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1 ABSTRACT

As a first step in the process in switching to Nd: YAG lasers in LIGO, frequency stabilization tech-
niques were applied to a Lightwave model 126 Nd:YAG 1064 nm 700 mW laser. This has two
main motivations. First is that the proposed 10 W laser under development for LIGO by Light-
wave uses the Model 126 laser as a master oscillator in a MOPA (master oscillator/power ampli-
fier) configuration, and as such will be the point at which frequency corrections are applied in the
10 W version. The second motivation is simply to develop a 1064 nm light source for various
experiments while the 10 W version is still being developed, such as the PNI IR conversion.

In this document, a description of the system is outlined, the design of the servos is detailed, and a
procedure for obtaining lock using a fixed length reference cavity is described. This system can
readily provide stabilization to the level of 10 mHz/J/Hz from 10 Hz to ~10 kHz. Lock is also quite
robust, with lock being kept for time periods of at least 24 hours on a regular basis.

2  CONCEPTUAL DESIGN

2.1. Outline of an interferometer

LIGO proposes to measure strains due to gravitational radiation on the order of 10-2%/JHz. An
interferometer is to be used by essentially comparing the phase history of light down one arm of
the interferometer with the phase history of the light that travelled down the second arm of the
interferometer. If there is any mismatch to the lengths of the arms, it can be seen that phase noise,
or equivalently, frequency noise, would be a source of noise in the signal, by the relation

8f «(81)/1- f - (1~ CMRR), CMRR being the common mode rejection ratio. In order for LIGO to

measure the proposed strains, frequency fluctuations will need to be kept below 107 Hz/ JHzIn the
interferometer in the bandwidth of interest, assuming a CMRR of 99%. Since the proposed
Nd:YAG laser has a frequency noise level typically about 100 Hz/J/Hz at 100 Hz, it’s obvious that
some frequency stabilization will need to be done to the laser. This level of suppression is a bit
beyond the abilities of a single control loop, so one way to do this is to provide suppression in
stages. The first stage of this is called the PSL (Pre-stabilized laser). This supplies approximately

80 dB at 100 Hz. Next is the mode cleaner, after which the laser light should be about 10°Hz//Hz.
The common mode servo of the interferometer locks the laser light to the interferometer, and will
provide the additional attenuation.
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The above diagram gives a rough outline of how a LIGO-like system could be laid out. Not shown
in the above diagram are feedback paths from the interferometer and the mode cleaner back to the
PSL. The details of how the servo topology for frequency noise in LIGO will be laid out is yet to
be finalized.

2.2. Requirements

For this first version of the NPRO PSL, refer to document “NPRO-PSL Design Requirements”
(LIGO T960082-00-D) for requirements. Initial requirements of 1 mHz//Hz were relaxed while
testing was going on to 10 mHz//Hz from approximately 10 Hz to 10 kHz. This calls for a servo
gain of at least 46 dB at 10 kHz, and a gain of about 106 dB at 10 Hz. Also two feedaround paths
were to be supplied, to allow direct frequency control to be applied from the mode cleaner and the
interferometer. The reference cavity to be used would be a fixed length cavity made of two mirrors
optically contacted to a ULE fused silica spacer. In order to have some ability to shift the fre-
quency of the output beam from that of the reference cavity, a double-passed AOM would be used
in the PSL stabilization path to shift the frequency of the light 2fson +/- fuping, Where fryping 1S
+/- 5 MHz, determined by the requirement to keep the laser locked to both the reference and some
external cavity.

3 SYSTEM LAYOUT

The proposed topology for frequency stabilization of the PSL is specified in the document,
“NPRO-PSL Conceptual Design” (LIGO T960089-00-D).

The Model] 126 NPRO laser comes with two frequency correction actuators built in. The “slow”
controller consists of a thermoelectric cooler, which sets the temperature of the NPRO crystal.
This has two effects, to change the physical size of the resonator cavity and to change the index of
refraction of the crystal. Lightwave reports that the change An of the crystal has a much larger
effect than the change in the size Al. This input has a usable bandwidth of about 0.1 to 1 Hz. The
gain is approximately 3-4 GHz/V, with a range of +/- 10 V. The “fast” controller consists of a
piezo bonded to the resonator crystal. Voltage applied to it stresses the crystal, inducing changes
in frequency. The bandwidth of this path is nominally limited by the internal resonances of the
piezo, which begin around 200 kHz. The gain here is approximately 4 MHz/V, with a range of +/-
50 V. Both inputs give a positive change in frequency for a positive voltage. The free running fre-

quency noise of the laser is approximately (2x10%f) Hz//Hz from 10 to 10 kHz.
The reference cavity is a ULE fused silica spacer, 20 cm in length, with mirrors optically con-

tacted to each end. The mirror transmissions are 300 ppm, with losses < 30 ppm. This gives a
finesse of ~ 10000, and a bandwidth of about 75 kHz. The temperature induced resonant fre-

quency change is ~ 150 MHz/° C. The light is to be locked to this cavity using the Pound-Drever-
Hall reflection locking technique, using sidebands at 12.3 MHz. The cavity is suspended in a vac-

uum chamber at 1077 torr by two loops of wire from a 3 layer seismic isolation stack.

Since the cavity has no length adjustment, a double passed AOM is used to shift the frequency of

the output laser light from that of the reference cavity. Double passing the 1% order diffracted
beam output of the AOM, the light is shifted by twice the drive frequency of the AOM. This fre-

page 2 of 14



LIGO-T970051-00-R

quency is a nominal 80 MHz +/- 5 MHz. This gives a tuning range of +/- 10 MHz, which was cho-
sen after analysis of data from the 40m interferometer and the 12m triangular mode cleaner.

The stabilization servo would need about 46 dB of gain at 10 kHz, but the fast piezos probably
don’t have a usable bandwidth much more than 20 kHz due to their resonances. This makes it nec-
essary to utilize an external phase correcting Pockels cell to extend the bandwidth of the servo so
it can be stable. The Pockels cell used is a New Focus model 4004 broadband Pockels cell, with a
specified modulation depth of 15 mrad/V.

NPRO laser

Slow Fast PC 1 PC?2
1n§ut 1n§ut < -'
12.3 MHz Oscillator
Y

PC driver = common gain

Fast controller

R.E
Photodeteqtor
A
Slow controller ( ) -
PC 1 - Frequency shifting Pockels cell .
PC 2 - 12.3 MHz modulating Pockels cell Frequency shifter

The diagram above lays out the general design of the NPRO PSL. The other Pockels cell in the
diagram is the 12.3 MHz Pockels cell, a New Focus 4003 resonant Pockels cell. The 12.3 MHz
oscillator and amplifier are existing modules. The photodiode is an existing RF photodetector,
using a tuned tank circuit at 12.3 MHz, modified for 1064 nm with either a YAG444 or a 220A
photodiode.

4 SERVO DESIGN

Servo design requires some modeling, into which physical parameters need to be put. Measure-
ments were made of the various actuators to build the model.
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4.1. Actuators and existing gains

4.1.1. Slow actuator

The slow actuator frequency response was measured by locking the laser to a Coherent optical
spectrum analyzer in transmission. The slow input was driven and the transfer function from the
slow input to the locking error signal was taken. The closed loop gain was divided out, giving the
frequency response of the actuator. This is shown in Figure 1 (All figures are collected at the end
of this document). A simple model for this response is a 3-pole roll off at 0.2 Hz, with a DC gain
of 3 GHz/V.

4.1.2. Fast actuator

Nominally, the piezo of the fast actuator should have a relatively flat frequency response out to the
mechanical resonances of the piezo. A measurement of this was made by locking the laser to the
reference cavity with low gain and bandwidth (< 1 kHz). Above the servo bandwidth, then, the
signal out of the demodulator is essentially an open loop measurement of the frequency noise. The
fast piezo was driven above the unity gain of the servo, and a transfer function was measured from
this input to the demodulator out. Figure 2 shows a 10-100 kHz span of this measurement.
Included in the dynamics of this measurement is the cavity pole, which shows up at 35 kHz. Sub-
tracting the cavity pole results in a flat response at least to 100 kHz. Of note are the features
around 30 kHz, 60-70 kHz, and above 90 kHz. These are consistent with parallel, or parasitic res-
onances, most likely of the structure the piezo is mounted on. A measurement was made to higher
frequencies, also. Piezo resonances were found around 250 kHz, above which the response was
not coherent. The gain of the piezo was determined by driving the piezo open loop with a triangle
wave generator. The amplitude was high enough to scan through the carrier and both sidebands. A
photodiode monitored the transmitted light through the cavity, and an oscilloscope was used to
determine the amount of voltage needed to scan from sideband to carrier, then carrier to the next
sideband. Several measurements were averaged to give 4.1 MHz/V.

4.1.3. Pockels cell

The Pockels cell response was measured in the same fashion. The laser was locked with low gain
and bandwidth (~2 kHz). The Pockels cell was driven, and the transfer function from the Pockels
cell to the demodulator output was measured. Figure 3 shows this transfer function, with the cav-
ity pole, the demodulator gain, and the zero of the Pockels cell divided out. The measured gain of
the Pockels cell is 19 mrad/V.

4.14. Demodulator gain

The “demodulator gain” refers to the voltage out of the mixer due to a frequency fluctuation about
the point of resonance. This can be estimated using a relatively simple analytical model. The
power incident on the photodiode which contains the signal proportional to frequency fluctuations
goes as Re{E,-(E, +E_) }, where E,,E,,,
from the cavity. Using 85% photodiode efficiency, a known impedance of 8000 Q in the tank cir-
cuit of the R.F. photodiodes, and a 6 dB insertion loss into the mixers, a demodulator gain of

and E_, are the carrier and sideband fields reflected
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about 1 V/2.5 kHz is arrived at. In reality, the actual gain will probably be lower, due to imperfect
modematching, etc. However, this number is sufficient to use in a model.

4.2. Controller design

A block diagram of the controller is shown below. Each of the actuator loops needs to be used in
parallel with the other 2. The rule for parallel open loop gains is that the open loop looks like the
frequency response of the particular loop which dominates in gain. In this case, we expect to see
the slow loop dominate below .1 Hz, the fast loop to dominate up to about 20 kHz, and the Pock-
els cell to dominate out to the bandwidth of the servo.

Cavity/photodetector/mixer

P
oV 35 kHz and 600 kHz poles
1V/2.5 kHz
Pockels cell actuator Pockels cell driver
1 zero at DC Ap
15 mrad/V < Cp ]
+
Fast actuator Fast controller
~ flat f-response Af
4 MHz/V < Cp -
+
Slow actuator Slow controller
3 poles at.2 Hz As
3 GHz/V - Cs [+

4.2.1. Slow controller

The main purpose of the slow controller is to provide DC control of the laser. That is, for long
term drifts due to variations in temperature of the laser, the reference cavity, etc., the slow actua-
tor, with a possible tuning range of about 600 GHz, is used. Since the reference cavity has no
length control, and a free spectral range of 750 MHz, DC fluctuations are most easily controlled
using the slow actuator. This is most effectively done by using an integrator in the slow controller.
For practical purposes, this controller needs a “switch” that turns the integrator off, which is done
by moving the pole from DC to some finite frequency, in our case 0.05 Hz. This is useful to short
the integrator if any offsets have been integrated, and allows for faster time responses of the slow
controller in this mode. Since acquiring lock would also be very difficult with the integrator on,
the shorted integrator is referred to as “acquisition mode”. This loop should have a bandwidth of
approximately 0.1 Hz, due to the poles at 0.2 Hz in the actuator.
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The range of the slow controller would in principle need to be within one free spectral range of
the cavity, or 750 MHz, which corresponds to about 200 mV in the slow actuator. Standard op-
amps will have plenty voltage output to tune over many free spectral ranges, so the dynamic range
of this controller would not be a problem.

At the upper end of the slow bandwidth, 0.1 Hz, we have no specific frequency noise requirement,
but the requirement at 10 Hz of 10 mHz/,/H; might suggest a level of 100 mHz/./H7 at 0.1 Hz.
Based on a conservative 1V/10 kHz mixer output, this corresponds to an input referred electronics
noise of ~ 1WV//Hz, which is pretty trivial.

4.2.2. Fast controller

The fast path will be responsible for the frequency noise suppression in the bandwidth of interest.
The main design requirement is that the servo has enough gain, and has low enough noise. Given
a 1/f free running noise spectrum, then the controller needs to be at least 1/f. A 2 pole controller

was designed, mostly because it was simple enough to do. A third pole was added to help roll off
the response at higher frequencies, in response to the presence of piezo resonances in the 200’s of
kHz. A zero was added to improve the phase of the fast loop at the point where control is handed
over to the Pockels cell. So, the fast controller has poles at 10, 100, and 10000 Hz, and a zero at

500 Hz. The nominal gain at DC is about 10°.

Given the free running frequency noise quoted in section 3.1, and assuming this is reasonably
good down to .1 Hz, integrating this power gives about 2x108 Hzgpyg from .1 to 10000 Hz. Work-
ing back from the fast actuator, this corresponds to about 0.5 Vzps, Which is not a problem for
controller or actuator.

The noise of this servo must be small, at least a factor of 10 below the frequency noise goal. Using
1 mHz/,/Hz, and the demodulator gain, we specified an input referred noise of 300 nV//Hz, which
is also fairly simple, as long as the gain of this loop is kept in the early stages of the electronics.

4.2.3. Pockels cell driver

The main purpose of the Pockels cell path is to extend the bandwidth of the overall loop gain, so
that there can be ~46 dB of gain at 10 kHz. There are several factors that motivate the shape of
this loop. Drive voltages to a frequency correcting Pockels cell typically are rather high. In order
to keep this number as low as possible, the loop is ac-coupled with 2 zeros at DC. This puts the
phase of the loop +270 degrees. At the point where the Pockels cell loop gain equals the fast loop
gain, however, stability considerations dictate that the difference in phase of the two loops needs
to be less than 180 degrees. Since the fast loop has phase close to -180, several poles need to be
incorporated in the Pockels cell path to bring the phase to an acceptable level. Zeros are also
incorporated the controller to account for the cavity pole and the photodiode pole. To this end, the
Pockels cell controller has two zeros at 0 Hz, one at 50kHz, and one at IMHz. A poleis putat 1
kHz, and 3 more at 5 kHz. Gain is adjusted to cross the fast loop gain around 20 kHz.

As mentioned before, the two zeros in the Pockels cell path are included to reduce the amount of
rms contribution from frequency noise out of the band dominated by the Pockels cell. A model of
the loop was put together in Matlab, the transfer function was calculated from frequency noise to
the voltage into the Pockels cell. Multiplied by the frequency noise of the laser, and integrated, the
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total rms to the Pockels cell is about 1-2 V. This allows the Pockels cell controller to be made
using standard op-amps, which simplifies the problem somewhat.

Noise consideration are similar to the slow controller in that the bandwidth dominated by this
controller is out of the specified frequency range for control.

4.2.4. Additional features

In addition to the poles and zeros and voltage requirements for each of the three loops above,
other features of note are included in the design. First, a feedaround input, as required in the con-
ceptual design document, is incorporated into the early stages of the amplifier. This is simply to be
a unity gain buffer. Also, to simplify the amount of cabling, the mixer is included on board, along
with notch filters for the modulation frequency and its first two harmonics. The slow path also
includes a buffered input at the end of its path in order to sum an external DC voltage offset. As
mentioned in the conceptual design document, this is necessary for lock acquisition. A DC bias is
applied to the slow input in order to coarsely tune the laser to the resonant frequency of the refer-
ence cavity. Once the laser is close to the cavity frequency, lock can be acquired and the integrator
in the slow path can be used to maintain the proper bias to the slow controller to keep the laser at
that frequency. Also included are test inputs and outputs to measure transfer functions, and moni-
tor outputs are on each of the servo path outputs. Since this is a 3 degree of freedom system, 3
gain controls are included. Since the Pockels cell path goes to high bandwidth where phase delays
can have significant effect, the placement of the 3 gain stages are an overall gain stage, and one
each in the slow and fast paths, leaving out any direct gain control in the Pockels cell path.
Switches are included to switch off the slow controller, to switch between “acquisition” and “inte-
gration” mode in the slow controller, and to switch to a test input after the mixer output for diag-
nostic purposes.

A schematic of the controller along with a list of the front panel features and labels is included at
the end of this document.

4.3. Modeling results and predictions

4.3.1. Loop gain and expected residual frequency noise

As mentioned in section 4.2.3, a model of this control loop was built in Matlab, using the mea-
sured parameters of the system and the proposed control electronics, as laid out in the diagram
above. The paradigm consisted of *.m files which contained the frequency response of each of the
blocks in the diagram in section 4.2. A master file called these transfer functions and multiplied
them in the appropriate fashion to generate whatever transfer function was required. The resulting
open loop gain is given by the following equation, and shown in the following figure. The C’s,
P’s and A’s are defined as in the block diagram in section 4.2. Calculating the residual frequency

Lo, = P-(CyAg+CpAp+CpAp)

noise requires the closed loop gain, shown below, multiplied by the open loop frequency noise
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spectrum. Based on this transfer function, and assuming a frequency noise spectrum like that
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4.3.2. Limiting noise sources

4.3.2.1 Shot noise

The frequency detection method is a process dependent on sensitivity to optical power, in other
words, it counts photons. A fundamental noise source with this sort of detection is shot noise,
which essentially goes as /N, where N is the number of photons detected. Detailed calculations
have derived formulas for the shot noise sensitivity of this detection method, given as

2 2 2
.§.(f) -8 A/EA/3|E+| +E DC.(I—rarb) . 1+(2_nf)2
N FSRNG  2mELE, T,r, ®

c

Definitions for the various parameters are found by referring to either “Shot Noise in a Recycled
Unbalanced LIGO” by Torrey Lyons and Martin Regehr, or “Calculations for the Shot Noise in
the Recycled 40m” by Malik Rahkmanov. Given the appropriate parameters for the optical config-
uration, the level of shot noise is shown on the previous figure.

4.3.2.2 Electronic noise

The designed electronics were modeled in Cadence to predict their transfer functions, and esti-
mate their noise outputs. Cadence is a sophisticated program which takes into account real proper-
ties of op-amps, phase delays in circuits, etc. From the output referred noise predicted by the
Cadence model, transfer functions were derived from the output of the controllers to the fre-
quency error point to estimate the contribution to frequency noise due to noise in the electronics.
The figure above containing the residual frequency noise also contains the level of noise contribu-
tions from both the fast and Pockels cell controllers.

S PERFORMANCE

5.1. Measured transfer functions and noise

Figures 4 and 5 show measured transfer functions of the fast and pockels cell controllers. These
all agree with the modeled transfer functions to reasonable levels of accuracy. Figures 6 to 8 show
measured output referred noises of each of the controller electronics. These also agree remarkably
well with the Cadence model prediction.

5.2. Locked laser measurements

Figure 9 shows an in-loop (and hence lower bound) measurement of the residual frequency noise.
The following figures, 10 and 11, shows measurements of the open loop gain for this particular
measurement, over different bandwidths. Of note is that the frequency noise requirements have
mostly been met within the bandwidth of interest as measured inside the loop. Although the fig-
ure shows 10 mHz/./Hz only to 7 kHz, obtaining this level at 10 kHz was not difficuit, however, it
entailed increasing the gain of the fast loop, which causes the bump at 30 kHz to grow. This is a
result of the relative phase of the fast and Pockels cell paths at the crossover point, which gets
worse at higher frequency. Agreement between this and the predicted residual frequency noise is

page 9 of 14




LIGO-T970051-00-R

very good. However, some problems show up in the measurement of the loop gain, most notably
the amount of phase available at unity gain. The model prediction shows that there should be
plenty of phase at unity gain, and bandwidth shouldn’t be limited at all by this consideration. The
measurement on the other hand indicates that the phase drops considerably in the 100 kHz band,
and that phase margin goes to O at about 600 kHz. The fact that the phase is decreasing in the fash-
ion that it does tends to suggest that phase delays are accumulating in the Pockels cell path. The
measurement of the pockels cell controller supports this, and modeling phase delay produces a
loop gain which agrees with the measurement.

6 OPERATION

6.1. Setup
The figure below lays out our optical table and elements.
y/ 4
R.E photodetector 7 \
Circulator
= \
Lenses >
Y
Mirrors A2 Plate

4—H 7

Pockels cell Reference
- A ockels cells A Cavity Vacuum tank
J 1—/ y A \/

10% Beamsplitter

Model 126 laser ___N_E

M2 Plate  Faraday Isolator

The first A/2 plate is used to rotate the polarization of the light from vertical to 45 degrees for
insertion into the Faraday isolator (measured insertion of 93%). The light leaving the isolator is
then polarized perpendicular to the table. The first lens is used to focus the light to a waist position
between the two Pockels cells. The measured spot size at 5 cm from the laser is ~.2 mm, and the
waist positioned between the Pockels cells is nominally.1 mm. The first Pockels cell is the broad-
band frequency correcting Pockels cell, and the second is used to impose the 12.3 MHz modula-
tion. This was driven at ~ 6 Vp_p, resulting in a modulation of ~ I" =.75. The next lens is used in
conjunction with the 3rd lens for modematching. A 10% window is used to pick off a portion of
the light for frequency stabilization. Since the laser is outputting about 600 mW, and we really
only would like about 10 mW input to the cavity, the second A/2 plate is used in conjunction with
the circulator’s polarizing beamsplitter to dump the rest of the light. This obviously is not optimal
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for use in an interferometer, however it suited this particular setup. The circulator is a polarizing
beamsplitter with an optically contacted A/4 plate. This causes the light reflected from the cavity
to be reflected by the polarizing beamsplitter, not transmitted. This light is then detected by an
R.F. photodetector, which has a tuned resonant circuit to maximally transmit power at 12.3 MHz.

The vacuum tank was kept at 107 torr using a Vac-Ion pump. Inside the vacuum, the reference
cavity was hung from small springs mounted on posts. Two small copper vanes were hung from
the cavity close to two sets of 4 magnets in a quadrupolar configuration for eddy current damping
of the two swinging modes of the suspended cavity. The supports for the cavity are mounted on
an isolation system made up of 3 plates with RTV silicone springs between them. Not shown but
also used was an infrared camera, placed at the far end of the vacuum tank in order to see the light
transmitted when the cavity was on resonance. Also not shown is an optical spectrum analyzer,
which has another 10% pick off just before the RF photodiode. Note that the frequency shifter
was not incorporated into this layout, because time did not allow.

6.2. Alignment

Typical alignment procedure involved first passing the light through the Faraday isolator. This was
done using an infrared photo card, and eyeballing the position of the beam approximately to the
center of the F.I. apertures. The alignment was done by shifting the position and tilt of the F.I..
The next alignment was the first lens, which simply involved positioning the lens such that the
beam passed through the center of the lens, by marking the position of the beam without the lens
at the other end of the table, and bringing the position of the beam back to the same place once the
lens was installed. Next, in order to align the beam through the 2 mm apertures of the Pockels cell,
a negative lens was used to blow the beam up so it was approximately 2 cm in diameter on a beam
block. The position of the front aperture for each Pockels cell was adjusted by finding where the
beam clipped the aperture on each side, then centering the aperture in between these points. Then
the positions of the rear apertures were dithered to minimize the distortion to the beam as viewed
in the expanded spot. The next two lenses were also centered, and placed according to calcula-
tions to mode match into the cavity. Alignment into the cavity was performed first by roughly eye-
balling the light to the center of the input cavity mirror, using the final two mirrors in the optical
path. Then a function generator was used to dither the frequency of the laser over a large range in
the slow actuator (by at least one free spectral range), while the camera which looked at the output
of the cavity was monitored. Once modes began flashing in the cavity, adjustments were made
based on the strength of the modes, to begin optimizing for lower order modes. Once a TEMy,

mode was found, a slow DC offset was applied to the slow actuator to bring the laser close to the
frequency of the 00 mode, and the function generator drove the fast actuator (the time scales of
the slow actuator were irritatingly slow). Then, the alignment attempted to maximize the output of
the 00 mode through the cavity. For reference, irises were placed in the optical path and centered
on the beam for future alignment.

Some “electrical” alignment is also done. First, the phase of the local oscillator applied to the
mixer needs to be set. Since the phase shifter has, at the smallest, 10 degree divisions, this was
done by eye. The 00 mode was found, and the function generator used to dither the fast input of
the NPRO. The output of the mixer was viewed on an oscilloscope set to trigger as the laser went
through resonance. The phase was adjusted to maximize the symmetry of the demodulator output,
verified by setting the phase to the “wrong” phase and confirming the symmetry in that output.
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Also, the electronics comes with the ability to tune out any voltage offset out of the mixer. This
was done by looking at the MIXROUT output through a SR560 and a gain of about 100, low
passed at .03 Hz. The pot, located inside the NIM module, was tuned such that the DMM read
about 1 mV, after the bias of the SR560 was tuned out, which seemed to be about as good as could
be done.

6.3. Nominal settings

A set of parameters was developed as indications of the state of the system. Nominal values for
these parameters were worked out to insure repeatability of results. These are listed in the table
below.

Modulation voltage 2.5 Vpeax
Modulation depth 75
Cavity input power 10 mW
Visibility 80-90%
Laser power 600 mW
Vacuum pressure 10”7 torr
RFPD V- (out of lock) -130 mV
RFPD V¢ (locked) -48 mV

Table 1: Nominal parameters for NPRO laser

6.4. Lock acquisition

The process used to acquire lock in these experiments was not automated. Gains in all loops are
turned to 0, the slow loop is left open, and the integrator is switched off to keep from integrating
up any offsets in the path. The slow actuator is ramped in the slow DC input using the Calibrators
DC voltage supply until the 00 mode is found, usually by watching the camera which is looking at
the transmitted cavity light. Once the mode is found, the gain in the fast path is turned up slightly.
If the laser is very close to resonating, the laser will usually lock right away. If not, the slow actu-
ator must be used to tune the laser closer to the right frequency, with the fast gain small, maybe
about 0.1, and the common gain at minimum. The reason that the fast gain must be kept low is
that when the laser needs to tune through the point where the sidebands are resonant, the servo has
the wrong sign, and a large voltage builds up in the fast path as the slow DC tries to push against
the fast gain of the servo. When the slow finally manages to exceed the ability of the fast loop to
keep away from the sideband resonance, the fast voltage drops to zero and the laser frequency
shifts very rapidly through the carrier and the other sideband, to the tuned point of the slow DC.
However, with low fast gain, it’s easy to tune via the slow DC close to resonance, then turning up
the fast gain usually will lock the laser immediately. At this point, the fast gain needs to be
increased to about 0.5 to 1.0 before the common gain can be turned up. This sets the crossover
between the fast loop and Pockels cell at approximately the right place in the 20 kHz region. Then
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the common gain can be turned up to approximately 0.6 or 0.7. This brings the loop very close to
the maximum gain possible, limited by the loss of phase margin at 600 kHz. If the MIXROUT
output is being monitored on an oscilloscope, this is evident by the output voltage beginning to
grow as the gain is increased. This is not due to a noisier laser, but rather unity gain oscillations at
around 500 kHz. At this point, the slow loop is turned on, and the slow mode is switched from
acquisition to integration. The gain of the slow loop can be turned up to about 0.3 or 0.4 before
oscillations begin to develop.

Re-acquisition once lock is lost is a similar process. The first thing that needs to be done fairly
quickly is the integrator must be switched off. Also the gains must be turned down in the same
way as acquiring lock the first time. If the slow DC bias is still hooked up and supplying the DC
voltage which brought the laser roughly to resonance, frequently all that’s needed is to wait until
the laser relaxes and returns to equilibrium. Loosing lock typically causes the laser to shift its fre-
quency somewhat, and requires about a half a minute to relax. Once close to resonance, again, the
fast gain is turned up, then the common gain. However, if the laser frequency set by the slow DC
bias has drifted relative to the cavity sufficiently, the laser will not return to the point where the
fast loop can acquire. At this point, the slow DC bias voltage must be scanned again to find the
resonance. This typically is not far away, though, so radical shifts in voltage should not be
required.

6.5. Problems

Below is a list of problems and other notes concerning frequency stabilization of the NPRO, both
understood and not understood.

*  When the common gain is turned up too high, although not high enough to lose lock, occa-
sionally 2 spikes in the frequency spectrum show up around 3 and 5 kHz. The origin of
this is unknown, however it’s suspected that a stage in the pockels cell path may be satu-
rating. The pockels cell path has very high gain, which peaks at about 4 kHz, and the first
pass at these electronics had bad saturation problems in the pockels cell path (not on the
output, however).

* Concerning the use of the power adjust input for power stabilization. There is a very
strong coupling between the power adjust input and frequency noise. Figure 12 shows a
transfer function between the power adjust input and frequency noise output. This mea-
surement was made with the built in “noise eater” off, however with the noise eater on,
this trace goes down maybe only 10 dB. It was made by driving the power adjust and look-
ing at the voltage out of the demodulator. The cavity pole and the loop gain have been
divided out, as well as the frequency to voltage gain of the demodulator. This coupling is
both good and bad. The good is that stabilizing the power output of the laser diodes does
help the frequency stabilization, which tends to suggest that a large amount of frequency
noise comes from intensity fluctuations of the laser diodes. The bad is that stabilizing the
laser light at some point far down the optical path may introduce noise into the laser diode
in order to correct for artificial intensity fluctuations (i.e., fluctuations due to beam jitter
through a mode cleaner, parasitic interferometers). This in turn will make the frequency
stabilization worse.

* Changing the common gain of the servo while the integrator is on seems to occasionally
cause problems, that is the slow path seems to want to begin oscillating. Not understood.
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The slow monitor output monitors the output of the slow controller before the slow DC
bias is summed.

Fast monitor offsets. The laser, once locked using the fast and Pockels cell, can be tuned
using the slow DC bias until the DC offset out of the fast controller is nulled. Turning the
slow controller on in acquisition mode will not typically change this, that is the slow con-
troller will hold the DC laser frequency close enough to resonance such that the fast path
will have no DC offset (over short time scales). However, turning the integrator on will
typically shift the fast offset to a couple volts. The origin of this is uncertain, but could be
consistent with mV offsets in the slow path. Changing the gain of the slow controller
affects this offset, also. For long time scales, though, it’s favorable to use the integrator,
since it will keep this offset constant, whereas in acquisition mode, there isn’t enough gain
to adequately track the long term variations in the laser temperature and the cavity fluctua-
tions.

FIGURES

Figure 1 : Slow actuator frequency response

Figure 2 : Fast actuator frequency response

Figure 3 : Pockels cell frequency response, with i® divided out

Figure 4 : Fast controller transfer function

Figure 5 : Pockels cell transfer function

Figure 6 : Slow controller output noise (input 50 € terminated)

Figure 7 : Fast controller output noise

Figure 8 : Pockels cell controller output noise

Figure 9 : Residual frequency noise

Figure 10 : Measured loop gain, 100 kHz bandwidth

Figure 11 : Measured loop gain, 1 MHz bandwidth

Figure 12 : Power adjust to frequency transfer function

page 14 of 14



‘et 4.4 5OMHZ _ . '
¥as?0:3%08 - o ‘ m

M: FREQ RESP Aud AMA%Y%\MB h«o.
Yb=-108.53 Deg , | | oepncdd

X100 [ ma~ce --Lao
M\ e ek

Joe HMy PE\;‘
X TN, TRoPE L

Deg

t : o X ' D R .
%_...‘__2. o e N ,_‘, B T - [P SL SRR 4.. e N
i

3 . - . :

2 : ' : [ ...

Dvse \ﬁlﬁxgz [ g(o)omiwf
30.0f [ i Ly N 35EmVpak T23D
iy YLE lQB 0: 21 T "ﬁ i ﬁ I tg 39‘~ ggt.x Y

X m 0og Hz . 99m '—E,é;m ?Zd( .

%’reﬂ! den (H2)

Fik: PSL /Slbwim



7 F40714

X=10KHZ
Ya=20.2353 dB

FREQ RESP

2

106G ZPNT

COHETZEMLE S4VED
As DI6FPTC.

FaT PUNT (Acromol/otvrty/ Pflaob(op:-_)

40.0

dB

Y

0.0

Fxd Y 410k
Yb=—17.749 Deg
FREQ RESP

L.og Hz

100k

45.0

Phase

<L-__‘--“-

Deg

-135

Fxd Y 40k

Log Hz

100k

PRov(DED BRUT THis Is
ESSEAMTRULY v oPEN
LocP hsqsvkErerr, Y
SHAT WE BXRCT NO
POLES/ZEEOS 4 (OkHz

TH(S qiues THE Derd

SUT | 7 FERuEMY comysteo

OF ~ L{oob_#yv



S =y4

Pocrere Cew ACTOATORL GAwo

X=9.3513kHz
Ya=-50.283 dB

M: FREQ RESP

‘Jba¢cau

y—?—e—i‘i"—"—"‘—'- TRAUSFER FuvcTIor x B ktr/y

DPEND OUY

JEA

211= 36200 i

>

& + 2=3FO Co

——d

CaawlR 0K

CanlTY
Poe #;

-40.0

dB

Rovet Ly “31Q3==12uﬂﬁx,

-60.0

XLr= 20m Pal/v

Fxd Y 3K
Yb=—5.,49982 Deg
M: FREQ RESP

Log Hz

30k

@ 30 bfiz, -SUP lé.»dz.y'
v

180

Phase

D S

Deg |

-4180

Fxd Y 3K

L.og Hz

30k

g0

NN
AR e



COHMOU G - 06s  FAST &R - L

JTH,

-bam%ﬁ

RBW:

NE TWORK }
A: REF =~ B: REF o MKR 3 981.072 Hz
80 .00 180.0 T/R 4.25477 dB
[ dB ][ deg ] g 60.8732 deg
M\—-—b‘\
\ \\
N‘”T S M
e ~ N
) \ ] )
\\ N
Ny
3 6 1 3 6 1 3 él 3 Sl 1 S )
DIV DIV START 10.000 Hz
20 .00 36.00 STOP 1 000 080.000 Hz

10 Hz ST: 3.62 min RANGE: R=-10, T= 20aBm




Plor R tqy7
E-“rhxt:d (TH:: Peo7 1s (ok:zga—.) LITH HIGH 2 PROBE oA MLJA "T"Pota‘r.

NETWORK

A: REF B: REF x MKR 1 000 000.000 HzZ
110.0 100.0 T/R 33.8060 dB
[ dB 1 deg | g —~309.999 deg
= - T 22 ?
] 3 4 LAk \ . |
i b ’ i } ]

i
@ ” e ‘ |
((]?xl . il ;, _”_,_._.JE__.. N
o 5//1 : é |
| ]
e — | ‘“\&
2 a el 81 2 gl 1 al el 8 2 a 6| 8
DIV DTV START 0.000 H=z
10.00 50.00 STOP 1 000 0.000 H=z

RBW: 4100 Hz ST: 40.2 sec RANGE: R=

, T=

20dBm



9 T

ONPUT KEFTIZPED MO(SE OF

TH= Spa> DPTROUER_

A Live 484.375 mHz -127.209  dBVrms/{Hz ]
-80 S
dBVras/JHz (RE)
AN |
i ™
T\
i0
dB/div
-180
dBVrms/JHz || 15.625 aHz 12.5 Hz
FFT chi Log Mag Hanning RmsAvg ~ 6

1/26/97 18 11: 02

IWWPOT SO TE2M/AED

OOAMBU &1 0.6
SWw GAY 635



10914

-

L/ (LT

=

N ] KO ]

i

30 Hz ST:3.13 min RANGE: R

(WPUT goso TERNMED  COMUN &AW -D.65 FHST G4/~ 1.0
SPECTRUM
A: REF B: REF o MKR 3 981.072 Hz
 60.00 —~10.00 MAG —22.4445 dB UV /Hz
[dBUV/Hz] [ ] MAG
WMV%WMM
TNMMAMM
Mﬂw M 1
AJ\ M M MYWMWW
WA VT
3 6 _3 1 3o 6 6 1 3 6|
DIV DIV START " 10.000 Hz
10.00 10.00 STOP 1 000 000.000 Hz

—20, T=—20dBm




OUTTU T lerElldEd Nose oF THE KECS
WPUT S0 TGRAVATED COUMON GHw - 0.65

Jem

SPECTRUM
A: REF B: REF O MKR 3 981.072 Hz
- 860.00 -10.00 MAG 37.9227 dBUV /Hz
[dBUV/Hz] [ ] MAG

Bl 1 . .
| l | |
i ! ; %
i LS I —
| ! H k
H 4 ﬁ’ :
b | ] ; | !
g MWW% | : ? 5
i f ] i !
\ . ]‘MV , J\‘ ! : ' ] : :
b NS AL S S S N S
P s W ] ||
¥ :.' ™ ' %A A ‘WAYg -+ tg hlLg % ; ?. |
. : i 3 :
Ay | LA B L n
S % | S B i i b e
N | S UL Y TPV
! ; z AR
oR | ! i ; P é :
P - . SN ORI S——
: i ] { ! : : 5 ;
i 5 i % 5 1 o
i - ] i H
- { * | - : : :
i ¢ ! g
f | s
i § ! i
] i
sl el 1l 6 1 3 o 6 1 3 6l 1] 3 6

} .

3 .

DLV DIV START 10.000 H=z
10.00 10.00 STOP 1 000 000.000 Hz
RBW: 30 Hz ST: 3.43 min RANGE: R=-20, T=-20dBm



FERQUENCY NOSE HEASCORENELE [(A/~L®T°)

X=i1kHZ
Ya=—45.039 dB

X=10kHz
Ya=—-35.94 dB

{HA

SLow O©.2 uses ¢ &H.%

Hsr 1.0
common 0.8

gapgwER'SPE01’“ 20AvV OXOvlip Hann 20AvV OX0Ovlp Hann
5.0 \ "
/Divi i
s\ \ g
@~ \ ,
& ‘\ 5
ﬁ dB \ RN |
rms i R Eﬁ
V/IHz N 1{ ; Y
§ E“
W IL
\}
-60.0
Fxd ¥ 1.2 L.og Hz 1k L.og Hz 100k

COHPOSTE oF g (20fM2t
(Reftz BN FirEs

(231Pa#! 4 1231PSH]



Q) 220913

X=10 .058kHz
Ya=44.5334 dB

M: FREQ RESP

FULL (0oP Gt hEtsorsHeEUT

90.0 Ny

dB

10.0

Fxd Y 100
Yb=-4147 .23 Deg
M: FREQ RESP

L.og Hz

100k

180

Phase

Deg

. T

-180

Fxd Y 4100

L.og Hz

100k

”llsul}f

swes-oFF
e -1
con -0

123443 ~ Co6Vpp
2vn Voo = ~HlnVpay

Swow v Vu_” -qu'?‘ﬂv

(D WV 79 THE AVITY



D
#-05

v (OnW LIGHT TO CAVITY,

NETWORK Math Mg, vamurry ~83%
A: REF B: RErF o MKR 441 B570.447 Hz
50 .00 180.0 . MAG -—158.841m DB
DB ] (% J g 14.8382 -~
.
w
L ““”‘““‘VALM/V‘! — . \%W‘h\
,sgogs e QHASE | : K\Nky\&n Opﬁ
f TS
— ~
2 3 4 5. 61 2.8 9|1 | =4 3 4 Sl 6l 7. 8.9
DIV DIV START 10 000.000 Hz
10.00 @ 36.00 STOP 1 000 000.000 Hz
O, T= 0dBm

RBW: 30 Hz ST: 1.70 min RANGE: R=



i 321@)_—}

/m;fv:.osr‘ TO FZEQUBNY NOISE TiA/ Skl _TUMCTION

X=100 Hz
Ya=146.35 dB

M: FREQ RESP

160§

\\

dB

70.0

Fxd Y 400
Yb=—-64.3741 Deg
M: FREQ RESP

L.og Hz

100k

0.0
[ —

Phase

Deg

-360

Fxd Y 4100

Log Hz

100k

NoSE BRTER - OEE
(g
LASER (OCLED,
Corthd Gaw - O
Frer &tw - O
POLES CBLL DSOIETED
[WPST- PosElz ADVST

cuTruT- PCTT
™S PesT (S
PTT Svoye L A
e #X5T Ty L o
¢ P
Cioambd wop
G

- |
P o [3RRTF3

™ur = (PRTFY



Front Panel Features For NPRO Servo Electronics.

SLOWMON: Buffered monitoring point for the output of the slow loop.

FASTTO: Output of fast loop test amplifier (U13)<

FASTTI: Input to fast loop test amplifier (U13). <

SLOW ADJ: Slow loop gain adjust pot.

FAST ADJ: Fast loop gain adjust pot.

FASTOUT: Output of the fast loop (U7).

MIXROUT: Output of the first stage after the mixer (U8), through a 1K resistor. This results

in a gain of 5.2dB from that at the plane of the mixer itself.

PCTO: Pockels cell test output (U12).

9. SLOW DC: DC adjustment input for the slow loop. This input is used in initial locking to
align laser frequency to the desired value in preparation for lock acquisition.

10. FASTMON: Buffered monitoring point for output of the fast loop.

11. PCOUT: Output of the pockels cell loop.

12. FEEDIN: Feed around input.

13. MAINTI: Used for overall closed loop transfer function measurement. Input to U4.

14. PCMON: Buffered monitoring point for output of the pockels cell loop.

15. SLOWOUT: Output of the slow loop (U25).

16. MAINTO: Output used in conjunction with MAINTI for closed loop transfer function verifi-
cation. Output of U18.

17. INTI: Test input that when the RFSW is in the “ON” position, allows for injection of signals
at the output of the mixer. Used for aligning the traps among other things.

18. AQ/SLAQ: Switch to go between integrator (SLAQ) mode and reduced gain mode (AQ) for
the slow loop. Used during lock acquisition.

19. CLOSE/SLOW LOOP: Switch used to close the feedback path (CLOSE) for the slow loop
electronics. The switch should be closed during normal locked operation. When the loop
loses lock, the loop must be taken to the downward position to remove feedback to the slow
actuator.

20. ON/RFSW: Switch used to select between INTI (ON) and normal mixer feedback path
(U9A).

21. INADJ: Adjustment of the overall electronics gain or common gain. This will change the
gain of all paths simultaneously.

22. RF: Input from the RF Photodiode.

23. LO: Local Oscillator input from reference phase shifter. Nominal level of 9 V P-P or 23

dBm.
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