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Abstract

In this work, transverse and longitudinal resistive-wall
impedances for beam pipes in the experiment, injection,
extraction and RF systems insertion regions of the Future
Hadron-Hadron Collider (FCC-hh, see Fig. 1) are computed
based on contributions from different given cross sections
of the surrounding (elliptical) chamber parts along the beam
path, their temperature-dependent conductivities, and opti-
cal functions. An emphasis is placed on the behaviour of
transverse impedance in the main experimental regions (A
and G), where maximum beta values of 10* m to 10° m oc-
cur in dependence of the operation mode respectively lattice
configuration. Main contributions to the transverse and lon-
gitudinal impedance budget are identified, and possibilities
of reducing them are discussed.
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Figure 1: Insertion topology of the Future Hadron-Hadron
Collider (FCC-hh) based on [1]

THEORY

The standard treatment of wakefields in a chamber with
varying cross-section and infinitely thick walls with finite
resistivity p is pursued, neglecting both resonance behaviour
of chamber parts above cutoff frequencies of the chamber
waveguide and also effects of skin depth for chamber walls
with finite thickness as described in [2].

Transverse Wall Impedance

The transverse wall impedance per unit length in a circular
tube of radius b can be approximated! by [3,4]

Z2(f) _ 1 +isign f
7= ZO(SskinW
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! Note that the sign of the imaginary part depends on the definition of
the field time-dependence exp(iw?). In [3], the sign differs due to the
time-dependence exp(—iwt).

with skin depth dgkin (f) o \/;Tf and the electrical resistivity
of the material p. The frequency scaling law is limited by in-
ductive bypass (low frequencies) [2] and resonant structures
(high frequencies); for the cold beamscreen [5], the valid fre-
quency range for this scaling law includes [10* Hz, 107 Hz].

For elliptical cross-sections of a beam tube with semiaxes
w, b, approximate values are obtained by multiplication of
circular-pipe impedances with form factors G1.(q), Giy(q)
as defined in [6] (see also [7])

Z.(f)
L

with g = 4

= G1.(9)Z:(f) w+b

This expression is inserted into the single-kick model for
transverse impedances originating from [4]

1
VA — Zﬁi(sj)zl,j-
1 J

To compute a better approximation of an element’s contri-
bution to impedance, a transition to the continuum along s
is performed, keeping resistivities and chamber geometries
as step-wise constant quantities, but approximating B(s) as
a 3" order polynomial. As optics codes routinely compute
optical functions between elements, the integral is resolved
using the approach of Gaussian quadrature as

L
L)+ B0 L)-a(0
[ 645~ L BDLEO) pall) a0,
2 6

0
Note that this approximation is exact for drift spaces, inside
which f(s) is just a quadratic polynomial.

With the aforementioned approximations and the ad-

ditional assumption y, = 1, the total transverse wall
impedance reduces to

1 +isign(f)

Vf
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ZJ_(f) =4

with é]. =

£, is a constant that fully characterizes the frequency depen-
dence for given geometry and material.

Longitudinal Wall Impedance

With the aforementioned approximations, the longitudinal
impedance for a circular chamber is given as [3, 8]

Zfw) 1 Zy [mnpf . .
I " %re W(1+151gnf).
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For a chamber with elliptical cross section, the impedance
is multiplied with the respective longitudinal form factor
Go(q) [6]. This yields (f > 0)

Zy(f) = a(l +i)\/f, with (1)

@ = ZZTOC\/EZ (GOT\E) (s = 5j-1)

where, again, piecewise constant apertures and resistivities
for s €]s;_1, s;] have been assumed.

COMPUTATION FOR FCC-HH

Using the information supplied in [5], a circumference
U = 97.749 km and full betatron tunes Q, = (111.3,109.3)
are assumed to determine BS"°°" = U/(2nQ,) for the
following considerations. The wall material is assumed to
possess the resistivity of copper at two different temperatures

[9]
o(T =50K) =0.518nQm,
p(T =293K) = 16.78 nQm.

Drift spaces are always assumed as having a chamber tem-
perature of 293 K, while the treatment of magnets® depends
on the considered insertion (A,G,B,L: 50K, D: 293 K). All
other lattice elements are ignored.

After input for previous manual iterations [10], the as-
sumed optical function values and cross sections are directly
obtained from the FCC-hh lattice [11] with additional aper-
ture input for region A [12].3

In the provided input files, the chamber cross sections are
defined by an ellipse, a rectangle, or by intersection of an
ellipse and a rectangle. All these cross-section types are
approximated as elliptical, taking the minimal extension of
the cross section in cartesian directions as semiaxes. numeri-
cally integrated form factors were truncated after the first 50
summands. For elements with missing aperture information,
the cross section is assumed as circular with & = 40 mm
radius.

Integrated Results by Operation Modes

The optics in [11] are classified by the g value in the
collision point of experiment A, called 8*. The integrated
transverse impedance coefficients of all insertions are shown
in Tab. 1. The integrated longitudinal coefficient is

12.035 Q/VMHz.

As can be observed in the aforementioned table, lower §*
generally causes higher transverse impedance for the collider
optics due to stronger focusing (see sec. ).

The collision mode with 8 = 0.3 m and the injection
mode with 8% = 4.6 m are investigated in more detail in the
following. Their impedance coefficients are compared to
effective coeflicients for the cold beamscreen impedance [5]
for collision optics (Tab. 2) and for injection optics (Tab. 3).

2 Jattice elements QUADRUPOLE, RBEND, SBEND, HKICKER, VKICKER
3 This explains the slight differences in impedance computation between
otherwise identical regions A and G.
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Table 1: Overall Transverse Impedance Ccoefficients fo
Different Optics Settings

summary ¢/ (MQVMHz/m)

B/ m x plane y plane
0.15 31.58 33.05
0.20 25.02 25.25
0.30 18.47 18.42
1.10 8.03 8.18
4.60 4.66 4.80
6.00 4.56 4.65

he author(s), title of the work, publisher, aid DOI.

Table 2: Summary of results for collision optics in conig
parison to effective cold beamscreen coeflicients at 50 TeVz

. . ©
which have been extracted near 1 MHz from the respectives

ul

spectra [5]. §
=

summary ¢/ (MQVMHz/m) =
=

insertion  x plane yplane «/(Q/VMHz) g
A 6.89 6.76 0.97 g

B 0.71 0.62 1.17 Z

D 1.27 1.25 1.93 g

F 0.17 0.22 1.22 2

G 6.89 6.79 0.98 2

H 0.13 0.14 1.28 =

J 1.81 1.97 3.29 =

L 0.61 0.68 1.20 =

all 1847 1842 12.03 =

=

coldbs.[5] 2341 4325 72.81 <
[ele]

2

©

For collision optics, we investigate the “ultimate” lattice;
with 8% = 0.3 m which has been computed to produce highe%
impedance coeflicients than the “baseline” configuration=
with 8 = 1.1 m. A summary of results is shown in Tab. 23

The overall transverse impedance of insertions is of sinﬁ
ilar magnitude as that of the arc segments, invoking co
siderations for reduction, while the comparison yields ay
smaller ratio for the longitudinal impedance (Tab. 2). Th@g
main transverse contributions originate from high g region
in the main experiment insertions A and G (next section)g
with minor contributions from the injection and additiona2
experimental insertions B and L (not shown due to spaceg
limitations).

ed un

72}

For injection optics, we investigate the lattice conﬁgurag
tion with 8 = 4.6 m which has been computed to produce
higher impedance coeflicients than the configuration withg
B = 6m. A summary of results is shown in Tab. 3.

work

Main Experiment Insertion Contributions (A & GE

The main experimental regions include chamber shieldé
ings of superconducting magnets assumed at the temperaturez
50K, and updated aperture information for thick shielding%
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Table 3: Summary of results for injection optics. The @ co-
efficients are equal to those in table 2. The cold beamscreen
coeflicients were extracted from impedance spectra [5] for
3.3TeVv.

summary ¢/ (MQVMHz/m)
insertion xplane  yplane «/(Q/VMHz)

A 0.42 0.40 0.97
B 0.23 0.22 1.17
D 1.27 1.25 1.93
F 0.17 0.22 1.22
G 0.44 0.41 0.98
H 0.13 0.13 1.28
J 1.81 1.97 3.29
L 0.20 0.20 1.20
all 4.66 4.80 12.03

coldbs. [5] 17.48 32.15 54.20

in this insertion [12] has been included. (Fig. 2). The con-
tribution of both insertions to longitudinal impedance is on
an average level (see Tab. 3).

The transverse impedance of main experiment insertions
is dominated by the large values of 8 belonging to the mini-
B installation around the collision points. Due to their as-
sumed higher resistivity relative to the cold magnets, the
impedance contribution of the drift spaces is significant.
Stronger focusing for smaller §* yields higher impedances;
a simplified explanation is given by the scaling law of
B(As) = B + As?/B* ~ As?/B* in the collision drift space
(see Fig. 2). This is also an explanation for the strong de-
pendency of total transverse impedance dependency on 3*
(Tab. 1)

As the transverse contributions scale o« b3, a modest
increase of apertures in the drift spaces can significantly
reduce the transverse impedance contribution from the main
experiments.

SUMMARY

With the considered assumptions and approximations, the
transverse wall impedance of all insertions and the consid-
ered operation modes is dominated by contributions from

1. drift spaces in the main experiment insertions A and
G in collision mode due to focusing into the collision
point and relatively small apertures. An increase of drift
space apertures could reduce apertures significantly.

2. extraction insertion D, mainly due to necessary moder-
ately large S values in comparison to standard aperture
dimensions (not shown due to space limitations). The
relative contribution is small for collision mode but
reltaively large for injection mode. In this insertion, a
moderate increase of aperture dimensions could also
reduce the impedance contribution of the extraction.
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insertion A, /* = 0.3m
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Figure 2: g function [11] and cumulative transverse

impedance coeflicients (top) respectively temperature as-
sumptions, beam pipe semiaxes, and cumulative longitudi-
nal impedance (bottom) for main experiment insertion A
with collision optics.

The complete analysis of the data considered in this work
will be published in an upcoming CERN Report.
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