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Experiments Magnets Overview
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IP1   Atlas     barrel and endcap toroids and   central solenoid    12 Tm  ( 6 m × 2 T)  
IP2   Alice     dipole spectrometer internal angle y’= ±70 μrad and solenoid (L3) 6.05 Tm 
( 12.1 m × 0.5 T max, sometimes at lower field of 0.2 T )
IP5   CMS     central solenoid  52 Tm  ( 13 m × 4 T )
IP8   LHCb   dipole spectrometer 5 m from IP  4.2 Tm, x’=±135 μrad

The spectrometer bumps are local, closed within Q1, adjust closure internally with using 
the calibration functions − then optics independent. Produce an internal crossing angle.
Will be turned on here in commissioning phase A. Ramp at constant angle (LHCb 
spectrometer 5850A nominal, minimum 500 A requires an increase angle at 450 GeV)
The additional external bumps to avoid parasitic collisions will only be needed later for 75 
and 25 ns operation − not relevant for Phase A commissioning

Toroids (Atlas): expect no effect on beam. To avoid any doubts : turn on together with 
solenoids - checks then apply to the combined system.

Solenoids : introduce coupling − minor effect for round beams. Once on, solenoids 
remain at fixed current such that solenoid coupling scales with 1/Energy.

General philosophy:
To avoid confusion and discussions (how small, what is negligible) : work in well defined 
order, with quantitative predictions and measurements. Prepare and use (linear, first 
order) corrections, calibrated with measurements.



Phase Phase Procedures LTC Presenter Date

injection and first turn A.1 Magali Brennan 7.03

circulating beam, RF capture A.2 Magali Gianluigi 14.03

450 GeV, intial commissioning A.3 Verena Rhodri 28.03

450 GeV, optics meas A.4 Stefano Frank 11.04

450 GeV, increase intensity A.5 Laurette Jan 25.04

450 GeV, two beam operation A.6 Walter/Verena Ralph 4.07

450GeV, collisions A.7 Magali Helmut 10.10

snapback and ramp A.8 Reyes Mike 9.05

top energy checks with beam A.9 Walter Frank 6.06

top energy, collisions  (pilot physics) A.10 Reyes Helmut 20.06

squeeze A.11 Stefano Massimo 23.05

top energy, physics runs A.12

450 GeV, bring on experiments magnets A. ? D. Jacquet ? Helmut ? ?

Commissioning Phases A
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+

Adjustments at 450 GeV + short checks at 7 TeV. 
Could be done in steps - interleaved when convenient with top energy checks.

Phase A : no crossing angle. More checks needed in later phases with crossing angle

?  ➸



Procedure
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i) Alice and LHCb spectrometer dipole compensation
• turn on bumps and check / adjust calibr. funct. for closure first at 450 GeV, both polarities

check closure at 450 GeV with increased (~3 ×) angle
• turn off in first ramp(s)
• check again at 7 TeV, off and on both polarities. Then leave on in ramp at constant angle.

ii) Atlas, Alice, CMS solenoid compensation
commission at 450 GeV one by one (start with smallest and fasted - Alice ) each time :
• measure coupling and make sure it is well compensated
• turn magnet on (measure during ramp-up)
• measure coupling
• turn on calculated compensation (globally, incremental adjust on skew quads)
• measure coupling
• scale/calibrate compensation if necessary
• measure coupling  -   iterate if necessary (not expected)

solenoids + compensation:   constant in field and current, reduced effect in strength at 7 TeV

solenoid coupling 7 TeV:
• make sure LHC was well decoupled at 7 TeV before solenoids were turned on
• check that this remains true after all solenoids were brought on with compensation as 

checked/adjusted at 450 GeV and scaled at constant current



Control - Knobs
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i) spectrometer dipoles (calibration functions adjusted for perfect closure)
IR2 : Alice   spectrometer.  Knob to adjust internal crossing angle,     ±70 μrad
IR8 : LHCb spectrometer.  Knob to adjust internal crossing angle,  ± 135 μrad

ii) solenoids (with compensation adjusted to minimize global coupling)
IR1 :  ATLAS solenoid. 0 − 1     (off  to design current) 
IR2 :  ALICE solenoid. 0 − 1     (off  to design current)
IR5 :   CMS    solenoid. 0 − 1     (off  to design current) 



More details
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 Spectrometer Bumps.   Example IR8, horizontal, from W. Herr Chamonix ’06. 

Nominal LHCb internal four magnet closed spectrometer bump. Closed within
 Q1, amplitude about ± 0.7 mm . Calibrate for perfect closure and always drive all 4 
magnets together :   then no optics dependence and perfectly decoupled from the rest 
of the machine.

Solenoid orbit distortions

From the equations (3) and (4) one can easily derive the

orbit distortions produced by a solenoid. Particles travel-

ling parallel to the solenoidal fields experience no force,

however traversing a solenoid with a finite angle or

produces an orbit deflection into the other plane (equations

(3) and (4). Since in the experimental regions of ATLAS

and CMS the beams cross at an angle to avoid parasitic

beam-beam interactions, a small orbit distortion is pro-

duced by the solenoids.

At injection the crossing angles are 160 rad in both,

CMS and ATLAS. The CMS solenoid gives a vertical de-

flection of 5 rad to the beam which produces a closed

orbit distortion of about 0.1 mm r.m.s. around the ring.

This distortion should be corrected at injection while at top

energy the effect can be ignored. A local correction with a

small number of correctors around the interaction region is

possible and recommended. Assuming the optics squeeze

of the is performed at top energy, this correction can be

static and computed for the injection optics.

The effect of the ATLAS solenoid on the closed orbit can

be neglected.

During the early commissioning and for dedicated running

conditions (e.g. TOTEM) the crossing angles will be zero

and no orbit distortion is produced by the solenoids.

EXPERIMENTAL DIPOLES

In the interaction regions 2 (ALICE) and 8 (LHCb)

strong dipole magnets are installed as spectrometers. These

dipoles are close to the interaction region and act on both

beams simultaneously.

Dipole properties

ALICE:

The ALICE spectrometer dipole is positioned approxi-

mately 10 m to the right of the interaction point 8 and the

integrated field is B dl = 3 m which produces a deflection

of 130 rad deflection at top energy of 7 TeV. The

field direction is in the horizontal plane and the deflection

therefore in the vertical plane.

LHCb:

The LCHb spectrometer dipole is positioned approxi-

mately 5 m to the right of the interaction point 2 and

the integrated field is B dl = 4.2 Tm which produces

a deflection of 180 rad deflection at top energy of

7 TeV. The field direction is in the vertical plane and the

deflection therefore in the horizontal plane.

DIPOLE EFFECTS

Since the dipoles act on both beams simultaneously, they

would create a strong orbit distortion around the machine

for both beams. Their effects must therefore be compen-

sated exactly to avoid loss of aperture or beam offsets at

any of the collision points.

This compensation is provided by 3 dedicated magnets

which, together with the spectrometer magnets, produce

a closed, antisymmetric bump. Since no other active el-

ements are inside these bumps, the compensation is inde-

pendent of the optics.

However, since they act on both beams, they produce cross-

ing angles of 70 rad in ALICE and 135 rad in

LHCb. This is shown for one case in Fig. 4. All num-
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Figure 4: Beam orbits from dipole magnet and compensa-

tion magnets in IP8.

bers and Fig. 4 correspond to top energy.

The bump produced by the dipole and its compensators is

short and to minimize unwanted long range beam-beam in-

teractions, an additional (external) crossing angle is super-

imposed [2, 7]. In the base-line design [1] these external

angles are vertical (ALICE) and horizontal (LHCb), i.e.

they follow the crossing planes given by the dipole mag-

nets. The effective crossing angles are therefore different

from the values quoted above and depend on the running

conditions [2].

Operational issues in ALICE

The ALICE experiment is designed for ion collisions and

cannot take to full interaction rate of proton-proton colli-

sions. In order to reduce the luminosity, the beams collide

with a small offset. Decreasing the luminosity by increas-

ing the function at the interaction point is limited, since

for 35 m a sufficient separation of the beam-beam

encounters is not possible for the regular bunch spacing of

25 ns.

The intensity for operation with ions is much lower and the

bunch spacing is larger, therefore long range beam-beam

interactions can be neglected. It is possible to reduce the

effective crossing angle or set it to zero by superimposing

an external angle with the opposite sign of the crossing an-

gle caused by the dipole magnet.

Polarity changes It is foreseen to change the polarity

of the spectrometer dipole on a regular basis. Since the

crossing in IP2 is in the vertical plane, this can be achieved

by changing the sign of the external angle together with

LHC Project Workshop - 'Chamonix XV'
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Solenoid Coupling
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{
for βx = βy :

0 for c+ and 2 for c−
√40 = 6.3 for LEP

small effect in LHC, see Koutchouk et al. CERN-SL-94-33,  Part. Accel. 55 (1996)  183–191 (Montreux)
smaller than uncorrected machine coupling of c- ≈ 0.17 at injection before correction, 

Received email from Morsch with measured fields. From Fig.12 bottom one can see that the

magnet has a 0.5 T fields and about 12, m (±6 m length. The field integral is 6.05 Tm. Proposal for
Mad: use B = 0.5 T and l = 12.1 m.

For online monitoring of coupling see [79]. The expected machine coupling at injection before

corrections is c− = 0.2.
For the specification on machine coupling from field errors see [80]. For the specification of the

tune measurement precision see [81].

The expression for the coupling coefficient can be written as

∆c∓ = −
i

4π

Bsl

Bρ
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β∗
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β∗
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±
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β∗
x

β∗
y

)

(17)

By symmetry βx = βy. The sum coupling resonance is not exited (∆c+ = 0) and

c− = −
i

2π

Bsl

Bρ
= −5.3 × 10−3 i at 450 GeV for the CMS magnet (18)

25 Other options, LHeC..

First other labs: eRhic. RHIC Electron Ion Collider (EIC) Project Web Page.

Now CERN. Heavy ion option relatively well defined. LHeC: See also temp/LHeC folder. LHeC

used to be a standard option in early LHC designs when the LHC and LEP where assumed to be

simultaneously in the same tunnel [82], but dropped later when this was not the case anymore. Came

back called LHeC as proposal by F.Willeke et al. [83]. Seems there was a statement on this in

POFPA according to Jowett with Urs Wiedemann who is theoretician now at CERN and heavy ion

specialist, see report. [84].

Tables from report:

Table 10: LHC proton beam parameters used in this study

Proton Beam Energy TeV 7

Circumference m 26658.883

Number of Protons per bunch 1011 1.67

Normalized transverse emittance µm 3.75

Bunch length cm 7.55

Bunch spacing ns 25

The main parameters which are implied by the above considerations are listed in Tab. 11. Number

of electrons correct to from 1.04 to 1.40 !!.

A main difference compared to LEP is the much reduced intensity per bunch of 1.4 × 1010

compared to at least 1.2 × 1011 in LEP1 and over 4 × 1011 in LEP2. In LEP there were between 4

and 12 bunches per beam. Bunch intensities from injectors where 1.6×1010 - for LHeC would mean

no need for accumulation.

Ring or LINAC - as proposed by FZ. The high crossing frequency for MHz excludes in my option

any LINAC - for extremely high power and maybe also electron source ?

23

for round beams, the sum resonance
is not excited,  c+ = 0
only the difference, c- relevant
| c- | measurable as closes tune approach

Why much weaker than in LEP ?    Two reasons : 
• strong LHC fields

LEP:    L3  6 Tm, Aleph 10 Tm, Opal 2.6 Tm, Delphi 5 Tm
LHC:   Atlas 12 Tm, Alice 6 Tm, CMS 52 Tm       or   5 × stronger than LEP
LEP inj. 22 GeV -> LHC inj.  450 GeV                  or 20 × stronger than LEP
relative importance of solenoids at injection                 4 × less in LEP

• round beams  (β*x = β*y     Is this always guaranteed ?)
β* x/y ratio,  term in brackets  2 for LEP,  6.3 for LHC

Together :  solenoid fields (Aleph  / CMS) at injection  12 ×  stronger in LEP
    but also :   LHC target tunes much ( 3-10 × ) closer to coupling resonance

Received email from Morsch with measured fields. From Fig.12 bottom one can see that the

magnet has a 0.5 T fields and about 12, m (±6 m length. The field integral is 6.05 Tm. Proposal for
Mad: use B = 0.5 T and l = 12.1 m.

For online monitoring of coupling see [79]. The expected machine coupling at injection before

corrections is c− = 0.2.
For the specification on machine coupling from field errors see [80]. For the specification of the

tune measurement precision see [81].

The expression for the coupling coefficient can be written as
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By symmetry βx = βy. The sum coupling resonance is not exited (∆c+ = 0) and

c− = −
i

2π

Bsl

Bρ
= −5.3 × 10−3 i at 450 GeV for the CMS magnet (18)

Rotation angle by solenoid coupling (multiply with 2 to get full angle)

θ =
Bsl

2Bρ
(19)

25 Other options, LHeC..

First other labs: eRhic. RHIC Electron Ion Collider (EIC) Project Web Page.

Now CERN. Heavy ion option relatively well defined. LHeC: See also temp/LHeC folder. LHeC

used to be a standard option in early LHC designs when the LHC and LEP where assumed to be

simultaneously in the same tunnel [82], but dropped later when this was not the case anymore. Came

back called LHeC as proposal by F.Willeke et al. [83]. Seems there was a statement on this in

POFPA according to Jowett with Urs Wiedemann who is theoretician now at CERN and heavy ion

specialist, see report. [84].

Tables from report:

Table 10: LHC proton beam parameters used in this study

Proton Beam Energy TeV 7

Circumference m 26658.883

Number of Protons per bunch 1011 1.67

Normalized transverse emittance µm 3.75

Bunch length cm 7.55

Bunch spacing ns 25

The main parameters which are implied by the above considerations are listed in Tab. 11. Number

of electrons correct to from 1.04 to 1.40 !!.

A main difference compared to LEP is the much reduced intensity per bunch of 1.4 × 1010

compared to at least 1.2 × 1011 in LEP1 and over 4 × 1011 in LEP2. In LEP there were between 4

and 12 bunches per beam. Bunch intensities from injectors where 1.6×1010 - for LHeC would mean

no need for accumulation.

Ring or LINAC - as proposed by FZ. The high crossing frequency for MHz excludes in my option

any LINAC - for extremely high power and maybe also electron source ?
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Rotation

1 Introduction

Large solenoids will be used at the LHC in the ATLAS, CMS and ALICE experients. The largest of

these, the CMS magnet, will have a solenoidal field of Bs = 4 T along the beam axis over a length
of l = 12.5m.

In spite of this considerable size and strength, the effect on the LHC was estimated to be very

small [1, 2]. The expression for the coupling coefficient can be written as

∆c∓ = −
i

4π

Bsl

Bρ

(√

β∗
y

β∗
x

±

√

β∗
x

β∗
y

)

(1)

By symmetry βx = βy. The sum coupling resonance is not exited (∆c+ = 0) and

c− = −
i

2π

Bsl

Bρ
= −5.3 × 10−3 i at 450 GeV for the CMS magnet (2)

2 Transport map for a solenoid

Implemented in MadX twiss module (twiss.F) as described in the Mad physics manual 5.8.3

using the transport matrix

Rsol =
















C2 SC

k
SC

S2

k
0 0

−kSC C2 −kS2 SC 0 0

−SC −
S2

k
C2

SC

k
0 0

kS2 −SC −kSC C2 0 0

0 0 0 0 1
L

β2γ2

0 0 0 0 0 1
















. (3)

where

k =
eB0

2ps

C = cos kL S = sin kL

The L
β2γ2 is the drift term and a feature of the special choice of the time variable in Mad. The same

expression without the drift term can be found in the Handbook Chao Tigner p. 59. The focusing

effect of the ends of the solenoids are included [3].

The solenoid matrix can be written as product of the rotation by φ = kL with a matrix which
looks like a quadrupol which but with focusing in both x and y

Rsol =











C 0 −S 0 0 0
0 C 0 −S 0 0
S 0 C 0 0 0
0 S 0 C 0 0
0 0 0 0 1 0
0 0 0 0 0 1





















C S
k

0 0 0 0
−kS C 0 0 0 0

0 0 C S
k

0 0
0 0 −kS C 0 0
0 0 0 0 1 L

β2γ2

0 0 0 0 0 1











. (4)

3 Thin lens tracking and ”makethin”

Mad-X provides the makethin routine which translates the thick sequence into a thin lens sequence

used for thin lens tracking.

2



Precision :  possible and required
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S. Fartoukh, J.P. Koutchouk, Tune Meas. Func. 
Spec., 7/2004,  EDMS LHC-B-ES-000910-00

Tunes can be measured very precisely
based on SPS experience - impedance measurements, detuning with intensity
  even in the presence of several peaks, FFT with peak interpolation ~ 1/10 of bin width
  or 2×10-5 for 212 = 4096 turns,   often rather limited by machine stability ; 
  in SPS, well possible (even from cycle to cycle) to measure tunes to    < 10-4

LHC design tunes, working point not far from coupling resonance
physics    Q V-H   0.32 - 0.31 = 0.01               ( LEP 1  Qx - Qy = 0.31 - 0.17 = 0.14 )
injection Q V-H   0.31 - 0.28 = 0.03        required   1/10 of this   or  0.003 

https://edms.cern.ch/file/463763/1.0/LHC-B-ES-000910-00.pdf
https://edms.cern.ch/file/463763/1.0/LHC-B-ES-000910-00.pdf


LHC, Solenoid Coupling ; Parameters

9

Bs [T] Bs L [Tm] c-, 450 GeV c-, 7 TeV θ, mrad
IR1 Atlas 2 12 0.00127 0.00008 4.00
IR2 Alice 0.5 6.05 0.00064 0.00004 2.02
IR5 CMS 4 52 0.00551 0.00035 17.3

0.00743 0.00048

LHC  ρ = 2803.98 m
450 GeV :  B = 0.535324 T   Bρ =1501.04 Tm
   7 TeV   :  B = 8.32727 T     Bρ =23349.5 Tm

450 GeV



Implementation details, Mad-X files
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Numbers based on B×L,    internally using Bpeak and L such as to get correct B×L 
V6.501 / V6.5.inj.str
Solenoid strength in mad convention ks = eB/pc;   numerically with units  B[T] × 0.299792458 / p [GeV]
to avoid expressions and dependence on pbeam, madx strength files calculate currently ks for 7 TeV as
abas  := 12.00/ 6.0*clight/(7E12)*on_sol_atlas;   ! Atlas solenoid 12.00 Tm
abls    :=  6.05/12.1*clight/(7E12)*on_sol_alice;  ! Alice solenoid 6.05 Tm
abcs    := 52.00/13.0*clight/(7E12)*on_sol_cms; ! CMS solenoid 52 Tm
V6.501 / V6.5.seq:
REAL CONST l.MBAS =  6.0;  ! Atlas solenoid 12.00 Tm
REAL CONST l.MBLS = 12.1; ! Alice solenoid   6.05 Tm
REAL CONST l.MBCS = 13.0; ! CMS solenoid
mbas: solenoid, l:= l.mbas/2, ks:= abas; 
mbls: solenoid,  l:= l.mbls/2, ks:= abls;
mbcs: solenoid, l:= l.mbcs/2, ks:= abcs;
    placed in two halves L/R of IP to allow for marker at IP

Knob on Mad-X level  :
on_sol_atlas etc,      see  /afs/cern.ch/eng/lhc/optics/V6.501/job_solenoids.madx

also implemented in MadX with slicing by makethin for tracking,  H.B.  MadX meet 28/11/2005
still to be checked : signs, -  solenoid field direction.



Coupling Compensation
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no compensation
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with compensation

MAD-X predictions

Coupling correction using skew quads is global (not local as in LEP), by increments in 
currents using the same skew quads as done for the machine coupling.
Results in 0.1% β and 0.2 % dispersion beating.

Correction :   1 st order,  includes edge effects ;   checked that working well for both beams



Global solenoid coupling correction, remaining mismatch
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CMS
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TAN TANTASTAS IP5
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Figure 2: LHC IP5 layout. CMS solenoid (XSOL) and nearby skew quadrupoles (MQSX)

LHC AND SOLENOIDS

In the LHC a global coupling correction scheme will be

used to minimize the impact of field imperfections and tilt

errors on the beam quality [2]. We now look at the effect

of the strongest LHC experimental solenoid (CMS, IP5) on

beam optics at 450GeV.

At injection energy (450GeV) beams will generally be

separated by means of separation bumps. Additionally, the

beams cross from inside to outside and vice versa at each

IP. The solenoid field slightly tilts the crossing plane. The

half separation of the two beams is decreased by 15 µm,
which is less than 1% of the nominal separation. If no

separation bumps are used, e.g. in an early collision run

at 450GeV, the solenoid will introduce a separation of this

order. This can easily be corrected by adjusting the separa-

tion bumps.

Table 2: Parameters of experimental solenoids in LHC

Property/Experiment ATLAS CMS

Magnetic induction at IP [T] 2.0 4.0

Coil length [m] 5.3 12.5

The β-beating which is induced by the CMS solenoid is
shown for the LHC machine in Fig. 3. The peak β-beating
(∆β/β)peak = 0.1 % is well below and within the ac-

cepted margin [4] of 21%.

Equally the dispersion beating is well within the bud-

get of 30%. To analyze we use the normalized dispersion

functionDx|y,N = Dx|y/
√

βx|y,

∆Dx(s)
√

βx(s)

/

Dx,qf
√

βx,qf

and
∆Dy(s)
√

βy(s)

/

Dy,qd
√

βy,qd

, (3)

where Dx,qf = 2.1m, Dy,qd = 16 cm and βx,qf =
βy,qd = 180m. The peak dispersion beating expressed in
these quantities amounts to Dx,N/Dx,qf,N = 0.2 % and

Dy,N/Dy,qd,N = 2.5 %.

To summarize, we can say that the impact on beam optics

is small and will hardly be visible in standard operation.

We note, that the local solenoid compensation used in

LEP with two skew quadrupole pairs relied on the symme-

try of the optical functions around the IP [5]. This scheme

cannot simply be employed for the antisymmetric LHC op-

tics.
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Figure 3: Induced β- and dispersion-beating by the CMS
solenoid in the LHC at 450GeV.

SOLENOIDS AND MAD-X

Following a request on the last MADX day, we imple-

mented a thin solenoid in the tracking module as well as in

the twiss module of MADX. A thick version was available

already, however since the tracking module exclusively op-

erates with thin elements, this became necessary.

The implementation follows closely the formulae given

in [6], where the canonical equations of motion are derived

directly from the Hamiltonian. We only report the relevant

formulae here and note some important facts:

• The hard-edge model is used. Fringe fields of the

solenoid are taken into account, however they are fi-

nite ’hard-edge’ steps of the B-field;
• the solution of the equations of motion are obtained

from the expanded Hamiltonian, and it that sense the

solutions or not ’exact’;

• and although this is a thin element, both the normal-

ized magnetic strength ks and its product ks · L with
the length L have to be known and used in the equa-

tions. This makes the solenoid different from e.g. the

multipoles.

If zi, zf denote initial and final (canonical) coordinates,

where z ∈ [x, px, y, py, σ, pσ], we can write the solution of
the equations of motion in a solenoid of length L = ∆s in
the thin-lens approximation as

xf = xi
· cos∆Θ + yi

· sin ∆Θ,

pf
x = p̂f

x · cos∆Θ + p̂f
y · sin ∆Θ,

yf = −xi
· sin ∆Θ + yi

· cos∆Θ,

pf
y = −p̂f

x · sin ∆Θ + p̂f
y · cos∆Θ,

σf = σ̂f +
{

xi
· p̂f

y + yi
· p̂f

x

}

·
H(s0) · ∆s

[1 + f(pi
σ)]2

· f ′(pi
σ),

pf
σ = pi

σ,
(4)

induced beta beat :            Δβ/β = 0.1 %  peak

relative dispersion beating :  0.2 % in x  2.5 % in y

blue y
green x

β - beat dispersion mismatch
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Figure 2: LHC IP5 layout. CMS solenoid (XSOL) and nearby skew quadrupoles (MQSX)

LHC AND SOLENOIDS

In the LHC a global coupling correction scheme will be

used to minimize the impact of field imperfections and tilt

errors on the beam quality [2]. We now look at the effect

of the strongest LHC experimental solenoid (CMS, IP5) on

beam optics at 450GeV.

At injection energy (450GeV) beams will generally be

separated by means of separation bumps. Additionally, the

beams cross from inside to outside and vice versa at each

IP. The solenoid field slightly tilts the crossing plane. The

half separation of the two beams is decreased by 15 µm,
which is less than 1% of the nominal separation. If no

separation bumps are used, e.g. in an early collision run

at 450GeV, the solenoid will introduce a separation of this

order. This can easily be corrected by adjusting the separa-

tion bumps.

Table 2: Parameters of experimental solenoids in LHC

Property/Experiment ATLAS CMS

Magnetic induction at IP [T] 2.0 4.0

Coil length [m] 5.3 12.5

The β-beating which is induced by the CMS solenoid is
shown for the LHC machine in Fig. 3. The peak β-beating
(∆β/β)peak = 0.1 % is well below and within the ac-

cepted margin [4] of 21%.

Equally the dispersion beating is well within the bud-

get of 30%. To analyze we use the normalized dispersion

functionDx|y,N = Dx|y/
√

βx|y,

∆Dx(s)
√

βx(s)

/

Dx,qf
√

βx,qf

and
∆Dy(s)
√

βy(s)

/

Dy,qd
√

βy,qd

, (3)

where Dx,qf = 2.1m, Dy,qd = 16 cm and βx,qf =
βy,qd = 180m. The peak dispersion beating expressed in
these quantities amounts to Dx,N/Dx,qf,N = 0.2 % and

Dy,N/Dy,qd,N = 2.5 %.

To summarize, we can say that the impact on beam optics

is small and will hardly be visible in standard operation.

We note, that the local solenoid compensation used in

LEP with two skew quadrupole pairs relied on the symme-

try of the optical functions around the IP [5]. This scheme

cannot simply be employed for the antisymmetric LHC op-

tics.
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SOLENOIDS AND MAD-X

Following a request on the last MADX day, we imple-

mented a thin solenoid in the tracking module as well as in

the twiss module of MADX. A thick version was available

already, however since the tracking module exclusively op-

erates with thin elements, this became necessary.

The implementation follows closely the formulae given

in [6], where the canonical equations of motion are derived

directly from the Hamiltonian. We only report the relevant

formulae here and note some important facts:

• The hard-edge model is used. Fringe fields of the

solenoid are taken into account, however they are fi-

nite ’hard-edge’ steps of the B-field;
• the solution of the equations of motion are obtained

from the expanded Hamiltonian, and it that sense the

solutions or not ’exact’;

• and although this is a thin element, both the normal-

ized magnetic strength ks and its product ks · L with
the length L have to be known and used in the equa-

tions. This makes the solenoid different from e.g. the

multipoles.

If zi, zf denote initial and final (canonical) coordinates,

where z ∈ [x, px, y, py, σ, pσ], we can write the solution of
the equations of motion in a solenoid of length L = ∆s in
the thin-lens approximation as

xf = xi
· cos∆Θ + yi

· sin ∆Θ,

pf
x = p̂f

x · cos∆Θ + p̂f
y · sin ∆Θ,

yf = −xi
· sin ∆Θ + yi

· cos∆Θ,

pf
y = −p̂f

x · sin ∆Θ + p̂f
y · cos∆Θ,

σf = σ̂f +
{

xi
· p̂f

y + yi
· p̂f

x

}

·
H(s0) · ∆s

[1 + f(pi
σ)]2

· f ′(pi
σ),

pf
σ = pi

σ,
(4)
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LHC AND SOLENOIDS

In the LHC a global coupling correction scheme will be

used to minimize the impact of field imperfections and tilt

errors on the beam quality [2]. We now look at the effect

of the strongest LHC experimental solenoid (CMS, IP5) on

beam optics at 450GeV.

At injection energy (450GeV) beams will generally be

separated by means of separation bumps. Additionally, the

beams cross from inside to outside and vice versa at each

IP. The solenoid field slightly tilts the crossing plane. The

half separation of the two beams is decreased by 15 µm,
which is less than 1% of the nominal separation. If no

separation bumps are used, e.g. in an early collision run

at 450GeV, the solenoid will introduce a separation of this

order. This can easily be corrected by adjusting the separa-

tion bumps.

Table 2: Parameters of experimental solenoids in LHC

Property/Experiment ATLAS CMS

Magnetic induction at IP [T] 2.0 4.0

Coil length [m] 5.3 12.5

The β-beating which is induced by the CMS solenoid is
shown for the LHC machine in Fig. 3. The peak β-beating
(∆β/β)peak = 0.1 % is well below and within the ac-

cepted margin [4] of 21%.

Equally the dispersion beating is well within the bud-

get of 30%. To analyze we use the normalized dispersion

functionDx|y,N = Dx|y/
√

βx|y,

∆Dx(s)
√

βx(s)

/

Dx,qf
√

βx,qf

and
∆Dy(s)
√

βy(s)

/

Dy,qd
√

βy,qd

, (3)

where Dx,qf = 2.1m, Dy,qd = 16 cm and βx,qf =
βy,qd = 180m. The peak dispersion beating expressed in
these quantities amounts to Dx,N/Dx,qf,N = 0.2 % and

Dy,N/Dy,qd,N = 2.5 %.

To summarize, we can say that the impact on beam optics

is small and will hardly be visible in standard operation.

We note, that the local solenoid compensation used in

LEP with two skew quadrupole pairs relied on the symme-

try of the optical functions around the IP [5]. This scheme

cannot simply be employed for the antisymmetric LHC op-

tics.
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SOLENOIDS AND MAD-X

Following a request on the last MADX day, we imple-

mented a thin solenoid in the tracking module as well as in

the twiss module of MADX. A thick version was available

already, however since the tracking module exclusively op-

erates with thin elements, this became necessary.

The implementation follows closely the formulae given

in [6], where the canonical equations of motion are derived

directly from the Hamiltonian. We only report the relevant

formulae here and note some important facts:

• The hard-edge model is used. Fringe fields of the

solenoid are taken into account, however they are fi-

nite ’hard-edge’ steps of the B-field;
• the solution of the equations of motion are obtained

from the expanded Hamiltonian, and it that sense the

solutions or not ’exact’;

• and although this is a thin element, both the normal-

ized magnetic strength ks and its product ks · L with
the length L have to be known and used in the equa-

tions. This makes the solenoid different from e.g. the

multipoles.

If zi, zf denote initial and final (canonical) coordinates,

where z ∈ [x, px, y, py, σ, pσ], we can write the solution of
the equations of motion in a solenoid of length L = ∆s in
the thin-lens approximation as

xf = xi
· cos∆Θ + yi

· sin ∆Θ,

pf
x = p̂f

x · cos∆Θ + p̂f
y · sin ∆Θ,

yf = −xi
· sin ∆Θ + yi

· cos∆Θ,

pf
y = −p̂f

x · sin ∆Θ + p̂f
y · cos∆Θ,

σf = σ̂f +
{

xi
· p̂f

y + yi
· p̂f

x

}

·
H(s0) · ∆s

[1 + f(pi
σ)]2

· f ′(pi
σ),

pf
σ = pi

σ,
(4)
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LHC AND SOLENOIDS

In the LHC a global coupling correction scheme will be

used to minimize the impact of field imperfections and tilt

errors on the beam quality [2]. We now look at the effect

of the strongest LHC experimental solenoid (CMS, IP5) on

beam optics at 450GeV.

At injection energy (450GeV) beams will generally be

separated by means of separation bumps. Additionally, the

beams cross from inside to outside and vice versa at each

IP. The solenoid field slightly tilts the crossing plane. The

half separation of the two beams is decreased by 15 µm,
which is less than 1% of the nominal separation. If no

separation bumps are used, e.g. in an early collision run

at 450GeV, the solenoid will introduce a separation of this

order. This can easily be corrected by adjusting the separa-

tion bumps.

Table 2: Parameters of experimental solenoids in LHC

Property/Experiment ATLAS CMS

Magnetic induction at IP [T] 2.0 4.0

Coil length [m] 5.3 12.5

The β-beating which is induced by the CMS solenoid is
shown for the LHC machine in Fig. 3. The peak β-beating
(∆β/β)peak = 0.1 % is well below and within the ac-

cepted margin [4] of 21%.

Equally the dispersion beating is well within the bud-

get of 30%. To analyze we use the normalized dispersion

functionDx|y,N = Dx|y/
√

βx|y,

∆Dx(s)
√

βx(s)

/

Dx,qf
√

βx,qf

and
∆Dy(s)
√

βy(s)

/

Dy,qd
√

βy,qd

, (3)

where Dx,qf = 2.1m, Dy,qd = 16 cm and βx,qf =
βy,qd = 180m. The peak dispersion beating expressed in
these quantities amounts to Dx,N/Dx,qf,N = 0.2 % and

Dy,N/Dy,qd,N = 2.5 %.

To summarize, we can say that the impact on beam optics

is small and will hardly be visible in standard operation.

We note, that the local solenoid compensation used in

LEP with two skew quadrupole pairs relied on the symme-

try of the optical functions around the IP [5]. This scheme

cannot simply be employed for the antisymmetric LHC op-

tics.
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SOLENOIDS AND MAD-X

Following a request on the last MADX day, we imple-

mented a thin solenoid in the tracking module as well as in

the twiss module of MADX. A thick version was available

already, however since the tracking module exclusively op-

erates with thin elements, this became necessary.

The implementation follows closely the formulae given

in [6], where the canonical equations of motion are derived

directly from the Hamiltonian. We only report the relevant

formulae here and note some important facts:

• The hard-edge model is used. Fringe fields of the

solenoid are taken into account, however they are fi-

nite ’hard-edge’ steps of the B-field;
• the solution of the equations of motion are obtained

from the expanded Hamiltonian, and it that sense the

solutions or not ’exact’;

• and although this is a thin element, both the normal-

ized magnetic strength ks and its product ks · L with
the length L have to be known and used in the equa-

tions. This makes the solenoid different from e.g. the

multipoles.

If zi, zf denote initial and final (canonical) coordinates,

where z ∈ [x, px, y, py, σ, pσ], we can write the solution of
the equations of motion in a solenoid of length L = ∆s in
the thin-lens approximation as

xf = xi
· cos∆Θ + yi

· sin ∆Θ,

pf
x = p̂f

x · cos∆Θ + p̂f
y · sin ∆Θ,

yf = −xi
· sin ∆Θ + yi

· cos∆Θ,

pf
y = −p̂f

x · sin ∆Θ + p̂f
y · cos∆Θ,

σf = σ̂f +
{

xi
· p̂f

y + yi
· p̂f

x

}

·
H(s0) · ∆s

[1 + f(pi
σ)]2

· f ′(pi
σ),

pf
σ = pi

σ,
(4)
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LHC AND SOLENOIDS

In the LHC a global coupling correction scheme will be

used to minimize the impact of field imperfections and tilt

errors on the beam quality [2]. We now look at the effect

of the strongest LHC experimental solenoid (CMS, IP5) on

beam optics at 450GeV.

At injection energy (450GeV) beams will generally be

separated by means of separation bumps. Additionally, the

beams cross from inside to outside and vice versa at each

IP. The solenoid field slightly tilts the crossing plane. The

half separation of the two beams is decreased by 15 µm,
which is less than 1% of the nominal separation. If no

separation bumps are used, e.g. in an early collision run

at 450GeV, the solenoid will introduce a separation of this

order. This can easily be corrected by adjusting the separa-

tion bumps.

Table 2: Parameters of experimental solenoids in LHC

Property/Experiment ATLAS CMS

Magnetic induction at IP [T] 2.0 4.0

Coil length [m] 5.3 12.5

The β-beating which is induced by the CMS solenoid is
shown for the LHC machine in Fig. 3. The peak β-beating
(∆β/β)peak = 0.1 % is well below and within the ac-

cepted margin [4] of 21%.

Equally the dispersion beating is well within the bud-

get of 30%. To analyze we use the normalized dispersion

functionDx|y,N = Dx|y/
√

βx|y,

∆Dx(s)
√

βx(s)

/

Dx,qf
√

βx,qf

and
∆Dy(s)
√

βy(s)

/

Dy,qd
√

βy,qd

, (3)

where Dx,qf = 2.1m, Dy,qd = 16 cm and βx,qf =
βy,qd = 180m. The peak dispersion beating expressed in
these quantities amounts to Dx,N/Dx,qf,N = 0.2 % and

Dy,N/Dy,qd,N = 2.5 %.

To summarize, we can say that the impact on beam optics

is small and will hardly be visible in standard operation.

We note, that the local solenoid compensation used in

LEP with two skew quadrupole pairs relied on the symme-

try of the optical functions around the IP [5]. This scheme

cannot simply be employed for the antisymmetric LHC op-

tics.

X

Y

s [m]
0 5000 10000 15000 20000 25000

  [
%

]
y
!/

y
! 

"
,  

x
!/

x
! 

"

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1
X

Y

s [m]
0 5000 10000 15000 20000 25000

  [
%

]
y,

qd
,N

/D
y,

N
 D

"
,  

x,
qf

,N
/D

x,
N

 D
"

-2

-1

0

1

2

Figure 3: Induced β- and dispersion-beating by the CMS
solenoid in the LHC at 450GeV.

SOLENOIDS AND MAD-X

Following a request on the last MADX day, we imple-

mented a thin solenoid in the tracking module as well as in

the twiss module of MADX. A thick version was available

already, however since the tracking module exclusively op-

erates with thin elements, this became necessary.

The implementation follows closely the formulae given

in [6], where the canonical equations of motion are derived

directly from the Hamiltonian. We only report the relevant

formulae here and note some important facts:

• The hard-edge model is used. Fringe fields of the

solenoid are taken into account, however they are fi-

nite ’hard-edge’ steps of the B-field;
• the solution of the equations of motion are obtained

from the expanded Hamiltonian, and it that sense the

solutions or not ’exact’;

• and although this is a thin element, both the normal-

ized magnetic strength ks and its product ks · L with
the length L have to be known and used in the equa-

tions. This makes the solenoid different from e.g. the

multipoles.

If zi, zf denote initial and final (canonical) coordinates,

where z ∈ [x, px, y, py, σ, pσ], we can write the solution of
the equations of motion in a solenoid of length L = ∆s in
the thin-lens approximation as

xf = xi
· cos∆Θ + yi

· sin ∆Θ,

pf
x = p̂f

x · cos∆Θ + p̂f
y · sin ∆Θ,

yf = −xi
· sin ∆Θ + yi

· cos∆Θ,

pf
y = −p̂f

x · sin ∆Θ + p̂f
y · cos∆Θ,

σf = σ̂f +
{

xi
· p̂f

y + yi
· p̂f

x

}

·
H(s0) · ∆s

[1 + f(pi
σ)]2

· f ′(pi
σ),

pf
σ = pi

σ,
(4)
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Entry conditions  −  both for 450 GeV part  and 7 TeV parts :
No particular requirements on number of bunches / intensity − just safe and good 
accuracy for measurements. Standard LHC optics, single or separated beams, well 
corrected machine.
For solenoid coupling compensation : needs well corrected machine coupling.
Single beam would be sufficient for coupling; bump closure is better checked for both 
beams.

Exit conditions :
solenoids on and LHC machine globally well decoupled
well closed spectrometer bumps for both polarities   from 450 GeV to 7 TeV
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LocMeet25-10-2005.pdf

                                     Implementation,   Solenoid Transfer Matrix

linear (thick, symplectic) transfer matrix used
in Mad-X twiss, mad8, transport

where

can be written as product of two matrices, rotation ! matrix  (looking like a quad focusing in two planes)

rotation by " = kL focusing matrix   in both x and y
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LocMeet08-11-2005.pdf

More on Solenoids              H. Burkhardt LOC 8.11.2005

The thick solenoid matrix shown last time is symplectic and includes edge effects

(no problem with edges when using several pieces)= 1

Simple thin version :       C ! 1,   sin KL !  KL ,   SC/K ! L  (drift term), S2/K ! 0

verified, that inserting this between drifts of L/2

converges well with the numbers of
slices n,   and   L  ! L/n

(for KL << 1 as generally the case, in particular for LHC)

where
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Impact of experimental solenoids on LHC optics 

Quasi-local decoupling (analytical approach)

! Coupling introduced by solenoids can be compensated using skew 
quadrupoles. 

! In general 4 skew quadrupoles on each side of the solenoid are needed for 
the compensation to work.
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