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Mechanical ground state

In section 1 of this chapter we consider the requirements for our optomechanical
system to measure the average phonon number of a thermal state of a mechanical
mode close to its ground state by observing the Stokes and Anti-Stokes sidebands
asymmetry.

In section 2 an experiment is proposed to investigate membrane heating due to
the intracavity light fields at low temperatures.

7.1 Requirements

In most quantum optomechanical experiments it is desirable to initialize the me-
chanical oscillators in their quantum ground state. Therefore, it is essential to know
the average phonon occupation 7 of the mechanical modes when they are prepared
in a thermal state close to the ground state. One of the known methods of 7 deter-
mination is via the sideband asymmetry [9]. This method is based on the different
boson enhancement factors of the scattering probabilities v;,—,+1 and v, —,,—1 of the
transition rate between phonon levels n and n & 1 as mentioned in Chapter 1. The
different prefactors lead to the different prefactors of the Stokes and anti-Stokes scat-
tering rates:
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where g is the single photon optomechanical coupling rate, n., is the intracavity
photon number, & is the optical decay rate and w,, is the frequency of the mechanical
mode.

In any measurement the field probe should be weak in order to not disturb the
system too much. It's known that high intracavity light fields cause heating of the
optomechanical devices. Therefore, we are finding the minimal probe intensity to



82 Mechanical ground state

measure the thermal state of a mechanical mode close to its ground state via the
sideband asymmetry. We are considering a defect mode of our phononic crystal
membranes in a cavity with parameters of the cryogenic cavity discussed in Chapter
5. The settings are [9]:

- the membrane is optomechanically coupled with go/27 = 1 Hz (this is what we
observe for our 10 cm cavity); the membrane temperature is 1 K, cavity linewidth
k/2m = 50 kHz;

- a strong pump is sent on the red-sideband to cool a high-Q mechanical mode
(wm /27 = 1.3 MHz, Q = 10°) to a thermal state with 7iy = 0.1;

- a probe is sent on cavity resonance to measure the thermal state of the mechanical
mode;

- the probe sidebands are detected via heterodyning on a shot-noise limited balanced
photodetector with ideal mode overlap;

- all optomechanically scattered photons reach the photodetector: key; = k.
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Figure 7.1: Sideband cooling experiment with resonant probe. The Stokes and Anti-Stokes
sidebands from the resonant probe are detected via heterodyning with local oscillator (LO),
the ratio of the sidebands provides information of the thermal state of the mechanical mode.

To do the measurement both sidebands must be observable above the shot-noise
with signal to noise ratio of at least rggnal/moise = 0.1 (Which is measurable [65, 64])
for the power spectral density.

Let’s start with the required cooling light intensity to reach 72y = 0.1. Using

I‘opt’ﬁmin + 1—‘rn’ﬁth

= 7.3
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we can estimate the required I'ope ~ % 1Tlf' Copt/2m = 220

Hz. The rates of Stokes and anti-Stokes scattering for the resonant probe are

where fiyin, ~ k2 /16w

K

I's= (ﬁf + 1)9(2)ncav.probe727 (74)
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wm
where ncay.probe = %:f. The weaker anti-Stokes sideband has the Lorentzian line-

shape with linewidth I'y,; due to scattering with the mechanical mode cooled by
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Figure 7.2: Sideband cooling experiment with two off-resonant probes. The probes are de-
tuned by A = £(wm + 0) such that the Stokes and anti-Stokes sidebands are separated by
more than Iy to avoid interference between them. Ty < 6 <K K.

the pump light fields. The intensity of the anti-Stokes sideband is Ixg = I'asfwy, =
iy %Ppmbc. Such a signal will have the following spectrum:

1 Topt
27 (w—was)? + T2, /4

Ias(w) Ias, (7.6)

which means Ins = [7°_ Ias(w) dw.
Interference of this sideband with a local oscillator with intensity Iro and fre-
quency wr,o on a balanced photodetector will result in the difference signal

2/ I,01as sin (w0 — was)t. (7.7)

The frequency of the local oscillator is chosen such that in the range of frequencies
around |wr,0 — was| the balanced photodetector is shotnoise limited.
The power spectral density of this signal will be

Iy (w) = 2I1.0las (W) (78)

with the maximum value
2

Wropt

Iwz,signal (WAS) = IAS (79)

This should be 7141 /noise Of the shot noise power spectral density I, sy = 2hwr ILo:
Los signal (WAS) = Tsignal/noiselzz,SN (7.10)
resulting in
Tag = TSignal;HOiseﬂ-Fopt- (7.11)
We see that I1,o drops out. Using the expressions for I'yp; and I'ag we obtain

T'signal /noise” kpTwr wm 2 1
Porope = 38 — 7.12
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For the given physical properties this will result in Pp,ope = 0.2 mW.

This probe power will result in the intracavity photon number 3 x 10* times
higher than the intracavity photon number due to the cooling pump light and will
provide the dominant heat load on the membrane. Therefore, we conclude that ob-
servation of the sideband asymmetry of a resonant probe is not practical for our
system parameters.

The intracavity photon number due to the probe can be minimized by introduc-
ing a pair of equal intensity light tones with detunings A = +(w,, + 0) instead of a
resonant probe [85], where ',y < § < k. Taking into account the expression for the
anti-Stokes scattering rate with an arbitrary detuning A

Tas =793 A
AS = N fgoTNcav.probe l€2/4+ (A +wm)2a

(7.13)

the intracavity photon number 7ncay probe fOr the case of the two off-resonant probes

2
will decrease 4:—2 /2 = 1300 times. Even in this case the intracavity photon number

due to the probe will be approximately 20 times higher than the intracavity photon
number due to the cooling light fields. Therefore, the temperature of the membrane
might increase when the probe light is introduced resulting in an increase of 7.

To make the membrane heating effect of the probe light small compared to the
sideband cooling the single photon detection scheme discussed in the previous chap-
ter can be used. In this case the reflected light is sent through the filtering system
tuned to the right cavity resonance shown in Fig. 7.2 towards the single photon de-
tector. Instead of the two off-resonant probes only one probe is used at a time. First,
the probe with intensity 1/10 of the cooling light fields and A = +w,, detuning is
sent to the cavity and the Stokes rate I'g ; is measured, then the same intensity probe
and A = —w,, is sent and the anti-Stokes rate I'sg ; is measured. The intracavity
photon number due to these probe light fields will be 1/10 of the intracavity photon
number due to the cooling light fields. The expected scattering rates will be:

I's; = 150 Hz, (7.14)
FAS,I = 13 Hz. (715)

The measured dark count rates of our single photon detectors are approximately 0.01
Hz making the expected rates possible to measure.

7.2 Membrane thermometry via Anti-Stokes sideband

The main uncertainty of the sideband asymmetry experiment and the quantum STI-
RAP experiment is how much the membrane is heated due to the strong driving
light fields. It is important for two reasons: first, the time of one phonon to enter the
mechanical mode from the environment is proportional to the temperature of the
environment. Second, it was demonstrated [86] that the quality factor of a SiN mem-
brane increases factor of ~ 4 upon cooling the membrane from 1 K to the dilution
fridge temperature.

Here we will show that by measuring the anti-Stokes scattering rate it is possible
to determine the dependence of the membrane temperature T, on the intracavity
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photon number. Let’s consider an experiment where only the cooling light fields
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Figure 7.3: Anti-Stokes scattering rate used for thermometry. The left plot shows the scatter-
ing rate and the membrane temperature in the absence of membrane heating due to the pump
light (solid lines) and in the presence of the heating (dashed lines). The membrane tempera-
ture is assumed to be proportional to the intracavity photon number. The right plot shows the
scattering rate and the membrane temperature for low intracavity photon numbers. 2.9 x 10°
intracavity photons result in g/2r = 1.7 kHz and ny = 0.1. For large intracavity photon
numbers the scattering rate is proportional to the membrane temperature and can be used for
direct thermometry.

with detuning A = —w,, are present. In the sideband-resolved regime the anti-
Stokes scattering rate will be

kBTenV
hQU+ 1)

4Qggncav

Tas = (7.16)

The dependence of I' a5 on the intracavity photon number is shown in Fig. 7.3 by
the blue solid line. For n¢,, 2 1000 Eq. 7.16 becomes independent of ny:

~

kBTenv
hQ

In this case the anti-Stokes scattering rate is directly proportional to the physical
temperature of the membrane Te,,. Here we assume that ) = const. If the qual-
ity factor changes with temperature, than it can be measured independently via a
mechanical ringdown. In the presence of membrane heating due to the intracavity
light the anti-Stokes scattering rate will increase with the increase in the pump light
intensity as shown by dashed lines in Fig. 7.3. Here we assumed direct proportion-
ality between the temperature increase and the intracavity photon number with the
membrane temperature being equal to 1 K for intracavity photon number necessary
toreachny = 0.1.

By choosing a membrane mode with not too high quality factor such an experi-
ment is feasible even with a heterodyne detection scheme.

FAS ~ (717)
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7.3 Conclusions

We analyzed the possibility to find the average phonon ocupation 7 of a mechanical
mode by measuring the sideband asymmetry for our system using a balanced pho-
todetector. It was supposed that the membrane is thermalized to a bath with 7" = 1
K and a strong enough pump light fields are used for the sideband cooling to reach
n = 0.1. It was found that if a single probe resonant with the cavity is used with
light intensity high enough to do the sideband asymmetry measurement then the
intracavity photon number due to the probe will be 3 x 10" times higher than the
intracavity photon number due to the cooling light fields which already might cause
heating of the membrane. Such a probe will definitely disturb the system by heating
the membrane and the measured 7 will be higher than 7 without the probe.

If two probes are used simultaneously at wcay = wy, then the intracavity photon
number due to the probe will be 23 times higher than the intracavity photon number
due to the cooling light fields which is much better but still may heat the membrane.

A way out can be to use a single photon detector instead of the balanced photode-
tector to increase the sideband measurement sensitivity. The pump photons must be
filtered out by the filtering cavities as discussed in Chapter 6. The expected rate of
detection of the Stokes and anti-Stokes photons are much higher than the dark count
rate of our detectors making a non-disturbing measurement of 7 possible.

We also proposed a method to measure how much the membrane is heated due
to the intracavity light fields. A cooling light field is sent to the cryogenic cavity and
its light intensity is varied. If the measured anti-Stokes scattering rate is independent
of the cooling light intensity for a certain intensity range then the membrane is not
heated. Otherwise, it’s possible to make an absolute measurement of the membrane
temperature as a function of the intracavity photon number. This would require the
ability to trace the cavity resonant with a probe intensity < 1 nW. We demonstrated
locking with light intensity of 2 nW with some room to further decrease the required
probe intensity. Alternatively, the modulation of the cryogenic cavity resonance fre-
quency by the cryostat pulse tube should be removed and the cooling laser should
be locked to a reference cavity.

These considerations show that the introduction of the filtering cavities together
with SNSPD detection create an opportunity for new exciting experiments.



