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The construction and the vibrational performance of a low vibration laboratory for microscopy applica-
tions comprising a 100 ton floating foundation supported by passive pneumatic isolators (air springs),
which rest themselves on a 200 ton solid base plate, are discussed. The optimization of the air spring
system leads to a vibration level on the floating floor below that induced by an acceleration of 10 ng
for most frequencies. Additional acoustic and electromagnetic isolation is accomplished by a room-
in-room concept. © 2017 Author(s). All article content, except where otherwise noted, is licensed
under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4975832]

INTRODUCTION

Modern microscopes with a spatial resolution reaching
deep into the nanoscale or even into the picometer scale
are known to be sensitive to external vibrations. This prob-
lem occurs for different kinds of microscopes in different
ways. Scanning electron microscopes and transmission elec-
tron microscopes are specifically sensitive to horizontal vibra-
tions, while scanning probe microscopy techniques are much
more sensitive to vertical vibrations since picometer resolution
is mainly desired in the vertical direction.

A standard approach in scanning probe microscopy is to
combine a stiff construction of the microscope itself with a
vibration isolation using springs and an eddy current damping.
This approach benefits from the fact that not the vibration of
the sample itself, but the difference between the sample and
the tip motions has to be minimized.1

While scanning probe microscopes are small and can be
suspended by springs, this is impossible for most electron
microscopes, which have a huge mechanical loop from the
sample to the microscope. Under some conditions also for
scanning tunneling microscopes, a spring suspension cannot
be used. For example, at low temperatures a spring suspen-
sion prevents good thermal coupling to the microscope or,
in the case that large magnetic fields are present, an eddy
current damping cannot be used. In these cases either the
whole microscope chamber or even the whole laboratory in
which the electron microscope or the low temperature scan-
ning probe microscope is operated should be isolated from
external vibrations, such as ground vibrations and acoustic
vibrations.

In scanning probe microscopy, multi-stage vibration iso-
lation stages have been analyzed theoretically2,3 and have

a)Author to whom correspondence should be addressed. Electronic mail:
b.voigtlaender@fz-juelich.de

been implemented and tested in practice.4,5 Several multi-
stage vibration isolation approaches have been followed and
compared in the recent years. For instance, either a concrete
block (∼56 tons) was placed on the base slab of the build-
ing4 or alternatively a concrete block (∼37 tons) rests on a
separate foundation (∼47 tons) not connected to the base slab
of the building.5 In these approaches a second stage of vibra-
tion isolation was implemented by suspending a concrete table
(∼8 tons) on air springs. The actual microscope chamber was
suspended in a third stage of vibration isolation using passive
isolation dampers.4 Another example of a three-stage vibra-
tion isolation system with a mass of ∼56 tons in the first stage
has led to an excellent performance.6

In spite of the success of these multi-stage approaches for
vibration isolation, we, as well as others,7 decided for a single-
stage approach, because (a) multi-stage approaches involve
more effort, (b) the subsequent stages beyond the first do not
lead to a substantial improvement of the vibration isolation,6

and (c) the one-stage approach results in a general purpose
low vibration laboratory which can be used for any kind of
equipment, while the multi-stage approaches are specifically
tailored to a particular instrument, because stages 2 and 3 have
to be engineered into the instrument.

In the following, we describe the design of this low vibra-
tion laboratory and also mention the pitfalls and problems
we encountered, so that these can be prevented in future
realizations of similar low vibration laboratories. Our single-
stage design provides vibration isolation of SPM instruments
comparable to that of the best three-stage systems.

VIBRATION ISOLATION BASICS

The fundamental concept in vibration isolation is to use
the isolation properties of a damped harmonic oscillator, which
is characterized by its resonance frequency ω0 and damp-
ing. The damping is characterized by the quality factor of the
oscillator Q. The damped oscillator is considered to be driven
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by external noise oscillations of frequency ω. The transfer
function of a driven damped harmonic oscillator is the ratio of
the oscillation amplitude to the excitation amplitude (absolute
values), and can be written as1

κ(ω)=

√√√√√√√√ 1 + 1
Q2

(
ω
ω0

)2

(
1 −

(
ω
ω0

)2
)2
+ 1

Q2

(
ω
ω0

)2
. (1)

In Fig. 1 the transfer function for a driven damped harmonic
oscillator with a resonance frequency f0 =ω0/(2π)= 0.8 Hz
is shown for three different quality factors Q = 2, 5, and 100.
The vibration isolation properties of a harmonic oscillator can
be described as follows. Below the resonance frequency ω0

vibrations are transmitted with a transfer function close to
one. In the vicinity of the resonance frequency the transfer
function has a value close to Q, which means that (noise)
vibrations are amplified Q times. An actual vibration isolation
occurs only above the resonance frequency. For high qual-
ity factors the transfer function decreases as κ ∝ 1/ω2. This
results in a decrease of the transfer function by a factor of
100 (40 dB) per decade frequency increase. This excellent
damping leads on the other hand to an enormous resonance
amplitude (the black curve in Fig. 1 corresponds to Q = 100).
In contrast, for small quality factors (the green curve in Fig. 1
corresponds to Q = 2) the damping behavior above the res-
onance is less effective, approaching κ ∝ 1/ω for large fre-
quencies and for small Q-factors, corresponding to a decrease
of the transfer function by only a factor of 10 (20 dB) per
decade frequency increase. In practice, a compromise has to
be found between good damping properties beyond the reso-
nance frequency of the oscillator and a small overshoot at the
resonance.

The experimentally measured transfer function for verti-
cal oscillations of the final configuration of our single-stage
vibration isolation system, which we describe in detail later,
is shown in red in Fig. 1. The transfer function was measured
using the naturally present ground vibrations as excitation,

FIG. 1. Transfer function of a driven damped harmonic oscillator with a
resonance frequency of 0.8 Hz, displayed for three different Q-factors. Addi-
tionally, the data (red) show the measured transfer function for vertical oscil-
lations of an oscillator comprising a ∼100 ton inertial mass (floating floor
of the low vibration laboratory) and pneumatic isolators, which act as (air)
springs.

i.e., without intentionally exciting (shaking) the suspended
laboratory mass. The measured transfer function follows the
behavior of a harmonic oscillator with a resonance frequency
of f0 = 0.8 Hz and a quality factor Q = 5 up to a frequency
of 3-4 Hz. For larger frequencies, acoustic effects (which will
be discussed below) come into play, leading to a damping
behavior worse than that expected for the harmonic oscillator
model.

LOW VIBRATION LABORATORY

Design of the low vibration laboratory

The laboratory with two low vibration measurement cab-
ins was built in an existing hall, as shown in Fig. 2. The cabins
are resting on a concrete foundation of a mass of ∼200 tons
with dimensions of 14×6×0.65 m3. The floating foundations
for each chamber have a mass of ∼100 tons each and are sup-
ported by four passive pneumatic isolators (CFM-Schiller type
GRB 2480 ZV).8 The resonance frequency of this configura-
tion would be 1.2 Hz. Supplementary air volumes of 300 l were
connected to each air spring in order to lower the resonance
frequency to 0.6 Hz. The mass of the floating foundation was
increased by adding lead bricks into the concrete foundation.
The vibration isolation properties of this single-stage vibration
isolation will be presented in detail below.

Apart from the isolation against ground vibrations, also
acoustic noise can transmit to the sensitive equipment and
induce horizontal as well as vertical vibrations. Our approach
to shield the laboratory from acoustic excitations is the room-
in-room concept. An outer brick wall (Fig. 2) rests on the large
foundation, while an inner drywall rests on the suspended cabin
foundation. The hard outer brick wall shell protects the inside
of the low vibration laboratory against acoustic noise.

In our case, due to height limitations of the hall in which
the low vibration laboratory was constructed, the ceiling con-
sists of wooden planks covered by flagstones. For optimized
acoustic shielding, it would have been better to implement
a solid (concrete) ceiling in order to have a hard outer shell
protecting against acoustic noise.

FIG. 2. The low vibration laboratory was built in an existing hall (gray).
The measurement cabins rest on a foundation of a mass of 200 tons (1). The
single-stage vibration isolation insulating the cabin against ground vibrations
consists of the floating foundation (2) of a mass of ∼100 tons and four passive
pneumatic isolators (3), acting as springs. Acoustic isolation is provided by
a hard brick wall enclosure (4) resting on the large foundation, and an inner
drywall (5) resting on the suspended cabin foundation.
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The inside of the laboratory was completely covered by
an electromagnetic shielding (Series 81 from ETS Lindgren9).
In one of the two laboratories, the shielding was made from the
magnetic material, providing better shielding values, while in
the other laboratory the electromagnetic shielding is realized
using non-magnetic materials, allowing for conditions of very
high magnetic fields in this laboratory.

The electrical power to the laboratory is provided through
the entrance door for maintenance purposes, while under mea-
surement conditions the sound- and electromagnetic-proof
door is closed and the cabling to the measurement equip-
ment is guided through dedicated panels, in which the cables
can be vibrationally shielded and high frequency shielded, if
required.

Vibration measurement

Vibrations are measured with piezoelectric transducers
which measure the corresponding acceleration. In our case we
use 731A seismic accelerometers and a P31 power unit, both
from Wilcoxon Research. The accelerometers were calibrated
by the supplier company, and we refer to the factory calibra-
tion. The spectra are acquired with a 16 bit USB oscilloscope,
at a sampling rate of 40 k samples/s, with a low pass filter set to
100 Hz. About 2M samples are taken in 50 s, and subsequently
Fourier transformed. Ten spectra are averaged to deliver the
required sensitivity for the results presented in Figs. 3, 5, and 6.
Considering a sinusoidal vibration z= z0 cos(ωt), the velocity
and acceleration are written as

v = ż=−z0ω sin(ωt) :=−v0 sin(ωt), (2)

a= z̈=−z0ω
2 cos(ωt). (3)

These relations can be used in order to convert between oscilla-
tion amplitude, velocity, and acceleration. The corresponding
rms quantities, e.g., of the vibration velocity, relate to the
amplitude v0 as vrms =

√〈
v2〉= v0/

√
2. The oscilloscope soft-

ware is set to deliver the spectral density in dBVrms/
√

Hz. The
data presented here are at first converted to dB mgrms/

√
Hz

using the conversion factor given by the manufacturer, relat-
ing the signal to fractions of the gravitational acceleration, and
then to velocity by using Eqs. (2) and (3). In this way, the data
allow the comparison with other measurements, independent
of, e.g., sampling details.

The quantity measured by the accelerometers is the spec-
tral density of the acceleration. This is converted to the usu-
ally displayed spectral density of the velocity N 3( f ) by divi-
sion through ω, according to the above equations. The spec-
tral density of the velocity N 3( f ) in m/s/

√
Hz is related to

the power spectral density of the velocity N2
v ( f ) by Nv( f )

=

√
N2
v ( f ). Both are functions of the natural frequency

f =ω/(2π). An important property of the power spectral den-
sity of the velocity is that it relates to the mean square of the
velocity as

〈v2〉=

∞∫
0

N2
v ( f )df . (4)

If the power spectral density of the velocity is considered
within a certain frequency bandwidth B = f2 � f1 between f1

and f2, the mean square velocity can be written as

〈v2〉B =

f2∫
f1

N2
v ( f )df . (5)

If the power spectral density is constant between f 1 and f 2

(white noise), Eq. (5) reduces to

〈v2〉B = ( f2 − f1)N2
v , (6)

and we obtain

vRMS =

√〈
v2〉

B =Nv

√
B. (7)

The above equation means that the spectral density of the
velocity N 3 can be considered as the rms velocity

√〈
v2〉

referred to a measurement bandwidth of 1 Hz, assuming a
constant spectral density within this range. For example, a
spectral density of the velocity of 0.1 µm/s/

√
Hz at 20 Hz cor-

responds to a vibration velocity of 0.1 µm/s arising from a
frequency window from 19.5 Hz to 20.5 Hz. Therefore, the
spectral velocity density is often also expressed as velocity in
units m/s/

√
Hz with the implicit convention that these data are

referred to a bandwidth of 1 Hz.4–6

In Figs. 3, 5, and 6 we compare experimental data to green
reference lines corresponding to a spectral velocity density
calculated from a constant spectral density of the accelera-
tion Na, which we abbreviate as a fraction of the gravita-
tional acceleration g. For instance, the label 1 µg in Fig. 3
means that Na = 9.81 · 10−6/

√
2 m/s2/

√
Hz. The correspond-

ing spectral density of the velocity (rms) results as Nv(f )
= 1/(2πf ) · 9.81 ·10−6/

√
2 m/s2/

√
Hz, using Eqs. (2) and (3) in

order to convert from acceleration to velocity. In this paper, our
metric of choice is the spectral density of the velocity. A one-
third octave band analysis of the final results can be found in the
Appendix.

While we have considered the transfer function above in
order to characterize the efficiency of a vibration isolation sys-
tem, finally, however, the actual vibration level at the unit to
be isolated from vibrations is the relevant quantity. This vibra-
tion level depends also on the level of ground vibrations as the

FIG. 3. Spectral density of the rms vibration velocity (vertical component)
N 3(f ) on the floor of the building before any construction has been started
(magenta line), compared to the rms vibration level on the solid 200 ton solid
foundation (blue line). For comparison N 3(f ) curves (rms) corresponding to
different fractions of the gravitational acceleration g are shown.
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input quantity to the vibration isolation system (z1 in Fig. 1).
The vibrational amplitude on the isolated platform is given by
the ground vibration amplitude times the transfer function κ
of the vibration isolation as

visolated(f )= vground(f ) · κ(f ). (8)

Thus in frequency regions in which the vibration level is low
from the beginning (low 3ground( f )) no vibration isolation is
required.

Initial situation and solid foundation (200 tons)

The spectral density of the ground vibration velocity
present in the hall prior to the construction of the vibration iso-
lation system is shown as a magenta curve in Fig. 3. For low
frequencies it has a level of 0.7 µm/s/

√
Hz and drops below

0.1 µm/s/
√

Hz beyond 15 Hz. Thus, the vibration level in this
hall corresponds about to 1 µg, as shown by the uppermost
green curve. The blue curve in Fig. 3 is measured on the 200
tons concrete block introduced below the hall ((1) in Fig. 2).
Note that this measurement was performed on the final system,
i.e., with the 100 tons floating foundation already installed and
floating. The vibration level on the solid foundation is substan-
tially reduced compared to that of the floor of the hall. Below
20 Hz the improvement corresponds to a factor of 10, i.e.,
from 1 µg to 100 ng, while beyond 70 Hz the improvement
approaches a factor of 100, i.e., to 10 ng. The largest peak is
located around 25 Hz and is present before and (reduced in
amplitude) after the construction of the solid 200 tons foun-
dation. It arises from compressors used in a nearby room
for the generation of compressed air. Moreover, on the solid
foundation a small hump of unknown origin was measured at
10 Hz.

In summary, the solid 200 tons concrete foundation serves
as an efficient first step in the reduction of the ground vibra-
tions. It reduces the vibration level already by a factor of 10 in
the most crucial range below 20 Hz and up to a factor of 100
for larger frequencies.

Floating foundation: Optimization of the air
spring system

The passive pneumatic air spring system consists of four
air springs (CFM Schiller type GRB 2480 ZV indicated in
Fig. 2 as (3)8), as well as an additional volume V add connected
to each air spring via a hose of length L and cross section A,
as schematically shown in Fig. 4(b).

The initial spectral density of the velocity measured on top
of the floating 100 ton foundation is shown in Fig. 5 in blue.
The peak at 0.6 Hz corresponds to the fundamental vertical
resonance frequency of the oscillator formed by the 100 ton
inertial mass and the air springs. A second peak in the vibration
spectrum appears slightly above 1 Hz and arises most likely
from the specified resonance of the passive pneumatic isolators
without the additional volumes.10 A third, initially unexpected
very high and broad peak in the vibrational spectrum arises
around 3 Hz. The origin of this peak was identified to be a
Helmholtz resonance.11

The Helmholtz resonance is the phenomenon of an oscil-
lation of an air volume at an opening of a cavity. A generic

FIG. 4. (a) Generic Helmholtz resonator. (b) Schematics of the air spring
system with the two air volumes and the connecting hose forming a modified
two-spring Helmholtz resonator. (c) A hose with a length of a quarter of a
wavelength of the sound (at the Helmholtz resonance) is connected to the
air spring system. As this hose is closed at its end, destructive interference
between the air oscillations in the two-spring Helmholtz resonator and the
sound wave reflected at the end of the λ/4-hose suppresses the Helmholtz
resonance.

Helmholtz resonator (Fig. 4(a)) comprises a cavity with com-
pressible gas inside, acting as a spring, and the gas in the
neck of the cavity, acting as an oscillating mass. In daily
life, Helmholtz resonances are known from the low-key tones
beverage bottles can generate when properly blown. Our pneu-
matic air spring system represents a two-spring Helmholtz
resonator configuration, consisting of the original volume of
the pneumatic isolators (V1 = 0.08 m3) and an additional, even
larger, volume in a pressure vessel close to the pneumatic iso-
lators (V add = 0.3 m3). Both volumes are connected by a hose,
as shown in Fig. 4(b). Thus, the air spring system with the addi-
tional volume represents an oscillator system which is excited
by ground vibrations coupling to the volume of the air spring.

FIG. 5. Spectral density of the rms vibration velocity (vertical component)
for different stages of the optimization of the vibration isolation. The initial
state (blue) is characterized by a large peak at about 3 Hz due to the Helmholtz
resonance. After shortening of the hoses the Helmholtz resonance shifted to
about 5 Hz (gray). The Helmholtz resonance has been removed by destructive
interference of standing waves using an additional λ/4-hose (red).
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The frequency of the Helmholtz resonance11 for the configu-
ration with two volumes is given by the following equation,
in which the spring forces of two air volumes connected to a
hose junction are combined,

f0 =
c

2π

√
A

L + ∆L

(
1
V
+

1
Vadd

)
, (9)

with c = 343 m/s being the velocity of sound, A the cross sec-
tional area of the connecting hose between the two volumes,
L the length of the hose, and V and V add the volumes of
the air springs and the additional volume, respectively. ∆L
is a correction for the orifice, which we set to ∆L = 0.035 m,
being approximately twice the diameter of the hose.11 For a
hose diameter of d = 0.019 m and L = 1.25 m, a frequency
f = 3.2 Hz results, in accord with the experiment.

According to Eq. (9) the Helmholtz resonance shifts up in
frequency if the hose diameter d is increased or the hose length
L is shortened. In a first attempt to get rid of this undesired
resonance frequency, the length of the hose was reduced to
L = 0.5 m. The experimentally measured Helmholtz resonance
shifted correspondingly to about 5 Hz and simultaneously the
spectral density of the velocity decreased by a factor of ten
(gray trace in Fig. 5). This observed shift of the resonance is
in accord with the value of 5 Hz expected form Eq. 9, and
thus proves the origin of this peak as a Helmholtz resonance.
In the final configuration of the vibration isolation system (see
below) two hoses with d = 25 mm and lengths L = 0.75 m were
used, shifting the Helmholtz resonance according to Eq. (9) to
7.7 Hz, while the resulting resonance peak was measured at
7.4 Hz (not shown).

We have applied two methods to suppress the Helmholtz
resonance in our isolation system. The first method aimed at
selectively damping the Helmholtz resonance. A hose with a
length of one quarter of the wavelength at the frequency of
the Helmholtz resonance was connected via the side port of
a T-fitting, close to the additional volume (Fig. 4(c)). This
hose was closed at the end, giving rise to the formation of
a pressure antinode (corresponding to a displacement node)
at the closed end of the hose. Since the length of the hose is
a quarter of the wavelength of sound at the Helmholtz reso-
nance frequency, a pressure node arises at the other end of
the hose, i.e., at the T-fitting. Since the wavelength of the
sound wave (70 m) is much larger than the dimension of the
air spring system including the additional volume (<2 m),
the standing wave in the λ/4-hose gives rise to a pressure
node in the whole air spring system. In this way the exci-
tation of the Helmholtz resonance oscillations is suppressed
by destructive interference selectively at the resonance fre-
quency. After tuning the length of the λ/4-hose, we could
measure a clear suppression of vibrations at the position of
the former Helmholtz peak. However, the suppression was
very sharp, and two side bands remained. The width of the
suppression of the Helmholtz resonance was increased by
damping the gas oscillation with an energy-absorbing com-
ponent. To this end, we filled the end of the λ/4-hose with
copper mesh. The copper mesh acts as a thermal absorber and
thus equalizes the adiabatic temperature response of the air in
the λ/4-hose close to its closed end (the maximum of pressure).

This reduced the resonant response by some dB, rendering the
isolation system slightly damped. In a further step, some cop-
per mesh was introduced into the connection between 300 l
vessel and pneumatic isolator. These provided additional fric-
tion and finally led to the desired essential elimination of the
Helmholtz resonance (red trace in Fig. 5), however, at the
expense of slightly higher overall spring stiffness, indicated
by a shift of the fundamental resonance to a value slightly
larger than 1 Hz.

Alternatively, the Helmholtz resonance can be suppressed
by using two larger diameter hoses (d = 25 mm) between
the two volumes V and V add, benefiting from the increase of
the frequency of the Helmholtz resonance and the accompa-
nying lower spectral density of the velocity for larger hose
diameters according to Eq. (9). Because the frequency dif-
ference between the fundamental resonance of the isolator
(0.6 Hz) and the Helmholtz resonance (7.4 Hz) is sufficiently
large, the amplitude of the Helmholtz resonance became quite
small. In order to further dampen the Helmholtz resonance,
the hoses were filled by several layers of copper mesh at the
junctions to the pneumatic isolators and the 300 l tanks, in
order to provide turbulence damping. The damping was effec-
tively suppressing the Helmholtz resonance, which does not
appear noticeably in Fig. 6, which shows the results measured
on the final arrangement of the isolation system (two hoses,
d = 25 mm and length L = 0.75 m). Thus the larger effort of the
installation of the λ/4-hoses was avoided. This damping has
also the positive effect of reducing the quality factor of the fun-
damental vertical resonance frequency of the air spring system.
The quality factor of the lowest vertical resonance below 1 Hz
was in some configurations larger than ten, e.g., in the con-
figuration with shortened hoses shown in Fig. 5. The damping
induced by filling the hoses with several layers of copper mesh
reduced the quality factor to a value of about five, as seen from
Fig. 1.

Vibrational performance of the optimized system

In a final optimization step, the acoustic shielding was
optimized by closing the revision openings to the pits in which

FIG. 6. Spectral density of the velocity (rms) measured on the floating floor
in the final configuration. The vertical direction is shown in red, while one
horizontal direction is shown in gray. The vertical spectral density of the
velocity lies in most frequency ranges at or below the 10 ng line is shown in
green.
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the pneumatic isolators are located. By this a complete sound
protection of the floating foundation was achieved and the
sail-effect, by which pressure variations that are induced in
the volume between the two walls (4) and (5) in Fig. 2 (by
sound in the hall) may move the inner wall (5), was mini-
mized. The acoustic shielding reduced the measured spectral
density of the velocity in the frequency ranges between 5 Hz
and 20 Hz. However, as an undesired side effect it created
a closed volume of air which increased the stiffness of the
fundamental resonance, i.e., an increase of the lowest vertical
resonance frequency from initially 0.6 Hz–0.8 Hz in the final
configuration. The effect of an increase of the fundamental
resonance frequency due to the acoustic enclosure was con-
firmed by comparative measurements with opened and closed
revision openings.

After all, the inclusion of the additional volumes created
several follow-up problems which should be avoided by using
larger volumes of the pneumatic isolators from the start, if the
building conditions allow for the use of large-volume pneu-
matic isolators. If there is not enough space to allow the use of
large isolators, additional volumes can be used and good vibra-
tion isolation can be achieved by implementing the measures
described above, in particular in order to avoid the Helmholtz
resonance.

The spectral density of the velocity measured in the final
configuration on top of the floating floor is shown in com-
parison to the 10 ng line in Fig. 6. The vertical vibration
level (shown in red) is in most frequency ranges (apart from
the fundamental resonance) at or below the 10 ng line. The
enhanced spectral density of the velocity around 25 Hz is also
present in the excitation spectrum (solid foundation) and arises
form asynchronous motors from the building services. While
for scanning probe microscopy applications the vibrational
noise in the vertical direction is most important, for SEM and
TEM applications the measured horizontal vibration level is
shown as a gray line in Fig. 6 and has also a similarly low
level. Our results can be compared to those published for other
labs.4–7

CONCLUSIONS

A low vibration laboratory with a vibration level below
that of an acceleration of 10 ng was constructed. This vibration
level was reached with a single-stage passive vibration isola-
tion avoiding the complexities of more elaborate multi-stage or
active vibration isolation systems. The vibration isolation stage
comprises a 200 ton concrete baseplate and a 100 ton floating
floor, which rests on passive pneumatic isolators. Additional
external volumes were connected to the pneumatic isolators
in order to reduce the lowest resonance frequency to 0.6 Hz.
However, the connection of the additional volumes had the
side effect of a Helmholtz resonance. We present approaches
to eliminate the Helmholtz resonance and to reduce the initially
high quality factor of the vibration isolation system. Effective
acoustic and electromagnetic shielding of the low vibration
laboratory was implemented by a room-in-room concept. The
approach described here provides a generic low vibration
laboratory, which can be used for any kind of vibrationally
sensitive equipment installed inside. It reaches a performance

at least as good as more elaborate multi-stage vibration
isolation systems.
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APPENDIX: ONE-THIRD OCTAVE REPRESENTATION
OF VIBRATIONS

Alternatively to the spectral density representation of the
vibration velocity, the one-third octave band representation is
frequently used in order to present the frequency dependence
of vibrations. The choice of the spectral density representa-
tion is particularly appropriate, when the disturbances are tonal
and represented by peaks, as it allows the identification of the
vibration sources. On the other hand for a general definition of
vibration limits (where the sources of particular disturbances
are not considered), manufacturers of microscopes select the
one-third octave representation for the spectra, which inte-
grates over larger frequency bands. For the same reason, the
official standards for the vibration criteria of buildings are
defined that way.

In order to facilitate comparability of our results to stan-
dards (or results obtained at other laboratories), we show in this
appendix how to convert the spectral density representation to
the one-third octave bands.

In octave band representation, the bandwidth of the bins
in which the data are shown is proportional to the respective
center frequency.12 In a very common form of proportional
bandwidth analysis, each bandwidth is 23% (i.e., one-third
octave) of the center frequency and three adjacent bands repre-
sent an octave. The center frequencies are given by established
standards (e.g., DIN EN ISO 266): starting from f0 = 1000 Hz,
the lower center frequencies f n�1 is recursively defined
as

fn−1 = fn/2
1
3 ≈ 0.79fn (A1)

and the low (high) frequency limits of each band are given by
f low
n = fn/2

1
6 and f high

n = fn · 2
1
6 , respectively.

In a first step the spectral density, which is normalized
per
√

Hz, is referred to the very small bandwidth bins in
which the spectral density spectrum is represented (in our
case each bin in the spectral density is separated by ∆fbin

= 0.02 Hz=B). Assuming that the spectral density within this
small bin bandwidth is constant, the spectral density can be
converted to what is called a narrow band spectrum. The RMS
velocity in each bin is calculated by using the definition in
Eq. (7).

In a second step, this narrow band spectrum is converted
into the one-third octave bands by summing all velocity values
of the narrow band representation inside the corresponding
one-third octave band as follows:
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FIG. 7. One-third octave band analysis of the RMS velocity 3 in the z-
direction measured on the floating floor in the final configuration. The red
curve is calculated from the corresponding curve in Fig. 6. Standards for
vibration isolation of buildings (vibration criteria, VC) are given for com-
parison (following IEST-RP-CC024), as well as the 10 ng line (in terms of
one-third octave bands).

v1/3 octave band at fc =

√√√√f=1.12fc∑
f=0.89fc

〈
v2〉

B. (A2)

The result for the conversion from the spectral density of the
vertical direction (red curve in Fig. 6) to the one-third octave

band representation is shown in Fig. 7. The quantity plotted in
the one-third octave representation is the RMS velocity arising
from the respective bandwidth of the one-third octave bin.
This one-third octave band representation of the vibrations is
frequently used by microscope manufactures, engineers, and
architects and provides comparability by the use of official
standards.
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7E. Lörtscher, D. Widmer, and B. Gotsmann, Nanoscale 5, 10542 (2013).
8See http://www.cfm-schiller.de/ for CFM SCHILLER GmbH.
9See http://www.ets-lindgren.com/shielding for ETS Lindgren.

10 Data Sheet for Contir LG 4080–8 data sheet, ContiTech Luftfedersysteme
GmbH, 2007.

11L. Bergmann and C. Schaefer, Lehrbuch der Experimentalphysik: Mechanik,
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