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Abstract

With the high luminosity upgrade of the Large
Hadron Collider, the alignment monitoring systems in
the Long Straight Sections around ATLAS and CMS
will expect annual radiation doses of 100 kGy. Hydro-
static levelling systems will be deployed for vertical
and tilt monitoring. To resist to these high radiation
doses, the electronics have to be placed up to 200 m
apart from the sensors. A candidate for this task is
a hydrostatic levelling sensor based on extrinsic fibre
Fabry-Perot interferometer technology. Any variation
in the level of the reference surface is detected as a
variation in the optical path length between the fibre
probe situated in the sensor head and the mirror that
is submerged in the liquid. In laboratory conditions
the prototype was successfully operated in a range of
10 mm with a resolution of 5 nm. Thermal and atmo-
spheric influences as well as the internal drift of the in-
terferometer are compensated by the differential mea-
surement carried out with a single laser source. The
sensing fibre can be several kilometres long and the
system allows signal processing up to 10 kHz. These
design parameters have been tested in two field tests,
one at the Laboratoire Souterrain à Bas Bruit for a
sensor validation test. The other one at CERN in com-
parison with the currently used capacitive hydrostatic
levelling sensor type. The results show that the tech-
nology can be applied for future hydrostatic levelling
sensors. The approach to an absolute measurement
solution is still under investigation.

PROJECT

The High Luminosity Large Hadron Collider (HL-
LHC) is a project aiming to increase the total number
of collisions by a factor of 10 beyond the nominal de-
sign value [1]. More accurate measurements of new
particles and sensitivity increase are the main advan-
tages of a more powerful LHC [2, 3]. In addition, the
total luminosity of about 300 fb−1 received by the in-
ner triplet quadrupoles by 2023 corresponds to a total
radiation dose of 30 MGy. In order to anticipate a pos-
sible radiation damage failure of some components in
the inner triplets, the magnets will be changed during
the HL-LHC upgrade [4]. The alignment of final focus
components in the Long Straight Sections around the

experiments has to keep up with the new requirements.
The zone of about 50 m around the experiments, that
is currently equipped with permanent monitoring sen-
sors, will be extended. More components with critical
alignment tolerances will be installed in this high ra-
diation area that will extend to 200 m on each side of
the experiments. In the future, the monitoring system
will cover the zone from Q1 to Q5 magnet.

The monitoring and alignment concept remains un-
changed with respect to the concept presented by
Coosemans et al. [5] and thus the same tolerances as
specified in the LHC design report are kept [6]. The
requirements for the hydrostatic levelling sensor to be
used for the HL-LHC project are given in Table 1. Par-
ticular attention is drawn to the annual radiation dose,
the interchangeability and the remote data acquisition
requirements.

Table 1: sensor specifications

requirements quantification

Annual / total radiation dose 100 kGy / 1 MGy

Magnetic field insensitive

Range ≥ 5 mm

Resolution ≤ 0.2 µm

Interchangeability ≤ 5 µm

Repeatability ≤ 1 µm

Data acquisition frequency ≥ 1 Hz

Drift ≤ 1 µm per month

Inclination tolerance ≤ 1 °
Remote data acquisition ≥ 200 m from sensor

Compatibility to dimensions of current installation

Type of sensing contactless

Though the project seems to still be far away with
an installation planned in 8 years’ time; the need for
development of a prototype is imminent for the con-
cept validation. A full string test of the components of
the interaction region is planned in 2021 implying that
new sensors have to be available in pre-series stage by
then. The installation of the HL-LHC components will
take place from 2024 to 2026 and hence pave the way
for an operation of the accelerator up to 2040 [2].



SENSOR DESIGN

At the heart of the HLS prototype is an extrin-
sic fibre Fabry-Perot interferometric (EFFPI) sensor
which detects the variation in liquid levels in the sens-
ing cavity to nanometric precision by measuring the
optical path difference induced [7]. The EFFPI sen-
sor is coupled to communicating hydrostatic vessels to
form the optical interferometrically-interrogated HLS
(iHLS), as schematically illustrated in Figure 1.

Figure 1: Schematic of iHLS incorporating an EFFPI
sensor (ISO: integrated optical isolator, TEC: temper-
ature regulator, DAQ: data acquisition).

The interrogating principle of the iHLS is based
on the interference of two light waves at the end of
the sensing fibre (SF). Monochromatic light from a
temperature-regulated DFB-type laser diode is trans-
mitted via a fibre circulator (FC) into the sensing fibre
where a small percentage of the lightwave is reflected
at the fibre end in the collimator (C) as the reference
wave (RW) while the rest is transmitted as the sens-
ing wave (SW) into the back-reflected sensing cavity
to incident on a reflective surface. The sensing wave
re-enters the sensing fibre and combines with the refer-
ence wave to produce interference. Any movement or
displacement of the reflective surface, or equivalently,
any variation in the optical cavity length such as in-
duced by a variation in the liquid level will result in
dynamic interference fringes being generated. This in-
terference signal is then guided through the fibre cir-
cuit to the output port to be detected by a photode-
tector. In addition, a modulation scheme is applied to
the laser drive current to obtain a pair of quadrature
interference signals and for quasi-static measurements.
The quadrature signals, can be written in the form of

Vx = V0x + Vmx · cos(∆Θ) (1)

Vy = V0y + Vmy · sin(∆Θ) (2)

where, respectively, Vx and Vy are the detected
quadrature pair, V0x and V0y their DC components
and Vmx and Vmy their fringe contrasts. The phase

term ∆Θ = 4π
λ · (nl − nair) · δh, with λ the interro-

gating wavelength, δh the level variation, nl and nair
the refractive indices of the liquid and air medium,
respectively, can then be demodulated using the incre-
mental phase-tracking technique to extract the desired
information, i.e. liquid level variation, through

hi = h(i−1) + ∆Θi ·
λ

4π(nl − nair)
(3)

with hi the level at the ith position and hi−1 that at
the precedent position. The total variation measured
is then simply the sum of hi or ∆h =

∑n
i=0 hi.

TEST INSTALLATIONS

A validation campaign has first been carried out in
the LAAS-OSE1 laboratory to test and calibrate the
complete iHLS instrument with preliminary investiga-
tion on the sensor linearity, inclination tolerance limits
as well as the dynamic range of the iHLS.

Secondly, the system has been installed at LSBB2

for comparison to a long base tiltmeter with a length
of 148 m operating on hydrostatic measurements. This
tiltmeter, the HLS-LINES system, is based on the
same measurement principle as the iHLS, but uses a
floating device in the liquid to amplify the height vari-
ation observed [8, 9]. The LSBB is a low background
noise underground research site based on an old French
military area covered by several hundreds of meters of
solid rock. The chosen gallery is 250 m long and sep-
arated from the rest of the tunnel by several doors.
The ambient temperature varies without interventions
in the range of some hundredths of degrees Celsius per
year. The installation of the iHLS used different fibre
lengths between 130 m to 270 m as the electronics are
installed outside the gallery.

148 m

Figure 2: Layout of the LSBB set-up with HLS-LINES
sensors (blue) and iHLS (orange).

As a final step, the system has been deployed in a
test installation at CERN, allowing the comparison to
the currently used capacitive hydrostatic HLS sensors
(cHLS) and in a system configuration that simulates
the main layout features of the LHC hydrostatic level-
ling network. In addition to a stability test, the sensors
have been checked for linearity.

The test installation is a 110 m long hydrostatic net-
work, shown in Figure 3, with three measurement sta-
tions. Each station can host a cHLS and an iHLS

1Laboratoire d’Analyse et d’Architecture des Systèmes -
Optoélectronique pour les Systèmes Embarqués

2Laboratoire Souterrain à Bas Bruit



sensor. In order to vary the height of the liquid in
the system, a filling-purging access is available. The
system is designed as a half-filled system with a hori-
zontal main pipe and individual connecting tubes that
are connected separately for water and air to the mea-
surement pots.

F

110 m

56 m 42 m

WEST CENTRE EAST

Figure 3: HLS test network in TT1 with the stations
west, centre, east and the filling-purging access (F).

The sensing fibre has the same length for all sta-
tions of 250 m. Hence the 110 m installation simulates
technically a longer network.

The test installation is in the TT1 tunnel, situated
approximately 20 m underground. The temperature is
stable to ±1°C during the year. The system has been
operational with cHLS eight months before the start
of the comparison measurements with the iHLS.

The cHLS sensor data is typically stored during sta-
bility measurements as the average of 30 measurements
at 0.5 Hz data acquisition rate. For dynamic measure-
ments the system is set to 0.2 Hz. The noise of the
averaged signal is in the order of 1 µm. The iHLS data
acquisition runs typically at 1 kHz and the measure-
ments are downscaled to an averaged 4 Hz for analysis
purposes.

Figure 4: cHLS and iHLS installed on the common
reference support in TT1 with the main hydraulic net-
work in the background.

TEST RESULTS

Laboratory

Range and linearity. In the laboratory the range
of the sensors was validated by injecting and extract-
ing a precisely known volume of liquid. Two iHLS
have been connected with flexible, full-filled tubes to

a measurement pot used for varying the volume of the
liquid. The left side of Figure 5 shows the complete
cycle of injection and extraction with the small steps
representing volumes of 5 ml and the larger steps vol-
umes of 20 ml. The test results show that the sensor
covers a measurement range of 10 mm. On the right
hand side of the figure, a zoom on an injection of 5 ml is
shown. This represents a height change of 249 µm and
repeats for consecutive volumes to better than ±1 µm.
This value obtained from the tests correcponds within
2 µm to the theoretically calculated value.

Figure 5: (left) iHLS range measurement by injec-
tion and extraction of liquid with two sensors (red and
blue). (right) zoom on the level variations produced
by liquid extraction of 5 ml.

Inclination tolerance. The roll angle alignment
of the magnets causes changes in the vertical orienta-
tion of the sensor supports. Thus the determination
of the impact on iHLS measurements has been tested.

Two sets of measurements have been conducted to
evaluate the influence: one at an inclination angle of
0.4° and one at 1.33°. These inclinations have been
tested at four azimuths of 0°, 90°, 180° and 270°. The
tested iHLS is connected to a network with two refer-
ence iHLS that will remain stable.

In order to control the linearity of the sensor in an
inclined position, 5 times 1 ml of liquid have been in-
jected before extracting the total amount in a single
step. The variations observed between the inclined
and the reference sensors are less than 1 µm for each
measurement. During the test at 1.33° an increased
noise level has been observed caused by a power loss
in the return signal.

LSBB

Stability and earth tides analysis. The sta-
bility measurements from the LSBB site showed that
both sensors follow a variation of 20 µm within the
1½ months observation period. The example given in
Figure 7 shows differences between the sensors reach-
ing up to 5 µm. This disagreement can be caused by
the different methods of how the sensors are fixed to
the rock.

The stability of the two systems can also be ex-
pressed by looking at the tilt calculated from the two
sensors at the extremities.



Figure 6: Test of inclination tolerance at 1.33° by suc-
cessive injection and extraction of liquid to the system
at two azimuth positions.

The differences in the earth tides observed by the
system are described as a change of the tilt in Fig-
ure 8: +20 nrad per month for iHLS and -20 nrad per
month for HLS-LINES. According to the length of the
instrument, this tilt can be translated to a change of
± 3 µm for the sensors.

To control the amplitude of the earth tides, a spec-
trum analysis has been calculated with ETERNA 3.4
software [10]. The amplitude factor is used to evaluate
each tidal wave amplitude observed with respect to the
theoretical amplitude. For the M2 wave, the most sig-
nificant semi-diurnal tidal, the ETERNA analysis cal-
culated factors of 0.986 with 0.010 root mean square
(RMS) for the HLS-LINES and 0.916 with 0.005 RMS
for the iHLS.

Figure 7: Comparison between the level variation of
liquid recorded respectively by an iHLS (red) and an
HLS LINES (blue).

CERN

System response and sensitivity. After the in-
stallation of cHLS and iHLS sensors at CERN, a sys-
tem validation test was carried out. The aim of the test
was to confirm the system response between the mea-
surement stations, the determination of the damping
behaviour of waves and the sensitivity of the system.

Figure 8: Comparison between the tilt of the long base
tiltmeter HLS-LINES (blue) and the tilt from the iHLS
(red).

Figure 9: TT1 system response after injecting water
at the filling-purging access of the network.

The graph presented in Figure 9 shows two injec-
tions to the system each with 20 ml of liquid. The
height difference observed by the sensors is 3 µm. The
wave front propagates from the filling-purging access
to the sensor situated in the centre before reaching
the east and west sensor. The relation of the observed
wave travel time corresponds to the distance between
the sensors. The system only shows one major wave
before damping it down to the order of 0.5 µm at ap-
proximately 3 min after the first wave passed. The to-
tal stabilization time of the system is around 20 min.

Stability comparison. These initial stability
measurements were carried out for a duration of
5½ weeks after admitting a settling time of two weeks
for the sensors after installation. The relative measure-
ments of the three stations are shown in Figure 10.

The sensors situated at the west and east position
see similar relative movements. The upwards displace-
ment of 30 µm in the east position is seen by both sen-
sors and is in agreement with observations from the
nine months of stability measurements of the cHLS at
this position. The sinusoidal signal of the sensors at
the extremities corresponds to the earth tides.

The central sensor suffered from a stability prob-
lem which was voluntarily not fixed during the mea-
surement campaign. The sensor’s collimator has been



Figure 10: Stability comparison - relative measure-
ments in TT1 with cHLS and iHLS.

cleaned during maintenance and the sensor now pro-
vides stable measurements. The source of the problem
is resolved but not understood yet.

As amplitude and behaviour are considered to be
similar, no significant difference in the stability of
cHLS and iHLS can be observed.

Linearity validation. As described in the para-
graph Range and linearity, a linearity calibration for
the iHLS has been carried out in the laboratory. This
calibration is compared to the cHLS sensors installed
at CERN. Both types of sensors installed in this ex-
periment have a range of 10 mm as shown in Figure 5
for the iHLS and as given by the manufacturer for the
cHLS.

A partial linearity validation in the range of approx-
imately 1.5 mm was realised in order to compare the
linearity. This has been done by extraction and in-
jection of liquid to the main hydraulic network. The
results from Figure 11 show a difference between cHLS
and iHLS as the curves do not superpose. For this test,
only the west and east sensors are examined according
to the results from the stability comparison. The zig-
zag steps during extraction and injection show partial
volumes of 2 l that have been added or removed.

The observed differences are summarized in numeri-
cal form in Table 2. The height differences observed by
the cHLS as well as by the iHLS are compared to each

Figure 11: TT1 linearity validation.

other for each type of sensor. The difference between
the height differences, dE,W , is less than 5 µm and cor-
responds to less than 1 % of the variation observed,
consequently the hydraulic network is communicating
well.

The difference between the systems is presented in
the colums ∆h(cHLS− iHLS) with ∆h calculated as

∆h = cHLS − iHLS (4)

according to each position in the network and relative
to the type of variation carried out. An averaged scale
factor of 7.92 % ± 0.08 % between cHLS and iHLS has
been calculated.

The cHLS sensors have been tested independently
for their linearity according to the check procedures
implemented at CERN [11]. The linearity has been
confirmed to be better than 2 µm along the range of
10 mm and thus the observed scale factor can be as-
signed to the iHLS.

The iHLS currently uses a protective oil layer on the
water surface to minimize evaporation. The internal
geometry of an iHLS vessel is for compatibility reasons
similar to a cHLS vessel. The reflective surface of the
iHLS is located in the oil layer. Taking into account
the hydrostatic balance between an initial and a final
state after injecting an amount of water, the hydro-
static pressure motion can be expressed as illustrated
in Figure 12 by the initial (eq. 5) and the final state
(eq. 6).

ρo · g ·∆Ho,1,i + ρw · g ·∆Hw,1,i = ρw · g ·∆Hw,2,i (5)

ρo ·g ·∆Ho,1,f +ρw ·g ·∆Hw,1,f = ρw ·g ·∆Hw,2,f (6)

with the indices for the oil, o, and water layer, w, i
describing the initial and f the final state. The rela-
tions between the initial state and the final state are
expressed by the following equations:

∆Hw,2,f = ∆Hw,2,i + δHw,2 (7)

∆Hw,1,f = ∆Hw,1,i + δHw,1 (8)

∆Ho,1,f = ∆Ho,1,i + δHo,1 (9)

δHo,1 ·D2
v = δHo,1 · (D2

v −D2
m) (10)

Combining equations 5 - 10, the height difference δHo,1

can also be expressed as

δHo,1 =
ρw

ρw·D2
v

(D2
v−D2

m) + ρo
· δHw,2 (11)

The height difference δHo,1 can be solved by equa-
tion 11 to 0.894 µm, assuming the parameters
δHw,2 =1µm, ρw = 1000 kg

m3 , ρo = 965 kg
m3 , Dv = 80

mm and Dv = 26mm. The theoretical difference is
hence 10.6 %.

The difference between iHLS and cHLS can be ex-
plained by the above derivation and hence be compen-
sated for to better than 3 %.



Table 2: Linearity validation by means of liquid injection and extraction.

cHLS iHLS ∆h(cHLS-iHLS)
W E d(E,W ) W E d(E,W ) W E d(E,W ) ∆(%)

INJECTION 1 -598.6 -595.8 2.8 -551.0 -548.6 2.4 47.6 47.2 -0.4 7.93
EXTRACTION 1 1535.5 1539.0 3.5 1411.9 1416.8 4.9 -123.6 -122.1 1.5 7.99

INJECTION 2 -942.2 -937.3 4.9 -867.6 -863.1 4.5 74.5 72.9 -1.6 7.85

all measurements are given in µm

iHLS cHLS
Dv Dv

Dm

ΔHw,1

ΔHo,1

ΔHw,2

δHw,2δHo,1

Figure 12: Parameters and schematics for hydrostatic
pressure motion equations 5 - 11.

The phenomenon became noticeable in the CERN
data following the large variation of the water level in
the test. A closer analysis of the LSBB data revealed
that a scale factor can also be identified in this data
set. The residual discrepancy might be linked to the oil
index that changes with respect to the manufacturer’s
specification as it is used in combination with water.

Seismic sensitivity. The HLS systems are based
on a liquid level and hence subject to be influenced
by vibrations. An earthquake is a typical example for
such an effect allowing to put in evidence the influence
on the measurement system and secondly the impact
on a particle accelerator. During the stability tests
two earthquakes have been registered. The passage of
the waves is shown in Figure 13 as registered in the
iHLS data. The distant earthquake happened on July
29, 2016 in the Mariana Islands region, situated at
approximately 11500 km distance to CERN. The sub-
duction zone earthquake with a magnitude of M7.8
generated surface waves that arrived several hours af-
ter the arrival of the initial seismic wave. The peak to
peak perturbation observed in a measurement pot is
in the order of 10 µm.

The lower part of Figure 13 is the August 24, 2016
earthquake that struck Central Italy with a magnitude
of M6.2 at a distance of approximately 800 km from
CERN. In this case the perturbation is around 30 µm
peak to peak.

SUMMARY

The project has completed a full design and devel-
opment chain within the last three years. The eval-
uation of the concept, the successful prototype build-

Figure 13: Earthquakes registered by iHLS: M7.8
earthquake in Mariana Islands region (top); M6.2
earthquake in Central Italy (bottom).

ing and testing in the laboratory was followed by two
tests installations at LSBB and at CERN. The optical
interferometrically-interrogated, contactless HLS con-
firmed its stability with respect to two other types of
sensors.

The linearity of the sensor has been calibrated in the
laboratory with a known amount of liquid and checked
with respect to a cHLS. A scale factor has been iden-
tified that can mainly be corrected for.

The development of the sensor has taken a ma-
jor step by demonstrating that the sensor is capable
of performing relative nanometre resolution measure-
ments with a remote data acquisition of more than 250
m.

PERSPECTIVES

As the sensor fulfils most of the requirements - such
as range, resolution, data acquisition frequency, re-
mote data acquisition and inclination tolerance - the
tests can now continue to investigate the long term
stability of the sensor in the current installation. In



parallel, a particular focus has to be put in the near
future on the radiation and magnetic field resistance of
the sensor’s components as well as towards an absolute
measurement solution. The absolute measurement is
of particular need for the future application in order
to establish a permanent and stable reference between
the EFFPI measurement and an external, geodetic ref-
erence on the sensor’s housing.

Though the advantage of a remote data acquisition
and the proof of principle given with the tests are a big
step forward in the development of an iHLS sensor, the
key feature necessary for future deployment at CERN
will be the possibility to obtain absolute measurements
with this sensor. This requirement is an essential con-
straint for a future use in the HL-LHC Long Straight
Section monitoring project.

Further tests shall confirm if the suppression of the
protective oil layer still allows reliable measurements
of the sensor and hence should cancel the scale factor.

The system configuration with three prototype sen-
sors has to be scaled to a LHC system configuration
of up to 13 sensors in parallel with software imple-
mentations of automatic height difference calculation
in accordance to the CERN technical network infras-
tructure.
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