
Linear accelerator and 
accompanying equipment as a 
system for Hyper-Kamiokande 
detector calibration
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Thank you very much for the invitation to this conference. On behalf of the NCBJ team, I would like to present the results of our work related to NCBJ's participation in building a new Cherenkov neutrino water detector. Due to the main topic of the conference, I will focus on the accelerator part of this project. However, as an introduction, I would like to say a few words about Cherenkov water detectors, especially in relation to cosmic ray detection.



Three the most famouse
detectors:

• Super-Kamiokande – Japan, Gifu 
Prefecture (1996)

• Sudbury Neutrino Observatory (SNO) –
Canada, Ontario (1999)

• Borexino - Italy, Grand Sasso (mountain) 
(2007)
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• 50,000 tons of ultra-pure 
water

• Currently: water mixed with 
gadolinium

• 278 tons of mixed 
scintillation materials: 
pseudocumene and 
PPO

Liquid Cherenkov Detectors

• 1000 tons of heavy 
water

• 6-metre-radius (20 ft) 
acrylic vessel
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Here are information about liquid water detectors. Historically, the oldest is the SK detector, but before that, a smaller Kamiokande detector was used. The Canadian detector is based on heavy water, and the European Borexino detector is based on two types of scintillators. The main information about these detectors is presented on the slide. Since the main topic of the conference is related to accelerators, I don't want to go into this topic in details.



Dimensions (5 time bigger than SK): 
• ø 68m
• height 71m
• Water total amount: 250 000 tons

Two detectors:
• ID – Inner detector
• OD – Outer Detector 

Photomultipliers 
• ID part: 20 000 PMT (ø 50 cm) + 1 000 

mPMT
• OD part: 7 200 (ø 8 cm) with wavelength 

shifting plate
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New Liquide Cherenkov detector: Hyper
Kamiokande
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Information about the Hyper-Kamiokande detector is presented on the slide. This detector is five times bigger than its older brother. An interesting aspect is that there are two detectors in the same facility: the inner and outer detectors. The inner detector is built with more than 25,000 PMTs, and the outer detector is built with more than 7,000 PMTs. The main role of the outer detector is to confirm the orgin of a muon, if it comes from J-PARC or from cosmos.



Light-Based Calibration System:

• Diffusers and collimators

• mPMT system

• OD injectors

Isotope-Based Calibration System:

• AmBe + BGO – tagged neutrons

• Ni/Cf – 9 MeV γ cascade

Linear Accelerator Calibration System:

• 3-24 MeV electrons
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Detector calibrations systems
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Before the first data collection, the entire detection system must be calibrated. This process confirm that the real system matches the system from the simulation. For the HK detector, three different calibration systems will be used. A light-based calibration system, were diffrent wave langth light sources are installed between the PMTs, will be used before data collection and whenever any issues with the detector occur. Isotope-based and linac calibration will be performed similarly to the light calibration before data collection and periodically every three years during special maintenance periods called "linac festivals".



The system can be divided into three main groups:

1. Linac

2. Horizontal beam transport system and D3 magnet 
trolley

3. Vertical beam transport system

Main goals:

• Produce a beam with a selected energy in the 
range of 3 to 24 MeV

• Reduce the number of electrons to reach a safe 
level of radiation

• Transport electrons from the linac room to the 
tank cavern

• Adjust the beam orientation and deliver it to the 
selected depth of the tank

• Achieve an exact number of electrons at the final 
depth in the tank: ~ 1 e⁻ per pulse 5

Calibration System Based on the Linear Accelerator

1

2

3
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The linac concept is based on the existing SK solution. An electron linear accelerator is installed in the shielded room. For this detector, a 3 to 18 MeV accelerator is planned for use. The electron beam produced by the linac is transferred via a vacuum pipe system from the linac room to the detector tank. The problem is achieving the expected number of electrons at the beam line output, meaning a single electron per pulse. Since it is impossible to reach exactly this value, when more than one electron is detected, the data collection system must be informed. For safety reasons, the process of reducing the electrons must be done in the linac room. Only a very limited number of electrons can be delivered to the cavern. Only single electrons can be lost when beam goes thru the horizontal and vertical beam line. During this part number of electrons is reduced to reach expected number of electrons at output window.



Preparing for calibration:

• Select the calibration port

• Connect the horizontal pipe to achieve the required length

• Install the output chamber

• Install vertical pipes to achieve the required depth

• Connect the D3 magnet trolley

• Create a vacuum

• Open all valves on the beam path

• Start calibration
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Calibration with linear accelerator
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On the slides is presented in stpes a preparing for calibration process. According to the calibration schedule, the calibration port is selected. A horizontal pipe system is installed to achieve the required length. After opening the calibration port, the output chamber is installed, and in the next steps, vertical pipes are installed. When the final depth is achieved, the "D3 magnet" trolley  is placed, positioned, and the vacuum pumping process is started. When the required level of vacuum is achieved, all protective valves are opened, and the tuning of the accelerator beam path can be started. When the beam is delivered to the output window, the detector calibration process can be started. Data is collected for all energies on at least three depths.Maimum expected depth is close to 60m.



Electron linear accelerator

A. Accelerating cavity:  3 – 24MeV

B. RF source – 10 MW klystrons

C. Dipole magnet: 90°

D. Beam steering components 

E. Vacuum pumps

F. Detection system components
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1. Linac

A

B
C

D

E
F
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The picture presents the configuration of the linear accelerator. This part of the accelerator is located in a shielding room with wall thickness tailored to the expected level of scattered radiation. The accelerating structure, equipped with a trode gun, is fed by RF power from a klystron modulator. In this project, a 10 MW canon klystron was chosen. The electron beam with a relatively wide spectrum is deflected in the first 90-degree dipole magnet. More details about the magnet are presented on the next slide. In this magnet, only precisely defined single-energy electrons are correctly deflected; the rest of the electrons are lost. A reduced number of electrons is transferred to the next magnet. The trajectory of the electron flight can be modified by a triplet coil system. With the triplet aid, an exact input point in the magnet can be achieved. The installed detection system based on SiMP helps correct the electron beam trajectory and optimize electron transfer. When the beam exits the second dipole magnet, the energy is very precisely defined, and the number of electrons should not exceed 1000 electrons in one pulse. The number of electrons will be reduced during transfer through the horizontal and vertical beam lines to reach, at the output window, statistically a single electron per pulse.



To optimize costs and future maintenance 
expenses, a process of standardization 
has been implemented.

A. Dipole magnet: 90°

B. Triplet coils

C. Beam diagnostics

D. Collimators

E. Vacuum pumps
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Beam line components

AA

B

C

D

E

C

The aim of the Beam Monitor is to detect and verify
the number of electrons outside of the beam axis. 

The dipole magnet shape was tailored to reduce the level
of radiation produced by deflected electrons.

The triplet coils contain: 3 sets of focusing coils
and 2 pairs of Y and X deflecting coils.
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Along the entire length of the beam, is posibly to find repeating elements. One of the most interesting elements is a 90 degree dipole magnet. This magnet deflects the beam at a 90-degree angle. The shape of the magnet was selected so that electrons with energy different from what is assumed do not hit the elements of the magnet when leaving the chamber. Additionally, the chamber itself was made of aluminum, which reduced the efficiency of conversion to X-rays.
The task of the coil system installed in the triplet is to allow the user to modify the flight path of the electron beam so that electrons can be precisely introduced into selected areas. The triplet consists of three focusing coils and two pairs of X and Y correction coils.
The donut shape beam monitor, generating information about the exact beam position. Divided into four isolated fields, it allows the operator to determine in which direction the beam's flight path should be corrected to minimize the number of counts for each field. The beam monitor works with the triplet coils; the output data from this system is the input data for the triplet.
The task of the collimators is to geometrically limit the spread of the beam. The system of four independent jaws allows for precise limitation of the beam size. Pump systems based on turbomolecular pumps provide the vacuum required to obtain stable operation.



Horizontal line:

• KF flanges for vacuum (Viton on 
stainless steel ring)

• Fastening based on a chain system

• Dedicated tool for achieving same
torque force

• The miu-metal insert is placed inside 
the pipe
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2. Horizontal beam transport system and D3 trolley

D3 magnet trolley, acts as a hub, allowing 
the linac to be connected to the selected 
calibration port,

• Modify the beamline.

• Maintain a vacuum for the D3 magnet 
chamber and the vertical beamline.
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The magnet transport system, operatively called the D3 magnet trolley, acts as a hub, allowing the linac to be connected to the selected calibration port. A double coil correction system allows for the management of the beam path at the magnet's input and output. A vacuum pump system is also installed on the trolley. All systems installed on the trolley are controlled by a D3 trolley control system. This system communicates with the main control system via the TWIN CAT protocol.

The D3 magnet carriage is connected to the linac room by a specially designed pipe system. The stainless steel pipes, terminated with KF type flanges, are sealed using Viton seals. A special chain closure closes and secures the connection. The miu-metal insert is placed inside the pipe as a shield against the leaking of an external magnetic field, which could modify the beam's flight path.



HyperK solution:

• Fastening based on a nut-thread 
system.

• Infinite pipe positioning options.

• Integrated cable holders.

• Integrated protective cones and pipe 
sliders.
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3. Vertical beam pipe system

The new solution is based on the Super-
Kamiokande design with important 
changes.

• Originally, the fastening system used 
flanges secured by four screws.

• During assembly, cables and protective 
cones were installed separately.

• Cables were secured using plastic zip 
ties.

Prezentator
Notatki do prezentacji
Many of the solutions used, especially in the beam transport systems, were adapted from the calibration system used in the calibration of the Super Kamiokande detector. One of the main goals when designing the vertical beam transport system was to reduce installation time to the minimum necessary. An additional goal was to protect against the dropping of any element into the tank. The photos show the solutions used in the SK pipe system and the new ones planned for use in HK. The basic difference concerns the method of connecting the pipes. In the new solution, the classic flat seal was replaced with a threaded connection sealed by pressing the Viton seal against the flat flange. A similar solution is used in hydraulic systems. Additionally, the pipes were equipped with slots in which signal cables can be placed and special slides protecting the pipes during insertion and removal from the calibration port. Similarly to the horizontal pipe system, a mu-metal insert was installed inside the pipe as well.



Last element on the vertical beam line:

• Titanium output window

• Trigger detector

• Veto detector.
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3. Vertical beam pipe system – output chamber

The aim of The Trigger Counter is to detect and confirm, that 
such single electron was present and entered into the tank.

The Veto Detector must 
detect and verify the 
number of electrons outside 
of the beam axis in 4 
directions (4 sections of a 
donut-like scintillator)
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The final element of the vertical beam transport system is the exit chamber. This chamber is installed first during the assembly of the pipe system. Inside the chamber, there are two beam detection systems: the veto system and the trigger system. The veto system is similar in shape to the previously presented beam detection systems, while the trigger system is square-shaped. Both detectors are plastic scintillators permanently connected to SiMP-type detectors. The veto system informs about the incorrect beam position, while the hit system informs about the number of electrons that passed through the window. In the case when the number is greater than 1, the accelerator control system informs the data collection system about the incorrect pulse. Based on the indications of both detectors, the beam can be corrected in order to obtain the correct results. In the first step, the settings of the systems on the D3 magnet trolley are changed, and then in the linac room.



The titanium window is the last barrier 
between the water and the vacuum.

• Titanium is an approved material for 
use in the HK water tank.

• The thickness of the titanium foil 
determines the dispersion angle.

• No bremsstrahlung radiation occurs 
when passing through the titanium 
window.
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3. Vertical beam pipe system – titanium window

A special pressure vessel was designed and 
manufactured at NCBJ to test all 
"underwater" components.

200 cycles of increasing and decreasing the 
pressure from 0 to 10 bar overpressure 
were performed. High pressure was 
maintained for 7 min in each pumping 
cycle. The vacuum was maintained and 
controlled throughout the test

Before After
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The titanium window is the last barrier between the vacuum and water. The thickness of the titanium foil used to make the window was selected based on Monte Carlo simulations; two selected results are presented on the slide. It was confirmed that the optimal choice for this purpose should be a 50 µm titanium foil. A window made with this foil was installed and tested in a pressure vessel designed and manufactured for this purpose. The photo shows the titanium foil before and after the test. The conditions under which the test was conducted are presented on the slide. As an explanation, it should be added that all elements working underwater were tested in an identical way.
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Summary

• The design and prototyping of 
components have been completed.

• The first prototype components were 
tested.

• The results of the tested components 
were sent for verification and approval 
by the experiment committee.

• Key components such as the RF source, 
accelerating cavity vacuum components 
and 4-port circulator have been ordered 
and delivered.

• The accelerating cavity has undergone 
the final brazing process, and the 
assembly process will start soon.
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At the moment, the task design and prototyping have been completed. The report from this task has been sent to the appropriate committee, and we are waiting for comments. After receiving a positive opinion, the elements approved for serial production will be manufactured. Key components, whose delivery time is long, have been purchased and are already at NCBJ. The room where the beam tests will be carried out is in the final preparation phase; a new floor must be installed. The acceleration structure has currently after final brazing process, and in the next few days, the assembly process of the vacuum components will begin.
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2. NCBJ Linac group:

• Prof Sławomir Wronka – head of project
• MSc Mariusz Chabera – electronic engineer
• MSc Zbigniew Chmieliński – mechanical engineer
• MSc Magdalena Dobrzyńska – physicist
• PhD Martyna Grodzicka-Kobyłka – physicist
• MSc Jan Klimaszewski – mechanical engineer
• Eng. Tymoteusz Kosiński – electronic engineer
• MSc Natalia Kozak – PLC specialist, programmer
• MSc Michał Matusiak – electronic engineer
• MSc Krzysztof Mazurek – PLC specialist, electronic engineer
• PhD Tomasz Szcześniak – physicist
• MSc Marcin Wiktorowicz – physicist
• MSc Marcin Wojciechowski – mechanical engineer
• PhD Tomasz Zakrzewski – IT specialist, programmer
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Here is a list my colegues which working with me in this project. I want to thank you them for his hard work.



Thank You
Michal Matusiak

+48 22 273 10 02

m.matusiak@ncbj.gov.pl
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