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Abstract

DECIGO pathfinder (DPF) is a milestone satellite mission for DECIGO (DECi-
hertz Interferometer Gravitational wave Observatory), which is a future space
gravitational wave antenna. DECIGO is expected to provide fruitful insights
into the universe, particularly about dark energy, the formation mechanism of
supermassive black holes and the inflation of the universe. Since DECIGO will
be an extremely challenging mission, which will be formed by three drag-free
spacecraft with 1000 km separation, it is important to increase the technical
feasibility of DECIGO before its planned launch in 2024. Thus, we are planning
to launch two milestone missions: DPF and pre-DECIGO. In this paper, we

review the conceptual design and current status of the first milestone mission,
DPFE.

PACS numbers: 04.30.Tv, 04.80.Nn, 95.55.Ym, 95.85.Sz

1. Introduction

DECIGO, a DECi-hertz Interferometer Gravitational wave Observatory, is a space
gravitational-wave antenna planned to be launched in 2024 [1, 2]. The purpose of DECIGO is
to observe gravitational waves in the frequency band mainly between 0.1 Hz and 10 Hz, and
thus to open a new window of gravitational-wave astronomy. Since the observation band of
DECIGO is between that of LISA [3] (around 1 mHz band) and terrestrial detectors (around
100 Hz—a few kHz band), such as Advanced LIGO [4], LCGT [5], Advanced VIRGO [6] and
ET [7], it can be a follow-up of LISA and can also be a predictor for terrestrial detectors by
observing binary inspiral sources. Moreover, since DECIGO’s observation band is free from
foreground noises caused by unresolved gravitational waves from many galactic binaries, it
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Figure 1. Conceptual design of the mission payload of the DECIGO pathfinder (DPF).

has a potential to observe stochastic background gravitational waves from the early universe.
In the current design, DECIGO will be formed by three drag-free spacecraft that are separated
by 1000 km from one another [8]. The gravitational-wave signals are detected by measuring
their relative displacements with Fabry—Perot interferometers. The arm length was chosen
so as to realize a finesse of ten with a 1 m diameter mirror and a laser beam with a 532 nm
wavelength. The mass of the mirror is 100 kg and the laser power is 10 W. Since DECIGO
will be an extremely large mission both in its scale and required resources, it is significant
to increase the technical feasibility before its launch. Thus, we have a roadmap to launch
two milestone missions before DECIGO. DECIGO pathfinder (DPF) is the first milestone
mission to test the key technologies with single spacecraft. Pre-DECIGO is supposed to detect
gravitational waves with minimum specifications.

DPF will be a small satellite orbiting the Earth. The mission part of DPF is designed to
be a prototype of DECIGO being comprised of a short Fabry—Perot cavity, a stabilized laser
source and a drag-free control system (figure 1). DPF has, broadly speaking, two purposes:
to make scientific observations of gravitational waves and the Earth gravity distribution, and
to test key technologies for future space missions, such as DECIGO. In this paper, we review
the conceptual design, scientific objectives and current status of DPF.

2. Mission conceptual design

A conceptual design of the DPF mission payload and an overview of the DPF satellite are
shown in figures 1, 2 and table 1. DPF will be a small satellite with a weight of about
350 kg, orbiting the Earth at an altitude of 500 km. DPF will be launched by a next-generation
solid propellant rocket, which is being developed as a successor of the M-V launch vehicle of
JAXA (Japan Aerospace Exploration Agency). For stable power generation and temperature
equilibrium of the satellite, DPF will have a circular Sun-synchronous dawn-to-dusk orbit and
an Earth-synchronous attitude. Two proof masses inside the satellite will trail along in the
same orbit. The attitude of the satellite will be passively stabilized by the gravity gradient of
the Earth and actively controlled by a drag-free control system to cancel external disturbances.
For this control, small mission thrusters will be used; momentum wheels will not be loaded
so as to avoid their mechanical disturbances.

The DPF satellite will be formed by the combination of a bus module and a mission
payload module. We are planning to use a standard bus system module under development in
JAXA, which has a weight of about 200 kg and a size of 950 x 950 x 1100 mm. This bus will
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Figure 2. Overview of DPF. The satellite is comprised of a bus system part and a mission payload
part.

provide a 940 W power with four solar-cell puddles and a 2 Mbps downlink telecommunication
ability. A mission module will be attached on the upside of the bus module. The data
processing system is based on a SpaceWire-based communication standard. The bus and
mission modules are to be connected with power lines and SpaceWire communication lines,
and cables for temperature controls.

The mission payload part of DPF will have a size of 950 x 950 x 1100 mm, and a mast
structure for gravity-gradient attitude stabilization will be attached at the top of the module.
The mission part is designed to be a prototype of DECIGO, being comprised of a short
Fabry—Perot cavity, a stabilized laser source and a drag-free control system (figure 1). The
Fabry—Perot cavity is formed by two mirrors which act as free proof masses. Each mirror is
to be placed inside a module called housing. The housing will have electrostatic-type local
sensors and actuators on its frame, which are to be used to monitor and control the relative
motion between the mirror and the frame in all degrees of freedom. In addition, the housing
will have a function of a launch lock, which will clump the mirror at the launch of the satellite
and release it in the orbit with a small initial velocity. The cavity will have a baseline length
of about 30 cm and a finesse of about 100. The length change in the Fabry—Perot cavity,
which would be caused by gravitational waves or external disturbances, is to be measured by
means of a stabilized laser beam. The PDH scheme will be used for the signal extraction and
control of the Fabry—Perot cavity length [9]. In DPF, we will use a Yb:YAG laser source in
which the frequency is stabilized using saturated absorption spectroscopy of iodine molecules.
The requirement for the frequency stabilization is 0.5 Hz/Hz'!/?. The laser source will have an
output power of 100 mW at a wavelength of 1030 nm. The drag-free control of the satellite
will work as a shield against external forces caused by solar radiation and drag by residual
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Table 1. Summary of DECIGO Pathfinder mission.

Item Feature Comment
Mission and satellite
Launch target FY 2012 1 year mission lifetime

Launcher
Orbit
Attitude
Size

Weight
Power consumption

Mission payload
GW detector
Earth-gravity detector
Stabilized laser
Drag-free control
Size

Weight
Power consumption

Standard bus system
Data processing
Power supply
Attitude control

Size
weight

Solid propellant rocket

(M-V follow-on)
Sun-synchronous circular orbit
Altitude 500 km

Sun- and Earth-synchronous

Drag-free control in all DOF
950 x 950 x 2000 mm

350 kg

Max 600 W

Fabry—Perot interferometer
Sensitivity 2 x 107> Hz~!/2
Proof mass ~1 kg x 2

6 x 2 laser sensors (MI type)
Semiconductor laser 40 mW
25 mW on the interferometer
Frequency stability 0.5 Hz/Hz
Better than solar radiation noise
12 mission thrusters

950 x 950 x 900 mm

150 kg

120 W

CPU HR5000, 33 MHz
Data recorder 2 GByte
Down link 2 Mbps

2 solar puddles x 2 sides
battery 50 Ah

3-axis control

3 N thrusters x 4

950 x 950 x 1100 mm
200 kg

12

Require the PBS

(post-boost stage)
Dawn-to-dusk orbit
Inclination 97.4 deg
Gravity-gradient stabilization
and 3-axis active control
During mission operation
Excluding the mast structure

Baseline length 30 cm

Require a launch-lock system
Attached to proof mass housings
Introduced via optical fibers

Output with an optical fiber
I,-saturated absorption spectroscopy

Force 100 uN, Noise 0.1 uN/Hz!/?
Excluding the mast structure

SpaceWire-based processing system
Power generation 940 W
50V, 150 W to the mission payload

Initial operation and fail-safe

Solar paddles folded

atmosphere. Drag-free control will be realized by measuring the relative fluctuations between
the mirrors and the satellite and basically feeding these signals back to the satellite position
using low-noise mission thrusters. The satellite motion will be controlled in all degrees of
freedom with a bandwidth of about 10 Hz. DPF has two test mass mirrors inside it; roughly,
the common motion signals of two test masses will be used for the drag-free control of the
satellite, and the differential motion signals will be fed back to the test masses so as to stabilize
the Fabry—Perot cavity.
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Figure 3. Sensitivity (left) and observable range (right) of DPF. The observable range of DPF for
intermediate-mass black holes will cover the center of our galaxy.

3. Scientific objectives of DPF

3.1. Scientific observation

DPF will have a 30 cm Fabry—Perot cavity formed by two proof-mass mirrors. Each proof
mass will be kept inside the spacecraft untouched to avoid external disturbances and to be
sensitive to gravitational forces, such as gravitational waves and Earth’s gravity distributions.

Gravitational waves would be detected as tidal-force fluctuations on two proof masses; the
length change in the Fabry—Perot cavity is to be measured by a laser interferometer. The DPF
interferometer will have a sensitivity limit of about 4 ~ 10~'3 at around the frequency band of
0.1-1 Hz. At this frequency band, it is expected that gravitational waves from intermediate-
mass blackhole inspirals and quasi-normal mode of massive blackholes will be radiated. The
observable ranges of DPF for these phenomena are estimated as a function of the BH masses
with a detection threshold of a signal-to-noise ratio of 5 (figure 3). DPF has a potential to
detect gravitational-wave signals, if there is a black-hole inspiral event with 103-10*M, or
a ringdown event of a quasi-normal mode for 10*—4 x 10° M, black hole at the center of our
galaxy. Although the probability to have such events is considered to be rare, data obtained
by DPF observations will have importance, because this observation band is difficult to access
by ground-based gravitational-wave detectors and other space-based detection methods.

Observation of the gravity of the Earth is another scientific objective of DPF. Since the
proof masses orbit the Earth almost freely, gravity distributions of the Earth would be observed
from the trajectories of the proof masses. In order to cancel the drag force by air and solar
radiation, the relative displacements between the proof masses and the satellite frame are
to be measured by small Michelson-interferometer-type laser sensors with an acceleration
sensitivity of 107! ms~2. Several satellites to observe Earth’s gravity have been launched
so far [10, 11], and one with better sensitivity will be launched soon [12]. The characteristic
feature of DPF is to make the sensitive accelerometer in a sufficiently small package. This
module would be easier to be loaded in a future satellite network for high-resolution and
real-time monitoring of Earth’s gravity.

3.2. Development of key technologies for future missions

The key technologies tested in DPF will be the following: (1) low-noise operation and
observation with a Fabry—Perot interferometer in space, (2) operation of a laser stabilization
system in a space environment and (3) demonstration of a drag-free control system. All of
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these technologies are critical for the realization of DECIGO and are also useful for other
future missions.

The main Fabry—Perot interferometer in DPF with a baseline length of 30 cm is designed
as a prototype of 1000 km arm cavity of DECIGO. Although measurement and operation
with such an interferometer is a well-established technique in a ground-based environment,
there is no example of a Fabry—Perot cavity formed by free floating mirrors in a space
environment. In a Fabry—Perot configuration, we can expect better sensitivity than that of
a Mach—Zender interferometer, which is used in LPF [13], because the distance between
two floating test masses is directly measured in a Fabry—Perot interferometer. However, the
control configuration to keep the proof mass mirrors inside the satellite and, at the same time,
to operate the interferometer stably will be more complex. The demonstration of Fabry—Perot
interferometer operation in DPF will provide a new possibility for precise measurements in a
space environment.

In DPF, the frequency noise of the laser source is stabilized using saturated absorption
spectroscopy of iodine molecules, targeting at a stability of 0.5Hz/Hz'/? in the 0.1 Hz
frequency band. Frequency stabilization of a laser source has been well studied for ground-
based gravitational-wave detectors and in other fields, such as precise metrology, spectroscopy,
optical communications and so on. On the other hand, there are few experiments in a space
environment. However, recently, laser sources with high frequency stability have come to
be required in space missions [14]. For example, the Earth Explorer Atmospheric Dynamics
Mission (ADM-Aeolus) requires a 25 kHz/Hz'/? frequency stabilized laser and ACES (Atomic
Clock Ensemble in Space) on the ISS (International Space Station) requires 100 Hz/Hz'/?
frequency stability. LISA requires 30 Hz/Hz'/? frequency stability. Compared to these
missions, the stability of 0.5 Hz/Hz!/? in DPF will be a significant step toward showing the
potential of a stabilized laser, while it will be rather challenging in a space environment.

Drag-free control is a scheme used to avoid the effect of external forces on a satellite, such
as drag by a residual atmosphere along the orbit and radiation pressure of the Sun. Drag-free
control is realized by controlling the position of a satellite to follow the motion of a proof
mass, which is placed inside the satellite and is shielded from external forces by the satellite.
Drag-free control of a satellite was realized by the TRIAD-I satellite in 1972 for the first time
[16] and several follow-on satellites for investigating a navigation system. Recently, drag-free
control has also been realized by the Gravity Probe-B satellite for tests of the general theory of
relativity [17]. LPF will demonstrate drag-free control at the Lagrange 1 (L1) point between
the Earth and the Sun, at which the gravitational environment is stable. On the other hand,
DPF will demonstrate it in an Earth orbit, with the help of passive attitude stabilization using
gravity gradient of the Earth so as to reduce the effect of artificial mechanical fluctuations by
attitude-control actuators, such as momentum wheels. This will be a new scheme to realize a
drag-free satellite.

4. Current status of DPF

Currently, DPF has been selected as one of the candidates of small satellite missions of JAXA.
JAXA has a project to launch at least three small satellites in five years from 2011, using
standard bus systems. The first mission of the three missions has already been decided to be
TOPS, which is for the observation of inferior planets. TOPS will be launched in FY 2011.
DPF is now one of several high-ranked mission candidates for the second or third missions,
and will be launched in FY 2012 in the best and earliest case.

Research and development are underway with the support of JAXA, mainly concerning
a mission study including satellite design and drag-free control topology and on testing key
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devices, such as a housing system for a proof mass, a stabilized laser, and thrusters. In addition,
a small demonstration module, named SWIM (SpaceWire Interface demonstration Module),
has been developed and will be launched in FY2008 in JAXA'’s technology demonstration
satellite; the flight module has already been fixed to the satellite for a series of total tests. The
SWIM contains a space-qualified data processor and recorder with the SpaceWire interface,
and a tiny gravitational-wave detector module with a size of 160 x 80 x 80 mm. SWIM will
provide heritages for DPF on a SpaceWire-based data processing system and on sensing and
control of proof masses in a space environment.

5. Conclusion

DECIGO will open a new window for gravitational-wave astronomy, and the DECIGO
pathfinder (DPF) will be the first significant milestone mission to test the key technologies
for DECIGO. Moreover, DPF will provide new scientific knowledge on gravitational-wave
observations, on the gravity of Earth, on precise measurements with an interferometer, on
laser stabilization in space, and on drag-free control of a spacecraft. DPF has been selected as
one of the candidates of small satellite missions of JAXA, and research and development for
key components are underway. We are hoping to launch DPF in FY 2012 in the best case.
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