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This document describes the set of tests which will be carried out to validate for operation the machine protection aspects of the LHC Injection Protection system. The area concerned by these tests extends over the LHC injection regions (including SPS extraction to some extent) for each of the two LHC beams.
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Introduction

After the qualification for operation of the individual systems of a sector, validation and specific studies of each equipment as a whole will be carried-out in the context of the machine protection system (MPS) commissioning. 
1. Scope

This document covers the tests which will be carried out to condition and validate for operation all the components of the injection protection system for the injection region for LHC beam 1 (IR2) and 2 (IR8). The equipment concerned are the injection kicker magnets (MKI), the injection septa (MSI), the injection absorbers TDI, the auxiliary collimators TCLI, the masks TCDD, the transfer line collimators TCDI, the injection beam interlock controllers (BIC) with all their interfaces and the master beam interlock controllers with all their interfaces in the SPS extraction regions. Only the tests for machine protection functionality are described.  

The injection protection system must be fully commissioned for operation with 156 on 156 bunches, with 9 x 1010 protons per bunch (Phase A.5 in the LHC beam commissioning plan). 
2. Purpose

This document 

1. gives a comprehensive list of the components which will be the object of the tests. 

2. describes in detail the procedures which will be applied for these tests and their sequence.
Each test has in front one of the following letters, defining at which interval or at which occasion the described test needs to be repeated (in the column labelled Repetition):

	N
	Not to be repeated

	S
	To be repeated after every Shutdown

	P
	Periodical repetition required, like 1 x per month; details to be defined in text 

	F
	To be repeated before each LHC fill (i.e. before each injection phase)

	O
	To be repeated when LHC optics is changed

	X
	To be repeated when crossing scheme is changed


This document is meant to be the reference document for the checklist which will be used during the commissioning of the MPS. Results of the tests will be documented in the MTF database.

3. INjection INTO the LHC 
The LHC beams are produced in the CERN accelerator complex. The last pre-accelerator is the SPS where LHC beam 1 is extracted from extraction region LSS6 and LHC beam 2 from extraction region LSS4. The beams are then transported through two transfer lines, beam 1 through TI 2 and beam 2 through TI 8, and finally injected into the LHC, beam 1 at LHC point 2 and beam 2 at LHC point 8. 

The main active elements of the LHC injection system are the injection septum MSI and the injection kicker MKI. 

The MSI is composed of 5 septum magnets (of types MSIA and MSIB) powered by a single SPS power converter. The MSI deflects the injected beam in the horizontal plane to bring it parallel to the circulating beam. The MSI PC is controlled through the standard SPS PC control system (ROCS). The MSI settings are part of the SPS settings management system based on LSA and are embedded into the SPS super-cycle settings. The MSI follows the SPS super-cycle timing.

The MKI is composed of 4 fast pulsing magnets operated at nominally 54 kV. The MKI deflects the injected beam vertically into the plane of the LHC ring.

Passive protection elements are used to avoid damage due to injection failures:

· The transfer line collimators TCDI installed in TI2 and TI8. The TCDIs protect the MSI and the LHC against large amplitude particles and excessive injection oscillations.

· The injection protection element TDI protects the D1 and MQX magnets against MKI failures.

· The TCDD mask absorbs showers leaking out of the TDI. 

· The TCLI collimators, installed on the opposite side of the IP (with respect to the injection point), protect the LHC arc. A dedicated mask TCLIM is used to absord showers leaking out of the TCLIs.

The layout of the injection area in IP2 is shown in Figure 1.

Since the intensity of a single bunch (pilot to nominal) is below the limit that is considered to be unsafe at injection into the LHC (safe beam limit of 1012 p), the injection protection systems must only be fully commissioned for the injection of multiple bunches.
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Figure 1 : Layout of the injection region around IP2.
4. Interlock system 

Four Beam Interlock Controllers (BIC) are dedicated to the injection regions, two in each injection point. Their input signals are given in Table 1 for beam 1 and Table 2 for beam 2. The protection system for LHC injection is highly interlinked with the SPS extraction. The output signals of the injection BICs form the so-called “injection permit” which is sent to the corresponding injection kicker MKI and to the corresponding SPS extraction master BIC in LSS6 for beam1 and LSS4 for beam2. The output signal of the master BICs are the extraction permits sent to the extraction kicker MKE in LSS6 or LSS4 respectively. Depending on the position of the TED beam absorbers in the transfer lines, the injection permit is ignored (one of the TEDs per line in beam) or taken into account (both TEDs out of beam). The logic of the master BICs in the SPS extraction regions takes this into account and follows the functional blocks of equipment of Fig. 2 and Fig. 3. Furthermore its logic also covers procedures such as “high intensity beam can only be injected into the LHC if there is already beam circulating” and extracting different types of beam (CNGS, LHC) via the same extraction channel in a safe way, see [1] for more information.  

[image: image2.emf]LSS6/TT60 TI 2 LHC injection LHC  SPS

TED TT60

TED TI2

TDI IR2

MKE MKI

IR2 BEAM1

SPS

LHC 

BEAM1


Figure 2. LSS6/TT60, TI 2 and IR2 injection. The two TED beam dumps and the TDI injection collimator, delimit the three functional blocks of equipment.
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 Figure 3. LSS4/TT40, TT41 (CNGS transfer line), TI 8 and IR8 injection. The two TED beam dumps, the CNGS target and the TDI injection collimator delimit the four functional blocks of equipment.

Besides those two types of BICs (injection and master BICs), a number of “conventional” BICs to cover the transfer lines are involved in injection protection. The commissioning and testing of the transfer line BICs together with connected equipment are described elsewhere [2].
The following two tables list the inputs to the 4 injection BICs in LHC points 2 and 8.

Table 1 : Input signals to the beam1 injection BICs in IR2. The collimator control inputs include the TDI and the injection protection collimators. 

	CIB.SR2.INJ1a
	1
	YES
	UNmaskable
	Operator Switch

	CIB.SR2.INJ1a
	2
	YES
	UNmaskable
	LHC Beam1-Permit

	CIB.SR2.INJ1a
	3
	YES
	UNmaskable
	not used

	CIB.SR2.INJ1a
	4
	YES
	UNmaskable
	MKI2 Status

	CIB.SR2.INJ1a
	5
	YES
	UNmaskable
	Vacuum

	CIB.SR2.INJ1a
	6
	NO
	UNmaskable
	not used

	CIB.SR2.INJ1a
	7
	NO
	UNmaskable
	not used

	CIB.SR2.INJ1a
	8
	YES
	Maskable
	Collimation Motor-Control

	CIB.SR2.INJ1a
	9
	YES
	Maskable
	Collimation Env_Param

	CIB.SR2.INJ1a
	10
	NO
	Maskable
	not used

	CIB.SR2.INJ1a
	11
	NO
	Maskable
	not used

	CIB.SR2.INJ1a
	12
	YES
	Maskable
	FMCM on RBIH.293

	CIB.SR2.INJ1a
	13
	YES
	Maskable
	FMCM on MSI

	CIB.SR2.INJ1a
	14
	YES
	Maskable
	MSI Convertor Sum Fault


	CIB.SR2.INJ1b
	1
	YES
	UNmaskable
	ATLAS

	CIB.SR2.INJ1b
	2
	YES
	UNmaskable
	ALICE_ZDC

	CIB.SR2.INJ1b
	3
	YES
	UNmaskable
	not used

	CIB.SR2.INJ1b
	4
	YES
	UNmaskable
	TOTEM

	CIB.SR2.INJ1b
	5
	YES
	UNmaskable
	CMS

	CIB.SR2.INJ1b
	6
	YES
	UNmaskable
	LBDS

	CIB.SR2.INJ1b
	7
	YES
	UNmaskable
	LHCb

	CIB.SR2.INJ1b
	8
	NO
	Maskable
	not used

	CIB.SR2.INJ1b
	9
	NO
	Maskable
	not used

	CIB.SR2.INJ1b
	10
	NO
	Maskable
	not used

	CIB.SR2.INJ1b
	11
	NO
	Maskable
	not used

	CIB.SR2.INJ1b
	12
	NO
	Maskable
	not used

	CIB.SR2.INJ1b
	13
	NO
	Maskable
	not used

	CIB.SR2.INJ1b
	14
	NO
	Maskable
	not used


Table 2 : Input signals to the beam2 injection BICs in SR8. The collimator control inputs include the TDI and the injection protection collimators. 

	CIB.SR8.INJ2a
	1
	YES
	UNmaskable
	Operator Switch

	CIB.SR8.INJ2a
	2
	YES
	UNmaskable
	LHC Beam2-Permit

	CIB.SR8.INJ2a
	3
	YES
	UNmaskable
	not used

	CIB.SR8.INJ2a
	4
	YES
	UNmaskable
	MKI8 Status

	CIB.SR8.INJ2a
	5
	YES
	UNmaskable
	Vacuum

	CIB.SR8.INJ2a
	6
	NO
	UNmaskable
	not used

	CIB.SR8.INJ2a
	7
	YES
	UNmaskable
	not used

	CIB.SR8.INJ2a
	8
	YES
	Maskable
	Collimation Motor-Control

	CIB.SR8.INJ2a
	9
	YES
	Maskable
	Collimation Env_Param

	CIB.SR8.INJ2a
	10
	NO
	Maskable
	not used

	CIB.SR8.INJ2a
	11
	NO
	Maskable
	not used

	CIB.SR8.INJ2a
	12
	YES
	Maskable
	FMCM on RBIH.877

	CIB.SR8.INJ2a
	13
	YES
	Maskable
	FMCM on MSI

	CIB.SR8.INJ2a
	14
	YES
	Maskable
	MSI Convertor Sum Fault


	CIB.SR8.INJ2b
	1
	YES
	UNmaskable
	ATLAS

	CIB.SR8.INJ2b
	2
	YES
	UNmaskable
	ALICE_ZDC

	CIB.SR8.INJ2b
	3
	YES
	UNmaskable
	not used

	CIB.SR8.INJ2b
	4
	YES
	UNmaskable
	TOTEM

	CIB.SR8.INJ2b
	5
	YES
	UNmaskable
	CMS

	CIB.SR8.INJ2b
	6
	YES
	UNmaskable
	LBDS

	CIB.SR8.INJ2b
	7
	YES
	UNmaskable
	LHCb

	CIB.SR8.INJ2b
	8
	NO
	Maskable
	not used

	CIB.SR8.INJ2b
	9
	NO
	Maskable
	not used

	CIB.SR8.INJ2b
	10
	NO
	Maskable
	not used

	CIB.SR8.INJ2b
	11
	NO
	Maskable
	not used

	CIB.SR8.INJ2b
	12
	NO
	Maskable
	not used

	CIB.SR8.INJ2b
	13
	NO
	Maskable
	not used

	CIB.SR8.INJ2b
	14
	NO
	Maskable
	not used


5. Operator switcH on injection Bics 

Two operator switches installed in the CCC in the LHC island allow the operation crews to inhibit the injection into the two LHC rings individually at the level of the injection BICs. The operator switches are not maskable (see Table 1 and Table 2).

The connection must be tested during the hardware commissioning or machine check-out. It must be verified that the injection is properly inhibited/authorized according to the switch position.

	#
	Action
	Description & Criteria
	Repetition

	1
	Toggle switch position between injection inhibit/no inhibit
	Verify on BIC supervision application that the associated user input state follows as expected. Ensure that there is no apparent transmission delay (‘immediate’ state change of the input at the level of the BIC supervision).
	S


6. LHC BEAM PERMIT

The LHC beam permit signals enter the injection BICs to ensure that no beam may be injected when there is no BEAM_PERMIT in the corresponding LHC ring.

The connection and signal logic must be verified during the hardware commissioning or machine check-out.

	#
	Action
	Description & Criteria
	Repetition

	1
	Toggle state of LHC Beam permit between TRUE and FALSE.
	Verify on BIC supervision application that the associated user input state follows as expected.

Compare the timestamps of the state transitions in the history buffers of the injection BIC and of one ring BIC. Ensure that the timestamp difference is consistent with the expectations. 

Record the value of the timestamp difference.
	S

	2
	Pre-injection test
	A systematic test of the connection must be made with the BIC test mode by toggling alternatively the ‘A’ and the ‘B’ links.
	F


7. Injection kicker magnets (MKI)

7.1.1 Kicker status

The interlock signal to the injection BIC and ring BIC is based on ONLY the slow status information (ON, STANDBY, OFF…). The user permit is only TRUE when the kicker is ON (but not necessarily enabled to trigger).

	#
	Action
	Description & Criteria
	Repetition

	1
	Toggle status of MKI between OFF, STANDBY, ON
	Verify on BIC supervision application that the associated user input state on injection BIC is only TRUE when the kicker is ON.
	S


7.1.2 Energy tracking

The beam energy tracking system (BETS) of the injection kicker is similar to the SPS extraction and LHC dump kicker energy tracking systems.  The MKI BETS includes the surveillance of the energy obtained from the Safe LHC Parameters and the surveillance of the PFN (Pulse Forming Network) charging process.

The BETS is implemented as a fast INTERNAL interlock of the MKI system. Its status is not visible on the MKI USER_PERMIT and can therefore not be verified using the BIC supervision system. The BETS can only be verified by observing the presence or absence of a current pulse in the magnets, either on OASIS or directly on the beam, or using the BETS supervision application.

The energy tracking system can be verified during the machine checkout. The distribution of the safe beam energy must be operational. 

The energy tracking settings must be verified:

· The injection kicker must be inhibited if the resonant charging voltage differs from the nominal value of 49.62 kV in point 2 and 51.32 kV in point 8 by more than 2 kV. 
· The injection kicker must be inhibited (no resonant charge) when the energy differs from the nominal injection energy of 450 GeV by more than 0.5 GeV.

	#
	Action
	Description & Criteria
	Repetition

	1
	Trim the injection kicker voltage.
	Verify on OASIS or with a remote oscilloscope that the kicker does not trigger when the voltage setting is out of tolerance. 

Verify that the BETS diagnostics system indicates the presence/absence of an interlock.
Record the tolerance window.
	S

	2
	Trim the LHC energy on the injection plateau.
	Verify on OASIS or with a remote oscilloscope that the kicker does not trigger when the energy setting is out of tolerance.  
Verify that the BETS diagnostics system indicates the presence/absence of an interlock.
Record the tolerance window.
	S


7.1.3 Abort gap protection

A signal is derived from the LBDS beam synchronization system to ensure that it is not possible to inject bunches into the beam abort gap. The length of the forbidden region for an injection trigger covers the 3 s long abort gap plus the length of a nominal 4 batch injection with 72 bunches (7.8 s) in front of the abort gap. The total length of the forbidden time interval is 10.8 s. It starts 7.8 s before the abort gap. Bunch number ‘1’ is the first bunch that is injected after the forbidden region and the abort gap.

The abort gap protection is implemented as a fast INTERNAL interlock of the MKI system. Its status is not visible on the MKI USER_PERMIT and can therefore not be verified using the BIC supervision system. Its action can only be verified by observing the presence or absence of a current pulse in the magnets, either on OASIS or directly on the beam.

The abort gap protection can be verified with oscilloscope signal or with OASIS system by observing the disappearance of the kicker pulse when the bucket selection would correspond to an injection into the forbidden region. This test may be performed without beam. It however requires a proper distribution of the revolution frequency to the LHC Beam Dumping System. The fine adjustment of delays can only be done with beam.   

Before the fine adjustment for the synchronisation has not been carried out, the abort gap keeper does not interlock the MKI. The signal transmission and the change of the position of the MKI kick with respect to the abort gap signal around the circumference on OASIS should be verified without beam. The fine synchronisation is done with pilot beam. Once the abort gap protection has been synchronised, the abort gap keeper interlock needs to be included in the internal interlocks. Tests without beam (or beam on the TEDs) should check the abort gap keeper functionality. If a bucket in the abort gap is chosen, the MKI must not pulse. A second test stage must be performed with beam to confirm the correct synchronization:

· Single pilot bunches must be injected into the LHC. The desired bucket number must be scanned through the forbidden region. The kicker must not trigger, and the pilot bunch must be observed as it hits the TDI.

This test can be performed when the TDI has been commissioned.  The TDI must be in the ‘protect’ position.

	#
	Action
	Description & Criteria
	Repetition

	1
	Verify abort gap keeper signal on OASIS without beam.
	Check signal transmission and length of the abort gap keeper signal (beware of the number of points on the scope). Program different values of RF buckets and verify the correct positioning of MKI waveform versus abort gap keeper signal. 
	S

	2
	Fine adjustment of synchronisation and activating abort gap keeper interlock of MKI with beam.
	Set-up is carried out with pilot beam. 
	P

	3
	Probe forbidden bucket numbers without beam.
	Program a value for the RF bucket that corresponds to the forbidden region within and in front of the abort gap. Verify on OASIS or with a remote oscilloscope that the kicker does not trigger.  

Record the forbidden bucket range.
	S

	4
	Probe forbidden bucket numbers with beam.
	Set the TDI to protect or closed position and request pilot bunches from the SPS. 

Program a value for the RF bucket that corresponds to the forbidden region within and in front of the abort gap. Verify with a BTV that the pilot bunch is dumped on the TDI due to the absence of MKI kick. 

Record the forbidden bucket range.
	S


7.1.4 Soft Conditioning

Experience with the kickers on the test stands indicates that the MKI kickers require a ‘soft’ reconditioning to avoid flash-over and other breakdowns whenever they are used after a period of inactivity which is as short as 90 minutes. For this reason a kicker SOFTSTART procedure must be enforced whenever the kickers have not been used for a predefined amount of time. 

The SOFTSTART consists of a reduced conditioning procedure lasting between 20 and 40 minutes for the time being. During the SOFTSTART the kicker voltage is first increased in steps up to the nominal voltage with short pulses. Once the nominal voltage has been reached or exceeded, the pulse length is increased up to the nominal length. The SOFTSTART is initiated with the kickers in STANDBY mode. At the end of the SOFTSTART, the kicker state is again STANDBY. During the SOFTSTART the injection permit for the kicker as well as the beam energy tracking system are masked internally by the kicker control system.

If the SOFTSTART is successful, the kicker is ready for injection. The maximum validity period (SOFTSTART validity) before a new SOFTSTART is required, is 90 minutes. Every pulse above a threshold value defined in the SOFTSTART expert settings resets the SOFTSTART validity to 90 minutes. It is therefore possible to use the kickers for long periods without the need of a SOFTSTART, provided the kickers pulse regularly (i.e. with intervals of less than 90 minutes). It must be ensured that only actual triggers of the MKI magnets count to reset the validity, and not just the fact that the PFNs were charged. It must not be possible to pulse the kicker at a higher voltage than it has been conditioned for, or higher by several kV than the last few pulses. The threshold voltage and the operational window must therefore be well chosen and defined as critical settings. The threshold voltage must be slightly below the nominal value and the expert settings maximum strength must be slightly above the nominal (e.g. IR2 kickers: nominal strength 49.62 kV, expert setting max strength 50 kV and SOFTSTART expert setting threshold value 49 kV). 

Another important check has to be implemented in the MKI control application and the sequencer. The MKI must only be switched to on and loaded with the nominal settings after a SOFTSTART if the SOFTSTART has conditioned the magnet above the nominally required voltage (e.g. in the case of point 2: nominal voltage 49.62 kV and SOFTSTART expert setting end strength for nominal running is 51 kV). The applications, MKI control application and sequencer, should not use the SOFTSTART expert setting for the verification in that case (because this could have been modified in the meantime) but the SOFTSTART acquisition property (e.g. the field strenghMeasPfn1). RBAC rules must be implemented for the role LHC-Operator only allowing the sequencer and the MKI control application to set the kicker settings.  

During a SOFSTART which can be potentially dangerous for circulating beam, the LHC ring BIS and injection BIS user permit of the conditioning MKI is set to FALSE. The injection permit of the corresponding kicker must be set to FALSE to prevent beam to be extracted from the SPS when all the TED dumps are out of beam. The state transitions must be verified on the BIC supervision. 

The kicker SOFTSTART is also enforced by a software interlock. Whenever the SOFSTART validity has expired a software flag is activated. This flag is surveyed by the LHC Software Interlock System (SIS) which blocks injection when the SOFTSTART is no longer valid.

	#
	Action
	Description & Criteria
	Repetition

	1
	Verify settings
	Verify the consistency of the SOFTSTART and expert settings with the nominal values for the kicker voltage.
	S

	2
	Check MKI control application and sequencer behaviour in case of valid SOFTSTART but conditioning insufficient for desired kicker strength
	Use nominal SOFTSTART settings, try to load settings above conditioning end strength (beware the operational window has to be adjusted as well for the test probably) with the MKI control application. 

The sequencer tasks which check whether the conditioning is still valid and load settings must be implemented such that they compare against the desired settings even if they change (for the time being for the validity check the value to compare with is hard coded). The appropriate functionality must be verified.
	S

	3
	Loading kicker settings from trim editor and FESA navigator should not be possible.
	The RBAC access rules should only allow the MKI control application and the sequencer to load settings for the role LHC-Operator.
	P

	4
	Verify user permit changes on ring and injection BIC at the start of a SOFTSTART and at the end of a SOFTSTART.
	Before the MKI SOFTSTART begins, the user permit on the ring and injection BIC must be removed. As soon as the SOFTSTART is finished the user permit on the ring BIC should become true again. The injection BIC user permit from the MKI will only switch back to TRUE when the kicker state is back to ON.
	S

	5
	SOFTSTART state
	The SOFTSTART procedure must be fully validated, including the kicker state transitions and the data that is published through the kicker FESA interface.
	S

	6
	SOFTSTART SIS interlock.
	Following a successful SOFTSTART the corresponding SIS interlock must switch to TRUE. As soon as the SOFTSTART validity has expired, the same SIS interlock must switch to FALSE. The interlock state must remain FALSE until the end of the following successful SOFTSTART procedure.
	S


7.1.5 critical settings

The operational windows around kick delay, the kick length, the kicker voltage and the SOFTSTART expert settings must be declared as critical parameters that may only be trimmed by authorized persons and with the appropriate RBAC role. The tests have to be repeated whenever the FESA versions of the underlying devices change, the critical properties change type or number of fields or the name of the used RBAC role is modified. 

	#
	Action
	Description & Criteria
	Repetition

	1
	Role check.
	Attempt to trim the critical MKI parameters with an incorrect role. Ensure that the trim attempt is rejected.
	S

	2
	Trim limits.
	Trim with the appropriate role. Ensure that the trim limits are not exceeded.
	S


8. Vacuum system

An interlock on the vacuum valves at the end of TI2 and TI8 (after the downstream TEDs) enter as input to the injection BIC. The USER_PERMIT must only be TRUE when the valves are open.

	#
	Action
	Description & Criteria
	Repetition

	1
	Open/close each vacuum valve.
	Verify on BIC supervision application that the associated user input state follows as expected.
	S


9. TDI

The individual system tests for the commissioning of the TDI are not described here. Such test concern end-switches, environmental parameters etc. also include testing the functionality with critical settings. 

It is assumed here that all ISTs have been performed successfully and that the TDI is operational as a device. The tests that are described here only concern the role of the TDI as an injection protection device.  

The TDI has two operational positions:

· ‘Protect’ position where the TDI is positioned at 7 to 8 sigma from the circulating beam to protect the downstream elements from injection errors (MKI). The TDI must be positioned behind the secondary collimators.

· ‘Retracted’ position where the TDI is positioned far away from the beam for all other operational phases.
The TDI position is controlled by the LHC Collimator control system. The TDI jaws follow predefined functions that ensure that the TDI is in protect position at injection and retracted during ramp, squeeze etc.

The TDI provides USER_PERMIT signals to both the injection and ring BICs of the LHC, see also Fig. 1. The interlock thresholds are single sided thresholds, i.e. the position of the TDI must be either larger or smaller than the pre-defined threshold.

· The USER_PERMIT to the injection BIC is TRUE when the TDI is in the ‘protect’ position, else it is FALSE. Thresholds for each jaw define the maximum allowed distance from the beam. The TDI positions must be smaller than the thresholds. The thresholds are critical settings. 

· The USER_PERMIT to the ring BIC is TRUE when the TDI position is further away from the beam than a minimum allowed position that corresponds to the protect position (minus a small tolerance) at injection and to the retracted position during other phases. The TDI positions must be larger than the thresholds. The threshold is a critical setting.
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Figure 4. Schematic of jaw position thresholds for user input to injection BIC and ring BIC.

	#
	Action
	Description & Criteria
	Repetition

	1
	Injection BIC user input test.
	Define the protect position for the TDI at the level of LSA settings. Send the settings to the TDI/Collimator control system.

Move the TDI to its protect position. Verify that the injection BIC user input is TRUE. Move the TDI around the reference position. Ensure that the user input switched to FALSE outside the tolerance of the protect position. 

Record the tolerance window together with the test conditions (reference protect settings).
	S

	2
	Ring BIC user input test.
	Define the TDI cycle function at the level of LSA settings. Send the functions to the TDI/Collimator control system.

Execute the TDI function and verify that the TDI follows the function and that the ring user permit is always TRUE.

Repeat the function execution and provoke a fault such that the TDI is not in tolerance (cut power etc). Verify that the ring user permit switches to FALSE at the correct time.

Record the test conditions (functions, fault, interlock timing).
	S


10. Collimators

All collimators associated to injection protection are part of the LHC collimator system. The commissioning procedures that apply to all LHC collimators are described elsewhere [3] and will not be repeated in this document. Only tests that are specific for the injection protection collimators are described here. 
10.1.1 TCDI

The TCDI collimators are aligned around the trajectory of the beam in the TI lines. Provided a position monitor is available, the collimator jaw may be positioned relative to the measured beam position.

The required tests with beam are described in section 16.

10.1.2 TCLI

The TCLI collimators that are installed in IR2 and IR8 downstream of the TDI and the IP follow the same interlock and control logic as the TDI USER_PERMIT to the LHC ring and injection BIC:

· The USER_PERMIT to the injection BIC is TRUE when the TCLIs are in ‘protect’ position, else it is FALSE. Thresholds for each jaw define the maximum allowed distance from the beam. These thresholds are critical settings. 

· The USER_PERMIT to the ring BIC is TRUE when the TCLI position is further away from the beam than a minimum position that corresponds to the protection position at injection and to the retracted position during other phases. The threshold is a critical setting.

The same tests have to be carried out as suggested for the TDI in section 10.

	#
	Action
	Description & Criteria
	Repetition

	1
	Injection BIC user input test.
	Define the protect position for the TCLI at the level of LSA settings. Send the settings to the TCLI/Collimator control system.

Move the TCLI to the protect position. Verify that the injection BIC user input is TRUE. Move the TCLI around the reference position. Ensure that the user input switched to FALSE outside the tolerance of the protect position. 

Record the tolerance window together with the test conditions (reference protect settings).
	S

	2
	Ring BIC user input test.
	Define the TCLI cycle function at the level of LSA settings. Send the functions to the TCLI/Collimator control system.

Execute the TCLI function and verify that the TCLI follows the function and that the ring user permit is always TRUE.

Repeat the function execution and provoke a fault such that the TCLI is not in tolerance (cut power etc). Verify that the ring user permit switches to FALSE at the correct time.

Record the test conditions (functions, fault, interlock timing).
	S


10.1.3 TCDD

The TCDD protects the D1 magnet in case of high intensity beam impact on the TDI. The TCDD in IR2 is moveable due to the presence of the ALICE ZDC. It has to be closed during injection. This is input to the summary signal “Collimation motor-control” on the injection BIC in IR2. There is no input to the ring BIC. 

The TCDD in IR8 is a fixed mask. 

	#
	Action
	Description & Criteria
	Repetition

	1
	Verify user permit of TCDD in point 2 for injection BIC in point 2. 
	Make sure that the jaws of all collimators except the TCDD are within tolerance and would hence give green light. 

Move TCDD in, check that user permit “Collimation motor-control” on injection BIC goes to green. Move TCDD out (verify that out), check change of user permit on injection BIC.

Record test conditions and test results.
	S


11. Beam Loss Monitors

Two types of BLMs are involved in injection protection, LHC type BLMs that are connected to the LHC BIS and SPS transfer line type BLMs that are connected to the SPS extraction BIS via transfer line BICs.

11.1.1 SPS Transfer Line BLMs

Transfer line BLMs are installed in the TI2 and TI8 transfer lines up to the MSI, which is protected both with transfer line and LHC ring BLMs.

Commissioning and testing of the SPS transfer line BLM system has been described elsewhere [2] and will not be repeated here. 

The thresholds for the transfer line BLMs may be set very low to ensure that the extraction/injection is the cleanest possible. Since an interlock does not lead to a beam dump in the LHC but only to a latched interlock in the transfer lines, this does not represent a problem of availability. The interlock level may be set between 20 and 50% above the ‘normal’ loss level. The ‘normal’ level refers to the losses for the beam with the highest intensity (normally a nominal 4 batch injection). The loss level must be sufficiently high not to trigger an interlock when the OTR beam screens are in beam.

	#
	Action
	Description & Criteria
	Repetition

	1
	Define BLM thresholds.
	Set up the injection and properly center the beam in the injection region (collimators, MSI, MKI).

Increase the injected beam intensity to the maximum that is possible / required for the period and record the beam loss under good conditions (i.e. no excessive beam tails). 

Set the thresholds 20 to 100% above the loss for good conditions (depending on the loss baseline). 

Verify the losses with OTR screens in beam. Ensure that the losses do not exceed the thresholds, else increase the threshold (provided no quench issue).
	S

Must be repeated when there is a significant change of intensity range.


11.1.2 LHC ring BLMs

Standard LHC BLMs will also be installed around all injection elements.

The thresholds of the ring BLMs will be set to a fraction of the damage level of the equipment. This implies that the levels will be significantly higher than for the transfer line BLMs. 

Testing of the LHC BLMs is described in [4].
12. Power converter surveillance

12.1.1 Current surveillance

The current of all transfer line power converters is surveyed a few milliseconds prior to extraction from the SPS. The surveillance is performed by the SPS PC controls system (ROCS) within the FEC. The test procedures for the current surveillance are described elsewhere [2]  and will not be repeated in this document. The interlock tests are part of the commissioning of the TI2 and TI8 transfer lines.

The tests are performed during the machine checkout period. They can only be performed when the SPS is in operation or in machine checkout.

12.1.2 Fast power converter interlock

The injection septum magnet MSI PC provides a fast internal interlock signal. The commissioning of this signal is described elsewhere [2] and will not be repeated in this document.

The tests are performed during the machine checkout period. They can only be performed when the SPS is in operation or in machine checkout.
12.1.3 fast Magnet current change monitors

FMCMs are connected to the injection septum magnet MSI circuit, and to the RBIH.293 and RBIH.877 dipole circuits. The FMCM triggers an interlock if a significant PC current change is detected. The FMCM USER_PERMIT switches to TRUE only during the PC flat top (~ 0.5 seconds). The commissioning of this signal is described elsewhere [2] and will not be repeated in this document.

The tests are performed during the machine checkout period. They can only be performed when the SPS is in operation or in machine checkout.

The FMCM tests for the SPS extraction septum MSE described in [2] rely on a synchronization of the associated BIC with the SPS power converter control system (ROCS). This synchronization is obtained easily when both BIC and ROCS are connected to the SPS Timing Network. For the FMCMs connected to the LHC injection BICs, the analysis is more difficult because those BICs are connected to the LHC Timing Network, while the ROCS system is connected to the SPS Timing Network. For this reason a test with beam, as described in [2] is particularly critical and is described again below.

	#
	Action
	Description & Criteria
	Repetition

	1
	FMCM threshold test with beam.
	The current function of the power converter is trimmed: a steep downward step is programmed into the function at a time slightly after extraction (5-10 ms). The step must be sufficiently large to trigger the FMCM and result in the USER_PERMIT switching to FALSE due to the step.
The transition of the FMCM USER_PERMIT from TRUE to FALSE just after the current step is verified with the BIC history buffer. The current of the power converter is read out at 1 millisecond intervals and used together with the FMCM Post Mortem Data to evaluate the correctness of the FMCM thresholds (warning threshold and the actual beam dump threshold).
The extraction timing is advanced in small steps of 1 ms (granularity of the General Machine Timing System events) towards the time of the power converter current step. At each step the trajectory of the beam is recorded in the transfer line and the LHC ring. This step is repeated until the beam is no longer extracted. 
The recorded trajectories are used to evaluate the maximum excursion of the beam due to the ‘failing’ power converter before the FMCM inhibits the beam. The excursions must be smaller than 7.5.
	S


13. LHC Beam Dumping system

The LHC Beam Dumping System (LBDS) provides an input to the injection BICs that is used to inhibit injection during the re-arming procedure of the beam dumping system. This link is required to avoid injection of beam while the LBDS input to the LHC ring BIS is forced to TRUE during the rearming process.

	#
	Action
	Description & Criteria
	Repetition

	1
	LBDS user input test.
	The LBDS input to the injection BIC must be toggled.
Verify on BIC supervision application that the associated user input state changes according to the state expected from the LBDS re-arming system.
	S




14. Input from experiments

Each of the main LHC experiments (ATLAS, ALICE, CMS, TOTEM, LHCb) will provide an injection inhibit signal to each of the injection BICs.

It is the responsibility of each experiment to define its protection logic for injection.

The connection of each experimental input to each injection BIC must be verified.

	#
	Action
	Description & Criteria
	Repetition

	1
	Injection BIC user input test.
	Each experiment must toggle the state of its user input to the injection BIC.

Verify on BIC supervision application that the associated user input state changes according to the state expected by the experiments representative.
	S




15. Master Beam interlock controllers

Table 3 and Table 4 show the inputs to the extraction master BICs. In addition to the three flag user inputs (Probe Beam Flag, Beam Presence Flag and LHC Safe Beam Flag), the master BICs also receive the SPS Safe Beam Flag via the timing system like an ordinary BIC. The SPS Safe Beam Flag is however not used for masking but treated like a user input within the BIC interlock matrix.

With the additional complexity of using the same extraction channel for CNGS and LHC in LSS4, the master BIC in LSS4 also has to encode the beam type, LHC or CNGS, using the extraction energy information (CNGS: 400 GeV, LHC: 450 GeV). Implementation details may be found in Ref. [5].

When testing the logic one has to keep in mind that the LHC Safe Beam Flag can be forced. While the SPS flags (Probe Beam Flag and SPS Safe Beam Flag) always mirror the “real” intensities in the SPS, e.g. Probe Beam Flag has to be TRUE if the SPS intensity is below the defined Probe Beam limit, the LHC Safe Beam Flag can be set to FALSE via software independent of the LHC intensity. This is required under certain circumstances to guarantee safe injection.  

Table 3: Input signals to the extraction master BIC in LSS4. No inputs are maskable with the Safe Beam Flag.

	1
	E450(LHC)

	2
	E400(CNGS)

	3
	BIC TT40 A

	4
	BIC TT40 B

	5
	TED TT40 IN

	6
	BIC TT41 A

	7
	BIC TT41 B

	8
	BIC TI8 up 

	9
	BIC TI8 down

	10
	TED TI8 IN

	11
	Injection Permit IR8

	12
	Probe Beam2 Flag

	13
	Beam2 Presence Flag

	14
	LHC Safe Beam2 Flag


+ SPS Safe Beam Flag
Table 4: Input signals to the extraction master BIC in LSS6. No inputs are maskable with the Safe Beam Flag.

	1
	Free

	2
	Free

	3
	BIC TT60 A

	4
	BIC TT60 B

	5
	TED TT60 IN

	6
	Free

	7
	Free

	8
	BIC TI2 up

	9
	BIC TI2 down

	10
	TED TI2 IN

	11
	Injection Permit IR2

	12
	Probe Beam1 Flag

	13
	Beam1 Presence Flag

	14
	LHC Safe Beam1 Flag


+ SPS Safe Beam Flag

Entry conditions for testing the master BICs:

· Injection BICs and transfer line BICs commissioned with at least one equipment connected (to change induced state changes in each BIC), connections to master BICs verified

· Beam Energy Tracking System of the SPS extraction kickers for generation of energy values E400 and E450 verified 

· LHC and SPS Safe Machine Parameter (SMP) Generator Box to generate flags and beam type information commissioned, connections to master BICs verified  

· Software to force LHC Safe Beam Flag FALSE available; software tested (can only force FALSE and never TRUE) 

· For testing before beam in the LHC: simulated LHC Beam Presence Flag source. This source must be carefully decommissioned as part of the SMP commissioning as soon as the master BIC tests have been successfully finished.  
15.1.1 Transfer line TEDs

User permits of the transfer line TEDs are input to the transfer line BICs as well as to the master BICs. 

· Transfer line BICs: The TEDs must not be moving, but be on their end switches, in beam or out of beam, to give TRUE.

· Extraction master BICs: The TED must be on the end switch state corresponding to “in beam” for the USERP_INPUT to give TRUE.

The tests concerning the TED inputs on the transfer line BICs are described in [2]. The tests which have to be carried out for the master BIC inputs are described in the following table.

	#
	Action
	Description & Criteria
	Repetition

	1
	Verify USER_PERMIT on master BICs
	Verify connection to BICs.

Move out each TED, check change of USER_PERMIT on master BIC supervision application, verify USER_PERMIT change on transfer line BIC while moving. Move in TED, check change of USER_PERMIT on master BIC supervision application when in.

Record test conditions. 
	S




15.1.2 THe extraction permit
In the formulae for the extraction permits “||” stands for “OR” and “&&” for “AND”. The Extraction Permit is a Boolean, TRUE or FALSE, as all the other variables in the formulae. 

The expressions for the extraction permits must be verified by testing every logical combination. 

Certain combinations of the flags are physically impossible. E.g. the Probe Beam Flag cannot be TRUE, while the SPS Safe Beam Flag is FALSE. Unphysical combinations must result in an “error” on the supervision application.  The logical result for all the different combinations is given in the following table:

Table 5: Possible combinations of the involved flags. 1 = TRUE, 0 = FALSE, red background means “error”.

	 
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16

	Probe Beam Flag
	0
	0
	0
	0
	1
	1
	1
	1
	0
	0
	0
	0
	1
	1
	1
	1

	SPS Safe Beam Flag 
	1
	1
	1
	1
	1
	1
	1
	1
	0
	0
	0
	0
	0
	0
	0
	0

	Beam Presence Flag
	0
	0
	1
	1
	0
	0
	1
	1
	0
	0
	1
	1
	0
	0
	1
	1

	LHC Safe Beam Flag
	0
	1
	0
	1
	0
	1
	0
	1
	0
	1
	0
	1
	0
	1
	0
	1

	 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 

	F
	0
	0
	1
	1
	1
	1
	1
	1
	0
	0
	1
	0
	 
	 
	 
	 


15.1.2.1 Extraction permit in LSS4 

The Boolean expression for the extraction permit may be expressed as follows:

TT40 = BIC TT40 A && BIC TT40 B

TT41 = BIC TT41 A && BIC TT41 B

TI8 = BIC TI8 up && BIC TI8 down

TED_TT40 = TED TT40 in

TED_TI8 = TED TI8 in

CNGS = E400 && {TED_TT40 || (NOT.( TED_TT40) && TT41)}

F = Probe Beam Flag || 

[Beam 2 Presence && (NOT.(LHC Safe Beam 2 Flag) || 
SPS Safe Beam Flag)]

LHC = E450 && {    TED _TT40 || 

(NOT.(TED_TT40) && TI8 && [TED_TI8  ||

 
(NOT.(TED_TI8) && Injection Permit && F)])   }

Extraction Permit = TT40 && [(LHC && NOT.CNGS) || (NOT.LHC && CNGS)]

15.1.2.2 Extraction Permit in LSS6

The Boolean expression for the LSS6 extraction permit is simpler because there is no other extraction to handle in that SPS long straight section:

TED_TT60 = TED TT60 in

TED_TI2 = TED TI2 in

F = Probe Beam Flag || 

[Beam 1 Presence && (NOT.(LHC Safe Beam 1 Flag) || 
SPS Safe Beam Flag)]

Extraction Permit = BIC TT60 A && BIC TT60 B && 

[       TED_TT60 || 

(NOT.(TED_TT60) && BIC TI2 up && BIC TI2 down && 

 [TED_TI2 || (non(TED_TI2)  && Injection Permit && F)]  )

         ]

15.1.2.3 LSS4 extraction permit tests

	#
	Action
	Description & Criteria
	Repetition

	1
	Toggle every user input, including SPS Safe Beam Flag
	Verify on the BIC supervision application that the associated user input states of the extraction master BIC follow as expected. Ensure that there is no apparent transmission delay (‘immediate’ state change of the input at the level of the BIC supervision) for signals (TEDs) where no precise direct time-stamping is available from the equipment.
	S

	2
	Verify all combinations of flags  “F” with beam in the SPS ring. 
	Move all TEDs out of beam, disable the MKE extraction kicker (no triggering).

All transfer line BICs must provide a TRUE output state without masks.

At least one SPS cycle within the super-cycle must be a 450 GeV LHC cycle. 

Under those conditions, the extraction permit depends only on the combination of the flags “F”.

The SPS Probe and Safe Beam Flags must now be changed by varying the number and/or the intensity of injected bunches from the PS 
	S

	3
	Verify “OR logic”
	This test does not require beam in the SPS or in the LHC, but requires at least one CNGS and one LHC cycle in the SPS supercyle.

F must be TRUE (Probe Beam Flag = TRUE, SPS Safe Beam Flag = TRUE, LHC Safe Beam Flag = TRUE/FALSE, Beam Presence = FALSE). 

Move each TED between in and out position and verify the associated OR logic (mask of downstream elements when in).

Verify the logic associated to the beam energy (E400 and E450) on the CNGS and LHC cycles of the SPS supercycle.
	S


15.1.2.4 LSS6 Extraction permit Tests

	#
	Action
	Description & Criteria
	Repetition

	1
	Toggle every user input, including SPS Safe Beam Flag
	Verify on the BIC supervision application that the associated user input states of the extraction master BIC follow as expected. Ensure that there is no apparent transmission delay (‘immediate’ state change of the input at the level of the BIC supervision) for signals (TEDs) where no precise time-stamping is available.
	S

	2
	Verify all combinations of flags  “F” with beam in the SPS ring. 
	Move all TEDs out of beam, disable the MKE extraction kicker (no triggering).

All transfer line BICs must provide a TRUE output state without masks.

Under those conditions, the extraction permit depends only on the combination of the flags “F”.

The SPS Probe and Safe Beam Flags must now be changed by varying the number and/or the intensity of injected bunches from the PS 
	S

	3
	Verify “OR logic”
	This test does not require beam in the SPS or in the LHC, but requires at least one LHC cycle in the SPS supercyle.

F must be TRUE (Probe Beam Flag = TRUE, SPS Safe Beam Flag = TRUE, LHC Safe Beam Flag = TRUE/FALSE, Beam Presence = FALSE). 

Move each TED between in and out position and verify the associated OR logic (mask of downstream elements when in).
	S


16. global protection Tests with beam

16.1.1 aperture checks in injection channel

The role of the collimators and TDI is the protection of the LHC during injection. The aperture of the injected and circulating beam in the aperture channel is a key input to properly position the collimators. The aperture of the injected and circulating beam must be determined in the MSI, Q5 quadrupole, MKI and D2 separation dipole. 

If necessary, i.e. if the available aperture is not sufficient, it may be necessary to steer the closed orbit in the LHC. Since the injection point is very close to the IR, this may have consequence for BOTH beams. 
16.1.2 Setting up and protection verification of transfer line collimators 

As part of the beam commissioning, a rough calibration of the BLMs installed near the collimators must be performed with low intensity beam, typically a single bunch (pilot to nominal).

Before the protection functionality can be verified, the collimators need to be centred, aligned and the beam size must be measured with beam (single bunch, I > 1 x 1010). Local BLMs and BLMs far downstream as well as BCTs will be used for this purpose. For the TCDIs downstream of the last TED in the transfer lines, beam has to be injected into the LHC for beam based alignment. As LHC instrumentation is involved in this case, e.g. the BCT at LHC point 4, it can only take place after commissioning phase A.3 (commissioning of BI). The transfer line collimators have to be fully set up with beam before 156 on 156 with 9 × 1010 protons per bunch; 

The collimators are aligned one after the other. During the setting up of one TCDI all the others have to be retracted.

As final step all collimators should be set to 4.5  using the beam based alignment methods (assuming the nominal available LHC aperture of 7.5 ). The phase space coverage has to be verified with pilot intensity. For this purpose knobs have to be created to generate oscillations in the transfer line arcs at 0º, 30º, 60º, 90º, 120º and 150º, in the horizontal and vertical plane. The maximum amplitudes escaping the system should be < 6 .
Local shadowing of the MSI aperture has to be verified with orthogonal steering (independent steering in position in angle). Amplitudes above 4.5  with maximum at the MSI should be intercepted by the TCDIs at the MSI.  

	#
	Action
	Description & Criteria
	Repetition

	1
	Check phase space coverage
	All collimators in the line have to be set up. The position thresholds on the collimators should be locked. Knobs for the oscillations down the line have to exist. 
Expected maximum amplitudes escaping the system < 6 . 

Record test conditions and test results.
	P (depending on reproducibility), O, X


	2
	Check local MSI protection 
	Steer trajectory to 4.5  at MSI in vertical and horizontal plane. Should be intercepted on the MSI TCDIs. 

Record test conditions and test results
	P (depending on reproducibility), O, X



16.1.3 SEtting up and protection verification of TDI and TCLI COllimators

The TDI and TCLI collimators can be set up fully only after phase A.4. The positioning of the element requires an established reference orbit taking 16.1.2 into account. The orbit must be stabilised to an appropriate level (0.2 ).
The TCLI collimators are not obligatory for intensities below 50 % of a nominal 4 batch injection, assuming that the phase advance between the MKI and the TDI does not have to be altered. The TDI has to be fully set up at least before the start of operation with 156 on 156 bunches and 9 × 1010 protons/bunch. 

The TDI and TCLI collimators have to be centred aligned and the beam sizes have to be measured with circulating beam. The same setting-up procedures as for the cleaning collimators in point 3 and 7 can be used. 

As final step TDI and TCLI collimators should be set to about 7 with respect to the circulating beam (assuming the nominal available LHC aperture of 7.5 ). Depending on the intensity of the circulating beam, the injection protection devices can only be set up together with the cleaning collimators, to make sure that they are always further out than the secondary collimators. 

The protection against MKI failures has to be verified with pilot intensity by trimming the MKI kick strength to below nominal (beware of the BETS limits and critical settings constraining the MKI settings). The maximum escaping amplitudes should be below 7.5  and no primary beam loss should occur anywhere else but on injection protection devices. 

	#
	Action
	Description & Criteria
	Repetition

	1 
	Check protection of TDI or TDI + TCLIs against MKI failures
	The TDI and the TCLI collimators have to be aligned with beam and set to their nominal setting. The thresholds should be locked. 

Trim the MKI strength to below nominal to scan the amplitudes escaping the injection protection system. The maximum amplitudes should be below 7.5  (for a setting of about 7  and an LHC aperture of 7.5 ). 

Record test conditions and test results.
	P (depending on reproducibility), O, X



17. Test dependence on commissioning phases

1. Pilot of 1(1010 p+ at 450 Gev

The protection functionality of the systems TCDI and TDI + TCLI has to be verified with this intensity.  

2. 43 bunches of 4(1010 p+ at 450 Gev

There is no requirement to perform specific tests with this beam. 

3. 156 bunches of 9(1010 p+ at 450 Gev

The injection protection system must be set up for this period.

4. Injection of intermediate beam of 12 bunches of 1011 p+ 
The injection protection system must be ready and fully commissioned.

5. Stages depending on optics requiring test

The collimator positioning must be re-established after any change of the LHC optics that affects the optics in the injection regions. The protection against injection failures must be verified.

6. Stages depending on crossing at IP requiring test

The collimator positioning must be re-established after any change of the LHC optics that affects the optics in the injection regions. The protection against injection failures must be verified. 
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