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STABILITY OF A NbSn LOW-BETA QUADRUPOLE IN THE LHC
RADIATION ENVIRONMENT
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INFN and Physics Dept. of the University of Milan ,
LASA, via fratelli Cervi 201, 20090 Segrate (Milano) — I

Abstract

Use of Nb3Sn coils can significantly improve the perfor-
mances of the low 3 quadrupoles of hadron colliders. In
this paper we report the results of a study to evaluate
the average and the peak power deposition on the Nb3Sn
coils of a quadrupole for the second generation of the
low {3 insertion for the LHC. The power release into the
coils by radiation escaping from the interaction point has
been investigated, by means of FLUKA code, as a func-
tion of different gradient—aperture combinations (the basic
values being 300 T/m ~ 70 mm). Consequently the su-
perconducting stability of the impregnated coils has been
evaluated both at 2 and 4.2 K operation temperatures of the
magnet.

1" INTRODUCTION

In the frame of the CERN-INFN collaboration on super-
conducting magnets for the LHC, a study of a very high
performance quadrupole for a second generation of inner
triplet of the low B insertions is under way at LASA lab of
INFN-Milan. This type of quadrupole needs to reach very
high magnetic field gradient, beyond 235 T/m in the ma-
chine, in a single aperture bore of 70 mm [1}.

CERN has designed and built, in collaboration with Ox-
ford Instruments (GB) [2], a full section 1.3 m long model
-of a novel design quadrupole, that has been successfully
tested up 93% of the 1,4, reaching 245 T/m [4]. This
quadrupole model makes use of very high performance
NbTi cable with all kapton insulation.

To break the barrier of 250 T/m in 70 mm coil aper-
ture we have designed a quadrupole, based on NbsSn
conductor, whose schematic cross section is reported in
fig. 1. NbsSn has very high performance in term of
I characteristic vs field but suffers of serious drawbacks,
namely the necessity of high temperature reaction (650 °C
or more) and a brittleness that makes coil handling haz-
ardous.

Brittleness of the NbgSn and its I, degradation vs trans-
verse stress in case of bare cable requires the coils be fully
impregnated under vacuum after reaction. Full impregna-
tion of the coils raises a concern about coil stability due to
lack of direct cooling.

The main points on stability in our design are:
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Figure 1: Schematic cross section of the NbzSn
quadrupole.

e the peak field on the coil, 11.5 T at 300 T/m, imply
large operating stress in the coil, over 100 MPa in the
high field region;

e impregnation of the coil will help mechanical stability
on the coil head; this point is sometime negleted but
it has been proved very important in the main dipole

- magnet [5], such that now is part of the design of the
LHC dipoles;

¢ when working at 1.8 K, the disadvantage of specific
heat, lower than at 4.2 K, is not balanced by the ad-
vantage of better heat transfer;

o the stability margin can be compromized by a consid-
erable heat deposition into the coil due to radiation
which can increase significantly the operating temper-
ature.

. A study of the power deposition has been .carried out by
CERN [6] with a simplified model and the power deposi-



Table 1: main features of quadrupole design

coil aperture (mm) 85 70
gradient (T/m) 250 300
operating temperature (K) 1.8

superconductor NbsSn Int.Tin Diffusion

J. non Cu (A/mm?) 1500at 12T, 42K
a=Cu:non Cu 1:1

cable composition 36 strands, ¢$=0.825 mm
cable size (mm) 1.34-1.60x15.0

operating current (kA) 15.1 17.9
Yoveran A/mm?) 565 670
peak field on coils (T) 12.1 11.45
insulation type R-glass+epoxy

insulation thickness (mm) | 0.125 azim., 0.250 rad.

midplane shim (mm) 2 x0.3mm
temperature margin (K) 39 2.8
hot spot temperature (K) <1204 - <130

tion has been found to 6 W/m (30 W per magnet). This
point must be very carefully evaluted for coils which are
almost adiabatic, especially because the power deposition
into the coils —a substantial fraction of the total power- is
strongly peaked at the coil midplanes.

2 QUADRUPOLE CHARACTERISTICS

We examined two designs with the same conductor: one
that should generate 250 T/m in a 85 mm coil aperture [7]
and the latest that aims to generate 300 T/m with 70 mm
useful bore. The design stability margin is given by op-
eration at 93-94 % of the 1,44 as given by short sample
measurements.

The main paramenters are reported in table 1.

The load line for the 300 T/m — 70 mm case together
with the J; ,, at 4.2 and 1.8 K for the Nb3Sn winding are
reported in fig. 2, where for comparison is reported the
J. ou characteristic of the NbTi CERN-Oxford quadrupole.
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Figure 2: Coil J. for our Nb3Sn and for NbTi and magnet
load line.

3 POWER DEPOSITED BY RADIATION

The source of the radiation power escaping from the inter-
action point (LP.) has been evaluated by taking few hun-
dreds of the 7+7 TeV events from DTUJET code. The in-
teresting events are the inelastic and the single diffractive
ones, whose cross sections are oy, = 60 mb and 0,4 = 12
mb respectively. The neutral particles released in the inter-
actions were directly processed by FLUKA [9], while the
charged ones were transported along the beam pipe though
the detector field and through the inner quadrupole triplet
of the low 3 insertion. Low energy neutrons have been ne-
glected. Whenever a charged particle hits the beam line
structure it was processed by FLUKA as a single event.

The inner triplet starts with @3 placed at 23 m from LP,
with a free space of 2.5 m between (J; and (J2, 1 m be-
tween Qs and @3, 2.3 m between (J3 and (J4. Between
the LP. and Q; a ¢in= 30 mm, 1.8 m long, copper colli-
mator is placed at 19 m from LP. Moreover the effect of
four stainless steel absorbers inside the beam pipe alond
the quadrupoles has been evaluated. The thickness of the
absorbers is 5 mm [8].

The resulis of the calculation for the nominal luminosity
of 10%¢ cm~? s~! are summarized in table 2 where data
refers to §» that is by far the hottest quadrupole.

The peak power deposited into the coils ranges from 1.3
(for 250 T/m - 85 mm) up to 2.1 mW/cm® (for 300 T/m
- 70 mm). We think that the grid used is too wide (about
1% 1x50 cm®) and these should be regarded as minum val-
ues. For these reasons and to be conservative we preferred,
in thermal analysis, to concentrate the whole power re-
leased in the coils near the midplane. In this way, in case
of 300 T/m — 70 mm, the power density along the midplane
for the hottest coil becomes 5.8 mW/cm?®.

The results so far obtained are very preliminar but suffi-
cient to evalute the siability of the NbsSn coil. More accu-
rate calculation, with bigger statistic and higher number of
events is underway.

4 2-D THERMAL MODEL

A 2-D thermal analysis was carried out by means of AN-
SYS code on an octant. Main features of the thermal model
are: -

1. steady staie;

2. linear analysis, i.e. material properties are constant at
the initial temperature. This hypothesis is confirmed a
posteriori by the very small temperature increase;

3. regions are (iron is neglected since is therrhally sepa-
rated):

(a) two coil shells, each one containing a longitudi-
nal copper wedge, where the material properties
are the effective values of the conductor unit cell;
typical mesh dimension in the coil is 2x2 mm?; .



Table 2: heat deposition (four poles) and coil temperature rise above 2 K

apert.xgrad. | power into hottest power in ATy, | total power into power into
(mmxT/m) | coils (W/m) | coil (W/m) | th. calc. (mW/cm®) | coils (K) | cold mass (W/m) | adsorber (W/m)
70%250 1.27 0.36 4.7 0.42 3.84 2.31
70x300 1.44 0.44 58 0.50 430 B 2.56
85x250 1.27 0.35 4.6 0.42 3.98 242

Table 3: stability margin of the coils (without radiation)

apert.xgrad. | Tpqaer (K) | AT, (K) | AHpm (kK/md)
70300 2.0 2.8 5.24
70x300 4.2 24 11.3

(b) radial insulation regions on the inner coil raius,
between two coil shells and between outer coil
radius and collar;

(c) pole wedge in bronze and, separated, the insula-

tion between pole wedge and coils;

(d) stainless steel ring collar;

4. no heat exchange at midplane and along the
45°boundaries (symmetry conditions); convective
heat exchange with cryogen, Hell or LHe, at fixed
temperature: a conservative heat transfer coefficient
of 100 W/m?-K has been taken.

5. the total power released into the coil has been concen-
trated in the mesh elements along the midplane; com-
putation has been done for the coil with the biggest
heat deposition;

The inner bound insulation region has been magnified in
radial dimension to be properly described and consequently
its thermal conductivity amplified by the same factor.

The results of this preliminary analysis, computed at 2 K
where the thermal conductivity are worse than in the case
of 4.2 K, are summarized in the table 2.

The heat flow to the helium is very low, with a peak of
about 17.7 W/m?, generating a temperature rise of 0.17 K
at the coil to helium interface.

S STABILITY ANALYSIS

The numbers reported in the previuos table must be com-
pared with the stability margin for the coil operation. The
stability can be reported as temperature margin, AT,,, or
enthalpy margin (against distributed continuous perturba-
tion), AH,,. These values are reported in table 3 without
taking into account the radiation heat.

It can be seen on the temperature margin that the 0.5 K
of temperature increase due to heat depostion, see table 2,
has a small effect on the coil stability. Actually the first
0.5 K above 2 K gives negligible contribution to enthalpy
margin which decreases from 5.24 down to 4.8 kJ/m3. The
situation is even better at 4.2 K where the residual 1.9 K

temperature margin corresponds to a more comfortable 9.8
kJ/m? enthalpy margin.

6 CONCLUSIONS

This preliminary calculation shows that NbsSn technology
can be employed for these very demanding magnets.
From the point of view of stability the heat deposi-
tion by radiation is acceptable without endangering the
low B quadrupole operation also at superfluid temperature.
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Abstract

The NbTi quadrupoles for the LHC insertions have a de-
sign gradient of 250 T/m at 1.8 K with a 70 mm aperture.
We are exploring the use of the Nb3Sn technology for sec-
ond generation low £ quadrupoles for LHC. A conceptual
design of a Nb3Sn quadrupole operating at 1.8 K with 300
T/m gradient and 70 mm aperture is presented. Cable per-
formance, winding technique,magnetic design, mechanical
structure and magnet protection are discussed.

1 INTRODUCTION

In the LHC (Large Hadron Collider) the proton beams are
focussed at each side of the IP (Interaction Point) by a set
of four quadrupoles, series connected, forming the inner
triplet. These quadrupoles, 5.5 m long, have single aperture
(70 mm) and a design gradient of 250 T/m at 1.8 K.

A 1.3 m long model using an high quality NbTi con-
ductor and a novel design [1] has been built by a CERN
-Oxford Instruments (GB) collaboration and has reached a
gradient of 245 T/m.

In the frame of a collaboration between CERN and INFN
on superconducting magnets we have looked to alternative
design using Nb3zSn conductor. An initial investigation
[2], based on simple scaling laws and assuming as a ref-
erence the CERN-Oxford design, has explored various lay-
out (shell or rectangular block) and different bore apertures
(70 or 85 mm) indicating the possibility to reach with the
Nb3Sn technology the 300 T/m with the small aperture or
250 T/m with the large bore.

A more detailed study [3], including the mechanical
structure and magnet protection, has been completed for
a large aperture (85 mm) quadrupole. Finally the choice
has been made to maintain the nominal aperture (70 mm)
and to aim at gradient of 300 T/m. In this paper thie concep-
tual design of this quadrupole is presented and the relevant
aspects are discussed in detail.

2 CONDUCTOR

We plan to use a conductor manufactured by Europa Met-
alli (Florence) with the Internal Tin Diffusion method. It
. has 37 islands embedded in a copper matrix. Each island,
which has a Sn core and 190 Nb filaments, is enclosed by
a Nb barrier, whose thickness is about 20 um, to prevent
poisoning of the pure copper during heat treatment. The
barrier is partially reacted-into Nb3Sn : this helps to obtain

Table 1: Superconducting cable.

superconductor | NbsSn - Int. Tin Diffusion
.barrier niobium

effective ¢, 20-30 pm

¢ strand 0.825 mm

a=Cu:non Cu 1
-| heat treat. temp. | up to 650°C, 350 hours

J.non Cu 1500 Almm?@ 12 T, 42 K
n. of strands 36
cable size 1.34+-1.60 x15.0 mm?

very high I, values but is detrimental for the effective fila-
ment diameter that ranges from 20 to 30 zm , depending on
the layout {4]. ’

The NbsSn critical current density measured in virgin
wires at 4.2 K vs applied magnetic field is reported in Fig 1
together with the scaling to 1.8 K. Also shown, for compar-
ison, is the NbTi curve of the conductor used in the CERN-
Oxford quadrupole. The cable characteristics are reported
in Table 1.
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Figure 1: Non copper critical current density for NbzSn
and NbTi in virgin wires.

Disadvantages of Nb3Sn technology with respect to the
more standard NbTi one have been extensively described in
[3]. In the meanwhile we have investigated I. degradation
due to cabling. In a prototype cable, 150 m long and with
7% lower current density, degradation after cabling (mea-
sured on wires) was found about 5%, very near to the stan-



dard 3% for good NbTi cable. Also the I degradation vs
transverse compression, a key factor for this type of mag-
net, will be soon measured.

To avoid degradation of the outer copper quality and pos-
sible flake off of the barrier during heat treatment due to
oxygen contamination through the thin copper layer, our
conductor must be treated under vacuum or inert atmo-
sphere during all the stages of reaction. .

3 INSULATION AND WINDING

The coils are wound and then reacted. So far we have tested
for insulation three different materials: R-glass tape, mica-
glass tape from Isovolta (A) and a ceramic-glass compos-
ite foil from Toshiba (J). Each insulation has been treated
at high temperature (700 °C) in Ar atmosphere and under
vacuum in shape of tape or foil and then the insulation re-
sistance has been measured up to 1 kV under a pressure of
over 50 MPa.

Results have been very posmve for the mica-glass tape
and for the ceramic-glass foil, with R > 10 MQat 1 kV
and > 1 GQat 500 V. The R-glass tape has shown,after
a special chemical treatment [5] to remove the sizing
agent,insulation resistance of typically 1 MQat 1 kV and
> 1 GQat 500 V. It should be mentioned that resistance
on glass samples occasionally is much lower and that the
. chemical process is not yet tested on a real coil. We rely
also on the fact that continuity of the insulation should be
assured by proper impregnation of the coil under vacuum.
For the time being we keep as interturn insulation a R-glass
tape, that is easy available in different dimensions,butt-lap
wrapped around the cable and enclosing, on one side only
of the cable, a further glass tape. In this way the turn to
turn gap is 240 pm.

The alternatives under study are:

i) use of glass tape wrapped around the cable and en-
closing a mica-glass tape (probably it is the best solution
for insulation),

ii) ceramic-glass tape used only as a spacer, if it will be
available in the proper dimension. In this way the turn to
turn distance is 150 ym.

The ceramic-glass tape is more robust than R-glass and
more flexible than mica-glass but unfortunately the min-
imum available thickness is 150 uym while R-glass is 80
pm thick and mica-glass is 100 gm.

The coils are wound in double pancake technique to
avoid the joint between the inner and outer layer of each
pole which is normaily a weak point of the magnet and can
limit the performance.

4 COILLAYOUT.

The double pancake technique Pprevénts the possibility of

gradmg we point out however that the grading is less ef-
fective in NbaSn coils respect to Nb'ﬁ because of the re-
duced slope ‘of the Jc vs B line ( see ﬁg 1). No specific

cable optimization has been pursued ; we selected actually ~

Table 2: Quadrupole characteristics.

Operating gradient (T/m) 300
Load line margin 94%
Peak field in conductor (D 11.5
Operating current S (kA) 17.9
IbGHbIOI (10_4 units) < 0.01
No. of turns per coil 12+17
Inner/outer coil diameter (mm) 70/132.2
Inner/outer yoke diameter (mm) 174/520
Stored energy (ki/m) 453
Inductance (mH/m) 2.8
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Figure 2: Coil layout (one octant) with field distribution.
Peak field locations for each block are indicated.

strand diameter, cable size and keystone angle correspond-
ing to the outer layer of the LHC dipole in order to avoid
any cabling development.

The cable layout, calculated with ROXIE [6], is pre-
sented in fig 2 and the main parameters of the magnet de-
sign are given in Table 2. The 300 T/m gradient corre-
sponds to 94% of the load line; so far no degradation for
the azimuthal stress (110 MPa) has been considered pend-
ing measurements. The iron yoke is placed at 20 mm from
the coil in order to have a rigid collars; an iron closer to the
coils, 10 mm, gives only 1.4% increase in gradient. The
operating current is large, 17.9 kA, but still manageable,
to get the advantage of a low inductance which makes the
protection of the magnet easier.

5 MECHANICAL STRUCTURE

The main characteristics of the mechanical struc-
ture,schematically shown in fig 3 are:

i) a 20 mm stainless steel collar nng and four bronze

’ wedges in thie pole regions;.

ii) an iron yoke, 174 mm thick, cut in four parts and in
contact with the collar only near the coil midplanes;

iii) an aluminum shrinking cylinder 13 mm thick.

The' inechamcal ‘structure has been designed to mini-



mize the transverse compression in order to reduce the crit-

ical current degradation. The mechanical separation of the
pole wedge from the ring collars allows to keep the wedge
always in position from winding to yoking. The collar
wedges are made out of bronze to fit the thermal contrac-
tion of the coil during the cooldown. Materials with a lower
thermal contraction, like Ti alloys, give a further prestress
during cooldown, and also longitudinal stress on coil heads,
but they cause an elliptical deformation of coils increas-
ing the peak stress during magnet excitation. Material and
thickness of the collar ring have been designed to withstand
the magnetic forces with negligible deformation.

Almost all coil prestress is given during collaring and the
force nedeed is about 500 ton/m using a dipole type press.
Two collaring techniques are under study: the first using a
special press[3] acting simultaneously on X,Y planes, the
second using clamps for the precollaring and then a dipole
type press acting alternatively on the two planes and insert-
ing pinning rods of increasing diameter. This last technique
requires an expandable collaring mandrel.
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Figure 3: Cross section of the magnet

The yoke and the shrinking cylinder have been designed
in order to minimize the coil stress and the coil deforma-
tion at full magnet excitation. In the first studies, trying
different collar materials and thicknesses, the peak pres-
sure in the coils was always found in the midplane at the
inner side of the first layer (as usual in this type of magnet)
with values between 140 and 160 MPa. This peak was due
to the em. forces (F,= 93 ton/m, Fy= -289 ton/m in each
octant) and to a deformation of the collar that give a 0.06
mm deformation of the inner edges of the coils.

In this design the shrinking cylinder gives after coldown

a force of 100 ton/m for octant that the yoke transfers to the
collar only on the midplanes, causing an opposite deforma-
tion. In this way when the magnet is at maximum excitation
this deformation is almost all compensated, the peak stress
value (123 MPa) is still on the midplane but on the outer
edge of the coil (where the field is much lower) while on
the inner edge the peak stress is less than 110 MPa.

6 STABILITY AND PROTECTION

A preliminary evaluation [7] of the stability problem of the
coils at 1.8 K with a peak power deposition by radiation of
2.1 mW/cm?® indicates that impregnated coils will have a
sound margin of stability, 1.9 K above the operating tem-
perature.

The magnet can be protected with an active heaters sys-
tem, as in the LHC dipoles. A passive system based on a
dumping resistor can be used for a I m long model{3). The
extension of the passive system to a full length magnet is
under investigation.

7 CONCLUSION

A 70 mm bore Nb3Sn quadrupole with a gradient of 300
T/m at 1.8 K seems feasible with the present state of the art
and without major cable improving.

A proposal will be submitted to INFN 1n 1996 to build
and test a 1 m long model.

Test on insulation and critical current degradation under
stress are under way . A small racetrack coil ( 12 turns, 0.4
m long) is under construction to verify all technical aspects
of insulation, winding and impregnation.
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Abstract

The CERN short model activity on main dipole mag-
nets is centred around the design, in-house fabrication
and testing of single and twin aperture 1m long magnets.
In order to study the influence of individual coil pa-
rameters on the magnet behaviour with a fast turn around
rate and to qualify the possible design solutions priority
was given to the fabrication of a certain number of single

aperture dipole models. The collared coils are assembled

in a reusable yoke structure and tested in a vertical cry-
ostat at 2 K. The present paper reviews the aims of the
program, the design and fabrication to date of single
aperture models, their instrumentation and the prelimi-
nary results and conclusions.

1 INTRODUCTION

The Large Hadron Collider (LHC) [1], approved by
the CERN Council in December 1994, is a 7 TeV proton
accelerator-collider operating at a nominal field of 8.3 T.
Its main components are double aperture superconduct-
ing dipole magnets which have evolved for reasons of
economy and machine requirements from 10to 15 m in
length, 50 to 56 mm in bore diametre, and 17 to 15 mm
in cable width [2]. Of the former designs seven 10 m
long double aperture dipoles and 14 short 1 m models
(both single and double aperture with constructional
variants) were built and tested, totalling nearly 70 test
campaigns at cryogenic temperatures [3]. Results show
that these magnets have similar performance and train-
ing behaviour, exhibiting comparable weak spots located
especially in the coil ends, jump/splice regions, transi-
tions of cross section and often in the innermost coil
turn. Since improvements and design options can con-
veniently be studied with short magnets an intensive
fabrication program of 1 m models of the new design
started at CERN to provide the required input to the long
magnet program presently in progress in industry.

2 AIMS OF THE MODEL PROGRAM

Priority was given to the fabrication, collaring and
testing of model coils in a single aperture structure
(MBSMS) to optimise specific components and proce-
dures, implement new design features, check expected
performances and provide a facility for testing cable
performance and possible variants. Present rate of model

completion is about one per month with a lead time of 3
to 4 months. This will allow in due time, to incorporate
in the design lessons learned from the cold test results, to
refine the assembly techniques and to accumulate statis-
tics. Double aperture models will be built using the same
collars and yoke laminations as for the long magnets.
The first such model is planned for measurements in
early autumn of this year.

3 DESIGN AND FABRICATION

The cross-section and main parameters of MBSMS
models are shown in Fig. 1 and Table 1 below.
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Fig. 1: Cross section of MBSMS type model.

Table 1. Main design parameters

Coil inner diameter 56 mm

Quenching field 9.6T @1.9K and 13240 A
Nominal current (Inom) @ 8.368T 11460 A

Ratio of peak field to central field 1.05

Overall coil length 1080 mm

Length of magnetic steel in the yoke 560 mm

Magnetic length 862 mm

Total inductance 3.2mH

X Fx = 1650 N/mm
Z Fy =-820 N/mm

Magnetic forces per quadrant @ [nom

Total axial force @ Inom 19 tons
Cu/SC ratio of inner / outer strands 1.60/1.90
Ic/dic/dB of innercable @ LYK, 10T 213.75kA 748 kA/T

Ic/dic/dB of outercable @ 19K, 9T 212.95 kA /7 3.65 kA/T




3.1 Magnetic design

The coils have two layers, made of graded cables
with 28 strands of 1.065 mm diameter for the inner layer
and with 36 strands of 0.825 mm for the outer layer. The
conductors are distributed in five blocks giving the re-
quired low content of b7 and b9 components. The load
line and expected quench fields calculated with the pro-
grams ROXIE and POISOPT are shown in Fig. 2. Three
basic types of coil end geometries were designed (sce
Table 2). Around both coil ends the yoke is made of
non-magnetic laminations to reduce the peak field in
these critical regions.

Current (kA)

Figure 2. Load line for MBSMS magnets.

3.2 Mechanical design

The MBSMS design concept [4] is to allow repro-
ducible coil testing conditions. The collars, made of Al-
alloy type 5083, are of similar mechanical rigidity as
adopted for the double aperture design and locked by
stainless steel rods. The yoke is vertically split with an
open gap at room temperature, controlled by spacers
made of Zn/Al alloy, and held together by an outer
stainless steel bolted shrinking cylinder which has an
azimuthal pre-stress of 150 MPa at ambient temperature.
This design permits an easy assembly and reuse of the
yoke structure. The gap control spacers limit coil com-
pression during assembly but shrink away at cold so that
under nominal conditions the gap is closed and the col-
fars are just in contact with the yoke laminations. The
gap remains closed up to 9.7 T. The design azimuthal
coil pre-stress after assembly at room temperature is 50
MPa, both for inner and outer layers. Since longitudinal
compression of the coil heads may improve their training
performance, so-called end-cages consisting of a glued
collar pack, a flange at the coil end and four tie rods,
allow to pre-load the coil heads up to 8 tons.

3.3 Instrumentation and Protection

The following instrumentation, needed to monitor as-
sembly and testing is implemented in all models:

e Two spot heaters, to trigger transitions for quench
studies, are placed one in the inner and one in the
outer layer between the cable and the innermost end
spacer, made of 50 pm thick stainless steel foil
glued between two 25 pm thick polyimide foils.

e Voltage taps, in total 50 per model, for quench de-
tection and location.

e Special collars with strain gauges near the poles to
monitor the coil pre-stress in the inner and outer
layers during magnet assembly, cool down and
power testing. New capacitive pressure transducers
were developed and already used at ambient and
LN2 temperatures for collaring tests and coil
modulus tests.

o End cage tie rods with strain gauges.

Bullet gauges to monitor the force exerted by the
coils against the thick end plates of the magnet.

e  Gap opening transducers to monitor the status of the
vertical yoke gap.

The mechanical instrumentation is calibrated both at
ambient temperature and at 1.9 K.

All models have quench heater strips placed between
the outer layer and the ground insulation, to rapidly heat
up the conductors in case of a quench. The calculated
hot spot temperature assuming full energy dissipation in
the coils and triggering of the heaters is around 240 K.

3.4 Fabrication and description of variants

Coil winding of MBSMST started in June 1995 and
since then seven models have been manufactured and
some reworked (see Table 2). The cable insulation is all
in polyimide and composed typically of two layers of
25pm thick tapes each overlapped by 48%, and a third
70um thick adhesive-coated layer, spaced by 2 mm to
provide channels for helium penetration inside the coils.
After winding, each layer is heated in 2 mould to 185°C
for 30 minutes gluing turns firmly together. The coil
heads are then impregnated with a heavily charged resin
and the layers assembled with a grooved Gl11 sheet
placed in-between them. The inside cable ends are join-
ed with an AgSn alloy, reinsulated and glued back onto
thie coil blocks in an operation referred to as recondi-
tioning . The size and modulus of each layer are then
measured to define pole and coil head shimming for
collaring. Different collaring variants have been tried.
Typically the coils are compressed to about 120-130
MPa, the collaring rods are inserted and the external
pressure released. The residual coil pre-stress is about
50-60 MPa on both layers. The end cages have been
tightened generally after collaring. For models 4 and 5
the coils have been stretched during collaring with an
internal mandrel reacting against the innermost coil end
spacers and the cages pre-tightened at an intcrmediate
stage to better distribute the longitudinal stresses inside
the coil heads. An example of such a collaring: is shown
in Fig. 3. '



Figure 3. Collaring procedure for magnet MBSMS5

The main fabrication variants are shown in Table 2.

Table 2:fabrication variants from MBSMS1 to MBSMS8

magnet coils* assembly
MBSMSL. V1 |non coated cable reconditioning @ 185°C
type I end spacers end cage tightened
MBSMS2.V1 [non coated cable reconditioning @ 100°C
type Il end spacers end cage tightened
MBSMS2.V2 end cage untightened
MBSMS3.V1 |non coated cable reconditioning under pressure
type Il & 1la end spacers fend cage tightened
MBSMSIL1.V2 reconditioning under pressure
MBSMS4.V1  ltin coated strands cable |reconditioning under pressure
type I end spacers end cage tightened
coil stretching
MBSMS5.V1  [tin coated strands cable |reconditioning under pressure]
type Il end spacers end cage tightened
no interturn spacers collaring under stretching
150 mm layer jump
MBSMS6.V1  [tin coated strands cable ]reconditioning under pressure
type Il end spacers end cage tightened
no interturn spacers different collar material
150 mm layer jump
MBSMS7.V1  ftin coated strands cable |reconditioning under pressure
type Il end spacers end cage not present
150 mm layer jump
coil end not impregnated
MBSMS8.VL  |tin coated strands cable }reconditioning under pressure
type Il end spacers end cage tightened
no interturn spacers
150 mm layer jump
different cable insulation

*cad spacers types, design principle and material:
typel  :minimum deformation energy, GIl: typell  :isoperimetric, GI1;
type lla : isoperimetric, PEL; type Il : Fermilab design with “shoes™, G11;

4 TEST RESULTS

Cold tests have been made so far up to model 4.
Power test results are reported in Ref. [5]. All models are
cooled directly to 1.9 K, first training quenches were at
8.2, 8.65, 8.87, and 8.67 T for models 1, 2, 3, and 4 re-
spectively, followed by slow training, occurring mainly
in the first turn and in the transition between straight
part and heads of the inner layer. Quenching with full
energy deposition gives a hot spot temperature of 240 K
and shows a safe magnet protection scheme. After a few

such quenches, training switches to the first turn of the
outer layer at a lowered unstable field level which re-
mained however above 8.9 T for model 3. After a ther-
mal cycle, this model retrained at 9.05 T, showing lim-
ited training memory, but no longer exhibited the unsta-
ble behaviour mentioned above and reached 9.5 T after
16 training quenches.

S5 CONCLUSIONS

A full test and result analysis program is going on for
these models. In parallel the fabrication of new models
and relevant variants is underway. Results show that
general improvements in the assembly have brought
better training behaviour, model 3 reaching 92% of the
calculated short sample limit on its first quench, proving
the validity of the basic design. So far there are no clear
indications of a significant advantage coming from a
particular end spacer type or from a specific technique
like end cage tightening or coil stretching. Known weak
spots have been addressed in later models: e.g. increased
length of layer jump region, suppression of interturn
spacers in the coil ends, smoother transitions between
straight part and coil ends. Important aspects of dipole
performance like dynamic behaviour and field quality
are also addressed by the model program and will steer
specific design solutions and fabrication techniques.
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Abstract

The recently revived superconducting magnet program
at Fermilab is currently focused on the development of
high gradient quadrupoles for possible use in the Large
Hadron Collider (LHC) inferaction regions at CERN. In
order to provide input for the new quadrupole design
which will operate in superfluid helium, we have tested a
Fermilab Tevatron low-§ quadrupole cold mass and
compared its low temperature performance to a newly
assembled heavily instrumented version which was
mechanically modified to take advantage of the gain in
critical current.

1 INTRODUCTION

Fermilab has successfully operated low-f§ quadrupoles
for the Tevatron DO/BO interaction regions at an operating
gradient of 141 T/m at 4.5 K. Future low-p insertions, in
particular, the one proposed for the LHC[ 1], require a 50%
higher operating field gradient. Fermilab in cooperation
with Brookhaven Natiopal Laboratory (BNL) aad
Lawrence Berkeley National Laboratory (IBNL), is
designing a higher gradient quadrupole suitable for the
LHC low-p insertions which uses NbTi conductor in
superfluid helium[2]. A first step in this program has
been to evaluate the feasibility of using a mechanically
modified version of the existing Fermilab low-f
quadrupole for superfluid operation. 'We report on results
from tests of two Fermilab-style superconducting high

gradient quadrupoles.
2 MAGNET DESCRIPTION

The magnets for this study are 1.4 m long Tevatron
low-§ quadrupoles. Details of the design have been
described elsewhere[3,4]. This cold iron superconducting
quadrupole has a 2-shell, cos 20 coil with a 76 mm
aperture and an outer cold mass diameter of 276 mm. The
inner and outer coils are made from 36 strand Rutherford
cable. The strands are 0.528 mm in diameter and contain
13 um filaments. There is a copper wedge in the inner
coil whose primary purpose is to minimize the geometric
12- and 20-pole harmonics. Four inner to outer coil
splices are located in the magnet lead end radially beyond
the outer coil and are made through preformed solder-

filled cable originating from the lead end pole turn. The
coils are supported in the body by aluminum collars. The
splice and the coil lead and return ends are clamped with a
4 piece G-10 collet assembly enclosed in a tapered
cylindrical can. Iron yoke laminations surround the coil
in the body region, and stainless steel laminations
surround the end region cylindrical can. A weded
stainless steel skin surrounds the yoke.

The two magnets differ in mechanical support and in
instrumentation. One magnet (LBQ5425) was built as a
spare for the Tevatron and as such has the nominal
construction features and instrumentation for a production
magnet. There are voltage taps across each quadrant
(inner-outer coil pair). The aforementioned cylindrical end
cans are made of stainless steel.

A finite element analysis mechanical model of the
nominal production magnet at 1.8 K and full current
excitation predicted inadequate coil sapport for both the
body and the end regions[5]. Thus a second magnet
(R54001) was built with the same tooling but with
enhanced mechanical support. To increase the magnet
end prestress at low temperature, the stainless steel end
cans were replaced with aluminum cans. Kapton pole
shims were inserted to increase the coil azimuthal
prestress. These shims also increase the effective collar
diameter to assure that there was an interference fit
between the iron and collared coil. R54001 had several
voltage taps in the inner coil concentrated near the pole
turn and the copper wedge. Strain gauge transducers in the
collars monitored changes in coil stress during
manufacturing, cool down and excitation.

3 MAGNET TESTS

IBQ5425 was tested at the Lawrence Berkeley
National Laboratory Magnet Test Facility in a
horizontally oriented liquid helium dewar. The facility is
designed to support superfluid helium at 1.8 K and at
1 atmosphere. R54001 was tested at the Fermilab
Technical Support Section horizontal magnet test
facility[6]. The test stand was originally designed to test
SSC dipole cryostated cold masses at 4 atmospheres and
temperatures from 4.6 K to 1.8 K. The outer diameter of
our low-§ quadrupole is roughly the same as an SSC
dipole, thus we were able to build a special shorter length
SSC-style cryostat to accommodate this magnet.
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3.1 Magnet Training

Both magnets were first trained at 4.3 K prior to
superfluid testing, This allows one to compare the
training of these magnets with previous low-§
quadrupoles{7] and to observe the change in magnet
training between normal and superfluid helium. The
training histories for LBQ5425 and R54001 are presented
in Figures 1 and 2.

At 43 K LBQ5425 achieved 4700A on the first
quench and required 4 quenches to reach its plateau of
5150 A. The magnet was warmed to room femperature
and then cooled to 1.8 K. The first quench was above
6000 A, significantly higher than the 4.3 K plateau
quenches. After two more training quenches, the quench
current fell to near 5000 A and did not increase in the
next 3 quenches. Two quenches (not shown) at 3.8 K
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Figure 1: Quench training history for LBQ3425.
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Figure 2: Quench training history for R54001.

yielded similar resuits. The magnet was then warmed to
4.3 K and quenched again at just above 5000 A.
Finally, it was again cooled to 1.8 K and came within
100 amps of reaching its previous quench current
maximum. The 5000 A quenches at 1.8 K, as well as
the low guench at 4.3 K (#5 in Fig. 1), are likely due to
insufficient coil support.

R54001, with enhanced mechanical structure,
exhibited improved quench performance relative to
LBQ5425, as seen in Fig. 2. At 4.3 K it came within
200 amps of its quench plateau in three quenches. The
training quenches largely occurred within the pole turn
return end.  After 9 quenches, but before it reached its
plateau, the magnet was cooled to 1.8 K. Here it
exhibited significant training, but with monotonically
increasing quench current. The training quenches
occurred predominantly in the coil ends. After the 1.8 K
testing the 4.3 K quench plateau was achieved. The
plateau quenches occurred near the inner-outer coil splice.

3.2 Temperature Dependence of Quench Current

After 9 quenches at 1.8 K, R54001 was quenched at
several temperatures between 1.8 K and 4.3 K as shown
in Fig. 3. There was a monotonic decrease in quench
current with increasing temperature as expected for a
magnet which is not limited by mechanical instabilities.
However, the shape of the quench current vs. temperature,
particularly near the A—point, is not as predicted by
temperature dependence of the conductor critical current.
The deviation of the observed temperature dependence
from the theoretical prediction can be explained by
resistive heating in the coil, which increases as the current
rises. The change in the curve shape at temperatures less
than 2.17 K is likely due to the improvement of the coil
cooling condition in superfluid helium.
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Figure 3: Quench current as a function of magnet
temperature (nominal ramp rate of 16 Afs).
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Figure 4: Quench current as a function of ramp rate.
(Data were not taken at 1.8 K for LBQ5425.)

3.3 Ramp Rate Dependeﬁce of Quench Current

Figure 4 shows the dependence of the magnet quench
current vs. the ramp rate for LBQ5425 and R54001. For
both magnets, the quench current does not decrease with
increased ramp rate up to 150 A/s. At higher ramp rates,
cable heating due to AC losses decreases quench current.
As above, we observed erratic quench behavior with
LBQ5425 during these ramp rate tests.

Figure 5 shows the quench current normalized to the
16 AJs value vs. ramp rate for R54001 measured at 4.3 K
in normal helium and at 1.8 K in superfluid helium. An
improvement in the quench current at high ramp rate in
superfluid helium is evident due to improved coil cooling
conditions.

4 CONCLUSION

Two Fermilab low-B quadrupoles have been tested in
superfluid helium. LBQ5425, a production spare for the
Tevatron, reached 200 T/m gradient at 1.8 K but exhibited
erratic quench behavior. R54001, a magnet from the
same design but with improved coil mechanical support,
also reached 200 T/m at 1.8 K and had significantly better
quench behavior. Most quenches in R54001 above 1.9 K
were generated by resistive coil heating. We also
observed a significant improvement in the coil cooling
condition and quench performance of this magnet in
superfluid helium.
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ABSTRACT

Short and long dipole model magnets for the LHC are
measured in detail to optimize the field quality to the
different operation phases of the accelerator. We will
report on recent progress to understand and quantify
effects related to the magnetization of the
superconductor, to time dependent effects at fields
corresponding to beam injection and to behaviour during
acceleration. A parametrization for the measurements is
proposed. The contributions from any misalignment of
the dipoles and correctors magnets is compared to
expected field quality of the dipoles.

1 INTRODUCTION

The LHC accelerator will produce head on
collisions between beams of 7 TEV protons {1}. Beam
optics calculations indicate that the performance of the
LHC will be limited by the field quality mainly at low
energy through a limitation of the dynamic aperture.
Experience from the Tevatron [2] and Hera [3] machines
have shown that time dependent effects on the field
errors can lead to unstable beams during the injection
and at the beginning of the acceleration where an abrupt
“snap-back” to the field errors at start of injection takes
place. Field ramps necessary for the beam acceleration
create coupling cumrents between the strands of the
superconducting cables of the winding, resulting in
degradation of the field quality.

The field expansion used is relative to the main
field, B,,of the magnet at x = R, = 10 mm. Here n=1 is
a dipole field, n=2 is a quadrupole field etc. The b, and
a, represent the normal and skew relative field errors.
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This paper will concentrate on field errors that
could dominate the behaviour of the LHC at low energy.

2 ALIGNMENT OF THE DIPOLES AND
THE END CORRECTORS

The harmonics allowed.by the symmetry of the
dipole are large at injection field due to the cable
magnetization. A misalignment of the dipole containing
a multipole of order n+1 produces an additional one of
order n. Table 1 compares the errors generated by a
misalignment of 0.5 mm to the expected random errors

o(b) and o(a) of the dipole field. Moreover, the
decapole and sextupole correctors mounted at each end
of the main dipoles will produce similar quadrupole and
octupole terms if misaligned with respect to the dipoles.
Some care will therefore be needed to avoid systematic
misalignment of the end correctors with respect to the
main dipoles.

Table 1. Comparison for even harmonics (in units of 10 of injection
field at 10 mm radius), between the emors resulting from a
misalignment of 0.5 mm of the dipole and the standard deviation (o) of
the field errors expected in the dipoles.

B | b, expected | Jifvar of | o) | o@@)
inthe dipole | 0 Smm mis.

2 -39 0.4 04 1

4 0.25 0.05 0.1 0.1

6 -0.026 0.008 006 | 001

3 INTERSTRAND EDDY CURRENTS

Current ramps induce field distortions for all
harmonics. These effects are dominated by coupling
currents inversely proportional to the interstrands
resistance of the superconducting cables [4]. Table 2
shows, for three different 10 m long models, that the
deviations are important for all harmonics. Systematic
field errors due to this effect could happen for instance
due to the bending of the dipoles to the radius of
curvature of the LHC.

A tight control of the LHC dynamic aperture is
required. A systematic study based on these measured
values was performed on the resulting loss of dynamic
aperture at the beginning of the acceleration {5]. It
makes the assumption that an exponential increase of
the acceleration rate gives a constant perturbation all
over the acceleration,

Table 2. Field emrors due to cable coupling currents (in units of 10™ of
the injection dipole field at 10 mam) at 8T/20min ramp-rate, in four 10 m
long dipole models. Also reported the average interstrand resistance as
deduced from loss measurements.

n MIPIAl | MTPIA2 | MTPIA3 | MTPIN2
b, 88 108 9.8
b, -096 | -L11 | -0052 1.32
a, 108 0.89 1.052 1.06
b, 4.6 . 095 03 0.55
a, -0.16 -0.19 0035 | 014
b, 045 -0.13. - 0019 -0.047
a, | o082 | o008 013 .} .024
b, 208 0.05 0002 | -009. .
a -0.34 0.02 - 0.026
R (1Q) 16 - 6.8 14 6.7
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This study shows that a spread comparable to the
imperfections of MTP1A1 would significantly reduce
the LHC dynamic aperture during the ramp. What
matters is really the spread of all harmonic terms for the
whole population of dipoles, the average b, and b, can
indeed be corrected with the end comectors. A spread
comparable to the imperfections of MTP1A2 or cven
better of MTP1A3 would not degrade significantly the
dynamic aperture. MTP1A2 might be seen as an
acceptance limit at the expense of a significant increase
of the already long ramp time. These conclusions should
be confirmed by further tracking studies.

4 MAGNETIZATION DECAY AND
“SNAP-BACK”

LHC superconducting dipoles are characterized by
a significant drift of the magnetic field when the current
is constant, with typical time scales in the order of
several minutes to several hours {4]. At the restart of the
ramp (beam acceleration phase) the field quickly
bounces back, “snaps back”, reaching within 25 to 40 A
(approximately 20 to 30 mT of field change) the original
value at the start of the injection plateau. This can be of
concern for the start of beam acceleration. All
harmonics are subject to the field drift. On allowed
harmonics the drift is systematic in the direction
decreasing the contribution from the filaments
magnetization, while it is random on non-allowed
harmonics.

In accordance with previous measurements on
Tevatron[2], HERA[3] and SSC[6] magnets, we have
found that the amount of decay on all harmonics (and
thus the snap-back) depends on the time spent at high
current, and on the number of operating cycles.
Typically, for the LHC dipoles, the decay requires very
long flat-tops at high current to saturate (times longer
than % hour). A few cycles (of the order of 5) to
nominal operating current produce an asymptotically
stable situation. Quenching resets previous history
effects. For machine operation this implies that magnets
who have followed different histories will have a
different behaviour at injection field.

We speculate that the long term drift and the
snapback are associated with the interaction between the
changing cable internal field associated with the strand
current distribution and the magneuzatxon of the single
strands. We have started measurements-of typical field
decays and snap-back amplitudes, mvestxgatmg on the
influence of several parameters such as pre-cycles and
temperature  drifts in order  to -establish suitable
procedures to minimize this effect The mam ﬁndmgs of
these studles are hsted below :

¢ Snap-back is associated with field change rather than
with field change rate. This is shown in Fig. 1 where
measurements in a 10 m long prototype are shown in
the case of different ramp-rates after the injection
platcau. The magnitude of the snap-back is
approximately the same in all cases, but the time
span for the snap-back scales inversely with the
current ramp-rates.

e A pre-injection plateau at a lower current reduces the
amount of field decay and snap-back at injection. A
=25 % smaller snap-back was measured on b, after a
15 minutes pre-injection plateau. The reduction is
not a critical function of the pre-injection current.

e The magnitude of the snap-back om the allowed
harmonics at different temperatures scales as the
ratio of the contributions of DC magnetization to the
harmonic at the same temperatures. This
demonstrates the relation between ficld decay, snap-
back and DC magnetization.

0.1 A/s

/
0SAs| 025As

b (units)
1 08 06 04 02 0

12 -

0 500 1000 1500 2000
$me (s)

Figure 1. Snap-back in a 10 m long dipole prototype (MTPIN2) at
different ramp-rates after the injection plateau.

In summary, a pre-injection plateau before the
injection phase decreases the snap-back. The residual
magnitude can be accommodated by slow ramps giving
time for the corrector scheme to react. Typical
magnitudes for the snap-back of the first harmonics in
the LHC 10 m long prototypes, measured after several
days of operation, are reported in Tab. 3. Systematic
effects are expected only on the allowed harmonics.

Table 3. Change of multipoles due to snap-back for the LHC dipoles,
estimated from the measured snap-back in 10 m long prototypes. All
quantities in units of 10 of the main fiéld, at 10 mm reference radius.
The standard deviations expected from geometrical errors in the
magnets serics are quoted as a reference.

| component | A (Snap-Back) | _o(geometric)

b, | #01 04

a 05 1

b 408 | 05
B 1 w2 | ors

b . 05 o1

a, 1 7 00 ’ . ‘ 0.1

b . B -Ol B 005
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Preprint to be presented at the 5 EPAC Conference, Barcelona, June 96 3

5 PARAMETRIZATION OF THE
MEASUREMENTS

In a most general way, we can write that the field
B produced by a magnet in arbitrary operating
conditions is approximated by:

B=B,mn+B;+Byu, +Bc+By +Byy

where we have evidenced the various contribution of
winding geometry B, (including the linear iron
contribution), iron saturation B, winding movements
Ba,4, coupling current B, filaments magnetization B,
and long term magnetization drift and snap-back B,,.
For each of them we are testing suitable parametric
dependencies based on existing models or empirical fits.

The present scaling for the coefficients C, is given
in Tab. 4, where C, indicates the main field component.

Table 4 Scaling of the field contributions proposed for a parametric

representation.

Main field Field errors (nem+1)
B . =1 cr =v,C.
B+By, | C.=0.l'+0.,l+o,I' C* =0,,Cl+0,5C +0,.Ch
By C:c=f.% th‘fu'dﬁe'
B, c =l‘-.o""”.T'l' C," =”a.0+’:;'|

(o
Bay, ¢ =4 Ji-etr]” o = a fi-etube]®
@
co =8 fi-(i)- L) atf e =a Ji-(1)-1,)r

 During a /= I, current plateau starting at r=¢,
“ At ramp restart, between starting current [, and current I,+Al

6 IMPLICATION FOR THE SERIES
MEASUREMENTS

A coils assembly able to measure the integral of

the field is under construction [7]. It is composed of 14

measuring lengths separated for mechanical reasons by

gaps equal to the twist pitch of the cable. It will allow
much faster measurements for the series. The errors
avoided by an integrated measurement are listed below.

¢ The residual error from a measuring coils having in

- average the length of the twist pitch that varies
slightly between cable manufacturers is larger than
the standard deviation from magnet to magnet.

¢ Time dependent effects have a larger amplitude
when approaching the ends of the magnets.

e Point like variations of eddy currents have been
measured.

o The randomness of the snap back effects is not yet
understood. We believe that the standard deviation
measured along the 15 m of the magnets can be as
high as the deviation between magnets.

The request to be able to measure the dipole axis
and verify the centering of the spool piece correctors is
not possible with a integral shaft. These measurements
will be performed during warm tests of the final
assemblies with the help of a short coil. Differences
between the axis positions in warm and cold conditions
will be verified on a reduced number of magnets.

7 CONCLUSION

Exploratory measurements of both short and long
models of the LHC superconducting dipole magnets
indicate the importance of methodically separating
different effects. The reproduciblity of the time
dependent effects and dynamic effects may dominate
the low field quality with respect to superconductor
magnetization and harmonics due to the conductors
locations. We have defined a model for the magnetic
measurcments in order to quantify and eventually

. comrect these effects that could limit the dynamic

aperture of the LHC machine at low energy.
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Abstract

The dynamic aperture of LHC in collision is determined by
the multipole field errors of the low-beta triplet quadrupoles.
Their effect, combined with that of the systematic and ran-
dom magnetic imperfections expected in all machine mag-
nets is analysed here. The effect of crossing angle is taken
into account.

1 INTRODUCTION

The effects of the multipole components in the low-8
quadrupoles was investigated some time ago [1] on a pre-
liminary version of LHC, with a short term tracking. It was
noticed that the errors in the triplet dominate the non-linear
dynamics. As the field errors are now better known, itis
important to remake the analysis with long term tracking in-
cluding synchrotron oscillations. This is the subject of this
paper, it is shown that the triplet errors still dominate with
the latest LHC design.

2 THE LHC LATTICE.

The LHC lattice we consider is that described in the concep-
tual design report [2]. It is labelled version 4.2 and has four
physics insertions where 8* has a value of 0.5m in physics
conditions in both planes, in order to achieve a luminosity
of about 10%* em~2s~1, This low B* value is obtained by
means of highly focusing quadrupoles triplets [2][3]. Asthe
free space between the interaction point and the first low-3
quadrupole is about 20m, the peak A-value in the triplets is
of the order of 4000m. This gives an enormous importance
to the multipole components at this location as shown be-
low.

3 FIELD ERRORS IN THE LHC
MAGNETS.

The field errors are divided into :

e average or design errors, associated with a given mag-
net type. They obey symmetry rule, e.g. in the dipoles,
all b,, with n even change sign when going from an in-
nex aperture to an outer one.

e« uncertainty on average errors. This is indicatedby a +
sign in the tables [2]. They are randomly assigned to
each LHC arc.

o random errors from magnet to magnet, distributed ac-
cording to a Gaussian law cut at 3¢, except for the
low-3 quadrupoles where the cut is at 2¢.

An input for the MAD program [4}, used for the optics cal-
culations and trajectory tracking, has been made to specify
all errors at a time, so that the distribution of a given error
remains the same whatever the others. This procedure is a
little heavy but it makes it possible to obtain the effect of
any multipole component in any context.

3.1 Arc cell magnets..

The multipole errors in the dipoles and the arc quadrupoles
are those given in the “yellow book™ [2]. It can be shown
with equation 1 below that the quadrupole errors are only a
few percents of the dipole errors and hence negligible, ex-
cept bg which will be studied separately.

3.2 Other LHC magnets.

Quadrupoles similar to the arc cell quadrupoles are used to
match the insertions and dispersion suppressors. They be-
have similarly to the arc cell quadrupoles.

The two LHC beams are brought in collision by means of
dipole magnets sitting between the dispersion suppressors
and the insertions. Under physics conditions the value of
the B functions in these dipoles is large. Their effect on the
dynamic aperture is then important. As they have not yet
been designed, no error table is available and they are not
considered here.

In the cleaning, dump and RF insertions there are con-
ventional quadrupoles. Their field errors are determined by
the design and are known within one percent. Their effect
is examined below.

3.3 Low-f quadrupoles.

The multipole errors in the low-3 quadrupoles are given in
table 1 [3]. In order to compare them with the field errors in
the dipoles, an equivalent dipole exror by, 4,4 can be defined :

K+l
= b,,,,———-—; e (1)

where K is the normalised quadrupole gradient
(0.00972m-3), 1, the quadrupole length (5.5m), @ the
angle of the dlpole (5mrad) and by 4 the field error in the
dipoles [2]. It can be noticed that the mean bg and byo,
which are the only important components, are smaller

b"'vﬂtd



Table 1: Multipole errors in the low-beta quadrupoles in
physics. The errors are field errors at 10mm from the
quadrupole axis, in units of 10~%. bll, b12 and b13 are
Zer0.

Mean Random
n by, | as bn Gn
3 0 0 0.68 0.68
4 0 0 0.23 0.23
5 0 0 0.08 0.08
6 |-0008| 0 0.028 0.028
7 0 0 0.004 0.004
8 0 0 | 00009 | 0.0009
9 0 0 | 0.0002 | 0.0002
10 | -0.005 | 0 | 0.00005 | 0.00005

than those in the main dipoles by one order of magnitude.
However, in order to compare their effects, the non-linear
aberrations, which scale with Krl,8% for b, have to be
compared.

For the low-3 quadrupoles, B, is 4000m in half of them
and 1000 in the others with opposite sign. The value of
bsKrl,f3,® merely summext over all triplet quadrupoles is
4.3%10%m3. For the dipoles the similar quantity bg03, 2 is
only 4.1 x10%m?®. Such a calculation is extremely crude but
it shows that the effect of the quadrupoles on the non-linear
betatron oscillations is expecied to be larger than that of the
dipoles by about two orders of magnitude.

The accurate estimation of the effect of these errors is
done below by long term tracking of particle trajectories.

4 DYNAMIC APERTURE.

The dynamic aperture is defined as the maximum action in
both planes simultaneously for which transverse betatron
oscillations remain stable over 10° turns. Tracking the par-
ticle trajectories is done with the MAD program {4]. The
trajectories start at the interaction point IP1 where both 8*
are 0.5m. Both starting coordinates are equal, the initial rel-
ative momentum deviation is 3.6 x 10~* and all canonical
momenta are zero. Under these conditions, the initial am-
plitude (the same value in x and y) has to be multiplied by
+/2 in order to give the maximum radius in the {x,y} plane.

The tunes are Qx=63.28, Qy=63.31, Qs=0.001 (16MV
RF voltage for an energy of TTeV).

Neither alignment errors nor quadrupole errors are in-
cluded (a2=b2=0). The b3 and bS compensators, the so
called “spool pieces™ in the dipole ends, are turned on. Both
tune derivatives are set to 1.0 after the exrors are introduced
in order to take into account the tune modulation associated
with the synchrotron oscillations. A physical aperture limi-
tation has only been introduced only for the case of individ-
ual multipoles (section 7).

5 DYNAMIC APERTURE DUE TO THE
ARC CELL ERRORS.

The dynamic apertures as well as their average and standard
deviation obtained for 10 random distributions of the errors

in the arc cell magnets are listed in table 2. Under physics

Table 2: Dynamic aperture associated with the dipole and
arc guadrupole errors, both systematic and random.

seed 10% turns 10® s
eopt | xatQF/mm | n, | xatQF/mm | n,
1 119 39.2 9.6 31.7
2 12.7 420 116 38.3
3 119 39.2 11.3 373
4 13.0 429 11.9 392
5 107 355 9.1 299
6 12.7 20 11.6 383
7 119 39.2 110 364
8 15.6 513 14.7 48.5
9 13.9 45.7 113 373
10 110 364 10.7 355
Xae 12.5 414 113 373
oz 13 44 14 47

conditions the primary collimators limit the aperture to 6o at
most and the betatron motion must be regular enough for the
particles scattered by the primary collimators and reaching
100 [6]. This is largely fulfilled with a dynamic aperture of
100 at 10* turns.

The results in table 2 show that we are well above these
limits. If the systematic multipolesin the warm quadrupoles
are added, the reduction of the dynamic aperture is of the
order of 5%, i.e. negligible.

6 DYNAMIC APERTURE DUE TO THE
LOW-3 QUADRUPOLES

6.1 No crossing angle
Table 3: Average dynamic aperture associated with the
dipole, arc quadrupole and low-3 quadrupole errors, both

systematic and random.
10* tums 10% turns
xatQF/mm { n, | xatQF/mm | n,
Xgo 4.0 133 38 125
O 02 06 02 0.7

The summary of the results of the computation of the dy-
namic apertures obtained for the same 10 random distribu-
tions of the errors as in the previous section is shown in table
3. Iis variability with the distribution of the random errors
is considerably reduced compared with that in table 2 : Itis
clear that the multipoles in the low-3 quadrupoles dominate
the dynamic aperture.

6.2 Crossing angle

The LHC beams cross at a full angle of 200urad. This is
achieved with a local closed orbit distortion made indepen-
dently in both rings. The angle of 100urad in each ring
makes a closed orbit excursion of about Smm in the low-3
quadrupoles. Becau