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The LHC impedance model

Details of collimators contribution in %

ℜ ℑ

(Courtesy of N. Mounet)
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In HiLumi-LHC context

The goal
Increase the LHC luminosity by an
order of magnitude

How to
One of the key tasks is to increase
the beam intensity

Something to keep under control...
Beam instabilities;

Excessive power losses;

...what can be done
Careful design of new vacuum
chambers;

Present LHC impedence
model improvement;

LHC collimators are among the main beam
coupling impedance contributors.
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Simulations vs. measurements

The measured tune shifts are higher than predicted ones by
around a factor of 2;

The existing LHC impedance model accounts only for a fraction,
∼ 1

3 −
1
2 , of the measured transverse coherent tune shifts;

⇓
Needs for LHC impedance model refining.
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Tune shifts simulations vs. measurements

Tune shifts measurements were performed comparing tune slope wrt
intensity between simulations and measurements; Q′ ∼ 1−5

Collimator tune shifts Total tune shifts

(Courtesy of N. Mounet)
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Geometric Impedance: theoretical considerations I

Since Bane and Morton work [1], it’s possible to identify two
different physical mechanisms for wake generation:

1 ρ = 0 (perfecly conducting wall), electric and magnetic forces
acting on the beam from the image charges do not cancel
completely⇒ Geometric wake;

2 ρ 6= 0 (finite wall conductivity)⇒ Resistive wake;

Resistive Wall (RW) impedance considered as the dominant
contribution for LHC collimators impedance;

In the “old” LHC model, geometric impedance was accounted
only in terms of round taper approximation.
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Geometric Impedance: theoretical considerations II

Let’s try to understand the factor of 2 arising from LHC collimators
comparing the kick factors due to resistive wall impedance and the
geometric impedance:

1 It’s a quite straightforward way ;
2 Contributions from impedances having different frequency

behaviour into the transverse tune shifts can be easily compared;
3 Only calculations of the broad band wakes are necessary without

the exact knowledge of Z(ω);
4 Easily calculated by many numerical codes.
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Geometric Impedance: theoretical considerations II

Given ξ = 0 and (m = 0) in Sacherer’s formula [2] for coherent mode
frequency shift, one gets:

∆ωc0 =−C · I ∑
p

ℑZT (ωp)e−(
ωσz

c )
2

(1)

But from kick factor definition:

kT =
1

2π

∫
∞

−∞

ℑZT(ω)|λ (ω)|2dω =
1

2π

∫
∞

−∞

ℑZT(ω)e−(
ωσz

c )
2

dω (2)

so that:
∆ω0 ∝−kT (3)
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Geometric impedance: simulations I

LHC secondary collimator CAD design

(Courtesy of CERN collimation team, EN/MME and Luca Gentilini)
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Geometric impedance: simulations I

What an “old” wise man can teach...
1 For structures with long tapers, longitudinal and transverse wake

potentials show unphysical behaviour;
2 The reasons for this numerical behaviour still remain unknown;
3 An overcome can be:

aφ

∆z
· σz

∆z
≥ 100 (4)

...an “accuracy criterion” from ABCI manual.
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Geometric impedance: simulations I

GdfidL electromagnetic code model

Very fine mesh needed for taper
structure. We used 0.2 mm in all
three directions, leading to several
billions of mesh points⇒ very
huge computing task!
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Geometric impedance: simulations I

For a smooth taper, for example, it can be shown [3] that:

kT =

∞∫
0

G
(

ω

c
σz

)
ℜ ZT(ω)dω− c

2π1/2σz
ℑ ZT(0) (5)

If ℜ ZT(ω)� ℑ ZT(ω), kT ∝ ℑZT(0);

Calculation of ℑZT(0) is much easier to perform than ZT(ω),
because it involves only solutions of Maxwell equations for
static fields.
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Geometric impedance: simulations II (⊥)

Low frequency broad-band transverse
impedance

Models

1 ZT = j Z0
2π

∫ (b′
b

)2
dz;

2 ZT = j Z0w
4
∫ (g′)2

g3 dz;

The Stupakov [4] model in item
2 is closer to simulated points
than that of Yokoya [5] in item
1; there’s only one point for the
“full-flat” geometry below:
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Geometric impedance: simulations II (⊥)

kick factor comparison kick factor analysis results
For W collimators,
geometrical impedance
contribution dominates in
the whole range of half
gaps, while only from
≈ 8 mm onward it does for
CFC collimators;

Even considering the
partial contribution in the
case of CFC, it is evident
that the geometrical
impedance is absolutely
not negligible wrt RW one.
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Geometric impedance: simulations II (⊥)

1 mm half gap geometry 20 mm half gap geometry
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Geometric impedance: simulations II (‖)

1 mm half gap geometry 20 mm half gap geometry
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Geometric impedance: simulations II (‖)

The longitudinal impedance exhibits many resonant peaks at different
frequencies. As also shown in the earlier work of A.Grudiev [6], these
HOMs are the modes created in the collimator tank, trapped between
sliding contacts in the tapered transition area etc. with parameters
depending very much on the collimator gap size. Despite their shunt
impedances are relatively small compared to typical HOMs in RF
cavities, possible further RF losses and related collimator heating, due
to these modes, in the conditions of higher circulating currents still
need a deeper investigation.
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The LHC impedance model

Vertical dipolar impedance for LHC
2012 (4 TeV) physics settings

(Courtesy N. Mounet)
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The LHC impedance model

Details of the various contributions in %

(Courtesy of N. Mounet)
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Not only one collimator design...

Collimator taper with BPM cavity

LHC collimators with and without BPM cavity impedance comparison

With BPM cavity Without BPM cavity

Half gaps (mm) kl ( V
Cm ) kl ( V

Cm )
1 3.921 ·1014 3.340 ·1014

3 6.271 ·1013 5.322 ·1013

5 2.457 ·1013 2.124 ·1013

The transverse effective impedance is expected to increase of about 20% wrt no BPM

cavity collimator design.
Oscar Frasciello et al. TWIICE 2014, Synchrotron SOLEIL, January 16th 22 / 34



Conclusions and future plans I

Calculations of wake fields and beam coupling impedance have
been performed for the LHC secondary collimators, for five
different gaps, by means of GdfidL electromagnetic code;

From the comparison of the transverse kick factors, it has been
shown that the geometric impedance contributions is not
negligible with respect to the resistive wall one;

In particular, for CFC made collimator, the geometrical kick
starts to be compareble to RW one at about 8 mm half gap. In
turn, for W made collimators, the geometrical kick dominates
almost for all the collimator gaps;
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Conclusions and future plans II

The present study has contributed to the refinement of the LHC
impedance model. It has also been shown that the geometrical
collimator impedance accounts for approximately 30% of the
total LHC impedance budget, at frequencies close to 1 GHz;

The work is still in progress in order to understand the origin and
strenghts of the HOMs trapped in the complicated collimator
structure;

Beam impedance simulations for the new collimators, modified
for the HiLumi-LHC upgrade, has just been started.
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Appendix: Theoretical considerations II exploited

Sacherer’s formula [2] for coherent mode frequency shift:

∆ωcm = j
1

1+ |m|
I2
c

4πf0Q(E/e)L
Zeff

m (6)

m azimuthal mode number; f0 revolution frequency; I average bunch
current; Q betatron tune; E machine energy; L full bunch length. The
Zeff

m is calculated over a coherent mode power spectrum:

Zeff
m =

∑
p

ZT(ωp)hm (ωp−ωξ )

∑
p

hmωp−ωξ

(7)
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Appendix: Theoretical considerations II exploited

For a given mode m, the bunch power spectrum is given by:

hm(ω) =
(

ωσz

c

)2|m|
e−(

ωσz
c )

2

(8)

The sum in 7 is performed over the mode spectrum lines:

ωp = (p+∆Q)ω0 +mωs ; −∞ < p <+∞ (9)

The “chromatic” angular frequency is given by

ωξ = ω0
ξ

η
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Appendix: Theoretical considerations II exploited

Given purely imaginary tune shifts from equation 6, they assume real
values for imaginary transverse impedance. For ξ = 0 and coherent
mode (m = 0) we get a proportionality relation:

∆ωc0 =−C · I ∑
p

ℑZT (ωp)e−(
ωσz

c )
2

(10)

But from kick factor definition:

kT =
1

2π

∫
∞

−∞

ℑZT(ω)|λ (ω)|2dω =
1

2π

∫
∞

−∞

ℑZT(ω)e−(
ωσz

c )
2

dω

(11)
so that, comparing with 10, we find

∆ω0 ∝−kT (12)
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Appendix: Theoretical considerations II exploited

Equation 11 , under specified conditions, has general validity. In order
to evaluate RW kicks, we can consider the thick wall impedance of a
flat vacuum chamber [7] with 2a ·2b cross section:

ZTy

L
=

(1+ j)Z0δ

2πb3 F1y

(
b
a

)
(13)

with δ =
√

2cρ

ωZ0
skin depth and Z0 = 120 πΩ free space impedance.

ZTy =
L(1+ j)Z0δ

2πb3 F1y

(
b
a

)
=

LZ0δ

2πb3 F1y

(
b
a

)
+ j

LZ0δ

2πb3 F1y

(
b
a

)

ℑZT = ℑZTy =
LZ0δ

2πb3 F1y

(
b
a

)
(14)
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Appendix: Theoretical considerations II exploited

Substituting 14 into 11 we get after some simple algebra:

kT =
L

2π2b3

√
2cρZ0F1y

(
b
a

) ∞∫
0

1√
ω

e−
ω2σ2

z
c2 dω;

∞∫
0

1√
ω

e−
ω2σ2

z
c2 dω is an Euler Γ function

Γ(z) =
∞∫

0

e−ttz−1dt,

with z = 0. So that:
∞∫

0

1√
ω

e−
ω2σ2

z
c2 dω = 2Γ

(
5
4

)
1√
σz
c

and we’ve

kT =
L

2π2b3

√
2cρZ0F1y

(
b
a

)
2
√

c
σz

Γ

(
5
4

)
(15)
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Appendix: Theoretical considerations II exploited

For a flat rectangular vacuum chamber, the form factor

F1y

(
b
a

)
=

π2

12

so that, finally, the RW contributions:

kT =
Lc

12b3

√
2Z0ρ

σz
Γ

(
5
4

)
(16)

Just as remark, note that the same type of calculations hold for Zx
T(ω)

but taking into account that F1x
(b

a

)
= π2

24 , so leading to a weaker
vertical kick.
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Appendix: Theoretical considerations II exploited

Comparison between LHC impedance model (RW) and equation 16

(Courtesy N. Mounet)
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