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Abstract:

Toward the creation of robust, portable frequency references in the near IR, we have isolated a
single tooth from a fiber laser-based optical frequency comb for nonlinear spectroscopy and
thereby directly referenced the comb. An 89 MHz erbium fiber laser frequency comb is directly
stabilized to the P(23) (1539.43 nm) overtone transition of '?C,H, inside a hollow-core photonic
crystal fiber. To do this, a single comb tooth is isolated and amplified from 20 nW to 40 mW
with sufficient fidelity to perform saturated absorption spectroscopy. The fractional stability of
the comb, ~ 7 nm away from the stabilized tooth, is shown to be 6x10"2 at 100 ms gate time,
which is over an order of magnitude better than that of a comb referenced to a GPS-disciplined
Rb oscillator.

Furthermore, gas-filled hollow optical fiber references based on the P(13) transition of
the v; + v; band of '*C,H, promise portability with moderate accuracy and stability. Previous
realizations are corrected (< 16) using proper modeling of a shift due to line-shape. To improve
portability, a sealed photonic microcell (PMC) is characterized on the “C,H, v; + v; P(23)
transition with somewhat reduced accuracy and stability. Effects of the photonic crystal fiber,
including surface modes, are explored. Both polarization-maintaining (PM) and non-PM 7-cell
photonic bandgap fiber are shown to be unsuitable for kHz level frequency references.

Toward improving the portability of the system, Perturbed Resonance for Improved
Single Modedness (PRISM) fiber is employed for saturated absorption spectroscopy in a
molecular gas. Reduced alignment sensitivity, lack of surface modes, and ease of angle splicing
make it promising for portable gas-filled frequency references.



DIRECT SPECTROSCOPY IN HOLLOW OPTICAL FIBER WITH FIBER-BASED OPTICAL
FREQUENCY COMBS

Overview

This document represents the culmination of a decade worth of work in gas-filled hollow optical
fibers toward the development of portable optical frequency references. However, only the
accomplishments since the last final report, in late 2010, are detailed here. All of the results under
discussion have been published, with the exception of an active invention disclosure. Therefore, the
results below are drawn from our published work.

One aspect of this work involved the demonstration of improved hollow fiber optical frequency
references toward a robust and portable reference, useful for example as a short-term alternative to GPS.
Another involved the demonstration of efficient ways of locking an optical frequency comb to a gas-filled
fiber reference without the intermediate stable cw laser, toward compact and efficient implementations of
stabilized near-IR optical frequency combs. Both are described in detail below.

I.  Direct fiber comb stabilization to a gas-filled hollow-core photonic crystal fiber
This material was previously published in Ref. [1] and in Ref.’s [2], [3], and [4].

Optically referenced combs demonstrate superior short-term instability [5] limited by that of the optical
reference. Typically, optically referenced frequency combs require a stable cw laser locked to an optical
cavity and/or an atomic or molecular reference. However, direct comb spectroscopy eliminates the need
for a cw laser, which is advantageous for portable, practical systems, for which fiber-laser-based combs
are well-suited [6, 7]. Hu ef al. [8] have directly optically referenced an Er fiber laser-based frequency
comb to a Rb cell by generating its second harmonic and stabilizing to the two-photon transition in Rb.
Heinecke et al. [9] have demonstrated an optically-referenced Ti:sapphire comb by stabilizing a single
tooth to a Rb transition using saturated absorption spectroscopy (SAS). However, application of this
technique to a low repetition rate fiber frequency comb in the near IR offers unique challenges. In
particular, sufficient power per tooth of the comb must be obtained, either by increasing the repetition rate
of the laser or by amplifying the frequency comb, or both.

Fiber lasers with repetition rates of 1-10 GHz have been created [10-14], but are difficult to fully
stabilize. In 2012, Chao et al. for the first time successfully phase stabilized a ~ 1 GHz erbium fiber laser
[15] based on a linear cavity. However, this laser required extreme amplification to generate
supercontinuum (SC) for self-referencing. Delfyett’s group [12, 13] built a 10 GHz harmonically mode-
locked fiber laser with a Fabry-Perot etalon integrated in the laser cavity, and measured its carrier-
envelope offset frequency, f. But the harmonic mode-locking mechanism may limit the instability, and
the laser has insufficient power for fy generation. Injection locking of a mode-locked fiber laser has
allowed creation of a fiber laser-based frequency comb with up to 1 GHz repetition rate with ~ 5.5 nm
spectral bandwidth [16]. And recent advances in microresonator-based combs make them a promising
option for the future [17].

An alternative way to increase the repetition rate is to use an external filtering cavity. High repetition
rate, broad bandwidth fiber combs are generated in this way for astronomical calibration purposes [18,
19]. In such configurations, one of the major challenges is to optically amplify the comb without
degrading the comb signal-to-noise ratio (SNR).

Our approach to single-tooth amplification builds on earlier work. Cruz ef al. have shown an optical
amplification of supercontinuum by a factor of 17 dB using a home-made semiconductor amplifier [20].
Moon et al. performed spectroscopy in Rb vapor by injection locking a cw laser to a phase stabilized
single comb tooth [21]. In the early 1990s, the telecom industry spurred amplification of small cw light
power with high gain and low noise figure [22, 23] by employing multiple small gain amplification stages
to achieve high gain while preserving the SNR.

Here, as discussed in Section 2, we optically amplify a single comb tooth from 20 nW to 40 mW (by a
factor of 2x10%) while preserving the comb’s SNR using multiple filtering and amplification stages.



During this process, an external filtering cavity is built to increase the pulse repetition rate from 89 MHz
to 9.4 GHz. A distributed-feedback (DFB) laser is injection-locked to a 50 uW single tooth out from the
filtering cavity. No shift of the comb frequency is detected at the 10 kHz level during amplification. In
Section 3, the amplified single tooth is then frequency-stabilized to the P (23) v,+v; overtone transition of
"2C,H, at ~1539.43 nm through sub-Doppler spectroscopy inside a gas-filled hollow-core photonic crystal
fiber [24, 25]. With f; stabilized to an RF reference simultaneously, a fully phase stabilized, optically-
referenced erbium fiber laser frequency comb is demonstrated. In Section 4, the comb stability is
characterized through comparison with a cw laser locked to a gas-filled hollow fiber reference [25].
Section 5 outlines various ways the comb could be stabilized to the optical reference, and the resulting
stability expected across the comb optical spectrum.

We believe this to be the first demonstration of an optically referenced comb based on a fiber laser
using direct-comb saturated absorption spectroscopy. Furthermore, this work represents the first isolation
and amplification of a single tooth directly from a sub-100 MHz fiber laser for saturated absorption
spectroscopy. This comb amplification technique opens many possibilities for direct comb spectroscopy
using low power, low repetition rate (< 100 MHz) fiber laser frequency combs. In addition, the fiber
comb optically referenced to a gas-filled fiber reference represents a large step towards an all-fiber
portable frequency metrology system with low short-term instability, independent of the global
positioning system (GPS).

2. Comb tooth amplification for sub-Doppler spectroscopy

The overview setup for this work is shown in Fig. 1. Section 2.1 presents the 89 MHz fiber ring laser built
for sub-Doppler spectroscopy. The majority (90%) of power from the fiber ring laser output goes for f;
detection and stabilization at ~ 30 MHz via diode laser pump current, based on a collinear f-2f
interferometer [26]. The rest of the output is used for single comb tooth amplification, including multiple
filtering and amplification stages (middle dashed box in Fig.1), which are discussed in Section 2.2-2.4. A
small tap from the ring oscillator is used for monitoring the comb’s repetition rate.
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Fig. 1. Overview schematic of single tooth saturated absorption spectroscopy. FC: fiber coupler,
EDFA: Er-doped fiber amplifier, BPF: band pass filter, FBG: fiber Bragg grating, EOM: electro-
optic modulator, Cir: circulator, PDH: Pound-Drever-Hall, FP: Fabry-Perot, AOM: acousto-optic
modulator, and AM: amplitude modulator. Solid lines indicate optical paths, and dashed lines
indicate electrical paths.



2.1 The fiber ring laser

The schematic setup of the all-fiber ring laser is shown in Fig. 2 (left). The 89 MHz erbium-doped fiber
ring oscillator is mode-locked using the nonlinear polarization rotation technique [27]. The gain fiber is a
64 cm erbium-doped fiber (Liekki Er110), with an absorption coefficient of 110 dB/nm at 1530 nm,
pumped by a 300 mW diode laser at 980 nm. All other fibers in the cavity are standard single-mode fiber
(SMF). The laser is mode-locked in the stretched pulse regime. The output spectrum has a 3-dB
bandwidth of 30 nm (Fig.2 right), with a total output power of 3.8 mW.
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Fig. 2. Schematic setup and optical spectrum of an 89 MHz erbium-doped fiber ring laser for
single tooth saturation spectroscopy. The red arrow in the spectrum indicates the wavelength of
the single comb tooth to be amplified.

2.2 Comb amplification

Our initial study of comb amplification is done at 1532.83 nm. The output from the oscillator is first
filtered by a 50 GHz fiber Bragg grating (FBG) and amplified by a home-made erbium fiber amplifier
(EDFA 1II in Fig. 1), then filtered again at the same wavelength before entering a commercial polarization
maintaining cw erbium-doped fiber amplifier (EDFA III in Fig. 1). The purpose of EDFA II is to generate
enough light at the target wavelength to seed the following EDFA III. This EDFA II proves to be the key
to preserving the comb SNR.

(a) Small signal cw EDFA (b) Short pulse EDFA

Input

—» 150

Fig. 3.Schematic setup up of (a) small signal cw EDFA, and (b) short pulse EDFA.

Figure 3(a) shows the schematic of EDFA II, which is a small signal cw EDFA [22, 23]. A 1 m length
of EDF (EDF 80) with an absorption coefficient of 80 dB at 1530 nm is used as the gain fiber. The key
point to this design is that a narrow bandwidth comb (~ 50 GHz) around our wavelength of interest is
filtered from the oscillator output and seeded into this amplifier. The amplifier is mainly forward-pumped
by a 200 mW pump diode at 980 nm, and slightly backward pumped by a 40 mW laser diode at 1480 nm.
The small signal EDFA has 38 dB gain at 1532.83 nm when seeded with 1 uW cw light, and 14 dB gain
when seeded with 1 mW cw light.

We initially built a short pulse EDFA, shown in Fig. 3(b), which was not successful. The main reason
is that it introduced devastating amplified spontaneous emission (ASE) noise that destroyed the comb’s
SNR. It was designed to be seeded directly by the oscillator comb, and to broaden the comb spectrum to



have enough light at the target wavelength. The gain fiber is highly backward pumped with a total pump
power of 1 W. The amplified pulses are further temporally compressed by the following SMF fiber via
solitonic effects.

To characterize the comb’s SNR before and after amplification, a heterodyne beat between the comb
and a cw fiber laser with a much narrower linewidth (< 1 kHz) is analyzed by an electrical spectrum
analyzer (HP 8561B), shown in Fig. 4. Before amplification, the beatnote has a SNR of 20 dB (mostly
limited by comb power) at 1 MHz resolution bandwidth (RBW). Using the same amount of optical power
for both the comb and cw laser, this SNR is well preserved after amplification by the small signal cw
EDFA. However, when the short pulse EDFA is used instead, the SNR is dramatically reduced to 8 dB.

To further study how the two EDFAs behave in terms of noise and signal amplification, we measured
the electronic noise floor and the SNR of the cw/comb beatnote in three scenarios, shown in Fig. 4(d).
The cw fiber laser power was kept the same for all beat measurements, while the comb power was
controlled by variable attenuation. The noise floor behaves like technical noise on the amplified comb.
Figure 4 indicates that the small signal EDFA produces an amplified comb with a lower noise floor and
higher SNR as compared to the short pulse EDFA. The degradation in SNR after the short pulse amplifier
may be due to fiber nonlinearities.

Considering that there are multiple power amplification stages based on EDFAs in our setup, and also
the fact that the amplified wavelength is at the edge of the erbium-doped fiber gain spectrum, we
investigated the possible frequency shift introduced by all the EDFAs when seeded with the low power
comb. Specifically, we measured the heterodyne beat between the pre and post amplified cw light or
comb tooth. Our results show that for a cw seeding power of 100 nW and above, no obvious frequency
shift is observed within 100 Hz. For comb seeds, the upper limit on the shift is 10 kHz due to low
beatnote SNR.
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Fig. 4. RF beatnote between the cw fiber laser and (a) the oscillator comb, (b) the comb after
amplification by the small signal cw EDFA, and (c) the comb after amplification by the short
pulse EDFA. (d) RF noise floor for the above three beatnotes (left solid), and RF beatnote SNR

(right dashed) as a function of average comb power. All measurements are taken under 300 kHz
RBW.

2.3 Selection of a single tooth (filtering cavity)

A single comb tooth is selected using a free space Fabry-Perot filtering cavity followed by a narrow
bandwidth fiber Bragg grating (FBG). The filtering cavity length must be adjusted such that each cavity



resonance coincides with a comb tooth frequency. Therefore, the cavity length is stabilized to multiple
comb teeth simultaneously, such that the cavity free spectral range (FSR) is an integer multiple of the
comb repetition rate. In our case, one comb tooth is selected out of ~ 105 teeth. Before passing through
the cavity, a 50 GHz narrow bandwidth comb is amplified by a commercial cw polarization-maintaining
EDFA (by Manlight, EDFA III in Fig. 1) to an average power of 200 mW.

The cavity consists of two nearly plano dielectric mirrors (with 50 cm radius of curvature) separated
by 1.6 cm. One of the mirrors is attached to a ring PZT (Nolia) for cavity length stabilization. A
collimated beam with 0.5 mm 1/e¢* diameter is focused by a 200 mm lens to ensure required mode
matching with the cavity mirror curvature. The cavity has a finesse of about 250, and a suppression ratio
of at least 21 dB as measured by a heterodyne beatnote between the filtered comb and a cw fiber laser.
When the cavity is not resonant with the laser, light reflected from the first cavity mirror will be rejected
back to the third port of the fiber circulator before the cavity, used for Pound-Drever-Hall locking, which
will be discussed in more detail in Section 3. The filtered 9.4 GHz comb from the cavity output is coupled
back into the fiber and further spectrally filtered by a customized FBG, with 3-dB bandwidth of 7 GHz, to
obtain a single comb tooth. The FBG is under precise temperature control to have a stable central
transmission wavelength at ~ 1539.4 nm. The single comb tooth after the FBG has an optical average
power of ~ 50 uW, which is sufficient for injection locking the DFB laser in the last amplification stage
(Section 2.4).

2.4 Injection locking DFB laser

The last comb amplification step is accomplished by seeding the single comb tooth into a distributed-
feedback (DFB) laser diode. This allows stable injection locking of the DFB laser output to the seeding
comb tooth. The DFB laser is a customized 14-pin butterfly pump laser diode (FITEL) without built-in
isolator. The key to a stable injection lock is to seed the DFB laser with only one comb tooth. This was
verified by seeding the DFB laser with two identical cw fiber lasers at 1532.8 nm with equal optical
power to mimic the case when two comb teeth are injected into the DFB laser. Our results show that even
when the two cw lasers are a few GHz apart, the DFB laser injection locks to each of the two seeds at
different times, indicating mode competition between the seeds. This determines that the FSR of the
filtering cavity has to be larger than the bandwidth of the following 7 GHz FBG.

For stable injection locking, the DFB laser diode is temperature-controlled at 32.92 °C, pumped by a
current of 170 mA, and amplifies the injected single tooth to be 40 mW at 1539.43 nm. Figure 5(b) shows
a stable RF beatnote between the amplified single tooth using a similar DFB laser at 1532.83 nm and cw
fiber laser. The beatnote SNR is enhanced to be ~40 dB at 1 MHz RBW.

2.5 Single tooth saturated absorption spectroscopy

A 40 mW comb tooth is then directed to the saturated absorption spectroscopy (SAS) setup to generate a
sub-Doppler error signal, as shown in the lower (green) dashed box in Fig.1. Details of the setup can be
found in [25]. Acetylene gas is loaded inside a 7.9 m length of hypocycloid shaped core-contour kagome-
structured hollow-core photonic crystal fiber, with a core size of 85 um [24, 28] and its pressure was set
at 140 mtorr (18.7 Pa).

3. Frequency comb stabilization

To fully stabilize the comb, there are three servo loops, shown in Fig. 1, that lock the carrier offset
frequency f, to an RF synthesizer referenced to a GPS-disciplined Rb oscillator (GPS-Rb), stabilize the
filtering cavity to the comb for proper filtering of every one out of ~ 105 comb teeth, and frequency
stabilize the amplified single comb tooth to the P(23) overtone transition of '*C,H, at 1539.43 nm. The
technique employed for fy locking is described in [26]. Here, f; can be locked within a few Hz for over ten
hours. This section focuses on the last two servo loops. A GPS-Rb oscillator serves as the external
reference for all synthesizers and frequency counters.

The filtering cavity is stabilized to a particular comb tooth using the Pound-Drever-Hall (PDH)
technique [29]. Due to limited tunability of the fiber laser-based comb, this particular tooth of the 89 MHz



comb has to be chosen as close to the P(23) line as possible. To select that tooth, a cw diode laser (Santec
TSL-210) is stabilized to the P(23) transition as a reference laser and beat against the filtering cavity
output. The cavity length is scanned to be resonant with a number of different comb teeth, until the optical
heterodyne beat is close to zero frequency. For PDH locking, the comb is modulated at 30 MHz by using
an electric-optical modulator. Although the PDH error signal generated by the comb has a SNR of about
20, a factor of 6 lower than that generated by a cw fiber laser as the source because most detected comb
teeth do not contribute to the error signal. However, using a homemade servo box, we are still able to lock
the cavity for hours.

The error signal for locking the single tooth to the P(23) overtone transition is similar to that of a cw
fiber laser, which can be found in [25]. Both sub-Doppler error signals have SNR’s above 100 within 60
kHz bandwidth, shown in Fig. 6. This sub-Doppler error signal is fed back to the fiber ring laser PZT for
precise control of frp.

The amplified comb tooth would be more wavelength-tunable if the injection-locked DFB laser were
replaced with an EDFA. We investigated this approach using a commercial cw EDFA and observed an
error signal but with much worse SNR of only 4. This SNR degradation is likely due to non-uniform
power amplification of the suppressed teeth from the cavity as revealed on an RF spectrum analyzer by
increased power at the 89 MHz repetition rate. Comparing with this EDFA technique, the amplification
technique using injection locking is superior because the small gain bandwidth of the DFB laser and the
minimum power threshold for stable locking ensure that only a single comb tooth can be amplified. In the
end, the error signal shown in Fig. 5(a), generated from injection locking the DFB laser, is used to
stabilize a comb tooth at 1539.43 nm to the P(23) overtone transition of acetylene. With the offset
frequency f; locked to an RF reference and one comb tooth locked to an acetylene transition, both degrees
of freedom of the comb are stabilized. The system can stay locked for tens of hours.
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Fig. 5. The sub-Doppler error signal generated from (a) an amplified single tooth, and (b) a cw
fiber laser.

4. Optical instability measurement

Once the comb is stabilized as described in Section 3, the comb stability is characterized by a comparison
with a cw reference at 1532.83 nm, which is ~ 7 nm away from the stabilized single tooth, shown in Fig.
6(a). This cw reference is a cw fiber laser locked to the P (13) line of '*C,H, inside gas-filled hollow-core
fiber [25] using the same SAS technique as the one described for the single tooth locking. The error signal
for locking is plotted in Fig. 5(a). The stabilized comb is optically combined with the cw reference,
resulting in an RF beatnote.

The fractional instability (Allan deviation) of the optical tooth at 1532.83 nm is calculated from the RF
beat, as show in Fig. 6(b) (red dots). Since the fluctuation of the measured RF signal is divided by the
optical frequency in THz, this result is not limited by the GPS-Rb-referenced counter (black stars). It has
short time stability of 6x107'% at 100ms gate time, which is over an order of magnitude better than the



GPS-RbD oscillator (black stars). The stability of the cw reference used for comparison was extrapolated
from two previous measurements. One is the heterodyne beating of two identical cw fiber references in
our lab [30], shown in blue squares, which is independent of the GPS limit. The other is the beat between
one cw fiber reference and a carbon nanotube fiber laser-based frequency comb [26] referenced to the
GPS-RbD oscillator, originally published in [25]; the original data set has been reanalyzed to correct an
error and shows improved stability at 1000 s (green diamonds). This improvement is important because it
indicates the long-term stability of the cw fiber reference, which can also be expected from this fiber-
referenced comb system.

Because the stability of the optically referenced comb is comparable to that of the cw reference at
short time scales, the stability of our optical reference at 1539.43 nm has been transferred to the measured
tooth at 1532.83 nm. The beatnote shows a slow drift at a time scale of a few hours, which correlates
with drift in the repetition rate. This slow drift is independent of leakage of vacuum chambers,
temperature or humidity, and is likely due to offsets in the locking electronics. We believe with improved
servo electronics, the system is expected to have comparable long-term stability as the single cw reference
data (green diamonds) in Fig. 6(b).
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Fig. 6. (a) Schematic setup for the optically referenced comb stability measurement. (b) Fractional
instabilities (Allan deviations) of: (red dots) the comb at 1532.8 nm compared to a cw fiber laser
reference; (blue squares) the cw reference at 1532.8 nm extrapolated from two identical reference
heterodyne beat measurement; (black stars) GPS-disciplined Rb oscillator from spec sheet; (pink
triangles) comb’s repetition rate frequency recorded by a GPS/Rb-referenced frequency counter;
(green diamonds) reanalyzed data for Fig. 3(c) in [25]. Error bar on the red-dot line represents 1o
confidence intervals.

The instability of the RF repetition rate from the same measurement, shown in pink triangles in Fig.
6(b), is expected to follow the comb instability shown in red dots. However, the measurement is limited
by the performance of the GPS-Rb oscillator at short time scales. This is because all the frequency
counters used in the experiment are referenced to GPS-Rb. For a real measurement of f,, stability below
the GPS-RD limit, we would have to use a better RF reference, for example, a hydrogen maser. The
accuracy of this comb reference is expected to be comparable to the cw reference in [25] of =10 kHz.



For comparison, the frequency comb of Hu et al. [8] is referenced to a Rb vapor cell by stabilizing a
single tooth to the two-photon transition at 778 nm and f.., to an electromagnetically induced transparency
resonance at 3 GHz; the microwave reference limits the optical fractional instability to be about 10 at
Is,and 10" at 1000 s. Stability similar to that of Fig. 6(b) is achieved in the direct comb spectroscopy
demonstrated by Heinecke et al. [9] based on an optically-referenced 10 GHz Ti:sapphire comb. There, a
single tooth is stabilized to a Rb transition using sub-Doppler spectroscopy while the comb repetition rate
is locked to a hydrogen maser. The stability of a comb tooth 20 nm away from the Rb resonance is
measured to be 7x10"% at 1 s gate time.

5. Comb frequency instability calculation for different locking schemes

There are many ways to stabilize a frequency comb using RF and optical references. Reference [9]
describes the relative instabilities using various reference schemes. Here we specially calculate the comb
stability using our gas-filled hollow-core fiber reference and RF references of various stabilities, thereby
showing that good comb performance can be achieved using either the gas-filled hollow-core fiber
reference with modest RF (scheme 2 below), two optical references (scheme 3), or no RF references
(scheme 4). We estimate the comb stability for four different locking schemes: scheme 1, f; and f., locked
to an RF reference; 2, f; locked to RF while a single comb tooth was locked to an optical reference; 3, frep
locked to RF and a single comb tooth to optical reference; and 4, two comb teeth locked to two optical
references. The comb instability calculations for these four locking schemes are summarized in Table 1.
The degradation of the comb stability is investigated when different RF references are used, as we look
100 nm and 500 nm away from 1539.4 nm, shown in the last two columns of Table 1.

Table 1. Calculation of comb optical instability at 100 ms within 100 and 500 nm of 1539 nm when various locking
schemes and RF and optical references are employed.

Comb tooth
instability about
Lockin a
parameters Srlfie Sonlfoor | M| Bk 1539.4 nm
(nm) (nm) 100 500
nm nm
Quartz 1x107 1x10° 1x10°
(RF)
) J}m;; GPS-Rb | 2x10™" — — — 2x10™"" | 2x10™"
rep
Hmaser | 1x107 1x10" | 1x10™
Quartz 1x10°
(RF) 4
2) f}(opl) GPS-Rb | 2x10™"" | 1x10™"* | 1539.4 — 1x10" | 1x10"
Jrl
H maser 1x101
Quartz 1x107 710" | 3x107"°
(RF)
A3) ﬁ}l’(omf GPS-Rb | 2x10™"" | 1x10"* | 1539.4 — 2x10™" | 7x107"?
rl
Hmaser | 1x107 9x10™ | 7x10™8
3 nm 7x10" | 3x107"°
S + 12 12 11
) om0 — — 1x10 1539.4 | 30nm | 5x10 3%10
300nm | 2x107% | 3x10"

“ wavelength separation between two stabilized comb teeth AL, =X - A

In this calculation, we used the following fiber comb parameters: repetition rate is 90 MHz, f, is 30 MHz,
and one stabilized comb tooth is at the reference wavelength 4., = ¢/ frl("pt) =1539.4 nm (case 2-4). For the
optical reference, we assume the fractional instability at 100 ms is 10", as measured in our experiment.



In scheme 1, the instability of the m™ comb tooth can be expressed as Eq. (11) of [9] in terms of the
instability of f; and f;.,. The microwave instability of f., is transferred to the optical regime (1;,) due to the
large m number ~10° for a sub-100 MHz fiber laser. In this case, the f; fractional instability is essentially
irrelevant. Within £500 nm around the stabilized comb tooth, the comb instability is dominated by the RF
instability of the repetition rate.

In scheme 2, if f; is locked to an RF reference while one comb tooth is locked to an optical reference, the
stability of the m™ comb tooth can be expressed as:

ov m\of, mdv

0 .

Vm - 1 ’
v nj)v, n v,

m r m

Where v, is the optical frequency of the stabilized comb tooth and #, is the mode number of that tooth. In
this equation, the first term is the uncertainty induced by the f; instability. As shown in Table 1, the £,
instability (Jfp) is irrelevant for the resulting comb instability, and the comb instability is dominated by
the second term, which depends on two parameters: the instability of the comb tooth locked to the optical
reference (Jdv;), and how far the comb tooth of interest is away from the stabilized tooth. Based to our
calculation, within £500 nm from the stabilized comb tooth at 1539.43 nm, the uncertainty of the
stabilized optical tooth is still the dominant factor.

Scheme 3 involves f, locked to an RF reference while one comb tooth is locked to an optical
reference. An advantage of this locking scheme is that the generation of carrier-envelope offset frequency
fo can be avoided, which reduces the system complexity. However, a high performance RF reference is
required such that the multiplied RF instability does not dominate. The instability of the comb tooth of
interest can be expressed by Eq. (5) of [9] in terms of the fractional instability of the repetition rate and
the locked single tooth. This calculation shows that the optical instability depends critically on the
employed RF reference.

In scheme 4, two comb teeth are stabilized to two separate optical references at wavelengths 4,; and
An, which can be two transitions from the same or different types of atoms/molecules, or high finesse
optical cavities. By using gas-filled photonic microcells [30] as the optical references, the system can
likely be made simpler and more portable without the integration of RF references. For simplicity, we
assume that both feedback loops are identical and independent from each other. Therefore, the stability of
the m™ comb tooth can be expressed as:

ov m-n, V. OV n,—m Vv ov
— m r2 x ]>< r]+ rl % 2>< r2
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In this case, besides the instability of the two stabilized comb teeth (dv,1/vy and v,p/v, ,respectively),
another key parameter that determines the overall comb instability is the wavelength separation between
the two stabilized comb teeth. As an example, Table 1 shows the comb instability when two stabilized
comb teeth are separated by 3 nm, 30 nm and 300 nm. If the two locked teeth are separated by only 3 nm,
the comb stability degrades by almost two orders of magnitude 500 nm away from the locked tooth at
1539.4 nm. In contrast, if the separation is 300 nm, the degradation is only a factor of three even for comb
teeth almost 500 nm away from one of the locked teeth. Therefore, the two stabilized comb teeth need to
be at least hundreds of nanometers apart to avoid fast degradation in comb stability, which may be
achievable with two separate gas-filled fiber references based on different gasses. This result is consistent
with the conclusions obtained in [9].

6. Summary

We have demonstrated the first direct sub-Doppler spectroscopy with a single tooth from an optically-
referenced fiber comb. To do this, a single comb tooth was amplified from 20 nW to 40 mW with high



fidelity, sufficient to perform saturated absorption spectroscopy on an overtone transition in acetylene
near 1540 nm directly with the amplified comb tooth. No intermediate cw laser was required, nor did a
cw laser need to be phase-locked to the comb.

The resulting optical frequency comb exhibits high short-term stability (6x10~'* at 100 ms) exceeding
that of the GPS-disciplined Rb oscillator by an order of magnitude; thus the stability of the comb is equal
to that of a cw fiber laser locked to the reference. Long-term drift is attributed to technical noise and
should be readily reduced to the level of a cw laser locked to the fiber reference (shown in green
diamonds in Fig. 6(b), the corrected data from [25]). Calculations indicate that f,,, can be read out as a
source of stable RF, a factor 10 better than that of a quartz oscillator at 100 ms, when f; is stabilized to a
modest RF reference (quartz oscillator) or a second optical reference at least 300 nm away from the first.
Thus this work is a significant advance towards an all-fiber metrology system for moderate accuracy and
good short-term instability in the near-IR and RF regimes without reliance on GPS.

This result demonstrates the viability of direct stabilization of a sub-100 MHz repetition rate fiber
comb to a gas-filled hollow-core fiber toward an all-fiber metrology system. With some modifications,
this system can be made more portable. The gas-filled hollow fiber, here mounted between two vacuum
chambers, can be replaced with a sealed photonic microcell [30]. Furthermore, the 89 MHz rep rate comb
with 9 GHz single stage filtering cavity may in the future be replaced with a GHz repetition rate comb
based on one of many technologies [10-14, 16].
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II. Acetylene Frequency References in Gas-filled Hollow Optical Fiber and Photonic Microcells
This material was previously published in Ref. [31].

1. Introduction

High precision frequency references near 1.5 pm are desirable for optical sensing, optical
telecommunications, metrology and many other applications. Using the technique of saturated absorption
spectroscopy (SAS) inside a power build-up cavity [32, 33] and vapor cell [34], 1 kHz accuracy
frequency references have been created. However, those acetylene frequency references are realized in
free-space and cavity configurations [34, 35] that require -large containers to fulfill the required
interaction lengths and high saturation intensities. The advent of gas-filled hollow-core photonic crystal
fibers (HC-PCF) [36] and its sealed form, the photonic microcell (PMC) [37], enable a portable and
robust alternative to traditional gas-filled glass cell-based molecular frequency standards as illustrated in
several publications [25, 38-40].

SAS inside HC-PCFs allows us to build a robust and portable frequency reference. More importantly,
the fiber geometry can give long interaction lengths between the filling gas and the laser field, and the
low loss of HC-PCF facilitates the optical interactions with low power levels. Although the small core
size limits the linewidth of statured absorption features, fiber-based spectroscopy can still provide high
accuracy frequency measurements. We previously demonstrated a 10 kHz accuracy frequency reference
on a >C,H, transition inside a hollow-core fiber between two vacuum chambers [25], about two orders of
magnitude better than previously reported in fiber [41].

Here, we have improved the characterization of the short-term stability of the P(13) v; + v; transition in
12C,H, by constructing a second vacuum chamber reference similar to that described in [25] and making
a three-cornered hat measurement. In addition, a small correction (< 1o) to the absolute frequency is
calculated and applied to the previous results [25] based on careful modeling of lineshape [42], which
gives better agreement with published values [43, 44]. Also further studies of the polarization sensitivity
and the surface modes of the fiber-based frequency reference are made.

Our ultimate goal is to produce portable gas-filled references that exhibit similar accuracy and stability
to that seen with the gas-filled fiber vacuum chamber reference system. To that end, we have developed
gas-filled PMCs [37, 45, 46] based on photonic bandgap and kagome-structured HC-PCFs. Many
technical difficulties need to be surmounted to make PMC’s compatible with existing telecomm fiber
technology, such as splicing HC-PCFs to step-index fibers [37, 45, 46], and reducing Fresnel back-
reflection at glass-gas interfaces [47]. Here, two photonic microcells of sealed HC-PCFs, 1-cell kagome
and 7-cell photonic bandgap, are explored to increase the portability and robustness of the system. Both
the accuracy and stability of the portable frequency reference are characterized by analysis of an optical
heterodyne beat with a frequency comb referenced to a GPS-disciplined Rb oscillator.

2. Improving characterization of accuracy and stability

In our previous work, a 10 kHz accuracy frequency measurement on an acetylene transmon inside a
hollow fiber vacuum chamber reference was demonstrated [8], and a stability of 1.2x10"" at 1s gate time
was achieved. The experimental setup for frequency modulation (FM) SAS is shown in Fig. 7a. The
modifications shown in Fig. 7b are discussed in Section 5.

A 19-cell kagome HC-PCF, with a maximum core diameter of 68 um and a length of 4.1 m, lies
between two vacuum chambers. These vacuum chambers are evacuated with a vacuum pump and then
filled with "?C,H,. A narrow linewidth continuous-wave (CW) fiber laser (Orbits Lightwave, Inc.) is used
in this experlment to observe the P(13) v; + v; overtone transition in 2C,H,. The power from the fiber
laser is split into a probe beam and a pump beam amplified by an erbium doped fiber amplifier (EDFA)
up to 200 mW. The probe beam goes through an acousto-optic modulator (AOM) so that the interference
between the probe and the reflected pump occurs at the AOM modulation frequency (fyopy = —60 MH).
Then an electro-optic modulator (EOM) is used to create sidebands spaced at the EOM modulation
frequency (fzom = 22MHz) for FM spectroscopy [48]. The probe beam exiting the kagome fiber is
separated from the pump by a polarizing beam splitter, and is detected by a 125 MHz photoreceiver. The
pump beam is amplitude modulated at 900 kHz for background noise rejection. By applying a ramp
voltage to the piezo-electric transducer of the fiber laser, a sub-Doppler saturated absorption signal and
antisymmetric error signal were observed as shown in Fig. 8.
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Fig. 7. Optical schematic of gas-filled hollow fiber frequency references based on (a) hollow core fiber
between two vacuum chambers and (b) a sealed photonic microcell. Shown are amplitude modulator (AM),
acousto-optic modulator (AOM), electro-optic modulator (EOM), polarizing beam splitter (PBS), optical
isolator (OI), half waveplate (A/2), quarter waveplate (A/4), optical circulator (C), and photodetectors (PD).
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Fig. 8. (a) top: Fractional transmission of a 4.1 m long kagome HC-PCF with a '>C,H, pressure of 42
mtorr, and a pump power of 25 mW exiting the fiber, bottom: error signal of sub-Doppler versus scanned
frequency away from the P(13) transition. The laser frequency was scanned at 1.2 GHz/sec. (b) same as (a),

but zoomed in on the sub-Doppler absorption feature.

Furthermore, the short-term stability and accuracy of this frequency reference were characterized [25].
A portion of the light split from the CW laser was used to beat with a phase stabilized carbon nanotube
fiber laser (CNFL) frequency comb [26], which is referenced to a GPS-disciplined Rb oscillator. This RF
beat frequency was, recorded by a 12-digit counter, fractional Allan deviations were calculated and a
stability of 1.2x10™"" at 1s sample period was obtained. Since the frequency stability of the beat between
references is determined by the least stable one, previously [25] the measured short-term stability of our
fiber reference was limited by the GPS—disciplined Rb oscillator, which provides the referencing signal
for phase stabilizing the CNFL frequency comb.

2.1 Three-cornered hat to estimate individual stabilized laser stability

To better characterize the short-term stability in comparison to Ref.[25], we locked a second laser to a
nearly duplicate gas-filled fiber and compared them. Because of equipment availability, one lock was not
as robust as the other, and consequently we used a well know three-cornered hat method [49] to extract
the stabilities of each reference. To obtain our best reference stability, we measured the beatnote between
the CNFL comb and two stabilized fiber lasers (Fig. 3a) [50]. The counter gate time equals the sample
period (t) for T < 1s, and sample periods > 1s are realized by averaging. The fiber lasers are independently



locked to the 'C,H, P(13) transition in two separate kagome-structured HC-PCFs vacuum chamber
references. Figure 9b shows the fractional instability of two lasers beating of this work, and compared
with the individual stability of other reported acetylene stabilized lasers realized in free-space gas cells
[34, 51]. Under the assumption that the reference are uncorrelated, we calculated the stability of the
individual laser (laser 1 and 2), as shown in Fig. 9b. Even though our acetylene linewidth is a factor of 10
broader than the gas cell setup [34, 51], the stablhty of our fiber-based reference is still comparable to
those results. Furthermore, a stability of 2x10™'* (laser 2) at 0.1 s of our fiber-based acetylene frequency
reference is obtained. To our knowledge, this performance approaches the best short-term stability
achieved in acetylene frequency references [51].
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Fig. 9. (a) Schematic of the three-cornered hat measurement between two acetylene-stabilized fiber lasers
and a phase stabilized CNFL comb. (b) Fractional Allan deviation of beat frequency between two
acetylene-stabilized fiber lasers, compared with Ref. [51] and Ref. [34]. The individual stability of each

laser obtained from three-cornered hat measurement is also shown.

3. FM modeling of frequency shift due to line-shape

While our previous measurement agreed with other published values within 16 [43, 44], further
investigation reveals distorted line-shape due to the frequency difference introduced by an AOM between
the pump and probe beam. This distortion creates an additional shift at the kHz level which can be
calculated by extending the FM modeling describe in Ref. [42], as described below.

The Pound-Drever-Hall (PDH) locking technique used in SAS depends on the complete information of
the amplitude and phase shift on the carrier and two modulated sidebands (= 22 MHz). The amplitude
information can be obtained from the theoretical line profiles of the Doppler and sub-Doppler features
[52] and our measured absorption curve, by using the Kramers—Kronig relations.

The phase shift (¢) can be derived from the attenuation coefficient (5) based on the spectral hole burnt

by the unshifted pump.
1 “ §(w")
o(w) = ——Pj - dw'
T J_ o0 —w

@)
In the absolute frequency measurement of the frequency reference, when there is only a probe beam,
the attenuation coefficient of the Doppler-broadened absorption is given as

1 +2m-0.5 2
GD(cu)— Ay Exp[ w 0n6_wzfAOM)]
. D

)
where Ay is the amplitude of the Doppler absorption, wp is the Doppler linewidth, and fyop is the

frequency shift of the probe beam from the laser frequency.
In the presence of the pump, the attenuation coefficient is given by Eq. (2) multiplied by a Lorentzian,
resulting in

A
5((1)) = 5D((1)) ' (1 - m)

3)

where R[w] is a normalized frequency given by the expression

Rlw] =

2nf;/2
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Here, A; is the amplitude of sub-Doppler absorption, and f; is the sub-Doppler linewidth of the P(1(3%
transition of '*C,H,.

In Equations (2, 3) above, wp = 470 MHz is calculated from the Doppler-broadened width of the P(13)
line of *C,H,, fi is the linewidth of the sub-Doppler (Lorentzian) feature, and the parameters Ag and 4;
are related to the fractional transmission and pump power measured in the spectroscopy. The typical
values of 4;=0.69 and A; = 0.3 are for a signal with a 50% fractional transmission (FT), and with 32
mW pump power exiting the fiber.

Following the derivation in Ref. [42] with a sidebands’ index of 0.1, the dispersive error signal of FM
spectroscopy was calculated with and without the presence of the pump beam (pump-on and pump-off).
By subtracting the error signal with pump off from the error signal with pump on, the residual error signal

after amplitude modulating the pump beam was obtained. In Fig. 10, the calculated absorption and the
SAS error signal at the P(13) line of “C,H, are shown (FT=50%, P,,,=32 mW).
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Fig. 10 (a) The calculated SAS of P(13) line of '*C,H,, with a FT of 50%, and exiting fiber pump power of
32 mW; (b) the normalized dispersive error signal of the P(13) line. The calculated error signal is
proportional to what is detected by the PD; (c) same as (b) but plotted over smaller range to show the
frequency of the zero-crossing.



In Fig. 10c, it is clear that the error signal crosses zero at a point shifted by Af = 9 kHz from the zero
of the x-axis. Previously [25] we took the measured laser frequency (f'meas) t0 be f'meas = frop —

% faom Where f,q,, is the frequency of the P(13) zero velocity class at the given pressure, and extrapolated

to zero pressure to get the frequency of the P(13) line at zero pressure, here called f'p(13), as shown in
Fig. 11.

2I5 SID 7‘5 llllﬂ |2IS 150 1%5 200

Pressure (mtorr)
Fig. 11. Absolute frequency f,,, of the 12C,H,-stablized laser versus '>C,H, pressure inside the 4.1 m long
kagome fiber with a linear fit line. Solid triangle with solid linear fit line denotes absolute frequency before
correction by Af; open diamond with dash-dot linear fit indicates absolute frequency after correction by
Af: Each data point indicates an independent alignment to avoid frequency offsets due to free-space
coupling into the kagome fiber. After applying the locking frequency shift, the linear fit gives a zero-
pressure intercept of 195,580,979,371.4 + 9.3 kHz, compared with the previously reported [25] zero-
pressure intercept of 195,580,979,379.6 = 9.3 kHz.

£, - 195,580,979,370 (kHz)

However, this analysis [25] neglects Af. The corrected frequency of the P(13) line at zero pressure,
called fp(13), must be corrected by applying the equation

1 ,
fmeas = va,P - EfAOM —Af=f meas Af

&)
to each measurement, and extrapolating again.

This shift is due to the asymmetry of the sub-Doppler feature, which is caused by the frequency
difference between the pump and probe beam arising because the probe frequency is shifted by the AOM.
To validate this model experimentally, we made two measurements of the same absolute frequencies
using two different AOMs; one shifts the probe frequency by ~ — 60 MHz, and the other shifts the probe
frequency by ~ 200 MHz. These two measurements were made under the same acetylene pressure, pump
power and comb conditions. Figure 12 shows the calculated absolute frequency before (12a) and after
(12b) applying this shift caused by the frequency difference of probe and pump beam. The measured
absolute frequency of the same transitions before correction by Af differed by 20+5 kHz while after the
correction they differ by 5+5 kHz (ie. they agree).

The FM modeling was also applied to our previously reported absolute frequency measurement in a
4.1 m kagome HC-PCF [25] to make a correction of the measurement, as shown in Fig. 11; data were
previously taken at two different pressure brackets in our absolute frequency measurements, and gave two
different sets of parameters of A, and A,. So, here we reanalyzed these data by applying an 8 kHz shift to
the lower pressure measurements, and a 4 kHz shift to the higher pressure measurements. A new fit to the
shifted measurement yield a new measurement of the P(13) line in fiber that still agrees with the
published value [43, 44] within the given error bar. The zero-pressure intercept of the kagome frequency
reference adjust to 1.4 kHz, showing a better agreement with previous measurements of the P(13) line
[43, 44], shown in Table 2.
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Fig. 12. Measured absolute frequency of the '*C,H,-stablized laser vs. time with a '>C,H, pressure of 51

mtorr inside the 7.9 m-long kagome fiber, recorded at a 1s gate time using a counter: (a) before correcting

for the shift caused by frequency difference between probe and pump, (b) after correction. Black open-

circle: probe frequency was shifted by ~ — 60 MHz with respect to the pump (AOM1), red solid-square:

probe frequency was shifted by ~ + 200 MHz with respect to the pump (AOM?2).

Table 2. Mean '2C,H, v; + v; P(13) frequency and uncertainty for this work (before[25], after
considering the frequency shift Af caused by FM modeling) and for referenced work [43, 44]

Mean P(13) value (kHz) | Uncertainty (kHz)
This work after mod. Af 195,580,979,371.4 9.3
This work before mod. Af Ref. [25] 195,580,979,378.0 9.3
Ref. [43] 195,580,979,370.4 3.7
Ref. [44] 195,580,979,371.1 10.2

4. Suitable photonic crystal fibers for making PMCs

4.1 Surface mode modeling

Our previous work [25] establishes the 19-cell kagome photonic crystal fiber (PCF) as a suitable medium
for precision spectroscopy of molecular gases. However, that fiber is difficult to splice with standard
single mode fiber SMF-28 since the outer diameter of the 19-cell kagome PCF (305 pm) is roughly two
times bigger than the outer diameter of SMF-28 (125 um). While kagome fiber can be tapered and spliced
to SMF [46], the best splice loss between the tapered large-core 19-cell kagome fiber and SMF is around
2 dB, which is higher than the 0.9 dB splice loss for a photonic bandgap PCF. Furthermore, these
kagome-structured fibers are not yet commercially available. Therefore, we investigated three
commercially available HC-PCFs for use in the all-fiber PMC frequency references: 7-cell photonic
bandgap fiber (PBGF), 7-cell polarization maintaining (PM) PBGF, and 19-cell PBGF, shown in Table 3
(Fiber A-C). Because of their similar outer diameters (~120 pm) compared with SMF-28 (125 um), they
have the potential to make acetylene-filled PMCs.



Table 3. Fiber parameters for the HC-PCF

Cross Section — =

Lo oAk v Y

Fiber Name  7-cell PBG PM 7-cell PBG  19-cell PBG 19-cell kagome 1-cell kagome
Part number HC-1550-02 HC-1550-PM-01 HC19-1550-01 < <
Core diameter 11 um 11 um 20 um 70 um 45 pm
Outer diameter 120 um 120 um 115 um 315 um 200 um

*Fabricated by the Gas-phase photonic and microwave materials group (GPPMM)

To initially test these commercially available fibers, we used them for vacuum chamber references as in
Fig. 7a; both the stability and accuracy of the acetylene P(13) transition line are measured and calibrated.
Fig. 13 shows the calculated fractional Allan deviation of these 12C,H,-filled PBGF references. The 20
um PBGF (Fiber C) exhibits a factor of 2 worse stability than our previous kagome reference (Fiber D)
[25] at 1s sample period, which is due to the smaller core-size of the PBGF and therefore larger -
linewidth (due to transit time broadening). As for the 10 um PBGF (Fiber A), we predicted a stability
shown as solid triangles in Fig. 13 by scaling the stability offered at 1 s in large-core kagome to the
smaller signal to noise (S/N) ratio and larger linewidth. Even so, the 10 um PBGF observed in the
measured fractional Allan deviation is a factor of 4 worse than the expected value.
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Fig. 13. Fractional instability of the beat between the frequency comb and the fiber-based acetylene
reference made with different HC-PCFs shown in table I (Fiber A-D), GPS stability is shown here for
comparison.

To explain this degraded S/N ratio, we observed that the 10 um PBGF (Fiber A, B) exhibits large
surface mode effects. Surface modes refer to a collection of modes guided in the glass region between the
core and cladding [53], i.e. the core surround. These modes have higher loss and wavelength-dependent
coupling to the core modes. Strong coupling to these can result in wavelength-dependent loss in the
fibers, as shown in Ref. [54]. The frequency instability may be higher than expected due to these surface
modes, which contribute a 40% variation in off-resonant transmitted power in the 10 pm PBGF (Fiber A,
B) offered here. By comparison, the variation in the 20 um core fiber (Fiber C) is only 5%, while that in
large-core kagome is less than 1%. These surface modes may not only contribute an oscillating
background [54], but may also corrupt a quantitative analysis of the line-shape [55].

Indeed, in fibers with strong wavelength-dependent transmission, we also observe an intensity
dependent frequency shift of around 500 kHz in the error signal along with a highly asymmetric trace,
which is obtained by Pound-Drever-Hall style modulation as described above. Such background should
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be rejected by pump amplitude modulation. Thus the “survival” of the off-resonant transmission
modulation to the error signal is at first surprising. The asymmetry (A) of the error signal is defined as

A=#
1 +V)/2

(6)
where V; and V, are the absolute value of the maximum and minimum voltages of the error signal.
To investigate the effect of the coupling between a core mode and surface modes, we consider the
simple case where the coupling occurs only between a single core mode and a single surface mode. In this
case the probe signal at the photoreceiver can be written in the following manner

Vop = Veore + Vsm + 2y VeoreVsm cos(AD + Ady,)

(7)
where A® = ABLg;, is the phase due to the mode beating between the core mode and surface mode, A is
the difference in the propagation constant between the two modes and Ly;;, is the effective length of the
fiber. A®y,; is an additional phase that depends on the pump intensity and is caused by the Kerr effect.
Ignoring the Kerr effect in the hollow core, the associated propagation constant difference that gives rise
to this phase shift is ABy, = n3MIsy, (2m/A).. Here the n5™ is the nonlinear refractive index of the silica
core-surround and Iy is the intensity of the surface mode which can be written as Igy = 0.4Pyymp/Aesr-
If one estimates the surface mode effective area Ass to be on the order of 3 x 10~ cm?, which is’an
experiential value for a similar fiber taking into account the glass thickness of the fiber core and the near
field intensity profile, and n3™ = 3 x 10~26cm? /W, the induced frequency shift due to this nonlinear
optical coupling is ~ 500 kHz. This 500 kHz agrees with the intensity dependent frequency shift in the
error signal along with a highly asymmetric trace, calculated by adding a sinusoidal term to Eq.(2) to
simulate the surface mode in the calculation. The period of the sinusoidal term is obtained by measuring
the transmission signal of PBGF while scanning the input laser frequency. A of the theoretical signal is
calculated by applying Eq. (6) to the theoretical error signal.

Furthermore, in addition to the frequency shift, the Kerr effect induces an intensity dependent coupling
strength between the core mode and the surface mode, which renders the error signal asymmetry (A)
dependent on the pump intensity. Figure 14 illustrates this through considering error signal shape
evolution when the coupling of the core mode with the surface modes is considered or not. A of both
theoretical and experimental curves is calculated by applying Eq. (6) to the plotted error signal (Fig. 14a
and 14b). The calculated error signal exhibits very little asymmetry when the surface mode is neglected
or when only A® is considered. However, when A®,; is included, the experimentally observed (Fig.
14b) asymmetry of 20% is obtained theoretically (Fig. 8a). This arises because the pump beam intensity
changes the surface mode as it is modulated, so that pump amplitude modulation does not reject the signal
due to the surface mode.
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Fig. 14. (a) Calculated error signal in acetylene-filled 10 um PBGF with the nonlinear effect caused by
pump power modulation; (b) experimental error signal; (¢) Calculated maximum locking frequency change
verse different surface mode contrast when varying only A® (not A®y;) by m to mimic slow thermal drift.
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Even without taking into account the change of A®y; caused by the pump modulation, a slow thermal
drift in A® will introduce a frequency shift of up to 373 kHz when a 40% contrast surface mode is present
(Fig. 14c). Therefore it is clear that very small changes in the surface mode will lead to changes in the
lock point, causing frequency instability (Fig.13) and inaccuracy.

4.2 Polarization maintaining fiber

Polarization-maintaining fiber was also explored to improve the reference. This is motlved by the
observation of a 40 kHz shift [56] when the probe polarization is changed by 30°. This shift is
considerable compared with the 10 kHz accuracy obtained in the kagome reference, and polarization may
limit the accuracy of a gas-filled photonic microcell reference. One possible solution is to use polarization
maintaining (PM) HC-PCF to make gas-filled microcell references. The commercially avallable 7-cell
PM HC-PCF (Fiber B in Table II) from NKT Photonics was tested, and a stability of 3.0x10"% at 1 s
sample period has been achieved (Fig. 13). In the experiment, a linear film polarizer was placed before
the vacuum chamber on the probe arm to guarantee a linearly polarized probe beam, and a half waveplate
was placed after the polarized beam to adjust the polarization of the probe beam coupled into the fiber. To
find the polarization maintaining axis of the PM fiber, the extinction ratios of the probe beam exiting the
fiber are measured (Fig. 15a) at different probe polarization angles. The maximum contrast ratio indicates
that the probe beam is coupled into either the fast or slow axis of the PM fiber, and thus polarization is
preserved when the beam is travelling through the fiber. Beat frequencies were measured when the probe
beam was coupled into each axis and ~ 1 MHz shift in the average values of beat frequencies was
observed. A possible explanation is this PM fiber has different wavelength-dependent transmission near
the fast and slow axis, or the surface mode exhibits polarization dependence.

By coupling the probe to the 88" axis, which is the fast or slow axis (Fig. 15a), the absolute frequency
measurements (Fig. 15b) were 1nvest1gated at three different pressure ranges. The results gave us ~ 1
MHz uncertainty in each frequency range, and beatnote frequency excursions on the 15 minutes time
scale (i.e. “beatnote noise”) of up to 0.5 MHz were detected (the error bar on Fig. 15b). Linear fitting is
applied to the data, and gives the absolute frequency after accounting for power shift and pressure shift.
The uncertainty reflected in the gas-filled PM fiber reference is thought to be due to the effect of surface
modes we discussed above, and result in a frequency reference with only 1 MHz accuracy at best.
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Fig. 15 (a) Contrast ratio of probe power exiting fiber vs. the angle of probe polarization in vacuum, solid
line fitting curve of measured data, (b) Absolute frequency measurement of *C,H, P(13) line inside 10 pm
PM PBGF (Fiber B); zero frequency corresponds to the published value [44] .
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5. Sealed photonic microcells

To eliminate the -vacuum chambers, gas is sealed inside the PCFs, creating photonic microcells (PMC’s)
[37, 45, 46]. To explore the stability and accuracy of the sealed PMC, the setup shown in Fig. 7b is used.
We increase the portability of the frequency reference and hopefully can reduce the sensitivity of the
reference to alignment of the fiber into the vacuum setup [25]. In the experiment, a narrow linewidth CW
laser near 1.5 pum is split by a fiber coupler to generate a frequency modulated probe beam and an
amplitude modulated pump beam. Also the AOM is used to shift the interference between the probe and
the reflected pump to the AOM frequency, which can then be filtered away, while the EOM is used to
create sidebands spaced at the modulation frequency for FM spectroscopy [48]. The pump, counter-
propagating with the probe, passes through an EDFA to saturate the acetylene molecules. Since loss is
introduced during the two splices, another EDFA is used to increase the probe power coupled into the
PMC. In addition, a fiber circulator is used to separate the probe and pump beams, and the resulting probe
beam is detected by a photoreceiver. The remaining CW light from the laser beats against a phase
stabilized CNFL frequency comb [26] to characterize the stability and accuracy of the reference. The RF
beat frequency is recorded by counters with a 1 s gate time.

Two photonic microcells are tested in our experiment. One microcell is made of a 10 um PBGF (Fiber
A) microcell, with a length of 4 m and a pressure of 174 mtorr, causing 22% transmission on the P(13)
line by the CW fiber laser used in the kagome setup (Fig. 7a). A ramp voltage scans the laser frequency
linearly in time to calibrate the linewidth and S/N ratio of the error signal. The typical linewidth is 17
MHz with a pump power of 16 mW, and the S/N ratio is ~7, which is mainly due to the pump reflection at
the splice interface between PBGF and SMF and the surface mode in the 10 pm PBGF. A 1.5 MHz
beatnote noise (Fig. 10a) is measured in the P(13) v;+v; overtone transition of acetylene inside this 10 um
PBGF microcell.
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The other particular microcell, made of a 1 cell kagome (Fiber E), was originally built for an
electromagnetically induced transparency measurement, with a length of 6.5 m and a pressure of 375
mtorr [46], which leads to a 100% fractional absorption on the P(13) line. Therefore, a tunable diode laser
(Santec TSL-210) is tuned to 1539 nm with 6 mW optical power to measure a weaker line, P(23), which
gives a fractional absorption of 76%. An error signal is generated with a factor of 2 worse linewidth and a
factor of 10 worse S/N ratio compared to what is observed in large-core kagome vacuum chamber
reference [25]. This particular 1 cell kagome PMC gives beatnote frequency excursions on the time scale
of ~15 minutes (i.e. “beatnote noise”) around 50 kHz and a diode laser is stably locked to this PMC over
80 minutes (Fig. 10b).

As shown in Fig. 17, the fractional instabilities of those two microcells beatnote measurements are also
calculated. The long-term instability of both PMC-locked lasers may be caused by the drift of the probe
polarization mentioned earlier in this paper. The fractional instability at 1 s averaging gate time is worse
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than that of our vacuum chamber reference setup [25]. For the PBG microcell, the fractional stability at 1s
is dominated by the broadened linewidth, pump reflections, and the surface modes in PBGF PMC, while
for the kagome microcell, the fractional stability is mainly caused by broadened linewidth, pump
reflections and the noisier laser.
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Fig. 17 Fractional instability vs. averaging time in two PMCs: P(13) line of '*C,H, PBGF PMC and P(23)
line of '2C,H, kagome PMC.

We also explored the environmental sensitivity of the kagome PMC-locked laser. In the measurement,
the kagome PMC is put in a cardboard box with a lid. Several actions are applied to this particular
microcell, such as opening the box, shaking the box, pressing on the PMC, and changing polarizations of
the probe and pump beams. A shift of up to 1.2 MHz occurs when we shake the box, and a shift of up to 1
MHz is caused by changing the probe polarization. Fortunately, all those shifts are reversible. The beat
frequency returned to its original value (+ 0.05 MHz) after all the actions applied on the PMC were set to
the beginning states.

Here, we track the performance of the PMC reference over an extended period of time. As shown in
Fig. 18a, the long-term stability is improved by using a polarization maintaining (PM) erbium doped fiber
amplifier (EDFA) (red triangles) to amplify the probe beam power instead of a non-PM EDFA (yellow
squares and cyan hexagons). We also notice a factor of 2 degradation in the stability after six months
compared to our initial data, but no further degradation was observed. The degradation may be caused by
outgassing of contaminants in the PMC. We also found deterioration in the PBGF PMC after a delay of a
year. Longer evacuation time and heating the HC-PCF before use may help to reduce any impurities in
the inner core of the fiber. Even so, our PMC stabilized acetylene frequency reference shows a
reproducibility of + 170 kHz on the P(23) line of ?C,H, over 1 year. The P(23) line is measured to be
194,742,536,524+86kHz. Systematic shifts and uncertainties in this absolute frequency measurement
arise due to pump power, residual gas pressure and temperature drifts. After the correction due to the
pressure shift of - 0.393 MHz/torr [57], our measured P(23) frequency is 194,742,536,671 + 86 kHz (10)
(Fig. 18b), which agrees with a previous measurement in a power built-up cavity of 194,742,536,722.9 +
1.8 kHz [44] within uncertainty.
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Fig. 18 (a) Fractional Allan Deviation of the beatnote between the fiber-based acetylene stabilized laser and
the CNFL comb: cyan hexagons, yellow squares, and red triangles — P(23) line in sealed PMC at different
dates; green star— P(13) line of acetylene filled large-core kagome HC-PCF in vacuum chamber; black
pentagons— GPS-disciplined Rb oscillator. (b) Experimentally measured repeatability of the absolute
frequency in the kagome PMC of the P(23) v1+v3 transition in '°C,H, at a different date and time; red line—
average value of measured absolute frequencies.

6. Summary

In this paper, we showed improvements in the characterization of our previously published results on
acetylene frequency references in kagome fiber by obtaining higher short term stabilities; the absolute
frequency agrees better with previously published values after modifying the shift due to the lineshape.
Several commercially available HC-PCFs yield reduced accuracy and stability due to increased linewidths
as anticipated, and also exhibit excess noise due to surface modes. Polarization maintaining fiber was
used to fabricate a PMC, but the resulting reference was only good to ~ 1 MHz, indicating the need for
PM fiber with reduced surface modes, such as the kagome fiber design. The poor performance of 7-cell
photonic bandgap fiber was investigated, and led to a deeper understanding of the negative role of surface
modes in the reference performance. Sealed Photonic microcells based on both PBGF and kagome fiber
were characterized over a year, and demonstrate agreement with previously published values within ~ 100
kHz, which can be improved by better splice techniques.

These results have led us to focus our efforts to improve the photonic microcell frequency references on
sealing large-core kagome fiber with angle splices, which may eliminate the negative effects of surface
modes and reflections, and bring PMC performance in line with the superior accuracy and stability
already observed in vacuum chamber based fiber references.

We would like to thank the James R. Macdonald laboratory staff for technical assistance and Larry
Weaver for helpful discussion on FM modeling spectroscopy. We would also like to thank NKT
Photonics for use of the figures of Fiber A-C in Table II. This work was funded by the Air Force Office
of Scientific Research (FA 9550-11-1-0096) and Engineering and Physical Sciences Research Council.
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III. Direct fiber comb stabilization to a gas-filled Single-moded hollow-core fiber for portable
acetylene frequency reference
This material was previously published in Ref. [58].

1. Introduction

High-precision frequency references near 1.5 pm are desirable for optical telecommunications, optical sensing,
metrology, and many other applications. 1 kHz accuracy acetylene frequency references have been created in free
space and cavity configurations [34, 35] that require large containers to fulfill the required interaction lengths and
high saturation intensities. The advent of gas-filled hollow-core photonic crystal fibers (HC-PCFs) [59] and their
sealed form, the photonic microcell (PMC) [37], enable a portable and robust alternative to traditional gas-filled
glass-cell-based molecular frequency standards [31]. Previously, we have explored several possible suitable PCFs
for PMC fabrication, both photonic bandgap and kagome structured [31]. However, the highest signal-to-noise ratio
(SNR) sub-Doppler signals are achieved in the largest core sizes (up to ~100 um), whch are typically multi-mode
and therefore suffer from mode-dependent frequency shift [31, 60]. This shift was observed as a sensitivity of the
reference lock-point to optical alignment of the pump and probe beams into the fiber. Such modal frequency
dependence may arise from sensitivity of sub-Doppler spectroscopy to wavefront curvature, and makes the portable
frequency reference subject to environmental stresses such as thermal fluctuation and vibration, which cause mode
missing within the fiber. Furthermore, photonic bandgap fibers typically have surface mode beating that creates
instability in the frequency lock [31].

Here, we address these problems by employing the first hollow-core fiber employing Perturbed Resonance
for Improved Single Modedness (PRISM) [61]. The saturated absorption spectroscopy (SAS) signal is observed to
be devoid of unwanted surface mode effects, and reduced dependence of the reference on optical alignment is
inferred from preliminary locking data. Toward PMC fabrication, we demonstrate robust splicing of the PRISM
fiber to SMF-28 with both conventional and angle interfaces.

2. Saturated absorption for gas-filled PRISM fiber and alignment sensitivity

To initially test this PRISM fiber, we used it for vacuum chamber references as in Ref.[25]. A 10 m fiber is coiled to
Scm diameter to improve single modedness, and loaded with acetylene to a pressure of 50 mtorr. The narrow SAS
signal shown in Fig. 19 a (< 10 MHz FWHM) is obtained with frequency and pump amplitude modulation, and
shows no surface mode effects. The SNR of 30 is smaller than that in the kagome reference (~150) [8] due in part to
larger transit-time linewidth, residual background pressure, and reduced pump power. To explore the sensitivity of
the frequency lock point to optical alignment, we stabilize a cw laser to the absorption feature, and beat against a
phase stabilized frequency comb. Previously [8], the frequency lock point changed by ~20 kHz when the probe
power was reduced by a factor 2 using an attenuator, but by 100 kHz when the fiber coupling was altered enough to
reduce the probe power by a factor of 2. Here, in a similar test shown in Fig. 1b the shift due to probe power alone
is ~ 100 kHz, while the shift due to alignment is only 50 kHz. The factor 5 higher sensitivity to probe power may
result from the 5 times smaller SNR. But the comparable sensitivity of the reference frequency to probe power and
probe alignment may indicate a common cause, rather than frequency dependence on fiber mode. This test will be
more conclusive when the SNR ratio in the PRISM fiber is increased.

This PRISM fiber is suitable for portable acetylene-filled frequency reference in a 10 m length. Since
optimal single-modedness is expected at longer lengths (~10-30 m), a gas such as ammonia, with weaker absorption,
requires higher pressure than acetylene, and therefore is less sensitive to residual background gas pressure, resulting
in higher SNR.
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3. Conventional and angle splice of PRISM fiber and SMF-28
To eliminate the vacuum chambers, we need to seal the gas inside the PRISM fiber, creating a PMC. A robust
conventional splice of PRISM fiber and SMF-28 is achieved with a typical 2 dB splice loss using a Vytran-2000
fusion splicer. With both end spliced to SMF-28, the transmission loss though 20 m PRISM fiber coiled 5cm
diameter is about 7.8 dB. To reduce the 4% Fresnel reflection that degrades the performance of the PMC-based
frequency reference, both fibers are cleaved at an 8° angle before splicing; the splice loss increases to 3 dB but the
return loss is reduced to -56 dB. With one end conventional spliced and the other end angle spliced to SMF-28, the
transmission loss through the 20 m fiber is about 10 dB. Images of these splices are shown in Fig. 20.

(a)E - (b)E

Fig. 20: side-views of (a) a conventional splice and (b) an angle splice of PRISM fiber and SMF-28.

A gas-filled PMC based on angle-spliced PRISM fiber and SMF-28 may lead to improved frequency stabilization.
We expect an improvement over the stability and accuracy of previously reported acetylene-filled PMC references

[31]. This work dem08/2011onstrates that this PRISM fiber is promising for portable frequency references, and
other accurate PMC-based devices.
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“Counting the frequency of light: Gas-filled hollow optical fibers for novel lasers and
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“Novel lasers and optical frequency references based on gas-filled kagomé fibers,” at
XLIM/Universite of Limoges, France, hosted by Fetah Benabid , April 11, 2013.
“Microstructured optical fiber for frequency metrology and optically-pumped gas lasers,”
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student chapter at the University of New Mexico, March 2, 2012.
“Acetylene-filled Hollow-core Kagome Fiber toward Portable Frequency References”, Kristan
L. Corwin, Chenchen Wang, Kevin Knabe, Shun Wu, Jinkang Lim, Brian R. Washburn,
Natalie Wheeler, Frangois Couny, and Fetah Benabid, IEEE Photonics Society Annual
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“10 kHz Accuracy Spectroscopy in Acetylene-filled Hollowcore Kagome Fiber and Improved
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Contributed Talks (see above under peer-reviewed conference proceedings)
New discoveries, inventions, or patent disclosures:

An invention disclosure was filed internally in June 2015. A provisional patent is anticipated by
Fall 2015.
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Shun Wu was a finalist for the 2013 Emil Wolf Outstanding Student competition.
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Presidential Award for Excellence in Undergraduate Teaching, 2015
K-State’s most prestigious teaching award.
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Conference on Lasers and Electro-Optics Sub-committee member 2012-present
Topical Group 14: Optical Metrology
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OPTICAL FREQUENCY REFERENCES IN
ACETYLENE-FILLED HOLLOW-CORE OPTICAL
FIBER AND PHOTONIC MICROCELLS

by
CHENCHEN WANG
B.S., University of Science and Technology of China, 2008
AN ABSTRACT OF A DISSERTATION
Submitted in partial fulfillment of the requirements for the degree

DOCTOR OF PHILOSOPHY

Department of Physics
College of Arts and Sciences

KANSAS STATE UNIVERSITY
Manbhattan, Kansas
2015

Abstract

Optical frequency references have been widely used in applications such as navigation, remote
sensing, and telecommunication industry. For stable frequency references in the near-infrared (NIR),
lasers can be locked to narrow absorption features in gases such as acetylene. Currently, most Near
NIR references are realized in free space setups. In this thesis, a low-loss hollow-core optical fiber
with a diameter of sub millimeters is integrated into the reference setup to provide long interaction
lengths between the filling gas and the laser field, also facilitate the optical interaction with low
power levels. To make portable NIR reference, gas can be sealed inside the hollow-core fiber, by
creating a photonic microcell. This work has demonstrated all-fiber optical frequency references in
the Near IR by fabricating and integrating gas sealed photonic microcells in the reference setup.
Also, a thoughtful study regarding the lineshape of the fiber-based reference has been accomplished.
According the proper modeling of a shift due to lineshape, a correction was applied to our previous
absolute frequency measurement of an NIR optical frequency reference. Furthermore, effects of the
hollow-core fibers, including mode-dependence frequency shift related to surface modes are
explored. In addition, angle splicing techniques, which will improve the performance of the fiber-
based frequency reference have been created. Low transmission and return loss angle splices of
photonic bandgap fiber, single mode PCF, and large core kagome to SMF-28 are developed and
those fibers are demonstrated to be promising for photonic microcell based optical frequency
references. Finally, a potentially portable optical metrology system is demonstrated by stabilizing a
fiber-laser based frequency comb to an acetylene-filled optical fiber frequency reference. Further
work is necessary to fabricate an all-fiber portable optical metrology system with high optical
transmission and low molecular contamination.
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FREE-SPACE NPR MODE LOCKED ERBRIUM
DOPED FIBER LASER BASED FREQUENCY COMB
FOR OPTICAL FREQUENCY MEASUREMENT
by

TURGHUN MATNIYAZ
B.Eng., Harbin Institute of Technology, 2011
A THESIS
submitted in partial fulfillment of the requirements for the degree
MASTER OF SCIENCE
Department of Physics
College of Arts and Sciences
KANSAS STATE UNIVERSITY
Manhattan, Kansas
2014

Approved by:
Major Professor
Brian R. Washburn

Abstract

This thesis reports our attempt towards achieving a phase stabilized free-space nonlinear
polarization rotation (NPR) mode locked erbium doped fiber laser frequency comb system. Optical
frequency combs generated by mode-locked femtosecond fiber lasers are vital tools for ultra-
precision frequency metrology and molecular spectroscopy. However, the comb bandwidth and
average output power become the two main limiting elements in the application of femtosecond
optical frequency combs.

We have specifically investigated the free-space mode locking dynamics of erbium-doped
fiber (EDF) mode-locked ultrafast lasers via nonlinear polarization rotation (NPR) in the normal
dispersion regime. To do so, we built a passively mode-locked fiber laser based on NPR with a
repetition rate of 89 MHz producing an octave-spanning spectrum due to supercontinuum (SC)
generation in highly nonlinear fiber (HNLF). Most significantly, we have achieved highly stable self-
starting NPR mode-locked femtosecond fiber laser based frequency comb which has been running
mode locked for the past one year without any need to redo the mode locking.

By using the free-space NPR comb scheme, we have not only shortened the cavity length, but
also have obtained 5 to 10 times higher output power (more than 30 mW at central wavelength of
1570 nm) and much broader spectral comb bandwidth (about 54 nm) compared to conventional all-
fiber cavity structure with less than 1 mW average output power and only 10 nm spectral bandwidth.
The pulse output from the NPR comb is amplified through a 1 m long EDF, then compressed by a
length of anomalous dispersion fiber to a near transform limited pulse duration. The amplified
transform limited pulse, with an average power of 180 mW and pulse duration of 70 fs, is used to
generate a supercontinuum of 140 mW. SC generation via propagation in HNLF is optimized for
specific polling period and heating temperature of PPLN crystal for SHG around 1030 nm.

At last, we will also discuss the attempt of second harmonic generation (SHG) by quasi phase
matching in the periodically polled lithium niobate (PPLN) crystal due to nonlinear effects
corresponding to different polling period and heating temperature.
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DIRECT FIBER LASER FREQUENCY COMB
STABILIZATION VIA SINGLE TOOTH SATURATED
ABSORPTION SPECTROSCOPY
IN HOLLOW-CORE FIBER

by
SHUN WU
B.S., Beijing Normal University, 2005
M.S., Michigan Technological University, 2007
AN ABSTRACT OF A DISSERTATION
submitted in partial fulfillment of the requirements for the degree
DOCTOR OF PHILOSOPHY
Department of Physics
College of Arts and Sciences
KANSAS STATE UNIVERSITY
Manhattan, Kansas
2014

Abstract

Portable frequency references are crucial for many practical on-site applications, for
example, the Global Position System (GPS) navigation, optical communications, and remote
sensing. Fiber laser optical frequency combs are a strong candidate for portable reference
systems. However, the conventional way of locking the comb repetition rate, fi.,, to an RF
reference leads to large multiplied RF instabilities in the optical frequency domain. By
stabilizing a comb directly to an optical reference, the comb stability can potentially be enhanced
by four orders of magnitude. The main goal of this thesis is to develop techniques for directly
referencing optical frequency combs to optical references toward an all-fiber geometry.

A big challenge for direct fiber comb spectroscopy is the low comb power. With an
89 MHz fiber ring laser, we are able to optically amplify a single comb tooth from nW to mW
(by a factor of 10°) by building multiple filtering and amplification stages, while preserving the
comb signal-to-noise ratio. This amplified comb tooth is directly stabilized to an optical
transition of acetylene at 1539.4 nm via a saturated absorption technique, while the carrier-
envelope offset frequency, fo, is locked to an RF reference.

The comb stability is studied by comparing to a single wavelength (or CW) reference
at 1532.8 nm. Our result shows a short term instability of 6 x 10™'* at 100 ms gate time, which is
over an order of magnitude better than that of a GPS-disciplined Rb clock. This implies that our
optically-referenced comb is a suitable candidate for a high precision portable reference. In
addition, the direct comb spectroscopy technique we have developed opens many new
possibilities in precision spectroscopy for low power, low repetition rate fiber lasers.

For single tooth isolation, a novel cross-VIPA (cross-virtually imaged phase array)
spectrometer is proposed, with a high spectral resolution of 730 MHz based on our simulations.
In addition, the noise dynamics for a free space Cr:forsterite-laser-based frequency comb are
explored, to explain the significant fy linewidth narrowing with knife insertion into the
intracavity beam. A theoretical model is used to interpret this fy narrowing phenomenon, but
some unanswered questions still remain.
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WATT-CLASS CONTINUOUS WAVE Er3+/Ybs+
FIBER AMPLIFIER

by
MAY EBBENI
B.A., Yarmouk University, 2006
A REPORT
submitted in partial fulfillment of the requirements for the degree
MASTER OF SCIENCE
Department of Physics
College of Arts and Sciences
KANSAS STATE UNIVERSITY
Manhattan, Kansas

2012
Approved by:
Major Professor
Brian R. Washburn

Copyright
MAY EBBENI
2012

Abstract

Rare-earth doped optical fibers can be used to make optical amplifiers in the near infrared with large
optical gain in an all fiber based system. Indeed, erbium doped fibers made gain possible within the
1532 to 1560 nm band which makes long span fiber optical communication systems a possibility.
Erbium doped fibers have also been used to make narrow linewidth or mode-locked lasers. Other
rare-earth doped fibers can be used for amplifiers in other near-infrared spectral regions. Recently,
fiber amplifier technology has been pushed to produce watt level outputs for high power applications
such as laser machining. These high power amplifiers make new experiments in ultrafast fiber optics
a possibility.

This report reviews the current literature on Watt-class continuous wave erbium doped amplifiers and
discussed our attempt to develop a high power Yb/Er amplifier. After the design of the cladding
pump in 1999, the world’s first single mode fiber laser with a power greater than 100 Watts of the
continuous wave light was introduced. After 2002 there was a huge spike in the output powers (up to
2 kW) of lasers based on rare-earth doped fibers. Our own work involved developing a 10 W
amplifier at 1532 nm and 1560 nm. A high power amplifier was made by seeding a dual-clad Yb/Er
co-doped fiber pumped at 925 nm using a lower power erbium doped fiber amplifier. We will discuss
the design and construction of the amplifier, including the technical difficulties for making such an
amplifier.
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