
Characterization of O4 Pcal power sensors

Pcal Team

LIGO Hanford Observatory

May 6, 2022

Pcal Team (LIGO-T2200158-v1) O4 Pcal sensor characterization May 6, 2022 1 / 31



Overview

This slide stack, documents the math formalism, measurement and
analysis methods. and experimental results that characterize the Pcal
power standards that were updated in anticipation of LIGO’s fourth
oberving run, O4.
Detector spacers were added to the power standards to reduce the
temperature dependence of the responsivity by limiting the field of view of
the sensor. The transimpedance amplifier circuits were also updated to
incorporate AD590 temperature sensors soldered in place and to adjust the
overall gain to compensate for the attenuation of the detector spacers.
Measurements of the temperature dependence of both the dark voltages
and the responsivity were realized by insulating one of the sensors and
heating in an oven to about 15 K above the ambient laboratory
temperature. Responsivity ratio measurements made in the standard
fashion as the heated device cooled where then used to estimate the
temperature-dependent dark voltage and the temperature
dependent-responsivity ratios.
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Key steps in the sensor characterization

1 Reference all measured parameters to device-specific AD590
temperatures: T

′
= 300.15K (27 °C)

2 Measure temperature dependence of dark voltages:
Vdark = V

′
dark +mdark(T − T

′
)

3 Measure temperature dependent responsivity ratios. Then:
* subtract temperature-dependent dark voltages
* divide denominator voltages by [1 + κdev2(T2 − T

′
)]

* plot and fit: ρdev1/ρ
′
dev2 = m (T1 − T

′
) + b, where b = ρ

′
dev1/ρ

′
dev2

* fit gives α
′
dev1,dev2 = ρ

′
dev1/ρ

′
dev2 and κdev1 = m /α

′
dev1,dev2

4 Correct voltages in normal (not heated) responsivity ratio
measurements to obtain estimates of α

′
1,2 = ρ

′
dev1/ρ

′
dev2

5 Use temperature-corrected primary measurements from NIST and/or
PTB (ρ

′
dev2) and temperature-corrected responsivity ratio

measurements to estimate ρdev1(T1):

ρdev1(T1) = α
′
dev1,dev2 × ρ

′
dev2 = ρ

′
dev1[1 + κdev1(T1 − T

′
)]
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Temperature-dependent dark voltages - Data

Path in SVN: /ligo/svncommon/CalSVN/aligocalibration/trunk/Projects/
PhotonCalibrator/measurements/LabData/...

Device Data directory

PS1 .../PS1 PS2/i2022-03-29T164919
PS2 .../PS2 PS1/i2022-03-25T104152
PS3 .../TSA TSB/i2021-10-13T155703
WSS .../WSS PS2/i2022-04-01T165457

Table: Data directories for temperature dependence of dark voltage measurements
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Temperature-dependent dark voltages - Results

Vdark(mV ) = mdark (T590 − T
′
) + bdark
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PS1; m = -0.114126 mV/K, b = 2.260009 mV

PS2; m = -0.145221 mV/K, b = -0.163079 mV

TSA; m = -0.122970 mV/K, b = -1.021322 mV

WSS; m = -0.016466 mV/K, b = 0.003360 mV
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Temperature-dependent responsivity ratio measurements -
Setup

The relative responsivity temperature coefficients, κ, are determined by
insulating, then heating, one sphere in an oven before performing
responsivity ratio measurements while it cools.
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Temperature-dependent responsivity ratios - Data

Path in SVN: /ligo/svncommon/CalSVN/aligocalibration/trunk/Projects/
PhotonCalibrator/measurements/LabData/...

Ratio Data directory

PS3/PS2 .../PS3 PS2/i2022-04-27T093520
PS2/PS3 .../PS2 PS3/i2022-03-22T083532
PS1/PS3 .../PS1 PS3/i2022-03-17T083753
PS1/PS3 .../PS1 PS3/i2022-03-18T102237
PS2/PS1 .../PS2 PS1/i2022-03-23T102428
WSS/PS2 .../WSS PS2/i2022-04-01T094944

Table: Data directories for temperature dependence of responsivity ratios
measurements
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Temperature-dependent responsivity ratio - PS3/PS2

First estimate, without compensating for PS2 responsivity temperature
dependence.
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Temperature-dependent responsivity ratio - PS2/PS3

First estimate, using first estimate of PS3 temperature dependence
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data with d2 corrected
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Temperature-dependent responsivity ratio - PS3/PS2

Second estimate, using first estimate of PS2 responsivity temperature
dependence.
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data with d2 corrected
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Temperature-dependent responsivity ratio - PS2/PS3

Second estimate, using second estimate of PS3 temperature dependence
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data with d2 corrected
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Iteration to determine κ values for PS2 and PS3

Analysis steps listed in order performed. First iteration with no
temperature compensation for device 2.

Ratio κ (hop/K) α
′

1/α
′

PS3/PS2 κPS3 = −2.05 α
′
PS3,PS2 = 1.317 1/α

′
PS3,PS2 = 0.759

PS2/PS3 κPS2 = −2.82 α
′
PS2,PS3 = 0.758 1/α

′
PS2,PS3 = 1.319

PS3/PS2 κPS3 = −2.03 α
′
PS3,PS2 = 1.317 1/α

′
PS1,PS3 = 0.759

PS2/PS3 κPS2 = −2.82 α
′
PS2,PS3 = 0.758 1/α

′
PS2,PS3 = 1.319
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Temperature-dependent responsivity ratio - PS1/PS3

First of two measurements
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data with d2 corrected
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Temperature-dependent responsivity ratio - PS1/PS3

Second of two measurements
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Temperature-dependent responsivity ratio - PS2/PS1
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PS2;κPS2 = −3.09e− 04, α′PS2,PS1 = 0.980

data with d2 corrected
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Temperature-dependent responsivity ratio - WSS/PS2
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data with d2 corrected
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Summary of temperature-dependent responsivity ratio
results

Ratio κ (hop/K) α
′

1/α
′

PS3/PS2 κPS3 = −2.03 α
′
PS3,PS2 = 1.317 1/α

′
PS3,PS2 = 0.7593

PS2/PS3 κPS2 = −2.82 α
′
PS2,PS3 = 0.758 1/α

′
PS2,PS3 = 1.319

PS1/PS3 κPS1 = −2.25 α
′
PS1,PS3 = 0.775 1/α

′
PS1,PS3 = 1.290

PS1/PS3 κPS1 = −2.56 α
′
PS1,PS3 = .775 1/α

′
PS1,PS3 = 1.290

PS2/PS1 κPS2 = −3.09 α
′
PS2,PS1 = 0.980 1/α

′
PS2,PS1 = 1.020

WSS/PS2 κWSS = +5.61 α
′
WSS,PS2 = 1.930 1/α

′
WSS,PS2 = 0.518
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Responsivity ratio measurements - Data

Path in SVN: /ligo/svncommon/CalSVN/aligocalibration/trunk/Projects/
PhotonCalibrator/measurements/LabData/...

Ratio Data directory

PS1/PS3 .../PS1 PS3/t2022-03-15T121600
PS1/WSS .../PS2 WSS/t2022-04-07T091947
PS1/WSS .../PS1 WSS/t2022-04-12T121905
PS1/WSS .../PS1 WSS/t2022-04-14T085422

PS2/PS3 .../PS2 PS3/t2022-03-16T125012
PS2/WSS .../PS2 WSS/t2022-04-07T131950
PS2/WSS .../PS2 WSS/t2022-04-12T145800

PS3/WSS .../PS3 WSS/t2022-02-17T095321
PS3/WSS .../PS3 WSS/t2022-02-22T103612

Table: Data directories for responsivity ratio measurements
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PS1/WSS responsivity ratio t2022-04-07T091947
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PS1/WSS data at 301.48 K; mean = 0.5296; st.dev = 1.9528e-04

PS1/WSS data with temp. corrected to 300.15 K; mean = 0.5301; st.dev = 1.9748e-04
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PS1/WSS responsivity ratio t2022-04-12T121905
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PS1/WSS data at 301.88 K; mean = 0.5294; st.dev = 1.6030e-04

PS1/WSS data with temp. corrected to 300.15 K; mean = 0.5302; st.dev = 1.5898e-04
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PS1/WSS responsivity ratio t2022-04-14T085422
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PS1/WSS data at 301.66 K; mean = 0.5295; st.dev = 1.8738e-04

PS1/WSS data with temp. corrected to 300.15 K; mean = 0.5302; st.dev = 1.8666e-04
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PS2/WSS responsivity ratio t2022-04-07T131950
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PS2/WSS data at 301.82 K; mean = 0.5191; st.dev = 1.8413e-04

PS2/WSS data with temp. corrected to 300.15 K; mean = 0.5195; st.dev = 1.8502e-04
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PS2/WSS responsivity ratio t2022-04-12T145800
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PS2/WSS data at 301.99 K; mean = 0.5190; st.dev = 2.0230e-04

PS2/WSS data with temp. corrected to 300.15 K; mean = 0.5196; st.dev = 2.0263e-04
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PS3/WSS responsivity ratio t2022-02-17T095321
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PS3/WSS data at 303.65 K; mean = 0.6830; st.dev = 2.0996e-04

PS3/WSS data with temp. corrected to 300.15 K; mean = 0.6842; st.dev = 2.1472e-04
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PS3/WSS responsivity ratio t2022-02-22T103612
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PS3/WSS data at 304.54 K; mean = 0.6824; st.dev = 2.2550e-04

PS3/WSS data with temp. corrected to 300.15 K; mean = 0.6842; st.dev = 2.2489e-04
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Summary of standard responsivity ratio measurement
results

Ratio Directory α
′

std. dev.

PS1/WSS t2022-04-07T091947 α
′
PS1,WSS = 0.5301 1.9748e-4

PS1/WSS t2022-04-12T121905 α
′
PS1,WSS = 0.5302 1.5898e-4

PS1/WSS t2022-04-14T085422 α
′
PS1,WSS = 0.5302 1.8666e-4

PS2/WSS t2022-04-07T131950 α
′
PS2,WSS = 0.5195 1.8502e-4

PS2/WSS t2022-04-12T145800 α
′
PS2,WSS = 0.5196 2.0263e-4

PS3/WSS t2022-02-17T095321 α
′
PS3,WSS = 0.6842 1.1472e-4

PS3/WSS t2022-02-22T103612 α
′
PS3,WSS = 0.6842 2.2489e-4
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Trend of α
′

PS1/WSS results.
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Trend of α
′

PS2/WSS results.
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Trend of α
′

PS3/WSS results.
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Calculation of power sensor responsivities based on ρ
′

WSS

date/timestamp rho_WS alpha1/WSS alpha1/WSSstd rhoPS1 rhoPS1std alpha2/WSS alpha2/WSSstd rhoPS2 rhoPS2std alpha3/WSS alpha3/WSSstd rhoPS3 rhoPS3std alpha1/3 alpha1/3std alpha2/3 alpha2/3std alpha3/2 alpha3/2std
20210913 8.189

t2022-04-07T091947 0.5301 1.9748E-04 4.3410 1.6172E-03
t2022-04-12T121905 0.5302 1.5898E-04 4.3418 1.3019E-03
t2022-04-14T085422 0.5302 1.8666E-04 4.3418 1.5286E-03
t2022-04-07T131950 0.5195 1.85E-04 0.27538695 9.81E-05
t2022-04-12T145800 0.5196 2.03E-04 0.27543996 1.07E-04
t2022-02-17T095321 0.6843 1.15E-04 0.36274743 6.08E-05
t2022-02-22T103612 0.6842 2.25E-04 0.36269442 1.19E-04
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Proposed method (mostly based on discussions between
Francisco and Rick)
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