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1 Introduction

Since the lasers have high temporal and spatial coherence, they have been
widely used in many fields such as material processing, spectroscopy, length
measurement or optical communications. For the precise spectroscopy or
frequency standards, further frequency stabilization of the lasers have been
studied whose frequencies are stabilized in reference to a resonance of the
Fabry-Perot cavity or an absorption line of the molecules, atoms and ions at
various frequencies, such as the iodine-stabilized He-Ne lasers at 633 nm
[1][2], the acetylene-stabilized laser diode at 1543 nm [3] or the iodine-
stabilized Nd:YAG laser at 1064 nm [4],[5],[6]. Especially, Fabry-Perot-
stabilized lasers reache the short-term frequency stability of df /f = 10717
levels [7], and also Strontium optical lattice clock reaches df/f = 107'8
levels [8]. Ultra-high frequency-stabilized lasers make it possible to verify
fundamental physics such as temporal variation of fundamental constant [9],
violation of Lorentz invariance [10] or detection of gravitational-wave (GW)
[11]. In recent years, frequency-stabilized lasers are required in many space
projects; not only for the laser ranging, but also spectroscopy, remote sensing,
the optical communications, highly stable frequency reference, the precision
measurement in space and so on.

In our laboratory to which I belong from the undergraduate student, the
frequency-stabilized lasers and its applications have been studied, and the
highly stable and high power light sources for Japanese GW detector have
been developed [12][13][14] since the Japanese prototype GW detector: TAMA
300 [15]. Currently, besides construction of a terrestrial GW detector named
KAGRA [16], Japan has also promoted a space GW detector named DECIGO
[17], and I have devoted myself into the development of the light source for
DECIGO. In my doctor thesis, developments of space-borne frequency- and
intensity-stabilized lasers for DECIGO are reported. As a space-borne stabi-
lized laser, I have developed two breadboard models (BBM1, BBM2) whose
frequency is stabilized in reference to the hyperfine structure of the iodine
saturated absorption line at 515 nm. Since the linewidth of the iodine sat-
urated absorption line at 515 nm is narrower than that at 532 nm, higher

short-term frequency stability is expected. 1 have evaluated the absolute



frequency stability of the lasers from the beat note between two BBMs. In
order to improve the short-term frequency stability, the intensity noise at
modulation frequency (200 kHz) is suppressed by active and passive noise
reduction method. We also try intensity stabilization at observation band of
DECIGO at around 1 Hz by two methods, and the intensity noise is success-
fully suppressed. For space-borne laser, the consumption power, the robust-
ness and the tolerance against cosmic ray exposure are considered. In DE-
CIGO project, the observation band is from 0.1 to 1 Hz which is much lower
than that of the terrestrial gravitational wave detectors, and for the light
source, highly frequency and intensity stabilities in this frequency band are
required. Usually, for obtaining high short-term frequency stability around
1 Hz, optical resonance of a Fabry-Perot cavity is utilized as the frequency
reference because it shows higher frequency stability than that of the molec-
ular absorption line. I dare to use the absorption line of the iodine molecules
as a frequency reference for obtaining frequency stability around 1 Hz, in the
reasons that DECIGO also requires the long-term frequency stability to the
light source for the reference of the arm length and it shows higher robustness
than Fabry-Perot cavity. I try to obtain short-term frequency stability from

using the iodine molecules, which no one has ever tried.



2 Gravitational Wave detector

2.1 Gravitational wave

Gravitational-wave (GW), which has been predicted by A. Einstein in his
general theory of relativity [18], is slight temporal variation of space distor-
tions which propagates as a transvers wave at the speed of light. It have been
predicted that GW would be generated from the anti-symmetric enormous
mass motions such as inspiral and merger of neutron star binaries or black
hole binaries, explosion of supernovae, and inflation in early universe. How-
ever, the expected strain of GW is extremely small as low as dL/L < 1072
even from the merger of heavy black-hole binaries, and no one had imagine of
direct detection of GW. Since GW is tidal force to the free masses, the direct
detection of GW by using a long-baseline laser interferometer had been pro-
posed in 1980s [19], and from 1990, many research institutes around the world
have tried to observe GW directly by using large-scale laser interferometers,
such as LIGO in US [20] , VIRGO in Italy [21], GEO600 in Germany [22],
TENKO100 [23] and TAMA300 in Japan [15]. And, after a long struggle for
improving the strain sensitivity of the detectors, the first direct observation
of GW has been achieved by Adv.LIGO team in 2015 [24] which is generated
from the inspiral and merger of black-hole binaries with the mass of 30 M¢
(Mp: Solar Mass). The establishment of new GW astronomy has been just
kicked off, which will give us much information from those obtained by the
conventional elector-magnetic wave observations. Followed by the first direct
detection of GW called GW150914, the successive direct detections of GW
are reported from Advanced LIGO and Advanced VIRGO term ([25], [26],
[27]) from the black-hole binaries, and GW from the merger of Neutron star
binaries is also reported [28]. In Japan, a km-class laser interferometric GW
detector named KAGRA [29] is now under construction in Kamioka mine,
and, after test running in 2016, the observation run will be started in late

2019 for catching up and starting the GW astronomy.



2.2 Space gravitational wave detectors

Though km-class laser interferometric GW antenna (terrestrial GW detec-
tors) succeeded in detecting GW, the strain sensitivity below 100 Hz is limited
by seismic noise from the ground and its finite arm length (the detection band
of terrestrial GW detector is 10 Hz - 1 kHz). In order to access GW at lower
frequency range where many attractive targets are expected such as inspiral
and merger of intermediate mass black hole binaries (IMBH) [30] or the in-
flation from early universe [31], space GW antenna is proposed. Since space
GW detector can have much longer arm length and can be operated in the
seismic noise free condition, the detection band is expanded to mHz. There
are two missions are now undergoing, LISA in US and Europe [32], and DE-
CIGO [33][34] in Japan. LISA is a triangle-shaped laser transponder with
the arm length of 500000 km, whose observation band is around 10 mHz.
In 2016, a milestone mission of LISA named LISA pathfinder (LPF) have
been launched, and required acceleration noise level of LISA was success-
fully achieved [35]. On the other hand, DECIGO is a Fabry-Perot Michelson
interferometer space gravitational wave detector, which is first proposed by
Seto et.al. in 2001 [17]. In the following section, Japanese space gravitational

detector project is overviewed.

2.2.1 DECIGO Pathfinder

The first space gravitational wave detector operating in spase is SWIMuv
which had been developed by Kokuyama et.al. in University of Tokyo.
SWIMuv consists of a torsion-bar antenna (TOBA) and satellite to ground
communication bas, and was launched in 2009 carried by JAXA’s small satel-
lite, SDS-1, [36]. After successful 1-year operation of SWIMpuv, a milestone
mission of DECIGO named DECIGO pathfinder (DPF) was proposed, whose
purpose is the feasibility tests of key technologies for DECIGO such as drug-
free control, space-bone frequency-stabilized laser, and also has a scientific
targets of GW detection and the global gravity field observation [37]. It will
be planed to launch in 2019. Fig.2.1 and Fig.2.2 shows the schematic of DPF
and the roadmap of space GW detectors, respectively.

DPF consists of a frequency-stabilized laser and one small Fabry-Perot



Weight : 200 kg
Altitude : 500 km
Volume: 1m3

Figure 2.1. Schematic of DPF and the specification of the satellite; left is the frequency-
stabilized laser and the interferometer, right is the small satellite for DPF

laser interferometer. Since all of the optical components and electrical instru-
ments should be installed in 1m3-small satellite, the light source and another
components are designed in accordance with specification of satellite. As
shown in table 1, the stable laser at 1030 nm is required for the light source
for DPF.

In the initial stage of my study, I have developed a light source for DPF:
the frequency and intensity- stabilized laser at the wavelength of 1030 nm
with the small output power of 20 mW, under the very strict condition of

small size, limited consumption power for operating in a small satellite [38].

Table 1: Requirements for the light sourced of DPF and DECIGO

Project | Wavelength [nm| | Power [W] | frequency noise [Hz/V Hz@1 Hz | Relative intensity noise [V Hz @1 Hz|
DPF 1030 0.02 0.5 10°*
DECIGO 515 10 1 1078

However, after two times rejections from the selection of the small satel-
lite series associated by JAXA, DECIGO working group made a decision
of skipping DPF, and concentrated ourselves in the next milestone mission
named B-DECIGO (whose provisional name is Pre-DECIGO), and, accord-

ing to the decision of our working group, the target of my study was moved
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Figure 2.2. Road map of the space GW detectors in Japan: the vertical axis indicates the
two lower digits of the dominical year

on to the developing of the light source for B-DECIGO.

2.2.2 DECIGO and B-DECIGO

DECIGO (Decihertz Interferometer Gravitational Wave Observatory) is a
space-gravitational wave detector which has been promoted in Japan. The

schematic is shown in Fig.2.3

The basic configuration of DECIGO is an equilateral triangle-shaped laser
interferometer which includes three 1000-km Fabry-Perot Michelson interfer-
ometers with the including angle of 60 degree. Each satellite has two drag-
free test mass mirrors, one stable light source, and two photo detectors [39].
One of DECIGO’s targets is GW from inspiral and merger of intermediate-
mass black hole binaries (IMBH) which will give us the formation mechanism
of super massive black holes (SMBH) observed at the center of the galaxy.
Most interesting target of DECIGO is stochastic background GW from the
early universe which only DECIGO can detect. The stochastic background
GW is originated from the inflation, and will give us the information about
the secret of the birth of universe [40]. Before launching DECIGO in mid



Drag-free satellite

Figure 2.3. Conceptual design of DECIGO. Triangle-shaped Fabry-Perot interferometer
with the arm length of 1000 km. The left is the two overlapped units of DECIGO for

improving the strain sensitivity by correlation observations.

2030s, the milestone mission named B-DECIGO is also planned. B-DECIGO
is downsized mission of DECIGO [41]. Though the strain sensitivity of B-
DECIGO is lower than that of DECIGO, B-DECIGO has its original science
targets such as gravitational wave originated from intermediate-mass black
hole binaries. And one of the important purposes is the feasibility test of
key technologies for realizing DECIGO such as drag-free control, formation
flight, control of long-baseline interferometer, and the stable operation of the

stabilized lasers in space.
The parameters of DECIGO and B-DECIGO are listed in table 2.

Table 2: Main parameter of DECIGO and B-DECIGO

Project Arm length | mirror diam. [m] | Finesse | Mirror weight [kg] Configuration
B-DECIGO 100 0.3 30 30 3satellites lunit
DECIGO 1000 1 10 100 3 satellites/ 1 unite

In order to improve the strain sensitivity, a highly stable light source is
essential. The requirements of the light source for DECIGO and B-DECIGO
are listed in table3. The derivation of the required frequency and intensity

noise are described in section 2.2.3.



Table 3: Requirements of the light source for DECIGO and B-DECIGO

Project | Wavelength [m] | Frequency noise [Hz/Y Hz]@1 Hz | Relative intensity noise [/V Hz @1 Hz] | Power [W]
B-DECIGO 515 1 1078 2
DECIGO 515 1 1078 10

The 1000-km optical cavity configuration stores much photons in it to
decrease the shot noise limited level of the strain sensitivity at higher fre-
quency range of the observation band. On the other hand, much photon gives
the radiation pressure noise to the test mass mirrors which limits the strain
sensitivity at lower frequency range. The output power requirements of the
laser are determined from the design of the interferometer for optimizing the
strain sensitivity curve to detect the science targets of the GW detectors.
Fig.2.4 shows the expected strain sensitivity of DECIGO and the expected
strain of cosmic phenomena. In case of 1 cluster (3 satellites/1 unite), the
highest strain sensitivity of DECIGO is dL/L = 10723 level around 1 Hz.
The correlation of the clusters (3 unite) improves the strain sensitivity which
reaches dL/L = 107 level around 1 Hz. In both cases, the sensitivity below
0.1 Hz and above 0.1 Hz are limited by the radiation pressure noise, the shot

noise level, respectively.

2.2.3 Light source for space gravitational wave detector

Recently, space-borne lasers play important roles for not only laser ranging or
lidar but also for precision measurement or frequency standards. Therefore,
there are many plans to launch frequency-stabilized lasers [42], [43], [44].
Compared with these project, DECIGO requires much higher frequency and
intensity stability to the light source.

As described in section 2.1 and 2.2.2, a highly stable light source is re-
quired for GW detector, and the noises in the interferometer should be sup-
pressed to realize extremely high strain sensitivity. The main noises, which

determine the strain sensitivity of Fabry-Perot laser interferometer, are (i)
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Figure 2.4. Strain sensitivity of DECIGO and B-DECIGO, and that of science targets are
also marked

technical noise (frequency noise and intensity noise of the laser, thermal noise
etc.) and (ii) theoretical quantum noise (shot noise and radiation pressure
noise). The technical noises should be suppressed to be lower than the the-
oretical quantum noise level which limits the strain sensitivity of the space
GW detector. The details of the technical noises of the light source are de-
scribed below.

The frequency response function of the light source at Fabry-Perot laser

interferometer Hpp(w) is given as [45]

- Tg((t1)2 + (T1)2)6_2i“’l/0
- 1— T‘1T26_2iWZ/C

HFM(LU)

(2.1)

where r and ¢ are the amplitude reflectance and amplitude transmittance
of the mirrors, respectively. [ is the cavity length. The subscription 1" and
’2” in Eq.(2.1) denote front and end mirrors of the cavity. If each arm length
and reflectance of the mirrors in both arms are identical, the frequency noise

doesn’t couple with the strain noise of GW detector. Actually, the parameters



of the interferometer have asymmetry and the frequency noise of the laser
affects to the strain sensitivity of GW detector.
The equivalent strain sensitivity of GW h(w)gys limited by the frequency

noise of the laser is written as

HY (@) —HE), ()

2 2
Her () < pp(w)” >

< h(w)FM2 > = ‘

Hppr(w)
Hpp(w)

"o Dn(w)* > (2.2)

~ T2
~1'Cur

where ¢, (w) is Fourier component of the laser phase noise, superscription
(1) and (2) in (2.2) denote each arms of the interferometer.
The common-mode noise reduction (CMR), which is determined by the char-

acteristic of each Fabry-Perot cavity, is written as

Hpdp(w) — HE(w)
Hyy(w) + Hiyp(w)

Tonn =2 (2.3)

Since 71, ry of the large mirrors and [, which is used for each arms of Fabry-
Perot laser interferometer, is hardly identical, the frequency noise of the
laser, df/f, has certain amount of contribution to the strain sensitivity of
GW detector.
If CMR=1, for example in the case of DPF with one arm cavity, dL/L is
equal to df / f. In the case of DECIGO, CMR is designed to be 1075, and the
frequency of the laser is finally stabilized in reference to the common mode
of both arms, whose control gain is G¢y; = 10°. From these parameters, the
frequency stability of the laser introduced into the interferometer, which is
written as
i/ f dL/é- CMR
cM
should be df /f = 10714 to achieve the strain sensitivity of dL/L = 10724,
Therefore the requirement of the light source for DECIGO is df /f = 10715

at the observation band, which includes safety factor of 10.

(2.4)

In the interferometric measurement, the interference signal is detected by

the photo detector (PD) and is converted into the voltage signal. Therefore,
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the intensity noise of the light source should be reduced for improving the
strain sensitivity of GW detector.
The photo current which is obtained from the interferometric measurement

is written as [45]
I(t) > Lpin+Less/2)[1— Jo(m) +2J1(m)d ¢ sin wy,t —2J2(m) cos 2wp,t] (2.5)

where I, is the photo current in the dark fringe, I.f = Lnaw — Lnin, 00 is
the phase variation of the interference fringe, J,,(m) is the nth Bessel function
with the modulation index of m. If the intensity of the light source is varying,
2.5 is written as

I(t) = [1+81(t)/1(0)| Lnin + (Lesr/2)[1 + Jo(m) cos ¢ — 2.J1(m) sin ¢ sin wy,,t]
(2.6)
Ap = Dy + d¢, and 2.6 is demodulated at sin w,,t,

wcomponentsof \ Wy, + w components of
demodulated signal | — \ (I/1(0)(Imin + (Ios/2)[1 + Jo(1m) cos )
w components of )

" (Iefle(m) [1/1(0)]sin ®g + 0¢ cos Dy
(2.7)

The effect of intensity noise to the strain of the interferometer is written
by

Wy
OQint = I—O<Aq)0> (2.8)

rms

where <A<I>0 >

running intensity noise divided by control gain (error signal). Therefore

is the intensity noise, which is determined by the free-
™ ms

insufficient servo gain causes the coupling of the demodulated signal and the
intensity noise at observation band.

Next, theoretical quantum noise (shot noise and radiation pressure noise) is
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described. In DECIGO project a green laser at 515 nm is used for the light
source because shorter wavelength decrease the diffraction loss of the cavity
which is critical for such a long cavity.

After satisfying requirement level of the intensity and frequency noise of the
laser, the theoretical limit of the strain sensitivity of DECIGO is determined
by quantum noise from the laser power. The quantum noise affects the strain
sensitivity of DECIGO in two points, shot-noise and radiation pressure noise.
The shot noise is caused from the randomness of input photon timing the
to the detector [47], which gives the strain noise to the Fabry-Perot laser

interferometer as

1 [enn f
0Trad = 8_F\/77TL {1 + (fwt) } [m/V/H?z| (2.9)

where I’ and f.,; are the Finesse and the cut off frequency of the F.P.cavity,
respectively. As can be seen from Eq. (2.9), dz is inversely proportional to
the square root of the laser power, P, and the frequency dependency is flat
at lower frequency and is increasing at higher frequency above f..;.
The radiation pressure noise is caused from the momentum of the randomly
collided photons to test-mass mirrors, which gives the acceleration noise to
the detectors, deltaf,qq,

8F hPy,
0 fraa = — m [N/VHZ] (2.10)
The radiation pressure noise is proportional to the square root of the
input laser power, P;. Therefore, in principle, as the laser power increases,
the shot-noise limited level is decreased and the radiation pressure noise is
increased.
Fig.2.5 shows the designed strain sensitivity of DECIGO (blue solid trace)
with the laser power of 10 W, and the noise limitation caused from the shot
noise (blue dots) and radiation pressure noise (blue dashed trace).
As can be seen from Fig.2.5, lower frequency range of the strain sensitivity
is limited by the radiation pressure noise, and higher frequency range is
limited by the shot-noise. Red solid trace in Fig.2.5 is the strain sensitivity

of DECIGO with the laser power of 30 W. At lower frequency range, the

12



strain sensitivity becomes worse due from the radiation pressure noise [46],
and at higher frequency range shows the same noise level as that indicated
by red trace, because the shot noise limited level at this frequency range is
limited by the response function of the cavity. Therefore the profile of the
strain sensitivity is designed from not only the laser power but also many
other interferometer parameters such as Finesse and length of the cavity,

weight and diameter of the test mass mirrors.
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Figure 2.5. Designed strain sensitivity of DECIGO (solid trace) at laser power of 10 W
(blue) and 30 W (red). Dashed traces and dots indicate shot-noise limit and radiation

pressure noise limit, respectively

The intensity fluctuations of the laser cause acceleration noise to the test
mass mirrors. In the case of DECIGO, the required intensity noise of the
laser is calculated as follows. In order to achieve the strain sensitivity of
6L/L = 1072 in the arm length of 1000 km, the displacement noise, 6L,
should be lower than 10~ m which corresponds to the acceleration noise,
da, of 107 m/s? at 1 Hz. Therefore the force noises on the 100-kg mirrors,
6F, should also be lower than §F = M x da = 107 N/v/Hz at 1 Hz.
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The theoretical limit of the force noise comes from the radiation pressure

fluctuations dP/P which is written as 0P/P is 1/2XP‘5F0 =1.5x1071% In

consideration of the common-mode noise reduction ratio (CMRR) of 10?,
the relative intensity noise should be less than 67/ = 1.5 x 1078 /v/Hz to

realize the required radiation pressure fluctuations.

2.2.4 Light source for other space missions

In other space GW project, for example LPF, a cavity-stabilized Nd:YAG
laser with the wavelength of 1064 nm is used for the light source [44]. The
light source for LPF had been launched, and the feasibility tests of key tech-
nologies such as the frequency stabilization of the laser has been achieved
[35]. In the main mission, LISA, a cavity-stabilized NPRO (standard type)
and cavity-stabilized micro NPRO are candidates for the light source, whose
wavelengths are 1064 nm. In LISA projects, since the short-term frequency
stability is required, the optical cavity resonance is chosen for frequency ref-
erence. The engineering model (EM) already have been made in 2018, and
it is planed to be launched in 2034 [50].

In pararel with the cavity-stabilized lasers, the EM and the elegant bread-
board model (EBB) of the iodine-stabilized Nd:YAG lasers for LISA have
also been developed over recent years [48]. The long-term frequency stability
of df /f = 10715 level has been achieved by the suppression of the the resid-
ual amplitude noise (RAM), and good short-term stability also have been
achieved by the improvement of SNR of the frequency reference [49]. The
prototype of the these iodine-stabilized laser had performed flying test by
using a sounding rokect (JOKARUS) [51].

In another space mission, for the exploration of gravity field, an iodine-
stabilized external cavity semiconductor laser (A =1.5 um Redfern Integrated
Optics (RIO)-OptaSense Inc.[52]) have been developed. They use the 514-
nm iodine absorption line for frequency reference. The wavelength of 514
nm for stabilization is obtained from the sum frequency generation between
second harmonics 2w and fundamental w of the laser at the wavelength of
1.5 pm. The long-term frequency stability of df/f=>5.73x107% at 100 s is
achieved [53].
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3 Saturation spectroscopy of lodine absorp-

tion line

The molecule absorptions are one of the excellent frequency references. Com-
pared with the resonance of the Fabry-Perot cavity, the absolute frequency
are fixed (although the frequency is shifted by pressure, collision or external
electric and magnetic field). he molecule absorptions show the better long-
term frequency stability because the absorption frequency is less sensitive
to the external perturbations such as vibrations or temperature variations.
On the other hand, the frequency stability, especially short-term frequency
stability, is limited by SNR of the frequency discrimination signal obtained
from the molecular absorption.

For improving signal to noise ratio (SNR) of the signal, the narrower linewidth
and low background noise are essential. Though the theoretical limit of the
linewidth is the natural linewidth determined from the upper state lifetime
of the transition, some broadening effects expand the linewidth. The dom-
inant broadening effect is Doppler broadening which expands the linewidth
by more than a few GHz.

Therefore, in this section, the Doppler free spectroscopy and other low noise
signal detection techniques used in my experiments, and the line broadening
effects are discussed, which is used for fixing the parameter of our experi-

mental setups.

3.1 Signal detection

We use the molecular saturated absorption signal as a frequency references.
In the case of using the absorption of iodine molecules as a frequency refer-
ence, the short-term frequency stability is determined by the signal to noise
ratio (SNR) of the saturated absorption signal. Therefore, the offset-free
frequency discrimination signal with high SNR is essential for obtaining high
short-term frequency stability around 1 Hz.

In this section, I will give a brief introduction about the Frequency mod-
ulation spectroscopy and modulation transfer technique which are used for

detecting the frequency discrimination signal in my study.
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3.1.1 Saturated absorption spectroscopy

The linewidth of linear absorption signals such as the molecules or atoms
are broadened by Doppler broadening effect inhomogeneously. Narrower sat-
urated absorption signal can be obtained by dispersing specific molecules
which has the same velocity. One of the Doppler-free spectroscopy is the sat-
urated absorption spectroscopy which is first applied to He-Ne laser [54][55],
and widely utilized with modulation technique [56][61][].

In Fig.3.1, the laser beam is introduced into the glass cell (molecules are
enclosed). As the molecules are existed under the Boltzmann distribution in
the thermal equilibrium state (Fig.3.2), the Doppler effect is appeared when
the molecules are dispersed by the laser sweep. The linear absorption signal
is detected by the photo detector (PD) which is proportional to the unab-
sorbed photon through the cell.

X :
v=-v, v=0
e V=V, @ Laser beam
Jo

Molecules in glass cell

Figure 3.1. Schematic of saturated absorption spectroscopy

In the case of Fig.3.3, two laser beams are counter-propagated collinearly,
and the frequency of one beam is fixed (pump beam) and the other is swept
(probe beam). The molecules, which resonate with the pump beam, absorb
the photon to transit the excited state and the small dip signal is observed at

the probe beam. This phenomenon is called spectral hole burning (Fig.3.4).
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Figure 3.2. Boltzmann distribution in the thermal equilibrium and absorption of molecules
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Figure 3.3. Schematic of saturated absorption spectroscopy
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Figure 3.4. Schematic of saturated absorption spectroscopy

Spectral hole burning also can be obtained by two laser beams whose
frequency are the same and swept synchronously. In Fig.3.5, one laser
beam is divided into two beams and introduced into glass cell in which
the molecule with the center absorption frequency of fy, are filled. When
the laser frequency is tuned with the frequency difference of +Af from the
fo(fr = fo+Af), each beam (+ direction and — direction) are absorbed the
molecules with the velocity of vy ~ £(Af/fo)C because of Doppler effect,
and the dips are appeared at the velocity distribution of the molecules at the

ground state.

Signal

v , . Laser
frequency f

(2) (b)

Figure 3.5. (a)Saturated population distribution of lower and upper state with two
counter-propagated beam, (b)Intensity of the transmitted laser beam through the molec-
ular cell. At the center of the linear absorption, a narrow saturated absorption peak is

appeared.
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Therefore the saturated population difference between two states are writ-

ten as

AN(V) o [1 . 50(7/2)2 50(7/2)2 ]AN()(I/)

(@rAS — k)P + (/27 (2nAf + kv)? + (7,/2)

(3.11)

where, ANy(v) is the thermal population difference of the initial ther-
mal distribution between two states without saturation light, Sy, v, 70, v are
saturation parameter, homogeneous width of the transition, v = 7yv/1 + S,
velocity component of molecules along the laser propagation, respectively
[70]. In the condition of f = fo, two laser beams resonate with the same
molecules whose velocity component is v = vy, and spectral hole burning is
observed.
Under these conditions, the absorption coefficient of the molecules with the
function of f is written as
So

—(1
2<+

s/2)?
27(f = fo)kJ? + (75/2)
where ap(f) is the absorption coefficient without saturated light [56].

as(f) = [1_

7)o(f) (3.12)

Fig.3.5(b) shows intensity of the transmitted beam of the two counter-propagated
light through the molecular cell, and the narrow peak is appeared at f = f
in the broad linear absorption profile, which is called saturated absorption

signal.

3.1.2 Frequency modulation spectroscopy

By using Doppler free spectroscopy such as the saturated absorption spec-
troscopy, Doppler-free narrow absorption lines are observed. And from such
narrow resonances, steep 1% derivative signals with high SNR can be ob-
tained by using frequency modulation spectroscopy. The basic idea has been
proposed by Pound in the microwave region [60], and was expanded to the
light frequency region by Drever and Hall [59]. This frequency modulation

spectroscopy technique is widely used for obtaining the frequency discrimi-
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nation signal of frequency-stabilized lasers, which can be applied to not only
Fabry-Perot cavities but also molecular absorptions. The principle of Fre-
quency modulation spectroscopy is as follows.

The schematic of the Frequency modulation spectroscopy is shown in Fig.3.6

N Ph
Laser |—, modjlsaetor —>| Sample —>| PD

n

RF mixer
RF >®< Phase
oscillator shifter

Demodulated
DC signal

l

Figure 3.6. Experimental diagram of Frequency modulation spectroscopy

The laser is phase modulated at certain frequency, f,,, to generate fre-
quency sidebands on either sides of carrier frequency with the frequency
separation of f,,(fr + fm and fr — f,,) in the opposite polarity. In the case
of the Fabry-Perot cavity, the carrier is on resonance to the cavity and the
averaging light inside the cavity goes back to a PD which is used as the fre-
quency reference, and both sidebands that is off resonant to the cavity are
reflected directly from the cavity to the PD which has the same frequency
(phase) fluctuations as the laser. Therefore, the frequency fluctuations of the
laser can be detected as the interference between averaged carrier beam and
reflected sidebands. The modulation frequency should be higher enough that
the laser intensity noise is falling near the shot-noise limited level (typically
a few tens MHz), and the noise of the demodulated signal reaches the shot
noise limited level.

The phase modulated electric field with the modulation frequency w,, = 27 f,,
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by a phase modulator such as an electro-optic modulator (EOM) is written

as

E = Eyexpi(wt + msinw,,t) = Eyexpiwt Z Jn(m) exp(iw,t)  (3.13)

where J,(m) is the nth Bessel function with the modulation index of m.
n = —1,1,0 th terms of this equation represent lower and upper sidebands
and carrier, respectively. After passing through the molecular sample cell
of length L whose absorption coefficient «, and the refraction index 7, the
transmitted electric field Fs(t) = 1/2E5(t) 4 c.c. is written by

M M
Es(t) = Ey | Ty expiwt + T17 expi(w + wpy )t — T_17 exp i(w — wp)t
(3.14)

where T, is complex amplitude transmittance T,, = exp(d, — i¢n), On
is the amplitude attenuation 9, = «,L/2, i¢, is the optical phase shift
i¢n = N L(we+nwy,)/c. The angler frequency of w+w,,, w, w—w,, correspond
to the modulation index of n = —1,0, 41, respectively. The electrical signal
obtained from PD is given by I(t) = c|FE5(t)|?/8n. Since M? ~ 0, I(t) is

written as

_ CcEj
- 8r
+ e sin(gy — do) — €™ sin(do — 1) M sinwit}

I(t) e 2001 4 [ cos(¢y — o) — P70 cos(do — P_1)] M cos wit

(3.15)

If 0o — 1], |00 — -1, |0 — @1|, |0 — ¢—1| is small compared with 1,
Eq.3.15 is written by

2

I(t) = 08%6250[1 +(0_1 —01) M cos wpt+ (p1 — p—1 —2¢p) M sinwy,t] (3.16)

The first term in Eq.(3.16) is in-phase signal which indicates the absorp-

tion of the molecules, and the second term is the quadrature signal. Each
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signals can be obtained by demodulating at cos w,,t, and sin w,,t, respectively
[61].

The detail mechanism for obtaining 1! derivative signals is described
below. After passing through the molecular cell which have the frequency-
dependent amplitude absorption coefficient of A(w), the electric fields of the

upper, Ey, lower, Ey, sidebands and carrier, F¢, are also written as

EL = EyJ_1(m)A(w — wp) expi(w — wp)t = aexpi(w — wpy,)t
Ey = EyJ i 1(m)A(w + wp) expi(w + wp )t = Bexpi(w — wp)t (3.17)
Ec = EyJo(m)A(w) expiwt = 7y expiwt
where 8 = EyJ1(m)A(w+wn), v = EgJo(m)A(w) and a = EpJ_1(m)A(w—
wm) = —EoJ1(m)A(w — wp,) because J_1(m) = —J1(m)
When all these sidebands are detected by a photo detector, the photocur-

rent from the photo diode is proportional to the square of those electric fields

as

|E* = (Ec + Ey + EL)(E; + Ej + E})
= |a|® + |B]* + |7]? + 2a8 cos wnt + 237 cos Wyt + 207y cos(2w,,t)
(3.18)

The detected voltage signal from PD, Vi, = 3¢|E[*nR = C|E|?, is de-

modulated with the local oscillator Vo = V7, cos w,,t into

Vdem = ‘/sig X VLO
= V;.C[(a® + B* + ) coswpt + 27(a + B) cos® Wit + 23 cos 2wt cos wit]
(3.19)

After passing through a low-pass filter, time-averaged demodulated signal
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Viem = Vi.Ov(a + B) = VLOE3 Jo(m) Jy(m) (= A(w — wp) + Alw + wy,))
0A(w)

= VLCE2Jo(m)Jy(m) x 2w, A(w) o

= VLGB Jo(m) i (m) x |G
(3.20)

(AW = 24(w) 2552)

Therefore, the demodulated signal, Vj.,,, is proportional to the 1 deriva-
tive of the intensity absorption profile, |A(w)[*.
From the signal obtained by frequency modulation technique, we can achieve

the frequency discrimination signal with the shot-noise limited noise level.

3.1.3 Modulation transfer spectroscopy

As is mentioned above, 1%¢ derivative of the absorption signal is obtained from
the frequency modulation technique. However, as can be seen in Fig.3.5(b),
the narrow saturated absorption peak is appeared in broad linear absorption
profile. Therefore, the 15 derivative of the narrow saturated absorption signal
includes large signal offset which caused from the 1% derivative of the broad
linear absorption. The large signal offset cases the fluctuations of the locking
point, and results in the frequency instability of the frequency-stabilized laser.
Therefore the modulation-transfer technique have been proposed to cancel
the frequency offset from the saturated absorption signal [62], [63]. In the
modulation-transfer technique, the phase (or frequency, intensity) modula-
tion is applied not to the probe beam but to the pump beam. The mechanism
of modulation-transfer technique is described below.

In Fig.3.4, the pump beam is phase-modulated at the frequency, ¢, and the
probe beam is frequency-shifted, A, by an acoust-optic modulator (AOM).
When the pump and the probe beams are counter-propagated in the molec-
ular sample cell and the signal beam is frequency-shifted by an AOM, the
signal wave, wy, is generated by the energy conservation which is accounted
for by four-wave mixing process [64].

Four-wave mixing in two-level system is shown in Fig.3.7.
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Figure 3.7. System of four-wave mixing

when the laser frequency is w, w; and wo are the upper and lower sideband
of the pump frequency, respectively. ws is the probe frequency. The three
frequency of wy, we and ws are interacted each other to produce wy. These

frequencies are described as

wi=w+A+46

wr=w+A—-90
? (3.21)
w3 = W

wy = w20

When the frequency of the laser is away from the resonant frequency
wp, each probe and pump beams resonate with the different molecules at
the different velocity, (see Fig.3.5(a)), and the demodulated signal from the
probe beam is null. When the laser frequency w is tuned to the resonant
frequency, both the probe and the pump beams are on resonance to the
molecules with the same velocity component v. In that case, wy is produced
by four-wave mixing, and interferes with the probe beam, and generates the
heterodyne beat signal of 20, whose phenomena is called modulation transfer

to the probe beam from the pump beam.

In a Doppler-broadened molecules, in the two-level system, Fig.3.7 can
be described below
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w1 + kv = wy
w1 + kv — (WQ + kU) =0 (322)
wy + kv — (wa + kv) + (ws — kv) = wp

where wy is Doppler shift with the molecule velocity component v. Ac-
cording to Eq.(3.22), these conditions are also written by

20.)1 — Wy + W3z = 2600 (323)

From Eq. (3.21) and (3.23), the center frequency of the Doppler-free

resonance is written by

A 30

Eq.(3.24) indicates that the laser frequency is shifted by the frequency of
AOM by A.

Therefore, the combination of frequency modulation technique and mod-
ulation transfer technique gives us the offset-free frequency discrimination
signal at the center of the saturated absorption signal. Note that the mod-
ulation frequency is limited to the linewidth of the molecules for obtaining
strong signal because the interaction between the probe and pump beam is

activated within the linewidth of the resonance.

3.2 Selection of frequency reference

In Sub-Doppler spectroscopy of the iodine molecules, the relation of res-
onance frequency and linewidth of the saturated absorption lines are ex-
plained by the dissociation limit [65]. Considering B — X transition, as
a ro-vibrational B state approaches the dissociation limit (499.5 nm), two
atoms of iodine molecules act as the separated atoms. In the separated-
atom model, atomic state of B and X correspond to 2P%+2P% and 2P%+2P%
atomic state, respectively, and B — X transition becomes an electric dipole
forbidden transition, P 1= 2P%, which results in short lifetime and nar-
rower linewidth. When B state level approaches the dissociation threshold,

the effect of predissociation limit also appears in not only ro-vibrational level
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but also each hyper fine components. Therefore each linewidth should be
examined and compared. The detail discussion about dissociation limit is
should be refereed in [65][66]

In our study, the iodine-saturated absorption line at 515 nm is used for
frequency reference. In conventional iodine-stabilized lasers, the saturated
absorption line of the iodine molecules at 532 nm is used, which shows high
long-term frequency stability and is utilized as a frequency standards. On
the other hands, the short-term frequency stability is relativity low due to its
low SNR of the detected signal. The absorption signal at 515 nm is expected
to be narrower because it is near the dissociation limit of the iodine transition
and the transition probabilities from the upper state become smaller, which
results in the narrower linewidth. The linewidth of Ir-saturated absorption
lines between 523 nm and 498 nm is reported by JILA groups [67], and also
514.67 nm absorption of iodine molecule was investigated [68]. In this fre-
quency region, as frequency approaches to the dissociation limit, the effect
of linewidth narrowing is larger than that of the signal strength decreasing,
and hence, the SNR of the signal is increasing. Therefore the SNR at 515
nm is better than that at 532 nm, and we chose the absorption line at 515
nm instead of using 532 nm absorption line.

The laser with low intrinsic noise and high frequency controllability is impor-
tant for obtaining the high frequency stability. The second harmonics of the
ytterbium-doped solid state lasers at 1030 nm can access to the saturated ab-
sorption signal at 515 nm. First, we use the Yb-doped NPRO (LD-pumped
non planer ring oscillator) as a light source, because the Nd-doped NPRO
is very stable and is used for frequency stabilized lasers or the light source
for the current GW detectors [69]. However, compared with the Nd-doped
NPRO, the Yb-NPRO is found that the optical characteristics are worse,
such as mode-hopping, beam degradation, the frequency drift etc., which
are insufficient for using as the light source of the frequency-stabilized laser.
Therefore we use an Yb-doped fiber DFB laser at 1030 nm, which shows
good performance enough for obtaining the high stability.

We have developed frequency stabilized Yb-fiber DFB lasers in reference to

the saturated absorption line of iodine molecules at 515 nm.
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3.3 Linewidth broadening effect

As is mentioned above, the natural linewidth of the iodine saturated ab-
sorption signal at 515 nm is narrower than that of 532 nm. However, the
linewidth of saturated absorption line is broadened by not only inhomoge-
neous (Doppler broadening) but also homogeneous broadening such as the
pressure broadening, transit time broadening etc. [70]. In order to obtain
the high SNR signal, we optimize the condition of the signal detection for
obtaining the narrower linewidth with strong signal strength. In this sec-
tion, we discuss about the broadening effect for determine the condition of

the signal detection in our experiments.

3.3.1 Pressure broadening

The pressure broadening effect is caused from two reasons ; (i) phase shift
caused from the collision between molecules or atoms. (ii) the lifetime of
molecules or atoms at excited state is shorten by collision. The main contri-
bution of pressured broadening in our experiments is (ii).

The intensity profile effected by pressure shift is described as [70]

C'*
(w—wo — Aw)? + (7/2)?
Where Aw is the absorption shift, which is determined by the density of

I(w) = (3.25)

atoms Npg, the collision cross-section of the absorption shift o, and written

as

Aw=Np-0-0, (3.26)

The excited state decay rate caused from the pressure broadening,y ,is
determined by the density of atoms Npg, the collision cross-section of the
absorption shift o,.

Y=+ Np-0-0y (3.27)

Where v, is natural decay rate. Pressure broadening effects are experi-

mentally discussed in section 3.4.1.
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3.3.2 Transit time broadening

In the laser spectroscopy, the interaction time of the molecules with the laser
light is shorter than the natural lifetime from the excited state. When the
diameter of the laser beam is d, and the average thermal velocity is v, the
interaction time 7' of the molecules with the laser light is written as T =
d/|v|, which is much shorter than the natural lifetime by few orders. Under
this condition, the linewidth is not determined by the natural linewidth but
the transit time 7. In the case that the molecules are passing across the
laser beam, the amplitude of the oscillator x(¢) in the harmonic oscillator
x = x coswypt is kept constant during the crossing time of 7', and is suddenly

drop to zero. The Fourier spectrum of this oscillator is written as

I .
Alw) = \/_2_7r/0 o cos(wot)e " dt (3.28)

The electric field distribution of the single Gaussian beam with the di-

ameter of 2w is described as

E = Epe /" coswt (3.29)

By substituting the amplitude of the forced oscillator x = aF into Eq.3.28,

the Gaussian line profile is obtained as

w?

I(w) = Ipexp(—(w — wo)Qﬁ) (3.30)

whose linewidth Aw (FWHM) is limited by the transit time.

dwy = 2(v/w)/21In(2) =~ 2.4v/w (3.31)

It is shown that FWHM is limited by the transit time and whose broad-
ening effect (transit time broadening) can be suppressed by cooling the
molecules to slow down their velocity or expanding the beam diameter.

In our experiments, transit time broadening effect of the iodine molecules is
suppressed by expanding the laser beam diameter. From the law of equipar-

tition of energy,
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1, 1
—mv* = =kgT
2 2" (3.32)

Nmuv? = NkgT

Where kg is Boltzmann constant, and N is Avogadro’s constant. When
temperature T=263 K and molecular weight Nm=254 are substituted into
the Eq.(3.32), the velocity of the iodine molecules is v=92.46 m/s. In order
to obtain the FWHM of less than 100 kHz, the laser beam diameter should
be lager than 2w=1.4 mm, which is calculated from the Eq. 3.32. Therefore
the beam diameter of our experimental setup is expanded to 2w =2 mm by

a couple of the optical lenses.

3.4 Precision spectroscopy of iodine absorption lines

In order to improve the short-term frequency-stability of the laser, the SNR
of the frequency reference should be improved, and the SNR is evaluated
precisely.

In this section, our new precision iodine spectroscopy system to evaluate the
pressure broadening of Is-saturated absorption signal is described.

In our initial stage, we investigate the shape of the saturated absorption lines
of the iodine molecule where the laser frequency was swept by using a PZT-
driven frequency actuator and the frequency was calibrated from the applied
voltage to the PZT. The problems of our conventional spectroscopy system
described above are (i); low resolution, (ii); uncertainty of the frequency
axis and (iii); lower SNR. (i); In the case that we obtain the frequency
discrimination signal by using the Yb:fiber DFB laser at free-running state,
the frequency resolution of the signal is relatively low that comes from its
wide laser linewidth (df=80 kHz). (ii); we used to measure the Iy-saturated
absorption signals where the frequency of the laser is swept by using a PZT-
driven frequency actuator, and the signal is obtained by the oscilloscope.
The time axis in the obtained data should be calibrated into frequency axis
by the sweep voltage signal from PZT driver. However, as described in (i),
the fluctuations and drift of the laser frequency and hysteresis of a PZT

degrade the accuracy of the frequency axis. Therefore, the signal and the
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frequency axis should be obtained synchronously. (iii) Due to the multi pass
configuration in BBM, the linear absorption of iodine is saturated and the
[;-saturated absorption signals are weakened which comes from the decrease
of contrast between the linear absorption and the saturated absorption. In
Fig.3.8, it is shown that the frequency axis of the linear absorption signal
and the saturated absorption lines are mismatched because of (i) and (ii),
and the Ip-linear absorption is saturated and I,-saturated absorption signals

are weakened because of (iii).

ot

Frequency

Figure 3.8. Linear absorption signal (blue trace) and the saturated absorption signal (red
trace) of iodine at 515 nm. It is shown that at the center of the linear absorption, the

absorption is saturated and the saturated absorption signals become weak.

In order to solve these problems, (i) (iii), we have developed a new preci-

sion spectroscopy system which consists of the frequency stabilization (light
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source) part, the frequency sweeping part, and the signal acquisition part,
which is shown in Fig.3.9. The frequency-stabilized laser is obtained from
BBM whose frequency is stabilized to the I;-saturated absorption signal at
515 nm. The frequency-stabilized green light is introduced into the frequency
sweeping part. The frequency of the laser is shifted by using Acoust-optic
deflector (AOD) which is driven by a microwave signal from a hand-made
PC-controlled direct digital synthesizer (DDS). Double-pass configuration
cancels the pointing fluctuations of the output beam in frequency sweeping.
The frequency-shifted light is introduced into the signal acquisition part to

obtain the saturated absorption signal.
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Figure 3.9. Schematic diagram of precision spectroscopy system

At the signal acquisition part, the introduced light is divided into the
probe and the pump beam. In the same configuration as that of BBM, the
pump beam is phase modulated by the EOM at 200 kHz, and the frequency
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signal acquisition

Figure 3.10. Picture of the precision spectroscopy system

of the signal beam is shifted by using another AOM. The probe and pump
beams are collinearly counter propagated in another 400-mm-length iodine
cell with 1-fold configuration to obtain the Ir-saturated absorption line. The
signal beam is detected by a PD, and the saturated absorption signal and

the sweeping frequency are synchronously recorded.

In our experiments, the Is-cell used in BBM (stabilized part) is named
I5-cell-1, and another Is-cell used in the signal acquisition part is named I5-
cell-2. Fig.3.11 shows Is-saturated absorption line, the hyperfine components,
a1g, G0, a1 in the ro-vibrational transition of P29(43-0) which is obtained
from the Ir-cell-2. In Fig.3.11, the frequency of the frequency stabilization
part, the laser frequency is stabilized to the saturated absorption signal at

the hyperfine components of as.
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4

al9 a20 a21

Figure 3.11. Iy-saturated absorption lines, the hyperfine components, a9, asg, as; in the
linear absorption line of P29(43-0) which is obtained from the Io-cell-2

In Fig.3.12, the signals are obtained from the frequency stabilization part
and the signal acquisition part (Io-cell-1 and Is-cell-2), respectively, and these
signals are imported synchronously in the precision spectroscopy system.
This experimental result indicates that the frequencies at the stabilized part
and the signal acquisition part is identical which can be obtained from the

frequency adjusting using AOMs.
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Figure 3.12. Iodine-absorption lines which are obtained from the frequency stabilization

part and the signal acquisition part (Is-cel-1 and Iy-cell-2), respectively

3.4.1 Pressure broadening of saturated absorption line

The saturated vapor pressure in the I -glass cell can be controlled by vary-
ing the temperature at the finger of the cell, where the pressure of iodine gas
is determined by the saturation vapor pressure. The mean-free pass of the
iodine molecules is expected to be shorter as the saturated vapor pressure
in the cell is increased, and hence, the linewidth of the saturated absorption
signal increases linearly with the pressure caused from the collision-pressured
broadening.

In this experiment, the saturated vapor pressure is controlled by using a two-

stage Peltier element attached to the housing of the cell finger part, and the
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pressure broadening of the saturated absorption signal is observed.

Fig.3.13 shows the pressure broadening of the Iy-saturated absorption lines
which are obtained from our previous conventional spectroscopy system (BBM)
and our current new precision spectroscopy system. The horizontal axis and
the vertical axis indicate the pressure (Pa) of iodine gas and half width at
half maximum (HWHM) (kHz) of linewidth, respectively.
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Figure 3.13. Pressure broadening of HWHM

In our conventional spectroscopy system, the uncertainly of the HWHM
is the larger due to the frequency fluctuations of the light source, and the
relation of the linewidth and the pressure is not linear. Since the laser fre-
quency is stabilized and the linewidth of probe laser is narrowed, in the
precision spectroscopy system, the linear relation is appeared. The fitting
line of HWHM /pressure is 34.7 kHz/Pa. The large error bar in higher pres-
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sure comes from week absorption signal intensity, which caused from low
contrast between saturated absorption and the linear absorption line. In the
case of 1 Pa in the Iy-glass cell-2 which corresponds to the temperature of -15
°C, the HWHM of Iy-saturated absorption line is 316 kHz, which is shown in
Fig.3.14.
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Figure 3.14. 1%¢ derivative of absorption line at 1Pa

Fig.3.15 shows the 1% derivative of the saturated absorption lines which
are obtained from I»-glass cell-2 with the 400-mm interaction length (1 pass).
The temperature in the I>-cell is changed between -15 °C and 15 °C. The vari-
ation of the linewidth, shown in Fig.3.15, is observed. As the saturated pres-
sure increases, the strength of the linear absorption line becomes stronger,

and the signal contrast becomes weaker. Therefore, signal-to noise of the
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saturated absorption line becomes lower as the temperature of the cell goes
up.
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Figure 3.15. 1%t derivative of absorption line. The temperature in the Iy cell is changed
between -15 °C and 15 °C

Unfortunately, the pressure shift of the saturated absorption line cannot
be observed in this time, because the amount of the pressure shift is too
small to detect in our current spectroscopy system. It is demonstrated that
the combination of the cooling of the I>-cell for narrowing the linewidth, and
longer interaction length (multi pass configuration) for increasing the signal

strength would improve the SNR of I;-saturated absorption lines.

3.4.2 Selection of transition

The wavelength of the fiber-DFB laser can be tuned continuously (without
mode hop) for 0.8 nm from 1029.4 nm to 1030.2 nm by controlling the tem-
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perature of the gain fiber. 70-linear absorption lines are observed in the
tuning range of the second harmonics of the fiber DFB laser at 515 nm (0.4
nm), which is shown in Fig.3.16, and the saturated absorption lines at the
linear absorption line are shown in Fig.3.16.

The linear absorption lines and the saturated absorption lines are obtained
from BBM (Iy-cell-1) and precision spectroscopy system (Is-cell-2), respec-
tively. Some linear absorption lines are selected provisionally from the strong
linear absorption lines, whose transitions are assigned from the center wave-
length of the linear absorption line, as R81(46-0), R32(49-0), P29(43-0) by
using the iodine frequency atlas [71]. The saturated absorption lines in the
linear absorption lines are observed, whose linewidth are measured precisely.
We obtain different HWHM of 410 kHz in R81(46-0), 401 kHz in R32(49-
0) and 316 kHz in P29(43-0), which are the narrowest absorption lines in
each linear absorption lines. Although it is hard work to define the highest
SNR signal in all linear absorption lines a (more than 1600 lines), future
thorough search of saturated absorption lines would determine the saturated
absorption lines with highest SNR.

3.4.3 The hyperfine structure of the iodine absorption line

In the experiments by using our precision spectroscopy system, we find that
the number of the Is-saturated absorption lines in one linear absorption line is
less than that measured in our previous spectroscopy system (BBM). In our
previous research, the hyperfine structure of I, is clearly distinguish. Because
we use free-running laser as a probe laser, and some linear absorption lines
are closely located each other and are overlapped. We verify the number of
the saturated absorption line at 1 linear absorption line by using our precision

spectroscopy system. The obtained lines are shown in Fig.3.17 and Fig.3.18

In Fig.3.17, 42-saturated absorption lines are appeared in one linear ab-
sorption line. The blue line indicates the linear absorption profile at the
wavelength of 515.0291 nm, and the red line indicates saturated absorption
lines. In the case of P, 21-hyperfine components exist in one ro-vibrational

transition. Referring the frequency atlas of iodine [71], there stays two ro-
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Figure 3.16. Linear absorption lines and saturated absorption lines

vibrational transition of P29(43-0) and P79(53-1) near 515.0291 nm, and
Fig.3.17 shows the superposition of these linear absorption lines, which in-
cludes 42-saturated absorption lines. On the other hand, in the case of R,
15-hyperfine components exist in one ro-vibrational transition. In Fig.3.18,
there is the linear absorption of R72(45-0), and the number of saturated ab-

sorption line (15) corresponds to the reference.

In order to obtain the presition line shape, the frequency modulation
spectroscopy (FMS) is preferred to modulation transfer spectroscopy (MTS),
because the modulation frequency of FMS is higher than that of MTS, and
the presision structure of Ir-saturated absorption lines can be obtained [63].
According to [67], the linewidth of Iy-saturated absorption lines at 523-498
nm can be measured by MTS, and we have also used modulation transfer
spectroscopy for obtaining 515-nm I,-saturated absorption lines and evalu-
ated the linewidth. Since we do not eliminate the power broadening effect,

the measured linewidth is wider than that measured in previous work. How-
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Figure 3.17. Linear absorption line of P29(43-0) and P79(53-1) near 515.0291 nm, and

42-saturated absorption lines.
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A=515.016 nm

Figure 3.18. Linear absorption signal of R72(45-0), and 15-saturated absorption lines.

ever, our results are measured under actual experimental condition and are

useful for estimating the SNR.
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4 Development of iodine-stabilized lasers

4.1 Concept of breadboard model

Our light sources have been developed for operating in the spacecraft. Besides
high frequency and intensity stability, our lasers also should have additional
requirements as space-borne lasers such as compactness, high efficiency, ro-
bustness, high tolerance against mechanical vibrations, large temperature
fluctuations and cosmic ray exposure, and the maintenance free long-term
stable operation. For the prototype breadboard model, we have developed an
iodine-stabilized lasers with taking into account that especially compactness,
the high efficiency, long-term mechanical stability. The details are described
in the following section. We have investigated the tolerance of all electrical
and optical parts. Among them, one of the most serious problems is the
radiation-darkening of Yb-doped fibers. Recently it is reported that the Yb-
doped fibers with co-doping phosphor ions or injecting hydrogen shows the
radiation hardening against cosmic ray exposure [72], [73]. The mechanical
vibrations at the finger part of the iodine cell is also most serious problem

and should be investigated in the future.

4.2 Experimental setup of BBM1 and BBM2

In this section, the details of the breadboard model (BBM) are described.

Fig.4.1 is the schematic diagram of our BBM. The light source is a commer-
cial Yb-doped fiber DFB laser (Koheras AdjusteK Y10 [74]) whose center
wavelength and the output power are 1030 nm and 20 mW, respectively.
The frequency control of the light source is obtained by using a piezo-electric
transducer (PZT) attached to the gain fiber, whose control bandwidth is
10 kHz, and the wavelength can be widely tuned for more than 0.8 nm (240
GHz) without mode hopping by a temperature control of the fiber. Its mode-
hop-free operation, frequency repeatability, robustness and tolerance against
the mechanical vibrations are suitable for space-borne laser, and we chose it
as a light source. I have developed an Yb-doped fiber amplifier to amplify
the output power of the Yb:fiber DFB laser up to 200 mW. The amplified
light is converted into 515 nm by using a ridge-waveguide periodically-polled
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lithium niobate (WG-PPLN) crystal (NTT Electronics, WH-0515-000-A-C-
C). The conversion efficiency of 26 % is obtained, and more than 46 mW
of the second harmonics is generated from the fundamental light. The con-
verted green light is introduced into the breadboard and is divided into the
pump and probe beams, whose polarizations are S and P, respectively. The
power divided ratio (pump: probe) of the green light is adjusted to 7:2 by
using a half wave plate.

The pump beam is phase-modulated at 200 kHz by an electro-optic mod-
ulator (EOM) and frequency of the signal beam is shifted by an AOM to
avoid the interference between the pump and probe beams. The pump and
probe beams are collinearly counter propagated in an iodine cell. The length
and the diameter of the iodine cell are 400 mm and 30 mm, respectively,
and a Brewster windows are attached at both ends. The body of the glass
cell is made by Mitorika, and I asked Dr. Jan Harabina at Institute of Sci-
entific Instruments, Czech Academy of Science to fill the pure iodine into
the cell [75]. The purity of the iodine is very severe for our study, and I
once asked US company for filling iodine and the saturated absorption sig-
nal could not be observed from that US cell. The pump and signal beam is
passing through the iodine cell, and multi-pass configuration makes long to-
tal interaction length of 2000 mm. Those signal acquisition part is mounted
on a 500x350x20-mm aluminum breadboard. After propagating through the
I5-cell, the modulation-transferred signal beam is detected by a photo detec-
tor (PD), and is converted into the voltage signal. In order to obtain the
frequency discrimination signal, the detected signal is demodulated at 200
kHz, which is the combination of Frequency modulation (FM) method and
Modulation transfer (MT) method. The error signal is filtered and is fed-
back to a PZT driver for controlling the PZT-driven frequency actuator of
the Yb:fiber DFB laser to stabilize the frequency of the laser.
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Figure 4.1. Schematic of BBM
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Fig.4.2 is the first model of our BBM, which is called BBM1. During 3-
years operation, BBM1 is improved for over 2 years (shown in Fig.4.3). The
fiber components (inline PBS, inline AOM) are replaced with a bulk-type
PBS and a free-space AOM to decrease the optical loss, and beam expanders
that consists of a couple of the lenses are inserted into the probe and pump
beam paths to suppress the transit time broadening. The number of beam
folding in the iodine cell reduces from 5 times to 3 times to improve the
contrast between saturated absorption and the linear absorption (Details are
described at section 3.4). After development of BBM1, we have developed
BBM2, whose configuration is the same as that of BBM1, for evaluating the
absolute frequency stability of the lasers.

Figure 4.2. BBM1 (first model of BBM)
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Figure 4.3. BBM2(Improved BBM)

4.3 The performance of the frequency-stabilized laser

In this section, the design of the servo system for the frequency stabilization
is described. The open loop transfer function is written as Ty, = AG,
where G and A are the transfer function of the electrical servo filter and the
other part including the optical detection part, frequency actuators. First,
we determine the transfer function of the optical part A from the open loop
AG; in the negative feedback loop which is shown in Fig.4.4, frequency is
stabilized and the AG is measured.

The measured AG is shown in Fig.4.5. The blue traces and the red traces
indicate the characteristics of the gain (left) and phase (right), respectively.
The solid and the dashed lines indicate the measured and simulated AG,
respectively. In this simulation, the characteristic of G is already identified

and the equivalent circuit of A is identified as a quadratic integration circuit.
Total open loop transfer function of our servo system is simulated from

the equivalent circuit (A) and the electrical servo filter (G) by using the

electrical circuit simulator TINA-TI (Texas instrument Inc.)[76], and the
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Figure 4.4. Schematic diagram for measurement of the open loop AG
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improved AG for frequency stabilization is shown in Fig.4.6.

We obtain the gain of more than 150 dB at 1 Hz, the control bandwidth of
2 kHz (unity gain frequency), and the phase margin at 200 kHz is 50 degree,
which are estimated from the total open loop transfer function 7,,., = AG.
The equivalent circuit and the servo circuit for the frequency stabilization

are shown in AppendixB.
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Figure 4.6. Simulated and measured total open loop transfer function Ttota (red: gain-
left, blue: phase-right), measured (solid traces) and simulated by using equivalent circuit
(dotted traces).
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The frequency of the laser is stabilized in reference to a hyperfine com-
ponent of I,. Fig.4.7 shows the frequency noise spectra which are evaluated
from the error signal (in-loop). In BBM1 (left), the red trace indicates the
frequency noise of the laser at free-running state, and blue trace indicates
that at stabilized state. The frequency noise was suppressed down to 1
Hz/ V' Hz below 10 Hz, which satisfies the requirement level of DECIGO and
B-DECIGO.

In BBM2 (right), the control servo bandwidth and servo gain at 1 Hz were 2
kHz and 120 dB, respectively. The blue trace indicates the frequency noise
of the laser at stabilized state. The frequency noise was suppressed down to
1 Hz/ V' Hz below 10 Hz. Although both frequency noise levels satisfy the
requirement level DECIGO, these frequency noise are in-loop signal, and it
means that the electrical servo system satisfies only the necessary condition
of DECIGO requirement. As the absolute frequency noise is limited by the
stability of the frequency reference, further precision out-of-loop evaluation

is necessary and is described in the following section.
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Figure 4.7. Frequency spectra evaluated from the error signal; the blue trace and the
red trace indicate the frequency noise at free-running state and at the stabilized state,
respectively. (the left is BBM1, the right is BBM2).
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4.4 Evaluation of frequency stability

We also evaluate the absolute frequency noise including the stability of the
frequency reference. The frequency of two BBMs are stabilized in reference
to the same saturated absorption line. When the frequency of the signal
beam is shifted at +f by using AOM, the center frequency of the frequency-
stabilized laser is shifted by +(1/2)f from the center frequency of the ab-
sorption line. The signal beam at BBM1 and BBM2 are frequency shifted at
+40 MHz and -40 MHz, respectively (both AOMs are driven from the same
microwave source, and +1st and-1st diffraction light are used as each sig-
nal beam). Therefore, 40-MHz beat note at 1030 nm is obtained by mixing
the frequency-stabilized light from two BBMs, and the absolute frequency is
evaluated from the fluctuations of the beat frequency. Since the fluctuations
of the AOM driving frequency give influence on the frequency stability of the
laser, driving microwave signals (40 MHz) applied to each AOMs are supplied
from a common micro wave synthesizer (Asilent E4432B) for cancelling the
frequency fluctuations of the AOM driving frequencies, and the frequency
of micro wave synthesizer is synchronized to a Rb atomic clock (Stanford
Research PRS10). First, the long-term frequency stability is evaluated by
measuring temporal variation of the beat note frequency by using a univer-
sal counter (Agilent 53132), which is shown in Fig.4.8

BBM1 40 MHz beat signal
PD frequency Counter
BBM2 3 dB fiber coupler Voltage amp

Figure 4.8. Schematic of the absolute frequency evaluation

The absolute frequency stability is measured in May 2017 whose results
are shown in Fig.4.9. The green dots and the blue dots indicate Allan-
deviation of the 40-MHz beat note frequency at free-running state and sta-
bilized state, respectively. The frequency stability at 1 s and 4000 s are
df/f = 107! at stabilized state. The suppression of the scattering light
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improves the frequency stability at the range of all averaging time, and the
passive stabilization of EOM temperature decrease RAM (residual amplitude
modulation) effect, which improves the long-term frequency stability. The
improved frequency stability (measured in September 2017) is also shown in
Fig.4.9 by red dots.
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Figure 4.9. Allan-deviation of 40-MHz beat note between two lasers at free-running state
(green dots), at stabilized state measured in March 2017 (blue dots) and September 2017
(red dots).

The further improvement of the frequency stability is observed in January
2018, which is shown in Fig.4.10, and the frequency stability reaches 1074
level for longer than 2000 s. In these experiments, Allan deviation does not
indicate the real frequency stability especially at short-term range (short
averaging time) because of the miscounting of the frequency caused from the
low SNR of the beat signal. Therefore, we try to evaluate the short-term
frequency stability by using a signal analyzer (Anritsu MS2691A).
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Figure 4.10. Allan deviation of the beat note frequency

The phase noise spectra of the beat signal are measured by using the
signal analyzer, and the phase noise spectra of the beat signal is converted
into the frequency noise spectra, which is shown in Fig.4.11. Above 500 Hz,
the frequency noise spectra is the same as the in-loop frequency noise spec-
tra shown in Fig.4.7, which means that it comes from the residual frequency
noise of the frequency stabilized servo. On the other hand, below 500 Hz is
flat.

Fig.4.12 shows the intensity noise of the frequency discrimination signal
which is converted into frequency noise spectrum by using the slope of the
frequency discrimination signal (red trace). And the in-loop frequency noise
spectrum is added in this figure (black trace). As can be seen from Fig.4.11
and 4.12 | it is said that at the lower frequency range, the absolute frequency
noise is limited by the SNR of the frequency discrimination signal, which
reaches 5x10" Hz/ V/Hz. This frequency noise level is more than one order
of magnitude worse than that of the requirement level, and further improve-
ment would be obtained by improving SNR of the frequency discrimination

signal.
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Figure 4.11. Absolute frequency noise spectrum of the frequency-stabilized laser which is
evaluated from the beat note between two stabilized lasers, which reaches 50 Hz/V Hz
below 500 Hz.
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Figure 4.12. Frequency noise level from the noise of the signal which is converted from
the intensity noise of the frequency discrimination signal [red]. Black trace indicates the
in-loop frequency noise spectrum, and the absolute frequency noise [Fig.4.11] is sum of
the SNR and residual frequency noise of the laser.
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5 Improvement of the short-term frequency
stability

5.1 Intensity stabilization at modulation frequency of
200 kHz

The short-term frequency stability of the laser is limited by the SNR of the
frequency reference. We obtain the frequency discrimination signal of the
saturated absorption signal by using lock-in detection. The frequency dis-
crimination signal is used as a frequency reference, and whose noise level is
limited by the intensity noise of the PD detected signal at the phase modu-
lation frequency. The measured relative intensity noise (RIN) spectra of the
light sources (fiber DFB laser, ECLD1, ECLD2) are shown in Fig.5.1.
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Figure 5.1. RIN of the fiber DFB laser, ECLD1 and ECLD2
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In our experiments, the phase modulation frequency is 200 kHz, which
is optimized for obtaining strong frequency discrimination signal by using
the modulation transfer method. The RIN of the Yb:fiber DFB laser at 200
kHz is much worse than that of the theoretical limit: photon shot noise level
which reaches dI /I = 10~%/+v/Hz level at the detection power of 7 mW, and
dominates the intensity noise of the PD detected signal at 200 kHz.
Therefore if the intensity noise of the laser at 200 kHz is suppressed, the SNR
of the frequency discrimination signal would be improved, which results in
the improvement of the frequency stability. On the other hand, the intensity
noise of ECLD at 200 kHz is lower than that of fiber DFB laser, however the
mechanical stability of ECLD is much worse than that of fiber DFB laser.
Therefore, we choose more stable fiber DFB laser, and have tried intensity
stabilization at 200 kHz for improving the SNR of the frequency reference.
As is mentioned in the previous section, the absolute frequency stability of
our iodine-stabilized laser is limited by SNR of the frequency discrimination
signal, and hence, we try to suppress the intensity noise of the laser at 200
kHz for improving the absolute frequency noise of the frequency-stabilized
laser around 1 Hz.

The intensity stabilization of the laser at 200 kHz is not so easy because 200
kHz is too high for obtaining enough high noise suppression gain from the
feedback control loop. In the first step, we try the active intensity stabiliza-
tion of the laser at 200 kHz by the feedback method, in which AOM is used

as a power actuator.

5.1.1 Intensity stabilization at 200 kHz (normal feed back)

Fig.5.2 is the schematic diagram of the active intensity stabilization of the
laser at 200 kHz. After the signal beam in BBM is passing through the AOM,
1%t order diffraction light from the AOM is picked off by the mirror in front
of the iodine cell. A portion of the 1% order light is detected by PD, and
the detected intensity noise signal is filtered into the control signal by the
electric servo circuit.

We use a micro wave frequency synthesizer for generating 80-MHz signal for

driving AOM (Agilent E4432B). The signal from the a micro wave synthesizer
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is amplified by using a microwave power amplifier up to 1W, and the control
signal is applied to a voltage-controlled attenuator (VCATT) located before
the power amplifier to modulate the applied micro wave power to the AOM.
By choosing appropriate power range, the diffraction efficiency of the AOM
is proportional to the applied micro wave power, and we can control the

intensity of 1% order diffraction light by the control signal.

To iodine cell
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Figure 5.2. Schematic diagram of the active intensity stabilization by using feedback
method. AOM driver consist of a voltage-controlled actuator and a power amplifier, and

the output power can be controlled by using the applied control signal

Fig.5.3 shows the transfer function of the power actuators from voltage
modulation to optical power modulation. I evaluated the transfer function
of several commercial voltage controlled attenuators (VCATT), RVA2500,
ZF1-1200, ZX73 (Mini-Circuit Inc.), and the commercial AOM driver with
a power modulation input (AOMO-125, Crystal Technology Inc.). Among
them, the commercial AOM driver is most suitable for intensity stabilization,
due to the low phase delay at 200 kHz, although micro wave synthesizer-
driven signal source has better frequency stability. In order to make fast

feedback loop, the transfer function of operation amplifiers (Op-Amps.) are
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measured, which is shown in Fig.5.4. Since the phase margin and the gain
of AD829 (Analog devices Inc.) is lager than that of OP27 (Analog devices
Inc.) at 200 kHz, we choose AD829 for the electric servo filter. The circuit

diagram is shown in Appendix C.
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Figure 5.3. Transfer function of the AOM diver and voltage control attenuators (VCATT).
Compared with VCATT, the AOM driver shows less phase delay at 200 kHz.
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Figure 5.4. Transfer function of the operational amplifier (OP27, AD829)
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5.1.2 Experimental result (normal feed back)

The RIN spectra of the signal beam (A =515 nm) are shown in Fig.5.5. The
RIN below 100 kHz is measured by using an FFT analyzer (Advantenst Inc.
R9211C), and above 100 kHz is measured by using another wideband FFT
analyzer (Yokogawa Inc. SA2400).

The control bandwidth of the intensity stabilization is around 500 kHz which
is limited by the control bandwidth of AOM, and the RIN at 200 kHz is
suppressed down to 6 dB.
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Figure 5.5. RIN of the signal beam at the free-running state (blue) and the stabilized
state (red)

As can be seen from the figure, the intensity noise at 200 kHz is sup-
pressed. However the significant improvement cannot be achieved because of
its low servo gain at 200 kHz due to the limited control bandwidth.
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5.1.3 Intensity stabilization at 200 kHz (forced oscillation)

In order to improve those problems, we have tried another new active inten-
sity stabilization method at 200 kHz. Fig.5.6 shows the schematic diagram
of the experimental setup for the intensity stabilization at 200 kHz.
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Figure 5.6. Schematic of the intensity stabilization at 200 kHz by using low noise amplifier
(LNA)

The intensity noise at 200 kHz is negatively fedback by using two-stage
cascade-connected low-noise AC amplifiers (LNA). The LNAs used for this
stabilization are ANALOG MODULES. Inc. 322-4, and the total gain at
200 kHz is 80 dB. A portion of the 1st order light is detected by PD and
the detected voltage signal is amplified by two LNAs. After amplified, the
control signal is directly applied to the AM wideband modulation terminal

of the micro wave synthesizer (Agilent E4432B) without servo filter.

5.1.4 Experimental result (self-oscillation)

The RIN spectra are shown in Fig.5.7. The RIN at 800 kHz is forced to
oscillate by feedback control from the phase delay of more than 180 degree
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at the unity gain frequency. Though this scheme does not follow the nor-
mal feedback theory, RIN at 200 kHz is successfully suppressed because this
oscillation absorbs the intensity noise around the oscillation frequency. The
demodulated intensity noise of the frequency discrimination signal is also

measured which is shown in Fig.5.8.

10

200kHz

10° free—running

RIN(/NHz)

107 stabilized

10°®

10° 10* 10° 10° 10’
Frequency(Hz)
Figure 5.7. RIN spectrum; the blue and the red lines indicate the stabilized state and free-

running state, respectively. At 800 kHz the servo system is oscillated, and the intensity

noise suppression around this oscillation peak is observed.

The blue line and the red line indicate the stabilized state and free-
running state, respectively, and the intensity noise at demodulated signal
is suppressed by 20 dB up to 100 kHz. The corner frequency of 1 kHz comes

from the low-pass filter in the lock-in amplifier.
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The steep peak appeared at 200 kHz is the down-converted oscillation

peak in the intensity noise spectrum.
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Figure 5.8. Demodulated RIN spectrum; the blue and the red lines indicate the stabilized

state and free-running state, respectively.

As is seen from Fig.5.8, the noise level of the demodulated signal is suc-
cessfully suppressed. However, the signal strength of the frequency discrim-
ination signals is also decreased, and hence, the SNR of the frequency dis-
crimination signal cannot be improved. We first try to apply this oscillation
control method to the intensity noise suppression, and the intensity noise of
the demodulated signal is successfully suppressed. However we do not fully
understand the mechanism of signal decreasing yet, and further investigation

is required for realizing these phenomena.
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Following those experimental results, we have tried another way to de-
crease the intensity noise of the laser with keeping the signal strength of the

frequency discrimination signal which are described in next subchapter.

5.1.5 Intensity stabilization at 200 kHz (feed forward)

We also try the intensity stabilization at 200 kHz by using feed forward
method. Compared with feedback method, feed forward cannot obtain large
noise suppression gain. In feed forward control, the servo bandwidth is not
limited by the phase delay or mechanical resonance of the loop, and no
resonant oscillation is occurred during servo control. Therefore, the feed
forward loop can be obtained by only adjusting the gain and phase of the
loop, and no precision and complex filter design are necessary. Fig.5.9 shows
the schematic diagram of the intensity stabilization of feed forward method.
For the intensity stabilization, AOM which is inserted in the signal beam

path, is used for the intensity actuator.

I,—cell

m
@)
<

=
BS §
o
Feed forward method
A/2
BS
80 MHz | 1 \]

A
AOM | L\
T Pre signal e

. Servo
@—AOM driver | €— filter

HPF+Phase shifter

Figure 5.9. Schematic diagram of intensity stabilization at 200 kHz by feed forward method

A part of the signal beam is picked off by a non-polarized beam split-

62



ter (NBS), and the detected intensity noise is filtered and is applied to the
AOM located next to NBS for suppressing the intensity noise at 200 kHz.
For optimizing the suppression of the intensity noise by using feed forward
method, the gain of the loop should be adjusted precisely unity at the sup-
pression point. The gain of the loop is precisely controlled by the electrical
attenuator consisted of a multi-turn potentiometer.

And phase of the feedback signal should be also adjusted to (2n+1)7 radian
for negative feed forward. The phase of the control signal is controlled by
using a hand-made electric phase shifter, whose circuit diagram is shown in

Appendix ??. Transfer function of the phase shifter is shown in Fig.5.10.
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Figure 5.10. Transfer function of the two stage phase shifter

Solid traces and dashed traces in Fig.5.10 indicate gain (left) and phase
(right), respectively. Increasing the resistance of a 1-k§) variable resister
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(VRI1k) as 1092 (green) 10082 (blue), 1k (red) result in the phase delay of
the transfer function without gain variation. Therefore the phase at 200 kHz
can be adjusted from -20 degree to -160 degree by changing the resistance of
VRI1k. Fig.5.11 shows the gain (solid trace, left) and phase (dashed trace,
right) of our hand made phase-shifter under the maximum phase shifted
condition. The blue traces indicate transfer function of one phase shifter,
and maximum phase at 200 kHz (red bar) is -100 deg, which is insufficient
for adjusting the phase to -180 degree. Therefore we use two-stage cascaded
phase shifter (red traces) whose maximum phase shift -430 degree, and can
be adjusted to -180 degree.
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Figure 5.11. Measured open loop transfer function of our hand-made phase shifter. The
solid and dashed traces indicate gain and phase, respectively, and blue lines represent
those of 1 phase shifter, and red lines represent those of 2-stage phase shifter. Red bar
indicates the frequency at 200 kHz.
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5.1.6 Experimental result (feed forward)

The relative intensity noise spectra of the laser are shown in Fig.5.12. The
intensity noise is measured by the wideband FFT analyzer (Yokogawa Inc.
SA2400) and is successfully suppressed by 10 dB at 200 kHz. RIN at free-
running state (black trace) is suppressed by feed forward servo without phase
shifter, which is indicate by green trace. In that case, although RIN around 10
kHz is suppressed, that at 200 kHz is still the same level. As the phase of the
control signal is shifted by our two-stage phase shifter, the noise suppression
peak is increasing (blue trace), and by adjusting the phase appropriately, the
RIN at 200 kHz is suppressed by more than 15 dB.
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Figure 5.12. Intensity noise spectra of the laser at feed forward control; free running
(black), and feed forward controlled as the shifted phase is increasing (green to blue), and
at the appropriate phase (red), RIN at 200 kHz (red bar) is narrowly suppressed by mode
than 15 dB.

65



In this feed forward scheme, the intensity noise can be suppressed around
the target frequency with narrow bandwidth, and at other frequency range,
the intensity noise becomes worse because the noise is positively feedback
at theses frequency range. The intensity noise spectra of the demodulated
frequency discrimination signal is shown in Fig.5.13. The intensity noise at
free-running state (blue trace) is suppressed and is suppressed down to 5 dB
at 1 Hz (red trace), which are measured by an FFT analyzer (ADVANTEST
Inc. R9211). The noise suppression ratio of the demodulated signal is smaller
than that of the intensity noise under the feedforward control, which comes
from the leak of the 200 kHz signal from the function generator that drives
EOM, whose 200 kHz peak is appeared in the RIN under the feedforwad

control.
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Figure 5.13. Intensity noise spectra in the demodulated frequency discrimination signal;

blue and red indicate the intensity noise at the free-running and the stabilized state,

respectively.
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Since the demodulated intensity noise at 1 Hz is suppressed, the SNR
of frequency discrimination signal is also improved with keeping the sig-
nal strength. The expanded frequency discrimination signals are shown in
Fig.5.14 and Fig.5.15, which are measured by a digital oscilloscope (Iwatsu
DS-5352). The yellow trace indicates the expanded demodulation signal, and
the blue trace indicates the applied voltage to the PZT driver for the laser,

which is proportional to the swept laser frequency.

Figure 5.14. Expanded frequency discrimination signals at free-running state (yellow trace)

Blue trace indicates the applied voltage to the PZT terminal of the laser.

Figure 5.15. Expanded frequency discrimination signals at stabilized state
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5.2 Balanced detection

In the subsectionb.1, we have tried active intensity stabilization at 200 kHz,
and the intensity noise at 200 kHz is suppressed by using active noise sup-
pression methods. In this subsection, we try the passive intensity noise can-
cellation by using a balanced photo detector (PD), and improve the SNR of
the frequency discrimination signals.

The principle of the intensity noise cancellation is that; since the intensity
noise of the laser stays both beams before and after passing through the
iodine cell and acts as a common mode noise, two detected beams are sub-
tracted electrically to cancel the laser intensity noise components from the
detection signal, and the SNR of the demodulated frequency discrimination
signal would be improved. Fig.5.16 shows the schematic of our passive in-

tensity noise cancellation system.

/
7 [>
P - -~ J /
Ve
/ | Differential . —1 0 [
! PD | < PRI
- sig
l i be /2
\ %' _______
\\ reference
~ beam /2
uﬂiﬂ\
‘ WG-PPLN
Laser isolat
(A=1030 nm) = s SHG

1030 nm—515 nm

Figure 5.16. Schematic of the passive intensity noise cancellation system

The beams before and after passing through the iodine cell, which are
picked off by a beam sampler, are called the reference beam and the signal
beam, respectively. Each beam are detected by separate photo detectors in

our hand-made differential PD, and photocurrent from each photo detectors
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are directly subtracted. For maximizing noise canceling effects, the DC power
balance of the two detected signals should be severely identical. Therefore
auto DC balance mechanism is installed in our balanced detector, which is
called an auto-balanced differential PD based on ref.[77]. The configuration
of the electrical circuit is attached in Appendix E.

First, we tested the characteristic of the auto-balanced detector. Fig.5.17
shows the intensity noise spectrum obtained from the output of the auto-
balanced detector, where the input power to the signal PD is 0.5 mW. The
red trace indicates the detected intensity noise spectrum without reference
beam input (free-running). For working auto-balance system properly, the
power of the local beam should higher than that of the signal PD.
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Figure 5.17. Intensity noise spectrum obtained from the auto-balanced PD with various

local powers. As the local power increases (Vo decreases), the noise suppression ratio
increases up to 25 dB.
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As the power of the reference beam increases, the monitor voltage, V,on,
decreases from 15 V. Seen from Fig.5.17, the intensity noise spectrum is
suppressed as the local power increase (V},,, decreases), and the noise sup-
pression reaches 25 dB when the V,,,, is -1.5 V. In Fig.5.17, the intensity
noises are detected at the laser frequency is off-resonance to the iodine.
When the laser frequency is tuned at on resonance of the iodine, the noise
suppression ratio decrease, which is shown in Fig.5.18. The noise spectrum
from the auto-balanced PD without local beam (black trace), local in with

off resonance (blur trace), and local in with on resonance (red trace).
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Figure 5.18. Noise spectrum from the auto-balanced PD without local beam (black trace),

local in with off resonance (blur trace), and local in with on resonance (red trace)

It is considered that the noise from fluorescence is added to the signal

beam, which results in decreasing noise suppression effect.
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5.2.1 Experimental result of balanced detection

The noise spectrum of the demodulated signal from the auto-balanced PD are
shown in Fig.5.19. The noise level of the demodulated signal from the single
PD (blue trace) is improved at the all the frequency range by 10 dB (red
trace), whose suppression ratio is little bit lower than that of the balanced-
detected RIN in Fig.5.18, and signal to noise ratio of the discrimination signal

improves.
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Figure 5.19. Demodulated signal from the single PD (blue) and from the auto-balanced
PD

Finally we evaluated the improvement of the frequency stability of the
iodine-stabilized lasers. Fig. 5.20 shows the absolute frequency noise evalu-
ated from the beat note between two lasers, details of which are described
in section 4.4 . The frequency of two lasers are locked to the same saturated
absorption line of I, and the frequency noise spectrum from the single PD

(blue trace) at lower frequency range is improved by using the auto-balanced
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PD (red trace), and reaches 1.7x10' Hz/v/Hz below 200 Hz. Assuming that
both BBMs are the same frequency stability in frequency stabilizing opera-
tion, the frequency stability of each laser is smaller by 1/4/2, and the absolute
frequency stability of both lasers is estimated to reach 1.2x10' Hz/v/Hz be-
low 200 Hz. As conclusions, we stabilized frequency of the laser in reference
to the iodine saturated absorption, and the short term frequency stability of
12 Hz/\/m is obtained in both BBMs below 200 Hz by improving the SNR
of the frequency discrimination signal. This frequency noise level is worse
than that of the requirement for DECIGO by 1 order. RIN of the laser at
the modulation frequency still far from the theoretical noise limit (shot-noise
limit), and the frequency noise level of our laser would reach the requirement
level of DECIGO by further suppressing the intensity noise at 200 kHz or
replacing the laser with that which have low intrinsic intensity noise such as
ECLD.
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Figure 5.20. Frequency noise of the beat signal between two BBMs. By using the auto-
balanced detector (red trace) the frequency noise is improved from the single PD detection
(blue)
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6 Intensity stabilization at observation band

In the case of a space GW detector such as DECIGO, the strain sensitivity
of the interferometer at lower frequency is limited by the radiation pressure
noise in which the light pressure from the laser fluctuates the test mass
mirrors. Therefore laser power stabilization at the observation band around
1 Hz is necessary to improve the strain sensitivity of DECIGO, however, there
are unknown noise below few hundred Hz which limits the intensity stability,
and the intensity stabilization below few hundred Hz is extremely difficult
[78]. Hence, the approaches for the unknown-noise suppression should be
devised to improve the intensity stability at low frequency.

Fig.6.1 is the schematic of the light source of BBM. The light source
consists of an Yb-doped fiber DFB laser and an Yb-doped fiber amplifier
(YDFA), which is called Master Oscillator Fiber Power Amplifier (MOFPA)
system. Therefore we have tried the intensity-stabilization of this MOFPA
with negative feedback system, whose power actuator is a pump power of
YDFA, because the intensity noise of MOPA system is dominated by that of

a power amplifier which has been already investigated in our previous study.

Fiber DFB laser

YDFA
(Yb doped fiber amplifier)

; servo

Negative feedback

LD driver

Figure 6.1. Schematic diagram of our intensity-stabilization system at the observation
band around 1 Hz.

After the output power is amplified by YDFA, the amplified output is
divided into two beams, one is used for intensity stabilization called in-loop

(control loop) and the other is used for the main interferometer, and also for
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evaluation of the out of loop. The voltage signal detected from an in-loop
PD current is compared with the stable voltage reference, and the differential
error signal is converted into error signal by a servo circuit. After filtered into
the control signal, the error signal is applied into a modulation terminal of
the LD driver. The in-loop intensity stability of the light source is evaluated
from the error signal in the servo loop, and the out-of-loop intensity stability

of the light source is evaluated by using the out-of-loop PD.

We have tried two approaches of how to divide a portion of the amplified
beam (surrounded by red dashed square in Fig.6.1); by using a non-polarized
beam splitter (NBS) in free-space, and by using an in-line fiber coupler.
The former approach is called free-space experiment, and the latter is called
fiber component experiment. In both approaches, the most critical point to
improve the out-of-loop stability is the stabilization of the divided ratio of
two beams, which are described in this section.

The open loop transfer function of the servo system consists of G (electrical
servo filter) and A ( the other part including optical part, optical to electric
or reverse part), and described as Tip, = AG. First, we measured the
transfer function of the optical part A; from the modulation input of the LD
driver to the PD detected voltage, and estimated the equivalent circuit of A.
The transfer function A of simulated results from the equivalent circuit and
measured are shown in Fig.6.2. The red traces and the blue traces indicate
the characteristics of the gain (right) and phase(left), respectively. The solid
and the dashed lines indicate the measured and simulated A, respectively.
In this simulation, the equivalent circuit of A is identified as a quadratic

integration circuit whose cutoff frequency is 3 kHz.
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Figure 6.2. Transfer function of A (red: gain-left, blue: phase-right), measured (solid

traces) and simulated by using equivalent circuit (dotted traces)

Total open loop transfer function of our servo system is simulated from
the equivalent circuit (A) and the electrical servo filter (G) by using the
electrical circuit simulator TINA, which is shown in Fig.6.3.

We obtained the gain of more than 140 dB at 1 Hz, and the control bandwidth
of 20 kHz (unity gain frequency) which can be expanded up to 100 kHz
by optimizing the servo gain, which is estimated from the total open loop
transfer function 7y,., = AG. The servo circuit for the intensity stabilization

is shown in Appendix F.
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Figure 6.3. Total open loop transfer function Typen, = AG

6.1 Free-space experiment

The amplified 1030-nm beam from YDFA is divided by using a 10— dB fiber
coupler and a small portion of the amplified beam extracted from a fiber
collimator is passing through a polarizer (pol) and a 50:50 NBS to divide
into the in-loop and the out-of-loop (shown in Fig.6.4). In order to make
the photon shot noise reach dI/I = 10~8/v/Hz level, the detected power of
PDs should be more than 7 mW in all experiments. The photo diode used
for PD is G12180-005A (Hamamatsu Photonics Inc.), and the thermal noise
of the load resistance and PD dark current noise level is lower than that of
the required shot noise level. We use LTC6655 (Linear Technology Inc.) as

a stable voltage reference.
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out—of-loop
(absolute evaluation)

A
YDFA 10 dB [ pol v
coupler toV
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Figure 6.4. Experimental set up of the free-space intensity-stabilization by using NBS

Fig.6.5 is the relative intensity noise (RIN) evaluated from the in-loop
(green line), that evaluated from the out-of-loop at free-running state (blue

line), and that evaluated from the out-of-loop at stabilized state.
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Figure 6.5. Intensity spectra of RIN at free-running state (blue trace), at the stabilized
state evaluated from in-loop (green trace) and from out-of-loop (red trace)
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The detected power at both in-loop and out-of-loop PDs are higher than
7 mW. The RIN evaluated from in-loop (in-loop RIN) is successfully sup-
pressed down to dI/I = 10-8/y/Hz level. However, the out-of-loop RIN at
stabilized state is worse than that of the in-loop below 100 Hz, and reaches
the level of that at free-running state at 1 Hz. In this experimental configu-
ration, the divided ratio of NBS fluctuates, which comes from the coupling
of polarization fluctuate of the amplified power and the polarization depen-
dency of the NBS power divided ratio at 1030 nm.
The polarization dependency of the NBS transmittance is shown in Fig.refBSP.
The transmittance of P-polarized light is 41 % and that of S-polarized light
is 38 %. The reflectance of P-polarized light is 59 % and that of S-polarized
light is 62 %, respectively.
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Figure 6.6. Polarization dependency of NBS (originated from the datasheet of Thorlab
Inc

In order to improve the RIN evaluated from out-of-loop (out-of-loop
RIN), the transmittance of the P-polarized light and the reflectance of the
S-polarized light at NBS should be identical. The polarization dependency
of NBS reflectivity is reduced by tilting NBS (Fig.6.7) so as to have the
same transmittance of the P-polarized light and S-polarized light, (50 : 50),
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which improves the out-of-loop intensity stability (Fig.6.8). The purple line
indicates the out-of-loop intensity stability which is improved by tilting the
NBS. In this way, the RIN below 100 Hz is suppressed, and we obtain the
out-of-loop stability of dI/I = 1.4 x 10-7/v/Hz. The RIN at 1 Hz is limited
by the stability of the voltage reference, which is shown in Fig.6.8.

H %“ ) PD

D Q

Figure 6.7. Tilting the incident angle of NBS to have equal reflectance for both p and s
polarized light

out-of-loop (improved)
out-of-loop

Relative intensity noise (RIN) (+vHz)

10" 10 10? 10° 10 10°
frequency(Hz)

Figure 6.8. Out-of-loop RIN at free-space experiment ; red line: before improving , purple
line: improved by tilting NBS

79



6.2 Fiber components experiment

We also tried to divide a portion of the amplified power into 50:50 by using a
3 dB-fiber coupler. Fig.6.9 is the schematic of the fiber components experi-
ment. The amplified beam is divided by a 10-dB fiber coupler, and a portion
of the beam is additionally divided into in-loop beam and out-of-loop beam
by using a 3-dB fiber coupler. Two beams are detected by two PDs directly

to avoid from a contaminant of a stray light.

YDFA
p0 > In—loop

3 dB—fiber coupler

10 dBfiber coupler\ \
P [~ out—of-loop

Figure 6.9. Schematic of the intensity stabilization by using a 3-dB fiber coupler

At first, all the fiber components in this configuration are fixed by us-

ing ordinary adhesive tapes. However, these adhesive tapes fix fibers insuffi-
ciently and the fibers are vibrating slightly by acoustic oscillation and seismic
vibrations from the ground. These fiber vibrations give slight and differen-
tial optical loss to the fibers, and cause the degradation of the out-of-loop
stability (Fig.6.11).
It might be difficult to suppress the acoustic oscillation and seismic vibration
completely. However, if they give the same perturbations to both in-loop and
out of-loop fibers, the out-of-loop excess intensity noise can be cancelled as
a common mode noise applied to both fibers in the intensity-stabilization
process. As a next step, we try to fix whole 3-dB fiber coupler by using
epoxy resin and the divided beams are directly coupled to two PDs, which is
shown in Fig.6.10. In Fig.6.11., the black line indicates the power spectrum
of RIN evaluated from the in-loop, the red line indicates that evaluated from
the out-of-loop (not fixed), the blue line indicates that evaluated from out-
of-loop (fixed by epoxy resin), the dashed purple line indicates the stability
of the voltage reference (LTC6655).
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Figure 6.10. Picture of the intensity stabilization by using a 3-dB fiber coupler

This experimental result shows that the vibration of the fibers is success-
fully suppressed which caused from that the external perturbations act as
the common mode to different fiber tails and the excess differential noise is
completely cancelled, and the RIN evaluated from out-of-loop below 100 Hz
is dramatically improved. We obtain the RIN of dI/I = 1.2 x 10~7/v/Hz at
1 Hz which is equal to the stability of the voltage reference.
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Figure 6.11. RIN spectra obtained from fiber components experiments; the black line
indicates the RIN evaluated from in-loop, the red line indicates that evaluated from out-
of-loop (not fixed), the blue line indicates that evaluated from out-of-loop (fixed by epoxy),
the dashed purple line indicates the stability of the voltage reference (LTC6655)

Finally, we try further improvement in the fiber components experiment.
In this experimental setup (see Fig.6.12), the vibrations to the different fibers
become common mode noise, however the vibrations itself are also suppressed
by covering all the optical components concerning the intensity stabilization
with polystyrene box and by putting a 5-kg aluminum board as a weight
on the box, which suppresses the vibration of this setup and protect from

acoustic oscillation and the temperature variations.
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In order to improve the RIN at 1 Hz, the voltage reference is replaced to
more stable voltage reference. These trials improve the out-of-loop RIN at 1
Hz (shown in Fig.6.13). The blue line indicates the RIN evaluated from the
in-loop, and the red line indicates the out-of-loop, which is improved. The
out-of-loop RIN between 100 Hz and 1 kHz is limited by the photon shot
noise level, and between 10 Hz and 100 Hz is limited by the noise from the

vibration, at 1 Hz is limited from the stability of the voltage reference.

3dB-fiber coupler
&

Polystyrene box

Figure 6.12. Schematic of the experimental setup which is covered by a polystyrene box,
and a 5 kg-aluminum board is put as a weight on the box.
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Figure 6.13. Improved RIN spectra obtained from the fiber components experiments. The
blue line: the RIN evaluated from the in-loop, the red line: the RIN evaluated from out-
of-loop whose experimental setup is covered by the box, and whose voltage reference is

replaced to more stable reference.

Highly intensity stabilization of the lasers has been studied by terrestrial
gravitation wave detection groups around 1 kHz ([79], [80]). However, the
intensity stabilization at lower frequency range is much difficult because at
lower frequency range, the intensity noise of the out-of-loop laser output
is very sensitive to the external perturbations, and hard to reach highly
intensity stabilized level in out-of-loop evaluation. We successfully suppress
the out-of-loop intensity noise to 1078/ V'Hz level which is lowest record at
around 1 Hz. As the next step, we should try to stabilized intensity noise of
515 nm green light for DECIGO.
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7 Further improvement of frequency stability

We have tried frequency stabilization and intensity stabilization at 200 kHz
in the section 4-5, and obtain the short-term frequency stability of df =13
Hz/ VHz. In order to improve the short-term frequency stability, we have
managed to detect higher SNR frequency reference by using new signal de-
tection method. In addition to the modulation transfer (MT) technique,
frequency modulation (FM) technique at higher phase modulation is also
installed to the signal detection method. Fig.7.1 is the schematic diagram
of the experimental setup for the improvement of the short-term frequency
stability.
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% \ /’ ;
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MT signal | 2|l 53
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2V e e— [ AoM
R | 1% order light

10 kHz )
AOM |

driver ( :)
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Figure 7.1. Experimental setup for the combination of FM and MT

In addition to the phase modulation of the pump beam at 200 kHz, the
signal beam is directly phase-modulated at 14.3 MHz by using the additional
EOM (blue rectangle), and the intensity-modulated at 10 kHz by using AOM.
In this setup, both offset-free MT signal and PDH signal can be obtained.

Fig.7.2 shows MT and PDH signal which are detected synchronously.
The characteristics of two signals; since MT signal is offset-free signal, it

has good long-term stability, but due to low SNR comes from the intensity
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noise at 200 kHz, the short-term stability is not so good. On the other hand,
since PDH signal is phase-modulated at higher frequency where the intensity
noise of the laser falls to near the shot-noise-limited level, the demodulated
signal has better SNRwhich would result in the good short-term stability.
However, PDH signal is not offset-free signal, the long-term stability is not
good which comes from DC offset drift. Therefore, the frequency of the laser
is stabilized in reference to both signals by using nested servo loop, and the
laser stability follows PDH signal at lower frequency range and MT signal at

lower frequency range.

2 10
PDHsignal

PDH signal(V)
(N [eubis 1IN

MTsignal

-2 1 1 1 -10
0 05 1 1.5 2

time(s)

Figure 7.2. Frequency discrimination signals obtained from MT technic and FM technic

which are detected synchronously
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8 Conclusion

We have developed the iodine-stabilized lasers as a light source for Japanese
space gravitational wave detector:DECIGO, and whose frequency is stabi-
lized in reference to the iodine saturated absorption signal at 515 nm. Since
the short-term frequency stability of the iodine-stabilized laser is worse than
that of the cavity-stabilized laser, both the long-term stability and the short-
term stability of iodine-stabilized laser have not been pursued. Our work is
the first trial to realize the long-term and the short-term stability of the
iodine-stabilized laser.

In order to select narrower linewidth to improve the short-term frequency
stability of the iodine-stabilized laser, we have developed a new precision
spectroscopy system based on frequency-stabilized laser and AOM, and con-
firm that the linewidth at 515 nm of iodine saturated absorption signal is
narrower than that at 532 nm, and the condition of the pressure-broadening
effect. We have developed two breadboard models (BBM1, BBM2) of the
iodine-stabilized laser in which the compactness, high efficiency, mechanical
stability and robustness are taken into considerations as a space-born laser.
The frequency stability of two BBMs are evaluated from the error signal (in-
loop), and obtain the frequency stability of higher than 1 Hz/ VHz at 1 Hz
in both BBMs, which satisfies the required level of DECIGO.

The absolute frequency stability of our frequency-stabilized lasers are evalu-
ated from the beat note between them, and the absolute frequency stability of
df =30 Hz/ V/Hz is obtained from frequency spectrum at 1 Hz. Since we use
lock-in detection method to obtain the frequency reference, the short-term
frequency stability is limited by the modulation frequency of 200 kHz. There-
fore we try the intensity stabilization at 200 kHz by using active and passive
intensity-stabilization. By the feed forward intensity stabilization and auto-
balanced detection, the frequency stability of two BBMs are improved to 12
Hz/vHz at 1 Hz. After applying the residual amplitude modulation (RAM)
control to EOM, the long-term frequency stability of the lasers are also im-
proved and the frequency stability of df /f = 107 level over 2000 s, which
is evaluated from Allan-deviation. Compared with other groups, the long-

term frequency stability is worse than that in [49], which comes from RAM
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effect and the interference noise from scattering. And short-term frequency
stability of our lasers is comparable with that of [53]. In order to improve
the strain sensitivity of the DECIGO, the intensity noise at observation band
is also stabilized in the free-space experiment and the fiber-components ex-
periment. RIN at 1 Hz is suppressed down to AI/I = 1.4 x 10~7/v/Hz and
AI/I = 5x1078/+/Hz from the free-space experiments and fiber-components

experiment, respectively.
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9 Future prospects

Further improvements of the frequency stability and the intensity stability
are required to operate as a light source for DECIGO.

The short-term frequency stability might be improved by following trials; (i)
frequency modulation method, whose modulation frequency is higher than 10
MHz and the intensity noise reaches shot-noise limited level, would improve
SNR of the frequency reference and the short-term frequency reference. How-
ever, the offset of the signal obtained from frequency modulation degrading
the long-term frequency stability. Therefore, now we try to detect frequency
modulation signal and modulation transfer signal simultaneously from one
BBM, and the laser frequency is stabilized from both signal with nested servo
loop (ii) The light source is replaced with a lab-made external-cavity laser
diode (ECLD) at 1030 nm whose intensity noise at 200 kHz is much lower
than that of the currently-used Yb-fiber DFB laser. The long-term frequency
stability should be improved by the active control of RAM by applying DC
voltage to EOM crystal. These trials are now under developed to realize the
frequency stability of df /f = 10715,

The intensity noise stabilization at 1 Hz obtained from the fiber-components
experiment which I described in this paper can be applied to the relatively
low-power fiber-coupled light source as the light source for B-DECIGO. How-
ever, further intensity stability obtained from the free-space experiments is
required for high power source for DECIGO whose required power is 10 W.
In order to improve the intensity stability of the free-space experiments, the
voltage reference should be replace with more stable voltage reference and
differential noise between in-loop and out-of-loop should be suppressed. In
addition to them, the intensity noise of high-power green light at 515 nm
should be evaluated.

The combination of the fiber power amplifier and coherent addition system
is now under developed in our laboratory. In our previous study, it is found
that a few tens W class high power light source in MOPA configuration keeps

the frequency stability of the maser laser.

In my paper, the frequency and intensity stabilization for the space-borne
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laser is reported. For realizing DECIGO project, we have developed many key
technologies whose difficulty should be overcome. Though, my laser cannot
reach the requirement level of DECIGO, the highest short-term frequency
stability is obtained as the iodine-stabilized laser, and, I hope, my those
trials can be applied to other space project or precision measurement before
DECIGO will be launched at mid 2030s.

90



appendix

A The investigation of breadboards for BBM

As a candidate of breadboard used for BBMs, a carbon breadboard is con-
sidered. Michelson interferometers are installed on both carbon and conven-
tional aluminum breadboards and the variations of the interference fringe on
each Michelson interferometers are measured to compere the distortion of 2
breadboards.

The picture of the breadboards which is used for this experiment are shown
in Fig.A.1 and Fig.A.2, and size and weight are listed in Table 4

Figure A.1. Aluminum breadboard Figure A.2. Carbon breadboard

Table 4: Carbon and aluminum breadboards

Material of breadboard size [mm)] Weight [kg]
Aluminum 550 x 200 x 20 8.7
Carbon 600 x 300 x 60 5.3

As mentioned in Table 4, the carbon breadboard is lighter than the alu-
minum breadboard since the carbon breadboard is honeycomb structure.
The schematic of the asymmetric Michelson interferometers installed on each
breadboard is shown in Fig.A.3.
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1030 nm
fiber DFB laser

Figure A.3. Experimental setup of the asymmetric Michelson interferometer

A load by the 1.98-kg copper weight is applied to each breadboards on
the point 1 3 in Fig.A.3 for a few seconds.

Volt (v)
Volt (v)

1 1‘.5 é 2‘.5 3
time (s) time (s)

Figure A.4. Temporal variations of the inter- Figure A.5. Temporal variations of the inter-
ference fringe (aluminum breadboard) ference fringe (carbon breadboard)

Seen as Fig.A.4 and Fig.A.5, the distortion is appeared by the copper
weight on both breadboards, and the temporal variations of the interference
fringe are measured. In both breadboards, in the case of point 1 or 2, the

variations of the interference fringe is lager than that of point 3 because the
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point 1 or 2 is near the arm of the interferometer. In point 1, the variations
are 3\ and 2/3\ in the aluminum breadboard and the carbon breadboard, re-
spectively. Therefore, the relative variations AL/L are 5.2 x 107° (aluminum
breadboard) and 2.6 x 1075 (carbon breadboard), and the distortion of the
carbon breadboard is approximately half than that of aluminum breadboard.
I also measure the variations of the interference fringe which is caused from
the thermal expansion of the breadboard and the thermal linear expansion
coefficients are determined. In the experimental setup of Fig.A.6, each bread-
boards are heated by the ribbon heater, and the ribbon heater is covered by
aluminum foil to avoid the disturbance of air.

Thermistor

1030 nm
fiber DFB laser

Ribbon heater

Figure A.6. Experimental setup of the asymmetric Michelson interferometer heated by
the ribbon heater

The temporal variations of the interference fringe and the thermistor re-

sistance are synchronously remoted. The experimental results are shown in
Fig.A.7 and Fig.A.8.
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Figure A.7. Thermal variations of the interference fringe (aluminum breadboard)

As is the case in previous experiments, the relative variations AL/L, and
the thermal linear expansion coefficients AL/L/K from the variations of the
interference fringe and the thermal variations. The linear expansion coef-
ficients AL/L/K of the aluminum breadboard and the carbon breadboard
are 23.9 x 1079[1/K] and 8.6 x 107%[1/K], respectively. Since the measured
linear expansion coefficients of the aluminum breadboard is almost same as
previous work [81].

It is demonstrated that the carbon breadboard has lower distortion and the
thermal expansion than the aluminum breadboard, and the potential candi-
date for a next-generation BBM or EM.
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Figure A.8. Thermal variations of the interference fringe (carbon breadboard)
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B Servo circuit for the frequency stabiliza-

tion
A: equivalent circuit of optical part

G: electrical servo filter
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Servo circuit for intensity stabilization
200 kHz by using normal feedback
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D Phase shifter of the feedforward servo for

intensity stabilization at 200 kHz
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E Electrical circuit of the auto-balanced de-

tector

differential out

OPA471-2

monitor out

Figure E.1. Electrical circuit of the auto-balanced detector

Figure E.2. The picture of the auto-balanced detector
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F Electric servo filter for the intensity stabi-

lization of the laser at 1 Hz
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