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Implementation of Side-Fringe Locking in an SHG Cavity

by

Sam Moore

Submitted to the Department of Physics
on May 13, 2016, in partial fulfillment of the
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Bachelor of Science in Physics

Abstract

An alternative method for locking a second-harmonic generation (SHG) cavity on res-
onance is described and implemented. The usual method, Pound-Drever-Hall locking,
is prone to long-term power fluctuations from power variations in the incident laser.
When using the second harmonic field for squeezing, these power fluctuations need
to be stabilized with an additional control loop (usually a Mach-Zender interferom-
eter). The alternative method, side-fringe locking, involves a simple DC offset on
the second-harmonic signal at the desired power to generate the error signal. This
thesis demonstrates the insensitivity of side-fringe locking to such long-term power
fluctuations and that the noise spectrum is comparable to PDH locking-explained
largely due to PZT noise length fluctuations off-resonance.

Thesis Supervisor: Matthew Evans
Title: Assistant Professor
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Chapter 1

Introduction

The future of gravitational wave detection with LIGO aims to utilize squeezed states

for enhanced sensitivity. Squeezing has been demonstrated in initial LIGO [1J but

has yet to be implemented in Advanced LIGO. This section provides background on

squeezed states, particularly through their origin from nonlinear optics.

1.1 Squeezing

Squeezed states are states that minimize the quantum-mechanical uncertainty in the

observable associated with one operator, correspondingly increasing the uncertainty

in its conjugate observable in accordance with the Heisenberg Uncertainty principle.

Squeezed states are minimum uncertainty states in conjugate variables A and B

satisfying

AAAB = h/2

In LIGO, measurements are subjected to many sources of noise: thermal, seismic,

and quantum. Quantum noise is the noise floor of these measurements, due entirely

to quantum-mechanical uncertainty. The two conjugate uncertainties here are known

as shot noise and radiation pressure noise. Shot noise refers to the fluctuation in

arrival time of photons in the detectors, while radiation pressure noise refers to the

length fluctuations of mirrors in LIGO's interferometer arms due to this shot noise.
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We can understand the origin of radiation pressure and shot noise by following an

argument presented in [2] and [3]. During a measurement time T, light of power P and

frequency w contains an average N = PT/hw number of photons. Now, the photon

arrival time fluctuations follow a Poisson process, which means that the uncertainty

in the number of photons will be AN = N1 / 2 . The noise-to-signal ratio is then

1 //. This will cause phase noise in the detector, where "phase" refers to the phase

difference between the interferometer path lengths, and since phase is proportional

to path difference, the detected length fluctuations seen from shot noise will be

(-) ~ (1.1)
L sh /N

Due to shot noise, the power incident on the mirror (half of the laser power because

of the beam splitter) fluctuates as

AP = hw AN (1.2)
T

This corresponds to a fluctuating force F = P/c on the mirrors. The dynamical

frequency response of these mirrors, found from F = mf, yields AL = AF/mQ2 =

hwAN/(rmcQ 2 ) as the length fluctuations, where Q is the oscillation frequency of the

mirror and m is the mirror mass. In this case the desired signal is (to linear order)

proportional to the length L separation between the mirrors. The noise-to signal-ratio

therefore gives the radiation pressure noise in the detected arm length difference:

(AL' __

A ~) r d (1.3 )
L rad Q

Hence, radiation pressure and shot noises are correlated quantities. We see that

shot noise does not depend on frequency, while radiation pressure noise goes as 1/Q 2 .

Therefore, shot noise dominates at high frequencies, while radiation pressure domi-

nates at low frequency. To this end, the goal of LIGO and future gravitational wave

detectors is a frequency-dependent squeezer. Radiation pressure is squeezed at low

frequencies (at the expense of shot noise) and the reverse holds at high frequencies
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[4].

1.2 Second Harmonic Generation

LIGO uses nonlinear optics to achieve squeezing. This section is devoted to describing

the basic elements of nonlinear optics, how they apply to our setup, and how they

can generate squeezed states. First we will consider this in the classical realm, and

then see how that translates to a quantum language.

The fundamental definition of a nonlinear-optical medium is that the polarization

in the medium depends on higher order orders than the typical linear relationship

Pi = eoX E, in the incident electric field, where X2 is the linear-order susceptibility.

We typically use the notation in [5] to define these nonlinear susceptibilities. The

tensor relationship is defined in terms of the frequency dependent amplitudes; consider

a general electric field of the form E(r, t) = E E(wn)e-n'. The general form of the

polarization field is P(r, t) = &j P(wn)e-Wn't. The second-order susceptibility is then

defined such that the relationship between Pi(w;) and Ei(wo) is

Pi (w + Wm) = EoDx (Wn + Om, Wm, Wn)Ej (Wm)Ek(Wn) (1.4)

where D is the number of distinct ways of producing polarization at fixed frequency

Wn + Wm out of two electric field frequencies wn and Wm (this assumes that X is

dependent only on the sum frequency Wn +Wm). The time dependence of equation 1.4

is obtained by sticking a factor of e-i(n+W)t on the right-hand side. The intuitive

picture is that the electric field causes charge in the material to oscillate at frequency

Wm + wn, thereby radiating another field at frequency Wm + Wn.

Instead of dealing with the tensor form of X (2) one commonly uses the crystallo-

graphic symmetries to write a simpler relationship between the electric field and the

second-order nonlinear polarization. First, out of convention, we replace Xj(2 with

() = . Next we employ the so-called Kleinman symmetry, whereby the indices

[jk] are symmetric, allowing one to replace [jk] with an effective index 1. Furthermore,
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KTP-the nonlinear crystal used in this experiment-itself has further symmetries

derived from its specific crystal structure (point group mm), which means that the

number of independent elements in dil are further reduced.

This thesis is concerned only the second-order process of second-harmonic gener-

ation. Consider two incident fields at frequency w. Given the symmetries mentioned

previously, we can then transform coordinates into a system in which the axes are

aligned perfectly with the electric field, in which we have the scalar relationship

p( (Wi + w2 ) = 4codef fE(wi)E(W 2 ) (1.5)

When w = W2= w, this expression demonstrates that the nonlinear polarization oscil-

lates at twice the incident frequency. This causes radiation at the same frequency-a

process known as second harmonic generation. Second-harmonic generation in LIGO

usually involves an input ("pump") field at 1064 nm; this is in the infrared, but for

convenience it is commonly referred to as "red" light. The second-harmonic (SH) field

is then green light at 532 nm.

1.2.1 Quasi-Phase-Matching

In order to ensure an optimal green power conversion, one needs to create a condition

of constructive interference inside of the crystal for each individual radiating dipole

in the material. This process is called phase matching. As we will see, perfect phase

matching requires that the indices of refraction be the same at both w and 2w, which

is not the case for KTP. To this end we pursue quasi-phase matching, where KTP is

periodically-poled such that deff - d(z) = deffsign[cos(27rz/A)], where A is called

the poling period. The following reasoning shows that the poling period can be used

to optimize phase matching.

This analysis utilizes Maxwell's wave equation modified for nonlinear media and

can also be found in [5]. For a monochromatic wave of frequency wn, this amounts to

V22 =_W2p(2

V 2 En(r) + W4 (n) - En(r) = - P (r) (1.6)
C E0C
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Consider two electromagnetic waves of frequency w incident on a cavity of length L,

with its length along the z-direction. We can express this field as E(w) = A(z)eik(w)z,

where k is the wave-vector at frequency w. The second harmonic field can be written

E(2w) = B(z)eik(2)z. We assume that B(z) is slowly varying, allowing us to neglect

d2B/dz 2 terms. Then equation 1.6 for the SH field gives

dB 2id(z)(2w) A 2 ei(2k(w)-k( 2w))z (17)
dz n(2w)c
dA 2id(z)w A*Be-i(2k(w)-k(2w))z

dz n(w)c

where we used k(on) = n(wn)w,/c. Here we see that without periodic poling (i.e.

assuming d(z) is independent of z), the criterion for perfect phase matching is that

Ak = k(w) - k(2w) = 0, or n(w) = n(2w). Now let us examine the effect of periodic

poling. The Fourier representation of d(z) is

00 
2

d(z) = deff E - sin(mr/2)eikmz (1.8)
m7r

where km = 27rm/A. Since the coefficients fall off as 1/m, we ignore terms higher

than m = 1 as a first approximation. Consider the dimensionless substitutions

2n(w) 4 dff!wA (1.9)a =LA(.)
n(2w) 7n(w)c

b = L 4defwy B (1.10)
irn(w)c

( = z/L(1.11)

we then find

=b i2 i LAk 1 -i LAkdb a e L k , d = ia*be iL k (1.12)

We assume that a is constant throughout the crystal of length L. Then we can

directly integrate equation 1.12 from 0 to 1 , treating a() (the pump power) as a

constant. We find that the dimensionless SH field is b(1) - e 1), or in terms
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of intensities,

I2,(L) oc jE2,(L) 2 oc Ib(1)1 2 = IaI4sinc2(AkL/2), Ak = 2k(w) - k(2w) + 27r/A

The maximum intensity occurs at Ak = 0. However, the neglected higher-order

terms in d(z) cause the observed intensity to be lower at Ak = 0 due to interference

effects. Hence the term quasi-phase-matching. Since k(w) = n(w)w/c and k(2w) =

n(2w)(2w)/c, and since w/c = 2 7r/A,, where A, = 1064 nm, Ak = 0 corresponds to

an optimal poling period of

AoPt = A (1.13)
2(n(2w) - n(w))

In the lab, phase-matching is achieved with a temperature controller. Thermal

effects cause both Ak and L to change due to thermorefractive and thermoelastic

effects, respectively. Taylor-expanding both terms about To = 25*C gives

aAk
Ak Ak(To) + T (T T- To) Ako(To)(1 +y(T - To)) (1.14)

L ~L(To)(1 + a(T - To))

A A(To)(1+ a(T - To))

where a is the coefficient of thermal expansion. This implies that

AkL ? Ak(To)L(To)(1+(a+-y)(T-To)) = Ak(To)L(To)(a+7Y) T - (To - 1

(1.15)

Hence, the maximum-power temperature is (To - 1/(a + -y)). Let us calculate this

1/(a + -y) term. First note that

_ k [2 (On(w) _On(2w)'\ 0(1/A)1Ak(To)-y= oT 27r 2- T aT ( To + 0 T (1.16)
TO TTO TO

= -27r 2Af + ) (1.17)
Ar A(To)
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where T3 ()w - .Furthermore, writing Ak(To) = 27r -LAn +

with An = n(2w) - n(w), we find that

1 1 1 - 2A(TO)An/Ar 1 - A(To)/Aopt
a + 7 a - 2AI3/Ar+a/A(To) ) 2A(To)/Ar(aAn + AO) A(To) (a + AO/Ln)

-2An/Ar+1/^(To) Aopt

(1.18)

Hence, the optimal temperature, i.e. the temperature where AkL = 0, satisfies

T0 -T 0 = (A* - 1 (1.19)
Top -To A (To) a + AO/An

When the poling period at room temperature exactly matches the optimal poling

period, then the optimal temperature is room temperature, as expected. However,

we will see that small changes in the poling period lead to rather significant changes

in the optimal temperature; it is difficult to control the precision needed to perfectly

tune the poling period to the value at room temperature. That is why the typical

procedure is to get close to the optimal poling period, then tune the temperature to

where they match exactly.

To include higher-order effects due to higher-order terms in d(z), we send a2

a2 sin(m7r/2)/m and A -* A/m in equation 1.12 and sum over m. Each term can

be integrated individually, but the intensity involves interference between the terms.

The optimal poling period of each term scales with m.

For KTP, a = 6.7(7) x 10-6 (OC)- 1, n(Ar, To) = 1.830, n(Ar/2, TO) = 1.889,

0(Ar, To) = 1.4774 x 10-5 (*C)- 1 , and 1(Ar/2, To) = 2.4188 x 10-5 (oC)- [6]. With

these parameters, the optimal poling-period is A.pt = 9.017 pm. In our experiment,

it is possible to invert equation 1.19 and solve for A(TO) given the optimal temper-

ature. The optimal temperature uncertainty is ~1%, while the thermal expansion

uncertainty is 0.7/6.7 ~ 10%. Therefore, A(To) has an uncertainty of ~10%.
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The phase matching curve is fit to data in figure 1-1. The fit equation is

sin(rm/2) iAkmL 1 2
P = 1 Z , + a2  (1.20)

AkmL = Ak(To)L(To) (a A/ n)A (T - To) + 1 (1.21)
mAopt - A(To) (

where a1 , a2 , L(TO), and A(To) are taken to be fit parameters (an offset due to

persistent offsets on photodiodes). Multiple orders of m are included for completeness,

but the effect of these extra orders are negligible and do not explain the asymmetrical

shape of the curve. The fit is for low input power, where we are more confident

in the no-pump-depletion approximation. Rather, the asymmetry may be due to

temperature inhomogeneities in the crystal (see [71 for an explanation).

P 0.1
15 mW Input Power

o0.05-

S0 32 34 36 38 40

300 ERN

11 31 630 mW Input

200- . Power

100- **
.* * *.

S 32 34 36 38 40
Temperature (Celcius)

Figure 1-1: Phase Matching for low (top panel) and high (bottom panel) powers.

The fit yields a cavity length of L(To) ~ 0.02 meters, while the correct value is 0.01

meters. The discrepancy is due to the asymmetrical nature of the phase matching

data and the uncertainty in a.

Finally it should be noted that the optimal temperature changed after inserting

rubber underneath the cavity (more on this in the data section) from 35.6 to 34.8 0C.

The reason for this change is not clear.
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1.2.2 SHG Solution with Pump-Depletion 

Figure 1-2: Schematic for the singly-resonant SHG cavity 

The previous derivation assumed that the pump power was insignificantly de

pleted, allowing us to ignore any spatial variation of the pump field. This assumption 

is no longer valid for high conversion efficiency. Here we derive the expected re

lation of conversion efficiency, assuming slowly-varying fields as before and perfect 

phase matching. In this case, we set (for the periodic-poling case) ~k = 0, giving 

db/d~ = ia2 and da/d~ = ia*b. 

We will analyze this system in a singly-resonant cavity. The self-consistent ap

proach for this analysis is presented in [8], which we follow here. Let the reflection 

coefficients at the front of the cavity be r 1 for red, 0 for green, and let them be r 2 for 

red, 1 for green at the back of the cavity. Let bT/- denote forward/ backward prop

agating green field at the front of the cavity, and let b~/- denote forward / backward 

propagating green field at the back of the cavity, as shown in figure 1-2. We follow 

the same notation for the red field a. Then the solution in the cavity is governed by 

the following boundary relations: 

b+ 0 - i<P + i2</Jb+ b-0 = , a2 = r 2 e a 2 , e 2 = 2 (1.22) 

We have included a propagation phase factor¢= WT, where T = 2L/c is the round

trip time, to account for detuning off cavity resonance. For reference note the results 

in the no-pump-depletion limit. Here, a self-consistent procedure tells us that a1 = 

a2 = r2ei<Pat = r2ei<Pat. From b(~) = i~a(0) 2 + b(O) , we find that bt = i(ai) 2ei2</J and 
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so b- = b- = i(r2aeio)2 + i(af)2ei 2k. As a result, the cavity red and green powers

in the low-conversion limit obey

2
a2 2 at /1 - r2 (I - r2)(1-r!) (1.23)
at at 11 - rir2eio 12

2 _ (at)4(l - r1)2(l + r2)2
1 1 - rir2eiO 14(124

The low-conversion approximation predicts resonance in the green power to occur

with the same period as the red power. This holds true when we allow for pump

depletion. The main difference is that the conversion efficiency, jb- 12/ lat 12, no longer

scales linearly with the input power. The set of boundary conditions in equation 1.22

still hold for high conversion. However, we must consider the full nonlinearities of

equation 1.12 with pump depletion. Fortunately a closed-form solution exists for this

problem and can be written down simply if we assume the phase difference between

red and green power is r/2. In this case, the solution is

a( ) = a(0) sech[a(0)( + co)] (1.25)

b( ) = a(O) tanh[a(O)( + co)] (1.26)

o is determined by the initial green field. For example if b(O) = 0, then o = 0.

Applying these solutions to the self-consistent procedure, we have that

a- = a- sech[la-1(1 + to)] = a4r2e i sech[r2la+I(1 + to)] (1.27)

= r2e a, sech(latl) sech[r2 Ia+I sech(jatI)(1 + o)] (1.28)

Now let us determine o. The final green power b+ = a+ tanh(I a+) becomes the initial

input in the equation b- = r2a+ tanh( or2 jalj) = r2at sech(I a+) tanh[6or2Ia+I sech(IatI)]

13



Hence, the solution for a+ satisfies

1 - r a = ajF(1 - r1r 2e sech(lafl) sech[r 2jat1 sech(jafl)(1 + o(at))])

cosh(jat l)
= atanh[sinh(ja+1)/r 2]

r2|at|

(1.29)

(1.30)

Once we have the self-consistent solution for al, we are able to determine the trans-

mitted red and green fields:

a+ = a sech(f) -2
a 0 = 1  +1 t( secha) + )

b- a-j tanh[laa I (1 + o)1 = r2at sech (I a+I) tanh[r2 ja+ I sech(ja 1)D(1 + o)]

(1.31)

(1.32)

These equations reduce to the linear versions when Iat < 1. Now, by conservation

of energy, Ia+| > Iaf+, which means that we are in the linear regime if Iaf+ < 1. The

full nonlinear efficiency curve is obtained by solving for b- in the case =0. The

result is shown in figure 1-3 for the conditions of our setup: r1 = 0.9 and r2 = 0.99.

0.8

0.7

0.6

0.5

-0.4

0.3

0.2

0.1

0.005 0.01 0.015
I +12

0.02 0.025 0.03

Figure 1-3: Prediction
power.

for maximum green power efficiency as a function of input

This curve is fit to data in figure 1-4. There many external factors in our setup

that can limit the conversion efficiency (see setup), so the fit is somewhat misleading.

However, it does allow us to estimate that 630 mW corresponds to ai ~ 0.03, or

14
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lat 12 ~ 0.001. While this region is not at the maximum efficiency (which corresponds

to approximately 4 W according to the fit), there is still nonlinearity present. In

contrast, 15 mW corresponds to at ~ iO-5, which is well within the linear range.

200 400 600
Red Power (imW)

800

5

u3
2

0.5

0.45

0.35

0.3

0.25

0.2

0.15

x 10~

-1 0
Phase

Figure 1-4: Left: Efficiency data, obtained by measuring green power versus input
red power. Right: cavity resonance peaks at 630 mW, based on the fit.

1.2.3 Squeezing with Nonlinear optics

A quick way to see how squeezing arises with SHG is to consider the two-photon

Hamiltonian

H = hwata + h2wbt b + i(Eat2b - c*a2bt)2
(1.33)

where at creates a red photon, bt creates a green photon, and c describes the nonlinear

coupling between the two fields. If we move to a rotating frame in the Heisenberg

view of time-dependent operators, we send a -- eiwta and b - bei 2wt, where a is a

constant (i.e. we assume here no pump depletion). Then the Hamiltonian becomes

H =h2wbtb+ i [c(a*)2b - c*o~bt]
2

(1.34)

15

0-
2

- I b-1 12

- t2a 2

2

I

1

0:



In this rotating frame, the Hamiltonian is time-independent, allowing us to write

down the time evolution operator at time t:

E(a* )2bt - Eas2tb1
USHG = exp (1.35)

2

This is a coherent state operator. To create the squeezed state, we need another

process: optical parametric oscillation (OPO). This down-converts the green light to

red light. The same Hamiltonian applies; the only difference is the field in which we

apply the no-pump-depletion approximation. Here, the rotating frame picture gives

b - /ei 2wt (3 a constant), and a -+ ae wt. The resulting time evolution operator is

UOPO = exp (at 2/t - ca2 to* (1.36)2

which is indeed a squeezing operator. Long-term squeezing measurements require

intensity-stabilized SH power [6]. The typical approach to this stabilization is a

Mach-Zender interferometer. The method presented in this thesis for SH generation

automatically creates intensity-stabilized power, eliminating the need for the Mach-

Zender.
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Chapter 2

Locking Techniques

We have established nonlinear optics as an important tool for squeezed-state genera-

tion. Figure 1-4 showed how the SH power depends on cavity detuning. To maximize

the SH power, one uses feedback control techniques to lock the SHG cavity on res-

onance. This section describes Pound-drever-Hall (PDH) locking and the proposed

technique of this thesis, Side-Fringe locking.

2.1 Pound-Drever-Hall Locking

PD

Cavity

PZT

EOM x
LO Mie

Laser

Low-Pass
Filter

Figure 2-1: Setup for PDH locking

The essential ingredient of a control loop is the error signal. Typically, the control

loop is built to send the error signal to zero, which in turn sends the system to the

desired state. Pound-Drever-Hall (PDH) locking uses thes cavity resonance peaks

of figure 1-4 to generate an error signal which tends to zero linearly near resonance.
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(Frequently, such an error signal appears as the derivative of the resonant peaks.) Let

us examine the steps of PDH locking in our setup, which is diagrammed in figure 2-1.

More details on PDH can be found in [9].

1. Phase modulate the incident electric field, i.e. Eieiwt -+ Eiei(wt+lsinQ ;t) z

Ei[Jo(3)ewt + Ji()e(w+n)t - J(#)e(w-)t], where ( is the modulation fre-

quency, / is the modulation depth, and Jo(#) and J1(3) are the zeroth and

first-order Bessel functions. The eiwt term is called the carrier signal and the

ei(w *)t terms are called the side-bands. This phase modulation is achieved with

an electro-optic modulator (EOM) driven by a local oscillator (LO).

2. Measure the cavity transmission photodiode of this phase-modulated field. De-

note the cavity transmission by T(w). Then the cavity transmission power PT

of the phase-modulated field is

PT = IT(w)Jo()eiWt + T(w + ()Ji(O)e(w+)t - T(w - Q)J1()e(W--2 )f 2 (2.1)

= (DC terms) + (29 terms)

+2 PcPs{Re[T(w)*T(W + () - T*(w)T(w - Q)]cos Qt

+ Im[T(w)T*(w + () - T*(w)T(w - 9)] sin Qt}

3. Isolate the Q terms by feeding the transmitted power through a mixer tuned

to frequency Q. The phase of the mixer needs to be tuned to a cos Qt or sin Qt

term, depending on which term in equation 2.1 is desired. The mixer yields 2Q

terms in addition to the DC term, so a low pass filter is needed to isolate the

DC signal (this can be seen simply by expanding cos 2 qt oc 1 + cos 2Qt).

4. This DC signal is the error signal and is fed back to through a servo. The servo

uses this signal to adjust the PZT to resonance.

It is possible to view this error signal by sweeping the cavity PZT with a sawtooth

generator. The result is shown in figure 2-2. The smaller amplitude error signals are

due to higher-order cavity modes in the cavity (see discussion of mode-matching in

18



the setup section). It is, however, unclear why the error signal contains an offset.

Fortunately, while locked, one is able to control the detuning of PDH from resonance

with a "common offset" feature on the servo.

0.25

0.2

3 0.15

.t 0.1

0.05

0

-0.05

-0.1

-0.05 0 0.05 0.1 0.15
time (s)

Figure 2-2: PDH error signal.

2.2 Side-Fringe Locking

Side-Fringe locking predates PDH, a simpler setup where one subtracts a DC offset

from the transmitted SH power to generate the error signal (this method is also known

as DC readout and is also implemented in the LIGO interferometer cavities [10]). The

DC offset allows us to directly control the power, and since the power is locked to

that point, we expect a stable output.

A boost is applied to the error signal before being fed into the servo. The boost was

meant to provide enhanced low-frequency gain without attenuating high-frequency

components. In this experiment, the boost is a combination of three SR560 amplifiers:

one is a low pass filter on the Green-offset signal, the second is an inverter, and the

third takes the difference between these two signals. The poles and zeros, separated

by a 1/f slope, are chosen such that they are well below the unity gain frequency

while still maintaining a large bandwidth.
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Cavity Green Powr

PZT 1Ofe

ervo

Boost

Figure 2-3: Control loop for side-fringe locking.

The effect of the boost can be understood by injecting noise j into the loop. Then

the closed loop green power g is

1
g = (rc7C+ e'1PCP + 1sCPS +11BG + 6G) (2.2)1+ G

where B, S, P, and C are the opeii-loop transfer functions of the Boost, Servo, PZT,

and cavity, respectively, and G = BSPC is the open-loop transfer function of the

entire system. This equation can be understood by satisfying a self-consistent relation

for the closed-loop green power:

g = ((((6 - g + T/B)B + qs)S + qp)P + q(!)C (2.3)

We will see in the next chapter that the greatest sources of noise arise from the cavity

(tic) and the PZT (iyp). The extra gain on the boost will help to suppress this noise

at low frequencies. Here, "low frequency" means well below the unity gain frequency

of G/B; otherwise one risks phase loss and reduced stability.

The boost transfer function is shown in figure 2-4. Note that to achieve a gain of

6 dB, the SR560 controlling the gain and pole of the boost is set to a gain of 1. This

is because two SR560s at a gain of 1 are being added together. By contrast, setting

the gain to 10 results in approximately 20 dB because a signal of gain 10 is being

added to a signal of gain 1. In our real boost (shown on the right), the boost gain

does not level off at 40 dB at 3 Hz, but rather increases to 50 dB at 1 Hz. The reason

for this behavior is unclear. The zero still occurs at 300 Hz, which is consistent with
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'I
a 3 Hz pole and a gain of 100. Also unclear is the substantial phase roll-off past 10

kHz, a behavior common to all gain and pole SR560 settings. Here, since the UGF of

our control loop is typically 1 kHz, it should not dramatically affect the performance.

10 4

0

40

20-

10 0 10 102

1010 3
Frequency (Hz)

10 102
Frequency (Hz)

103

Figure 2-4: Left: Boost transfer function for a pole at 1 kHz and a gain of 1. Right:
In practice, a pole at 3 Hz is used, with a gain of 100 (more on the effect of the boost
in the data section).
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Chapter 3

Experiment

Both the Side-Fringe and PDH locking techniques were implemented in this thesis.

The setup is described first, followed by an explanation of the results.

3.1 Setup

Back Front Dichroic
Lens Beam-Splitteren"

lTO 
OPO)

SHG

Half
Waveplate

EOM

Figure 3-1: Input red laser light travels into the SHG cavity. The resonant pnump
field is viewed in transmission, while the resonant SH field is viewed in reflection.

The setup schematic for this experiment is shown in figure 3-1. A laser of 1064

nm is steered into the SHG cavity. The cavity is singly resonant in the pump field.

That is, the SH field generated in the cavity reflects on the back end of the cavity

and then transmits out of the front. The 1064 field transmits out of the front and
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back ends. On the back end, the light is fed into a beam splitter, where a camera

displays the mode of this beam, and the other end is fed into a photodiode. This

photodiode is used for the PDH locking. The transmitted green light gets fed into its

own photodiode, where it is then sent to the OPO for squeezing. Before doing this,

however, the light passes through two dichroics to filter out reflected red light.

Sweeping the cavity resonances is shown in figure 3-2. The smaller peaks in the red

power are due to mirror misalignment and mode mismatch (mismatch of beam mode

with resonant cavity mode). It can be shown that misalignment gives rise to modes

with an even number of lobes, while mode-mismatch gives rise to modes of an odd

number of lobes [11]. The 00 Gaussian mode-matching in the cavity was limited to 70-

80%. While this adversely affects green power efficiency, it does not affect one's ability

to lock, which is the point of this experiment (the servo has a "locking threshold"

feature to ignore peaks below a certain threshold voltage). Nonetheless, it should be

emphasized that the mode-mismatch peaks in the green power are suppressed (since

the peaks are stretched out with the square of the red power), making it advantageous

to lock to the green power when mode-mismatch is present.

In figure 3-2, the largest higher-order peak is due to mode-mismatch, while the

smaller peaks are from misalignment, which can be adjusted easily with steering mir-

rors. Mirror alignment should be checked regularly to ensure one is maximizing power

output. Mode-mismatch, on the other hand, is more difficult to remedy, requiring

fine adjustment of the lens near the cavity entrance.

The SHG cavity contains a D-connector for a temperature-controller. We used

the Newport temperature controller for this experiment, and it is crucial to note that

the pinout of the Newport device does not match the SHG temperature controller

pinout. The mapping between pinouts, which was achieved with a ribbon cable, is

tabulated here:
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Figure 3-2: Red transmitted power (red) and green reflected power (green) in mW.

Newport Pinout SHG Pinout

1(TE+) 12

2(TE+) 13

3 (TE-) 3

4 (TE-) 4

5 (GND) 8

7 (Sensor +) 1

8 (Sensor -) 9

The purpose of this experiment is to compare the noise and long-term intensity stabil-

ity in the PDH control loop (figure 2-1) with the side-fringe control loop (figure 2-3).

Noise spectra and transfer functions are measured with an SR785 spectrum analyzer.

3.2 Data

Before performing this experiment, we decided to place rubber underneath the SHG

to suppress the strong vibrational resonances seen around 1 kHz. The result is shown

in figure 3-3 for the error signals. The pre-rubber spectrum was taken at an input

power of 250 mW and PD gain 0 dB while the post-rubber was taken at 10 dB, 630
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mW input power, and a 10% beam splitter. The spectra suggest that the noise was

made worse, and thus far, the reason for this is unknown.

1011

1012

10 14

10
10 102 10 (

Frequency (Hz)

Figure 3-3: Comparison of
under the cavity.

boosted error-signal spectra before and after placing rubber

3.2.1 Long Runs

We then proceeded to comparing the PDH and side-fringe methods. The input power

for this setup was 630 10 mW and the corresponding maximum PDH green power

was 290 7 mW. Figure 3-4 shows long runs for PDH and side Fringe (SF). The runs

typically lasted around 17 hours. The maximum power PDH run went for 32 hours

to identify how much the green power changes. Indeed, we found that the maximum

green power varies by as much as 7 mW, in conjugation with the power variation of

the input laser. By contrast, the side fringe methods do not show significant power

variation. The large dips in both the PDH and side fringe power can also be seen in

the input laser and typically last for 30 seconds. PDH is usually capable of re-locking

after this occurs. Side-fringe can only re-lock if the SR560's do not overload at zero

green power and finite offset.
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contributor to noise (to be discussed in more detail in this section). There is also a

side-fringe spectrum taken without a boost, where the boost, when on, was at a gain

of 100 and a pole of 3 Hz. The boost has a significant effect at low frequencies, but

the resulting phase loss at high frequencies (where the noise is dominant) leads to

a greater overall RMS noise (0.45 and 0.34 mW, respectively). We will also discuss

more on the effect of the boost later.

Full PDH
Off. PDH

10  SF
No Boost

10

100 10 102 103
Frequency (Hz)

Figure 3-5: Comparison of PDH and Side-fringe green power at 274 mW green power
in relative intensity noise (RIN). The full-power PDH signal is at 310 mW.

The open-loop transfer functions are shown in both cases in figure 3-6. The UGF

was placed at around 1 kHz, where the phase margin ranges from 40-50 degrees.

Unfortunately, the mechanical resonances of the cavity are also in this frequency

regime. The phase margin for side-fringe with boost (40') is worse than without

boost (550). This behavior is expected for the following reason. Let T be the open-

loop transfer function without the boost, and let B be the boost transfer function.

Then BT = |B |Tje-iB++T) is the open-loop transfer function with the boost, where

$B and #T are the phases of B and T respectively. Hence, the phases add, and since

the phase becomes negative in the 1/f region (seen in figure 2-4), the phase margin

becomes worse as the zero gets closer to the UGF. We will see that this has an adverse
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Conclusion

The results point to side-Fringe locking as an easy-to-implement, cost-effective method

for maintaining a steady source of power over a long period. The side-fringe green

power integrated RIN varies from 1 x 10-3 to 5 x 10-3, depending on the offset. This

is comparable, though generally slightly larger, to PDH and appears to be largely due

to length noise and PZT noise. The long runs show that the PDH power can vary by

7 mW when locking to the top of the green power fringe (approximately 280 mW).

The side-fringe method, by contrast, does not show significant power variation over

long time-spans.

There are several steps to explore in the future. The noise in the system can

be further reduced by investigating the 1 kHz mechanical resonances of the cavity.

We saw that the rubber was insufficient for this noise reduction, so improved noise

isolation methods are necessary. This improved isolation will in turn-allow us to push

the UGF out to higher frequencies, providing room for a more effective boost (where it

is currently adversely affecting the system with worse integrated noise). In addition,

the side-fringe-locking long-runs should be tested over week-long time frames instead

of days to definitively confirm its use for squeezed-state generation.

Appendix

Calibrations

All of the values for the green power were determined by calibrating the photodiode

with a power meter. The signal on the red photodiode (seen in figure 3-1) is difficult

to measure with a power meter, so the calibrated green photodiode was used convert

red volts to green volts, and to power from the green volts calibration.

The conversion of the error signal from volts to meters followed these steps.

1. Sweep the cavity with a sawtooth generator

2. Measure the cavity FSR (units of time).
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effect on the noise.

The error signal spectra are shown in figure 3-7. The measured error-signal spec-

trum is the closed-loop spectrum. To calculate the open-loop spectrum, we multiply

by 1 + lGle-0, where GI and # are the amplitude and phase of the open loop

transfer function in figure 3-6. The units of length indicate the effective cavity length

fluctuations that result from the error signal noise (see the Appendix for a discussion

of this calibration).
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Figure 3-6: Open-loop transfer functions
unity-gain frequency is around 1 kHz (it

10 2 103
Frequency (Hz)

for PDH (left) and Side-Fringe (Right). The
was around 2 - 2.2 kHz before rubber). The

phase margin for both usually range from 40 to 50 degrees, indicating stability.

Finally, figure 3-8 suggests that a significant noise source in the system is from

the PZT driver. The calibration was respect to open-loop green power noise. From

equation 2.2, this means that we multiply the green power by I1+GI and the open-loop

PZT dark noise by PC (see appendix for an explanation of its measurement). The

cavity noise, which includes the mechanical resonances, is not directly measurable,

but it is expected to also have a significant contribution. Note that the cross-over

point at low frequency is not understood.
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3-7: Open and closed-loop error signals for PDH (left) and side-fringe (right)
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Figure 3-8: PZT dark noise, multiplied by the PZT and cavity transfer functions, in
reference to open-loop green power noise.

3.2.3 Effect of DC offset on RMS noise

So far, we have only looked at the noise at one offset (274 mW). Since we are locking

to the side of the fringe, it is expected that a strong source of noise here is from

length fluctuations, which is proportional to the slope of the error signal. Figure 3-7

analyzes this by determining the integrated relative intensity noise as a function of

29

10 12

1013

-SF Closed Loop
- SF Open Loop

- No Boost Closed Loop
-No Boost Open Loop

V -

-I

1

3

10 3 10 4

10-
-q



offset, defined as

Integrated RIN = 1 df S.en(f)DC offset SR785 Frequencies

We expect the absolute noise to increase proportionally with the green power (i.e. the

DC offset); for this reason, we divide out the DC offset so that we are only comparing

noise due to changes in slope. The SR785 bandwidth is chosen to maximize resolution,

while still capturing all the features that strongly contribute to the noise. The best

option turned out to be 6.4 kHz.

More than one trial was performed with this analysis. The red points, in partic-

ular, demonstrate the effect of turning off the boost. The effect is small, but there

does seem to be an overall decrease in noise. Either way, all the points suggested

a trend that qualitatively agrees with the prediction from length noise. There are

two curves that represent this prediction. The solid blue curve is derived from the

pump-depletion SH power (equation 1.32). In particular, it is a plot of b- vs. k d,

where k is an arbitrary constant to convert between slope and RIN. The maximum

of the peak (# = 0) is chosen to be approximately 280 mW to match the peak height

from sweeping the cavity. The noisy curve in red is the same plot as the solid blue,

but obtained from sweeping the cavity, i.e. P vs. d9, where P is the green power

at time t and k' is the different conversion factor to RIN. A running average function

is used to smooth out this data.

3.2.4 Effect of Boost

We have already seen that the boost yields the desired low frequency noise attenua-

tion. The data here, however, suggests that in total the boost is contributing to the

noise. To pursue this idea, we can plot the integrated power noise for various zero's

on the boost. Figure 3-10 suggests the prediction made earlier that higher zeros cor-

responds to larger RMS (due to worse phase margin). In fact, the lowest side-fringe

RMS occurs without a boost (the lower value at this point corresponds to PDH).
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Figure 3-9: Integrated relative-intensity noise (RIN) for several DC offsets. The
data is highly scattered among trials, but qualitatively suggests a shape predicted
by length fluctuation noise (theoretical solid blue curve and red data from sweeping
cavity). The trial of dots in red was performed without a boost.
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3. Measure the slope of the error signal (units of volts/second)

4. Since during one FSR, the cavity has moved a length of A,/2, the conversion

factor from error signal volts to error signal length is

Ar 1
2 slope x FSR
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Figure 3-11: Left: Conversion from green volts to PZT volts by scaling the ratio of
the slopes. Right: Measured transfer function, unscaled.

To calibrate the PZT noise to the open-loop green power spectrum as in figure

3-8, we must multiply by the PZT and cavity transfer functions P and C respectively.

PC can be measured at once. I plugged the SR785 source into the SHG input in front

of the high-voltage PZT output box. The green power was used as the output signal.

For this measurement to be meaningful, the green power volts measured on the PD

must be converted. As figure 3-11 indicates, the ratio of the two slopes gives the

conversion from green voltage changes to PZT voltage changes. We see that

PZT Volts
Slow Off Volts

Green Volts
Slow Off Volts

Green Volts PZT Ramp Slope
x x

PZT Volts Green Fringe Slope
PZT Ramp Slope

x
Green Fringe Slope
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which is in terms of measurable quantities. Note that the slope of the green fringe is

with respect to 274 mW. One can maintain this position without lock by controlling

the offset on the SR785 (typically in the range of 2 Volts) as the frequency sweep takes

place. I used a sweep amplitude of 45 mV; the main constraint here is to maintain

a small enough range where the region is still linear, but large enough to observe a

coherent transfer function measurement.

Steps for Locking

The built-in locking software was used to provide the feedback control of the servo

board. The software has several settings that should be noted.

" Locking Threshold: this sets the minimum voltage signal the servo senses to

lock. For PDH, I set this to 1 V, and for SF, it was set to 0.1 V.

* Common Offset: This feature sets the detuning from resonance. For SF, this

should be adjusted until the measured error signal drops to zero and correspond-

ingly when the measured green power equals the DC offset from the function

generator.

* Locking and Locked gain: the former is the gain used while the servo scans

the cavity for resonances, and the latter is the gain used to maintain locking.

Typically, these were set to the same value: -10 for PDH, and -19 for SF.

" Gain In 1: This allows the locked gain to be adjusted while maintaining lock.

To lock with side-fringe to a power of 270 mW, it does not work to set the DC offset

to the corresponding voltage and try to lock with that. Rather, one should first lock

at low green power and adjust the DC offset while locked. While increasing this DC

offset, one should simultaneously decrease the locked gain to avoid oscillations. When

the desired power is finally reached, then the locked gain can be further adjusted to a

point where the UGF is in the correct location. As the locked gain changes, the locked

error signal usually changes, so it is important adjust the common offset during this

process.
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In principle, side-fringe locking should not require the red photodiode to be in-

stalled. However, the servo still requires the red power, since it was implemented

for PDH locking. I have consistently noticed that SF is unable to lock while the red

photodiode is disconnected.
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