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Abstract

Current portable near-infrared optical frequency references offer modest accuracy and
instability compared to laboratory references. Low pressure reference cells are necessary to
realize features narrower than the Doppler broadened overtone transitions, and most setups to
date have occurred in free-space. Hollow-core photonic crystal fibers offer a potential
alternative to free-space setups through their small cores (~10’s of um) and low-loss guidance.
Furthermore, HC-PCF can be made into fiber cells that could be directly integrated into existing
telecommunications networks. Efforts were made to fabricate these fiber cells with a low
pressure of molecules trapped inside, but this has proven to be quite challenging. Therefore,
investigation of these fibers is conducted by placing the ends of the fiber inside vacuum

chambers loaded with acetylene (12C2H2). The linewidths of several P branch v, +v, transitions

(near 1.5 um) are investigated as a function of acetylene pressure and optical pump power in
three different HC-PCFs. Frequency modulation spectroscopy is then implemented on the
acetylene-filled HC-PCF to generate sub-Doppler dispersion features that are useful for
frequency stabilization using standard servo electronics. Instability and accuracy of this near-IR
optical reference were then determined by analysis of heterodyne experiments conducted with
frequency combs referenced to a GPS-disciplined rubidium oscillator. The instability and
accuracy of this HC-PCF reference are within an order of magnitude of free-space experiments,
as expected based on the ratio of linewidths observed in the two experiments. Therefore, HC-
PCF has been shown to be suitable for potential frequency references. Further work is necessary

to fabricate gas fiber cells with high optical transmission and low molecular contamination.
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Abstract

Current portable near-infrared optical frequency references offer modest accuracy and
instability compared to laboratory references. Low pressure reference cells are necessary to
realize features narrower than the Doppler broadened overtone transitions, and most setups to
date have occurred in free-space. Hollow-core photonic crystal fibers offer a potential
alternative to free-space setups through their small cores (~10’s of pm) and low-loss guidance.
Furthermore, HC-PCF can be made into fiber cells that could be directly integrated into existing
telecommunications networks. Efforts were made to fabricate these fiber cells with a low
pressure of molecules trapped inside, but this has proven to be quite challenging. Therefore,
investigation of these fibers is conducted by placing the ends of the fiber inside vacuum

chambers loaded with acetylene ('*C,H,). The linewidths of several P branch v, +V;, transitions

(near 1.5 um) are investigated as a function of acetylene pressure and optical pump power in
three different HC-PCFs. Frequency modulation spectroscopy is then implemented on the
acetylene-filled HC-PCF to generate sub-Doppler dispersion features that are useful for
frequency stabilization using standard servo electronics. Instability and accuracy of this near-IR
optical reference were then determined by analysis of heterodyne experiments conducted with
frequency combs referenced to a GPS-disciplined rubidium oscillator. The instability and
accuracy of this HC-PCF reference are within an order of magnitude of free-space experiments,
as expected based on the ratio of linewidths observed in the two experiments. Therefore, HC-
PCF has been shown to be suitable for potential frequency references. Further work is necessary

to fabricate gas fiber cells with high optical transmission and low molecular contamination.
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List of Figures

Figure 1.1 High-accuracy acetylene reference based on a PBC absorption cell with locking error
signal taken from Ref. [17]. a) Schematic for frequency stabilization of a diode laser using
frequency modulation spectroscopy and a PBC absorption cell. Listed are a Faraday optical
isolator (FI) and a polarization beam splitter (PBS). b) Derivative of the sub-Doppler
absorption feature created by frequency modulation spectroscopy, and used as the error
SIZNAL t0 SETVO 1 11 @), cueieiiieiiieiie ettt ettt ettt e e st e e b et e ensaeenaeenseeeene 8

Figure 1.2 a) Pressure shift measurement apparatus. A tunable diode laser is passed through two
gas cells as well as a wavelength meter while its frequency is swept to obtain absorption
spectra versus wavelength, shown in b). For reference, a span of 0.02 nm at 1550 nm
approximately equals a span of 2.6 GHz. Both a) and b) were taken from Ref. [12]............ 9

Figure 1.3 Polarization spectroscopy schematic taken from Ref. [22]. Listed are a mirror (M),
polarization beam splitter (PBS), beam splitter (BS), optical isolator (ISOL.), distributed
feedback laser (DFB), temperature controller (TC), and a femtosecond (fs) comb. ............ 10

Figure 1.4 Cross-sections of a selection of fused silica fibers with cores indicated with solid and
dashed lines for solid and hollow cores, respectively. a) SMF. The core (8 um), shown
with solid lines, is doped so that the refractive index is slightly higher than the surrounding
cladding (125 pum), causing guidance through total internal reflection. A larger buffer
coating (250 pum) exists to help protect the fiber from aging. Multimode fiber has the same
structure, only with a larger core. b) Capillary fiber. Guidance occurs through simple
reflection, and is therefore quite lossy. These fibers are made in a variety of sizes, typically
on the order of 100’s of um. ¢) Hollow-core photonic crystal fiber (HC-PCF). Guidance
occurs in the hollow core (10-20 um) through interference effects of the photonic crystal
cladding (also known as a two dimensional dielectric mirror). The core is actually a defect
in the photonic crystal lattice, and is created by removing the inner unit cells prior to

fabrication. A buffer coating is included similar to that of SMF..........ccccocoeviiiiiiiiinenee 11
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Figure 1.5 Cross-sections of different HC-PCF used in this work. All pictures have the same
scale. a) 10 um core and b) 20 um core photonic bandgap fiber cross-sections taken from
Ref. [26]. c) 70 um kagome fiber cross-section taken from Ref. [28]........cccceeviiiiiinnnnnnn. 13
Figure 2.1 Fractional transmission of light through a gas cell versus frequency (a) when only a
probe beam is present, and (b) when both a pump and probe beam are present................. 14
Figure 2.2 Optical layout for saturated absorption spectroscopy inside HC-PCF. The ends of the
HC-PCF reside within vacuum chambers so that acetylene can be loaded into the evacuated
fibers. Schematic a) splits the output of the erbium doped fiber amplifier (EDFA) to create
both the pump and the probe at a fixed ratio to one another. Schematic b) splits the probe
beam before the pump beam is amplified, thereby fixing the probe power, which allows for
maximizing signal-to-noise ratio when shot noise limited, and fixes the amount of power
broadening caused by the probe beam. This second schematic also has the advantage of
independently applying modulations to either the pump or probe. Acousto-optical
modulator (AOM), electro-optical modulator (EOM), coupler (C), polarizing beam splitter
(PBS), optical isolator (OI), and photodetector (PD).........c.ccccveviieriieniiiiienieeiieeieeiee e 16
Figure 2.3 Saturated absorption spectrum vs. frequency with interferometer frequency
calibration. a) (left axis) Normalized fractional transmission of a 4.1 m long HC-PCF near
the P(13) transition for a pump laser power of 32 mW exiting the fiber, while the laser
frequency was scanned at 1.2 GHz/sec. (right axis) The output from the FRC with a FSR of
48.01 £0.01 MHz. The contrast of the fringe depth is not 100% due to connector loss [38].
b) Zoom in of the sub-Doppler feature from a). ........ccecveeeviiieriiieiciieeeeeeeee e, 17
Figure 2.4 Interferometer schematics for laser frequency calibration. (a) Michelson
interferometer schematic. The length of one arm (L) is larger than the other (L;), and
defines the free spectral range according to Equation 2.1. (b) Fiber ring cavity schematic.
A standard 4-port fiber coupler (C) is used, where the input ports (il and i2) and output
ports (ol and 02) are labeled. For this setup, 02 should always be the lower coupling
percentage of the two output ports, 02 and i2 are connected to make the the second pathway
to the detector (and resembles a ring). In this case, 02 has a coupling value of 30%, while
ol has a complementary value of 70%. The output port of the cavity (ol) is then directed
onto a large area photodetector, and can be seen in Figure 2.3 as the blue trace. If an EOM

is used before the input of the cavity, then the cavity’s free spectral range can be measured
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by changing the synthesizer’s frequency so that the subsequent frequency sidebands are
resonant with adjacent Cavity TE€SONANCES. ........ccvieriuireriiieeriieerieeerieeeireeeeeeeeteeeereeesseeenes 18
Figure 2.5 Sub-Doppler FWHM w; as a function of acetylene pressure and optical pump power.
a) w; versus acetylene pressure with fit lines extrapolated to zero pressure for three different
HC-PCFs. Data taken in the 10 um (triangles) and 20 um (diamonds) HC-PCF were taken
on the P(11) transition [40], while data in the 70 um kagome HC-PCF (hexagons) was taken
on the P(13) transition [41]. The lengths of each fiber were 0.9 m, 0.8 m, and 4.1 m and the
optical pump powers exiting the fibers were 30 mW, 29 mW, and 32 mW for the 10 pm, 20
um, and 70 um core fibers, respectively. Error bars from a chi-squared fitting routine are
smaller than the symbol size. b) w; versus optical pump power exiting the 20 pum PBGF
(blue diamonds, left axis) and 70 pm kagome HC-PCF (green hexagons, right axis). For the
20 um PBGF, the fiber length was 0.8 m and the pressure was 1 torr, corresponding to a FT
=25%. The kagome fiber’s length was 1.4 m, and the pressure inside the fiber was near
200 mtorr, corresponding to 60% FT......ocooiiiii e 24
Figure 2.6 Fractional transmission saturated absorption signal in acetylene-filled 10 um PBGF
vs. frequency. The oscillatory background in this fiber is due to inherent coupling between

the hollow-core mode and “surface modes” in the silica cladding. The v, +v, line, optical

pump power exiting the fiber, and internal fiber pressure are listed at the bottom of the
e 21 o)  FO SRS 25
Figure 2.7 Discrimination (or Contrast/ w;’) versus pressure in 10 um PBGF, 20 um PBGF, and
the large core kagome HC-PCF. These values were calculated from the results of Figure
2.5a. Optimal values of D can be observed in the middle of each data set, which roughly
corresSPONAS t0 50%0 FT. .eiiii ettt 26
Figure 2.8 Discrimination (D) versus pump power in the 20 um PBGF and the large core kagome
HC-PCF from Figure 2.5b. The value of D increases with power up to a point, which
appears to be near 100 MW ......cccooiiiiiiiiiiiieieeeeee ettt et aeebaesaaeens 27
Figure 3.1 a) Saturated absorption fractional transmission, FM absorption signal, and FM
dispersion signal versus frequency in kagome HC-PCF. Data were taken on the P(13)

v, + Vv, ro-vibrational transition. b) Zoomed in view of spectra in a). ..........ccccceeeuevuenrnnne 28

Figure 3.2 Fractional power in the output spectrum of an EOM as a function of M. The power of

the incident wave and first through fourth order sidebands are included (n =0, +1, +2, £3,
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and +4 respectively). It can be seen that for a modulation of 0.75 or less more than 99% of
the power is contained within the central carrier and the first order sidebands. Also, when

M = 1.15, approximately half of the power is contained within the first order sidebands.... 30

Figure 3.3 Plot of SNR/((Aé)2 +(A¢)2) vs. optical power from Equation 3.21 for the 125 MHz

(blue solid curve) and 1 GHz (red solid curve) New Focus photodetectors (listed in
Appendix B). Also included are extrapolated fit lines of the SNR when thermal noise
dominates at low power (dash-dotted lines) and when shot noise dominates at high power
(dashed lines). The transition between these two processes occurs where the two
extrapolated lines intersect, and is around 1.2 uW and 50 uW for the 125 MHz and 1 GHz
detectors, respectively. The 125 MHz detector saturates near 80 uW of optical power, while
the 1 GHz detector saturates near 1 MW ......coc.oviiiiiiiiniiniiiieeeceeee e 35

Figure 3.4 Optical schematic for FM spectroscopy inside HC-PCF. The schematic is similar to
Figure 2.2b, and differs only in the couplers used to split a portion of the probe beam for the
heterodyne experiment. Also, an EOM phase modulates the probe beam directly after the
AOM stage. The probe passes through the acetylene-filled HC-PCF and is detected by the
PD, whose electrical signal is sent to a servo circuit after demodulation. Also, the pump
beam is amplitude modulated (before amplification), which requires another stage of
demodulation but offers reduced noise on the final error signal and ensures a minimization
O O OLS. . eeeeeeeeeeeeeeatee bt esatee bt esatee bt e et e e ens 38

Figure 3.5 Electrical schematic for FM spectroscopy. The probe signal is directed onto a
photodetector and then sent to the FM demodulation circuit ( f,,, = 22MHz).

Demodulation consists of a band-pass filter (BPF), an amplifier, a mixer driven at the
desired demodulation frequency, and a low-pass filter (LPF). The resulting signal is then

sent to the AM demodulation circuit ( f,,, = 900kHz ), which produces the signal shown in

the graph. This signal serves as the error signal for standard servo electronics which feeds
back to the fiber laser’s PZT to stabilize the optical frequency.........ccoccveeeeiieeiiieeciieeiieen, 39

Figure 3.6 The error signal power spectrum when the cw laser is locked (blue) and unlocked
(red). The PZT on the fiber laser only allows feedback up to approximately 20 kHz,

indicated by the “servo bump” in the locked signal. Because the fiber laser is inherently



very narrow, the noise spectrum is not significantly reduced. Resolution for this

measurement Was 128 HZ. .....ooouiiiiiii e 39
Figure 4.1. Average frequency value of several different frequency references vs. time

illustrating the difference between accuracy and stability (taken from Ref [46]). ............... 41
Figure 4.2 Time and frequency domain of the output of a stabilized mode-locked laser (taken

from Ref. [50]). a) In the time domain, pulses are separated by 7 (or f. ), and the phase of

rep

the electric field evolves from pulse to pulse in a deterministic manner (A¢). b) In the

frequency domain, spectral components are spaced by f,,  , and are offset from DC by f;.

rep ?

Figure 4.3. a) Free-space Cr:f laser using prisms for dispersion compensation. Also indicated
are the various mechanisms for stabilizing both the repetition frequency and the carrier-
envelope frequency. Listed are high reflector (HF), prisms (P), and radius of curvature

(ROC) of the indicated mirrors. b) f-2f interferometer schematic for f, stabilization.

Listed are highly nonlinear fiber (HNLF), supercontinuum (SC), dichroic mirror (DM), and
periodically poled lithium niobate (PPLN). c¢) Output spectrum of the Cr:f comb. These
figures are taken from Ref. [53]...ccviiiiiiiiiieeee e 46
Figure 4.4 Figure-8 fiber laser frequency comb schematic, reproduced from Ref. [54]. a) Optical
schematic for the laser, supercontinuum generation, and f-2f interferometer. In this figure,

the repetition frequency is indicated as f,. b) Electrical schematics for stabilizing f,

Figure 4.5 Schematic of the phase-stabilized CNFL frequency comb from Ref. [55]. LD: laser
diode; OC: output coupler; WDM: wavelength division multiplexer; PZT: piezo-electric
transducer; EDF: erbium-doped fiber; PBGF: photonic bandgap fiber; SMF: single mode
fiber. Inset: the supercontinuum after the HNLF. ...........cccccooiiiiiiiiiiniiceeee e 49

Figure 4.6 Block schematic and fractional frequency instability of the 2/3 cornered hat
experiment. a) The output of each indicated comb is combined with a portion of the cw
acetylene reference in fiber couplers, and then separately heterodyned on a photodetector.
This allows both beat notes to be counted simultaneously. b) Fractional frequency
instability of both beat notes (recorded over the same time interval) versus averaging time.

Also plotted is the instability of the difference between the two beat notes, setting an upper
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limit for the instability between the two combs. This, however, does not give any
information on the stability of the Rb/GPS reference since it is common to both
TNEASUTCITIETIES. ...ceneteiutteeiieette et et e et e bt e et e bt e eat e e bt e eabeesbeeeabeenbeeeabeesbeeeabeesseesaneennneemneenseesanees 51
Figure 4.7 a) Optical and electrical schematic for the heterodyne beat between a frequency comb
stabilized to a rubidium-disciplined GPS clock (Rb/GPS) and a cw laser stabilized to 'C,H,
inside kagome HC-PCF. Solid red lines indicate optical fiber coupling and dotted black
lines indicate electrical connections. Shown are a fiber coupler (C), fiber polarization
controller (PC), photodetector (PD), and electrical band-pass filter (BPF). b) Spectrum of

the frequency comb with the cw reference ( f,.. ). There is a discontinuity in the frequency

axis to show both the RF and near-IR domains. Red dotted lines indicate positions of
individual comb teeth that have little or no power, while solid blue lines indicate teeth with
observed optical power. Individual frequencies are listed in detail in this section.............. 53
Figure 4.8 Frequency shifts of the cw reference due to pump and probe misalignment. The beat
frequency between the CNFL comb and the cw reference is plotted vs. time, and the text on
the graph indicates what parameters of the cw reference were changed to result in a change
of the beat note frequency. x: horizontal mirror position; y: vertical mirror position; MMF:
multimode PD fiber; OC: original Coupling. .........ccecuveriieiiieniiieiiiecieeiecee et 55
Figure 4.9 Absolute frequency of the acetylene-stabilized laser versus acetylene pressure inside
the 4.1 m kagome fiber with a linear fit line. Each data point indicates an independent
alignment to avoid frequency offsets due to free-space coupling into the kagome fiber. The
linear fit gives a zero-pressure intercept of (195,580,979,379.6 + 5.6) kHz and a slope of (-
3609 £ 48) KHZ/MOIT.....eccveeeeiieeeeee et ettt et et e e e ta e e eta e e e te e e eaeeeeareeenans 58
Figure 4.10 a) Frequency of the beat between the HC-PCF acetylene-stabilized laser and the
CNFL frequency comb vs. time, recorded at a 1 s gate time using a counter. Oscillations
with a period of ~10 minutes correlate to air-conditioner cooling cycles. b) Optical
fractional frequency instability vs. averaging time for fyeat (filled squares) and the GPS
disciplined Rb oscillator (open pentagons). A triangle deviation, similar to an Allan
deviation, was Calculated fOT fheat. «.vveervreerrrreeriiieeiiieeriie et et et e et ere e e 59
Figure 4.11 Fractional instability versus averaging time for this work (using kagome HC-PCF)

and other references based on free-space saturated absorption spectroscopy of acetylene
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setups. The names listed in the legend correspond to the following references: Balling [22],
Moon [15], and Made] [14]...eeeeueeeeiieeeiie ettt ettt e e et e e e e et e e esaeesnseeesnns 61
Figure 4.12 FWHM of sub-Doppler feature versus pump power exiting the 4.1 m kagome
HC-PCF. FM spectroscopy dispersion signals were recorded and fit according to Equation
3.15. It is unclear why the 5 mtorr, ~15 mW data point exhibits a larger than expected
linewidth, though lack of optimization of either the FM or AM electronic phase could easily
account for this. Data was recorded and analyzed with the help of Shun Wu and Chenchen
WANE. ettt ettt e ettt et e et e e st e e e ab e e e nb e e e bt eesabbeeeateeeabeeenanes 64
Figure 4.13 SNR of the FM dispersion signal versus pump power exiting the fiber. Data
recorded with the help of Shun Wu and Chenchen Wang. ...........cccccoevviiiiiiiiniiiecieeeee, 65
Figure 4.14 a) Fractional instability of the beat note for two different internal fiber pressures of
the cw reference vs. averaging time. The legend indicates the optical pump power and the
internal fiber pressure. The observed ratio of the 37 mtorr SNR to the 17 mtorr SNR was
1.7, while the average ratio of the fractional instability of the 17 mtorr data to the 37 mtorr
data was 1.8. b) Fractional instability for two different (low) optical pump powers of the cw

reference versus averaging time. The high power instability data is included as a reference.

Figure 4.15 Physical layout (top view) of the cw reference with the thermal control and isolation
box. The thermal box has a separate reservoir (with holes drilled at the bottom to connect)
so that a temperature bath can be loaded without directly pouring it on the HC-PCF. This is
the same layout as detailed in Figure 3.4. .......cccoioiiieiiieeeeee e 67

Figure 4.16 Acetylene’s vapor pressure vs. temperature. Data points taken from Ref. [69]....... 68

Figure 4.17 FWHM of dispersion feature at 175 K vs. pump power exiting Kagome PCF. Data
from Figure 4.12 were included for reference. ...........ccceeviieiiiiiiiiiieniiece e, 70

Figure 4.18 S/N ratio of sub-Doppler dispersion feature vs. pump power exiting the kagome
PCF. Blue symbols indicate “cold” data near 180 K, while red symbols indicate data taken
near room temperature (~295 K). The “cold” data is nearly a factor of two larger than the
TO0M tEMPETALUTE QATA. ...eeviieeiiiiieeiieeiie et eete ettt et et e et e st eebeesabeesbeessaeenseesnseenseesnseenseas 70

Figure 4.19 Fractional instability of the acetylene reference at 175 K (blue triangles) and 295 K

(red squares) versus averaging time. The optical pump powers for the two measurements
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are listed in the legend. The ratio between the 295 K and 175 K fractional instabilities was
1.8, while the ratio of the 175 K to the 295 K SNR Was 1.7. ....ooviiiiviiiiieiiiiieeeeeeeeeeeeen 71
Figure 5.1 Fiber cell schematic. Detailed cross sections of the fibers can be seen in Figure 1.5.
SMF is fused to both ends of the HC-PCF, with the intention of trapping a low-pressure
10 T0) G101 U ol e T 1 ) e LTSRS 72
Figure 5.2 Basic schematics for various splicing schemes. a) Electric arc fusion splicer
schematic. Fibers are fused by bringing them near a set of electrodes (shown in gold), after
which a high voltage is applied to produce an electric arc. b) Filament fusion splicer
schematic. Fibers are fused by radiative heating from a filament (typically tungsten).
¢) CO;, laser splicing schematic. CO; laser light is focused onto fibers by means of a lens.73
Figure 5.3 Saturated absorption spectroscopy schematic using a reflected pump beam from a
spliced 20 pm HC-PCF/SMF half cell. .........ccooieiiiiiiiieiiieececee e 74
Figure 5.4 Linewidth data for saturated absorption spectroscopy using a pump reflection in HC-
PCF. (a) Fractional transmission versus frequency in Fiber 2 with a pressure of 500 mtorr
and at various optical powers. As the pump power is increased, transparency in the Doppler
profile is observed, as well as broadening of the sub-Doppler feature (seen in inset). (b)
Sub-Doppler linewidth w; versus pressure. These data were taken at 50 mW exiting the
fiber, and therefore exhibit more power broadening than those signals in Figure 2.5. Data
taken in Fiber 3 appear to have had more surface modes present, and therefore exhibit more
scatter than data taken in Fiber 2. (c) Sub-Doppler linewidth w; versus power................... 75
Figure 5.5 Angled HC-PCF cell SChematiC..........ccceeeiiiiiiiieiiieciieceiee et 77
Figure 5.6 Kagome cross section and unsuccessful splice attempt (kagome HC-PCF on the left,
SMF on the right). Imperfect fusion between the PCF and SMF can be seen, and allows
leakage of gas into the fiber cell COTe. .......coiiiiiiiiiiiiiie e 77
Figure 5.7 Unsuccessful SMF and PCF angle cleaves and splices (solid core fibers on the left and
HC-PCF on the right for each photograph). a) Excessive shearing of the kagome fiber
allows gas to leak out from the core after splicing. b) Attempts were made to denature the
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present after splicing. c) and d) Even though splices appeared to be fused all the way
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partial region had not made solid contact between the PCF and SMF. ........c..cccccovininnennn. 78

Xiv
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CHAPTER 1 - Introduction to frequency references

Advances in precision measurements of fundamental quantities have had great effects on
many aspects of society including commerce, transportation, and the transfer of information.
Time is probably the most important fundamental quantity considering the number of
applications that have depended on the precision and accuracy of its definition. One aspect of
time that has significant importance to electronic and telecommunication systems is frequency
(which is defined as the inverse of time). Due to both the speed and amount of information
required to receive information over the internet, most signals today transmitted around the
world are in the form of different frequencies of light. While great strides have been made with
both optical clocks and frequency combs to increase the precision of measurements made in the
frequency domain, these experiments are largely confined to the laboratory. The work of this
thesis aims to increase the precision of frequency measurements away from the laboratory for
practical purposes. Because optical fibers are used as transmission lines for these optical signals,
investigation of several hollow core fibers is conducted in Chapter 2 to determine their suitability
for portable frequency references. This is achieved by filling the fibers with low pressures
(10™* atm) of acetylene (the international molecular standard in this frequency region of the near
infrared (IR)) and then performing a type of nonlinear spectroscopy to realize narrow absorption
transitions. Chapter 3 then details a very convenient method called frequency modulation (FM)
spectroscopy to stabilize a continuous wave (cw) laser to these absorption transitions.
Characterization of this near-IR optical reference’s frequency is then presented in Chapter 4
along with limitations imposed by the hollow-core fiber and efforts for further improvement.
The work in these three chapters is done with the hollow-core fiber inserted in vacuum chambers
to determine the optimal operating conditions of such a reference. This setup was driven by the
fact that low pressure fiber cells (where solid core fibers are fused to both ends of the hollow-
core fiber) are rather difficult to fabricate. Chapter 5 details efforts to make such a cell that
would be ideal for the type of nonlinear experiments presented in Chapter 2 and 3. A summary
of this work is included in Chapter 6, with references, publications, and appendices following

after this.



Overview of how to characterize frequency references

A clock has two characteristics which determine how useful it is. The first is its ability to
give the correct time after the clock has been started. The second is its repeatability to provide a
“tick” of the same length in time. An example of these two quantities is as follows. If one were
worried about attending an important meeting and did not want to be late, having a clock that
could be counted on to give an absolute time would be critical while the individual “ticks” of the
second hand could have large variations from one second to the next, and would not matter.
Conversely, if one was making a repeated experimental measurement which depended on time, a
clock that precisely “ticked” every second would be most useful and the absolute time would not
matter much. Even if this clock’s “ticks” were fast or slow, the data could be corrected once this
clock was compared to a better one. A clock that is both accurate and precise would be ideal.
However, clocks that are less than ideal with respect to their precision or accuracy can still be
useful depending on the circumstances.

When considering optical clocks and references with accuracy and precision in mind, it is
not possible to directly measure these quantities in the time domain. This is due to the fact that
the frequency of optical light (~10' Hz) is many orders faster than the detection capability of
electronic detectors (~10'° Hz). Because of this fundamental limitation imposed by electronics,
analysis of optical clocks is done in the frequency domain by means of heterodyne experiments.
Heterodyne experiments involve two optical sources that are overlapped in space and time so
that they interfere. This interference signal contains both the difference and the sum of the
frequencies of the optical sources used, and the difference frequency product is generally in the
RF and can be counted with standard electronics. This is directly analogous to tuning two
musical instruments to the same audible frequency (on the order of 100°s of Hz), and hearing a
low frequency beat between the two (on the order of Hz).

Similar to the case above in the time domain, measuring the characteristics of a frequency
reference requires access to a more accurate and stable reference. One choice for a frequency
reference that is capable of being both highly stable and accurate is a frequency comb. A
frequency comb is a mode-locked laser which has all of its modes of oscillation stabilized in the
frequency domain. The spacing of the frequency comb’s teeth is the repetition frequency
(typically 100’s of MHz), and is determined by the length of the laser cavity. Due to the

stabilization technique employed for most combs (discussed in more detail in Chapter 4), broad



spectral coverage is achieved and effectively creates a large series of related optical references. ,
using a comb in a heterodyne experiment with an optical reference assures that the beat note
between the two sources is always less than half the repetition rate. This frequency range is easy

to detect and mix with standard electronic equipment that has been available for decades.

A brief history of timekeeping

The science of timekeeping involves accurately and precisely realizing the fundamental
unit of time, the second. Time and length are fundamental quantities that are related by the
definition of the speed of light. Up until the 20" century, time has been defined using clocks
(any device composed of a frequency oscillator and a counter) which depend on either celestial
or mechanical oscillations. The oldest clocks use the rotation of the Earth to determine time, and
include sun dials, Stonehenge, and the Mayan calendar. This method of timekeeping relies on
direct sunlight, and therefore inclement weather renders this sort of clock useless. Clocks were
later invented that use gravity and the displacement of a known mass (hourglasses or water
clocks). These clocks had two main advantages over the solar clocks; they would work anytime,
regardless of weather conditions or time of day, and their measurement periods were reduced by
an order of magnitude (from days down to hours). These displacement clocks did suffer from a
major drawback; they would only run for 1 cycle (allowing only a single measurement) before
they would need to be “rewound” for another measurement, meaning that someone would have
to monitor the clock. The next discovery in the history of clocks was Galileo’s analysis of the
pendulum, whose period was on the order of a second. This finally allowed for technology that
could measure the time to within a minute over the course of a day without needing to be reset.

During this time period when pendulums were incorporated into existing clocks,
maritime trade had become the main method of international commerce. Large sums of money
were invested not only in the actual shipping boats, but into navies as well to protect these
investments from pirates and other rival nations. Inaccuracies of timekeeping at sea lead to large
miscalculations in position, increasingly the likelihood of getting lost at sea, running into land in
bad weather, or wandering into pirated waters. Expeditions were set up by different nations to
chart courses through dangerous territory, as the most significant financial losses were incurred
by vessels that were lost at sea. Measuring one’s latitude (the distance in the North-South

direction from the equator) can be done by observing the angle the sun makes with the horizon



(90 degrees corresponds to the equator) and knowing the day of the year (many tables containing
this information were made by astronomers). However, knowing one’s longitude was impossible
by this method. Using a clock and a compass to record the speed and direction of the ship was
the only reliable method for charting one’s course. Pendulum clocks have an additional
drawback that limits their usefulness: external forces, pressure changes, and humidity changes
caused the changes in the period of these clocks, essentially rendering them useless on rocking
boats that often encounter devastating storms. Several academic minds of the day were
convinced that observing the relative position of the moon to the stars was the most viable way
to navigate at sea, despite the complexity necessary to calculate one’s position from tables of star
charts. The British government offered a large reward for a sea worthy clock, and John
Harrison’s chronometer was the answer to this dilemma after a lifetime of work [1, 2]. His
invention stood as at the forefront of timekeeping for over 100 years. To this day military and
economic enterprises fund experiments working towards better clocks with respect to accuracy
and portability.

Albert Michelson, most famous for the first precise measurement of the speed of light
and his key role in the creation of interferometry, made the remarkable speculation in 1892 that
the green Hg emission line could be used (in conjunction with the speed of light) to define length
[3]. This proposition of atomic systems as frequency references is quite remarkable in that it
predates quantum theory, and could not be tested for at least another 70 years for a variety of
technical reasons. However, advances in timekeeping were not stagnant during this time. The
next advance in timekeeping came during World War I when crystal oscillators were used for
sonar. These oscillators resonate at microwave frequencies (~10" Hz) and allowed for major
advances in communications due to both their high frequency and small size. These crystal
oscillators, however, were found to degrade with time due to changes in their crystal structure.

The advent of the laser in the 1960’s ushered in a new era for time-keeping. These
coherent radiation sources allowed tests of Michelson’s proposed atomic references. Atomic
references have turned out to be the most precise clocks available due in part to their large
oscillation frequency. The base unit of time, the second, is now defined as 9,192,631,770
periods of the cesium 133 hyperfine ground state radiation, and further advances will be based on

more precise optical references. Frequency references’ usefulness, however, is not limited solely



to timekeeping. Advances in telecommunications has made it necessary to search for better

frequency references as the demand for larger amounts of bandwidth continually increases.

Telecommunication applications

The ability to communicate information over long distances has been a challenge
throughout the ages. Setting fires in a sequence to serve as beacons dates back to ancient
Greece, and were still in use up through the middle ages when the British used this
communication system along the southern coast of England to warn London of the oncoming
Spanish Armada [4]. Each beacon had to be attended by an operator, and only transmitted one
piece of information. More sophisticated systems depending on visual signals were later
developed in the 1800’s, but relied on highly trained operators and were limited by atmospheric
visibility. Also, these visual signals had no way of keeping messages private.

Modern telecommunication systems essentially started with the invention of the
telegraph. Many individuals worked on developing this technology (including Carl Gauss
among many others) as it became apparent that sending messages using electricity was much
quicker and more secure than previous methods. In 1837, roughly 30 years from its inception,
the telegraph was independently patented and implemented in both the U.K. by Sir William
Fothergill Cooke and Charles Wheatstone and the U.S. by Samuel F. B. Morse and his assistant
Alfred Vail. Over the next 20 years, the major metropolitan areas of the United States were
connected by telegraph lines, and in 1866 the first successful transatlantic lines were
implemented between Britain and the U.S. The world was essentially connected by 1872 when
submarine cables were laid to connect Australia to Asia. Submarine lines were connected across
the Pacific in 1902, completely circling the globe with high speed communication.

At this time when the world was first connected with near instantaneous communication,
transmission of encoded telegraph information was limited to a single direction. Thomas Edison
and Elisha Gray were paid by Western Union (the first major telecommunications company) in
1872 to find a way to send multiple signals simultaneously over a single line, and did so in about
2 years, with many improvements coming in the following decade. Another invention during
this time period that would revolutionize communications was as telegraph that could transmit
and receive audible tones, and was independently invented by both Alexander Graham Bell and

Elisha Gray (among many others in years to come). Bell ultimately received the patent for the



first telephone, although this fact was disputed in courts for the next 20 years. Bell’s laboratory
notes and letters to his family ultimately provided evidence that his work had been independent,
as well as admissions from other inventors of knowledge of Bell’s scientific achievements. On
a separate note, Bell initially offered to sell his patent to Western Union for the sum of $100,000.
The head of Western Union laughed away this offer, as he considered nothing but a mere toy. In
less than two years time, it is reported that Western Union sought to buy the technology for
$25,000,000 but Bell was no longer willing to sell the patent. In the meantime, Bell created his
own company, and matured the technology into being able to transmit voices (after buying
Edison’s patent on the microphone). Ultimately, the short-sightedness of Western Union became
apparent, as over 150,000 individuals were using telephones by 1887.

Electronic theory and practical implementation matured throughout the early 20" century,
resulting in advanced communication networks that improved both the speed and quantity of
data that could be transferred between locations. One of the main advances that helped achieve
these benefits was the advent of digital communications in the 1960°s. Prior to this, signals were
transmitted and received in an analog fashion, and long distance signals were very susceptible to
degradation by means of noise. Digital signals alleviate this problem as they can replicate the
original transmission through a series of properly implemented decoders and amplifiers.

Bell briefly experimented with light to encode voice transmissions with his invention of
the photophone in 1880 [5]. This ingenious invention relied on using a speaker to vibrate a
mirror which would reflect light towards a target with a similar setup to decode the signal. Due
to the signal degradation experienced by changing atmospheric conditions, work on this
technology would not continue for many years.

At the turn of the 20" century in what seemed to be an unrelated field, light waves were
sent through bent glass rods as lamps for medical purposes [6]. This idea of sending light over
small glass rods was later patented in the 1920°s by John Logie Baird and Clarence W. Hansell
for sending television signals and reproducing images. In 1930, a medical student named
Heinrich Lamm was the first person to bundle together several small glass rods, or fibers, with
the idea of imaging interior parts of the body without major surgery. The idea was to send light
along some of the fibers and collect the image with the remaining fibers. For the purposes at the

time, loss along these fibers was not an issue for the short distances required in the medical field.



The development of lasers in the 1960’s offered a new source of coherent radiation that
could, among other things, be used for communication purposes. There still remained the issue
of transmitting this signal over significant distances, as the fibers that were available exhibited
loss on the order of 1 dB/m (or 20% of the light was attenuated every meter). In 1965, Dr.
Charles K. Cao and George A. Hockham proposed that impurities were degrading optical
transmission in fibers, and losses of 10 to 20 dB per km (0.2% optical attenuation per meter)
could be realized. Dr. Cao was later recognized for his excellent work in this field, and in 2009
was awarded the Nobel Prize in physics. In 1970 researchers for Corning Glass Works achieved
this critical threshold for loss with titanium doped silica fibers, laying the experimental
groundwork for today’s standard telecommunication connections. Advances in optical fibers
eventually produced losses that were well below that of electrical lines.

Following in Edison and Gray’s footsteps to send multiple sets of information over a
single transmission line, wavelength division multiplexing (WDM) was proposed in 1970 [7] and
realized experimentally later that decade [8, 9]. This technique makes it possible to mix multiple
colors of light, send them simultaneously over an optical fiber, and later extract the individual
frequencies at the receiving end. Initial experiments were conducted with just a few different
optical frequencies, but current systems allow for over 160 frequencies to be transmitted
simultaneously [10]. This achievement is quite significant in the fact that large bandwidths of
the optical spectrum have been utilized (10’s of THz) as compared to the bandwidth of
electronics in the RF domain (10’s of GHz). Current telecomm channel spacing (equivalent to
channel spacing on FM radios) is set at 100 GHz, and while this spacing could be reduced,
portable optical references in this wavelength region would limit the channel spacing instead of
the fundamental molecular resonance. The following section gives an overview of the current
portable references as well as the best laboratory references to date to put the work of this thesis

in perspective.

Current near-IR frequency references based on acetylene
Acetylene has a series of overtone transitions that conveniently occur in the 1500 —
1600 nm range and has been chosen as the international molecular standard [11]. These
transitions are well spaced and have been studied extensively for both the carbon 12 and 13

variants. Portable optical references based on acetylene offer accuracies on the order of 100



MHz [12], while the optimal laboratory experiments boast accuracies near 1 kHz that are limited
by the fundamental absorption transitions [13-15].

The highest accuracy measurements of acetylene overtone transitions use a type of
nonlinear spectroscopy (called saturated absorption spectroscopy and described in detail in
Chapter 2) to observe absorption linewidths below the Doppler broadened profile. One condition
necessary to observe narrow sub-Doppler resonances of acetylene overtone transitions is low
enough pressures so that intermolecular collisions do not considerably broaden the linewidth.
This, however, imposes the necessity of long interaction lengths due to the weak strength of the
overtone transitions and the low gas pressures. Therefore, the first observations of sub-Doppler
features in acetylene used a power buildup cavity (PBC) absorption cell (which is essentially a
high finesse Fabry-Perot cavity built around an enclosed molecular vapor) and is shown in

Figure 1.1a[16, 17].
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Figure 1.1 High-accuracy acetylene reference based on a PBC absorption cell with locking
error signal taken from Ref. [17]. a) Schematic for frequency stabilization of a diode laser
using frequency modulation spectroscopy and a PBC absorption cell. Listed are a Faraday
optical isolator (FI) and a polarization beam splitter (PBS). b) Derivative of the sub-
Doppler absorption feature created by frequency modulation spectroscopy, and used as the
error signal to Servo 1 in a).

To achieve frequency stabilization, the diode laser was first locked to the Fabry-Perot
cavity using frequency modulation spectroscopy (the theory of this technique is explained in

detail in Chapter 3, while the experimental considerations for locking to an optical cavity are

listed in Ref. [18]). A low frequency modulation was then applied to the cavity so that a



derivative of the absorption feature (shown in Figure 1.1b) could be observed and used to
stabilize the cavity to the absorption transition. Once the diode laser was stabilized, a portion of
the light was then sent to be heterodyned with an optical frequency comb. The particular type of
comb used for this experiment was different in implementation than those listed in this work, and
had detriments that limited the measurement accuracy to 100 kHz [19]. However, this setup has
been repeated and improved upon by many groups that have achieved accuracies on the kHz
level [13-15, 20, 21].

The current portable frequency standard in the near-IR is based on the work of Sarah
Gilbert and Bill Swann [12], and uses a series of gas cells at various pressures to determine the
linewidth broadening and line center shift of acetylene transitions as a function of pressure. An
experimental schematic is shown in Figure 1.2a, and the Doppler broadened spectra used to
calculate the shifts and broadening are included in Figure 1.2b. Their work, combined with a
precise knowledge of the absorption transitions from previous work, has allowed the
development of portable gas cells that can give accuracies on the order of 100 MHz. The
accuracy of this system is limited by the fact that Doppler broadened absorption features with

widths on the order of 1 GHz or greater are used to make these measurements.
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Figure 1.2 a) Pressure shift measurement apparatus. A tunable diode laser is passed
through two gas cells as well as a wavelength meter while its frequency is swept to obtain
absorption spectra versus wavelength, shown in b). For reference, a span of 0.02 nm at
1550 nm approximately equals a span of 2.6 GHz. Both a) and b) were taken from Ref.
[12].

Another recent development in the realm of acetylene-based frequency references is the

work at the Czech Metrology Institute which involves a 50 mW distributed feedback fiber laser,



a 50 cm gas cell, and a simple arrangement of polarization optics shown in Figure 1.3 [22]. The
setup in this work is simpler than that of PBCs, and uses a nonlinear technique called
polarization spectroscopy that is on the order of 10° times more sensitive [23] than saturated
absorption spectroscopy. The significance of this work is that a cavity is not required, and yet
stabilities and accuracies rivaling that of PBC setups are achieved. It is not difficult to imagine
enclosing this setup in a rack-mountable box (with possibly a slightly shorter cell) so that this

could be packaged as a portable unit.
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Figure 1.3 Polarization spectroscopy schematic taken from Ref. [22]. Listed are a mirror
(M), polarization beam splitter (PBS), beam splitter (BS), optical isolator (ISOL.),
distributed feedback laser (DFB), temperature controller (TC), and a femtosecond (fs)
comb.

The work of this thesis aims to bridge this gap between the accuracy of current portable
technology and the accuracy of ideal laboratory experiments by performing sub-Doppler
spectroscopy techniques inside of hollow-core fiber than can be easily integrated into existing
fiber telecommunication networks. Even though the aforementioned experiments could be made
more compact and then packaged as portable references, problems could still arise with
misalignment of free-space optics. A fiber-based version of a portable frequency reference
would automatically alleviate this alignment issue by directly fusing the reference directly to the
fiber network. This work has the potential to improve the accuracy of portable optical frequency

references by a factor of 10°, and limitations imposed by optical fiber are investigated.

10



An overview of hollow-core optical fiber
It has been described previously how the production of fused silica fiber allowed for
optical communication networks to be widely implemented. Single mode fiber (SMF) has been
one of the main fibers used in these networks due to optical transmission losses of 2x10™* dB/m
[24] and is shown in Figure 1.4a. This fiber experiences guidance by means of total internal
reflection due to the core having a slightly higher index of refraction than the surrounding silica

cladding.
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Figure 1.4 Cross-sections of a selection of fused silica fibers with cores indicated with solid
and dashed lines for solid and hollow cores, respectively. a) SMF. The core (8 pm), shown
with solid lines, is doped so that the refractive index is slightly higher than the surrounding
cladding (125 pm), causing guidance through total internal reflection. A larger buffer
coating (250 pm) exists to help protect the fiber from aging. Multimode fiber has the same
structure, only with a larger core. b) Capillary fiber. Guidance occurs through simple
reflection, and is therefore quite lossy. These fibers are made in a variety of sizes, typically
on the order of 100’s of pm. c¢) Hollow-core photonic crystal fiber (HC-PCF). Guidance
occurs in the hollow core (10-20 pm) through interference effects of the photonic crystal
cladding (also known as a two dimensional dielectric mirror). The core is actually a defect
in the photonic crystal lattice, and is created by removing the inner unit cells prior to
fabrication. A buffer coating is included similar to that of SMF.

However, to develop a fiber-based optical reference that depends on molecular
absorption, a hollow core is necessary. One option is the capillary fiber shown in Figure 1.4b.
Because the core has a considerably lower index than the surrounding fused silica, guidance
occurs through reflections and is quite lossy. An ideal loss for such a fiber is ~5 dB/m for a
100 pm core at 1500 nm, and the loss goes as 1/° where r is the radius of the capillary [25].

This fiber must also be oriented in a fairly straight fashion, as small bends can greatly increase
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the transmission loss. As such, long lengths of this hollow waveguide are not suitable for the
basis of portable frequency references.

Hollow-core photonic crystal fibers (HC-PCFs) offer guidance similar to SMF (~10
dB/km loss [26]) and the ability to be filled with gas like capillary fibers. These commercially
available fibers have a periodic array of air holes (or a two dimensional photonic crystal lattice)
surrounding a hollow core (either 10 or 20 um in diameter) that causes destructive interference of
light in the cladding but not in the core (Figure 1.4c). These are in effect two dimensional
dielectric mirrors (creating a “photonic bandgap” where certain colors of light are not allowed to
propagate in the 2D crystal plane), where the hole size and spacing have been optimized to guide
light at 1550 nm with a bandwidth of 200 nm (see Figure 1.5a and b). These photonic bandgap
fibers’ (PBGFs) excellent guidance allows for long interaction lengths with molecules, which in
turn facilitates low pressure experiments. There is one significant detriment to these fibers,
however. Coupling into modes that exist in the silica region immediately surrounding the core
(called “surface modes”) occurs due to a large spatial overlap with the core mode [27]. This
coupling is observed as an oscillatory background in the transmission spectrum, and is observed
in Chapter 2.

There is also a special class of HC-PCF called kagome fiber (which is named after the
Japanese basket weaving pattern resembling the star of David) that offers broadband guidance
with slightly higher loss than photonic bandgap fibers [28]. This fiber does at first appear similar
to the aforementioned fibers in that it has a photonic crystal lattice (Figure 1.5¢), but the air-
filling fraction (the ratio of the area of the air holes to the total area) is much higher. Also,
photonic bandgaps occur at approximately A/2, where A is the lattice spacing (or distance
between hole centers). In the kagome fiber, photonic bandgap guidance should occur for

wavelengths near 6 um (A =12 ym). This is compared with PBGF whose lattice spacing is

kagome
3.8 um and offers guidance at 1550 nm. However, these fibers do allow guidance outside of
their bandgap region (there are transmission windows at 550 to 750 nm and 1050 to beyond
1700 nm) with losses around 1000 dB/km. This guidance is described in detail in Ref. [28], and
is generally explained by the minimal spatial overlap the core modes have with the cladding
modes. This isolation of the core modes, combined with the very small amount of glass in the
cladding region, minimize the effects of surface modes. While this fiber has high loss that is

comparable to that of the capillary fiber, its low bend loss makes it similar to photonic bandgap
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fiber. The fiber lengths necessary for this experiment are on the order of meters, and make it so

that kagome fiber is still a viable option for use in portable frequency references.

Figure 1.5 Cross-sections of different HC-PCF used in this work. All pictures have the
same scale. a) 10 um core and b) 20 pm core photonic bandgap fiber cross-sections taken
from Ref. [26]. c¢) 70 pnm kagome fiber cross-section taken from Ref. [28].

Due to these attributes of PBGF and kagome HC-PCF, they are the basis of the fiber-
based portable frequency references presented in this work. The effects of both the advantages
and disadvantages on the stability and accuracy of the fiber-based reference are investigated in

the following chapters.
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CHAPTER 2 - Saturated absorption spectroscopy inside hollow-

core photonic crystal fiber

Using molecular absorption as a basis for laser frequency stabilization is appealing due to
the narrow linewidths that can be observed experimentally. One such molecule that has an
overtone absorption spectrum (described in Appendix A) in the near-infrared (IR) region is
acetylene, and has been studied extensively [11-16, 20-22]. However, the natural linewidths of
molecular transitions are not observable in acetylene due to the weak transition strengths as well
as the presence of various broadening factors. The major source of broadening generally comes
from the distribution of molecular velocities and their interaction with the laser field. When a
molecule’s velocity has some component along the propagation direction of the laser field, a
Doppler frequency shift from the resonant frequency is observed. Other forms of broadening can

also be present due to intermolecular collisions and high optical powers.
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Figure 2.1 Fractional transmission of light through a gas cell versus frequency (a) when
only a probe beam is present, and (b) when both a pump and probe beam are present.

To observe linewidths below the Doppler limit in molecular gases, nonlinear
spectroscopy techniques are necessary. One such technique is saturated absorption (SA)
spectroscopy, and was developed in the 1960’s [29-33]. Additionally, many aspects of this
research have since been considered to make this a very accurate form of spectroscopy [34-37].

SA spectroscopy uses a pump beam to excite molecules in a given velocity class and a probe
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beam to then detect this absence of molecules in the ground state. Figure 2.1 shows the
difference between the absorption spectrum in the absence and presence of a strong laser pump
beam. If the pump and probe beams are created from the same laser source, then they must be
antiparallel to each other to observe sub-Doppler absorption features. This is because it is
necessary for both beams to interact with different molecular velocity classes except when both
are on resonance. When the probe and pump beams interact with the same molecules, a
reduction in the probe beam’s absorption is observed. When the two beams are not interrogating
the same molecules, then the probe signal is simply the unsaturated Doppler profile.

If long enough interaction lengths between the laser and the molecules are used,
sufficiently low pressures can be used so that the linewidth is determined by the average time
that molecules have to coherently interact with the laser field. Acetylene’s overtone transitions
near ~1530 nm have weak absorption coefficients. Therefore, in order to observe saturated
absorption spectroscopy without considerable pressure broadening, interaction lengths on the
order of one meter or greater are desirable. Free-space setups involving PBCs typically require a
highly reflective cavity combined with a gas cell, and require precise alignment. In contrast,
HC-PCEF allows coupling of light into the air core, and provides low loss guidance over distances
greater than several meters. However, collisions with the fiber core’s inner glass walls limit the
coherent molecular interaction time, and as a result broaden the observed sub-Doppler linewidth.
These wall collisions are the largest source of sub-Doppler broadening in fiber spectroscopy, as
low internal fiber pressures can be used in combination with long fiber length.

Investigation of HC-PCF’s potential usefulness for SA spectroscopy is conducted by
characterization of the sub-Doppler signals as a function of both internal fiber pressure and
optical pump power. This is done with the the ends of the HC-PCF inserted in vacuum
chambers, as sealed, low pressure fiber cells are difficult to fabricate, and are discussed in more
detail in Chapter 5. The ends of the fiber are therefore loaded into vacuum chambers (whose
volume are much greater than the volume of the fibers’ core and surrounding air holes) and
evacuated down to ~20 mtorr with a roughing pump (Figure 2.2). The vacuum chambers are
then filled with the desired pressure of acetylene. Wedge-cut windows with infrared anti-
reflective coatings (purchased from CVI Melles Griot) were used on one side of the vacuum
chambers so that light could be coupled into the fiber ends from free space while minimizing

reflections.
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Figure 2.2 Optical layout for saturated absorption spectroscopy inside HC-PCF. The ends
of the HC-PCF reside within vacuum chambers so that acetylene can be loaded into the
evacuated fibers. Schematic a) splits the output of the erbium doped fiber amplifier
(EDFA) to create both the pump and the probe at a fixed ratio to one another. Schematic
b) splits the probe beam before the pump beam is amplified, thereby fixing the probe
power, which allows for maximizing signal-to-noise ratio when shot noise limited, and fixes
the amount of power broadening caused by the probe beam. This second schematic also
has the advantage of independently applying modulations to either the pump or probe.
Acousto-optical modulator (AOM), electro-optical modulator (EOM), coupler (C),
polarizing beam splitter (PBS), optical isolator (OI), and photodetector (PD).

Two different cw laser sources were available for this experiment: an external cavity
diode laser (ECDL) that could be tuned from 1505 nm — 1585 nm (or 10 THz around 195 THz),
and a narrow linewidth (~500 Hz at 100 ms) fiber laser that could be scanned 10 GHz around the
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P(13) v| + vs transition of '*C,H, (both are described in more detail in Appendix B). An erbium
doped fiber amplifier (EDFA) was then necessary to amplify the cw source laser up to 300 mW
to achieve the appropriate pump powers for this experiment. This setup is depicted
schematically in Figure 2.2a, where both the pump and probe beams are created from the output
of the EDFA (Figure 2.2b illustrates an alternate setup that is more convenient to modify for
experiments in Chapters 3 and 4). The probe beam, which is set at a fixed fraction of the pump
power, is sent through an acousto-optic modulator (AOM) to shift the probe frequency. This
causes the interference between the probe beam and any pump beam reflections to occur at one
half the AOM frequency (faom ~55 MHz), which can be easily filtered out electronically. The
pump and probe beams are coupled into opposite ends of the HC-PCF to achieve the counter-
propagating geometry necessary for SA spectroscopy using a single laser source. Polarization
optics are used to separate the probe and pump beams by making the probe beam’s polarization
orthogonal to the pump beam’s polarization at the polarizing beam splitter (PBS) after exiting the
kagome fiber. The probe beam is then coupled back into a single-mode fiber and sent to a
photodetector (PD) that is used to record the probe transmission. Applying a ramp voltage to the
fiber laser’s piezo-electric transducer (PZT) linearly scans the laser frequency, and an example of

the resulting absorption spectrum is shown in Figure 2.3.
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Figure 2.3 Saturated absorption spectrum vs. frequency with interferometer frequency
calibration. a) (left axis) Normalized fractional transmission of a 4.1 m long HC-PCF near
the P(13) transition for a pump laser power of 32 mW exiting the fiber, while the laser
frequency was scanned at 1.2 GHz/sec. (right axis) The output from the FRC with a FSR
of 48.01 £ 0.01 MHz. The contrast of the fringe depth is not 100% due to connector loss
[38]. b) Zoom in of the sub-Doppler feature from a).
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Frequency calibration

To properly characterize the linewidths of these absorption transitions, fitting of these
spectra is necessary. For both types of cw lasers used in this experiment, however, applying a
linear voltage to their scanning mechanisms does not translate into a linear frequency sweep.
This is due to the hysteresis present in PZTs’ motion when sufficiently large voltages are
applied. It is generally necessary to apply these large voltages so that the entire Doppler profile
can be observed (as seen in Figure 2.3a). Also, the manufacturers’ specifications for the
conversion between applied voltage and relative frequency change were not very accurate.
Therefore, interferometers were setup so that a portion of the scanned laser light could be sent

through them so that this signal and the absorption signal could be recorded simultaneously.
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Figure 2.4 Interferometer schematics for laser frequency calibration. (a) Michelson
interferometer schematic. The length of one arm (L) is larger than the other (L;), and
defines the free spectral range according to Equation 2.1. (b) Fiber ring cavity schematic.
A standard 4-port fiber coupler (C) is used, where the input ports (il and i2) and output
ports (o1 and 02) are labeled. For this setup, 02 should always be the lower coupling
percentage of the two output ports, 02 and i2 are connected to make the the second
pathway to the detector (and resembles a ring). In this case, 02 has a coupling value of
30%, while o1 has a complementary value of 70%. The output port of the cavity (ol) is
then directed onto a large area photodetector, and can be seen in Figure 2.3 as the blue
trace. If an EOM is used before the input of the cavity, then the cavity’s free spectral range
can be measured by changing the synthesizer’s frequency so that the subsequent frequency
sidebands are resonant with adjacent cavity resonances.

Two types of interferometers were used for frequency calibration and are shown in
Figure 2.4. A Michelson interferometer was set up to have two different arm lengths, thus

creating an interference signal on the photodetector whose free spectral range (FSR) is given by
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c/n,
FSR = +—-
I3 2.1

where AL is the difference in path length, and for this case is 2(L, —L,). While this system was

robust, it does not lend itself readily to a portable setup. A fiber ring cavity (FRC) was also
constructed to make a frequency calibrator that could be setup with standard fiber components
[38]. A FRC is simply a 4 port fiber splitter where the secondary input (i2) and output (02) port
have been connected together. The primary output port (here defined as ol, and is the output
port that has the higher coupling value) is connected to a photodetector, and thereby two paths
have been created between the source and the photodetector. Light in both of these paths

interferes, and for this case AL =1L, , where L, is the length of the connected input and output

00p 3
port. Common SMF optical patch cords can also be inserted in between 02 and i2 to easily
change the FSR. Lengths can be practically measured down to the nearest cm, and therefore this
calibration method offers accuracy on the order of 1% or better.

A higher-precision calibration method exists for the FRC where an electro-optic
modulator (EOM) is used to place frequency sidebands on the light entering the FRC (EOMs are
discussed in more detail in Chapter 3). The spacing between the sidebands and the central
frequency is set by the drive voltage applied to the EOM. The frequency of the drive signal can
then be changed so that the sidebands are resonant with the adjacent cavity modes. This can
actually be extended up to any integer of the FSR, and gives accuracy on the order of 0.02%

while requiring no knowledge of any lengths, refractive indices, or the speed of light.

Linewidth characterization results

Ultimately, the goal of investigating saturated absorption signals in HC-PCF was to find
the narrowest linewidths with the strongest amplitudes. These strong, narrow signals will be the
basis for cw laser frequency stabilization for use as a near-IR optical reference. Spectra have
been recorded and analyzed at a variety of pressures and optical pump powers in HC-PCF with
various core sizes to investigate these parameters. The first two types of HC-PCF used in this
experiment were commercially available 10 and 20 um PBGF [26], while the third type was 70
um diameter kagome fiber obtained from our collaborators at the University of Bath (U.K.) [28].
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These fibers have their advantages and disadvantages as described in Chapter 1, and are
investigated in this section.

Fitting saturated absorption spectra in acetylene requires use of Beer’s law [23], which is
FT =™ 2.2

where FT is the fractional transmission (or the ratio of the transmitted to the incident intensity),
a 1s the absorption coefficient, and L is the interaction length between the molecules and the
laser field. The absorption coefficient depends on both the number of molecules ( N ) and their

cross-section (o ) and is given by
a=ocN 23

Using the ideal gas law ( PV = NkT ), one can see that pressure (P) and N are linear if the volume

(V) and temperature (7) are held constant. Due to the weak oscillator strengths of the v, +v,

branch of IR transitions for acetylene, the absorption will have a Gaussian profile. The saturated
absorption spectroscopy implementation allows observation of a narrow Lorentzian reduction in
absorption when the pump and probe beams are resonant with the same molecular velocity class.

The fitting equation used for the spectra recorded in this work was

f~Toy,

w,

aL:—ln(FT):Age_z[ ) |1-4,

)
W

1 2
4(f_fc2H2 _2fAOM) +W12

24

where A4, is the amplitude of the unitless absorbance evaluated at resonance

((aL), =-W(FT)

ey

), w, is the full width at Ll/ (or 60%) of the Gaussian component,
e 2

4, is the amplitude of the Lorentzian component, w, is the full width at half maximum (FWHM)

for the Lorentzian component, f., is the optical frequency of the acetylene transition of
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interest, and f,.,, is the RF frequency of the AOM. The factor of 2 occurs in front of f,,, for

the following reason. The pump and probe beams are coupled into the HC-PCF in counter-
propagating directions, so that the Doppler shift that the molecules experience are of opposite

signs for the two beams. The equation for a molecule’s Doppler shifted absorption frequency is
Savs =fC2H2 +k-v 2.5

Now, because the the pump and probe beams are created from the same laser source, their

frequencies are related by

fprobe = fpump - fAOM 26

and the resulting wave numbers are given by

— 27[ f pump 2 7
pump .
C
2 +
kprobe = ﬂ.(flmmp fAOM) . 2.8
C

However, due to the counter-propagating directions of the pump and probe, the unit vectors have

opposite signs

>
|

—k 29

probe — pump

The condition of observing the narrow sub-Doppler feature in saturated absorption spectroscopy
is that both the pump and probe are properly Doppler shifted to interact with the same set of

molecules. This creates the following condition where

fC2H2 +kprobe V= fC2H2 +kpump v 210
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which simplifies to the following once Equations 2.7 - 2.9 are substituted in

1
fpump = fprobe :EfAOM 2.11

Similarly, the observed linewidth is reduced by a factor of two in this setup when compared to a
setup that has a pump beam that does change frequency (which would necessarily need to be

created from a separate source than the probe.

Figure 2.5a and b show the FWHM of the sub-Doppler feature, w,, versus acetylene

pressure inside the fiber and versus optical pump power exiting the fiber. In Figure 2.5a, the
spectra in the various HC-PCFs all exhibit ~10 MHz/torr pressure broadening, in agreement with
previous experiments at higher pressure [12]. A more notable trend, however, is the inverse
relationship of the FWHM to the fiber’s core size. This can be explained by transit-time
broadening which is the minimum observable linewidth due to the limited interaction time
between molecules and finite-sized beams. In free-space setups, the optical beam size can be
adjusted by the appropriate choice of optics and narrow absorption features can be observed.
Hollow optical waveguides used in this work have a set optical beam size, and this transit-time
effect is ultimately the dominant source of broadening in the system at low pressures and low

pump powers. The FWHM of the transit-time limited feature, w, ,, can be estimated by

vt erma.
W, = 0.375ttemat 2.12
rl/e

where 7, is the 1/e half width mode field radius of the optical beam and v, is the average

thermal

thermal velocity for the molecules and is given by

/2kT
vthermal = m . 213

This results in estimated widths of 46, 27, and 7.3 MHz for the 10 um PBGF, 20 um PBGF, and
the large core kagome HC-PCF, respectively. For the kagome HC-PCF, there is no data for the
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mode-field diameter, and since the core has an oval structure, the minor radius of 48 um was
used. There is good agreement with the zero-pressure intercepts of the experimental data in the
three different fibers with widths of 36 MHz, 19 MHz, and 8.0 MHz, respectively (Figure 2.5a).
Linewidth broadening due to optical pump power was also investigated, and is shown in
Figure 2.5b. According to Chapter 7 of Ref. [23], the power broadening experienced in a

saturated absorption system where a single laser is used and the probe is much weaker than the

w,
W, =%{1+ /Hpi] 2.14

where w, is the linewidth in the absence of power broadening effects and P, is the optical

pump,

power required to reduce the population-density difference (between the ground and excited
state) to one half its unsaturated level. Linewidths in 20 um PBGF (blue diamonds in Figure

2.5b) were fit using Equation 2.14, and values of w,,=27MHz and P, =49 mW were

sat

obtained. Results were also obtained for data recorded in the kagome HC-PCF (green hexagons)

with values of w,;=7.3MHz and P, =34mW . These calculations neglect loss down the

length of the fiber, and therefore are most likely overestimates. These values can be compared
with the value of 23 mW reported in Ref. [39], where the reduction in observed absorption was

used to calculate the saturation power.
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Figure 2.5 Sub-Doppler FWHM w; as a function of acetylene pressure and optical pump
power. a) w; versus acetylene pressure with fit lines extrapolated to zero pressure for three
different HC-PCFs. Data taken in the 10 pm (triangles) and 20 pm (diamonds) HC-PCF
were taken on the P(11) tramsition [40], while data in the 70 pm kagome HC-PCF
(hexagons) was taken on the P(13) transition [41]. The lengths of each fiber were 0.9 m, 0.8
m, and 4.1 m and the optical pump powers exiting the fibers were 30 mW, 29 mW, and 32
mW for the 10 pm, 20 pm, and 70 pm core fibers, respectively. Error bars from a chi-
squared fitting routine are smaller than the symbol size. b) w; versus optical pump power
exiting the 20 pm PBGF (blue diamonds, left axis) and 70 pm kagome HC-PCF (green
hexagons, right axis). For the 20 pm PBGF, the fiber length was 0.8 m and the pressure
was 1 torr, corresponding to a FT = 25%. The kagome fiber’s length was 1.4 m, and the
pressure inside the fiber was near 200 mtorr, corresponding to 60% FT.

Although the kagome fiber exhibits the narrowest sub-Doppler features in HC-PCF to
date, the inherent fiber loss makes it difficult to make a direct comparison with PBGF. There is
less than a few percent power loss in PBGF over the course of a couple of meters, while kagome
HC-PCF can easily lose 20% of the guided light every meter. This means that data recorded in
kagome fiber exhibits more power broadening than data recorded in PBGF when the power
exiting both fibers are equal. However, the kagome fiber does offer an advantage over PBGF in
that there are no observable surface modes (see Chapter 1 for a detailed explanation of surface
modes). Even though PBGF offers excellent low-loss guidance in the core, surface modes in
these fibers cause an oscillatory background (shown in Figure 2.6) which can lead to shifts in the

position of the sub-Doppler absorption feature’s peak. When stabilizing a laser to a signal such
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as this, this shift in peak position will directly translate into a frequency offset, and will degrade
the performance of the reference. PBGF can be designed to reduce this effect [42], though most
of the fiber that is commercially available has not corrected for this flaw. Kagome fiber on the
other hand does not exhibit surface modes because of the reduced amount of silica present in the
cladding area (see Figure 1.5 for a comparison between PBGF and kagome HC-PCF cross-

sections), and is potentially more suitable for accurate frequency measurements.
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Figure 2.6 Fractional transmission saturated absorption signal in acetylene-filled 10 pm
PBGEF vs. frequency. The oscillatory background in this fiber is due to inherent coupling
between the hollow-core mode and “surface modes” in the silica cladding. The v, +v, line,

optical pump power exiting the fiber, and internal fiber pressure are listed at the bottom of
the graph.

When determining suitability for optical references inside of fibers, the width of the
absorption feature is not the only parameter that needs consideration. Frequency modulation
spectroscopy, which is discussed in Chapter 3, is used to generate a derivative of the sub-
Doppler feature that is useful for frequency stabilization. It is the slope of this derivative that
will determine how well we can lock a laser’s frequency to an absorption feature (the larger the
slope, the better). We define a term called the discrimination (D) to estimate this ability, and is

defined as
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where C is the contrast of the sub-Doppler feature (or the amplitude of the sub-Doppler feature in

fractional transmission units) and is defined here as

C=¢ 04 _ g% 2.16

The parameter C is similar to the quantity described in Ref. [16] (whis is defined as the ratio of
the height of the sub-Doppler feature to the height of Doppler broadened transition, and does not
give a good indication of the signal-to-noise ratio). A plot of D versus pressure inside each of
the fibers is included in Figure 2.7 and shows that kagome fiber offers D values on the order of
1,000 GHz, which is a factor 10 improvement over PBGF. Free-space experiments that use
high finesse cavities can still do much better than this, and from the work in Ref. [20], this

experiment would offer D’s near 20,000 GHz™ (C ~ 0.02 and w; = 1 MHz).
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Figure 2.7 Discrimination (or Contrast/ w,z) versus pressure in 10 pm PBGF, 20 pm PBGF,
and the large core kagome HC-PCF. These values were calculated from the results of
Figure 2.5a. Optimal values of D can be observed in the middle of each data set, which
roughly corresponds to 50% FT.

The discrimination was also calculated for the data taken versus power in Figure 2.5b.

The results show that at low powers, D increases steadily (Figure 2.8). However, between 50

and 100 mW, the discrimination levels off. This indicates that the increasing amplitude of the
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sub-Doppler feature at high optical powers is cancelled by the power broadening observed in the

width.
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Figure 2.8 Discrimination (D) versus pump power in the 20 pm PBGF and the large core
kagome HC-PCF from Figure 2.5b. The value of D increases with power up to a point,
which appears to be near 100 mW.

In summary, the sub-Doppler linewidth has been investigated as a function of fiber
pressure and optical pump power (where the measured linewidths in kagome HC-PCF are the
narrowest in fiber to date). Also, the optimal conditions for laser frequency stabilization have
been estimated. Working at a pressure that makes the FT equal to 50% and an optical power
over 100 mW should give the strongest observable Lorentzian features, although small amounts
of pressure and power broadening may be present. The optimization of the linewidth will be
useful for the aim of this work. However, absorption features are not directly suitable for laser
frequency stabilization due to their even symmetry (any deviations from the peak of the
transition do not indicate whether an increase or decrease in frequency has occurred). While
there are many types of modulation techniques available to generate absorption derivative signals
(that have the necessary odd symmetry), one convenient and well-studied method is frequency
modulation spectroscopy. This is the modulation scheme used throughout the rest of this work,

and is described in detail in Chapter 3.
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CHAPTER 3 - Frequency Modulation Spectroscopy

Frequency modulation (FM) spectroscopy is a technique capable of detecting absorption
and dispersion features [36, 43] which are convenient to use to stabilize laser frequencies to
either molecular transitions or cavity resonances. Originally invented for use in microwave
spectroscopy experiments [44, 45], FM spectroscopy was later implemented in laser
spectroscopy through the use of phase modulators (more commonly known as EOMs). This
method generates signals that have zero-crossings that are suitable for laser stabilization, and is
insensitive to laser intensity fluctuations to first order. This technique also has the advantage of

operating at high modulation frequencies where the technical (1/f) noise is low.
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Figure 3.1 a) Saturated absorption fractional transmission, FM absorption signal, and FM
dispersion signal versus frequency in kagome HC-PCF. Data were taken on the P(13)
v, +v,; ro-vibrational transition. b) Zoomed in view of spectra in a).

FM spectroscopy is incorporated into the SAS setup by placing an EOM in the probe
beam path. An EOM is a crystal whose refractive index changes in the presence of an external
electric field, which is generally accomplished by placing parallel plates on either side of the

crystal. These are commonly implemented in fiber coupled devices, where relatively small
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voltages (<5 V) can operate the device at high RF frequencies (up to 10 GHz). Passing an
optical laser beam through an EOM while driving the parallel plates with an RF modulation

signal causes the incident light to experience phase modulation and takes the form
E, (t)= Eycos( fiyet + M -cos( fiy1)).- 3.1

where E, (t) is the transmitted electric field, £, is the amplitude of the incident field, f, . is the

aser

frequency of the incident laser, M is the amplitude of the modulation signal (or modulation

index), and f;,, is the frequency of the RF modulation. Using the trigonometric identity

cos(a+b)=cos(a)cos(b)Fsin(a)sin(b), Equation 3.1 can be rewritten as

E, (t)=E, ( COS ( fyyer ) 008 (M -cos( fry 1)) +sin( £, t)sin (M -cos( fy t))) : 3.2
There also exist identities to further expand the nested cosine terms, and are

cos (M -cos( fryt)) = Jo (M) =T, (M )cos (2 fyyt) = J_, (M) cos (=2 f )

+4T, (M)cos (4 fot)+ 47, (M)cos(—4 finy)... >

sin (M -cos( fiyt)) =, (M )cos( ft) = J_, (M )cos(— fit)

=3J; (M )cos(3 fryt) +3J_5 (M) cos(=3 fryt)-.. 4

where J, (M ) is the n™ order Bessel function (n 1s an integer) evaluated at M. Substituting

Equations 3.3 and 3.4 into 3.2 yields

E, (t)=E,(J, (M)cos(f,asert)+(Jl (M )cos( frut)—J_, (M)cos(—fFMt))sin(f,amt) |

—(, (M) cos (2 frpgt) + Ty (M ) €08 (=2 i 1)) €08 ( frpper ) + - >

Equation 3.5 can be further simplified to the form
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. (1)= B0y (M) o (f )
+(J( )COS(fFM ) - ( )COS( Jemt ))Cos(fzasert"‘”/z) . 3.6
+(J2( )c08(2 frnt)+J 5 (M ) cos (=2 fryt ))cos(f,mt+7r)+...)

It can be shown that these individual cosine terms can be combined, and result in

E,(t)= Ey(Jo (M )cs( fry0rt) + T, (M) COS(( frnser* frnt )1+ 7/2)
+J_1 )OS (( fruser = Sint )1 =7/ 2) + T, (M )OS (( fryor + 2 S )t + ) 3.7

cos( Jrusor 2fFM t+7r)+ J)

where it is clear that the resulting output laser spectrum contains additional coherent components

(called sidebands) at f,_ *n- f,, .

- =
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Figure 3.2 Fractional power in the output spectrum of an EOM as a function of M. The
power of the incident wave and first through fourth order sidebands are included (n = 0
+1, £2, £3, and +4 respectively). It can be seen that for a modulation of 0.75 or less more
than 99% of the power is contained within the central carrier and the first order sidebands.
Also, when M = 1.15, approximately half of the power is contained within the first order
sidebands.

If M <1, the amount of power in the sidebands of order two or greater is much smaller

than that of the power in the central carrier and the first order sidebands. Figure 3.2 shows a plot
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of the fractional power contained within the central carrier and sidebands as a function of M (this

is a root-mean-square (RMS) calculation, which effectively depends on J’ (M )). Therefore,

only the first order sidebands are considered beyond this point, as values of M <1 are used
experimentally.

Ignoring all but the first order sidebands in Equation 3.7, the electric field of a laser

transmitted through an EOM can be rewritten as E,(¢) = %(El(t) +E :(t)) , Where

El (f) — EO [_(?j el(jlaser_.fFM)t + el.fla.\'ert + (7j el(j[mer""jFM)tJ ] 3.8

If the light is then coupled into an acetylene-filled HC-PCF, each spectral component

experiences a different attenuation (9 ), phase shift (¢ ), and transmission (7)) described by

a. L
0, =— 3.9
/ 2
n; )
¢j :?L(ﬁaser—’_].fFM) 3.10
T,=e" " 3.11

J

where « is the absorption coefficient, L is the length of the sample, n is the refractive index of

the sample, c is the speed of light, and j = 0, +1, denoting the spectral components at f,__ and

fooo & four » Tespectively. The transmitted field through the sample, E, (f) :%(Ez(t)+E~’;(t)), is

given by

E‘2 (t) — EO (_T—l (7j el(.f[u.\'er'_jﬂ\/[)t + ]Bel‘f’"mt + ]’;1 (7) el(f/(,ser*'.fFM)lj 3.12
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~ 2
c|E, (1)
Directing this light on a square-law detector results in an intensity 7, =% Dropping

V4

terms of M’, and assuming that the difference observed between the individual sidebands and the

central carrier’s absorption and phase shift are small (i.e. |50 - 5ﬂ| <1 and |¢0 -9, |<x1),
cE; .
Iz(t):8—(1+A5-Mcos(fFMt)+A¢-Msm(fFMt)) 3.13
T

where AS=(5,-6,) and Ag=(¢,+¢,—2¢,). Subsequently, mixing of the electronic
photodetector signal with an RF signal at f,, allows observation of either an absorption (Ao ) or

dispersion (A¢) signal. For the case of saturated absorption spectroscopy, the absorption and

dispersion parameters are defined as

5 STz, : 2
5(f):%-e =) -4, (VIVL) 2 3.14
4(f_fc11 _fAOMj +(WL)
2852 2

A A 2WL(f_fC2H2_;fAOMj
o)== 1 ; 3.15
4(f_fC2H2_2fAOMj +(WL)2

where the parameters are defined in Equation 2.4.

The power incident on a photodetector with an area 4 is given by P, (t)=4-1,(¢).

Combining this with Equation 3.13 yields

Py(t)=F,(1+ A5 - M cos( fr, 1)+ Ap-Msin( £, 1)) 3.16
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2
where P, =A4- o

o The output current from the photodetector will contain DC and RF terms,
V4

and will be of the form i, (¢) =i,¢ +ip- (¢). The two components of the current are given by

i, =ge fy 1
DC _g 77 hfl‘aser 3' 7
P .
i (1) = gen—2 (A5-Mcos(fFMt)+A¢-M51n(fFMt)) 318

h fiaser

where g is the electronic gain of the photodetector, e is the charge of an electron, and 7 is the
optical-to-electrical efficiency of the detector.
It is useful to consider the signal-to-noise ratio (SNR) of the electrical modulation signal.

The main sources of noise for this system are shot noise (i,,) and thermal noise (i), as 1/f

noise is negligible for lasers at RF frequencies. The root-mean-square (RMS) electrical noise

power for these two noise processes depend on the square of the current, and add in quadrature

(i) =i,/ +1i.’) since they are uncorrelated. The RMS shot noise and thermal noise powers are

given by
-2 . 2 2 PO
L = 28€Ipc A =2g€n| —— [-Af 3.19
hf;aser
— 4kT
i = (—R )Af 3.20

where Af is the bandwidth of the detection electronics, & is Boltzmann’s constant, 7 is the

temperature, and R is the input impedance for the detection electronics. The SNR is then defined

as
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2
1 P
o zgzeznz(hfo JMZ((M)z*(M)Z)
SNR RF_ laser

=2

Iy P, 4kT
e "(hf,mj v+ )

It should be noted that the electronic detection scheme that will be employed picks out either the

3.21

absorption or the dispersion term.
Considering the two dominant noise processes in Equations 3.19 and 3.20 one can see
that as the optical power is increased on the detector, the shot noise will dominate. This level

occurs when

ZkT ’ hfaser
f)O > R),min :(]e#
gen

3.22
For the case of this experiment, 7= 300 K, R = 40 kQ (for the New Focus model 1811 125 MHz

photodetector, listed in detail in Appendix B), g =1, and # = 0.9, and result in £, . =1.2uW.

Figure 3.3 shows a plot of the SNR for the 125 MHz and 1 GHz photodetectors (New Focus
model 1611) with asymptotes for low and high power, and the transition between the two noise
regimes can clearly be seen.

Because the saturation power of acetylene inside PCF is on the order of 20 mW, the

probe beam can be on the order of several mW’s without observing any considerable power

broadening. In this case, the total electrical noise power becomes i =i, . Therefore,
combining Equations 3.18 and 3.19, the SNR in Equation 3.21 simplifies to
SNR~e - [ By M*((88)' +(ag)’) 3.23
lvhzot 4Af hfiaser '

Here it is clear that increasing probe power (Py) or the modulation index M can increase the

SNR.
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Figure 3.3 Plot of SNR/ ((Aé’ )2 +(A¢)2) vs. optical power from Equation 3.21 for the 125

MHz (blue solid curve) and 1 GHz (red solid curve) New Focus photodetectors (listed in
Appendix B). Also included are extrapolated fit lines of the SNR when thermal noise
dominates at low power (dash-dotted lines) and when shot noise dominates at high power
(dashed lines). The transition between these two processes occurs where the two
extrapolated lines intersect, and is around 1.2 pW and 50 pW for the 125 MHz and 1 GHz
detectors, respectively. The 125 MHz detector saturates near 80 pW of optical power,
while the 1 GHz detector saturates near 1 mW.

It is also useful to make experimental observations of the noise level in our system to
determine if we are in fact limited by the optical shot noise. If we are limited by the optical shot
noise, then the ratio of the shot noise to the mean optical power will be the same as the ratio of
the shot noise on the current to the DC current level generated at the photodiode. This ratio will
also determine the shot noise level on the voltage produced from the photodetector’s gain circuit,

and all three quantities are related by

PO,shot — lshat — I/shat 3 24
R e Vpe
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where V. is the voltage produced by the photodetector’s amplification circuit. It is useful to

use the relation

R = 3.25

to convert the optical power into an experimentally measurable voltage (G

trans

and R, are the

transimpedance gain and responsivity of the photodetector, respectively). The electrical shot

noise power of the photodetector (with light) can then be calculated by

— — 2
v, i v, v
P — __shot _ shot DC _ 2 eG R h DC A 326
ele,shot R ( Z.DC j R g trans ~ A ( flaser) R f

where R is 50 Q, corresponding to the input impedance of the spectrum analyzer (Equations
3.18, 3.19, 3.24, and 3.25 have been used for simplification). Power on a spectrum analyzer is

typically reported in decibels with respect to 1 mW (dBm), which makes Equation 3.26 become

v,
2gthrans Rl (hflaser ) % Af

0.001W

B o shot(asm) = 10log,

A calculation of the shot noise power level for 67 uW of optical power on the 125 MHz
photoreceiver yielded a level of -77 dBm. Experimentally, a power level of -79 dBm was
measured, in good agreement with calculation. The optical power was ultimately limited by the
saturation level of the 125 MHz. Due to the consequences of Equation 3.23, a 1 GHz
photodetector was eventually employed to allow higher optical probe powers to be used,
effectively increasing the SNR.

If the electronic signal from Equation 3.18 is sent to an RF mixer also driven at f,,,, the

absorption or dispersion can be extracted. Due to the mixing process, the resulting signal has
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components at DC and 2 f.,,. Therefore a low-pass filter is used to isolate the DC signal (shown

in Figure 3.4) which is useful for laser frequency stabilization.

FM spectroscopy: experimental schematic and observed spectra

FM spectroscopy is observed in acetylene-filled HC-PCF, and the schematic for this
experiment is shown in Figure 3.4. There are a couple of differences between this setup and the
saturated absorption spectroscopy setup in Chapter 2. The first is the presence of a fiber EOM in
the probe path. The second is the presence of a fiber amplitude modulator (AM) before the
EDFA. This modulates the pump beam, which effectively removes any voltage offsets on the
error signal (this amplitude modulation produces a signal which is the difference between when
the pump is on and off, and the voltage offsets observed are either due to the Doppler
background or the fiber guidance, and are typically on a much slower time scale than this
modulation frequency). Because of optical power limitations on both the EOM and AM, and due
to the fact that these modulations need to be applied separately to the probe and pump beam, the
setup in Figure 2.2b is the basis for this experiment. Finally, a fiber splitter has been added
before the interferometer to provide light for the heterodyne experiment necessary to fully
characterize the laser after stabilization has been achieved.

Laser stabilization is achieved by employing an FM spectroscopy technique capable of
detecting Doppler-free dispersion signals. The optical and electrical schematics for cw laser
stabilization are shown in Figure 3.4, and contain slight modifications of the optical setup in
Figure 2.2. The probe beam passes through a fiber EOM (General Photonics LiNbO; phase
modulator) to generate FM sidebands (fpm = 22 MHz) where 50% of the carrier power is shifted
into the first order sidebands (M ~ 1). Also, amplitude modulation (fay = 900 kHz) of the pump
is used to reduce offsets due to the Doppler-broadened background. A high bandwidth PD (New
Focus 1811-FC) is used to detect the modulation frequencies and requires fiber coupling via the
PD fiber. The PD signal is filtered, amplified, and mixed at both fgpv and fam to observe a
Doppler-free absorption signal shown at the bottom left corner of Figure 3.5. This dispersion
feature with odd-symmetry is used as the input error signal to servo the cw fiber laser to the

P(13) transition of the v; + v; ro-vibrational transition in 12C2H2.
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Figure 3.4 Optical schematic for FM spectroscopy inside HC-PCF. The schematic is
similar to Figure 2.2b, and differs only in the couplers used to split a portion of the probe
beam for the heterodyne experiment. Also, an EOM phase modulates the probe beam
directly after the AOM stage. The probe passes through the acetylene-filled HC-PCF and
is detected by the PD, whose electrical signal is sent to a servo circuit after demodulation.
Also, the pump beam is amplitude modulated (before amplification), which requires
another stage of demodulation but offers reduced noise on the final error signal and
ensures a minimization of offsets.

The error monitor (or the input to the servo controller) can be analyzed before and after
laser stabilization to determine how well the laser is locked. To do this, the error monitor was
sent to a fast Fourier transform (FFT) spectrum analyzer (which is a type of electrical spectrum
analyzer that can make accurate low frequency measurements) to observe the spectral content
below 100 kHz. Figure 3.6 shows that when the laser is locked the low frequency components
(up to 3 kHz) are slightly reduced while higher frequency components are increased. This
increase is called a “servo bump” and is typical for servo controllers. This result indicates that
we are stabilizing the laser to the acetylene transition for low frequencies at the expense of

adding faster noise components.
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Figure 3.5 Electrical schematic for FM spectroscopy. The probe signal is directed onto a
photodetector and then sent to the FM demodulation circuit (f,, =22MHz).

Demodulation consists of a band-pass filter (BPF), an amplifier, a mixer driven at the
desired demodulation frequency, and a low-pass filter (LPF). The resulting signal is then
sent to the AM demodulation circuit ( f,,, =900kHz ), which produces the signal shown in
the graph. This signal serves as the error signal for standard servo electronics which feeds
back to the fiber laser’s PZT to stabilize the optical frequency.
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Figure 3.6 The error signal power spectrum when the cw laser is locked (blue) and
unlocked (red). The PZT on the fiber laser only allows feedback up to approximately 20
kHz, indicated by the “servo bump” in the locked signal. Because the fiber laser is
inherently very narrow, the noise spectrum is not significantly reduced. Resolution for this

measurement was 128 Hz.
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This type of analysis is characterized as an “in-loop” measurement because we are using
the electronic stabilization signal to characterize the laser’s stabilization. In-loop measurements
are not adequate to fully characterize a reference. The reason for this is that any additional noise
on the electronic locking circuits can be written onto the stabilized cw laser, and will not be
observable at the error monitor output. An example of this would be noise that is on the
electrical power lines in the laboratory. This noise could be transferred to the electronic locking
circuit, and therefore written onto wall outlet lines, but might not be detected by the FFT
spectrum analyzer (if the noise is written onto this machine as well). As it has been mentioned
previously, the only accurate way to fully characterize a frequency reference is through a
heterodyne experiment with another optical reference. The results of these “out-of-loop”

measurements are the topic of Chapter 4.
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CHAPTER 4 - Frequency reference characterization

Frequency references are characterized by their frequency stability and frequency
accuracy. Both of these quantities can be degraded by systematic (non-random) and random
noise processes. Errors in calibration or observed frequency drifts are examples of systematic
noise processes, while electronic shot noise is a common random noise process. Basic statistics
such as the mean and the standard variance can be used to describe the quality of a reference,
though the sample variance for several noise types does not converge as the number of samples
grows (such as flicker and random walk noise). As a result, neither of these statistics gives
specific information on the reference’s stability. An example of this is shown in the right-most
graph in Figure 4.1, where the average frequency versus time is plotted for a reference that is
both stable and accurate. The leftmost graph shows a stable but inaccurate reference, whose
standard deviation would be similar to the aforementioned. However, if one considers the
middle two graphs, the mean and standard deviation appear to be similar despite the two
references’ different behavior. It becomes apparent in these instances that the standard statistics

cannot completely characterize references with frequency drift versus time.

Titme Time Time

Time

Stable but
ot accurate

Mot stable and
1ot accurate

Accurate but
not stable

Stable and
accurate

Figure 4.1. Average frequency value of several different frequency references vs. time
illustrating the difference between accuracy and stability (taken from Ref [46]).

A different way to calculate frequency stability was proposed by D.W. Allan to better
characterize frequency references. This new quantity, called the two-sample variance or the
Allan variance, has the ability to identify different noise types, converges for most noise types at

large sample numbers, and uses the standard experimental implementation for data collection.
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The Allan variance differs from the standard variance in that the point to point deviations are

analyzed instead of the deviations from the mean, and is defined as

N
<z yn+1 n > 41
n=1

where y, is the n"™ frequency measurement which has been averaged for a time . It is shown in

Ref. [47] that 0'}2, (r) ~7" where -2 < u <2 and u corresponds to different noise types. These

different noise types are generally defined by their power spectral density (S,) which take on the

form
S.(H=r° 4.2

where -3 <a <2 and is related to x by the relation  =—u—1 (except for ¢ =2).

Direct frequency measurements of an optical source are not possible due to speed
limitations of electronic detectors, though indirect measurements are possible through a
heterodyne comparison with another reference. Frequency chains, where RF and optical
references were linked together through various heterodyning stages, were first used as a stable,
accurate reference in the heterodyne experiment [48]. While this type of frequency reference
does offer broad spectral coverage, there are regions in the spectrum that cannot be covered due
to available cw laser sources (or require additional complicated nonlinear experiments to produce
spectra in this region). This detriment limits frequency chains’ usefulness for some
spectroscopic applications, and the complicated electronic and optical setup limits their
availability.

Frequency combs are an alternative to frequency chains, and rely on the output of a single
mode-locked laser to provide a broad spectrum of coherent frequencies. The coherence of
sequential laser pulses from a mode-locked laser was first shown in Ref. [49], and eventually led
to an understanding of pulses in the time and frequency domain shown in Figure 4.2 (taken from
Ref. [50]). It took nearly 20 years of development to fully understand and control the output

spectrum of these lasers [51] due in large part to available mode-locked lasers and nonlinear
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materials. One major advance was the discovery of Kerr-lens-mode-locking of Ti:sapphire
lasers that produced very short pulses in the time domain and therefore had very large spectral
bandwidths. Additionally, nonlinear fibers (which allow low-loss guidance in small cores over
several meters) were manufactured that are suitable for broadening the spectrums of these lasers.
This spectral broadening allows stabilization of all the frequency components in the comb,

making it a very useful spectral ruler.
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Figure 4.2 Time and frequency domain of the output of a stabilized mode-locked laser
(taken from Ref. [50]). a) In the time domain, pulses are separated by  (or f_ ), and the

rep

phase of the electric field evolves from pulse to pulse in a deterministic manner (A¢g). b) In
the frequency domain, spectral components are spaced by f._, and are offset from DC by

rep
fo-

The temporal output of a stabilized mode-locked laser, or frequency comb, has two
characteristic components; namely the time between pulses (7 ) and the phase evolution (A¢)
between the peaks of the electric field and the pulse envelope (Figure 4.2a). Considering the
frequency components necessary to produce these short pulses by means of a Fourier transform,

it becomes apparent that there are two characteristic quantities in the frequency domain (Figure
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4.2b). They are the repetition frequency ( f;

rep

) and the carrier-envelope offset frequency ( f;)

and are related to the time domain components by [50]

1
Jep == 43
T

27fy = AP frep 4.4

The individual spectral components in this spectrum are evenly spaced by f, , and are offset

from DC by f,. Therefore, knowledge of the integer mode number, n, of a given comb “tooth”

(or discrete spectral component) allows precise knowledge of the comb tooth’s frequency, and is

given by
ﬁq:n.ﬁep+ﬁ)‘ 45

Stabilization of a frequency comb’s repetition frequency is relatively simply to
accomplish. First, a portion of the laser’s output is detected on a fast photodetector. The RF

spectrum of the photodetector will contain frequency components at integer multiples of f_ due

rep
to the individual modes interfering with one another. This signal is filtered so that only one of
these interference frequencies is present and is then sent to a servo that changes the length of the
cavity (typically accomplished through a PZT of some form).

Stabilization of f, is a bit more involved experimentally because it typically requires
broadening the output spectrum of the laser to span an octave. This technique is known as self-
referencing [50], and uses a nonlinear crystal to double a low frequency component of the
spectrum to interfere with a high frequency component (also known as an f-2f interferometer). If
the n™ tooth of the comb is frequency doubled (using a nonlinear process), the resulting

frequency of this spectral component will occur at 2f =2n-f_+2f,. If this spectral

component is then interfered with the 2n™ component of the comb (whose frequency by

definition is f,, =2n-f,+f, from Equation 4.5), difference frequency generation allows
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observation of f;. This signal is then filtered and sent to a servo that feeds back to an intracavity

dispersion mechanism (detailed for individual combs in the following section).

Frequency comb stabilization vastly simplifies both the setup and operation of a vast
array of phase-stabilized optical frequency components when compared with frequency chains.
The techniques for comb stabilization have been well studied, and are implemented in this work
in a few different ways that depend on the particular type of laser that the comb is based on. The
following section gives a general overview of the three different types of frequency combs used

in this experiment along with their mechanisms used for stabilization.

Frequency combs used in the heterodyne experiment

Three different frequency combs were used to test both the accuracy and stability of the
cw acetylene reference. The first comb listed below is based on a free-space laser, and is similar
to previous Ti:sapphire combs where the repetition frequency can be altered by changing the
length of the free-space cavity. The necessary task of changing the repetition frequency is
detailed in the absolute frequency measurement section. The two following combs are fiber
based, and offer much easier operation compared to the free-space comb while also adding the
advantage of being portable by nature. A general summary of each comb is listed below along

with references containing more detailed operation.

Free-space Cr:forsterite laser frequency comb

A free-space prism-based Cr:forsterite (Cr:f) laser was used as the basis for a near-IR
frequency comb due to the ability to make large (~kHz) changes to the repetition frequency
while it was stabilized [52]. A schematic of this laser is shown in Figure 4.3a where a linear
cavity with prisms used for dispersion compensation is implemented. The operation of this laser
(conducted by Rajesh Thapa and Karl Tillman) is similar to Ti:Sapphire lasers, although the Cr:f
crystal must be chilled to -10 deg C to achieve lasing. Typically, frequency stabilization only
lasted for an hour or two which made it difficult to collect long-term stability data with this
comb. The schematic for the f-2f interferometer and a typical spectrum of the supercontinuum
(SC), or the broadened output spectrum that achieves an octave of bandwidth, are also included

in Figure 4.3b and c.
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Figure 4.3. a) Free-space Cr:f laser using prisms for dispersion compensation. Also
indicated are the various mechanisms for stabilizing both the repetition frequency and the
carrier-envelope frequency. Listed are high reflector (HF), prisms (P), and radius of
curvature (ROC) of the indicated mirrors. b) f-2f interferometer schematic for f
stabilization. Listed are highly nonlinear fiber (HNLF), supercontinuum (SC), dichroic

mirror (DM), and periodically poled lithium niobate (PPLN). c¢) Output spectrum of the
Cr:f comb. These figures are taken from Ref. [S3].

Two sets of control schemes were necessary for the stabilization of f, |

and f; due to the
large frequency noise and drift observed with this laser. The repetition frequency of this laser
was stabilized by sending control signals to two PZTs (with different response bandwidths)
attached to the cavity’s high reflector that allowed for coarse and fine frequency stabilization.
The carrier-envelope offset frequency was coarsely stabilized by moving one of the cavity
prisms in and out of the laser beam path by means of an attached PZT to change the intracavity

dispersion. Because of the prism’s relatively large mass (compared with the PZT), only slow

fluctuations were removed from f,. Therefore, an AOM was placed directly after the pump

laser to control the peak power in the laser cavity (which in turn also affected the cavity
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dispersion). In this comb, f = was generally stabilized near 125 MHz and due to available

electronic filters f was stabilized near 35 MHz.

Figure-8 fiber laser frequency comb

A fiber laser frequency comb was made available by Dr. Brian Washburn and Jinkang
Lim, and is similar to the one described in Ref. [54]. The laser itself consists of two loops of
fiber (thus making a “figure-8”) which contain polarization controllers, an isolator, and erbium
fiber as the gain material (shown in Figure 4.4). Light is coupled out of the laser via a coupler,
amplified, and then sent to another fiber stage for SC generation. Amplification is achieved by
using erbium doped fiber which is pumped in both the forward and backward directions with
1480 nm laser diodes. This allows high enough pulse powers to be reached so that the following
highly nonlinear fiber (HNLF) broadens the spectrum of the laser pulses until an octave is

covered. A free-space f-to-2f interferometer is then used to detect f;, which is suitable for
stabilization.

The two control mechanisms used for comb stabilization in this setup are a PZT attached
to a section of the fiber cavity to control the length of the cavity (and thus f, ) and the current
on the pump laser diode which changes the intracavity pump power (and stabilizes f).
Typically, f,, was stabilized near 113 MHz while f, was stabilized anywhere from 60-90 MHz
(due to the range of the tunable band-pass filter used to isolate f,).

This comb was easier to operate than the Cr:f comb, but occasionally offered challenges
in maintaining stabilization for extended periods (more than 4-5 hours). To achieve this length
of stabilization time, the comb was enclosed in a Plexiglas box where the figure-8 laser was

directly mounted on a water-cooled plate for active temperature control.
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Figure 4.4 Figure-8 fiber laser frequency comb schematic, reproduced from Ref. [54]. a)
Optical schematic for the laser, supercontinuum generation, and f-2f interferometer. In

this figure, the repetition frequency is indicated as f . b) Electrical schematics for
stabilizing f_ and f,.
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Carbon nanotube fiber laser frequency comb

The most convenient comb available for the heterodyne experiment was the self-starting
carbon nanotube fiber laser (CNFL) frequency comb [55] shown in Figure 4.5 (the CNFL was
created by Jeff Nicholson at OFS laboratories and the SC generation and comb stabilization were
accomplished by Dr. Washburn and Jinkang Lim). The CNFL has a ring configuration where
the carbon nanotubes act as a saturable absorber inside the cavity, and are placed on the end of
an optical connector of a PZT fiber stretcher which is used to control the cavity length. The laser
is followed by a parabolic pulse fiber amplifier which uses a low-dispersion-slope HC-PCF [56]

before a supercontinuum is generated in the highly nonlinear fiber.
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Similar to the figure-8 comb, feedback to a PZT and the current of the pump laser diode

are used to stabilize f, and f,. Here f was stabilized near 167 MHz while f; was stabilized

rep

anywhere between 60 and 130 MHz.
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Figure 4.5 Schematic of the phase-stabilized CNFL frequency comb from Ref. [55]. LD:
laser diode; OC: output coupler; WDM: wavelength division multiplexer; PZT: piezo-
electric transducer; EDF: erbium-doped fiber; PBGF: photonic bandgap fiber; SMF:
single mode fiber. Inset: the supercontinuum after the HNLF.

Frequency stabilization of combs to a GPS-disciplined Rb clock

Frequency combs can be stabilized very precisely to either optical or electrical frequency
references. Referencing a comb to an atomic clock would result in the highest stability and
accuracy currently available. However, atomic clock setups are generally expensive and are not
available at Kansas State University. An alternative to using an atomic clock is using a global
positioning system (GPS) disciplined rubidium clock receiver and is the system used for the
measurements presented in this work. At short time scales (< 1 day), the Rb reference
determines the instability of this reference. To obtain long term stability, the Rb/GPS is
synchronized to several (typically 9) GPS satellites that are in turn synchronized to a laboratory
atomic clock. The particular unit used is a Precision Test Systems model GPS10RB GPS-
disciplined Rb oscillator (Rb/GPS) and generates several stable 10 MHz signals that are used as
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references for all frequency counters and the comb synthesizers [57]. The behavior of this

particular unit is specified to give a fractional frequency instability of approximately
2x107"" 77 (where 7 is the averaging time). This reference is ultimately limited by the short

term instability of the Rb oscillator.

While combs can be frequency stabilized with very high precision, the easiest way to
measure this is to compare with a more stable source. Alternatively, comparing two combs
directly (although they would ideally have the same stability) could be done to verify that the
stability of the Rb/GPS is being transferred without any additional instability. However, due to
the different repetition frequencies of our various frequency combs, a problem arises from the
fact that the pulses in the time domain will only overlap at the least common multiple of the time
between pulses for the two combs. For the case of the Cr:f comb and the CNFL comb (with

Jrp's mear 125 MHz and 167 MHz, respectively), the time between pulses would be

approximately 8 and 6 ns, respectively. This means that every 31 pulse from the Cr:f comb
would interact with 4™ pulse from the CNFL comb which would reduce the overall SNR of this
measurement (as compared with the case where both repetition frequencies were equal). Further
complicating this measurement is the different phase evolutions both combs would experience.
This would result in further reduction of the SNR due to the different temporal positions of the
electric fields’ peak for each set of interfering pulses.

An alternate approach can be taken to characterize the stability of the frequency combs.
This method relies on interfering both combs separately with the cw reference and is shown in
Figure 4.6a. When conducting a single heterodyne experiment, the Allan deviation that is
calculated from this measurement merely sets an upper limit for the instability of both
references. However, if a third reference is used so that three separate heterodyne experiments
are conducted simultaneously, the exact uncertainty for each reference can be determined (not
simply an upper limit) [58, 59]. This is known as a “3 cornered hat” technique. For the reasons
listed above, the third corner of this triple heterodyne experiment is not possible due to the
particular frequency combs that are available. Therefore, we have conducted a “2/3 cornered
hat” measurement (where only two heterodyne experiments are conducted simultaneously).
While this measurement does not allow for absolute characterization for any single reference, it
does accomplish an indirect comparison of the two combs. Because both combs are referenced

to the same Rb/GPS unit, this measurement sets an upper limit to how well the combs are
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referenced to this reference. Figure 4.6b shows the fractional frequency instability of the two
heterodyne experiments (which appear to lie on top of one another) from Figure 4.6a. Also
plotted is the fractional frequency instability of the difference between the two beat notes (where
any fluctuations due to the cw acetylene reference have been subtracted from one another). This

calculation effectively sets an upper limit on the stabilization ability of both combs

(approximately 3x107277"?), which is well below the Rb/GPS quoted instability of

2x107"" 77"% and shows that the instability of the Rb/GPS is indeed transferred to the frequency

combs without any extra noise.
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Figure 4.6 Block schematic and fractional frequency instability of the 2/3 cornered hat
experiment. a) The output of each indicated comb is combined with a portion of the cw
acetylene reference in fiber couplers, and then separately heterodyned on a photodetector.
This allows both beat notes to be counted simultaneously. b) Fractional frequency
instability of both beat notes (recorded over the same time interval) versus averaging time.
Also plotted is the instability of the difference between the two beat notes, setting an upper
limit for the instability between the two combs. This, however, does not give any
information on the stability of the Rb/GPS reference since it is common to both
measurements.

Accuracy measurements
The first quantity considered to fully characterize this cw optical reference is the
accuracy of its absolute frequency. A schematic of the optical heterodyne measurement is given
in Figure 4.7a, while a conceptual representation of what is occurring in the frequency domain is
listed in Figure 4.7b. The comb is first filtered with a fiber-coupled optical band-pass filter, and

then combined with the cw reference in a fiber coupler. This heterodyne signal is then directed
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onto a photodetector, which is band-pass filtered in the RF domain and amplified. The
fundamental comb parameters, f., and fy, are counted with HP53132A 12-digit frequency
counters, and the RF heterodyne signal (fie.t) and the AOM used in the cw reference (faom) are
counted with HP53131A 10-digit frequency counters. To make this accuracy measurement, it
was necessary to use the Cr:f frequency comb because it facilitates large changes in its repetition
frequency (on the order of kHz).

To explain the significance of the data taken in this section, a basic understanding of the
relation between the frequency comb and the cw reference is necessary. The optical reference’s

frequency (fiaser) and the nearest comb tooth’s frequency (f,) are given by the equations

flascr = f;( + 1/2](‘AOM 46

ﬁaser i | fbeat

-7 4.7

where f; is the experimental frequency of the P(13) v; + v; ro-vibrational transition in 2C,H,,
faowm is the frequency of the probe beam’s AOM, f; is the frequency of the nearest comb tooth,

and 7 is the integer mode number of this nearest tooth. Combining Equations 4.5 - 4.7 yields

f;(+l/2fAOMi|f;)cat =n: rcpi|f;)|‘ 4.8

The signs of foeat and fp are ambiguous due to the mixing process, and are determined by
changing the frequency lock point of both f, and f; while observing fi... The absolute
frequency of the reference cannot be determined in a single measurement due to the uncertainty
in determining n (due to the mode spacing of the laser being below the spectral resolution of

optical spectrum analyzers).

52



S ......................... Rb/GPS Reference ....................................................................... E
f - Optical filter
H ( A rep ) E
N Counters |¢------- Frequency | | /—\I PD BPF
(2 digio Jerge_comb ] C_J AV} D Comnter
0 >~ (10 digit)
N \Saom ) e Joeat
.p| Counter /77" Stabilized (010) e
| (10 digit) | CW laser | (@)
b
) RF : near-IR Srour
— — "\H. ea
f N
‘f‘o rep
)| —
//// Y Y > f
0

f;z =n; rep +-f¢; f}aser

Figure 4.7 a) Optical and electrical schematic for the heterodyne beat between a frequency
comb stabilized to a rubidium-disciplined GPS clock (Rb/GPS) and a cw laser stabilized to
2C,H, inside kagome HC-PCF. Solid red lines indicate optical fiber coupling and dotted
black lines indicate electrical connections. Shown are a fiber coupler (C), fiber polarization
controller (PC), photodetector (PD), and electrical band-pass filter (BPF). b) Spectrum of
the frequency comb with the cw reference ( £, ). There is a discontinuity in the frequency

axis to show both the RF and near-IR domains. Red dotted lines indicate positions of
individual comb teeth that have little or no power, while solid blue lines indicate teeth with
observed optical power. Individual frequencies are listed in detail in this section.

The reference’s frequency is therefore calculated by using a technique similar to Ref. [60]
which uses a Vernier approach. After an initial heterodyne measurement, the repetition
frequency is changed such that fi.,; represents the beat between the optical reference and the
n+m™ comb tooth, where the integer m can be directly observed. This frequency measurement is
directly analogous to the improved precision one can make in a length measurement using two
different length scales. Comparing Equations 4.5 - 4.7 for two different values of f., allows for
the solution of n in terms of focat, fAOM, frep,1> frep,2> fo, and m. Assuming that the instabilities of

these parameters are uncorrelated, the uncertainty of n (An) is given by
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where frep1 and frp2 are the initial and final repetition frequencies, respectively, and the Af ’s
indicate the uncertainty on each frequency. Typical uncertainties of the frequencies after
averaging for 30 minutes are estimated by their standard deviations, and are: Afy = 1 Hz,
Afveat = 20 kHz, Afaom = 1 kHz, and Af;p = 1 mHz. To know n to the nearest integer (An < 1) in
Equation 4.9, values of m > 900 would be necessary, but keeping the comb locked over such a
large change is challenging and time-consuming. Therefore, measurements are made with
m = 10 at two different values of f., separated by up to 200 kHz. Each measurement therefore
had a An =40 and fj.ser Was calculated for the two data sets for all possible values of n. When
compared, 6 measurements agreed at a single value of fj,ser to within 100 kHz. Thus the mode
number of the nearest tooth was resolved. However, higher accuracy of + 20 kHz was expected
on the ~10 MHz wide feature in view of the + 2 kHz accuracy achieved with a ~1 MHz wide

sub-Doppler feature in PBCs [13, 14] and vapor cells [22].

Beat-note frequency shifts due to alignment

The cause of the 100 kHz inaccuracy was investigated because this value was roughly a
factor of five larger than expected (due to a simple argument of the ratio of linewidths in this
experiment to that of free-space measurements). The cause of the 100 kHz inaccuracy was
discovered to be the laser alignment into the kagome fiber and the photodetector collection fiber
as shown in Figure 4.8. When the pump or probe beam alignment into the kagome fiber was
changed such that the power through the fiber was reduced by a factor of two, the frequency lock
point of the acetylene-stabilized laser experienced ~100 kHz shifts. In contrast, no shifts were
observed when the power was reduced by a factor of two while alignment was preserved.
Similar changes in alignment into the PD fiber (middle right of Figure 3.4), which was initially
single mode fiber (Corning SMF-28), demonstrated shifts on the order of 100’s of kHz. The PD
fiber was switched to multi-mode fiber (MMF), and the frequency dependence on the pump and
probe alignment was found to be smaller by roughly a factor of two, while the frequency
dependence of the coupling into the PD fiber remains on the order of 100 kHz. More

importantly, the frequency shift became centered about the optimum alignment for peak power.
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When the system’s peak power was optimized through the kagome and PD fiber, the frequency
of the lock point was repeatable to £20 kHz. No shifts greater than 10 kHz were observed when
servo polarity, FM phase polarity, and AM phase polarity were reversed.
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Figure 4.8 Frequency shifts of the cw reference due to pump and probe misalignment. The
beat frequency between the CNFL comb and the cw reference is plotted vs. time, and the
text on the graph indicates what parameters of the cw reference were changed to result in a
change of the beat note frequency. x: horizontal mirror position; y: vertical mirror
position; MMF: multimode PD fiber; OC: original coupling.

The dependence of the laser frequency on pump and probe alignment suggests that
different spatial modes inside the kagome fiber experience different phase shifts. The alignment
sensitivity is mitigated with the placement of a multi-mode fiber before the PD, suggesting that
the multi-mode PD fiber collects more of the higher order modes simultaneously, allowing the
various shifts from various modes to cancel more completely. It is reasonable that different
spatial modes experience different shifts. Shifts in saturated absorption signals are known to
arise from wave front curvature [35] and in angular beam deviations [37]. If one considers the
pump (or probe) beam to be in the fundamental mode, and some of the power of the probe (or

pump) beam to be in the next higher mode, then a series of crossings between the pump and
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probe occur. The effective angle between the guided modes can be calculated from the
difference in the propagation constant f, which in the case of kagome HC-PCF can be

approximated to that of a capillary waveguide:

Bon —k{l(%n 4.10

In Equation 4.10, & is the wave vector amplitude and d is the fiber core diameter. The subscripts

are the guided mode indices and uyy, is the m™ root of J _(u,)=0 [61]. During a

misalignment, the coupled beam can partially “hop” from the fundamental mode HE;; to the first

higher order mode set (TEq;+HE3;). The propagation mismatch between the two sets of modes is
AB =(Azd®)(u], —u3, ) = 2.8(2/d?) 4.11

From a simple ray picture the phase mismatch between these modes corresponds to a mismatch

of their wave fronts of
A0 =(A/nd)(u;, —u,, ) =0.45(2/d)rad 4.12

If the beams were to cross in free-space at this angle at one end of an absorption cell, a frequency

shift of

Af = (Virma | A) 8i0(6/2) =2 MHz 4.13
would be observed [37]. We postulate that many crossings occur in the kagome fiber, causing
the shifts to generally cancel out. Additionally, the pump and probe beams are likely to be

exciting different distributions of higher order modes, which could account for these residual

shifts. In a fused, vibrationally isolated photonic crystal fiber cell (i.e. a gas-filled HC-PCF
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spliced to a conventional optical fiber) [62], such random shifts are likely to be reduced,

although a permanent shift may result.

Determination of the cw reference’s absolute frequency

To fully characterize the gas-filled fiber frequency accuracy, a series of measurements
were made under a variety of acetylene pressures. The beat between the stabilized cw laser and
the convenient CNFL comb was counted for over 1000 s at 1 s gate time and averaged. The
absolute frequency of the acetylene-stabilized laser (fiser) Was already measured to within
100 kHz with the Cr:f laser, which allowed for the determination of » (which by definition is an
integer) in subsequent measurements from Equations 4.5 - 4.7. Figure 4.9 plots the frequency of
the reference with the AOM shift removed (fx) versus acetylene pressure inside the kagome fiber,
and each data point indicates an independent realignment of the SAS setup. A linear fit through
these data gives a zero-pressure intercept of (195,580,979,379.6 = 5.6) kHz with a slope of
(-369 £ 48) kHz/torr. Both of the listed errors are statistical (or Type A) uncertainty.

Systematic shifts and uncertainties in the absolute frequency arise due to residual gas
pressure, fiber alignment, pump power, and attenuation in the fiber (all of these parameters are
considered Type B, or non-statistical, uncertainty). The residual pressure in the chamber was
~20 mtorr, which implies a 7.4 kHz uncertainty using the measured pressure shift of
-369 kHz/torr. This pressure shift has an error of + 61 kHz/torr when a 10% pressure calibration
error is included, and is near the value of (-270 + 30) kHz/torr (2 ¢ error) recorded at pressures of
~50 torr in Ref. [12]. Alignment shifts were also considered, and were effectively transformed
into statistical error by repeated alignment of the system. A frequency shift of -1.6 kHz was
calculated by multiplying a previously reported power shift of -11.4 Hz/mW [20] by 144 mW of
average pump power, accounting for attenuation down the length of the fiber.

The P(13) frequency measured in this work is listed alongside an error budget in Table 4.1
with values from Ref.s [13, 14]. It should be noted that the total error bar on this measurement is
within an order of magnitude of those from similar experiments using SAS in power build-up
cavities and vapor cells with ~1 MHz FWHM sub-Doppler features [13-15, 20-22, 63]. The
measured value, when corrected for pressure and power shifts, is (195,580,979,378.0 = 9.3) kHz,
which agrees with previously measured values within the uncertainty. From this agreement, we

conclude that shifts caused by molecules colliding with the fiber core walls are below the 10 kHz
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level. Thus the gas-filled kagome fiber is a suitable medium for portable precision spectroscopy,

potentially increasing the current calibration standard by four orders of magnitude.
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Figure 4.9 Absolute frequency of the acetylene-stabilized laser versus acetylene pressure
inside the 4.1 m kagome fiber with a linear fit line. Each data point indicates an
independent alignment to avoid frequency offsets due to free-space coupling into the
kagome fiber. The linear fit gives a zero-pressure intercept of (195,580,979,379.6 £ 5.6)
kHz and a slope of (-369 + 48) kHz/torr.

Table 4.1. Mean >C,H, v;+v; P(13) frequency and error budget for this work and for
referenced work [13, 14].

Uncertainty (kHz)
Mean P(13) value (kHz)
Statistical’ Pressure’ Power* Total
This work 5.6 7.4 0.6 9.3 195,580,979,378.0
Ref. [14]* - - - 3.7 195,580,979,370.4
Ref. [13] 2.0 10.0 - 10.2 195,580,979,371.1

T Type A uncertainty
! Type B uncertainty

* individual uncertainties were not listed for the P(13) line
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Stability measurements

The precision of a frequency reference’s oscillation as a function of averaging time is the
most common parameter used to describe its stability. Ideally, as the averaging time of the
oscillation frequency is increased, the measurements should become more precise. On a long
enough time scale, however, all frequency references experience degradation in their precision
due to various noise processes. Due to the ease of use and long stabilization times achievable
with the CNFL frequency comb, most stability measurements of the cw reference were
conducted with this comb. The setup for this measurement is the same as the absolute frequency

measurement (Figure 4.7a), and an example of the counted beat note frequency is included in

Figure 4.10a.
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Figure 4.10 a) Frequency of the beat between the HC-PCF acetylene-stabilized laser and
the CNFL frequency comb vs. time, recorded at a 1 s gate time using a counter.
Oscillations with a period of ~10 minutes correlate to air-conditioner cooling cycles. b)
Optical fractional frequency instability vs. averaging time for fy..: (filled squares) and the
GPS disciplined Rb oscillator (open pentagons). A triangle deviation, similar to an Allan
deviation, was calculated for fyeat.

At 1500 nm, the dominant source of instability in the CNFL comb is due to the Rb/GPS
instability being transferred to f,. Equation 4.1 was used to calculate the triangle deviation, an
estimate of the Allan deviation that is distorted by the interpolation of our frequency counters
[64]. The counters experience a small amount of dead time between consecutive counts, making
the recorded data not truly consecutive. However, this dead time is typically on the order of

40 ms, and when counting at averaging times of 1 s or greater, the difference between the
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triangle deviation and the Allan deviation is negligible. Fractional frequency instabilities were
calculated for fuear (Obea) and frep (0wp) In the optical domain to determine the heterodyne
instability and the comb’s in-loop instability. Because of the limitations of in-loop
measurements, the Rb/GPS instability (pentagons) was plotted alongside the beat frequency
instability (squares) in Figure 4.10b. The instabilities given by the Rb/GPS manual are typical
values, and have not been measured for the particular unit used in this experiment. The CNFL
comb’s instability is limited by the Rb/GPS reference, and therefore dominates the beat
frequency’s instability at short gate times. The beat sets an upper limit on the instability of the
HC-PCF acetylene-stabilized laser, which is within an order of magnitude of other acetylene-
based frequency references in power build-up cavities and gas cells at 1 s averaging times
(shown in Figure 4.11) [14, 15, 22]. The higher instability is attributed to the broader sub-
Doppler linewidths observed in HC-PCF (~8 MHz) relative to the linewidths of free-space
configurations used in the previously mentioned experiments (~1 MHz). Also, deviations from
the expected T behavior (for t > 10 s) that occur in this work are attributed to the
air-conditioner cycles, and are seen in Figure 4.10a as oscillations that occur every 15 minutes.
The correlated behavior between the room temperature and the beat note frequency was
investigated, but a direct dependence was never determined. It is possible that thermal effects on
the fiber could be responsible for this shift (changing the waveguide slightly and therefore
shifting the relative population of modes described early in this chapter concerning the alignment
sensitivity).

The optimum potential relative instability of this reference can be estimated from the

equation

Ty (7) = W 3 4.14
».op fe -SNR-(BW )z :

where BW is the bandwidth of the low-pass filter right before the servo electronics. This
equation is taken from Ref. [65] (which presents it as a simple estimate for the optimum stability
of atomic clocks) and modified slightly to account for bandwidth of the detection electronics and

averaging time. Values of w, =8 MHz, f., =195THz, SNR =100, and BW =60 kHz were

used to obtain a fractional instability of 1.7x10"% at 1 s when the 125 MHz photodetector was
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implemented in the cw reference. Higher SNR values of 600 could be obtained by switching to
the 1 GHz photodetector and result in a fractional instability of 2.8x10"* at 1 s. This is
significantly below the measured instability at 1 s, indicating that a better optical reference is
necessary to properly characterize the cw reference at short times. A second cw reference is

currently being fabricated and assembled to facilitate this measurement.
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Figure 4.11 Fractional instability versus averaging time for this work (using kagome
HC-PCF) and other references based on free-space saturated absorption spectroscopy of
acetylene setups. The names listed in the legend correspond to the following references:
Balling [22], Moon [15], and Madej [14].

Investigation of stability and beat note shifts at low optical powers and

reduced temperatures

Techniques were investigated which lead to a reduction in the observable linewidth with
an aim towards improving the stability of frequency references inside kagome HC-PCF. The
limited interaction time between molecules and the laser field, imposed by the size of the core
diameter, sets the minimum observable linewidth in HC-PCF. In the largest core HC-PCFs
available, the observable linewidths are an order of magnitude larger than those in free-space
power buildup cavities. The linewidth broadening that the fiber inherently induces in this
experiment sets a fundamental limit on our ability to stabilize a laser’s frequency for use as an

optical reference. Additionally, reducing the alignment sensitivity of the pump and probe beams
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into the fiber (simply by reducing the linewidth) would be of great benefit to the reference’s
accuracy.

Initial experiments of saturated absorption spectroscopy involved using free-space laser
beams, and observed linewidths were generally limited by the molecular transit-time in the laser
field which was set by the beam size [66]. Using a perturbation method to calculate the line
shapes in this experiment, Ref. [34] found that linewidths below the transit-time limit could be
observed. The reasoning for this lies in the fundamental setup of this experiment. The observed
sub-Doppler signal is created through contributions of molecules that all have no velocity
component down the length of the fiber. This, however, still allows for molecules to have a
variety of transverse speeds. If the optical pump power is reduced sufficiently below the
saturation power, a case can be realized where the fastest molecules will be unlikely to absorb a
pump photon before colliding with the core walls. This causes an effective attenuation of the
fast molecules’ contribution to the saturated absorption signal, leaving an observable linewidth
that is narrower than the transit-time limit. In addition to working at low optical pump powers,
low pressures are necessary so that the system is dominated by transit-time broadening and not
intermolecular collisions. These finding were investigated by Hald, et.al. in Ref. [67] to observe
linewidth reduction in 10 pm PBGF, though no efforts to the author’s knowledge have been
made to investigate this effect in other HC-PCF.

Although reduced linewidths have been observed in molecular systems, there have not
been any published results to the author’s knowledge on using this narrower line to improve the
stabilization of a laser. A consideration of the sub-Doppler feature’s linewidth and depth (or D
from Equation 2.15) is appropriate to determine if this method will be feasible to use in laser
frequency stabilization. When the optical power is much lower than the saturation power (or the
weak-field approximation given in Ref. [23] as Equation 7.29a), the saturated absorption signal

has an absorbance given by
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When the frequency is centered on the Lorentzian component, this equation becomes (to good

approximation)
P
aLsub—D = Ag (1 _P_j 416

where oL, , is the peak value of the reduced absorption. The contrast in this situation can be

calculated from Equations 2.16 and 4.16:
) 4.17

Because the pressure will necessarily need to be low, 4, will be small, and a Taylor expansion

of the exponents about zero in Equation 4.17 leads to
P
C=4,—.
“p 4.18

The amount of power broadening in the linewidths for this experiment will be negligible,

resulting in a discrimination of

A4,P
D= - 4.19
P -w

sat

Here, D can be used to observe trends in the SNR, and is clearly a function of both power and
pressure (from Equation 2.3). Because the pump power must be reduced by over a factor of 100
to get down to the necessary level to see linewidth reduction, the linewidth must decrease by at
least a factor of 10 to maintain the same SNR at high powers. Reductions by a factor of 3 were
observed in Ref. [67] over roughly this same range, which indicates that there may be no
advantage to employing this technique, as the stability of the locked cw laser might be degraded

more by the reduction in sub-Doppler height than it is improved by the reduction in linewidth.
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Experimental observation of linewidth reduction through slow molecule selection

Experimentally, it was quite straight-forward to see a linewidth reduction by reducing the
pump power. Because the sub-Doppler feature was quite small at both low pressure and low
pump powers, frequency modulation spectroscopy was implemented (detailed in Figure 3.4) to
both increase the observable SNR and to produce a suitable feature for laser-locking. In this
particular setup, the probe beam was less than or equal to 200 uW (the probe power was set
equal to the pump power in the case when the pump power was below 200 uW). The pump
beam was set to different powers by the combination of waveplate adjustments before the
polarization beam splitter and insertion of neutral density filters into the beam path before

entering the kagome PCF.
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Figure 4.12 FWHM of sub-Doppler feature versus pump power exiting the 4.1 m kagome
HC-PCF. FM spectroscopy dispersion signals were recorded and fit according to Equation
3.15. It is unclear why the 5 mtorr, ~15 mW data point exhibits a larger than expected
linewidth, though lack of optimization of either the FM or AM electronic phase could easily
account for this. Data was recorded and analyzed with the help of Shun Wu and Chenchen
Wang.

The resulting reduction in observed linewidths is shown in Figure 4.12 for two different
fiber pressures. There appears to be a factor of two reduction in the linewidths (from 8§ to
4 MHz) when comparing data taken at low power and near or above the saturation power (34

mW for kagome HC-PCF in this work or 23 mW as reported in Ref. [39]). This is a smaller
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amount of narrowing than the factor of 3 the authors in Ref. [67] found when investigating this
effect on 10 um core PCF (from 44 to 15 MHz). One possible reason for this could be that the
authors of Ref. [67] used longer PBGF (close to 10 m) which caused the FT of their system to be

close to 50% for a fiber pressure of 23 mtorr. Remembering from Chapter 2 that

A, =(aL),  =-W(FT)|

max

, working with longer fibers decreases the FT on resonance,

which in turn increases 4,. Because kagome HC-PCF is only attainable through our

collaborators at the University of Bath, investigation of this effect in a longer fiber has not yet
been possible. Additionally, the residual pressure in the fiber could broaden the minimum
observable linewidth due to the vacuum setup of this experiment.

The SNR of the FM dispersion signal was measured and is plotted in Figure 4.13. At low
pump powers, the SNR is nearly linear as a function of pressure. Observing that the linewidths
do not show any noticeable reduction below 2 mW of pump power in Figure 4.12, Equation 4.19
predicts this functionality. This reduction in SNR is detrimental to the stability of the cw

reference, as can be observed in the optimum calculation given in Equation 4.14.
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Figure 4.13 SNR of the FM dispersion signal versus pump power exiting the fiber. Data
recorded with the help of Shun Wu and Chenchen Wang.

Efforts were next enacted to test the stability of the cw reference under the conditions of

low fiber pressure and low optical pump power. First, the stability was measured with high
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pump power at two different fiber pressures to determine if a decrease in the SNR would degrade
the stability. This was indeed the case, and is shown in Figure 4.14a. Figure 4.14b shows a
similar trend when instead of the fiber pressure the optical pump power is reduced. At longer
gate times there is good agreement between the ratio of the SNR’s (found in Figure 4.13) and the
ratio of the fractional instabilities. Additional data were recorded to determine the repeatability
of this trend, and it was found that decreases in the SNR appear as increases in the fractional

instability.
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Figure 4.14 a) Fractional instability of the beat note for two different internal fiber
pressures of the cw reference vs. averaging time. The legend indicates the optical pump
power and the internal fiber pressure. The observed ratio of the 37 mtorr SNR to the 17
mtorr SNR was 1.7, while the average ratio of the fractional instability of the 17 mtorr data
to the 37 mtorr data was 1.8. b) Fractional instability for two different (low) optical pump
powers of the cw reference versus averaging time. The high power instability data is
included as a reference.

Molecular temperature reduction to increase the SNR
One idea to try and increase the SNR at low optical powers was to reduce the temperature
of the HC-PCF. This would reduce the molecules average speed according to Equation 2.13.
This reduction in temperature should affect the Gaussian component of the absorption line by

narrowing the observed width and decreasing the FT on resonance. Also, since the sub-Doppler
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feature is limited by transit-time broadening, one might expect to see a narrowing of the
linewidth due to a reduced temperature. However, it is likely the case that even at powers that
are close to the saturation power, some portion of the fast molecules are not able to saturate
before colliding with the fiber core wall. Reducing the temperature may have a minimal effect
on the sub-Doppler feature in this case.

A thermal isolation box with a lid was constructed so that a majority of the length of the
fiber could be placed inside and cooled. Cooling the reservoir of gas is not feasible in the current
setup, as the vacuum chambers are rather large and contain rubber gaskets. This thermal box
was made out of rigid polystyrene, and has a reservoir chamber adjacent to the fiber
compartment so that a temperature bath could be loaded without pouring the liquid directly on
the fiber (see Figure 4.15). Approximately ~20 cm on each end of the fiber is unavailable for

cooling due to the vacuum chambers.
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Figure 4.15 Physical layout (top view) of the cw reference with the thermal control and
isolation box. The thermal box has a separate reservoir (with holes drilled at the bottom to
connect) so that a temperature bath can be loaded without directly pouring it on the
HC-PCF. This is the same layout as detailed in Figure 3.4.

Acetylene has a long sublimation range and, for the pressure range of interest, a
sublimation point near 105 K for 10 mtorr of vapor pressure is shown in Figure 4.16. Initial
experiments were therefore done with a dry ice (solid CO,) and ethanol bath to make sure the

fiber could withstand substantial changes in temperature. The sublimation point of CO, is 195
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K, and the presence of ethanol does not change this noticeably. However, the bath temperature
was measured to be 235 K, which may be due to a small amount of the polystyrene box
dissolving in the mixture [68]. The ratio between room temperature and the dry ice bath is rather
modest, and while a slight reduction in the Doppler height and width was observed, no change
in the sub-Doppler feature’s width was seen. Further attempts to lower the temperature were
achieved by Chenchen Wang using liquid nitrogen and a heating plate with a temperature servo
controller. Temperatures below ~165 K appeared to condense the acetylene and caused the
absorption to disappear. The most likely cause of this higher vapor pressure is the presence of
acetone vapor, as commercially available acetylene comes dissolved in acetone for safety
reasons (acetylene will decompose explosively when stored in its pure form at pressures of 1 atm

or greater).
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Figure 4.16 Acetylene’s vapor pressure vs. temperature. Data points taken from Ref. [69].

Saturated absorption and FM spectra were recorded when the fiber was cooled to ~175 K.
The Doppler width depends on the square root of temperature (as it linearly depends on the
average molecular velocity), and one can calculate the (“cold”) temperature of the molecules

from the following equation:

68



Wocold | Lot

4.20

WG,hot ]1hot

where the “hot” subscripts indicate room temperature. Similarly, the amplitude of the absorption
coefficient can be used to calculate the temperature of the molecules since it depends linearly on
the number of molecules present. Using the ideal gas law, and because the fiber ends are
effectively connected to infinite reservoirs, the number of molecules are inversely proportional to

the temperature. This leads to the relation

AG cold ln (F];old ) ];101‘
— = = 4.21
AG,hot ln (Fj;zot ) ];old

A temperature sensor was placed in the thermal box, and after temperature stabilization was
achieved, a value of 175 K was measured. The Gaussian parameters were also recorded, and
using Equations 4.20 and 4.21 yielded average temperatures of 186 K and 168 K (special thanks
to Chenchen Wang for the considerable time she spent setting up the temperature stabilization
system). The measured FWHM of the sub-Doppler feature, however, was found to be
independent of temperature, even at higher optical powers (shown in Figure 4.17). The
conclusion drawn from this is that the transit-time effect must already “filter out” the faster
moving molecules at room temperature. When the temperature is reduced, the average
molecular speed is reduced, but there are now more molecules available to be saturated.
Inspection of these sub-Doppler signals revealed an increase in the SNR by almost a
factor of two (as expected from Equations 4.19 and 4.21) and is shown in Figure 4.18. This is a
direct result of increasing the absorption by the inverse of the ratio of the temperatures
(295/175 =1.7). Although cooling the acetylene does give rise to higher SNR’s, this modest
increase will not alleviate the increased instability present in a reference operating under these

parameters.
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Figure 4.17 FWHM of dispersion feature at 175 K vs. pump power exiting Kagome PCF.
Data from Figure 4.12 were included for reference.
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Figure 4.18 S/N ratio of sub-Doppler dispersion feature vs. pump power exiting the kagome
PCEF. Blue symbols indicate “cold” data near 180 K, while red symbols indicate data taken

near room temperature (~295 K). The “cold” data is nearly a factor of two larger than the

room temperature data.

The fractional instability was investigated, and the previously reported trend between
SNR and fractional instability was again verified. The ratio of the SNR’s (cold to hot) was 1.7,

while the ratio of the fractional instabilities (hot to cold) was 1.8, again showing good agreement.
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Figure 4.19 Fractional instability of the acetylene reference at 175 K (blue triangles) and
295 K (red squares) versus averaging time. The optical pump powers for the two
measurements are listed in the legend. The ratio between the 295 K and 175 K fractional
instabilities was 1.8, while the ratio of the 175 K to the 295 K SNR was 1.7.

While slow molecule selection did allow observation of linewidths below the transit-time
limit, the reduction in SNR was too detrimental to make this technique useful in the current cw
reference. Temperature reduction could be employed to improve the SNR, though incorporation
of a temperature control system in a portable setup would not be worthwhile due to the small
SNR increase that is observed. Investigation of the alignment sensitivity at low pump powers is
still necessary to completely exhaust this area of research, though it is doubtful that meaningful

measurements can be made with the degraded fractional stability.
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CHAPTER 5 - Development of portable frequency references

The work presented thus far has considered the optimal capabilities HC-PCF offers to the
field of optical frequency references. To fully realize the portable nature of HC-PCF, molecular
gases must be trapped at low pressure (10™ atm) inside the fiber, while maintaining the capability
of coupling light into and out of the fiber with low loss. This requires melting solid core fiber to
both ends of the HC-PCF (shown in Figure 5.1) while preventing contaminants from entering the
cell. Sealing the second end of the HC-PCF while maintaining these conditions has proven to be
rather difficult, and this chapter discusses the tools, techniques, and results encountered in this

project.

Figure 5.1 Fiber cell schematic. Detailed cross sections of the fibers can be seen in Figure
1.5. SMF is fused to both ends of the HC-PCF, with the intention of trapping a low-
pressure molecular gas inside.

Fiber fusion splicers

Heating two fibers such that they melt together can be achieved through a few different
types of lab equipment called fiber fusion splicers. Conventional fiber fusion splicers are made
to operate in air, as their original purpose was to connect or repair solid core fibers in
telecommunication networks. The most common type of splicer is an electric arc splicer (Figure
5.2a), which specifically relies on the presence of oxygen to make an arc. Another common
splicer is the filament splicer (Figure 5.2b), and depends on the black body radiation emitted
from the filament. Typically filament splicers use a purge the splicing region with an inert gas

(such as argon) to lengthen the life of the tungsten filament (similar to incandescent light bulbs).
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The last type of splicer in occasional use relies on CO, laser light whose wavelength also
coincides with an appreciable absorption band of silica (Figure 5.2c). These laser splicers have
the advantage of working in either vacuum or air, but are not commercially available. Our
laboratory has developed a homemade setup to create low pressure fiber cells. The initial aim of
this system was to be able to make the second splice while under vacuum to reduce molecular

contamination.

a) b)

©)

Figure 5.2 Basic schematics for various splicing schemes. a) Electric arc fusion splicer
schematic. Fibers are fused by bringing them near a set of electrodes (shown in gold), after
which a high voltage is applied to produce an electric arc. b) Filament fusion splicer
schematic. Fibers are fused by radiative heating from a filament (typically tungsten).
¢) CO; laser splicing schematic. CQO; laser light is focused onto fibers by means of a lens.

Verification of saturated absorption signals after splicing SMF to HC-PCF
Photonic crystal fiber is inherently more fragile than SMF due to the large amount of air
found in the cladding region. Despite this fact, it was reported by Dr. Fetah Benabid’s group that
cleaving and splicing HC-PCF to SMF could be achieved with relatively low loss in the first
experiment involving a high-pressure, hydrogen-filled fiber cell (~80 bar) [62]. Dr. Benabid’s
group also discovered a method to create the first low pressure gas cell by leaving the HC-PCF
under vacuum and using a splicer to taper the fiber end to seal it [70]. This tapered end was then
spliced to SMF and resulted in a rather large optical loss of 10 dB. This was not a problem for
the electromagnetically-induced transparency signals they were investigating in acetylene, and

although they did record a saturated absorption trace, the signal to noise ratio is hard to discern.
In an effort to replicate this splicing result in Ref. [62], a colleague in Dr. Corwin’s
laboratory, Dr. Rajesh Thapa, discovered a very easy and repeatable method using an arc splicer

to fuse 10 and 20 um HC-PCF with SMF [71]. Upon investigating the quality of these splices
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under vacuum in a saturated absorption spectroscopy setup (Figure 5.3), it was discovered that
the Fresnel reflection from the splice’s glass-air interface was sufficient to act as a probe beam.
This discovery comes as no surprise in retrospect, as using pump reflections to observe sub-

Doppler linewidths are the basis for power buildup cavities [13-15, 17].
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Figure 5.3 Saturated absorption spectroscopy schematic using a reflected pump beam from
a spliced 20 pm HC-PCF/SMF half cell.

Two different 20 um HC-PCFs listed in Table 5.1 were used to measure the absorption
data. Figure 5.4a shows spectra inside Fiber 2 filled with 500 mtorr of acetylene at various
powers exiting the fiber. At higher optical powers, more molecules become saturated, as can
be seen in the absorption’s reduction. The oscillatory background transmission is due to
wavelength-dependent coupling between core modes and surface modes [27]. This coupling
is caused by the location of the transmission band-edge of the HC-PCF. Fiber has recently

been fabricated to reduce this effect [42], and would be better suited for gas cells.

Table 5.1 Fiber half-cells used for saturated absorption spectroscopy.

PCF Splice Loss (dB)
Fiber PCF Fiber Type
Length (m) (SMF — PBGF) | (PBGF — SMF)
2 0.40 19 cell 20pm
HC19-1550-01 03-0.5 >2.0
3 2.60
Crystal Fibre A/S

Figure 5.4b and c show the observed broadening of the sub-Doppler linewidth as a

function of pressure and power. The pressure data were taken at a power of 50 mW exiting the
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HC-PCF fiber (30 mW was measured exiting the SMF, and the average measured splice loss was
2.2 dB), and therefore exhibits more broadening that those widths shown in Figure 2.5. Both
graphs show that the measured linewidths had more scatter in Fiber 3, which can be attributed to

a larger amplitude of surface modes than observed in Fiber 2.
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Figure 5.4 Linewidth data for saturated absorption spectroscopy using a pump reflection in
HC-PCF. (a) Fractional transmission versus frequency in Fiber 2 with a pressure of 500
mtorr and at various optical powers. As the pump power is increased, transparency in the
Doppler profile is observed, as well as broadening of the sub-Doppler feature (seen in
inset). (b) Sub-Doppler linewidth w; versus pressure. These data were taken at 50 mW
exiting the fiber, and therefore exhibit more power broadening than those signals in Figure
2.5. Data taken in Fiber 3 appear to have had more surface modes present, and therefore
exhibit more scatter than data taken in Fiber 2. (c¢) Sub-Doppler linewidth w; versus
power.

Equation 2.4 was used to fit the data in Figure 5.4a, although 4, is expected to be a

factor 2 larger and 4, a factor two smaller in this setup than in the two-beam technique for the

same gas pressure and fiber length, in the limit of low pump power. This arises because the
probe beam is inherently created from the pump beam and therefore experiences the same
absorption as the pump beam (see Figure 5.3). At low powers, this leads to the probe’s
absorbance being twice as large as in the two-beam case because it travels twice the path length.
However, when the power of the pump beam approaches the saturation limit, the fractional
transmission of the pump beam increases. Mathematically, we approximate the absorbance,

neglecting propagation effects, as:
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A, =Ag0(1+(1+P/PS)’”2) 5.1

where 4, is the peak absorbance of the pump beam at low powers [23]. In contrast, 4, = 4, ,

for the two beam probe absorbance. The functional dependence of Equation 5.1 is observed in
Figure 5.4 as an increase in the amplitude of the fractional transmission on resonance with

increasing power.

Progress towards making fiber cells

Dr. Corwin’s research group has constructed a CO, laser splicer for fiber cell fabrication.
is coupled into the chamber in the transverse direction. Making the first splice at one of the HC-
PCF a half-cell (i.e. joining a solid core fiber to one end of the HC-PCF) can be done with a
conventional fiber fusion splicer in air. The HC-PCF half-cell can then be evacuated in a
vacuum chamber, where a gas at low pressure can be loaded into the fiber. While it is easily
feasible to couple laser light into a vacuum and melt fiber ends, arranging the fibers in a precise
manner so as to maximize optical transmission through the fibers is not an easy task.

Therefore, alternate methods were sought to create a fiber cell. One such technique is
given by Ref. [72], where a low pressure of acetylene and a high pressure of helium (> 1 atm) are
simultaneously loaded into a fiber half-cell. This allows one to remove the unspliced HC-PCF
end and make a splice to solid core fiber in a conventional splicer. Contamination in the cell is
minimized if the splice is made quickly because the over-pressurized helium-acetylene mix flows
out of the fiber. After a successful splice, helium will diffuse out of the silica fiber after
approximately 8 hours. This technique was successful in creating the first low pressure fiber
cell, although with a drawback. Because both ends of the HC-PCF were cleaved at 90 degree
angles, any light coupled into the cell would interfere with reflections that occur at these
interfaces. This cavity interference would be detrimental to saturated absorption signals,
although Dr. Benabid’s lab did successfully record electromagnetically induced transparency
signals (which is a 2-beam, 2-color, copropagating experiment). It is apparent that removing one
of the 90 degree splices is necessary to be able to observe SAS signals with any sort of
appreciable SNR. While a graduate student under the guidance of Dr. Benabid, Dr. Francois
Couny discovered that it is possible to not only cleave HC-PCF at an 8 degree angle, but to
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splice it to an angle cleaved solid core fiber [73]. This discovery would eliminate the back-
reflection in a cell (shown in Figure 5.5), though a polarization maintaining (PM) fiber splicer is

required to make this splice.

|

Figure 5.5 Angled HC-PCF cell schematic.

A collaboration was formed with Dr. Benabid at the University of Bath (U.K.) to work on
this angled fiber cell project. Due to the resources available in Dr. Benabid’s lab (including a
PM splicer and essentially an endless supply of HC-PCF), it was determined that I would be sent
to Bath for four months to work on this project. One-cell kagome fiber (core diameter = 25 pm)
was chosen as the HC-PCF to be used in this project, as kagome fiber does not suffer from
surface modes like PBGF does. The cross-section of this kagome fiber is shown in Figure 5.6

along with an example of an angle splice.

Figure 5.6 Kagome cross section and unsuccessful splice attempt (kagome HC-PCF on the
left, SMF on the right). Imperfect fusion between the PCF and SMF can be seen, and
allows leakage of gas into the fiber cell core.

Making a successful angle cleave on a HC-PCF is a critical first step in achieving an
angle splice. This turned out to take most of my time at Bath, as the available cleaver was very

inconsistent at making these cleaves Figure 5.7a-b. It was also necessary to use small pieces of
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plastic (specifically bubble wrap) to buffer the HC-PCF from the cleaving arm so as not to crush
the fiber. This style of cleaver (as most are) was designed with solid core fiber in mind, and the
photonic crystal structure of the cladding could not withstand excessive force. Implementation
of the protective plastic piece raised the repeatability of proper cleaves, though it was still at a

fairly low rate (~40%).

a)

Figure 5.7 Unsuccessful SMF and PCF angle cleaves and splices (solid core fibers on the
left and HC-PCF on the right for each photograph). a) Excessive shearing of the kagome
fiber allows gas to leak out from the core after splicing. b) Attempts were made to
denature the SMF angle cleave to complement the denatured HC-PCF angle cleave. Leaks
were still present after splicing. ¢) and d) Even though splices appeared to be fused all the
way around the fiber, it was consistently seen that leakage occurred, indicating at least
some partial region had not made solid contact between the PCF and SMF.

Before the higher repeatability method of angle cleaving HC-PCF was found, splices
were attempted with the “bad” angle cleaves. While the fibers appeared to be fused together, and
the optical loss was not detrimental, small leaks were found that allowed the acetylene in the
core to escape. A successful angle splice was eventually made, but other problems persisted
with respect to the fiber gas cell fabrication. Cells were made where the Doppler absorption
profile could be seen, but sub-Doppler features were never observed indicating gas

contamination (most likely making the second splice).
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Figure 5.8 Successful angle splice with low optical loss and relative high mechanical
strength.

Future prospects for HC-PCF gas cells

Investigation of HC-PCF splicing to solid core SMF in this chapter was restricted to 10
and 20 um PBGF and single cell 25 pm kagome HC-PCF due to the size of the optical mode
field diameters in these fibers. Larger core fiber, such as 70 pm kagome HC-PCF, would exhibit
much higher transmission loss when fused to SMF due to the large mode field diameter
mismatch. It is of course possible to use solid core multimode fiber (where core sizes range from
50 — 60 um) instead of SMF, though not all fiber optic components are available with this fiber
type (and when they are, they tend to be more expensive).

Efforts were conducted to test the stability of a reference based on 10 um PBGF due to
the similar size of this fiber’s mode field diameter when compared with that of SMF’s. A setup
similar to Figure 3.4 was implemented to stabilize a cw fiber laser, and the resulting fractional
frequency instability of the subsequent heterodyne experiment with a stabilized frequency comb
is plotted in Figure 5.9. At short time scales, the instability is roughly a factor of 10 worse than
data collected in the 70 pm kagome HC-PCF, which is consistent with the reduction of the slope
of the sub-Doppler dispersion feature (estimated from the discrimination in Figure 2.7). Also,
the optimal instability was calculated to be 2.2x10™"" from Equation 4.14 (where SNR = 37,
Af =38 MHz, and BW = 60 kHz). This value, while a factor of 10 above that of the optimal
calculated instability in kagome fiber, is a factor of 10 below the observed value in 10 um HC-
PCF. Efforts to optimize the stability of this reference were not conducted, and require further
investigation. Additionally, it would be interesting to investigate the accuracy of such a

reference to determine how useful this fiber would be for sealed-cell references.
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Figure 5.9 Fractional frequency instability of the cw acetylene reference using 10 pm PBGF
versus averaging time. Also included are the instabilities for the Rb/GPS and the cw
acetylene reference based on 70 pm kagome HC-PCF. The length of the 10 pm PBGF was
2 m, and the internal fiber pressure was 410 mtorr. The optical pump power exiting the
fiber was 100 mW and the SNR of the sub-Doppler dispersion feature was 37.

Despite the choice of HC-PCF to implement in a cw acetylene reference, testing of an all
fiber device is necessary to ensure that the stability and accuracy are not degraded (due to
reflections from the splice interfaces between the solid and hollow core fibers, for example).
However, once these sealed cells have been characterized it would not be difficult to imagine
how to incorporate them into a portable package so that they could be integrated into an existing
fiber network. Using a standard 19” rackmount box just a few inches in height, one could
securely place all of the fiber components so that this unit could be portable. The cw laser,
photodetector, synthesizers, and stabilization electronics could all be housed in this same box.
Besides basic electrical power requirements, an oscilloscope would be the only other necessary
external component to monitor the error signal while locking the laser. This unit could provide
stable, accurate near-IR light that could either be used for a direct heterodyne measurement with

an unknown optical source or as a standalone reference (which would be useful for stabilizing a
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frequency comb and thereby providing a broad spectrum of coherent sources, or testing

telecommunication components such as wavelength division multiplexers).
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CHAPTER 6 - Conclusion

Three different HC-PCFs of varying core sizes were investigated for their potential use in
portable optical frequency references. These fibers were 10 um and 20 pm PBGF and 70 um
HC-PCF, and their ends were inserted in vacuum chambers and then filled with acetylene
("?C,H,). Saturated absorption spectroscopy was performed on these fibers so that narrow sub-
Doppler linewidths of the v;+v; overtone transition could be observed [40, 41]. The fiber cores
impose a limited interation time, or transit-time, between the molecules and the laser field. The
observed linewidths are largely determined by this transit-time broadening, and scale as the
inverse of the core diameter. The narrowest sub-Doppler features (8 MHz) to date were
observed in the kagome HC-PCF and were reported in Ref. [41].

FM spectroscopy, a modified version of saturated absorption spectroscopy, was then
implemented so that the frequency of a cw laser could be stabilized to an acetylene transition.
FM spectroscopy can be implemented with large RF frequencies where the technical noise is
low, and boasts the ability to generate dispersion curves. These dispersion curves have a zero-
crossing at the absorption line center, and are easy to stabilize using standard servo electronics.

Kagome HC-PCF was chosen as the basis for the cw optical reference because it exhibits
the narrowest linewidths in the considered fibers. For full characterization, a heterodyne beat
between the cw reference and an optical frequency comb stabilized to a Rb/GPS clock was
conducted. The absolute frequency of the reference was found to within 100 kHz using a
Vernier scale method [60] where a free-space frequency comb’s repetition rate was altered
during stabilization. Because free-space cw references can achieve ~1 kHz accuracies with ~1
MHz linewidths, ~10 kHz accuracies were expected for these ~10 MHz wide lines. The source
of the observed inaccuracy was investigated, and it was found that frequency shifts larger than
100 kHz were caused by changing the alignment into the kagome fiber and the fiber leading to
the photodetector. These effects were not intensity related, and are most likely caused in part by
the multimode nature of the kagome fiber. Because the pump and probe beam are most likely
coupled into slightly different sets of modes, changing the coupling can easily make either beam
couple into different sets of modes which have different angles of propagation down the length

of the fiber. Work in Ref. [37] has shown that when the pump and probe beams are passed
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through a gas sample at an angle to one another, shifts can result depending on where the
crossing point occurs. Even with these shifts present, careful alignment allowed this error to be
transformed into a statistical error (1 6) of +5.4 kHz. This error had other uncertainties added in
quadrature relating to pressure and power broadening effects, bringing the total error to
+9.3 kHz. This is a significant result because it not only achieves the level of our estimation of
the optimal accuracy of this fiber system, but also improves the potential portable accuracy by
four orders of magnitude (from 100 MHz to 10 kHz).

Stability of the cw reference was also investigated, where fractional frequency

instabilities of 1.2x107"" at 1's, 5.9x107™" at 10's, 5.4x10™" at 100 s, and 5.3x107"* at 1000 s
averaging times were observed. The measurements made at 1 and 10 s were limited by the
Rb/GPS reference and set an upper limit to the fractional instability. The data show a near
constant value at 100 and 1000 s and is due to the cw reference’s dependence on the room’s air
conditioning cycles (the root cause of which is still being investigated). The fractional instability
is also less than an order of magnitude higher than that of free-space experiments [14, 15, 22].

Techniques were also investigated to try and reduce the observed linewidth in kagome
HC-PCF using slow molecule selection. Linewidth reduction by a factor of two was observed,
though this necessitated low optical pump powers and pressures which both contribute to an
overall degraded SNR. Placing the fiber in cold temperature baths was then investigated to see if
reducing the average thermal velocity led to further linewidth reduction or increased SNR. Only
the increased SNR was observed (the lower temperature increases the number of molecules
available for saturation), though without linewidth reduction. This is most likely explained by
estimating that the fastest molecules collide with the fiber core walls before absorbing a photon
(on average), and while reducing the temperature does change the average thermal velocity, a
similar spread in thermal distributions is observed.

Most of this work was conducted with the fiber ends inserted into vacuum chambers to
measure its optimum potential for use in an optical frequency reference. Work was also
conducted to fabricate a low pressure HC-PCF fiber cell with one of the ends spliced at an angle.
This angle splice was investigated to reduce cavity interference effects caused by solid core
fibers fused to either side of a HC-PCF with normal cleaves. This project was difficult as gas
contamination during the splicing process was quite common. Efforts are ongoing to fabricate

such a cell, as a kagome HC-PCF cell may exhibit lower uncertainty as a reference due to the
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fusion of solid core fibers fixing the alignment into the cell, especially when vibrationally
isolated. Packaging such a fiber cell into a portable unit useful for commercial applications
would be relatively straightforward, where a portable frequency comb could be included and
stabilized to the cw acetylene reference to provide a broad spectrum optical reference in the near-

IR.
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Appendix A - Calculating infrared-active transitions in the

vibrational band of acetylene

Acetylene (C,H>) is a linear molecule of the form X,Y; and can be seen in Figure A.1 .

The constants and coordinates associated with each of the atoms have also been indicated.

my

My m, my
H--C)-@-C)-@m—H)
K, k, K,

AR A A

Figure A.1 A simple visual representation of the acetylene molecule as point masses and
springs.

For this calculation, I have considered only motion parallel to the internuclear (IN) axis, also
known as stretching motion. Motion perpendicular to the IN axis, or bending motion, could be
incorporated without any fundamental difficulties; however the size of the calculations
(especially for the anharmonicities) would become too cumbersome for this project.

This paper will detail the way to calculate the eigenfrequencies and normal modes of the
acetylene molecule using a simple harmonic oscillator (SHO) approximation, and will then show
how and why anharmonicities must be included in the potential to obtain the overtone spectrum
(multiple simultaneous vibrational transitions). Acetylene (C2H?2) is a linear molecule of the
form X,Y, and can be seen in Figure A.1. The constants and coordinates associated with each of

the atoms have also been indicated.

Determination of Normal Modes
The solution of the normal modes of vibration and the eigenfrequencies of any molecule
using the SHO approximation can be carried out classically [74]. The kinetic (7) and potential

(U) energies of the system have the following form:
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PR S I . .
T= Emlxl2 +Emzx22 +Emzx32 +Em1x42 Al

1 1 1
U:Ekl(xl_xz)2+5k2(xz_x3)2+5k1(x3_x4)2 A2

However, for this calculation, it is much more convenient to express 7 and U in terms of second

order tensors:

1 ..
TZEZ,:‘mf"xfx" A3
J>
1
U= 3 Zk: Ayx x, A4
J>
where 4, is defined as
Y
4, = .
Jk ax Aax A5

7Tk equilibrium

The tensors of interest, m, and 4, , have the following form:

m 0 0 0
o om0 0 Ny
S N '
0 0 0 m,
ko <k 0 0
“k k+k, k0
) 1 1 2 2 A.7
K0 ok, k otk —k

Now, we consider Lagrange’s equation,

95



S
ox, dt ox, A8

1

and upon substitution (L =7 —U ) Equation A.8 becomes:

a_U + ia_T =0 A9
Ox, dt OX, ’
The Lagrangian now has the following tensor form:
> (A, +m 5, ) =0. A.10

J

We now make the assumption that our system is indeed oscillatory, and that solutions to

the motion of the system should have the following form:
x, ()= a_/ei(”'lf‘s) A.ll

where a; and & are the amplitude and phase of the motion determined by the initial conditions.

Making this substitution into the tensor form of the Lagrangian, we find our familiar eigenvalue

problem:
Z(Ajk —a),zmjk)aj, =0 A.12

where @, denotes the eigenfrequencies of the system and a,, are the eigenvectors (or a,). I
took another step and multiplied the inverse of tensor m, from the left hand side to convert this

problem into our more familiar version of the eigenvalue problem:

Z(mjk_lAjk - wr25fk)ajr =0. A.13

J
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The next step is to determine @, and a,, by first solving

-1 2 .
m, A, -®°6,/=0.

and then substituting the individual . ’s into the altered tensor form of the Lagrangian.

However, this simple manipulation allowed me to use the “Eigensystem” command in
Mathematica, which returns not only the eigenfrequencies, but their corresponding eigenvectors
which are all listed in Table A.1. To obtain numbers for these quantities, the atomic masses of

hydrogen and carbon were used as well as values for the force constants k; = 592 N/m and k; =

1590 N/m from Ref. [75].

Table A.1 Calculated eigenfrequencies and eigenvectors for C2H2 with NIST values for

comparison
@, (rad/s) NIST o, a, (x1x2,%,%)
@ 6.346x10" 6.360x10" (-1,0.14, -.14,1)
o, 3.731x10" 3.721x10" (-1,-0.61, .61,1)
@y 6.192x10" 6.200x10" | (1,-0.084, -0.084,1)
o, 0 N/A (1,1,1,1)

The agreement between calculation and experiment of the eigenfrequencies is very good. It

should be noted that @, isn’t actually indicative of oscillatory motion (as all components of the

eigenvector have the same sign), but rather of translational motion. Therefore we neglect this

solution, as we are not interested in this type of motion.

Further, we should consider the eigenvectors to determine whether or not we are in a center

of mass (COM) representation or not. The equation for the COM is
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m(x, +x,)+m,(x, +x;)=0. A.15

Upon substituting the elements of the eigenvectors into this equation, it is found that the first

three eigenvectors satisfy this condition.

Overtone Transitions

Approximating our potential as a SHO has allowed us to calculate the vibrational
transition frequencies as well as determine which transitions are dipole-allowed. However, when
higher order corrections are added to the potential, the normal modes get mixed and oscillatory

motion at frequencies

Z(a)i +0,), ) (0,40, + @), ... A.16
1]

i,j.k

result. Experimentally these higher order corrections, or anharmonicities, are much smaller than
the harmonic terms, and generally result in lines that are weaker than the fundamental.

Staying in the basis of our normal coordinates, we can rewrite our Hamiltonian [75] as

I . i . 1
H :5(7712 "'7722 +7732)+5(1|7712 +2~2’722 +237732) . A.17
The next order of correction that we can add to the potential would be a cubic term

V'=2 aunnm, - A.18

i,j.k

With this, we can perform perturbation theory (since a;;n,7,m, < 4,15, ) to obtain the wave

functions to this new system and therefore calculate the matrix elements of the dipole operator.

For convenience, we make a substitution of 77, o (@, +a ) into V' to obtain
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:Zalj'.k(ai+af)(aj+aj.)(ak+ak) A19

i)k

Perturbation theory allows us to calculate not only small adjustments to the wave functions of
the system, but also the energies of transitions as well. Because of the nature of this calculation,

and due to comparatively small value of the cubic potential coefficient ¢, , we will not consider

the energy corrections, but will only concern ourselves with the wave function correction y

}'l}'ln
(where |y ™o x|y @ N4 ly D and |y )=|mn,ny) is the solution to the SHO
V/nlnzn3 ~ Wnln2n3 V/n]nzn3 V/n]nzn3 I Bt S A

approximation). The first order correction can be directly calculated by [76]

’
oo\ z |mm - ><mlm2m3|V |nln2n3>
l//nlnzn3 177727703 0 (0 :

my,my My nnyny mymymy A20

m#n

my#n,

my#ny

While this appears to contain a large number of terms, representing the perturbation 7' in terms
of raising and lowering operators greatly simplifies the problem. First, let’s consider the terms in

V' where i # j # k. The first order correction then has the form

o = 2 D G| o) x
‘Wnlnzn3 >l¢]¢k l/k m1m2m3

i#j#zk my,my,my
m#n
my #1,

my£ny . A.21
(mmym, |(a, +a Va, +a')a, +a})|nn,n,)
0 (0

i’lll’lzl’l3 mlmzm3
which reduces to
ol
y = ik +1n, £l +
Vi, >l$j#k EO  _fp@© mxlny 2yt 1> ’ A22
i#j#k n1n2n3 m 1,y £1,ny+1
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Similarly, this can be carried out for the cases when two indices (i = j # k) and all three indices
are identical (i = j=4k). It is more difficult to write these solutions in a concise form. For

calculating which transitions are possible, the only relations we need are the list of SHO excited

states that now make up the wave function correction, which are listed below.

n tln, il,n3il>,|n1 +2,n, il,n3>,

nlil,nz,n3>, nli3,n2,n3>. A23

These are not all the states, rather a simple list of all the fundamentally possible changes in

quantum numbers (while |nli2, nzil,n3> was listed,

nl,n2i2,n3i1> as well as any other

permutation of the +1 and £2 terms are possible).

Because of the number of terms that have been added to the wave function, it’s not practical
to list every term when we recalculate the matrix elements of the dipole moment. However,
looking at single term corrections in addition to the SHO wave function, we can qualitatively get
out the possible IR transitions that were unavailable for transitions without the anharmonic
potential. For example, let’s consider that the anharmonic wave function has the following form

(neglecting constants):

anharmonic

‘1,//,11”2”3 >:|nlnzn3>+|n1 1, nz,n3>. A24

The dipole matrix element would then be

_|nm 5 .
anharmonic
Up } oc <l//nln2n3

oc (<n1n2n3 | +<n1 +1,n,,n, |)a3 +al (|mlmzm3>+|m1 il,mz,m3>)'

anharmonic
mmymy

.
a,+a, |y
} 3‘ A25

This results in four terms
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1= <n 1n,N, | a, +a, |mlm2m3>

12 = <n n2n3|a3 +al |m1 *1 mz,m3>
A26
3= <n1 +1 112,113|a3 +al |mlm2m3>
t4 = <n1 +1 nz,n3|a3 +a, |m1 *1 mz,m3>
that give rise to the following selection rules
rl= 5Anl 5An2 5An3 =+l
r2=0,, 10n, Orn,t1 A27
7"3 5An +25An2=05An3=1r1

(term ¢1 and ¢4 lead to rule r1; 72 and ¢3 lead to r2, and ¢4 leads to »3). Therefore, by
including only one of the excited unperturbed eigenstate corrections, we have observed not only

the IR active transition w,, but o, +w;and 2w, + @, as well.
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Appendix B - Experimental cw lasers and photodetectors

The cw lasers and photodetectors used in this work to make an optical frequency

reference are described here along with their technical specifications.

Extended-cavity diode laser

The first laser available in the laboratory was the Santec TSL-210 extended cavity diode
laser (ECDL). The basic setup is taken from the operations manual [77] and is shown in Figure
B.1. The output of a relatively broad spectrum laser diode (LD) is directed onto a grating to
narrow the linewidth, and retroreflected with an appropriately placed mirror. The grating is
mounted on a rotational stage controlled by a PZT so that the resonant wavelength can be tuned
from 1505 -1585 nm. Tuning is also controlled by changing the current to the laser diode,
though this range is on the order of 10 GHz. Typical output powers for this laser are between 5

and 7 mW (depending on the wavelength of the output).

-]

Mirror

Grating
1
L1 LD L2 IS0 ATT

L3

—- 0ok

<P

' SPC Connector
S Temperaturelcontrolied chamber FD
=Hotating table
=[iract operating
table®
N
» Temperature control ‘d—?
GP-1B « Current control AlF
CPU Control » Diffraction grating angle control
* Others <
RS-232C SiF

Figure B.1 Schematic of ECDL taken from Ref. [77].
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The main feedback mechanism available for frequency stabilization of this laser is the
current to the laser diode. A note about this, however, is that the output power is a function of
the input current, so it is possible to write intensity noise on the laser output if large changes to
the current are experienced. Also, when the ECDL is run at low output powers, the output power

as a function of laser diode current is more severe than at high powers.

Narrow linewidth fiber laser

Narrow linewidth cw fiber lasers were purchased from Orbits Lightwave for use the laser
frequency stabilization experiment. The entire cavity is composed of fiber where a section of
this is specially doped gain fiber. A laser diode is used to optically pump the fiber cavity. Also,
a high voltage PZT is attached to a section of the fiber to change the overall cavity length. This
allows scanning of the laser frequency over a range greater than 10 GHz. Hysteresis effects are
observed when applying large changes in voltage and are shown in Figure B.2. Laser output can
be manually tuned between 7 and 29 mW by changing the current to the pump diode, though this

does have an effect on the center frequency of the laser.

Hysteresis loop for PZT tuning

o
th

Hysteresis loop for PZT tuning
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Figure B.2 Optical frequency offset versus PZT voltage for the Orbits Lightwave fiber
lasers. Hysteresis effects are considerable when scanning over large voltage ranges.

Photodetectors

Two photodetectors from New Focus were used at various times in this experiment.

They are model 1811 125 MHz photodetector and the model 1611 1 GHz photodetector. The
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different detectors are generally referred to by their speed, as this indicates their response

bandwidth. Their specifications are listed in the following table.

Table B.1 Technical specifications for the 1611 and 1811 high speed photodetectors from

New Focus.
. _ _ Model 1811 Model 1611
Specification Units
(125 MHz) (1 GHz)

Responsivity at 1500 nm A/W 1.05 1.05
DC transimpedance gain V/A 4x10* 1x10*
AC transimpedance gain V/A 4x10* 700
Noise equivalent power pW / VHz 2.5 20

3 dB response MHz 125 1000
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Appendix C - Fiber vacuum chamber design

Vacuum chambers were designed to allow the insertion of a fiber end and are shown
from several perspectives in Figure C.1. Target pressures for the experiments in this work range
from ~1 mtorr to several torr. This pressure level can readily be achieved using rubber gaskets,
though 2.75” conflate flanges (which use an aluminum gasket and allow for lower pressures to
be realized) were used when possible. All of the components used for this setup were either
obtained from Kurt J. Lesker Corporation, Swagelok, or A&N Corporation. These chambers
were machined (when necessary) and welded by Mike Wells (who is a vital part of the James R.
MacDonald Laboratory staff). Optical access was necessary to couple light into the core of the
fiber, so anti-refection coated wedged windows were obtained from CVI Melles Griot. A

detailed view of the fiber holder is included in Figure C.2.

b) To Vacuum c)

i T LR
ABF

Figure C.1 Fiber vacuum chamber and holder using 2.75” conflate flanges. a) View of
chamber along radial axis. b) Side view of disassembled chamber. White regions indicate
holes in flanges for either optical access or fiber holder. A — Teflon window holder, B — IR
coated wedged window, C — O-ring, D — vacuum chamber with 2.75” conflat flanges, E —
2.75” conflate flange with compression fitting threads, F — vacuum chamber stand, G —
fiber holder (more detail shown in Fig), H — Compression fitting with O-ring. c) Side view
of assembled chamber showing fiber holder in vacuum.
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A&N corporation (S-50-KM)

O-ring (1/16” — 1/8”) cut with tal
ring ( ) cut with a meta (threads are welded to conflat flange)

leather hole cutter

--:G:EI

1/2”

116”7

tube hole /167

Swagelok Ultra-Torr vacuum fitting (SS-1-UT-A-4)
(threads are welded to 1/2” steel pipe)

Figure C.2 Fiber holder schematic. Several key dimensions are listed along with the part
numbers of the threaded components.
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