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1. Introduction
This user manual intends to describe the procedure for operation of the insertion tool system
developed for the installation of the cassettes of the CMS (Compact Muon Solenoid) DT (Drift
Tubes) MB4 chambers.
Due to the high radiation field in the upper part of the CMS detector, the performance and the
aging of the MB4 chambers is at risk due to the high levels of accumulated charge. Therefore a
shielding structure that reduces the radiation intensity of those chambers has been developed.
This shielding structure consists on a series of cassettes (6 per chamber) each of them build
from a 7 mm thick lead sheet plus a 3 cm thick 5% Borated Polyethylene sheet (except in the
Sector 4 chambers where the Borated Polyethylene is 9 cm thick due to the higher rate).
A supporting structure has been designed for fixing the shielding cassettes to the CMS detector.
In addition, an insertion system which should allow pushing the cassettes inside the supporting
structure and also extract them in case of need has been designed.
The insertion tool is made of a mechanical structure which is attached to the supporting
structure, and an electrical system which consists on 2 motors plus a portable electronics
controlling system.
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In this manual we describe the operation of this insertion tool system from the point of view of
the user. Safety considerations are also included.
All the documentation regarding this project can be found here:
https://cernbox.cern.ch/index.php/s/QKcXCifpEO843Xy
Also, the documentation about the insertion tool design can be found here:
https://cernbox.cern.ch/index.php/s/p6hPpg1F8pK8n34

1.1. Description of the Mechanical structure of the insertion
tool system
The mechanical structure of the insertion tool is made of two arms, each of them to be fixed on
each side of the path of the cassettes in the supporting structure.
The attachments to the supporting structure are different depending on whether you need to
insert the cassettes or to extract them.
The procedure for insertion of the cassettes are:
a. Attach the two arms to the supporting structure.
b. Lift the cassette with the crane and put it on top of the arms of the insertion tool
c. Switch on the electrical system and activate the motors to push the cassette into
the supporting structure.
There are three cassettes per row. They are inserted with the insertion tool inside the supporting
structure. The second cassette will push the first one while it is being inserted. In the same way,
the third cassette will push the first and second ones to their final position while it is being
inserted.
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Drawing of the arms of the insertion tool.

Image of the insertion tool attached to the supporting structure and the 6 cassettes that cover each chamber.

4

Image of one of the arms of the insertion tool

1.2. Description of the electronics system of the insertion
tool
The insertion tool movement is driven by two motors, each in one of the arms. The motors are
ST6018L3008-A stepper motors from Nanotec, with a 1:7 reduction gear. Although stepper
motors are usually controlled in open-loop mode, an encoder has been added to one of the
transmission gears to receive feedback from the motor’s movement and thus be able to detect
the possible error in which one of the motors, due to an excess of load, fails to move at the
desired step rate. Also in each arm there are a couple of endstop switches to prevent the
motors trying to push the load past the tool limits.
A 2-meter-long, 10-conductors cable connects each of the insertion arms to the control box. The
left and right arms have different connectors to avoid errors in connecting the cables.
The main control box hosts the following elements:
- 2x 12 V batteries that should allow for a full day of continuous operation (note that the
insertion tool is not expected to be used for more than about an hour each day of
operation). The batteries are connected in series.
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-

-

A DC-DC power supply that transforms the 24 V output from the batteries to 48 V. The
main purpose of this converter is to provide the stepper motor drivers with more voltage,
and thus increase the maximum speed in which the motors are able to operate. As a
positive side effect, it stabilizes the output voltage, making motor performance
independent of the charge level (and thus voltage) of the batteries.
A DC-DC buck converter to power the control electronics from 24 V.
A ON/OFF switch and an emergency stop button, both connected in series to the 24V
power of the batteries to completely switch off the system.
A 3-state switch that allows to operate both motors or only one of them.
The control electronics are based on an Arduino Mega 2560 board, with a mezzanine
board that interfaces it to the stepper motor drivers (TMC262-BOB60) and the rest of the
connectors. The connectors are:
- Two connectors for the motor terminals (one connector for each arm): 4 contacts
for each motor.
- Two connectors for the arm’s sensors (one connector for each arm). In between
the mezzanine board and the cables to the arms there is an adapter board with
pull-ups and low-pass filters for EMI. Each connector from the cables has 6
wires; one of the connectors from the interface board to the arduino mezzanine
has 6 contacts and the other 4 (because power is distributed inside the
intermediate board).
- One connector for the motor selector switch, with 3 contacts.
- One connector for the remote control, with 6 contacts.

The batteries can be charged by means of a charger with a european mains plug that is
attached to the main box.
The system is completed by a remote control wired to the main box, that is used to control the
motors movement in two directions (insert/extract) and two speeds (slow/fast). It also has an
emergency stop that disables the stepper motor drivers so current is not flowing through the
coils.

2. Description of the insertion tool
electronics system
In the following section we describe the information that is needed to operate the insertion tool
electrical system.
An image of the box that contains all the electronics for controlling the motors can be seen here:
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Image of the insertion tool electrical system box.

2.1 General Emergency button
On the black box that contains all the electronics of the insertion tool system one can find a red
emergency button that, whenever is pushed, cuts the full power to the electronics of the
insertion tool system, to the motors and to any active part of the insertion tool. It is the
emergency switch that protects the full system and also allows to stop any action in case of
safety problems.
Whenever the system is not being operated, we recommend that the emergency button is
pushed so the full system is not powered.
In order to operate the system, the general emergency button needs to be released.
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Image of the GENERAL EMERGENCY BUTTON. When pressed, it cuts to power to the full insertion tool system. It
needs to be turned to be enabled again.

2.2 Switches of the insertion tool electrical system box
Next, one can find two switches on the upper part of the box.

2.2.1 SWITCH 1. TURN ON/OFF.
The left switch in the upper part of the box is to power on the electronics of the motors control
system. This switch is wired in series with the general emergency button: both of them have to
be active in order for the system to operate.
A switch off of the system for ~10 seconds can be necessary in case the system seems
unresponsive. This condition may arise in case the DCDC converter powering the motor drivers
has switched off due to one of its automatic protections. In particular, the electronic system
performs an active braking on the motors when stopping the movement, and this injects back
energy to the DCDC converter. If this power goes above a certain level, the DCDC will switch off
because of its overvoltage protection.
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Image of the Switch 1. In this image the switch is in OFF position. To turn on the system it should be moved to ON
position.

2.2.2 SWITCH 2. MOTOR SELECTION.
The right SWITCH is intended to select the motor you want to control. The labels on top of the
cassette explain the direction. Position left allows to control the left motor. Position right allows
to control the right motor. Position middle controls simultaneously both motors. This is the
default position.
The motor selection switch only has an effect when the motors are in rest. When the motors are
moving, changing the motor selection switch will have no effect. When both motors are
selected, they will both stop when any of them touches and endstop switch. They will also both
stop if the encoder feedback detects that one of the motors has stalled. When only one motor is
selected, the other motor’s endstop have no effect over it, and the encoder feedback is
disabled.

Image of the SWITCH 2 which allows to select the motor that is going to be controlled.
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2.3 Remote control
Once this two buttons have been positioned, the control of the insertion is done through the
remote control handle. An image of it can be seen here:

Image of the remote control to operate the insertion tool.

The remote control contains 3 buttons:
1. A STOP emergency button that stops immediately the motor(s). This emergency button
does not remove the power to the electronics, but it automatically disables the drivers
and therefore, it stops the movement of the motors. The power to the system is cut
through the GENERAL EMERGENCY BUTTON. Please also note that pressing the
remote control emergency button is not equivalent to the motors being in rest. While in
rest (movement buttons not pressed) there is a rest current going through the motor coils
to prevent them from freely moving due to forces exerted on it.
2. The insertion button (white). When half-pressed, it activates the motors in slow mode (29
cm/min) in the direction of insertion of the cassette . When it is fully pressed, it enables
the fast mode of operation of the motors, inserting the cassettes at maximum speed (57
cm/min).
3. The extraction button (black). When half-pressed, it activates the motors in slow mode
(29 cm/min) in the direction of extraction of the cassette . When it is fully pressed, it

10

enables the fast mode of operation of the motors, inserting the cassettes at maximum
speed (57 cm/min).

3. Description of safety protections
The insertion tool electrical system contains the following safety protections:
-

General emergency button that cuts the power to the full system

-

Emergency button in the remote control which stops the movement of the motors.

-

Endstop on both sides of the two arms so that the movement of the motors is stop
whenever the sliding piece reaches any of the two ends of the arms.

-

Movement sensor on each of the two motors that is capable of detecting whether any of
the motors is moving or stalled.

4. Recharging the electrical batteries
Batteries of the electrical system can be charged with a charger that is inside the black box and
that only needs to be connected to 220 V AC european power plug. We recommend not to
charge it while it is being operated. An image of the device can be seen here:

Image of the charger system to be plugged to 220V AC for recharging the batteries of the insertion tool electronics.
We recommend not to charge it while it is being operated.

4. Important usage precautions
Please do not manually move the motors rapidly while they are connected to the main
box. The mechanical movement makes the motors work as electric generators and this energy
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is dissipated in the drivers. While they are designed to absorb this energy up to a certain point,
they are not optimized for this mode of operation and they may break.
Please power down the system before connecting/disconnecting the cables from the
main box to the motors. Even at rest, there is current flowing through the motor coils and the
stored energy would be abruptly released in the form of a high voltage spark that can damage
the motor drivers.

5. Sequence for operating the insertion tool system.
Cassettes insertion mode.
In order to insert the cassettes, the procedure to follow is:
1. Release the general emergency button.
2. Turn on the power to the insertion tool electrical system by turning right the ON switch 1.
3. Select with the switch 2 the motors to control. By default you should be controlling both
motors simultaneously.
4. Release the emergency button of the remote control
5. Push either the insertion button on the remote control or the extraction button depending
on the action to make.

When the insertion or extraction of the cassettes is completed, the following steps should be
made:
1. Move the motors to bring the sliding handle to the end stop position (closer to the
motors).
2. Push the emergency button on the remote control.
3. Turn the switch 1 to OFF position.
4. Push the General emergency button.
If needed, connect the battery recharger to insure you have enough power during the next
cassettes insertion cycle (see section 4).
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