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Hadron Alignment Detector System (HADeS)
• In NuMI, known as the hadron monitor, even though we don’t really use it for 

monitoring
• Physics-based requirements: doc-dB 20846
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The LBNF facility will provide the world’s most powerful muon-neutrino

beam to DUNE, enabling that experiment to make precision measurements of

the electron-neutrino appearance and muon-neutrino disappearance phenomena.

The precision goals for DUNE require control and knowledge of the direction of

the neutrino beam provided by LBNF. This document outlines the requirements

for the LBNF Hadron Alignment Detector System (HADeS), part of a suite of

detectors that will be used to ensure that LBNF is delivering quality beam.

The primary purpose of HADeS is to provide a means to determine the

alignment of the LBNF primary proton beam, and the alignment of the neutrino

production target and horns with respect to the beam position monitors (BPMs)

located upstream. Table 1 shows the tolerances of the position and angle of the

beam on the upstream face of the target, and the installed target and horn

positions. These tolerances were determined to be su�cient to result in a sub-

dominant systematic uncertainty in the CP-sensitivity for DUNE. Therefore

HADeS must be capable of providing a measurement of the alignment of the

target and horns to within the tolerances shown in Table 1.

The first step of the beam-based alignment procedure is to direct the primary

proton beam to the center of HADeS, with no target installed. This process

guarantees that the beam is correctly aimed at the center of the DUNE far

detector. Measurements from the BPMs will be used to maintain the direction

Beam/Device End Tolerance
Beam position Upstream 0.45 mm

Beam angle Upstream 70 µrad
Target position Both 0.50 mm

Horn A position Both 0.50 mm

Horn B position Both 0.50 mm

Horn C position Both 0.50 mm

Table 1: Position and angular tolerances of the neutrino production target and

horns. Numbers taken from the CDR.
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of the beam and monitor the position of the beam on the target. This leads to

the following requirement:

1. The HADeS must be capable of measuring the angle of the primary proton

beam to within 70 µrad. With a beam pathlength of approximately 220

m, this translates to a measurement of the position of the beam to within

1.5 cm.

After horns B and C are installed, they are aligned to beam center using

beam and cross-hairs installed on the horns. During a beam scan across the

aperture of the horns, a radiograph of the cross-hairs is generated using beam

interactions with the cross-hairs produce secondary particles that are detected

using ion chamber loss monitors, but the HADeS will also be used to confirm

this measurement. This leads to another requirement:

2. The HADeS must be capable of measuring the positions of the cross-hairs

on horns B and C with 0.5 mm accuracy. Specifically, the peak primary

beam loss rate for beam traversing the cross-hairs on horns B and C must

be measurable with 0.5 mm accuracy, with no target and horn A installed,

during a transverse beam scan across the aperture of the horns.

The next step in the beam-based alignment procedure is to install the target

and horn A, with no ba✏e. A beam scan across the target and ba✏ette is used to

produce a radiograph using rates in the HADeS as a function of beam position.

The edges of ba✏ette and target are identified in the radiograph because these

present extra material for the beam to pass through, hence decreasing the rates

in the HADeS. This leads to the next requirement:

3. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏ette and target with 0.5 mm accuracy with all horns and

target installed, but no ba✏e.

The final step in the beam-based alignment procedure that involves the

HADeS is to install the ba✏e and perform a scan and analysis similar to the

previous step. The combination of the ba✏e, ba✏ette and target protects the

windows at both ends of the decay pipe and the absorber core from mis-steered

beam. Not only do we need to measure the position of the ba✏e with respect

to the target, we also need to ensure that the positions of the target and horn

A are within their tolerance after the ba✏e is installed. Therefore:

4. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏e and target with 0.5 mm accuracy with all horns, target

and ba✏e installed.

The alignment procedure described above must be repeated anytime that a

target or horn is replaced. Furthermore, HADeS may need to be used to diagnose

a problem or change in the performance of the beam. Therefore HADeS must

be readily available and functional at any point. The particle fluence at the
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of the beam and monitor the position of the beam on the target. This leads to

the following requirement:

1. The HADeS must be capable of measuring the angle of the primary proton

beam to within 70 µrad. With a beam pathlength of approximately 220

m, this translates to a measurement of the position of the beam to within

1.5 cm.

After horns B and C are installed, they are aligned to beam center using

beam and cross-hairs installed on the horns. During a beam scan across the

aperture of the horns, a radiograph of the cross-hairs is generated using beam

interactions with the cross-hairs produce secondary particles that are detected

using ion chamber loss monitors, but the HADeS will also be used to confirm

this measurement. This leads to another requirement:

2. The HADeS must be capable of measuring the positions of the cross-hairs

on horns B and C with 0.5 mm accuracy. Specifically, the peak primary

beam loss rate for beam traversing the cross-hairs on horns B and C must

be measurable with 0.5 mm accuracy, with no target and horn A installed,

during a transverse beam scan across the aperture of the horns.

The next step in the beam-based alignment procedure is to install the target

and horn A, with no ba✏e. A beam scan across the target and ba✏ette is used to

produce a radiograph using rates in the HADeS as a function of beam position.

The edges of ba✏ette and target are identified in the radiograph because these

present extra material for the beam to pass through, hence decreasing the rates

in the HADeS. This leads to the next requirement:

3. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏ette and target with 0.5 mm accuracy with all horns and

target installed, but no ba✏e.

The final step in the beam-based alignment procedure that involves the

HADeS is to install the ba✏e and perform a scan and analysis similar to the

previous step. The combination of the ba✏e, ba✏ette and target protects the

windows at both ends of the decay pipe and the absorber core from mis-steered

beam. Not only do we need to measure the position of the ba✏e with respect

to the target, we also need to ensure that the positions of the target and horn

A are within their tolerance after the ba✏e is installed. Therefore:

4. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏e and target with 0.5 mm accuracy with all horns, target

and ba✏e installed.

The alignment procedure described above must be repeated anytime that a

target or horn is replaced. Furthermore, HADeS may need to be used to diagnose

a problem or change in the performance of the beam. Therefore HADeS must

be readily available and functional at any point. The particle fluence at the
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of the beam and monitor the position of the beam on the target. This leads to

the following requirement:

1. The HADeS must be capable of measuring the angle of the primary proton

beam to within 70 µrad. With a beam pathlength of approximately 220

m, this translates to a measurement of the position of the beam to within

1.5 cm.

After horns B and C are installed, they are aligned to beam center using

beam and cross-hairs installed on the horns. During a beam scan across the

aperture of the horns, a radiograph of the cross-hairs is generated using beam

interactions with the cross-hairs produce secondary particles that are detected

using ion chamber loss monitors, but the HADeS will also be used to confirm

this measurement. This leads to another requirement:

2. The HADeS must be capable of measuring the positions of the cross-hairs

on horns B and C with 0.5 mm accuracy. Specifically, the peak primary

beam loss rate for beam traversing the cross-hairs on horns B and C must

be measurable with 0.5 mm accuracy, with no target and horn A installed,

during a transverse beam scan across the aperture of the horns.

The next step in the beam-based alignment procedure is to install the target

and horn A, with no ba✏e. A beam scan across the target and ba✏ette is used to

produce a radiograph using rates in the HADeS as a function of beam position.

The edges of ba✏ette and target are identified in the radiograph because these

present extra material for the beam to pass through, hence decreasing the rates

in the HADeS. This leads to the next requirement:

3. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏ette and target with 0.5 mm accuracy with all horns and

target installed, but no ba✏e.

The final step in the beam-based alignment procedure that involves the

HADeS is to install the ba✏e and perform a scan and analysis similar to the

previous step. The combination of the ba✏e, ba✏ette and target protects the

windows at both ends of the decay pipe and the absorber core from mis-steered

beam. Not only do we need to measure the position of the ba✏e with respect

to the target, we also need to ensure that the positions of the target and horn

A are within their tolerance after the ba✏e is installed. Therefore:

4. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏e and target with 0.5 mm accuracy with all horns, target

and ba✏e installed.

The alignment procedure described above must be repeated anytime that a

target or horn is replaced. Furthermore, HADeS may need to be used to diagnose

a problem or change in the performance of the beam. Therefore HADeS must

be readily available and functional at any point. The particle fluence at the
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of the beam and monitor the position of the beam on the target. This leads to

the following requirement:

1. The HADeS must be capable of measuring the angle of the primary proton

beam to within 70 µrad. With a beam pathlength of approximately 220

m, this translates to a measurement of the position of the beam to within

1.5 cm.

After horns B and C are installed, they are aligned to beam center using

beam and cross-hairs installed on the horns. During a beam scan across the

aperture of the horns, a radiograph of the cross-hairs is generated using beam

interactions with the cross-hairs produce secondary particles that are detected

using ion chamber loss monitors, but the HADeS will also be used to confirm

this measurement. This leads to another requirement:

2. The HADeS must be capable of measuring the positions of the cross-hairs

on horns B and C with 0.5 mm accuracy. Specifically, the peak primary

beam loss rate for beam traversing the cross-hairs on horns B and C must

be measurable with 0.5 mm accuracy, with no target and horn A installed,

during a transverse beam scan across the aperture of the horns.

The next step in the beam-based alignment procedure is to install the target

and horn A, with no ba✏e. A beam scan across the target and ba✏ette is used to

produce a radiograph using rates in the HADeS as a function of beam position.

The edges of ba✏ette and target are identified in the radiograph because these

present extra material for the beam to pass through, hence decreasing the rates

in the HADeS. This leads to the next requirement:

3. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏ette and target with 0.5 mm accuracy with all horns and

target installed, but no ba✏e.

The final step in the beam-based alignment procedure that involves the

HADeS is to install the ba✏e and perform a scan and analysis similar to the

previous step. The combination of the ba✏e, ba✏ette and target protects the

windows at both ends of the decay pipe and the absorber core from mis-steered

beam. Not only do we need to measure the position of the ba✏e with respect

to the target, we also need to ensure that the positions of the target and horn

A are within their tolerance after the ba✏e is installed. Therefore:

4. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏e and target with 0.5 mm accuracy with all horns, target

and ba✏e installed.

The alignment procedure described above must be repeated anytime that a

target or horn is replaced. Furthermore, HADeS may need to be used to diagnose

a problem or change in the performance of the beam. Therefore HADeS must

be readily available and functional at any point. The particle fluence at the
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HADeS location is extremely high, at least an order of magnitude greater than

that of NuMI, because of the shorter decay pipe. Although it may be possible

to design a detector system that can survive the harsh environment, we expect

that the required R&D that could last more than a year. Therefore in order to

guarantee we have an operational detector that meets all of the requirements

listed above:

5. The HADeS must be capable of being installed and removed from its

nominal position remotely. Removal via remote handling will be necessary

to avoid radiation damage from prolonged exposure to beam during normal

beam operation. The accuracy of the remote installation must meet the

requirements of 1.

Finally,

6. Relevant data will be permanently recorded and made available to LBNF

stakeholders.
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https://docs.dunescience.org/cgi-bin/sso/RetrieveFile?docid=20846&filename=Requirements_for_the_LBNF_HADeS.pdf&version=1
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HADeS Conceptual Design
• Preliminary design is based on technology used in NuMI
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Original 7x7 hadron monitor 
built by UT Austin

Replacement NuMI  
Hadron Monitor (2021) 

5x5 pixel array

3 plates w/ 0.75 mm gap



Jonathan Paley - Neutrino Division, Fermilab

HADeS Conceptual Design
• LBNF pixel size [number of channels] will likely need to be decreased [increased] 

due to ~3x shorter decay pipe
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C:\Users\proga\Documents\Inventor\FERMI-LAB\HADeS\Ceramic Plates\2.5 x 2.5 2.75 in pitch 13x13.idw

.xxx

CREATED ON MODIFED ONORIGINATOR - DESIGN

UNLESS OTHERWISE SPECIFIED

.xx ANGLES

± .01 ± 0.001 ± .1

CHECKED

APPROVED

DRAWING UNITS:

MAREK PROGA

1 

MAREK PROGA
PROJECT: LBNF HADeS

Hadron Monitor

2.5 x 2.5 2.75 in pitch 13x13

MATERIAL - 6mm BLACK FOAM PVC
MAKE - 1

5399-E.01

PART NO:

5399-E

35.500
901.7 mm

2.750
69.9 mm

0.250
6.4 mm

Note: the smaller pixel size may require some further
design changes.  UT Austin is planning to do some 
R&D/prototyping to make sure we understand the implications.
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HADeS Requirement 1

5

• Fits to simulated beam profiles (no target+horn 
A) indicate we can measure the beam center 
to less than 1 cm.

• If the beam direction is off by 70 urad, we will 
see a sizable asymmetry in the profile, and 
measure a beam centroid that is inconsistent 
with it being centered.

~10% stat. Uncertainties

1  Constant     1.15229e+02   4.81738e+00  
2  Mean        -7.52259e-03   1.10668e-02 
3  Sigma        2.84483e-01   1.14067e-02

 / ndf 2χ    302 / 8
Prob       0
p0        9.457e+02± 8.851e+05 
p1        0.01430± 0.01067 
p2        0.005± 2.057 
p3        47.8±  5677 
p4        0.2191±0.5883 − 
p5        0.34±34.29 − 

40− 20− 0 20 40
x (cm)

410

510

610
 / ndf 2χ    302 / 8

Prob       0
p0        9.457e+02± 8.851e+05 
p1        0.01430± 0.01067 
p2        0.005± 2.057 
p3        47.8±  5677 
p4        0.2191±0.5883 − 
p5        0.34±34.29 − 

Beam Profile at HADeS, No Target, 1.0 mm-wide Beam

 / ndf 2χ    302 / 8
Prob       0
p0        9.457e+02± 8.851e+05 
p1        0.01430± 0.01067 
p2        0.005± 2.057 
p3        47.8±  5677 
p4        0.2191±0.5883 − 
p5        0.34±34.29 − 

 / ndf 2χ  356.9 / 8
Prob       0
p0        1.151e+03± 7.688e+05 
p1        0.0151± 0.2787 
p2        0.006± 2.107 
p3        48.8±  5686 
p4        0.2064± 0.9211 
p5        0.36± 34.74 

40− 20− 0 20 40
x (cm)

410

510

610  / ndf 2χ  356.9 / 8
Prob       0
p0        1.151e+03± 7.688e+05 
p1        0.0151± 0.2787 
p2        0.006± 2.107 
p3        48.8±  5686 
p4        0.2064± 0.9211 
p5        0.36± 34.74 

Beam Profile at HADeS, No Target, 70 urad Beam Angle

 / ndf 2χ  356.9 / 8
Prob       0
p0        1.151e+03± 7.688e+05 
p1        0.0151± 0.2787 
p2        0.006± 2.107 
p3        48.8±  5686 
p4        0.2064± 0.9211 
p5        0.36± 34.74 

of the beam and monitor the position of the beam on the target. This leads to

the following requirement:

1. The HADeS must be capable of measuring the angle of the primary proton

beam to within 70 µrad. With a beam pathlength of approximately 220

m, this translates to a measurement of the position of the beam to within

1.5 cm.

After horns B and C are installed, they are aligned to beam center using

beam and cross-hairs installed on the horns. During a beam scan across the

aperture of the horns, a radiograph of the cross-hairs is generated using beam

interactions with the cross-hairs produce secondary particles that are detected

using ion chamber loss monitors, but the HADeS will also be used to confirm

this measurement. This leads to another requirement:

2. The HADeS must be capable of measuring the positions of the cross-hairs

on horns B and C with 0.5 mm accuracy. Specifically, the peak primary

beam loss rate for beam traversing the cross-hairs on horns B and C must

be measurable with 0.5 mm accuracy, with no target and horn A installed,

during a transverse beam scan across the aperture of the horns.

The next step in the beam-based alignment procedure is to install the target

and horn A, with no ba✏e. A beam scan across the target and ba✏ette is used to

produce a radiograph using rates in the HADeS as a function of beam position.

The edges of ba✏ette and target are identified in the radiograph because these

present extra material for the beam to pass through, hence decreasing the rates

in the HADeS. This leads to the next requirement:

3. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏ette and target with 0.5 mm accuracy with all horns and

target installed, but no ba✏e.

The final step in the beam-based alignment procedure that involves the

HADeS is to install the ba✏e and perform a scan and analysis similar to the

previous step. The combination of the ba✏e, ba✏ette and target protects the

windows at both ends of the decay pipe and the absorber core from mis-steered

beam. Not only do we need to measure the position of the ba✏e with respect

to the target, we also need to ensure that the positions of the target and horn

A are within their tolerance after the ba✏e is installed. Therefore:

4. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏e and target with 0.5 mm accuracy with all horns, target

and ba✏e installed.

The alignment procedure described above must be repeated anytime that a

target or horn is replaced. Furthermore, HADeS may need to be used to diagnose

a problem or change in the performance of the beam. Therefore HADeS must

be readily available and functional at any point. The particle fluence at the

2
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HADeS Requirement 2
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of the beam and monitor the position of the beam on the target. This leads to

the following requirement:

1. The HADeS must be capable of measuring the angle of the primary proton

beam to within 70 µrad. With a beam pathlength of approximately 220

m, this translates to a measurement of the position of the beam to within

1.5 cm.

After horns B and C are installed, they are aligned to beam center using

beam and cross-hairs installed on the horns. During a beam scan across the

aperture of the horns, a radiograph of the cross-hairs is generated using beam

interactions with the cross-hairs produce secondary particles that are detected

using ion chamber loss monitors, but the HADeS will also be used to confirm

this measurement. This leads to another requirement:

2. The HADeS must be capable of measuring the positions of the cross-hairs

on horns B and C with 0.5 mm accuracy. Specifically, the peak primary

beam loss rate for beam traversing the cross-hairs on horns B and C must

be measurable with 0.5 mm accuracy, with no target and horn A installed,

during a transverse beam scan across the aperture of the horns.

The next step in the beam-based alignment procedure is to install the target

and horn A, with no ba✏e. A beam scan across the target and ba✏ette is used to

produce a radiograph using rates in the HADeS as a function of beam position.

The edges of ba✏ette and target are identified in the radiograph because these

present extra material for the beam to pass through, hence decreasing the rates

in the HADeS. This leads to the next requirement:

3. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏ette and target with 0.5 mm accuracy with all horns and

target installed, but no ba✏e.

The final step in the beam-based alignment procedure that involves the

HADeS is to install the ba✏e and perform a scan and analysis similar to the

previous step. The combination of the ba✏e, ba✏ette and target protects the

windows at both ends of the decay pipe and the absorber core from mis-steered

beam. Not only do we need to measure the position of the ba✏e with respect

to the target, we also need to ensure that the positions of the target and horn

A are within their tolerance after the ba✏e is installed. Therefore:

4. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏e and target with 0.5 mm accuracy with all horns, target

and ba✏e installed.

The alignment procedure described above must be repeated anytime that a

target or horn is replaced. Furthermore, HADeS may need to be used to diagnose

a problem or change in the performance of the beam. Therefore HADeS must

be readily available and functional at any point. The particle fluence at the

2

• Simulations indicate that a ~3% change in the RMS 
of the beam as it hits the cross-hairs is expected.

• RMS values in plot on the right are extracted from 
beam profile histograms with bin sizes of 2 cm.  
Error bars reflect a 1% uncorrelated uncertainty.

• Studies on previous slide indicates the primary 
beam width can be measured to better than 1%.
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of the beam and monitor the position of the beam on the target. This leads to

the following requirement:

1. The HADeS must be capable of measuring the angle of the primary proton

beam to within 70 µrad. With a beam pathlength of approximately 220

m, this translates to a measurement of the position of the beam to within

1.5 cm.

After horns B and C are installed, they are aligned to beam center using

beam and cross-hairs installed on the horns. During a beam scan across the

aperture of the horns, a radiograph of the cross-hairs is generated using beam

interactions with the cross-hairs produce secondary particles that are detected

using ion chamber loss monitors, but the HADeS will also be used to confirm

this measurement. This leads to another requirement:

2. The HADeS must be capable of measuring the positions of the cross-hairs

on horns B and C with 0.5 mm accuracy. Specifically, the peak primary

beam loss rate for beam traversing the cross-hairs on horns B and C must

be measurable with 0.5 mm accuracy, with no target and horn A installed,

during a transverse beam scan across the aperture of the horns.

The next step in the beam-based alignment procedure is to install the target

and horn A, with no ba✏e. A beam scan across the target and ba✏ette is used to

produce a radiograph using rates in the HADeS as a function of beam position.

The edges of ba✏ette and target are identified in the radiograph because these

present extra material for the beam to pass through, hence decreasing the rates

in the HADeS. This leads to the next requirement:

3. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏ette and target with 0.5 mm accuracy with all horns and

target installed, but no ba✏e.

The final step in the beam-based alignment procedure that involves the

HADeS is to install the ba✏e and perform a scan and analysis similar to the

previous step. The combination of the ba✏e, ba✏ette and target protects the

windows at both ends of the decay pipe and the absorber core from mis-steered

beam. Not only do we need to measure the position of the ba✏e with respect

to the target, we also need to ensure that the positions of the target and horn

A are within their tolerance after the ba✏e is installed. Therefore:

4. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏e and target with 0.5 mm accuracy with all horns, target

and ba✏e installed.

The alignment procedure described above must be repeated anytime that a

target or horn is replaced. Furthermore, HADeS may need to be used to diagnose

a problem or change in the performance of the beam. Therefore HADeS must

be readily available and functional at any point. The particle fluence at the
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of the beam and monitor the position of the beam on the target. This leads to

the following requirement:

1. The HADeS must be capable of measuring the angle of the primary proton

beam to within 70 µrad. With a beam pathlength of approximately 220

m, this translates to a measurement of the position of the beam to within

1.5 cm.

After horns B and C are installed, they are aligned to beam center using

beam and cross-hairs installed on the horns. During a beam scan across the

aperture of the horns, a radiograph of the cross-hairs is generated using beam

interactions with the cross-hairs produce secondary particles that are detected

using ion chamber loss monitors, but the HADeS will also be used to confirm

this measurement. This leads to another requirement:

2. The HADeS must be capable of measuring the positions of the cross-hairs

on horns B and C with 0.5 mm accuracy. Specifically, the peak primary

beam loss rate for beam traversing the cross-hairs on horns B and C must

be measurable with 0.5 mm accuracy, with no target and horn A installed,

during a transverse beam scan across the aperture of the horns.

The next step in the beam-based alignment procedure is to install the target

and horn A, with no ba✏e. A beam scan across the target and ba✏ette is used to

produce a radiograph using rates in the HADeS as a function of beam position.

The edges of ba✏ette and target are identified in the radiograph because these

present extra material for the beam to pass through, hence decreasing the rates

in the HADeS. This leads to the next requirement:

3. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏ette and target with 0.5 mm accuracy with all horns and

target installed, but no ba✏e.

The final step in the beam-based alignment procedure that involves the

HADeS is to install the ba✏e and perform a scan and analysis similar to the

previous step. The combination of the ba✏e, ba✏ette and target protects the

windows at both ends of the decay pipe and the absorber core from mis-steered

beam. Not only do we need to measure the position of the ba✏e with respect

to the target, we also need to ensure that the positions of the target and horn

A are within their tolerance after the ba✏e is installed. Therefore:

4. The HADeS must be capable of measuring the vertical and horizontal

edges of the ba✏e and target with 0.5 mm accuracy with all horns, target

and ba✏e installed.

The alignment procedure described above must be repeated anytime that a

target or horn is replaced. Furthermore, HADeS may need to be used to diagnose

a problem or change in the performance of the beam. Therefore HADeS must

be readily available and functional at any point. The particle fluence at the

2

HADeS Requirements 3 & 4

7

• The bafflette and target represent 100x more 
interaction lengths than the cross-hairs, so the 
effect on the beam profile [width] should be 
enormous.  

• As was done in NuMI, we can rely on 
measurements of the change in flux at the HADeS 
as we scan the beam across these features. 0
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Hadron 
Monitor

LBNF Absorber, Hadron Monitor inside shielding block

Absorber
core

Hadron
Monitor

Chain drive 
mechanism

Shielding 
block

Concrete 
blocks-R

Steel
shielding

Concrete
Block -C

DUNE-docdB 12541

HADeS

HADeS

HADeS Requirement 5 - Remote Handling

Note: this is an interface, NBI is not responsible for the remote handling but 
We are working with remote-handling experts.

http://www.apple.com
https://docs.dunescience.org/cgi-bin/sso/ShowDocument?docid=12541
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HADeS Requirement 6 - Readout and Data Access

• Planning to use SWIC readout, used by many other AD systems.
- Output will go into ACORN (future version of ACNET), and data we be readily 

available to anyone who needs it via, eg, the ifbeam interface.
• One SWIC readout board can take up to 192 channels.  So for the 13x13 design, we 

need only one SWIC board.
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• Monitors the tertiary muon beam profile downstream of the absorber; presence of 
muons indicates presence of neutrinos (converse is also true, and is an indicator of 
a potentially serious problem).  

• Physics-based requirements: doc-dB 20849

Muon Monitor System (MuMS)

10

Requirements for the LBNF Muon Monitor
System

Jonathan Paley

October 30, 2020

The LBNF facility will provide the world’s most powerful muon-neutrino1

beam to DUNE, enabling that experiment to make precision measurements of2

the electron-neutrino appearance and muon-neutrino disappearance phenomena.3

The precision goals for DUNE require control and knowledge of the direction of4

the neutrino beam provided by LBNF. This document outlines the requirements5

for the LBNF Muon Monitor System (MuMS), part of a suite of detectors that6

will be used to ensure that LBNF is delivering quality beam.7

The primary purpose of the MuMS is to provide spill-by-spill information8

on the neutrino beam via the muons created from the meson-decays that also9

create the neutrinos. The number of muons is related to the neutrino flux,10

and the position and direction of the muon beams is strongly correlated to the11

positions of the neutrino production target and focusing horns.12

The spill-by-spill determination of the presence of the muon beam will be13

used to determine that no catastrophic failure of beamline equipment down-14

stream of the target occurred. Under normal operations, it should not be pos-15

sible for there to be protons on target, but no muon beam. This sets the first16

requirement of the MuMS:17

1. The MuMS must be capable of measuring the relative muon flux for each18

neutrino beam spill, and capable of providing feedback within the spill19

duty cycle such that beam can be shut-o↵ before the next spill, at a20

minimum spill intensity of 7.5 ⇥ 10
12

POT and maximum spill intensity21

of 7.5⇥ 10
13

POT.22

Changes to the muon beam position and direction are an indicator of changes23

to the target and horn beyond their tolerances. Tracking these changes in real-24

time are critical for both safe operation of the beam as well as providing feedback25

to the experiments that use the beam on the time-dependent evolution of the26

neutrino beam flux. Simulation studies by Lopez, et al (doc-dB 1985) in 201727

demonstrate that when beam or horns are transversely displaced out of their28

tolerance (typically 0.5 mm), the muon beam center is correspondingly shifted29

by at least a few cm at the location of the MuMS. This leads to the next30

requirement:31

1

2. The MuMS must be capable of measuring the muon beam center to within32

1 cm within a few spills of normal beam operation.33

Furthermore, these same studies show that in many cases the center and shape34

of the beam may not change when some beamline elements go out of tolerance,35

however the total muon flux does change by a few percent. Therefore:36

3. The MuMS must be capable of measuring the relative integrated muon37

flux passing through the detector to within 1% spill-to-spill.38

There are some e↵ects, such as horn tilts or target degradation that have energy-39

dependent e↵ects impacts on the muon energy spectrum. Based on the studies40

and conclusions in doc-dB 1985 we arrive at the final requirement:41

4. The MuMS must be capable of measuring the integrated flux of the muon42

beam above 5 GeV and two other higher energies separated by at least 343

GeV each.44

We note that the current design has 156öf steel shielding separating the first and45

second MuMS stations, and 104öf steel between the second and third stations.46

Finally,47

5. Relevant data will be permanently recorded and made available to LBNF48

stakeholders.49
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2

https://docs.dunescience.org/cgi-bin/sso/RetrieveFile?docid=20849&filename=Requirements_for_the_LBNF_Muon_Monitors.pdf&version=1
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• Conceptual design is to use the same 
detector [technology] as for the HADeS.
- Similar to NuMI approach
- Initial proposal was to use larger (150 

cm x 150 cm) HADeS detectors, but 
with fewer channels and/or larger pixels

MuMS Conceptual Design

11
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1

1

2

2

3
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Top Of The Pulser Back

MATERIAL - 6mm BLACK FOAM PVC
MAKE - 1

5399-E.01

PART NO:

5399-E

58.0
147.3 cm

56.0
142.2 cm

6.5
16.5 cm

• At first glance, UT Austin agreed this should 
work

• But maximum travel range of CNCs at UT 
Austin shop is 50 cm x 100 cm.  
- The NuMI 1x1m2 detector was constructed 

by moving the detector once.  
- Not clear if moving it more often is realistic 

for the larger LBNF muon monitors
- Construct the detector from smaller pieces 

(eg, 1x3 grid of 100 cm x 50 cm mini-HADeS 
detectors)

• Discussions with UT Austin underway, 
considering design that will allow easy 
swapping of modules.

MuMS Conceptual Design

12
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• We know from NuMI experience that these detectors meet this requirement.

MuMS Requirement 1

13

Requirements for the LBNF Muon Monitor
System

Jonathan Paley

October 30, 2020

The LBNF facility will provide the world’s most powerful muon-neutrino1

beam to DUNE, enabling that experiment to make precision measurements of2

the electron-neutrino appearance and muon-neutrino disappearance phenomena.3

The precision goals for DUNE require control and knowledge of the direction of4

the neutrino beam provided by LBNF. This document outlines the requirements5

for the LBNF Muon Monitor System (MuMS), part of a suite of detectors that6

will be used to ensure that LBNF is delivering quality beam.7

The primary purpose of the MuMS is to provide spill-by-spill information8

on the neutrino beam via the muons created from the meson-decays that also9

create the neutrinos. The number of muons is related to the neutrino flux,10

and the position and direction of the muon beams is strongly correlated to the11

positions of the neutrino production target and focusing horns.12

The spill-by-spill determination of the presence of the muon beam will be13

used to determine that no catastrophic failure of beamline equipment down-14

stream of the target occurred. Under normal operations, it should not be pos-15

sible for there to be protons on target, but no muon beam. This sets the first16

requirement of the MuMS:17

1. The MuMS must be capable of measuring the relative muon flux for each18

neutrino beam spill, and capable of providing feedback within the spill19

duty cycle such that beam can be shut-o↵ before the next spill, at a20

minimum spill intensity of 7.5 ⇥ 10
12

POT and maximum spill intensity21

of 7.5⇥ 10
13

POT.22

Changes to the muon beam position and direction are an indicator of changes23

to the target and horn beyond their tolerances. Tracking these changes in real-24

time are critical for both safe operation of the beam as well as providing feedback25

to the experiments that use the beam on the time-dependent evolution of the26

neutrino beam flux. Simulation studies by Lopez, et al (doc-dB 1985) in 201727

demonstrate that when beam or horns are transversely displaced out of their28

tolerance (typically 0.5 mm), the muon beam center is correspondingly shifted29

by at least a few cm at the location of the MuMS. This leads to the next30

requirement:31

1
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• Fits to 
simulated 
beam 
profiles 
indicate a 
~1 cm 
uncertainty 
on the 
mean 
position.

MuMS Requirement 2
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2. The MuMS must be capable of measuring the muon beam center to within32

1 cm within a few spills of normal beam operation.33

Furthermore, these same studies show that in many cases the center and shape34

of the beam may not change when some beamline elements go out of tolerance,35

however the total muon flux does change by a few percent. Therefore:36

3. The MuMS must be capable of measuring the relative integrated muon37

flux passing through the detector to within 1% spill-to-spill.38

There are some e↵ects, such as horn tilts or target degradation that have energy-39

dependent e↵ects impacts on the muon energy spectrum. Based on the studies40

and conclusions in doc-dB 1985 we arrive at the final requirement:41

4. The MuMS must be capable of measuring the integrated flux of the muon42

beam above 5 GeV and two other higher energies separated by at least 343

GeV each.44

We note that the current design has 156öf steel shielding separating the first and45

second MuMS stations, and 104öf steel between the second and third stations.46

Finally,47

5. Relevant data will be permanently recorded and made available to LBNF48

stakeholders.49

2
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2. The MuMS must be capable of measuring the muon beam center to within32

1 cm within a few spills of normal beam operation.33

Furthermore, these same studies show that in many cases the center and shape34

of the beam may not change when some beamline elements go out of tolerance,35

however the total muon flux does change by a few percent. Therefore:36

3. The MuMS must be capable of measuring the relative integrated muon37

flux passing through the detector to within 1% spill-to-spill.38

There are some e↵ects, such as horn tilts or target degradation that have energy-39

dependent e↵ects impacts on the muon energy spectrum. Based on the studies40

and conclusions in doc-dB 1985 we arrive at the final requirement:41

4. The MuMS must be capable of measuring the integrated flux of the muon42

beam above 5 GeV and two other higher energies separated by at least 343

GeV each.44

We note that the current design has 156öf steel shielding separating the first and45

second MuMS stations, and 104öf steel between the second and third stations.46

Finally,47

5. Relevant data will be permanently recorded and made available to LBNF48

stakeholders.49

2

• NuMI experience indicates this is possible.
• Care must be taken to avoid impurities introduced to the system during gas bottle 

changes.
- Will be partially mitigated by using larger helium tanks stored outside.
- Will consider further gas monitoring and calibration techniques.

MuMS Requirement 3

15
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MuMS Requirement 4 - Shielding

16

2. The MuMS must be capable of measuring the muon beam center to within32

1 cm within a few spills of normal beam operation.33

Furthermore, these same studies show that in many cases the center and shape34

of the beam may not change when some beamline elements go out of tolerance,35

however the total muon flux does change by a few percent. Therefore:36

3. The MuMS must be capable of measuring the relative integrated muon37

flux passing through the detector to within 1% spill-to-spill.38

There are some e↵ects, such as horn tilts or target degradation that have energy-39

dependent e↵ects impacts on the muon energy spectrum. Based on the studies40

and conclusions in doc-dB 1985 we arrive at the final requirement:41

4. The MuMS must be capable of measuring the integrated flux of the muon42

beam above 5 GeV and two other higher energies separated by at least 343

GeV each.44

We note that the current design has 156öf steel shielding separating the first and45

second MuMS stations, and 104öf steel between the second and third stations.46

Finally,47

5. Relevant data will be permanently recorded and made available to LBNF48

stakeholders.49

2

From Vic Guarino (ANL)

Station 1
Station 2

Station 3

• Steel plates to be used for 
shielding, supported by blue 
blocks and steel frame

• Station 1 sees muons above 5 
GeV (absorber stops muons 
below 5 GeV)

• Station 2 sees muons above 
~11 GeV

• Station 3 sees muons above 
~16 GeV



Jonathan Paley - Neutrino Division, Fermilab

MuMS Requirement 4 - Shielding

17
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• Replacing the uniform steel 
plates with steel blue blocks 
significantly simplifies the 
design and assembly, and is 
much less expensive.

• However, this introduces small 
gaps, of up to 0.25” in size.

• Blocks will be staggered so that 
there will be no continuous gap 
through the shielding.
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MuMS Requirement 4 - Shielding
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No gaps 5mm gap

Preliminary studies, more 
simulations are being run
to get more stats.

Preliminary results show 
no obvious signs of an 
impact from 5 mm gaps.
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MuMS Requirement 5 - Readout and Data Access
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• Will use same electronics as for HADeS (SWIC)
• Will need 2 SWICs for 3 9x9 detectors.
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Interfaces - Cables

20

• Infrastructure for running cables from the instrumentation room in LBNF30 to the 
detectors is being planned for.

• Cable runs and trays are in the CF designs.
• We will install 200(300) signal and 200(300) power cables for the HADeS(MuMS).   
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Interfaces - Gas System

21

• Will use a similar gas distribution system to 
that of NuMI.

• One line will run from the surface to the 2nd 
level of LBNF 30.  Gas lines will split off there 
to both HADeS and MuMS.

• Will use He gas tanks (trailer size) to minimize 
the frequency of gas changeovers.  Pumping 
and back-filling the gas lines also being 
considered.

• Gas lines are in the CF drawings.
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Preliminary Installation Plan

22

• Gas lines and cables will be run prior to installation
• HADeS goes in after absorber is installed
• MuMS shielding will be installed before shielding overhead (via crane)
• MuMS detectors will be installed after shielding.  

- Likely will install most-downstream first.
- Shielding is on rails and will be moved to install the detectors.  Most 

important for the most downstream station.  


