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Introduction

Crackling noise arises in a system which responds to changing external conditions with dis-
crete events spanning a broad range of sizes [5], implying a nonlinear conversion of energy.
Many physical systems crackle. When the earth’s tectonic plates shift, it results in intermit-
tent earthquakes of varying magnitudes. Crumpling paper emits sharp bursts of sound [3].
Magnetic materials magnetize in a changing external field in jumps called “avalanches” that
have acoustic emission (Barkhausen Noise) [4].
Similarly, mechanical joints and blade springs can exhibit crackling noise. Crackling, as op-
posed to creaking [7] or creeping [8], arises due to internal “domains” in the material shifting
against one another. A domain is simply a region of uniform structure. In a blade spring,
this would be a section of uniformly arranged steel grains or regions of impurities in the
metal. When one domain shifts against another, what changes is the spring constant k0,
and the spring in turn displaces slightly from its predicted ideal position. The mirrors in the
Advanced LIGO interferometers are suspended by a chain of flexures and steel blade springs,
like in Figure 1.

Figure 1: Advanced LIGO mirror suspension system [1]

We are concerned with crackling in the blade springs, which are clamped to an Upper
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Intermediate Mass (UIM) and then have wires that go down underneath the Penultimate
Mass (PUM). Below, Figure 2 shows the vertical response in meters/Newton of various parts
of the suspension design to vertical force on the UIM. We expect low frequency (microseismic)
motion of the UIM to result in stochastic high frequency motion in the blades, due to the
internal structure of the blades [2]. In this experiment we explore whether or not this
suspension design produces excess noise that will interfere with LIGO measurements.

Figure 2: Vertical Transmission Transfer Functions[2]

Measuring Crackling Noise

The LIGO group currently searches for signals around the nadir of measured noise, between
10 Hz and 100 Hz (see Figure 3). We need to measure whether or not the blade springs emit
noise within that range that is above the LIGO noise floor.
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Figure 3: Baseline LIGO noise budget (broadband mode) [2]

To measure the crackling noise of the suspension system we are designing a simple table-top
Michelson interferometer with the blade springs (see Figure 4). Note that our masses are
clamped directly to the tip of our blade springs rather than to a wire extension spring as in
Figure 1.

(a) Basic Michelson interferometer (b) Michelson apparatus

Figure 4: Basic Michelson setup with blade springs

If we drive each spring at the same amplitude and frequency, the output from the Michelson
setup should remain constant, except for slight variations due to crackling. We will extract
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that crackling signal and compare it to the current LIGO noise budget.

Noise Budget

Before measuring crackling noise from our setup, we considered other sources of noise in the
apparatus. There are various possible locations in LIGO for crackling noise to arise other
than the blade springs, including the clamps holding suspension wires to the blades, the
silica fibers suspending the test masses from the PUM and the KOH joints, and the welds
which attach the fibers to the ears [2]. Likewise in our setup there are many sources of noise
other than crackling of the blade springs, such as seismic noise, acoustic noise, noise from air
currents, thermal noise in the blade springs, shot noise, noise from surrounding machinery,
and so forth. In this experiment we aim to isolate the noise due to crackling in the blade
springs, so we must first make sure that our experimental set-up itself has low noise in the
region of interest.

Initially, we used mirrors on PZTs (piezoelectric transducers) in the setup instead of blade
springs because this was an easy apparatus to start with and get an idea for noise in the
apparatus, outside of the blade springs. Our initial experimental set-up can be seen in Figure
5.

(a) (b)

Figure 5: Michelson setup with PZTs

When a voltage is applied across a PZT, the length in the perpendicular direction expands or
contracts. To vary the voltage but keep it in the same direction across the PZT, we applied
AC with a vertical DC offset (V = V0sin(2πft) + A0), with A0 ≥ V0. Also, the position
of the PZT relative to the mirrors could not be precisely matched between the two mirrors
(the same applied V results in slightly different amplitudes of mirror displacement), so we
introduced a variable resistor for one of the PZTs and adjusted until they both moved at
the same frequency and amplitude (x(t) = Lx −Ly = 0). Finally in order to lock the region
of Lx − Ly in which we operated (and thus the level of interference), we introduced a phase
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change in one of the mirror’s movements by adding another DC offset to the AC signal for
one of the mirrors[11].

If only Lx were to change, our Voltage vs. Lx − Ly plot would appear as a squared sinusoid
of constructive and destructive interference (V (x) = V0cos

2(2π
λ
x), where V0 = Vmax − Vmin,

k = wave number 2π
λ

, and x = Lx − Ly). Our region of operation was where the slope is
steepest in this plot (where the rate of change of interference is highest, and our measurements
will be most sensitive), which is halfway between the maximum and minimum voltage (noise)
values. We chose that region by inducing maximum and minimum values of noise (for
example, by tapping the table) and adjusting the DC signal until the “zero” signal (the “flat”
signal that appeared when neither PZT was moving) was halfway between the maximum and
minimum values on the oscilloscope.

To look at the noise in the system (non-blade spring) we looked at the signal from the
photo-diode on a spectrum analyzer (SR780), which Fourier transformed (FFT) the signal,
and plotted it in terms of Vrms/

√
Hz vs Hz. We restricted our view to between 10 and 100

Hz, as that was the region we were interested in, and used a Hanning window.

Additionally, we measured electronics noise (mostly from the photo-diode itself) by taking
the spectrum with the laser off. The plot in Figure 6 shows that the electronics noise was
much lower that the total noise, as expected, and gives a rough prediction of the noise budget
levels for our complete blade spring arrangement:

Figure 6: Noise plot for PZT setup

We repeated the noise budget measurements two days later, also this time changing the AC
input signal’s frequency and amplitude to see how the noise changed with changing driving
force:
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Figure 7: Noise plot for PZT setup with varying AC amplitude and frequency

Power, Voltage, and Displacement

A good way to view noise is in terms of power (power spectral density), so at this point it was
convenient to find a way to convert volts to power. We know that voltage is proportional to
power, and we checked this and found the conversion factor by simply using a power-meter
and an oscilloscope. Shining the laser directly on the power-meter, we measured the power
in Watts. Shining the laser on the photo-detector and connecting the photo-detector to an
oscilloscope, we measured how that power is converted into a voltage by the photo-diode.
Using several filters, we measured several different laser power outputs and plotted power
versus voltage. Using Matlab, we found a basic linear fit

Figure 8: Laser power versus photo-diode voltage output
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P (V ) = (5.45E− 4)V − 5.88E− 5

with the norm of residuals = 7.79E− 5, showing our assumption of linearity gave us a good
fit. Now, we can freely discuss the interference fringes in terms of power (P (x) = P0 cos2(kx))
and convert out noise spectrum from Vrms/

√
Hz to W/

√
Hz.

We can also convert from Power to displacement of the masses on springs by looking at
where on the fringe (P (x) plot, which is proportional to V (x)) we operate. Our region of
operation is where the slope is steepest in P (x), which is halfway between the maximum and
minimum values. Consider the predicted P (x) plot, compared to that same plot with some
change in power ±δP from noise. That noise δP would be interpreted as a change in spring
displacement δx, which we approximate by taking the derivative dP

dx
= −2P0k cos(kx) sin(kx)

at the point of operation, x = λ
8
, 3λ

8
,....

Figure 9:

Converting our maximum voltage V0 = 0.600V to P0 = 2.68E − 4W and knowing that we
are using a HeNe laser with λ = 632.8 × 10−9m, we get a conversion factor from power to
displacement of

1
dP
dx

=
1

2(2.68E− 4) 2π
632.8E−9 cos

(
2π
λ
λ
8

)
sin
(
2π
λ
λ
8

) ≈ 3.76E− 4 m/W

From the PZT setup, we found values for the electronics noise from the photo-diode and an
idea of how to approach the rest of the noise budget in the full blade spring Michelson setup.

Shot Noise

Shot noise is a type of electronic noise that is present when the number of events is small
enough that uncertainties due to Poisson distribution become significant. In our case, the
uncertainty in the number of photons N varies as

√
2N and affects our spectral density

significantly compared to the tiny fluctuations we are looking for from crackling events.
In the Michelson setup, power (proportional to voltage) versus the difference between the
laser path lengths for each blade spring varies as a cosine squared function.
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P = P0 cos2(kx)

where P0 is approximately 3mW for the HeNe laser we are using, x is the difference in the
path lengths Lx − Ly, k is the wave number 2π

λ
.

To analyze shot noise, we must look at how the fluctuation in the number of photons in the
beam affects the power.

The fluctuation in N , the number of photons per second, is

δN =
√

2N

and so the fluctuation in the power of the beam is

δPshot = hν
√

2N = hν

√
2

1

hν
P =

√
2hνP

Like in the PZT noise case, we need to choose where to operate along the power fringes,
which goes as P0 cos2(kx). However rather than choose the area of steepest slope, we can
look choose where along the fringe we want to operate more carefully by optimizing the
signal to noise ratio. Along the area of steepest slope, we have the highest gain and thus
highest sensitivity in measurements; however we also have the highest noise. On the dark
fringe, where power equals zero, we have lower noise, but also lower sensitivity. So we need
to operate where the signal-to-noise ratio is highest:

SNR ∝
∂P
∂x

δPshot + δPelectronic

(Right now I am estimating electronic noise δPelectronic as a constant value, the average of
the electronic noise data from the PZT setup)

The signal-to-noise ratio is optimized when

∂

∂x
SNR = 0

Looking at the intersection graphically, we can solve to find

x = 8.0073E− 8, 2.3957E− 7, ...

Plugging in these values into ∂P
∂x

to get a conversion from watts to meters, we get ∂P
∂x

=
±2.9544E4, so

1
W√
Hz

= 3.385E− 5
m√
Hz

And δPshot = 3.385E− 5
√

2hνP0 cos2(k × 2.40E− 7) = 1.04E− 15 in m√
Hz

.
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Figure 10: Shot noise and electronics noise of Michelson setup

Thermal Noise

Thermal noise in the blade springs can be found using the fluctuation-dissipation theorem
[13] to get the spectral density in terms of displacement

Sx(ω) =
4kBT

ω

φω2
0

m
[
ω2
0φ

2 + (ω2
0 − ω2)

2
]

where kB is the Boltzmann constant, T is the temperature of the spring (approximately room
temperature), m is the mass on the spring, ω0 is the resonant (angular) frequency of the
spring, ω is equal to 2πf , and φ is the loss angle= 1

Q
, which here we assume is not frequency

dependent.

Sx is actually in terms of m2/Hz, so we need to take the square root of it to plot the spectral
density in terms of m/

√
Hz vs frequency f . Because the thermal noise in each blade spring

should be uncorrelated, we can find the total thermal noise of the system by adding the noise
from each blade in quadrature.
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Figure 11: Thermal noise of Michelson setup

Seismic Noise

To estimate the seismic noise we used seismic data taken by Tara Chalermsongsak from the
PSL optics table. The most significant source of noise will be how this seismic table motion
will transfer to the masses on the blade springs. To see this, we estimate the transfer function
of the mass on the spring motion over the table motion as two masses on either end of a
spring [11]:

TF =
f 2
spring

f 2
spring − f 2

table + iftable
fspring

Q

where fspring is the resonant frequency of the relevant spring, ftable is the frequency at which
the table was moving, and Q is the quality (damping) factor of the blade spring. The data
from the PSL lab is in terms of a velocity spectrum, which we then convert to a displacement
spectrum for each spring by multiplying the velocity data by the transfer function of the
spring and then dividing by the angular frequency of the table. The seismic noise in the final
output will be the difference between the seismic noise spectra for each spring, since their
seismic motion should be somewhat correlated through the table. For comparison, we also
plot the seismic noise of just one spring, which acts as an upper limit on the seismic noise
estimation.
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Figure 12: Seismic noise of Michelson setup

Seismic Isolation

To reduce the seismic noise we made a seismic isolation stack, much like the one used in
LIGO. This consists of two or three stacks of an aluminum plate on rubber feet. Since seismic
noise goes by about f−2 above the resonant frequency, as long as the resonant frequency of
each stack is less than 10Hz and not equal to the resonant frequency of the blade springs,
the seismic motion will go down in the frequency region of interest by another factor of f−2

for each stack. We aim to get the seismic noise as low as the shot noise, since shot noise is
our noise floor (the “best” we can do in terms of noise).

We can estimate and plot the theoretically lowered seismic noise versus shot noise and see
that if we can get the resonant frequency of the stacks as low as 1Hz and 3Hz, two stacks
should be sufficient. Currently, we have arranged the double seismic stack, and the new
seismic noise needs to be measured with these stacks to check if we have reduced the seismic
noise sufficiently.

page 11



LIGO-T11XXXX-06-I

Figure 13: Seismic soise with and without isolation stacks compared with shot noise

Intensity Noise

To see how much the intensity of the laser fluctuates on its own, simply direct the laser
straight into the photo-diode, take a reading of the DC voltage level on the oscilloscope,
then use a FFT with Hanning window and record the power spectral density in V/

√
Hz vs

Hz.

Figure 14: Intensity noise measurement setup

Dividing the power spectral density by the DC voltage, we get the relative intensity Irel. To
convert into a displacement, we multiply by V0/2, the approximate location on the fringe
we are operating at, and the conversion from volts to meters that we found in our earlier
calculation for electronics noise.

Finally, we have an initial noise budget for our Michelson setup with blade springs in Figure
15.
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Figure 15: Noise budget for Crackling experiment

Blade Springs

Initial Mirror Attachment Design

Our inital design to include the blade springs in the interferometer was to attach the mirrors
in adjustable frames on the end of the blade springs with screws and clamp the masses
slightly further inward along the blade spring, as seen in Figure 16.

Figure 16: Initial spring-mirror setup[15]

The signal from the photo-diode with the mass moving is shown in Figure 17, and with the
mass held stationary in Figure 18:
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Figure 17: Volts vs time with mass on blade spring oscillating at low amplitude

Figure 18: Volts vs time with mass on blade spring held stationary

Figure 17 shows that when the mass was moving there was some high frequency signal (300-
500Hz) contained inside a larger wave packet (about 3.33Hz). Possibly the inner wave was
from the change in Lx and Ly in the Michelson setup, while the wave packet was due to
the slight changes in angle of the mirror on the spring, thus changing the level of overlap
between the two recombined beams.

However, even when holding the mass stationary we still saw the 300-500Hz signal. Possibly
some of that noise was from air currents or overhead lights, since we were not yet able to
put the plastic cover over the entire setup with the springs in the way. We know from our
measurement of noise in the PZT setup, however, that there was no such noise from the
non-blade spring parts of the setup. More likely is that the short amount of free spring that
existed between the clamp for the mass and the clamp for the mirror was oscillating at its
own high frequency that was very difficult to damp, even when the mass was stationary.
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Figure 19: Possible problems with initial mirror attachment design

New Spring-Mass-Mirror Setup Design

To try to combat the problem of the end of the spring (the part between the mass clamp
and the mirror clamp) oscillating at its own independent frequency (even when the mass
is not moving), we designed a setup that positions the mirror on the bottom of the mass,
rather than on a separate part of the blade spring. Figure 20 shows a mock-up of the way
we attached the mirror to the mass.
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Figure 20: New mirror attachment design (note: mass measurements made for Remus)

Magnetic Actuator

Once the mirror was attached to the mass on the blade spring properly, we turned our
attention to moving the spring at a controlled frequency and amplitude. Our current plan
for this is to use an electromechanical solenoid connected to an alternating current. An
electromechanical solenoid consists of a wire coiled in a cylinder with current running through
it (creating a magnetic field along the length of the cylinder) with a smaller iron or magnetic
cylinder inside the solenoid (the armature) that will be moved along th length of the cylinder
as the magnetic field temporally varies (since the current will be varying in time). We will
attach the armature to the top of the mass clamp, and the solenoid to an overhanging beam,
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something like Figure 21.

Figure 21: Basic magnetic actuator design[15]

To see what size solenoid and current to use, we looked at the magnetic field at the end of
a solenoid. In our case we wanted a solenoid that will exert a force of about 0.0445N on a
small bar magnet halfway inside of it to lift/push the mass on the spring.

Approximating the small bar magnet as a current loop, with a magnetic moment of µ = µxx̂,
we know the force on a magnetic moment from an external magnetic field (spatially non-
uniform)

FB = ∇(µ ·B)

and the magnetic field along the axis of a solenoid is

B =
1

2
µ0nI

(
x√

x2 +R2
− x− L√

(x− L)2 +R2

)
x̂

where the solenoid lies along the x-axis and the origin is at one end of the solenoid. I =
I0sin(ωt) is the current going through the solenoid, n is the number of coils per unit length,
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µ0 is the permeability of free space 4π× 10−7N/A2, L is the length of the solenoid, and R is
the radius of the solenoid.

FB = ∇(µxx̂ ·Bxx̂)

= ∇1

2
µ0µxnI

 x

(x2 +R2)
1
2

− x− L(
(x− L)2 +R2

) 1
2


=

1

2
µ0µxnI

[
(x2 +R2)

1
2 − 1

2
(x2 +R2)

− 1
2 (2x)x

(x2 +R2)

−
(
(x− L)2 +R2

) 1
2 − 1

2

(
(x− L)2 +R2

)− 1
2 2 (x− L) (x− L)(

(x− L)2 +R2
) ]

x̂

=
1

2
µ0µxnI

 1

(x2 +R2)
1
2

− x2

(x2 +R2)
3
2

− 1(
(x− L)2 +R2

) 1
2

+
(x− L)2(

(x− L)2 +R2
) 3

2

 x̂
for a dipole with magnetic moment µxx̂ at position x on the axis of a solenoid.

Doing a quick check at the center of the solenoid:

FB(L/2) =
1

2
µ0µxnI

 1(
L2

4
+R2

) 1
2

−
L2

4(
L2

4
+R2

) 3
2

− 1(
L2

4
+R2

) 3
2

+
L2

4(
L2

4
+R2

) 3
2

 x̂ = 0x̂

we confirm that the force on the dipole at the center of the solenoid is 0, as expected since
the field should be approximately spatially uniform there.

If we place the magnet half inside and half outside the solenoid, the field we need to worry
about is at the end of the solenoid, which we found:

FB(0) = −FB(L) =
1

2
µ0µxnI

[
1

R
− 1

(L2 +R2)
1
2

+
L2

(L2 +R2)
3
2

]
x̂

The maximum current we can apply before the wire will get too warm is about 100mA, so
we can put in Imax = 0.1 Amps, set FB = 0.0445N, estimate the magnetic moment of the
magnets we have, and find the approximate dimensions of the solenoid we want.

Feedback Loop

Figure 22 shows the rough magnetic actuator we have set up.
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Figure 22: Current magnetic actuator

Now, in order to control the damping on the spring, we constructed a feedback loop that
used the transfer function of the velocity of the spring (since damping depends on velocity),
which is linear, to control the damping.

Figure 23: Feedback loop

From our understanding of the transfer functions we are used, we could predict the transfer
function for the whole loop. This was checked by inserting a unity gain transfer function
(via an SR560) into the loop between the photo-detector and the damping filter (another
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SR560), and then taking the power spectrum across the unity gain SR560 with a spectrum
analyzer.

Figure 24: Feedback circuit

To measure just the transfer function of the spring, we took the spectrum analyzer and
measure across just the blade spring section of the loop instead.

Figure 25: Transfer function of single blade spring with feedback loop [15]
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The second peak in the transfer function of the blade spring was most likely from modes
of oscillation other than the vertical one we were concentrating on. Once we have a more
accurate measurement of the transfer function, we can use it to better express our noise
budget (particularly seismic noise, for which we used a theoretically calculated transfer
function).

Signal Demodulation

Returning to the overall setup in Figure 4a, it is enlightening to think about how we plan to
extract the crackling signal, which is very small, from below all of the other sources of noise.
The output from the photo-diode indicates a “chopping circuit.” The “chopping” technique
is necessary because the amplitude of noise that would be relevant to LIGO measurements
is on the order of hundreds of times smaller than a proton [6], below the noise floor of
our laboratory interferometer. To measure this we would need a table-top apparatus with
sensitivity comparable to the LIGO interferometers themselves [2]. To extract the noise
signal using a reasonable laboratory apparatus instead, we needed to make some assumptions
about the nature of the crackling signal. We assumed that the crackling signal is somehow
dependent on the driving force applied to the blade spring. We then used our “chopping”
method [2] to demodulate the signal. The chopping technique essentially consists of sending
the photo-diode signal through the circuit in Figure 26 below. A Dicke lock-in amplifier will
replace the frequency mixer and lowpass filter.

Figure 26: Chopping circuit

To understand the chopping technique better, we ran an initial simulation of the chopping
technique using Matlab.

Chopping Simulation

Starting with one of the springs, referred to as “Remus,” the resonant frequency is f0 =

2.20Hz= 1
2π

√
k
m

= 1
2π

√
k

2.331kg
, so k0 ≈ 445N/m (note: these are approximate values, but for
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the purposes of this simulation more accurate values can be inserted later).

If the spring has a weight of m = 2.260kg on it, and is deflected by 100µm, then the vertical
force on the mass is about

Fnet = kz = 445(100× 10−6) = 0.0445N

Knowing our maximum necessary force, we defined the applied driving force to vary sinu-
soidally, with a maximum value of 0.0445N.

F = F0 sin(ωt) = 0.0445 sin(ωt)

where ω is the angular driving frequency, here set to 2πe
15

, a frequency well below the spring’s
resonant frequency.

Also of interest is the jerk, or the derivative of the driving force.

J =
dF

dt
= F0ω cos(ωt)

Crackling (domain on domain interaction within the material of the blade spring) causes a
change in the spring constant k. We made the assumption here that the change in the spring
constant will vary according to either the force on the spring or the jerk.

k1 = k0 + δk1 = k0 + n(t)Fα

k2 = k0 + δk2 = k0 + n(t)Jβ = k0 + n(t)
dF

dt
β

where n(t) is some noise function (here simulated as a vector of random numbers between -1
and 1, and α and β are some crackling coupling constants, which we are trying to extract.
Right now we put in some chosen values for α and β, and we used this simulation to see how
we could extract those values back out from the final output.

We then made the assumption that at low driving frequency, the driving force and the
motion of the blade spring are in phase, and we could assume Fdrive = kz, where k is the
spring constant and z is the displacement of the blade from equilibrium position. We then
compared the ideal motion of the blade:

z0 =
F

k0
=
F0

k0
sin(ωt)

to the motion of the blade with force-dependent crackling:

z1 =
F

k1
=

F0 sin(ωt)

k0 + n(t)F0 sin(ωt)α
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to the motion of the blade with jerk-dependent crackling:

z2 =
F

k2
=

F0 sin(ωt)

k0 + n(t)F0ω cos(ωt)β

To look at the motion due to force-dependent crackling only, we subtracted out the non-
crackling (ideal) blade motion:

zc1 = z1 − z0 =
F

k1
− F

k0
=

F0 sin(ωt)

k0 + n(t)F0 sin(ωt)α
− F0 sin(ωt)

k0

=
Fk0 − F (k0 + δk1)

k0(k0 + δk1)
=
−F
k0

(
δk1
k1

)
=

−F 2
0 n(t)α sin2(ωt)

k20 + k0n(t)αF0 sin(ωt)

and did the same to see jerk-dependent crackling:

zc2 = z2 − z0 =
F

k2
− F

k0
=

F0 sin(ωt)

k0 + n(t)F0ω cos(ωt)β
− F0 sin(ωt)

k0

=
Fk − F (k0 + δk2)

k0(k0 + δk2)
=
−F
k0

(
δk2
k2

)
=
−F 2

0 n(t)ωβ sin(ωt) cos(ωt)

k20 + k0n(t)βF0ω cos(ωt)
=
−1

2
F 2
0 n(t)ωβ sin(2ωt)

k20 + k0n(t)βF0ω cos(ωt)

The plot in figure 27 shows how the force-dependent and jerk-dependent crackling signals
vary with the (ideal) spring position:

Figure 27: Crackle motion and driving motion
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The force-dependent crackle is at a maximum when the absolute value of the position is
maximized, and zero when the displacement from equilibrium position is zero. Interestingly,
the jerk-dependent crackle is not maximized when the velocity is maximized, but at a point
phase-shifted and with twice the frequency of the velocity. We can see when we write out
the crackle signal analytically (zc2 , above) that the simulation agrees with the math, though
not necessarily with my instinct.

The signal from the Michelson interferometer might be some combination of force-dependent
crackling and jerk-dependent crackling, buried under other sources of noise in the system.
We represent this as z1 − z2 + zshot, where zshot is the shot noise, the lowest of our noise
sources which obscures the much smaller crackling noise values. For now, we represented
zshot as a random number vector on the order of 1× 10−14.

LIGO currently operates between 10Hz and 100Hz so the only crackling signal we are con-
cerned with would have to be in that range. We expect that low driving frequency on the
blade spring will result in crackling in this range, so we first bandpassed the signal (in our
experiment we will use an SR560 to this). We then squared the signal to get it in terms of
power, since we want to look at the power spectrum of the crackling to later convert that
into a spectral density in terms of displacement.

Based on figure 27, we expect that in order to extract the crackling signal from the total
signal, we have to demodulate by sinusoidal signals at twice the driving frequency (for the
force-dependent crackling) and at four times the driving frequency (for the jerk-dependent
crackling).

Figure 28: crackle versus demodulation signals

Notice that for the 4f demodulation, the jerk-dependent crackle is not complete isolated.
This might be improved by using a cos2(x) signal instead of cosine signal, but we are cur-
rently limited by the available electronics. As such, we get a negative signal from the force
dependent crackle and a signal that sums a negative signal from jerk-dependent crackle and
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a positive signal from the force-dependent crackle. As a check, we also demodulate by a sine
signal, which we expect to give us zero. Finally we used a lowpass filter to essentially take
the time average of the signal [9], and get the output shown in Figure 29:

Figure 29: chopping technique output

where 2f-I is demodulation by sin(2ωt), 2f-Q by cos(2ωt), 4f-I by sin(4ωt), and 4f-Q by
cos(4ωt). As expected, the I-port (sine function) gave us approximately zero signal, while
the Q-port (cosine) gave us a non-zero signal. We took the mean values of each of these
signals as our final output of the chopping circuit. The Matlab code for this simulation is
attached in the Appendix.

Wheatstone Bridge

For a simple confirmation of our signal demodulation technique, we also looked at crackling
in a known system: electronic resistors. We set up a simple Wheatstone bridge as an analog
to our michelson apparatus, and connected the circuit described in the simulation.
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Figure 30: Wheatstone bridge signal demodulation setup

The Wheatstone bridge, op-amp, and signal multiplier are attached to the protoboard in
figure 31

Figure 31: Wheatstone bridge

The input signal and the output without the demodulation is seen in figure 32.
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Figure 32: Wheatstone bridge initial output

Any crackling noise should be somehow correlated with the input signal, but it was buried
beneath other sources of noise.

We used a lock-in amplifier both as a signal generator and to read the demodulation output.
As seen, our input AC signal had a frequency of about 13.7 Hz.

Figure 33: Lock-in amplifier
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Finally we also looked at the demodulation output on the spectrum analyzer and looked for
peaks.

Figure 34: Demodulation output

We saw a discernable peak at approximately 27.4 Hz, twice the input frequency, and no
discernable peaks elsewhere. We gathered that crackling in resistors is dependent on the
absolute value of the current (peak at 2f demodulation), not on the derivative of the current
(which would have peaked at 4f demodulation), and that our signal demodulation technique
is effective in extracting a very small crackling signal from beneath other noise sources.

Crackling Coefficients

Now that we have a signal output that represents crackling, we want to extract the char-
acterstic values for crackling that we put into the original crackling signal, α and β. Using
Matlab, we ran the chopping simulation multiple times, keeping either α or β constant while
varying the other. We can make some prediction, then, about how each crackling coefficient
will vary depending on our output signal. In the case of the jerk-dependent crackling, even
though the 4f-Q demodulation does not isolate the jerk-dependent crackling, we will be able
to derive the jerk-crackling coefficient β.

Plotting, for example, the mean demodulation output vs β for α = 0.01:
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Figure 35: demodulation vs beta for constant alpha

We saw that as β increases, the mean demodulation output appears to vary parabolically.
By finding a fit for this plot, we can find the corresponding crackling coefficients given some
measured output.

We saw as well on the plot of output vs α, with β = 1, that as the 2f-Q port signal appears to
vary parabollically, so too does the 4f-Q port signal, confirming that the 4f-Q demodulation
does not isolate the jerk-dependent crackling signal.

Figure 36: demodulation vs alpha for constant beta

Putting in other values for α and β gave us similar plots:
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(a) output vs β for α = 0.1 (b) output vs β for α = 0.01

(c) output vs α for β = 10 (d) output vs α for β = 100

Figure 37: Michelson and chopping output vs crackling coefficients

Since β is velocity dependent, one way of isolating the jerk-dependent crackling (if there is
any) would be to change the driving frequency, thereby changing the spring velocity and
isolating β without changing α. If the crackling is dependent on both the force and the jerk,
we can also use the fits we have to find α first and subract it before finding β.

Locking the Michelson

Now that our Michelson setup is arranged with new mirror attachment and seismic stacks,
we need to see if we can lock the Michelson to a specific point on the interference fringe.
Unfortunately, our initial output was completely dominated by some source of movement,
presumably from small movements in the mass on the blade spring that were invisible to the
naked eye.
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Figure 38: michelson output

In order to lock the Michelson setup, we need to employ several additional forms of damping,
after the seismic stacks and the feedback loop. We placed strong magnets on the masses and
close to conductive, but non-magnetic, aluminum plates to induce eddy-current damping.
When the magnets move, the magnetic field in the aluminum changes, causing electrons in
it move, dispelling the kinetic energy as heat.

Figure 39: Eddy current damping [12]

Another form of damping we used was constraint layer damping, in which rubber is clamped
directly to the base of the blade spring. Since the clamp is at the base of the spring, there
is minimal change to the spring characteristics, but whenever the spring moves, the rubber
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experiences a shear effect, allowing the spring to lose energy. The Q factor decreased and
damping occurred more quickly.

Figure 40: Constraint layer damping

Lock attempts continued after my summer internship concluded, under Dan Chen.

Conclusion and Current Work

The final setup can be seen in Figure 41

Figure 41: Final setup

Crackling noise is present in many physical systems, including the suspension system of the
LIGO test masses. Our experiment explores the possibility that the very apparatus used to
isolate the LIGO mirrors from seismic noise results in another form of noise from crackling.
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This summer we laid the foundation for the crackling experiment by developing a simple sim-
ulation of the signal demodulation technique, creating an initial noise budget, and designing
and modifying the basic experimental setup with several methods of damping. Further work
on the experiment has been done since the conclusion of my internship to place the Michelson
setup in a vacuum chamber thereby allowing the locking of the Michelson setup, to add to
and improve the noise budget, and to implement the signal demodulation circuit to extract
crackling data for analysis.

SURF Outline

Below is a rough outline of the summer as well as some future experimental plans.

1. Understand chopping technique and write Matlab simulation

2. Find spring characteristic values, Q and k, and take measurements from PZT Michelson
setup (initial noise budget)

3. Design new blade spring apparatus and magnet actuator

4. Find noise budget for system:

(a) electronics noise from photodetector

(b) intensity noise from laser

(c) shot noise

(d) thermal noise from blade spring itself

(e) seismic noise

5. Finish Matlab simulation and continue noise budget calculations

6. build magnet actuator and measure transfer function, continue noise budget calcula-
tions

7. Check the effectiveness of the chopping technique with a Wheatstone bridge (which
acts as an analog to a Michelson interferometer) with known resistor noise.

8. assemble new Michelson setup and remeasure spring constants Q and k

9. lock Michelson setup and remeasure seismic noise

10. continue damping Michelson setup to lock

11. arrange apparatus in vacuum chamber and take initial data
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0.1 Appendix

Matlab Chopping Simulation Code

% Mechanical noise Simulator

fs = 512;
ts = 1/fs;

t final = 1024;
t = 0:ts:t final;
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F0 = 0.0445; % max applied force in Newtons
f drive = exp(1)/15; % drive freq in Hz
w drive = 2*pi*f drive;
driving force = F0 * sin(2*pi*f drive*t);

k0 = 445; % ideal spring constant [m/N]
k=k0;

% jerk = derivative of force
jerk = diff(driving force);
jerk = [0 jerk]; % make it the same length as the force vector

alpha = .01; % amplitude dep. crackle coefficient
dk1 = randn(size(t)) .* driving force .* alpha;
k1 = k + dk1;

beta = 3; % velocity dep. crackle coefficient
dk2 = randn(size(t)) .* jerk .* beta;
k2 = k + dk2;

z0 = driving force ./ k0; % crackle free displacement
z1 = driving force ./ k1; % blade tip displacement
z2 = driving force ./ k2; % blade tip displacement

z c1 = z1 − z0;
z c2 = z2 − z0;

z shot = 1e−14 * sqrt(2)*piˆ2 * randn(size(z0));
z c = z1−z2+z shot; % Michelson output

% bandpass the crackle signal
f 1 = 10; f 2 = 100;
[b,a] = butter(6,[f 1 f 2]/(fs/2));
zf c = filter(b, a, 1e9 * z c);
zf2 c = zf c.ˆ2; % square the filter output to get power

% put squared signal through the mixers (2 * f drive)
asig2I = zf2 c .* sin(2 * w drive * t);
asig2Q = zf2 c .* cos(2 * w drive * t);

% put squared signal through the mixers (4 * f drive)
asig4I = zf2 c .* sin(4 * w drive * t);
asig4Q = zf2 c .* cos(4 * w drive * t);

% low pass filter the mixer outputs at f low
f demod = 0.03;
[b,a] = butter(4,f demod/(fs/2),'low');

sig2I = filter(b, a, asig2I);
sig2Q = filter(b, a, asig2Q);

sig4I = filter(b, a, asig4I);
sig4Q = filter(b, a, asig4Q);
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n = find(t > 1/f demod);
disp(' ')
disp(['2I = ' num2str(mean(sig2I(n)),2)])
disp(['2Q = ' num2str(mean(sig2Q(n)),2)])
disp(['4I = ' num2str(mean(sig4I(n)),2)])
disp(['4Q = ' num2str(mean(sig4Q(n)),2)])
disp(' ')

%% Take the spectrum
nfft = fs * 16;

% Parzen has faster sidelobe rolloff than Hann
mywin = window(@parzenwin,nfft);
noverlap = nfft/2;

[Pz0, f] = pwelch(z0, mywin, noverlap, nfft, fs);
[Pshot, f] = pwelch(z shot, mywin, noverlap, nfft, fs);
[P1, f] = pwelch(z c1, mywin, noverlap, nfft, fs);
[P2, f] = pwelch(z c2, mywin, noverlap, nfft, fs);

%%
% n = find(t < 20);
% % subplot(221)
% plot(t(n), z0(n), 'b.',...
% t(n), 1e5 * z c1(n), 'g.',...
% t(n), 1e5 *z c2(n), 'm.',...
% t(n), 2e−5*cos(2 * w drive * t(n)),...
% t(n), 1e−5*cos(4 * w drive * t(n)))
% xlabel('Time [s]')
% ylabel('z [\mum]')
% %axis([0 1 −5.1 5.1])
% legend(' Blade Motion', 'Stress Crackle x 10ˆ5', ' Jerk Crackle x 10ˆ5')
% title('Blade Spring Tip Displacement')

% subplot(222)
% loglog(f, sqrt(Pz0), 'b',...
% f, sqrt(P1), 'g.',...
% f, sqrt(Pshot), 'y',...
% f, sqrt(P2), 'm.')
% grid
% axis([0.1 800 9e−16 1e−11])
% xlabel('Freq [Hz]')
% ylabel('Displacement [m/rHz]')
% legend(' Drive', 'Stress Crack', 'Shot Noise', ' Jerk Crack')
% title('Blade Motion')
%
% subplot(223)
plot(t, sig2I,...

t, sig2Q,...
t, sig4I,...
t, sig4Q)

xlabel('Time [s]')
ylabel('out')
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grid
title('Demodulator Outputs')
legend('2f−I', '2f−Q', '4f−I', '4f−Q',...

'Location','SouthWest')
%

Noise Budget Code

%%Total Crackling Noise Budget

% %%mirror vibration noise========================== =======================
% load gyro mirror noise.mat %note mirror (table) vibration noise is from gyro lab data (Alastair)
% f mech noise = gyro single arm noise calibrated(:,1); % frequency vector for plotting mechanical noise
% SA x noise = gyro single arm noise calibrated(:,2); % gyro single−arm noise calibrated to meters
%
% SA x noise2 = (SA x noise)*2*sqrt(2); %double mirror displacement to get noise in laser path length
% DA x noise = sqrt((SA x noise2).ˆ2+(SA x noise2).ˆ2+(SA x noise2).ˆ2); %add noise from two mirrors in quadrature and beam splitter to get total incoherent noise in laser path system

f = 0:0.1:100; %noise spectrum frequency vector

%%PZT 2206noise=============== ==========================
load 2206noise.mat %data from PZT (not blade spring) setup
MM = 1.68e−7 ; %conversion from Volts to meters
% noise2206 = SCRN0022(:,2).*MM;
darknoise2206 = SCRN0023(:,2)*MM; %electronic noise
f2206 = SCRN0022(:,1); %frequency vector

% %%PZT 2204noise=========================== ==============
% load 2406noise.mat %data from PZT (not blade spring) setup
% n0102 = SCRN0024(:,2)*MM;
% n0202 = SCRN0025(:,2)*MM;
% n0203 = SCRN0026(:,2)*MM;
% %We are considering the PZT setup noise on the same order as the
% %table−mirror vibration noise, since the PZT setup also has two mirrors and
% %a beam splitter

%%shot noise===================================================
% P 0 = .003; %Power in Watts (approx)
% lambda = 633*10ˆ−9; %wavelength of HeNe laser in meters
% ff = 3*10ˆ8/lambda; %frequency of HeNe laser
% h = 6.626*10ˆ(−34); %plancks constant in J s
% N = P 0/(h*ff); %number of photons
%
% dP = sqrt(2*h*ff*P 0); %fluctuation in power in watts
% V 0 = 0.4; %approx. voltage readout from photodiode with no blade oscillation in volts (see michelson with springs2.fig)
% dV = dP/P 0*V 0; %fluctuation in voltage readout
% dA = dV*1.68*10ˆ−7; %fluctuation in displacement (see 22 06 noise.pdf)
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% shot=ones(size(f))*dA;

P 0 = 3*10ˆ−3; %power range in watts
lambda = 638*10ˆ−9; %laser wavelength in m
k = 2*pi/lambda;
%x = 8.0073*10ˆ−8;
x = 0:lambda/1000:lambda; %Ly−Lx
ff = 3*10ˆ8/lambda; %laser frequency in Hz
h = 6.626*10ˆ−34; %planck's constant in J s

P = P 0*(cos(k*x)).ˆ2; %Power as function of Ly−Lx
dP = −P 0*2*k*cos(k*x).*sin(k*x); %gain = derivative of power
deltaP = sqrt(2*h*ff*P); %shot noise in Watts/rHz
%assume shot noise is on the same order as electronics noise
deltaE = mean(SCRN0023(:,2)); %electronics noise in watts
SNR = dP./(deltaP+deltaE); %signal to noise ratio
dSNR = diff(SNR)./diff(x);
dSNR = [0 dSNR];
%s = solve(dSNR);
s = 2.3957*10ˆ−7;

dPs = −P 0*2*k*cos(k*s).*sin(k*s); %conversion from power to meters
shot = sqrt(2*h*ff*P 0*(cos(k*s))ˆ2).*1/dPs*ones(size(f)); %shot noise in meters/rHz

%%thermal noise in blade springs================== =============
k B = 1.38*10ˆ−23; %boltzmann constant in J/K
T = 295; %room temperature in Kelvin
f 01 = 2.08;
f 02 = 2.09;
w 01 = f 01*2*pi; %resonant angular frequency (Remus) in Hz
w 02 = f 02*2*pi; %resonant angular frequency (Romulus) in Hz
w = 2*pi*f;
Q = 2470; %quality factor of spring (Remus)
QQ = 1860; %quality factor of spring (Romulus)
phi 1 = 1/Q;
phi 2 = 1/QQ; %loss angle (unitless)
m 1 = 2.200; %mass on spring (Remus) in kg
m 2 = 1.350; %mass on spring (Romulus) in kg

Sx 1 = ((4*k B.*T)./w).*((phi 1.*w 01.ˆ2)./(m 1.*(w 01.ˆ4*phi 1.ˆ2+(w 01.ˆ2−w.ˆ2).ˆ2)));
Sx 2 = ((4*k B.*T)./w).*((phi 2.*w 02.ˆ2)./(m 2.*(w 02.ˆ4*phi 2.ˆ2+(w 02.ˆ2−w.ˆ2).ˆ2))); %from fluctuation−dissipation thm
SSx 1 = sqrt(Sx 1);
SSx 2 = sqrt(Sx 2);%in m/rHz
SS x = sqrt(SSx 1.ˆ2+SSx 2.ˆ2); %from both blades

%%seismic noise=================================================
load psl seis.mat %data from optical table in PSL lab with metal shims, not blade springs (Tara)
vnoise = psl seis;
fv = vnoise(:,1);
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vz = vnoise(:,3); %vertical velocity noise of PSL lab table

TF 1 = f 01ˆ2./(f 01ˆ2−fv.ˆ2+(i.*fv.*f 01/Q));
TF 2 = f 02ˆ2./(f 02ˆ2−fv.ˆ2+(i.*fv.*f 02/QQ)); %transfer function of block velocity over table velocity
% TF 1=abs(TF 1);
% TF 2 = abs(TF 2);
vblock 1 = vz.*TF 1;
vblock 2 = vz.*TF 2;
xblock 1 = vblock 1./(2*pi*fv); %convert from velocity to position of mass on spring
xblock 2 = vblock 2./(2*pi*fv);
xblock low = xblock 1−xblock 2; %difference between path lengths due to seismic noise
xblock high = xblock 1; %upper limit on seismic noise
xblock low = abs(xblock low);
xblock high = abs(xblock high);

%
%
% %%intensity noise=============================================
load intensitynoise.mat
DC = 1.56; %DC output of laser in Volts
V 0 = 0.6; %max voltage?
Intf1 = Inoise1000(:,1); %frequency vector for intensity noise
Intf2 = Inoise800(:,1);
Intf3 = Inoise100(:,1);
%take FFT (Hanning window) of output
I1 = Inoise1000(:,2); %intensity power spectrum in Vrms/rHz 0−1000Hz
I2 = Inoise800(:,2); %intensity power spectrum in Vrms/rHz 0−800Hz
I3 = Inoise100(:,2); %intensity power spectrum in Vrms/rHz 0−100Hz

RI1 = I1./DC;
RI2 = I2./DC;
RI3 = I3./DC;
dI1 = RI1./2*MM*V 0/2;
dI2 = RI2./2*MM*V 0/2;
dI3 = RI3./2*MM*V 0/2;

%%plot===================================================================
loglog(f2206,darknoise2206,... %electronic noise

f,shot,'m',... %shot noise
f,SS x,... %thermal noise
fv,xblock low,... %seismic noise (lower limit)
fv,xblock high,... %seismic noise (upper limit)

Intf3,dI3,'linewidth',2); %laser intensity noise

axis([0.5 100 10ˆ−20 1]);
xlabel ('Frequency (Hz)','fontsize',12);
ylabel ('m/\surdHz','fontsize',12);
legend('electronic noise from photo−diode Jun22',...

'shot noise',...
'thermal noise',...
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'seismic noise lower limit (PSL lab)',...
'seismic noise upper limit (PSL lab)',...

'intensity noise',...
'Location','NorthEast');

title('Crackling Noise Budget','fontsize',14);
grid on
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