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Monitoring LBNF beamline component heights with HLS 
(Horn Leveling System) 
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Motivation • Without HLS what we have currently 

➡BPMs in PBE (Primary Beam Enclosure) 

➡Target Vertical Position Thermometer (TVPT) on upstream face of target

➡Beam scans of target/baffle (at low beam power) 

• Challenges

➡After surveyors aligned target/horns 

- no direct way to measure component movements

➡No direct measurement of thermal expansion  

➡NUMI Horn movement not diagnosed until 1 year later

➡BPM calibration drift - faking target movement

➡LBNF PBE and parts of TH (Target hall) will settle differently than 
NuMI

Requires continuous 
monitoring of 
component 
positions  
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• Objective: Monitor vertical position of LBNF 
components (also tilt motion) 

• Why vertical  movements?

Mechanical failures

Placement of shielding

Heat expansion and building/enclosure settlement

• Beam based alignment is used to set position 
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Requirements
• Looking at a slow time scale, not at fast vibrations


• Need relative measurements 


• Not dependent on the absolute calibrations of these 
sensors


• Desired height accuracy ~ 0.2 mm (tolerance of position 
is 0.5 mm, we want to see changes even smaller than 
that)
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• Want to monitor vertical position of a horn/baffle/BPM  Observation of a change 
• Locations where height transfer needed, e.g. b/w PBE and target hall  

→
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Beamline Components that need to be monitored

Above baffle and horns inside target chase
Next to BPMs in Primary Beamline (PBE)

N2 environment
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Requirements

• Radiation: 


Top of LBNF modules ~ 5 to 50 Kilo-rad (50 to 500 gray)/year (suitable for HLS installation)


Bottom of modules ~ 100 Giga-rad (109 gray)/year (not suitable for HLS)


• Maximum optical fiber length ~ 238 ft (72 m) (b/w laser and HLS sensor)


• Maximum height transfer need ~ 11 ft (~3.5 m)
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Horn Leveling System (HLS)

Follows principle of communicating vessels:
System of containers filled with a homogeneous fluid, connected at base and subjected to same atmospheric pressure 
Partially filled with water, allowing water and air to circulate freely
Fluid seeks it’s own level 

• Given a reference point, relative level of fluid varies as sensor moves up/down w.r.t other sensor

What is HLS?

Will use HLS based on 
Frequency Scanning 
Interferometry (FSI)

HLS pot

HLS pot
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Horn Leveling System (HLS)

Place HLS pots on Horns/Baffle, pots connected to 
each other via water & air lines
Optical component: single fiber ferrule within each 
pot
Part of light is reflected back from water surface, 
creating “beat” frequency signal in interferometer FFT 
spectrum

Distance b/w ferrule tip & water surface D = c
fbeat

2 dν
dt

Photo Courtesy: M. Sosin, CERN

change of laser frequency 
during scan 
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Horn Leveling System (HLS)

LVDT monitors distance b/w HLS & top of module
if mis-alignment 
• due to shift b/w module & component
• due to shift in target pile/building

→

(Linear Variable Differential Transformer)
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Conceptual Design of the System

HLS pot

HLS pot

Main components:

• Tunable laser source with range: 1530 – 1625 nm; 

• Reference interferometer – constant length 
interferometer consisting of 2 fibers.

• Hydrogen Cyanide (HCN) absorption gas cell, used to 
track  “true” frequency of sweeping laser

• Erbium-Doped Fibre Amplifier (EDFA), for amplification 
of laser signal before transmitting it to measurement 
channels 

• Measurement channels – each channel consists of C-
band optical circulator, measurement optics with a pot 
(collimator or bare ferrule with reflector) and 
photodetector. 

Measurement steps:

• Photodetectors data linearization

• Sweep speed calculation

• Detection of the “beat” frequency peaks representing 
distances to measured targets 

Laser delivery and signal calibration unit 

Measurement module
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Conceptual Design of the System

HLS pot

HLS pot

Components needed:
• Laser
• Reference interferometer 
• HCN gas cell
• Amplifier
• Splitters
• Optical circulators
• Photodetectors
• Pots
• Water lines
• Air lines
• Heaters
• Mechanical stands for pots
• Invar rods
• LVDTs
• Thermocouples

Laser delivery and signal calibration unit 

Measurement module
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Conceptual Design of the System

HLS pot

HLS pot

Components needed:
• Laser
• Reference interferometer 
• HCN gas cell
• Amplifier
• Splitters
• Optical circulators
• Photodetectors
• Pots
• Water lines
• Air lines
• Heaters
• Fiber collimator
• Optical fibers
• Mechanical stands for pots
• Invar rods
• LVDTs
• Thermocouples

Checked items available off the shelf 

Needs 
designing
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Conceptual Design of the System

• Conceptual design of “pot” by Matt Sawtell : 26OCT21 Latest Drawing Package for LBNF 
HLS 2 and 4 Nozzle Pots


• Conceptual design of stand by Hannah Magoon

Collimator

Heater

Water line etched

Air

Air pipe

Water pipe

Water
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Preliminary Plan of Installations
• Preliminary discussions on where to place HLS pots in different locations, connect to water+air lines
• Preliminary discussions on how to run fiber optics, use of patch panels
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Preliminary Plan of Installations
• Preliminary discussions on where to place HLS pots in different locations, connect to water+air lines
• Preliminary discussions on how to run fiber optics, use of patch panels
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Preparation for Prototype Test
• Prototype test likely next summer

• Objectives:
1.   Test mechanical design and manufacturing feasibility of HLS pots
2.     Gain assembly, installation, and operational experience
3.     Test electronics and DAQ
4.     Measure precision of device
5.     Investigate possible effects of vibration
6.     Mockup battlement fiber optics setup by using patch panel and fiber optics patch cables of 

different lengths to see effects on FFT spectrum from different cable lengths
7.     Investigate impact of humidity
8.     Investigate temperature of temperature
9.     Test rate of gas leakage through HLS pot

• Location to be determined - EDFA has a laser source which is class 3B, requires putting system in 
an enclosed space, without windows and interlocked

• Requirement document in place
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Preparation for Prototype Test

• Performed preliminary study 
to decide what sampling frequency needed
how higher frequencies impact sampling frequency

• Calculated Beat Frequencies for long fibers from Horn A, B, C 
and some smaller fiber lengths

• Measurement accuracy depends on:  
frequency resolution of FFT spectrum (depends on no. of 
samples gathered during one laser scan)

sampling rate of interferometric signal

proper determination of center frequency
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Backup
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Conceptual Design of Pots
Conceptual design of “pot” by Matt Sawtell : 26OCT21 Latest Drawing Package for LBNF HLS 2 and 4 Nozzle Pots
• Quotes from Xometry for Al pot ~ 2200 for 1 assembly (bottom + top cavities + cap)

• Quotes from Protolab for SS304L pot ~40k for 45 of 1 assembly (bottom + top cavities + cap)

Collimator

Heater

Water line etched

Air

Air pipe

Water pipe
Water

Heating 
element

Collimator glued to 
body to be air tight

Heater glued to body, wiring pushed through hole

Swagelok

O-ring, EPDM

Brass screws

Cap
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Conceptual Design of Pots
Conceptual design of “pot” by Matt Sawtell : 26OCT21 Latest Drawing Package for LBNF HLS 2 and 4 Nozzle Pots

• Issues addressed:
Screws to connect top and bottom pots with cap 
Wall thickness 
Units sitting on top of horn inside N2 vessel, N2 vessel will be run 
at 2-3 psig over pressure 
Significant differential pressure b/w unit inside vessel and outside 
vessel
Worry about O-ring will leak over time - EPDM seal

Collimator

Heater

Water line etched

Air

Air pipe

Water pipe

Water
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Conceptual Design of Mechanical Stands
Conceptual design of stand by Hannah Magoon

• Technical requirements addressed:

Size and Position 
Strength and stability
Adjustability
Vibration
Installation

• To-do:
Horizontal support frame for legs
Tipping analysis
Interface with horn
Cable routing
Connection to HLS pot


