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Abstract

The first version of the LHC prototype half-cell has been in operation since February 1995. It consists of one
quadrupole and three 10-m twin aperture dipole magnets which operate at 1.8 K. This experimental set-up has been
used to observe and study phenomena which appear when the systems are assembled in one unit and influence one
another. The 18-month long experimental program has validated the cryogenic system and yielded a number of
results on cryogenic instrumentation, magnet protection and vacuum in particular under non-standard operating
conditions. The program was recently complemented by the cycling experiment: it consisted in powering the
magnets following the ramp rates which will be experienced by the magnets during an LHC acceleration. In order to
simulate 10 years of routine operation of LHC, more than 2000 1-hour cycles were performed interleaved with
provoked quenches. The objective of this experiment was to reveal eventual flaws in the design of components. The
prototype half-cell performed to expectations showing no sign of failure of fatigue of components for more than
2000 cycles until one of the dipoles started exhibiting an erratic quench behavior.
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The displacements dhe magnetold massegelative
1 INTRODUCTION to their cryostats, for long terrstability measurements,

The first version of the LHC Prototype Half-Cell [1,2]duUring quenches andduring electrical cycles were
has been in operation since Februs®p5. It consists of monitored [15].

one quadrupole andthree 10-m twin aperture dipole

magnets whicloperate atl.9 K. One electrical circuit 3 THE CYCLING EXPERIMENT

powers all the magnets in series. This experimental set-up The cycling experiment waperformed in order to
has beerused to observeand study phenomena which reveal eventual flaws of components of the half-cell which
appeawhen the systemsare assembled imone unit and couldonly be seen aftersome time of operation of the

therefore influence one another. collider.
After 18 months of routinecurrentramping t012.5
2 EXPERIMENTS and 13.1 kA, the half-cell was electrically cycled from 800

Two experimental rundave beerperformed inthe two A 10 12.5 kA repeatedly in a cyclethat lasted
yearssince commissioningpegan inDecemberl994 [2]. a@PProximately 43 minutes. The ramp ra(@® A/s) were
RUN2 startedwith the addition of a third dipoleand a S|m_|lar to those Wh|c_h will be experlenped by the magnets
structural modification to theryogenic gstem [3]. The during the accelerationphase. Assuming 20@ays of
LHC half-cell systems, the experimerasd their results OPeration peryear and one injection per day, the
have beerdescribed and reported idetail in specialized experiment simulated 10 years of operation of the collider.
conferences [4,5,6]: what follows is a concise report of tt _1.88
experiments carried-out with the facility.

The 1.9 K superfluid helium cooling scheme was
experimentallyvalidated in steadystate conditions and
during transients [7]. Thethermohydraulic effects of a
resistive transition of a string of magnetmve been e
investigated. A model wasdevelopped and was
extrapolated to dull-cell of LHC [8]; this alowed the
reductionthe number of valvesnd definition of their
technical characteristics. Heat loads tme cryogenic
system have beenmeasured in steadgtate and with

10 +

0 } } ) ) 1.86
degradedinsulation vacuum [9]. Theyconfirmed the 2:52 4:04 5:16 6:28 7:40
calculated heat loadsand in some cases highlighted
possible improvements. Figure 1: Current and temperature stability

The quench detectiomnd magnet protection system 3.1 Conditions of the experiment
[10,11] was experimentally validated. Quench propagation
between magnets has bestndied byprovoking a gench The experiment was conducted from the accelerator control
in the quadrupole anabbserving its propagation to theroom under the supervision of the operators who are
adjacent dipole [12]. involved in the running o6PS andLEP. Therefore, the

Experiments tadeterminethe uppedimit on pressure procedures for cycling the LHC Prototype Half-Cell had to
in the insulation vacuunenclosure prior tocool-down be simple,secureand efficient to be executed bynon-
have confirmed that positive diglacement pumps specialised personnel.
achieving a pressure of 1 Pa are sufficifi®]. The The areawas closedwith fencesand video cameras
limited propagationspeed of a déium leak along a wereinstalled for remote visual inspection of tlsite.
cryogenically cooled tube has been measured on the 1.9T%o X-terminals were used to monitor the cryogenics, the
cold bore beam tube [14] showiragreementvithin 20% vacuum andhe power converterOnly limited control of
of the theoretical modelAccidental loss of insulation the cryogenics system was available to prepare for cycling
vacuum has beerstudied by venting the cold LHC or put the cryogenic system in stand-by mode. The
Prototype Half-Cell to atmospheric pressure. program controlling thepower converter allowed the

operator to start, stop or interrupt the continuous cycling.



A completely lineardownwardsramp at -10 A/s was

achieveddespitethe inverse voltagémitation set by the
free-wheeling diodes of the power converter. Authorizati
for powering wagyrantedonly by the magneprotection

team at the beginning of a cyclingeriod or after the
interlocks had been broken.

All  the systems (vacuum, cryogenicmagnet
protection, power converter, general maingre hardware
interlocked. Depending othe gravity of a failure of any
of the systems, the string was eitlséowly discharged or
the magnetswere quenched byfiring the protection
heaters.

The experiment, whichasted elevenweeks, was
conducted 2sours aday andsevendays a week; it was
only interrupted by access requirementsthe restricted

area of the LHC Prototype Half-Cell or the unavailability
of peripheral systems (e.g. central refrigeration plant). TF
access procedure was remotely controlled by the accelere

control room operators: it mainly involved th@wering
of the current to 50 A.The powerconverterwas rarely
turned-off because the operation would bré#ak interlock
chain.

3.2 Incidents

Although a number of minor incidents occurred during th

cycling experiment, allvere adequately handl&ither by

the emergency systems which had been engineered for 1

purpose, or by the control room operators.

3.2.1 Interruption of the Cryogenic Supply

On several occasions, thiquid helium level in the main
dewar supplying the LHC Prototype Half-Cell among
other users, fell below a threshold. Thperatorswere
informed by an alarnsignal and were advised tatop
cycling in order to avoid quenchinghe magnetdue to
loss of nominal cryogenic conditions.

3.2.2 Quench Heater Power Supply Failure

o

3.3 Observations

Ir3]efore the experiment started, theighest current level
attainedwithout quenchingany of the magnets on two
occasions was 13.5 kA. A number of cycles wexecuted
and then the current raised to the same valuemfgnet
guenchedbefore13.5 kA, a @gradation ofthe quenching
magnet was assumed.

After a relatively low number of cycles (184), tha.5
kA limit could not beattained;the third dipolequenched
just below 13.5 kA.Instead oftrying to confirm this
guench level, itwas decided todouble the number of
cycles (300) before the second dipole was quench&8. at
kA. The number of cycles were increased first to 8@
to 1000 before the test ganch. They all confirmed a
degradation in thguenchlevel of theseconddipole. The

cycling experiment was ended after 2152 cycles.
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Figure 2 :Quench Currenand Number of Cyclewersus
time

The degradation of theeconddipole wasinvestigated
by repeatedly pushing the LHC Prototype Half-Cell to its
highest naturalquench.All the quencheswhich were

Capacitor banks which amischarged inthe protection obse_rved during this campaign.occurred in the first pole of
heaters when a quench occurrs are continuously monitoré? firstaperture ofthe seconddipole. The most salient
Two different internal power supplies failed on two Pattern is theerratic quenchbehaviour characterized by
occasions when the magnets were at 12.5aké\1.8 kA. guenches approaching thehighest limit (13.2 kA)

As a result, the interlock chain was brokend the followed by quenches atuch lower level (11.7 kA). In
magnets slowly discharged. some caseguring the raising phasentermediate higher

current levels were attained;this wrongly suggested a
retraining of the dipole(see Fjyure 3). The highest
difference in current for two consecutigaenchesvas 1.6
KA. In total 10 naturafjuenches were causedring this
campaign.

In the course of the campaign it was suggested that the
guenchesmight be caused by anon-uniform current
distribution in thesuperconducting cabld6]; this would
start a persistent current loop whicbuld saturate one of
the strands and cause the quench. A number of attempts to
highlight this effect were made, but all failed.

3.2.3 Mains Failure

A mains failure on the electricitgrid occurredduring the
falling phase of theycle whenthe magnetsvere excited
at 9.8 kA. The protectiorheaterswere fired and the
magnetswere quenchedlhe emergency predure during
the cycling experimenforeseeghis in order to simplify
the recovery.
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5 THE SECOND GENERATION TEST
FACILITY

After RUN3, the present LHC half-cell will be
dismantled. The construction of secondgenerationtest
facility will commencebeginning 1999. It willinclude
the separate cryogenic supply liaednew generation 15-
m dipoleswith all the orrector magnets. For theyear
2000 it is planned to start experimenting with a full
106-m LHC cell including three 12.5 kA circuits: one for
the main dipoles, one for the focussiggadrupoles and
one for the dfocussing quadrupoles. Twehaditional
600 A circuits will power the multipole corrector and

Figure 3 : Quench pattern after the cycling experiment |5¢tice magnetsattached tothe main magnets of the

It was decided toremove theseconddipole from the
LHC Prototype Half-Celduring the shutdown following
the cycling experiment. The dipoléMBL1A2) was
exchangedwith a spare (MBL1N1) which had been
recently re-assembleghd measured othe LHC Magnet
Test Bench.

MBL1A2 has been sincthen measured orthe LHC
Magnet Test Bench [17]. Preliminadata,which has not
yet been thoroughly analyzed,confirm what hasbeen
observed aftethe cycling experiment: thguenches are

almost always localized to the same region of pole 1. Any

attempt to identify theeffects of cycling on MBL1A2
remains, so far, speculative.

Other than theadegradation otthe seconddipole, no
other effect of the cycling experiment hasen identified.
In the coming run, cycling will beesumedboth to
continue the artificial ageing of the componeatyl, to
eventually revealother effects which might be hiding
behind the degradation of the second dipole.

It is worthwhile mentioning that 85 natural or

provoked quenches were performetlring the two
experimental runs: 45 of theseere atnominal current or
above. Another 1%juenches abhominal current or above

were experienced by the magnets of the LHC Magnet Test

Bench.This is far more than any dipole igxpected to
experience in the lifetime of LHC.

4 RUN3A
RUNS3A will start in early June 1997. Following the

regular cell of an LHC arc.
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