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A high-power, low-noise photo-detector, in conjunction with a current shunt actuator, has been
used in an AC-coupled servo to stabilize the intensity of a 10 Watt CW Nd:YAG laser. A relative
intensity noise of 1x107% /v/Hz at 10 Hz has been achieved.

PACS numbers:

Laser interferometry is a very powerful measurement
tool which has allowed phenomenal improvements in
metrology for industrial and scientific applications. Laser
intensity fluctuations can limit the sensitivity of inter-
ferometry [1, 2], as well as other high-precision optical
measurements [3, 4].

Laser intensity fluctuations limit the sensitivity of in-
terferometers through several mechanisms. One obvious
coupling is by masking the signal at the detector; of-
ten this effect is minimized by holding the output of the
interferometer to a minimum of intensity, and using a
modulation-demodulation technique to shift up the mea-
surement frequency where the intensity fluctuations are
smaller. Another coupling is through radiation pressure
on the sensing mirrors, which in the case of gravitational
wave detectors are suspended test masses in the range
from 1 to 40 kg. The impact of the photons causes dis-
placement noise at the interferometer output.

Intensity fluctuations come in two basic forms. The
first, due to the Poisson distribution of photons in the
light beam, is known as shot noise and leads to a stan-
dard deviation equal to the square root of the intensity.
The second is known as technical intensity noise and is
caused by fluctuations in excess of the Poisson fluctu-
ations, which are typically linearly proportional to the
light power. We deal with the latter fluctuations here,
and address the challenge of approaching the Poisson-
limited intensity fluctuations in a measurement band

from 10-100 Hz.

Next generation gravitational-wave detectors [5] will
have an increased sensitivity to technical intensity noise
since they will require very high circulating light power to
reduce the effect of shot noise, which will be the dominant
noise source at frequencies above a few hundred Hz.

The required intensity noise performance for Advanced
LIGO can be seen in Figure [3. The most demanding
part of this requirement is a relative intensity noise of
2x1079 /\/E at 10 Hz. In this paper we report on the
progress towards meeting this tight requirement in a sin-
gle frequency solid-state Master Oscillator Power Ampli-
fier (MOPA) laser [7] by feedback control of the current
to the amplifier pump diodes.

Current plans for Advanced LIGO call for the use of
a 180 Watt injection-locked laser system [8]. This higher
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power system may be accompanied by higher relative in-
tensity noise levels, which may require more servo gain to
reach the same relative intensity noise level. Other than
issues of servo gain, the main hurdles to achieving ex-
cellent intensity noise performance are sensor noise, non-
linearities in servo electronics, and beam geometry fluc-
tuations. These other limitations are common to both
injection-locked and MOPA configurations, and there-
fore the following system will be applicable to Advanced
LIGO.

The laser that was used to test and develop this inten-
sity stabilization servo is a Pre-Stabilized Laser (PSL)
system that is very similar to the PSL system used in
initial LIGO [9]. It consists of a 10 Watt MOPA that
can be locked to a high finesse reference cavity for fre-
quency stabilization [10].

More importantly in the context of this work, the
PSL also has a monolithic triangular Fabry-Perot cavity
known as the pre-modecleaner (PMC) [11]. This cav-
ity acts as a high precision spatial mode filter which re-
duces laser beam geometry fluctuations by a factor of
several hundred. This is of particular importance to this
experiment since laser beam jitter coupled with spatial
imperfections on the photo-diodes are a major source of
noise when dealing with low frequency intensity stabi-
lization [12]. The frequency cut-off of the filter cavity is
1.5 MHz which, being well outside of the bandwidth of
the servo control system (30 kHz), has no impact on the
design of the intensity control servo.

The MOPA has two main diode current adjust-
ment actuators useful for intensity stabilization: a high
range, but relatively slow, low-frequency current adjust
(LFCA), and a smaller range, but faster, current shunt
(CS). Both actuators modulate the current to the main
power amplifier diodes of the laser.

The low-frequency current adjust sums in directly to
the power amplifier pump diode current supply at the
MOPA control box. It has a range of approximately 10%
of the total drive current, with a response up to 20 kHz,
at which point it falls off very steeply at a rate of roughly
80 dB/decade.

The current shunt is a circuit in parallel with the power
amplifier pump diodes that is able to modulate the cur-
rent to the diode at approximately 1% of the total cur-
rent [13]. The response is flat up to 3 kHz, where there
is only a single pole, making this actuator useful to much
higher frequencies.

The design of the intensity stabilization servo was
guided primarily by the decision to make the photo-
detector, and therefore the entire control loop, AC cou-
pled. Although this makes the design of the servo slightly
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more complicated, it by-passes the need for a highly sta-
ble external DC reference, as well as overcoming other
issues in the design of the photo-detector that will be
discussed below.

The basic block diagram for the servo can be seen in
Figurell. The photo-detector is placed after the PMC to
take advantage of its beam stabilizing properties.
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FIG. 1:  Block diagram of intensity stabilization servo.
The fast path uses the fast current shunt actuator, whereas
the slow path utilizes the low-bandwidth, high-range low-
frequency current adjust. The control signal comes from the
in-loop detector, while the out-of-loop detector is used for ref-
erence.

The current shunt alone does not have enough range
below 1 Hz to control the free-running laser intensity
noise. To circumvent this problem, the control signal
to the current shunt is picked-off, put through a low-pass
filter, and then fed into the low-frequency current adjust.

This servo provides a gain of more than 80 dB at 10 Hz,
with a unity gain frequency greater than 30 kHz.

The design of the photo-detector is crucial to the suc-
cess of this experiment. In order to achieve a relative in-
tensity noise level of 1072 / VvHz it is necessary to make
a shot-noise limited detection of a DC photo-current of
300 mA with a AI of 300 pA /vHz.

The photo-detector utilizes a photo-diode in an
AC coupled topology, instead of the standard trans-
impedance configuration usually used with photo-diodes.
Utilizing a DC trans-impedance configuration would have
required the use of operational amplifiers with both low
noise and high current capabilities. Instead, it was de-
cided to split the problem into two parts.

The bias voltage and high-current supply for the
photo-diode is handled by a voltage regulator. The volt-
age regulator is controlled by a feedback loop such that
a constant reverse bias is maintained across the photo-
diode (see Figure 2). This is done so that appreciable
ohmic heating does not occur when the diode is run at
reduced light levels.

The photo-current is sunk across a resistor to convert
the photo-current into a voltage. The critical intensity
noise stabilization signal is then AC coupled right at the
photo-diode output with a 1 Hz high-pass filter, and pro-
cessed by a low noise LT1128 operational amplifier with
an input referred voltage noise of 1 nV /v/Hz.

Careful consideration was also given to the effects of
noise at frequencies outside the servo bandwidth. It
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FIG. 2: Schematic of the photo-detector circuit. The bias
feedback control loop can be seen on the left and the pre-
amplification on the right.
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is well known that high frequency noise can encounter
slew rate limits in any of the amplification stages, caus-
ing broad-band noise that infects the sensitive frequency
band. While this is true throughout the servo chain, it
is especially important at the very front end, i.e., within
the photo-detector. Low-pass filtering was used exten-
sively, at every amplification stage, providing attenuation
of many orders of magnitude for signals above 100 kHz.

The photo-diodes used were Hamamatsu G5832-02
2mm diodes. These were used because of their demon-
strated ability to handle fairly large power levels, as well
as their high surface uniformity. They are measured to
have a quantum efficiency of 93%.

The current best relative intensity noise level achieved
by the servo is about 1x 1078 /v/Hz at 10 Hz and about
5x107° /v/Hz at 100 Hz (Figure[3). This level is mea-
sured with the out-of-loop detector (see Figure [I). The
level given by the in-loop detector is artificially low since
the servo loop attempts to null the detector’s electronic
noise by adding it’s inverse to the light.

The data in Figure [3] was taken with a DC photo-
current of 140 mA on the out-of-loop photo-detector.
This corresponds to an incident light power of 175 mW.
However, this relative intensity noise level can be
achieved with powers as low as 100 mW.

The achieved intensity noise level is higher than
the calculated shot noise level, which at 140 mA is
2x107° /V/Hz (see Figure 3). Tt is not known at this
time what is the limiting factor in these measurements,
although a candidate is residual relative motion between
the light beam and the photodiode.

Figure [3] shows that the noise floor measured by the
in-loop photo-diode is well below that measured by the
out-of-loop diode, indicating that the achieved intensity
noise is not limited by a lack of loop gain in the servo
loop between 10 Hz and 150 Hz.

Various electronic noise sources were also carefully
characterized. Figure[3 shows that the measured input-
referred photo-detector dark noise is about a factor of 10
less than the measured intensity noise.

Electronic grounding noise was discovered to be a crit-
ical issue. This was not due to EM pick-up, but instead
to problems with noise on the ground reference that were
subsequently adding noise to the signal in the detector.

LIGO-P030072-00-R



Free-running noise
— In-loop (128.5 mA)
—— Out-of-loop (142.5 mA)
—— Electronic noise :
10 Shot noise ST b g
—— Total noise R P En
— Advanced LIGO requirement

~
I
Z
4
Z L
@ 3
10° 10" 10
Frequency (Hz)
FIG. 3: Relative intensity noise as measured by an in-loop

and an out-of-loop photo-diode. The expected shot noise and
measured electronic noise levels are shown in the light blue
and green traces respectively. The black line shows the Ad-
vanced LIGO requirement. (Data taken June 29, 2003.)

Improvements were made over initial measurements by
sending the signals from the photo-detector to the read-
out electronics differentially.

The light leaving the PMC is highly polarized, but fur-
ther polarization filters were used to assure that polar-
ization jitter at the beam splitter would not cause differ-
ential intensity variations at the in-loop and out-of-loop
photo-diodes.

To eliminate the possibility that frequency noise would
be converted to intensity noise in the PMC, a frequency
stabilization servo was used to reduce the frequency noise
of the laser [@] with no improvements in the intensity
noise.

Finally, extensive measures were also taken to reduce
the effects of any possible environmental noise sources.
For instance, neutral density filters were placed in front
of the photo-detectors in order to minimize the effects
of scattered light, and the entire experiment was placed
in an enclosure that significantly reduced the amount of
acoustic noise and the effects of air currents, once again
with minimal effect.

Further work is required to achieve the extremely de-
manding intensity stabilization requirement of Advanced
LIGO. Planned improvements include the development
of in-vacuum photo-detectors, moving the detectors after
the LIGO suspended modecleaner, and the use of multi-
ple in-loop detectors.

In conclusion, we have achieved intensity stabilization
of a solid state laser at the 1x 10~ /v/Hz level at 10 Hz.
To our knowledge this is the first time that such perfor-
mance has been reported.

This research is supported by the National Science
Foundation under Cooperative Agreement No. PHY-
0107417. LIGO Internal DCC No. P030072-00-R,

[1] B. Barish and R. Weiss, “LIGO and the Detection of
Gravitational Waves”, Phys. Today 52, 44 (October
1999).

[2] LIGO Scientific Collaboration, “Detector Description
and Performance for the First Coincidence Observations
between LIGO and GEO”, LANL arXiv. gr-qc/0308043
(September 2003), to appear in Nuc. Inst. Methods A.

[3] K.W. Leong, N.C. Wong, J.H. Shapiro, “Nonclassical in-
tensity correlation from a type I phase-matched optical
parametric oscillator”, Optics Letters 15, 1058 (October
1990).

[4] T.A. Savard, K.M. O’Hara, J.E. Thomas, “Laser-noise-
induced heating in far-off resonance optical traps”, Phys.
Rev. A 56 R1095 (1997).

[5] E. Gustafson, D. Shoemaker, K. Strain, R. Weiss, “LSC
White Paper on Detector Research and Development”,
LIGO Internal T990080-00-D (September 1999).

[6] ISC Group, “Frequency Response of the LIGO Interfer-
ometer”, LIGO Internal T970084-00-D (February 1997).

[7] Lightwave Electronics Inc., MOPA Series 6000 Laser, SN
#110.

[8] Benno Willke, “Update on Advanced LIGO PSL Pro-

gram”, presented at the LIGO LSC Meeting, Handord,
WA, 19-22 August 2002.

[9] R. Abbott and P. King, “Control System Design
for the LIGO Pre-Stabilized Laser”, LIGO Internal
P010037-00-C (November 2001).

[10] R.W.P. Drever, J.L. Hall, F.V. Kowalski, J. Hough, G.M.
Ford, A.J. Munley, H. Ward, “Laser phase and frequency
stabilization using an optical resonator”, Appl. Phys. 31,
97 (1983).

[11] B. Willke, N. Uehara, E.K. Gustafson, R.L. Byer, P.J.
King, S. U. Seel, R. L. Savage, Jr., “Spatial and tempo-
ral filtering of a 10-W Nd:YAG laser with a FabryPerot
ring-cavity pre-modecleaner”, Optics Letters 23, 1704
(November 1998).

[12] Malcolm Gray, Australian National University, Depart-
ment of Physics and Theoretical Physics, Faculty of Sci-
ence, Australian National University, ACT 0200, Aus-
tralia, (personal communication 2003).

[13] R.S. Abbott, P.J. King, “Diode-pumped Nd:YAG laser
intensity noise suppression using a current shunt”, Re-
view of Scientific Instruments 72, 1346 (February 2001).

LIGO-P030072-00-R



