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The case of FCC-hh

FCC-hh
Key Parameters

Version 1.0 (2014-02-11) LHC HL-LHC FHC-hh

c.m. Energy [TeV] 14
100

Schematic of an 80 — 100 km long tunnel
Peak luminosity [10** cm™s™]
Critical photon energy [keV]
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The case of FCC-hh

Version 1.0 (2014-02-11)

c.m. Energy [TeV]

Schematic of an 80 - 100 km long tunnel
-Alll.‘l‘

=1 Cwe )|
“-‘

m
SRpowerperrlng 0.0036|  0.0073 - 2.4(2.9) .

Arc R heat loadWimisperurel ]| 017 | 033 | [oerean] |
Critical photon energy [keV 0.044 4.3 (5.5
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Incident Radiation = Transmitted + Reflected + Absorbed

Synchrofron Rcdioﬁon

N
Reﬁ\eded Rod\o’(\o

Absorbed Radiation

+ Heat Load
* Photo Electrons
* Photo Stimulated Desorption

FCC Week 2019 — Brussels — 26June 2019

Reflected Radiation

 Heatf Load
* Photo Electrons

* Photo Stimulated Desorption

R. Cimino
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'7 Technological Solution \I

From LHC Beam screen concept
(5 K<T<20K)

F. Zimmermann et al., HF2014, Bejing, China (THP3H1)

e — COOLING TUBES

IOLECULES :
Pumping slot shield

-BEAM SCREEN

Pumping slots

PUMPING SLOTS

MAGNET COLD BORE -
1.9 K -, Longitunal weld

Cooling tube

Beam screen tube

“Saw teeth” Shding ring

Copper layer

O. Grobner, Vacuum 60 (2001) 25-34
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Technological Solution \

To FCC-hh Beam screen
I.HC Beam screen opﬁmizqﬁon

concept (5 K<T<20K)

~ PUMPING SLOTS

NET COLD BORI

19K cooling
~ Cold bore channels

O. Grobner, Vacuum — . e 0 o
Cooling tube e
primary
chamber \ sawtooth
\ surface

Beam screen tube sr p+ secondéry 11 finishing
{ < e —
' beam  chamber || ||

i | Shding ring SR = 0'17 V\A phOtons
Tot. Power =0.0(

perforated
baffles

See: EuroCirCol-P2-WP4-D4.4_Analysis of beam-induced vacuum effects
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Two main properties of material needs to be
carefully investigated:

Reflectivity (R) Photo Yield (PY)
The part of incident radiation How many electrons are
which is reflected by the wall produced per incident photon
chambers

These properties depend on:

Incident Angle: 6,

Energy of Radiation

Chemical Composition of the Surface
Surface Treatment

Coating

e &l FCC Week 2019 - Brussels — 26June 2019 R. Cimino




Very Grazing angles:

These properties depend on: LHC ~ 0.28°
* Incident Angle: 6;
» Energy of Radiation ECC-hh ~ 0.08°

Chemical Comyposition of the Surface
Surface Treatment
Coating

Radiation Energy Spectrum: from eV to several keV

Flux ( ph/s/m/0.1%BW )

100 1000
Photon Energy (eV)

R. Cimino, V. Baglin and F. Schifers, PRL. 115 (2015) 264804
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Very Grazing angles:

These properties depend on: LHC ~ 0.28°
* Incident Angle: 6;
» Energy of Radiation ECC-hh ~ 0.08°

Chemical Comyposition of the Surface
Surface Treatment
Coating

There are indications Radiation Energy Spectrum: from eV to several keV

suggesting that

z :
Ond ;; .we fll'?'l'
are more | B investigat
significant in the 3 e the 35-
lower energy part of | 4 1850 eV
the spectrum. = region

should slowly 100 1000

. . Photon Energy (eV)
INncrease with photon g .

R. Cimino, V. Baglin and F. Schifers, PRL. 115 (2015) 264804
energy.
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VALIDATION OF PROPOSED MATERIAL .

These properties depend on:

Incident Angle: 6

Energy of Radiation

Chemical Composition of the Surface
Surface Treatment

Coating

condensed cooling

// Ay, channels

v, sawtooth
\ surface
secondary || | | finishing
chamber
L\ QA

) 40-86 K

perforated
baffles
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VALIDATION OF PROPOSED MATERIAL .

“Ray tracing” programs are at the base of the design phase and
generally use R simulated values (from Reflectivity programs)

N Thanks to:
. l. Bellofont

% Are simulated R data good enoughe

J

% Or should we measure R and PY for all proposed materials

in realistic geometrical conditions to validate all
simulations?e

A&l FCC Week 2019 — Brussels — 26June 2019 R. Cimino




To calculate

is the normalized
number of photons emerging from the
sample with the same divergence of the
incoming beam and at the geometrical

VALIDATION OF PROPOSED MATERIAL .

Usually, analytical programs are used for optical calculation

is the normalized (to
the incoming flux) number of photons
emerging from the sample in all directions.

reflection In machine simulations both & and = are important.
In optical simulation codes R, is @
considered as a (Debye-Waller)
perturbation. It does not work for:

REFLEC sim (LHC-Flat)

R1='15 nm

0 =0.25
1

250 500 750 1000 1250 1500 1750
Photon Energy (eV)

REFLEC simulations of Specular
reflectivity VS Photon Energy at
three incidence angle for a LHC-
Flat Cu sample vs. photon energy

d FCC Week 2019 - Brussels — 26June 2019

high roughness fechnical surfaces.

high photon energies

grazing angles

also, at very grazing angles ->
contaminants should play a major role
(difficult to predict)
Different Surface Geometry-> Saw
Tooth profile (ST)
Treated Surface -> Laser Treated
Samples (LASE)

R. Cimino @
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o

> |dentified a close to optimal experimental set-up to perform
Reflectivity and Photo Yield studies on technical materials of
interest to FCC-hh at very grazing angle and in the wider
energy range available.

»LNF launched a long term proposal (MICA) and received
support by INFN and beamtime by the project
CAL'PSOplUS (under the Grant Agreement 730872 from the EU Framework Programme for
Research and Innovation HORIZON 2020)

»In 2015 — 2018 an intense experimental campaign at the

Synchrotron radiation Facility BESSY-2 using the Opfics
be(]mline Ond refleCTomeTer (with guest experimentalists).

s: ';A" '~
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Experimental Layout \
R= 339578

p=1040.3 1200 V/mm
600 /mm

176° . R=82662
horiz. 3.6 mrad p=52.8

176°

horiz. 2.33 mrad TO /H|O¢S I
SL

FSU
hor. Focus TO

A. Sokolov, et al., Journal of Synchrotron Radiation 25, 100 (2018).

The Beamline

The Reflectometer

Axis Hardware Range Pos. accuracy
Azimuth angle B HUBER 430 -180° - 180° 3.6
Sample angle 6 HUBER 411 -90° - 270° 3.6
Detector angle 26 HUBER 411 -180° - 180° 3.6“
Detector off-plane (2 axes) Ceramic motors -25mm - 25 mm (-4° -4° ) S50 nm
Sample Adjustment Tx, Ty, Tz Ceramic motors -20 mm - 20 mm (not simul.) 500 nm
Sample Adjustment Rx, Ry, Rz Ceramic motors -10° -10° (notsimul.) 2 g

A.ASokolov,et al,Proc.of SPIE92060J-1-13(2014)
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BESSYIl - OPTICS
Beamline end
station

Helmholtz
Zentrum Berlin

See movie at: https://www.helmholtz-
berlin.de/pubbin/igama_output?modus=datei&did=887

Sample §N
\ (on’fripqd;' N

) /
/|
Iy

Station dedicated to the at wavelength
characterization of precision gratings and

REFLECTOMETER nano-optical devices

@l FCC Week 2019 — Brussels — 26June 2019 R. Cimino @




0/20 geometry adllows to  Simultaneously
detect the specular  measure the

reflected signal. current
Two possible wa generated on
= y the sample is

detected for PY

Fixed 6/20 Fixed

Beam Beam
Energy Energy
Nelely 0/20Scan L, _ Ne
Ny
I
R=—

e &l FCC Week 2019 - Brussels — 26June 2019

EXPERIMENTAL LAYOUT

Total Reﬂectlwt

R. Cimino

Fixed photon energy
and incident angle
Moving the detector
in 6, and ®, fthe
angular distribution
of the Reflected
signal is mapped.

M



To study the impact of Ra on reflectivity

AFM data

Sample RMS
Roughness

(Rq)
Cu 1A 10 nm

Cu 2A 27 nm

Cu 1B 25 nm

Cu - LHC 15 nm
Cu 1A CC 13 nm
Cu 2A CC 28 nm
Cu 1B CC 32 nm
Cu-LHC CC 20 nm

Cu (different Roughness)
Cu+ a-Carbon Thin Film (50 nm)

& F,".:‘
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The sample studied: .

Cu (different Roughness)

Cu+ amorphous Carbon Thin Film
and: NEG, Stainless Steel, ...

'Eﬂ:% I“’ J S ‘E

LHC Saw Tooth '

| LASE CU @
&l FCC Week 2019 — Brussels — 26June 2019 R. Cimino
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Specular Reflectivity and Photo Yield

o
w

Photon Yield

CulAR,~”10nm
L CKedge OKedge

o
o

>
o
>
)
(®)
k)
G
Q
o
-
55
-
O
()
(@ i
Vs

WA fC L, edge
C K edge OK edge U Ligedge Cu L, , edge

500 1000 1500 500 1000 1500
Photon Energy (eV) Photon Energy (eV)
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Specular Reflectivity

500 1000 1500
Photon Energy (eV)

FCC Week 2019 — Brussels — 26June 2019

and Photo Yield

»In all cases, R is higher at lower photon
energies.

»In all cases, R is higher at lower angle of
incidence 6..

» Reflectivity, after the observed Cu-L,3
absorption edge at 930-950 eV is much higher
than in simulation.

»>n all spectra we measure a significant effect
due to the absorption edges of C K-edge at
280 eV and O Kedge at 530 eV (surf. cont.)

»C and O K absorption edges are more
effective at lower incidence angles.

» Roughness, as expected, plays a major role in
determining the ability of a surface to
specularly reflect impinging photons.

R. Cimino
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and Photo Yield

R =15nm

a

w 0.2 Cu LHC-Flat
501 REFLEC sim VS data Cu

0
0 250 500 750 1000 1250 1500 175(C
Photon Energy (eV)

Comparison of REFLEC simulations and experimental data of Specular Reflectivity VS
Photon Energy of Cu LHC sample (6; = 0:25). To understand the role of air contaminants
simulations for Carbon and Oxygen are also reported.

“36', @
e &l FCC Week 2019 - Brussels — 26June 2019 R. Cimino




Specular Reflectivity and

>In all cases, PY is higher at higher
photon energies.

» The PY dependence on 6;is consistently
dimmed and finally washed out when
surface Ra is increasing.

> In all cases, the Cu-L2-3 absorption
edge at 930-9250 eV is visible and cause
an increase in the measured PY.

0.6 | CuLHCR,™~ 15 nm

Photon Yield

»In all spectra we measure a significant
effect due to the C K-edge at 280 eV '
and O K-edge at 530 eV (surf. . CulAR,™~ 10 nm

. CKedge OKedge
Contaminants) _

»Roughness does influence the PY. The
lower is Ra, the highest is the measured
PY. Also because Reflected photons do
not produce photoelectrons!

500 1000 1500
Photon Energy (eV)
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Angular Distribution of Reflectivity

Incident angle } Fixed
photon Energy

The detector moves over the reachable Solid
Angle[® 6]

Detector | | hv=1800eV |
Acceptance 0.=0.25°

angle

Total Ref. = Specular Ref. + Diffuse Ref.

R=JJ Rdf,de

ad -
N

6

Intensity (a.u.)

1 15 2
Reflection angle f)r(deg)
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Angular Distribution of Reflectivity

Reflectivity Angular Distribution of Samples

With different Roughness

CulA n 0.=0.250
R,~ 10 nm &

Cu LHC
R,~ 15 nm

hv = 1800 eV 0050 hv=1800ev

o =0°

!

R,~ 27 nm

% p=050 hv=1800eV 0
W\ AN

Norm. Reflectivity

»

Reflection angle 6,( °)

:‘E?!‘é' 'ﬁ

& &l FCC Week 2019 — Brussels — 26June 2019

=0°
o=t0

f\ Ol: 0.25° Cu 2A 0.=(0.25° Cu 21B

R,~ 25 nm
=0.5% ywv=1800 eV
¢ =0°
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Specular Reflectivity VS Total Reflectivity

Photon Specular Total
energy Rleflec. Reflec.
hr(eV) 0; = 0.257 0; = 0.25°
(AR/R==+ 2%)|(AR;/Ri=15%)
1800 0.47 0.72
1200 0.47 0.71
800 0.53 0.80
600 0.54 0.76
400 0.59 0.79
150 0.71 0.95
80 0.75 0.92
50 0.81 0.96

0.6

>
b
>
)
QO
Q
Q
=

o
F =Y
T

500 1000 1500
Photon Energy (eV)
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>
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Q
(-
Q
oc

"~ 500 1000 1500

Photon Energy (eV)
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Specular Reflectivity
A
Total Reflectivity

Cu - LASE |
R, @ 6,=0.25° -
= m :

0,=0.25° -
=ikl

N R@6=05
:

R.@6=1°

1000 1500
Photon Energy (eV)
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Specular Reflectivity
A
Total Reflectivity

Photon| Specular Total Photon| Specular Total

energy Reflec. Reflec. energy Reflec. Reflec.

hyv(eV) &;=0.25" g; =0.28° hyv(eV) 6; = 0.25° 6; = 0.25°
(AR/R== 2%)|(AR:/R:==% 10%) (AR/R=% 2%)|(AR:/Ri==% 20%)

80 | 002 [ om 80 | 0003 | 00 |

600 | 005 | 008 | 600 | 00000 | 0006

We can generate experimental values that can
be mediated and used in realistic simulations.

5% @
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resented at: FCC-2015 Washington

Do alternatives to optimization of HL removal from BM cold masses exists?

week ending

PRL 115, 264804 (2015) PHYSICAL REVIEW LETTERS 31 DECEMBER 2015

Potential Remedies for the High Synchrotron-Radiation-Induced Heat Load for Future
Highest-Energy-Proton Circular Colliders

N - 1,2% s WY 3
R. Cimino, V. Baglin,” and E. Schifers

aps Physics ~

From: '
SynopSiS: COOler COlliderS /Alan Stonebraker

...... The proposal is to coat the interior of the copper tube with a thin
layer of carbon that reflects all the incident radiation. ...... the
radiation, and the heat it carries, is transported away from colder
regions towards periodically placed room-temperature absorbers,
which are easier and cheaper to cool than the tube itself. The authors
claim that this design would reduce the power consumption
potentially cutting the associated costs in half.

pen  (— Katherine Wright, APS, Physics) E’
ZA
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The case of FCC-hh

Some Numbers:
(Power = Feasibility = Sustainability!)

P:or ~6 GIW!
/ rot Cold mass 1.9K

1.8K-166 W

Beam
Cold bore
4.5K-65.7W

Power to dissipate TW (W)

20K - 14 W @ 60K Pror ~100 MW

_THEZIW

2 5 10 100 300 @ RT Pror ~20 MW

Temperature of the cold surface [K]

eV
:[“__: 1
% Al FCC Week 2019 - Brussels — 26June 2019 R. Cimino -




Specular and Total Reflectivity
VS Photon Energy of LHC-Flat
Carbon Coted (CC) sample.

"'()i=0'25°
_..0i=0.5°
_._()i=1°
"”RTot()izo'ZS
_o_RTot()i=0.5

_O_RTot ()i=1°

250 500 750 1000 1250 1500 1750
Photon Energy (eV)

Increases with decreasing 6,
It stays above 80 %

R. Cimino, et al to be published
R. Cimino

The case of FCC-hh \.

R. Cimino, V. Baglin and F. Schifers, PRL. 115 (2015) 264804

Comparison between Specular and
Total Reflectivity VS R, for Carbon
coated samples: at 1800 eV and
incidence angle 6; = 0.25°

o’ o
o)) e o]

S

Reflectivity

()i:0.25°

CC samples
hv=1800 eV

25 30 35
Roughness (nm)

Does not significantly decreases
with R!!




N The case of FCC-hh \.

Comparison between Specular and
Total Reflectivity VS R, for Carbon
coated samples: at 1800 eV and

R. Cimino, V. Baglin and F. Schifers, PRL. 115 (2015) 264804 incidence angle 6; = 0.25°

.

\!\

Grazing angle impinging Photons

—— ; | 6.=0.25°

CC samples
hv=1800 eV

25
Roughness (nm)

Does not significantly decreases
with R!!

R. Cimino, et al to be published
19 R. Cimino
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PRL 115, 264804 (2015) PHYSICAL REVIEW LETTERS

LHC standard surface finish

Potential Remedies for the High Synchrotron-Radiation-Induced Heat lo
Highest-Energy-Proton Circular Colliders

. . | | ” ~100% on last
Depending on the distance magnet

between RT absorbers, one | | |

can foresee a significant
dissipated at COLD, and oL II'II'II'II'Il'II'I[IFIFI[II

reduction in the HL to be

0-21-63-105-147-189-231-273-315-399-441-483-525-567

reduce ConSTrU C'I'i\/e @ nd Disatance from first Magnet [m|

machine running Ccosts

. Within 500m ~ 70% of
. . ) expected HL adsorbed @ LT
R. Cimino, V. Baglin and F. Schifers, PRL. 115 (2015) 264804
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* R and PY on technically relevant samples can be experimentally
measured!
* We showed:. - the importance of contaminants (LT
studies?)
- the importance of total R

* Simulation for Machine Design study must be supported by:
» Experimental data of each individual Material Property
» Dedicated experiments are the only way to produce the
necessary inputs close to realistic conditions.

« We experimentally add a positive piece of information to
validate the use of low SEY, high Reflectivity Carbon coatings to
extract the HL from the cold BS to RT absorbers with a net
reduction in building and running costs.

FCC Week 2019 — Brussels — 26June 2019 R. Cimino
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