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INTRODUCTION



LISA PATHFINDER’'S INTERFEROMETER

- State of the art in low
frequency strain
measurement

- Complex arrangement of
quasi-monolithic optics

- Only measures one
degree of freedom; LISA
will need to measure 12
per spacecraft

- Transferring mass into
space is expensive

- Can we reduce the
complexity?




REDUCED COMPLEXITY PHASE MEA-
SUREMENT



MODULATION

Sinusoidal signal encountering a sinusoidal phase modulation (e.g. an
oscillating mirror) has power

P = Py cos (¢ + wot + m cos (wmt + ¥m)) (1)
where ¢ is an arbitrary phase offset and m is the modulation depth (or
index).
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DIGITALLY ENHANCED INTERFEROMETRY

- Impose phase modulated
pseudo-random noise onto the PRN code
input light O e ew
- Signals for each mirror can be
extracted in post-processing
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- See Christian’s journal club Frequency
from 2015-10-30

- Performance levels reach
10 pm +/Hz ™" at low frequencies
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Fig. 1. (Color online) Digitally enhanced heterodyne inter-
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and M3. Reflections from the different mirrors are isolated
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by matching the decoding delays to the optical delays.
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DEEP PHASE MODULATION

PHASE, not FREQUENCY

- Imposes strong sinusoidal phase modulation (i.e. m is not small)
on light in one arm

- Leads to a comb of beats, not just a few as with weak phase
modulation

- Non-linear fit algorithm extracts amplitude of beats to determine
phase

- Demonstrated 20 pm v/Hz™" sensitivity at mHz




SELF-HOMODYNING

- “Self homodyning” occurs when unequal arms allow the LO to be
imposed on the laser at source instead of in one arm

- Techniques similar to digital interferometry, but using frequency
modulation instead of phase modulation, achieved 1pm vHz™’

above 1Hz
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DEEP FREQUENCY MODULATION



PAPERS

Deep frequency modulation
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Abstract:  Laser interferometry with pm/y/Hz precision and muli-fringe
dynamic range at low frequencies is a core technology 10 measure the
motion of various objects (test masses) in space and ground based experi-
ments for gravitational wave detection and geodesy. Even though available
interferometer schemes are well understood, their construction remains
complex, often involving, for example, the need 1o build quasi-monolithic
optical benches with dozens of components. In recent years technigues have
been investigated that aim to reduce this complexity by combining phase
modulation techniques with sophisticated digital readout algorithms. This
article presents a new scheme that uses strong laser frequency modulations
in combination with the deep phase modulation readout algorithm o
construct simpler and easily scalable interferometers.

Experimental demonstration of deep
frequency modulation interferometry
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Abstract:  Experiments for space and ground-based gravitational wave
detectors often require a large dynamic range interferometric position
readout of test masses with 1pm/yHz precision over long time scales,
Heterodyne interferometer schemes that achieve such precisions are avail-
able, but they require complex optical set-ups, limiting their scalability for
multiple channels. This article presents the first experimental results on
deep frequency modulation interferometry. a new technique that combines
inusoidal laser frequency modulation in uncqual arm length interferometers
with a non-linear fit algorithm. We have tested the LCLhmun in a Michelson
and a Mach-Zehnder topology.

continuous phase tracking of a moving mirror and achieved a performance
equivalent to a displacement sensitivity of 250 pm/y'Hz at 1 mHz between
the phase of two the same optical
By performing time scrics )l[(iug of the extracted interference
signals, we measured that the linearity of the laser frequency modulation is
on the order of 2% for the laser source used.

In a nutshell, idea is to combine self-homodyning frequency
modulation with deep phase modulation’s readout (i.e. the

non-linear fit algorithm)




DEEP FREQUENCY MODULATION

A L«2

form (t)

- Unequal arms separated by AL

- The laser’s frequency is intentionally modulated:

form = Af cos 27fmt + Ym) (2)

where Af is the modulation depth, fm is the frequency modulation and ) is
the modulation phase.



DEEP FREQUENCY MODULATION

The detector sees two terms, one from each arm:

Short arm
1. . f
EsziEinsm (LUt-f— E5|H(Wmt+¢m)+c> (3)
Long arm
El:%EinSiﬂ (w(t77)+]Tme(Wm(t*T)WLQ/’m)JFC*‘p) (4)

7 is the light travel time in the long arm, C is an arbitrary constant phase
term, and ¢ is the gravitational wave signal.
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DEEP FREQUENCY MODULATION

AL<2 ¢
¥ X
foFm (1)

The signal power at the detector is then Py o (Es 4 E)?, i.e.

Pin , P A
Powt = -+ €os (on +o+ —f

>

(sin (wmt + ¥m) — sin (wm (t = 7) + ¥m) )
(5)

Assuming the delay wo is small, this approximates to

Output signal

Pout = % + % cos (¢ + 2mAfr cos (wmt + ¥m)) (6)



DEEP FREQUENCY MODULATION

Output signal

Pout = % + % cos (¢ + 2w Afr cos (wmt + ¥m)) @)

This is the same as phase modulation discussed earlier (neglecting wot), but
with m = 2 Afr, i.e. the amount of phase modulation scales linearly with
the arm length difference and the frequency modulation depth.
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OPTICAL SETUP

Simple optical setup:

- The laser light is split into fibres going to various “optical head”
interferometers

- A large number of heads can share the same laser

- Photodetectors can be standard or quadrant depending on purpose
- Signal extraction via transimpedance amplifiers

14



PROCESSING

Signals are demodulated with sine and cosine signals at N harmonics of wm,
then low-pass filtered:

Qn = Vout (t) cos (nwmt)
~ RJy (M) cos (qb—i— ng) cos (ni),
In = Vour (t) sin (Nwmt)

~ —RJn (M) cos (¢+ n%) sin (ny) .

kis an amplitude factor common to both I and Q, J, (m) are Bessel
functions. These are sent to the non-linear fit algorithm which uses x?
minimisation to determine kR, m, ¢ and 1.

If fn = 1kHz and Af = 9 GHz, the arm length difference in the interferometer
must be at least AL = 48 mm for the self-homodyning to work.



SENSITIVITY

Fiber beam splitter =

HH m\(\u (1A

LRI

FPGA:
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Fig.8. Schematic of the complete sctup for the null measurement with optical signals

- The LPF phase meter, using deep phase modulation, has been shown to
have sensitivity of 1pm+/Hz" between 1mHz and 1Hz

- This is with a matched arm interferometer, with modulation depth m ~ 9

- To achieve the same modulation depth here, the arms must be
imbalanced to give a round-trip time of 160 ps, or AL = 48 mm (for
modulation depth of Af = 9 GHz and modulation frequency of 1kHz)
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OTHER ASPECTS

Multiplexing

DFM can in principle be combined
with digital interferometry to
multiplex multiple optical signals on
the same channel (fibre link).
Pseudo-random noise is
phase-modulated onto input light.
Fibre lengths for each link are chosen
such that the individual amplitude
modulations are not coherent.

Absolute ranging

The modulation depth m = 2rAfr
encodes the light travel time, so can
be used for absolute ranging. This
works for DPM too. However, either
the reference interferometer’s delay
or the frequency modulation Af must
be measured precisely.



NOISE




FREQUENCY NOISE

The unequal arm lengths required to make DFM work inherently couples
laser frequency noise.

To measure at the level of 1pm+/Hz ", the frequency noise f must be

1pmyvHz |

1
ALj2  T0eanm ~ TKHzVHZ ©)

5‘<%f:

To stabilise the frequency, a reference interferometer is used with fixed,
unequal arm lengths

19



FREQUENCY NOISE

Excess laser frequency noise is measured as a reference phase ¢, by the RI,
which can be subtracted from the signal ¢, or used in a feedback loop
(changing the laser’s base frequency).

A nice additional feature is that m and v, can also be readout and
stabilised with a loop.

20



OTHER NOISE

Other noise will influence the interferometers:

- Laser amplitude noise

- Shot noise

- Technical noise (e.g. fibre length noise)

- Non-perfect sinusoidal frequency modulation

These have been a focus of LISA scientists for years, and are not considered
great challenges to overcome.

Non-perfect frequency modulation adds beats on critical demodulation
frequencies. This is potentially mitigated with a measurement and
subtraction device (not considered).

21



EXPERIMENT




EXPERIMENT

DFM / DPM readout (©

Tunable Diode Laser
TLB6700 Velocity Newport

(a)

- Laser source is 1550 nm at 20 mwW

- Electro-optic amplitude modulator stabilises the laser's amplitude

23



EXPERIMENT

DFM / DPM readout ©

Tunable Diode Laser
TLB6700 Velocity Newport

(b)

- Light is split into asymmetric Michelson and Mach-Zehnder
interferometers

- The Ml allows dynamic signals to be tested; the MZ allows two signals with

the same magnitude but opposite sign to be extracted 2%



EXPERIMENT

DFM / DPM readout (©

Tunable Diode Laser . . P12
TLB6700 Velocity Newport 1

(c)

- ADCs record at 250 kHz

- Post-processing performed with non-linear fitting algorithm on | and Q
harmonics

25



ELECTRONIC NOISE

(9

DFM / DPM readout

ar ®—\]
2\
e

The MZ the signals (¢. and ¢-) can be combined in order to measure
different types of noise in various forms. The two MZ signals add up to =

¢1r:¢++¢*:7r (10)

Alternatively, two channels record the same signals, so these can be
subtracted:

dia=¢i1—¢ip~=0 (1)

26



PHASE MEASUREMENT PERFORMANCE
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Piezo drive is on Ml at 1Hz. Harmonics clearly present - unsure if from PZT

or from non-linearities in readout. Accoustic coupling dominates noise
above 1Hz. .



PHASE MEASUREMENT PERFORMANCE
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Remember that DFM needs a frequency reference. Using the MZ as a
reference for the MI, the sensitivity improves (green trace)
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PHASE MEASUREMENT PERFORMANCE
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Given that the improvement only happens below 1mHz, this shows that the
limiting noise in the system is thermal fluctuations and air density

perturbatations (not laser noise). Both effects will be greatly reduced in

vacuum. 29



PHASE MEASUREMENT PERFORMANCE
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The zero combinations of the Ml and MZ signals, by subtracting each pair of
channels, shows the electronic noise, likely to be digitisation noise in the
ADC. The MI noise contains some of the 1Hz signal, possibly from

non-linearities due to slightly different ADC channel bandwidths. 0



PHASE MEASUREMENT PERFORMANCE
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The MZ zero combination, ¢ a, increases at low frequencies, not seen in the
MI equivalent. This is possibly due to the larger modulation depth of the MZ,
which makes it more sensitive to temperature effects.
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PHASE MEASUREMENT PERFORMANCE
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The signal-cancelling MZ readout is sensitive to laser amplitude noise only
at the modulation harmonics, shot noise and ADC noise, giving an idea of

the experiment’s non-temperature-driven noise 5



PHASE MEASUREMENT PERFORMANCE
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In comparison to the LISA design curve, there is a long way to go from the
table top but the results show promise
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CONCLUSIONS




CONCLUSIONS

- The LPF optical bench must be shrunken for LISA, so less complex
options to classic heterodyne interferometry must be explored

- DFM potentially better than DPM due to ability to share same laser
backbone for multiple readouts (like digital interferometry)

- Sensitivity on table top still far off LISA requirement
- Sounds to me like they need to try this in vacuum!
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