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LIGO’s Squeezer
Dominant quantum noise = shot and radiation pressure

Q&M predicts that even in absence of light, the electromagnetic field
fluctuates in phase and amplitude, “vacuum fluctuations”

— source of shot noise in LIGO

BUT, the product of quadrature (operators on E-field in phase and A)
deviations in phase and amplitude restricted to some minimum value

Squeezing reduces deviations in one quadrature at the cost of

increasing it in the other AX, AX,
Poisson Statistics -
p et £
p(n) = \ A
n!
AX, AX,
Onp — \//_/L Coherent Light Squeezed Coherent Light

Figure 1 The ball of uncertainty represents the noise on a
sighal compared to its amphitude and phase angle. For a
squeezed state, this ballis compressed in onhe direction
and stretched in the other.



Squeezer in LIGO

* Improved sensitivity of the interferometer at the shot noise
dominated bandwidth (~100 Hz)

— LIGO fundamentally measures changes in relative phase of two
beams in light traveling down the two arms of the port

* Alternative to boosting beam power to minimize shot noise




Second Harmonic Generation

1) SHG is a nonlinear optical effect arising in dielectrics with a nonlinear susceptibility term

proportional to the square of an (applied) electric field
_ 1) g @ G)pp.

2) Only in non-centrosymetric crystals P = colxij Bi + XipBiEj + Xiju B BB -

(variant under r -> -r transformation) ) | |
X,Ejk(Egie_'LQ‘”t + Eg?e® + EoEy) + c.c

3) SHG crystal = Periodically poled KTP
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A resonant cavity enhances SHG; higher
achievable optical intensities (unconverted beam
remains in cavity for more passes)
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Old SHG (aka SHG 1.0) — New SHG (v. 2.0) B

1-inch spaced 8-32
tapped holes

Precision Horizontal
Translation Set-up for
the Mirror Mounts




All New Design Changes Documented in SolidWorks2013




Alignment Improvement: Beam Marker




Inside the Cavity
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Cavity Stabilization

* Pound-Drever-Hall servo stabilizes the cavity to peak transmission of 00 resonance.
* Gets an indirect measurement of the difference between the resonant frequency versus
laser frequency by using the reflectivity of the cavity (mirrors) »

» Reflection coefficient of the cavity is dependent on this difference:
* Derivative with respect to frequency gives an antisymmetric
function about the resonant frequency

. Aveg.
Flw) = r(e 1)

iw
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* Contains information as to whether the cavity should be shortened or lengthened

* AND the servo is invariant to intensity noise
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Frequency Response (Open Loop)

Unity Gain Frequency ~170 Hz

PZT Resonance ~10 kHz
Phase Margin ~270 degrees
Gain Margin N/A (can’t tell where -180 degrees really is)

Low frequency gain 18-20 dB
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Oscilloscope Signal (Volts)
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Behavior of SHG 2.0 with No Feedback

Can this be improved
, structurally? Not much

Falls out of resonance
largely due to frequency
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Oscilloscope Signal (Volts)

1.0

0.5

0.0 ]
-0.5 -
-1.0
-1.5
-2.0

-2.5

Oscilloscope Signal (Volts)

-0.1 -
-0.2 1
-0.3 1
-0.4
-0.5

Comparison of Error Signal and Infrared Beam
Lock

Note how the control
Signal Drifts in Time

0.4
0.3
0.2
0.1
0.0

Control Qignnl

=== Max Voltage (Ch2)

===Max Voltage (Ch4)

Time (1 unit = 2 seconds)

111
133
155
177
199
221
243
265
287
309
331
353
375
397
419
441
463
485
507
529
551
573
595
617
639
661
683
705

==Max Voltage (Ch2)

==Max Voltage (Ch4)

Control Signal

s generally corresponds
with divergence of the control signal

Time (1 unit = 5 seconds)



1.2

1.0

0.8

0.6

0.4

0.2

Signal Amplitude (Volts)

0.0

-0.2

-0.4

-0.6

Cavity Stability with Error Signal Shown

Infrared Transmission
==Max Voltage (Ch1)
== Max Voltage (Ch3)
EIIOI Slg”al' S”Ia” OIISEt, bUt
. Max Voltage (Ch4)
effectively O
imaai 4 4 ammaaeie 4 4 a4 4 e iims aa s o RPN PR
‘FNm<I'LﬁkDI\OOChO\—INm<anLDI\OOChOHNmﬂ'mLDl\OOOWO\—!Nmﬂ'LOKDI\OOO\O\—I
N OO AN OO NI INOEAMOWILNOANS OO ANSOWAEAMWLNOOE MWLNOAN S
T A AT A AN AN AN AN AN OO N T TTT DD D NN O OWOWOONNNNNOOO®
{ M )4
e hiccups”could be the laser
itself shifting in frequency
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The Integral Control (which in the PDH is assumed by the pre-amp) creates a control signal
of the form: t

C(t) = Gprope(t) + Gine | e(t')dt’

to

Integrating over time means the integral term will grow with time so long as the error
signal is nonzero. Even once the error signal zeroes out, the control signal will remain
nonzero, but stable.



Measurement of Green Power Intensity

Time Stability of the IR Beam

(transmitted)

Over Time
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Amplitude (Volts)
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Stability of Green Light

¥ 10 Energy Distribution of Green Light from SHG
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A good servo lock confirms minimal spread in the green light intensity



If the lock is not good and
the resonance drifts, then

the power is ‘jumpy’

Distribution

Test with Ophir Power Meter

45 Minute Scan of Green Beam Power

1600
1400
1200
1000

3I0N

& 8v00°0
© S$00°0
Q
o Zv00°0
c 8T¥00°0
Q .
0 ST¥00°0
ZI¥00°0
U )
© 6000°0
907000
I .
7,) €0¥00°0
c ¥00°0
o 6£00°0
m L£00°0
o 9€00°0
a. ¥€£00°0
G .
o) mmoo.o
- T€00°0
.m €000
5 £200°0
0 S200°0
= .
= €200°0
0 2000
(]
2 S ong 8 2 e
220" Juanbau4
120°0
¥020°0
€020°0
70200
1020°0 o
700 w
ser00 <
L6100 — —
96100 £ ¢
o ()]
S6100 2 gn
v6T00 5§ C
€6T0°0 w (]
6100 & O
T610°0 v
610°0 m
8T0°0 —
LT00
9100
ST0°0
¥T0°0
€100
7100
1100
10°0
(@) o o o o
o o o o
o0 (o] < ()]

Aduanbau4

Green Power (Watts)



Green Power (mW)

Conversion Efficiency vs. Inout Power

Conversion Efficiency vs. Infrared Power ) (W()).s (@)
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New Temperature Controller implemented
with Beckhoff electronics
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Servo Characterization (in Time Domain)
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Unit Step Response

Temperature (Celsius)

Unit Step Response of Temperature Servo in Time Laplace Transform (time domain <->
. frequency domain)
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second-harmonic power

Output Green Power Measured (mW)

Phase iViatching of Green and Red by Temperature Tuning
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Questions?
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Temperature Servo Introduces Noise
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- PDH Control/Measurement Scheme

SR-785 Two Signal Dynamic Analyzer

SR Pre-Amplifier
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* e— —— ® 1@
IF S
o , @-RF 2 |
A / \_ _/'
Splitter/Combiner Mixer
B Out1 Out2
o o
PZT Driver
TREK Model 603
Gain: 25

Range: (-125V,125 V)

SHG Cavity

Sensor: Photodiode
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SHG 2.0
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Phenomenon seen aga

Energy Distribution of Infrared Under Lock (Oscilloscope
Measurement)
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Set Temperature Response with UGF = 0.9
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Rise Time: ~60 seconds
Settle Time: ~2 mins
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