings that were as large
as possible (while still using standard telecom components).
This configuration achieved count rates of approximately
2 x 10°Hz on each channel at room temperature, near the
maximum acceptable without pulse pile-up causing distortion
of measured data.

If we approximate the Raman gain g, and detuning €,
as constant over our Stokes and anti-Stokes filter band-
widths, and assume Q,, =0, then the ratio of Stokes to
anti-Stokes is given by

I;(x) — B, 1,Avg|gg | (ﬁlg-wl) (ﬁlgsrrl)
~ - ex| ~Cex
L) — Bus  NubValgral T \ksT(x) P\ T () )’
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where I is the Stokes counts, B, is the Stokes background
counts (from dark counts and Rayleigh-backscattered ASE),
I,¢ is the anti-Stokes counts, B, is the anti-Stokes background
counts, x is the position in the FUT, and C is a constant, which
includes the detection efficiency of the two SNSPDs, relative
Raman gain, and width of the two detection bands. If a short
section of our sensing fiber is held at a known temperature,
we are able to determine C using that section. We then calcu-
late the temperature of the entire fiber as a function of position
from our measured histogram data, using Eq. (3).

Although we find it convenient to determine C from
measured data at a known temperature, it is theoretically
possible to obtain C through a careful characterization of
detection efficiencies, Raman gain profiles, and spectral
responses of the detection filters. This creates the potential to
apply this thermometer as a primary standard, in which the
temperature measurements of high accuracy can be obtained
without the need for any type of temperature calibration
reference.

We demonstrated the high spatial resolution of our sensor
as follows. We manufactured a defect region in an electrical
wire by soldering a short (approximately 12 mm) section of
narrow-gauge wire in series with a wire of thicker gauge. The
total length of the electrical wire was approximately 2 m, to
match the length of our fiber under test. We wrapped the sen-
sor fiber around the electrical wire, so that the fiber was in
close proximity with the electrical wire throughout its length
and applied approximately 2A of current to the electrical
wire. Fig. 2 shows the temperature of the fiber determined
from a 10min integration period. The defect section of the
electrical wire creates a localized hot spot, which is clearly
evident from the temperature measurement shown in Fig. 2.
The FWHM timing jitter of our system is approximately
85 ps; this total includes the jitter of both detectors, the laser,
and the triggering electronics. This corresponds to approxi-
mately 9 mm spatial resolution. If we were able to apply a
heating as a delta function profile at a single point on the
fiber, we would expect to recover this resolution in our
measurement. However, a Gaussian response with 12mm
FWHM is observed in Fig. 2 when heat from the wire defect
is applied to the sensing fiber. We believe the observed width
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FIG. 2. (Color online) Results of the temperature measurement from an
electrical wire with a short (approximately 12mm) defect section of narrow-
gauge electrical wire in series with a thicker-gauge wire. When current is
applied to the electrical wire, the defect section is heated, and we are able to
measure that temperature spike with our sensing system. A histogram bin
size of 4 ps was used, with an integration period of 10 min.

is consistent with a convolution of the system response and
the temperature distribution due to the applied heat.

We also demonstrated the potential for rapid measure-
ment of temperature evolution as follows. Three loops, each
with a diameter of approximately 11 cm, were created from a
section of our FUT, Approximately half of each loop was
submerged into a hot water bath and temperature was meas-
ured in 1min intervals over the course of an hour as the
water bath cooled. The result is shown in Fig. 3(a), where we
show the temperature (vertical axis) as a function of position
in the fiber, with the second horizontal axis showing the rela-
tive time at which each measurement was performed as the
water bath was cooled. For comparison, we simultaneously
measured the water bath temperature with a thermocouple;
Fig. 3(b) compares the temperatures measured with the fiber
sensor and thermocouple.

We have demonstrated a distributed fiber-optic tempera-
ture sensor based on Raman scattering with very high spatial
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FIG. 3. (Color online) (a) Plot of measured temperature from a fiber that
was coiled into three loops with 11 em diameter and partially immersed in a
hot water bath. The vertical axis shows the measured temperature of the
fiber, the first horizontal axis shows the position along the fiber, and the sec-
ond horizontal axis shows time as the water bath was allowed to cool. Meas-
urements were taken in l-min intervals (I-min integration period) as the
water bath cooled. Peaks in temperature are seen at the expected 35 cm spac-
ing. (b) Comparison of temperature measured with the fiber Raman sensor
from one peak and a conventional thermocouple. A reference temperature of
205K was used for the section of the fiber at room temperature, and the
detuning of 59 nm between pump and Stokes/anti-Stokes bands was applied
to process the Raman data. The time-stamps for both data sets of (b) were
recorded in the experiment; there are no free parameters in the comparison
shown in (b). Plotted data have a 5-point adjacent average applied along the
spatial (position) axis [for (b) the 5 adjacent points averaged are all at the
same temperature, immersed in the bath].
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resolution, enabled by the low timing jitter of the SNSPDs (on
the order of 60 ps), which results in spatial resolution on the
order of 1cm. Early demonstrations of distributed temperature
sensors used multimode fiber to increase the collection effi-
ciency of the Raman scattered photons, but spatial resolution
was limited by the modal dispersion of the fiber as well as the
timing performance of the detectors. In this paper, we demon-
strate a sensing system using standard low-loss telecom
single-mode optical fiber. Our system efficiency is determined
by the choice of filters and fiber components, as well as by the
detection efficiency of our SNSPDs. Our Raman scattering
collection efficiency is so high that accurate temperature
measurements can be obtained in less than 1min integration
period. We expect that this technique could be applied to
long-range distributed sensors, because it is compatible with
telecommunications-grade single-mode fiber, in which inter-
modal dispersion and fiber loss are minimized. Fiber length in
the current experiment was limited to ~2.8m by the laser
pulse frequency (36 MHz). A repetition rate of 0.1 MHz would
allow a fiber length of 1 km without crosstalk between the sub-
sequent pulses. At the same pulse energy, count rates would
drop by a factor of 400 (including 0.2 dB/km attenuation). The
authors have previously demonstrated practical fiber coupled
SNSPDs at 1550nm with ten times greater efficiency than
those in this experiment.'' Using these detectors with a factor
of 40 increased pulse energy of the pump (corresponding to an
average power of just 2.0 mW), a 1km range distributed sen-
sor, with the count rates and rapid measurement characteristics
described in this paper, is possible. We plan to detail the mea-
surement uncertainties in a future paper.'?
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