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Abstract. A strong candidate for use in future missions to map time variations in the Earth’s gravity
field is laser heterodyne measurements between separate spacecraft. At the shortest wavelengths that
can be measured in space, the main accuracy limitation for variations in the potential with latitude
is expected to be the frequency stability of the laser. Thus the development of simple and reliable
space-qualified lasers with high frequency stability appears to be an important goal for the near
future.

In the last few years, quite high stability has been achieved by locking the second harmonic of
a Nd:YAG laser to a resonant absorption line of iodine molecules in an absorption cell. Such a laser
system can be made quite robust, and temperature related frequency shifts can be controlled at a low
value. Recent results from laboratory systems are described. The Allan standard deviation for the
beat between two such lasers was 2 x 10714 at 10 s, and reached 7 x 10715 at 600 s.

1. Introduction

The use of laser heterodyne measurements between separate spacecraft to map
the Earth’s gravity field and time variations in it has been discussed by a number
of authors (see, e.g., Schumaker, 1990; Bender, 1992; Colombo and Chao, 1992;
Watkins et al., 2000). As an example, the type of GRACE follow-on mission con-
sidered by Watkins et al. (2000) will be discussed briefly. To be specific, we assume
the following: that the Allan standard deviation (fractional frequency fluctuation)
for the laser frequency is 1 x 10~'* from 10 to 5000 s period; that the spurious
acceleration noise level for the test mass in the accelerometer on each spacecraft is
10712 m/s2/+/Hz down to at least 0.001 Hz; that the spacecraft separation is 100
km; and that the altitude of the nearly polar orbit is about 300 km. The assumed
Allan standard deviation corresponds to a spectral amplitude of the fractional laser
frequency variations of

(8v)/(v) = (0.85 x 10~'*)(1Hz/)"**/v/Hz, (D

where f is the frequency of the variations.
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The lasers in the two spacecraft are assumed to be independently stabilized.
The received beam from the other spacecraft is beat (heterodyned) against the
local laser on each spacecraft, and the phase or frequency of the two resulting
beat signals is measured as a function of time. Combining the results gives the
biased range or integrated Doppler observable, and other observables can be ob-
tained from this. The biased range is measured in terms of the laser wavelength,
which provides the necessary scale factor. Thus fractional fluctuations in the laser
frequency and wavelength translate directly into the same fractional fluctuations
3L in the measured range L.

Given Eq. (1) and the 100 km spacecraft separation in our example,

8L = 0.85 x 107°(1Hz/f)*> m/+/Hz. 2)
The corresponding acceleration noise 8a; is obtained by multiplying by (27 f)*:
sa; = 3.4 x1078(f/1Hz)'> m/s?/+/Hz. (3)

This is larger than 2° times the assumed test mass acceleration noise for frequen-
cies above 1.2 x 1073 Hz, so the laser frequency noise dominates the assumed
spurious acceleration noise for higher frequencies.

The distance measurement noise due to the laser frequency noise can be written
as

SL = 2.7 x 107°(0.1Hz/)** m/vHz, “4)

so it will be 2.7 x 107° m/+/Hz or larger over the frequency range of 0.0002
to 0.1 Hz that is of interest for gravity field measurements in space. Since 2.5
or 3 times 10~ m/+/Hz is about the satellite translational noise level 8L+ often
quoted as expected for the drag-free systems planned for several other missions, it
appears that the satellite-to-satellite distance measurements probably can be made
between the optical benches on which the accelerometers for the drag-free systems
are mounted. Alternately, measurements could be made directly between the test
masses in the accelerometers, as is planned for the LISA mission (LISA Study
Team, 2000).

Another possible error source for the distance measurements is the attitude
variations of the satellite. The laser wavefronts transmitted from satellite A will
be observed at satellite B as nearly spherical waves centered on the transmitting
satellite. However, the deviations from spherical waves due to the laser beam and
optical element imperfections will cause variations in the apparent distance when
the attitude of satellite A changes. If the rms phase error over the transmitting
aperture is 2. /10 and corresponds to pure astigmatism, and the transmitting aperture
diameter is D, the rms size of the resulting distance measurement error §L,, at an
angle 6 to the axis is

8L, = [1/8+/31[()1[1/101[(D/2)?1[(6)]. (5)
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A result almost the same as this has been given by Robertson et al. (1997). The
numerical coefficient is somewhat different, but only because of a different as-
sumption about the shape of the transmitted wavefront error.

For A = 1060 nm, D = 2 cm, a static offset error in the pointing of 6., and a
pointing fluctuation 0,

8L, = 54[64.1[66] m. (6)

If 6;, < 2 x 1075 rad and we require 8L, < 2.7 x 10°° m/«/m, then the
requirement on 86 is that it be less than 3 x 10~ rad/+/Hz.

The above pointing stability can be achieved fairly easily by using one of the
approaches that have been developed for the LISA mission (Danzmann et al., 1998;
Hammesfahr 2001). The laser beam from spacecraft A will be very bright at space-
craft B, and a portion of the received beam can be focused onto a CCD array with
a fairly long effective focal length. Any change in the attitude of spacecraft B can
be detected as a motion of the spot on the CCD array. The motion can be used at
medium and low frequencies to correct the spacecraft attitude, while fast motions
can be handled by piezoelectrically controlled tilts of the transmitted laser beam.

With the above laser frequency, spacecraft translation, and beam pointing errors,
the total errors near 0.1 Hz would be about

SL = (5 x 10°9)[(0.1Hz/)*5] m/vHz, (7)
and
Sa = (2 x 107))[(£/0.1Hz)"*] m/s?/~/Hz. (8)

This “range acceleration” uncertainty is closely related to the gravity gradient
uncertainty, for which the corresponding value is

8T = (2 x 10~"[(f/0.1Hz)"°]/s*/vHz, 9)
or
8T = (2 x 1079)[(f/0.1Hz)'*] E6tviss/~/Hz. (10)

2. Todine Stabilized Laser

There are many types of laser frequency stabilization schemes that could poten-
tially be used in a space mission. However, one particularly attractive candidate for
use in the near future is a Nd: YAG laser operating at 1064 nm wavelength, with its
second harmonic stabilized to a molecular transition in iodine vapor. The NPRO
type of Nd:YAG laser with output power levels of up to 200 mW has been space-
qualified. With such a laser operating at 100 mW, 1 or 2 mW of second harmonic
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Figure 1. Diagram of a sub-Doppler iodine spectrometer: AOM, acousto-optic modulator; EOM,
electro-optic modulator; PBS, polarization beam-splitter; D, detector; SHG, second-harmonic
generation.

power can be generated with a periodically polled doubling crystal without requir-
ing a power build-up cavity. This power level at 532 nm is sufficient for saturated
absorption measurements in iodine vapor.

Measurements of the above type have been reported by Ye et al. (1999, 2001).
Figure 1 shows a simple schematic of a sub-Doppler iodine spectrometer used for
laser frequency stabilization. A saturating beam is sent in one direction through
the absorption cell, and this causes a dip in the population difference between the
lower and upper levels for the desired molecular transition. The width of the dip is
determined by a combination of the natural linewidth, the collisional linewidth, the
transit time broadening due to motion of the molecules across the laser beam, and
some saturation broadening. However, the width of the dip will be considerably
narrower than the full Doppler linewidth. For the a;¢ hyperfine component of the
R(56) 32-0 band, this width can be less than 1 MHz. A weaker probe beam is sent
through the cell in the opposite direction, and is used to lock the laser frequency
to that of the resulting narrow transmission peak. The ;¢ hyperfine component
is well separated from the other components of the line and is near the center of
the overall hyperfine structure, so there is little effect from the wings of the other
components.

The results of Ye et al. (2001) for the frequency stability of an iodine-stabilized
laser are shown in Figure 2. The iodine vapor pressure was held at 0.8 Pa by cooling
a side-tube to —15 °C. For laser frequency stabilization work, the use of low sample
pressure is important in terms of both minimizing the collision-induced pressure
shift and reducing the influence on the baseline by the linear Doppler background.
The signal size will of course decrease as the pressure goes down; however, the
light path length inside the cell can be extended using a multi-pass strategy or
even cavity enhancement. In the current work, the 1.2-m cell length is already
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long enough to give adequate signal-to-noise ratio (~120 in a 10 kHz bandwidth)
without using a build-up cavity. Another important aspect of using lower pressure
is that a lower optical power is needed to saturate the transition, because of the re-
duced collisional broadening. This yields a smaller power-related center frequency
shift. The overall reduction of the operational resonance linewidth can to a certain
degree compensate for the loss of the signal size since it is the ratio of the linewidth
to the signal size that determines the residual rms frequency noise of the stabilized
laser. The laser beams were collimated to give a 2 mm mode diameter in the center
of the absorption cell, with the probe beam cross-section slightly smaller than the
pump beam. With 1.0 mW of saturating power and 0.3 mW for the probe beam, a
linewidth of 540 kHz was achieved. The fractional frequency fluctuations (Allan
standard deviation) achieved over measurement times t are given as a function of
7. The results can be described roughly as

(Sv/v) =17 x 1071/[(1)*] (11)

up to 100 s period, and constant between 100 and 600 s. However, these results
were obtained with a 1.2 m long absorption cell and an I, vapor pressure of about
15Paat1 °C.

For a space-qualified stable laser, limiting the absorption cell length to about
10 cm appears desirable. This can be done by putting the cell inside a bow-tie
cavity, with a path length of about 50 cm and a finesse of roughly 35, as dis-
cussed by Ishibashi, Ye and Hall (2002). Also, the I, vapor pressure would be
reduced to about 0.8 Pa by operating with a side-tube temperature near —15 °C.
In this case, the pressure shift coefficient of —3.2 kHz/Pa (Ye et al., 1999) and
the temperature-dependent pressure shift slope of about 0.07 Pa/K would give a
nominal temperature coefficient of roughly —220 Hz/K. However, some care in the
temperature stabilization will be needed, since temperature changes for the rest of
the cell can give transient I, pressure changes because of residual iodine molecules
on the cell walls with different binding energies. But the more compact absorption
cell reduces the temperature control problem considerably because of reducing the
volume that has to be controlled.

With the type of system discussed above, the calculated frequency instability is
about 3.6 x 10713 /(z%3) (Ishibashi et al., 2002). A possible alternate approach to
using a low-finesse resonant cavity around the cell is to reduce the frequency noise
in the NPRO laser below its usual level of about 5 kHz at 1 ms by locking it to
a stable resonant cavity for short times. However, until the performance of either
type of system has been demonstrated with a space-qualifiable system, it appears
desirable to limit our expectations for the performance of iodine-stabilized lasers in
space in the near future to something like an Allan standard deviation of 1 x 10714
or better over almost all of the desired frequency band of 0.0002 to 0.1 Hz, except
possibly right at the lower end because of thermal eftects at 1 cycle/rev.

Research directed toward the development of a space-qualifiable iodine-stabi-
lized laser system currently is in progress at the Jet Propulsion Laboratory. Some
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Figure 2. Time record of the beat frequency between the two iodine-stabilized Nd:YAG lasers,
with a 1-s frequency-counting gate time. The Allan standard deviation is determined from the beat
frequency data.

of the apparatus used in a preliminary laboratory system is shown in Figure 3. The
length of the iodine cell shown in the lower part of the picture is 25 cm.

To reach a higher frequency stability, it is useful to explore [, transitions with
narrower transition linewidths. In fact, I, transitions near 514 nm have natural
linewidths five times narrower than that at 532 nm, while the signal-to-noise ratios
of the recovered sub-Doppler signals are excellent. Recent results (Cheng et al.,
2002) indicate that I, transitions at 514 nm hold a great promise for future develop-
ment of high quality, portable optical frequency standards, especially considering
the rapid development of all solid state Yb: YAG lasers around 1030 nm.
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Figure 3. Preliminary laboratory system for use in research on iodine-stabilized lasers.

3. Conclusions

It appears practical to design and demonstrate iodine-stabilized lasers for use in
space measurements of the Earth’s gravity field in the near future. Suitable 1064
nm Nd:YAG lasers can be stabilized using only 1 or 2 mW of 2nd harmonic power.
The temperature control requirements can be simplified by using quite small io-
dine absorption cells and fairly low iodine vapor pressure. The expected fractional
frequency stability is 1 x 10~'* or better over almost all of the desired frequency
range from 0.0002 to 0.1 Hz.

There are substantial advantages to using a stabilized laser of this kind for mea-
suring changes in distances between spacecraft rather than a microwave system.
The iodine-stabilized laser system is considerably simpler than any microwave
frequency sources of similar stability that have been developed so far. The trans-
mission optics also are simpler for the lasers, and the effects of phase measurement
noise are very small. Thus the laser heterodyne measurement systems can be quite
compact, and put only modest constraints on the spacecraft design.
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