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Cryogenics is a pivotal aspect in the development of quantum technologies. Closed-cycle devices have recently emerged
as an environmentally friendly and low-maintenance alternative to liquid helium cryostats. Yet the larger level of
vibrations in dry cryocoolers forbids their use in most sensitive applications. In a recent work, we have proposed an
inertial, broadband, contactless sensor based on the piezospectroscopic effect, ie the natural sensitivity of optical lines
to strain exhibited by impurities in solids. This sensor builds on the exceptional spectroscopic properties of rare earth
ions and operates below 4 K, where spectral hole burning considerably enhances the sensitivity. In this paper, we
investigate the fundamental and technical limitations of this vibration sensor by comparing a rigid sample attachment
to cold stage of a pulse-tube cryocooler and a custom-designed exchange gas chamber for acoustic isolation.

I. INTRODUCTION

The recent global effervescence around quantum technolo-
gies has led to an increasing need for reliable and efficient
cryogenic systems. Continuously-operated closed-cycle cry-
ocoolers are progressively replacing liquid helium cryostats
that suffer from heavy logistics and high costs1. However
the low running cost and ease of use of dry systems comes
at the price of a high level of acoustic vibrations generated
by the cycling gas flow. These vibrations are problematic for
many cryogenic experiments, including cavity QED2, trapped
ions spectroscopy3, quantum memories4 and frequency refer-
ences based on rare-earth ions in crystals5,6, scanning probe
microscopy7, but also in the field of astronomy with bolome-
ters8 or gravitational waves detectors9.

Relevant diagnosis of the vibrations in a cryostat is a neces-
sity to ensure correct operation of the experiment. The speci-
fications provided by commercial suppliers often prove insuf-
ficient to assess the actual impact of vibrations on a given ex-
periment, either because the actual setup mechanical assembly
differs from the nominal configuration, or because the infor-
mation is incomplete (often limited to low acoustic frequen-
cies of the order or below 1 kHz and/or peak-to-peak values).

In a recent publication10 we have proposed an original op-
tical inertial vibration sensor design with a high-frequency
range (up to 1 MHz). This sensor relies on the piezospec-
troscopic effect in rare-earth doped solids. In this work we
investigate the sensitivity of this method. To that end, we
explore various vibrational environments with the help of a
customized pulse-tube cryocooler.

II. MEASURING VIBRATIONS WITH A RARE-EARTH
DOPED CRYSTAL

Due to the screening of the outer electronic shells, the 4 f
energy levels of a rare-earth ion embedded in a crystal ex-
hibit narrow transitions whose position is mainly determined
by the crystal field created by the surrounding ligands. Mod-
ifying the interatomic distance, e.g. in a static way by ap-
plying high pressure, is a convenient way to explore the crys-
tal structure and the site symmetry11,12. This sensitivity to

strain, also known as the piezospectroscopic effect13, trans-
lates into a sensitivity to vibrations that is generally consid-
ered as an obstacle to high resolution measurements in rare-
earth-based systems, especially in closed-cycle cryocoolers9.
For this reason, custom solutions have been developed to re-
duce the transmission of vibrations in such devices while still
ensuring a good thermal contact5,6,14.

We recently proposed to take advantage of the sensitivity
of rare-earth-doped crystals to vibrations to provide a local
measurement of the mechanical stability of a sample holder in
a cryocooler10. The proposed method consists in attaching a
rare-earth ion-doped crystal to the holder under test and mea-
suring in real time the transmission of a laser beam tuned to
the center of a narrow spectral hole whose linewidth can be
adjusted from a few tens of kHz to a few MHz.

The piezospectroscopic effect in a solid is generally de-
scribed with a tensor to account for its anisotropic nature.
However, in most rare-earth ion-doped crystals, the optically
active ions occupy several orientationally inequivalent crys-
tallographic sites15. In addition, the vibration-induced strain
is in practice non-uniform within the crystal16. Therefore, in-
stead of causing a time-dependent shift of the spectral hole
frequency, the vibrations result in a time-dependent broaden-
ing effect on the spectral hole, characterized by a scalar sen-
sitivity κ (expressed in Hz/Pa). Using a simple toy model de-
scribing the propagation of acoustic waves within a mm-sized
crystal and assuming a conservation of the spectral hole area,
the absorption at the center of the hole α(t) is linked to the
instantaneous atomic velocity of the rare-earth ions10:

κ
E
V
|ẋ(t)|= α(t)

α0−α(t)
ΓHB (1)

where E is the Young modulus of YAG and V is the sound
velocity in YAG. α(t) is the time-dependent crystal absorp-
tion at the center of the spectral hole and α0 is the spectral
hole depth. ΓHB, the width of the spectral hole, is periodically
measured by chirping the laser around the central frequency.
Due to the transient nature of the spectral hole, this equation is
only valid for acoustic frequencies above 1/T1, where T1 is the
spectral hole lifetime (10 ms in our case). We point out that
while our model only considers monodirectional vibrations,
the multiple crystallographic site orientations and the Poisson
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effect (characterized by the Poisson’s ratio of the crystal) pro-
vide sensitivity to vibrations in all directions.

III. VIBRATION MEASUREMENT SENSITIVITY

A. Optical setup

The laser is a sub-kHz linewidth extended cavity diode laser
(ECDL)17, tuned to the center of the Tm:YAG 3H6 →3 H4
line (793.37 nm). It is installed on a separate optical table to
avoid coupling to the cryocooler vibrations. The cryostat is
equipped with optical windows so we focus the laser beam
in the crystal (100µm waist). We collect the transmitted part
that is measured with an avalanche photodetector (Thorlabs
APD110A). For more detail on the experimental setup, the
reader is referred to10.

B. Cryocooler design

We use a modified pulse-tube cryocooler TransMIT PTD-
009 with an Oerlikon COOLPAK 2000A compressor. The
modifications brought to the cryostat consist in an inner gas
chamber (IGC) made of OFHC copper, attached to the cold
finger. This chamber is equipped with two windows. It may
optionally be filled with gas via a thin tube connected to a
room temperature helium gas tank. The stainless steel injec-
tion tube is thermalized at the first stage of the cryocooler
using a copper clamp and braids. Optimized design of the
tube thickness (0.1mm for a 3.2mm diameter) and length
(1.5m) ensures a negligible thermal load on both first and
second stages. The crystal is resting on an OFHC sample
holder placed inside the IGC (see also Figure 5 for schematic
3D-visualisation). The thermal and mechanical contact is
achieved using a thin layer of Apiezon-N grease that hardens
at cryogenic temperatures18. This hardening ensures an effi-
cient transmission of the vibrations through the grease layer,
but may lead to some degree of static stress at the contact sur-
face, which results in a marginal additional contribution to the
static inhomogeneous broadening of the optical line. This has
no effect on the spectral hole width. Even when the crystal it-
self can be thermally cooled by the exchange gas that may fill
the IGC, its small surface (a few tens of mm2) strongly limits
direct cooling of the sample. The suspended sample holder
with a much larger surface (a few tens of cm2) is contrariwise
efficiently cooled by the exchange gas.

Three experimental configurations are investigated in order
to explore different vibrational environments for our sensor.
In configuration (a), the sample holder is resting at the bottom
of the IGC, with a thin layer of thermal grease to ensure good
thermal contact and rigid mechanical coupling. The IGC and
the tube are under vacuum. In this configuration the pulse tube
vibrations are expected to couple efficiently to the crystal. In
configurations (b) and (c), the sample holder is suspended by
nylon threads to three stainless steel posts attached to the bot-
tom of the IGC (see Figure 1). Such a suspension system is
expected to significantly damp the vibrations transmitted to

FIG. 1. Schematic cryostat cold part in configurations (b) and (c):
the holder is suspended to the posts and the IGC is filled with helium
gas. In configuration (a) the sample holder rests at the bottom of
the IGC. (OVC: outer vacuum chamber. IGC: inner gas chamber.).
The IGC and OVC are equipped with optical windows (not shown).
A copper radiation shield (wrapped with multi-layer insulation), not
represented for simplicity, is attached to the first stage.

# mechanical contact compressor
(a) rigid on
(b) suspension in gas on
(c) suspension in gas off

TABLE I. Experimental configurations allowing the exploration of
three vibrational environments in the cryocooler.

the sample, similarly to the vibration isolation techniques de-
veloped for gravitational detectors19. Helium gas is admitted
through the tube to reach a pressure around 100 mbar, ensur-
ing thermalization of the sample holder on which the crystal
is contacted. In configuration (b), the compressor is on, gen-
erating mechanical vibrations that are attenuated through the
suspension threads and the gas. In configuration (c), the com-
pressor is switched off for just a few seconds so that the sam-
ple temperature does not rise by more than 0.5 K. The three
configurations are summarized in Table I.

We additionally monitor the acoustic environment up to
20 kHz with the help of a commercial soundmeter (Ra-
dioShack 33-099) attached to the outer cold head case of the
cryostat. This device records the acoustic environment in the
laboratory.

C. Spectral hole shapes

We first examine the spectral hole profile evolution in the
three cryostat configurations, displayed in Figure 2, together
with the audio signal recorded with the soundmeter. For con-
figuration (a) we observe periodic variations of the spectral
hole width, between 150 and 450 kHz, in synchrony with the
rotary valve cycle. For configurations (b) and (c) however,
both datasets reveal very stable and narrow spectral holes,
with no visible effect of the rotary valve cycle on the hole
shape and width. The average hole width is 30 kHz. This
figure is remarkably low compared to the usual hole widths
previously measured in Tm:YAG around 2-3 K with sub-kHz
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FIG. 2. Left: Spectral hole absorption throughout a repetition of 3
cycles (0.5s duration) of the rotary valve in configuration (a), (b) and
(c) (see Table I). The graphs are vertically offset for a clear view of
the spectral hole shape evolution. Right: Spectral hole width (red tri-
angles) and audio signal simultaneously recorded (black line). Each
moment in the valve cycle is identified with a color gradient (from
dark at the beginning to bright at the end).

linewidth lasers and liquid helium cryostats (between 200 kHz
and 400 kHz20,21) and in Tm-doped crystals in general22–24.
This result confirms the efficiency of the thermalization via
the helium gas, together with the efficient vibration decou-
pling. This also suggests that wet cryostats actually provide a
not so quiet acoustic environment, susceptible to contribute to
the spectral hole width.

D. Vibration measurements

Now we apply our vibration measurement method to the
three vibrational configurations (a) (b) and (c). Based on the
pump beam transmitted power over a duration T , we record
the crystal absorption coefficient α(t) and we use Eq. 1 to de-
rive the atomic velocity and infer the corresponding vibration-
driven displacement. The single-sided displacement spectral
density is expressed in m/

√
Hz and is defined as:

Ax( f ) =

√
2
T
|x̃( f )| (2)

where ∼ denotes the Fourier transform. Equation 2 can also
be written as a function of the atomic velocity, the relevant
observable in our case (see Eq. 1):

Ax( f ) =

√
2
T

1
2π f
| ˜̇x( f )| (3)

We carry out a quasi-continuous acquisition of the crystal
transmission over a 1.5 s time interval (corresponding to 3
rotary valve cycles). The data is acquired with a sampling
rate of 2 million samples per second. The acquisition is inter-
rupted 1 ms every 30 ms to measure the spectral hole width
ΓHB. On each 30 ms interval, we convert the crystal absorp-
tion α(t) into the atomic velocity ẋ(t) following Equation 1,
using the corresponding value of ΓHB. Despite the periodic in-
terruption, the high acquisition duty cycle (97%) allows us to
concatenate the data and derive the displacement spectral den-
sity between 100 Hz and 1 MHz. The lower frequency limit is
given by the inverse of the spectral hole lifetime (T1 ' 10 ms
in Tm:YAG), while the higher frequency is fixed by the Shan-
non limit. We do this for the three vibrational configurations
and present the results in Figure 3. We also plot the corre-
sponding acoustic signal spectral density as measured by the
soundmeter in Figure 4.

In configuration (a) the vibration spectrum exhibits an over-
all behaviour close to 1/ f . A large number of peaks is ob-
served between 150 Hz and 200 kHz that we attribute to the
vibrations of the rotary valve transmitted to the crystal via the
rigid assembly.

In configuration (b), the vibration spectrum drops signifi-
cantly over a broad frequency range from 100 Hz to 200 kHz,
although the audio spectrum is unchanged, indicating an effi-
cient vibration decoupling provided by the suspension. Only
in the 100−400 Hz range does one observe an increase in the
displacement spectral density in configurations (b) and (c), in
the form of a series of peaks. We interpret these peaks as the
result of a filtering of the acoustic noise by the 2 cm-long sus-
pension wires whose eigenfrequency is of the order of 100 Hz.

The vibration spectrum in configuration (c) is identical to
that of configuration (b), although the acoustic environment
in the lab is much quieter especially in the 2− 20 kHz (see
Figure 4). This acoustic environment still contains significant
contributions from other lab devices nearby that may propa-
gate to the crystal via the helium gas or the suspension wires.
Specifically we observe a few remaining peaks at 17 kHz,
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FIG. 3. Single-sided displacement spectral density obtained with our vibration sensor for the three configurations (a) (b) and (c) (see Table I).
Each spectrum represents the vibrations measured over three rotary valve cycles (' 1.5 s). Dashed purple line: sensitivity limit due to the laser
relative intensity noise (RIN). Solid purple line: sensitivity limit due to the shot noise limit of the RIN. Cyan dashed line: sensitivity limit due
to the laser frequency noise. Pink horizontal line: shot-noise limit that would apply for an interferometric measurement with a similar optical
power.

FIG. 4. Audio spectral density as measured by the soundmeter in
contact with the rotary valve. In configurations (a) and (b), the sound
sample reveals a dominating contribution of the cryocooler to the lab
acoustic environment. In configuration (c) when the cryocooler is
switched off, the remaining lab equipment can distinctly be heard,
notably the turbomolecular vacuum pump (Pfeiffer HiCube80).

20 kHz, 42 kHz and 122 kHz and their harmonics in the vi-
bration spectra (b) and (c). These frequencies are compati-

FIG. 5. Lowest order vibration modes for the sample holder.
A COMSOL Multiphysics simulation gives an eigenfrequency of
70 kHz and 7 kHz for the (0,1) drum mode for the center and outer
platform, respectively from left to right.

ble with the eigenfrequencies of low-order drum modes of the
sample holder circular center platform (see Figure 5). Be-
sides, these peaks are also present in the vibration spectrum
obtained in configuration (a). This is why we interpret them
as due to the residual vibrations (non cryocooler-related), fil-
tered by the sample holder mechanical resonances.

The invariance of the atomic displacement spectral density
with respect to the operation of the compressor shows that
we have reached the background sensitivity for our vibration
sensing method. We will now investigate the various mecha-
nisms that contribute to this background.
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E. Limits to the sensitivity

In order to make apparent the various sources of noise, we
linearize Equation 1, assuming that the spectral hole shape is
only marginally affected by the vibrations (α(t)� α0):

|ẋ(t)|= V

κE
ΓHB

α(t)
α0

(4)

The absorption coefficient is derived from the crystal trans-
mission by using the Bouguer-Beer-Lambert absorption law
linking the transmitted photon rate I(t) to the incoming pho-
ton rate I0: I(t) = I0e−α(t)L. Based on the fact that α0L is of
the order of unity, we obtain:

|ẋ(t)|= V

κE
ΓHB

α0L

(
1− I(t)

I0

)
(5)

The displacement spectral density can therefore be written as:

Ax( f ) =
1

2π f
V

κE
ΓHB

α0L
AI( f )

I0︸ ︷︷ ︸
√

RIN

(6)

In this expression the parameters ΓHB and α0L are measured
experimentally. The ratio AI( f )

I0
corresponds to the square root

of the transmitted laser relative intensity noise (RIN).
We estimate the incoming relative intensity noise of our

ECDL laser itself by an independent measurement with a
similar power: AI( f )

I0

∣∣∣
RIN

= 2.5× 10−6/
√

Hz. Using Equa-
tion 6 we derive an estimation of the RIN-limited sensitivity
floor for our displacement measurement, taking α0L = 1 and
ΓHB = 300 kHz, a typical spectral hole width measured in con-
figuration (a) during the noisy phase of the rotary valve cycle
[see Figure 2(a)]:

ARIN
x ( f ) =

4.4
f
×10−11 m/

√
Hz (7)

The laser RIN is a technical issue, ultimately limited by
the laser intensity shot noise AI( f )

I0

∣∣∣
shot

=
√

2
I0

where I0 is the
photon rate. Considering the typical laser power collected on
the detector in the present work (0.7 µW), this contribution
amounts to 8.3×10−7/

√
Hz. Again, using Equation 6 we ob-

tain a fundamental limit for the piezospectroscopic vibration
measurement:

Ashot
x ( f ) =

1.4
f
×10−11 m/

√
Hz (8)

One should bear in mind that this shot noise limit is affected
by a ΓHB/α0L scaling factor (see Eq. 6). While the spectral
hole width ΓHB is ultimately limited by twice the homoge-
neous linewidth (ΓHB ≥ 2Γh = 6 kHz in Tm:YAG25), reaching
such a low limit would require both a very low vibration level
and a reduced laser irradiance on the crystal to avoid optical
saturation, in turn leading to a reduced hole depth α0.

Another noise source that can contribute to the vibration
background is the laser frequency noise. Considering that the

pump beam mean frequency is by definition centered on the
spectral hole, we approximate the lorentzian hole shape at the
lowest order:

α(δ (t)) = 4α0
δ (t)2

Γ2
HB

(9)

where δ (t) is the time-dependent detuning between the laser
frequency and the center of the spectral hole. Going back to
Equation 4, it appears that the laser frequency noise only con-
tributes to second order to the atomic velocity:

|ẋ(t)|= 4
V

κE
1

ΓHB
δ (t)2 (10)

If δ (t) is a centered white noise, one can show that Aδ 2( f ) =
2Aδ ( f )2/

√
∆t, where ∆t is the sampling period (see ap-

pendix). Therefore the displacement spectral density origi-
nating from the laser frequency noise reads as:

AFreqN
x ( f ) =

4
π f

V

κE
1

ΓHB
√

∆t
Aδ ( f )2 (11)

Interestingly, the contribution of the laser frequency noise
to the vibration measurement sensitivity is inversely propor-
tional to the spectral hole width. Taking ΓHB = 300 kHz,
∆t = 0.5 µs and Aδ ( f ) = 10 Hz/

√
Hz (according to previous

measurements made on our laser source17), we obtain the fol-
lowing estimation for the laser frequency-noise contribution
to the displacement spectral density:

AFreqN
x ( f ) =

24
f
×10−11 m/

√
Hz (12)

We plot the noise contribution estimations given in equa-
tions 7, 8 and 12 in Figure 3 together with the experimental
data. Among these three possible contributions to the noise
floor of our vibration sensor, the laser frequency noise ap-
pears to be the most significant one and is compatible with
the experimental observation. It should be noted that in order
to perform our estimation, we assume a white noise for the
laser frequency that may differ from the real noise spectrum
especially at high frequencies.

Finally, we observe that the contributions of frequency
noise and intensity noise depend on the spectral hole width
ΓHB in opposite ways: a narrower spectral hole would raise
the frequency noise contribution and lower the intensity noise
contribution. It is interesting to note that even with spectral
holes of several tens of kHz, a sub-kHz linewidth laser still
exhibits excessive frequency noise limiting the sensitivity of
our device. This study highlights the importance of working
with a laser source exhibiting minimal frequency noise, espe-
cially when dealing with narrow spectral holes.

Overall, we have identified the sensitivity limits of our vi-
bration sensor. Even in the quietest configuration, the remain-
ing acoustic perturbations transmitted to the crystal lead to
a series of peaks that limit the sensitivity below 1 kHz. At
higher frequencies, the sensor sensitivity reaches a 1/ f floor
limited by the laser frequency noise.
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IV. DISCUSSION

Our piezospectroscopic vibration sensor fundamentally dif-
fers from conventional optical methods (ie, interferometric)
because its sensitivity is based on strain (and not on position).
This is why the sensitivity increases with the frequency. In this
work we have reached 1 MHz but this is a mere technical lim-
itation given by the 2 MHz sampling rate. More specifically,
we demonstrate a 10−16 m/

√
Hz background displacement

sensitivity at 1 MHz with a 0.7 µW optical power, whereas
its counterpart in an interferometric measurement would only
reach λ

2
√

I0
= 2.4×10−13 m/

√
Hz with the same power. This

interferometric measurement sensitivity is displayed in Fig-
ure 3. Reaching the sensitivity of our piezospectroscopic
method at 1 MHz with an interferometric setup would require
working with an interferometer with a high finesse (> 1000).

Besides sensitivity, we point out that our method allows
for inertial sensing, unlike conventional optical methods that
give access to the displacement with respect to a reference
point, which could itself be unstable. This property is also
a direct consequence of the strain-coupling mechanism of
our sensor. This is a decisive asset of our method for the
most vibration-sensitive setups, including those using micro
or nano-mechanical resonators, where inertial stability is re-
quired.

V. CONCLUSION

In a previous publication10 we have proposed an original
inertial method to probe acoustic vibrations in a cryogenic en-
vironment on a wide frequency range, based on spectral hole-
burning in a rare-earth ion-doped crystal. In the present work
we have investigated the technical and fundamental limits of
this method. This was made possible by exploring various
vibrational configurations in a pulse-tube cryocooler. In the
quietest environment combining mechanical decoupling from
the cold finger and momentary pause of cryocooler operation,
we have observed the narrowest spectral holes ever reported in
a Tm:YAG crystal. Above 1 kHz we have reached a 1/ f back-
ground floor that we ascribe to laser frequency noise. Below
1 kHz, the excess of noise is attributed to the remainder of the
strongly attenuated mechanical vibrations transmitted to the
crystal by the suspension and the helium gas, characterizing
the limit of our vibration-decoupling setup.
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Appendix A: White noise properties

In this appendix we establish a relationship between the
two-sided power spectral density (PSD) of a white noise x and
the PSD of its square x2.

Let x be a centered white noise with variance σ2
x , sampled

with a period ∆t. Its PSD is constant over the whole measure-
ment bandwidth:

if | f |< 1
2∆t

, Sx( f ) = S0
x = σ

2
x ∆t (A1)

The quantity x2 is not strictly a white noise since it has a
non-zero mean value, so one cannot directly write an equiv-
alent property for x2. However, the random process u =
x2−E(x2) is a centered white noise and we can write equa-
tion A1 for u:

S0
u = σ

2
u ∆t (A2)

Noting that u and x2 have the same PSD for all frequencies in
the bandwidth except for f = 0, we obtain:

if 0 < | f |< 1
2∆t

, Sx2( f ) = S0
u = σ

2
u ∆t (A3)

Keeping in mind that σ2
u = 2σ4

x , and using A1 we finally get:

if 0 < | f |< 1
2∆t

, Sx2( f ) =
2
∆t

Sx( f )2 (A4)

We therefore obtain the following relationship for single-
sided amplitude spectral densities defined as Ax( f ) =√

2Sx( f ):

Aδ 2( f ) = 2Aδ ( f )2/
√

∆t (A5)

1D. Kramer, “Helium shortage has ended, at least for now,” Physics Today 5
(2020).

2S. Vadia, J. Scherzer, H. Thierschmann, C. Schäfermeier, C. Dal Savio,
T. Taniguchi, K. Watanabe, D. Hunger, K. Karraï, and A. Högele, “Open-
cavity in closed-cycle cryostat as a quantum optics platform,” PRX Quan-
tum 2, 040318 (2021).

3P. Micke, J. Stark, S. King, T. Leopold, T. Pfeifer, L. Schmoeger,
M. Schwarz, L. Spieß, P. Schmidt, and J. Crespo López-Urrutia, “Closed-
cycle, low-vibration 4 K cryostat for ion traps and other applications,” Re-
view of Scientific Instruments 90, 065104 (2019).
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