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Collider Requirements
§ When discussing issues for future colliders, must place establish a range 

of basic parameters to consider as our goals — 
• maximum energy 
• maximum instantaneous luminosity, integrated luminosity goals 
• bunch length, spacing, events per bunch crossing, energy spread at collision 
• and other other impacts that come into play: 
» crossing angle and beam-beam effects, etc. 
» cost-effective hardware design; real estate; etc. 

§ Today’s Frontier Parameter Set 
• Energy:  ~ 100 TeV (i.e., 50 TeV per hadron beam) 
• Luminosity:  peak ~1035 cm-2 s-1,  ~ 100’s fb-1/year,  1000’s fb-1 total data set 
• Events per bunch crossing:  ~200 
• Bunch spacing:  ~10 ns (5-25 ns)
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attempting to be general, but will easily recognize FCC-type parameters
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    A candidate is 
QinHuangDao (秦皇岛) 

CEPC –SPPC Site Selection 

Y. F. Wang 

300 km from Beijing 
3 hours by car; 1 hour by high-speed train  
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Parameter Value Unit 
Circumference 54.36 km 
C.M. energy 70.6  TeV 
Dipole field 20 T 
Injection energy  2.1  TeV 
Number of IPs 2 (4) 
Peak luminosity per IP 1.2E+35 cm-2s-1 
Beta function at collision 0.75 m 
Circulating beam current  1.0  A 
Max beam-beam tune shift per IP 0.006 
Bunch separation 25 ns 
Bunch population 2.0E+11 
SR heat load @arc dipole (per aperture) 56.9  W/m 

SPPC main parameters 
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J.	Tang

			from	talk	at	FCC	Week	2015

The Super Proton Proton Collider 
(SPPC)
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The Future Circular Collider Study

4 4
Future Circular Collider Study
Michael Benedikt
2nd FCC Week, Rome, April 2016

International FCC collaboration 
(CERN as host lab) to study: 
• pp-collider (FCC-hh)       
Æ main emphasis, defining 
infrastructure requirements 

• 80-100 km tunnel infrastructure 
in Geneva area

• e+e- collider (FCC-ee) as 
potential first step

• p-e (FCC-he) option
• HE-LHC with FCC-hh technology

~16 T � 100 TeV pp in 100 km

Future Circular Collider Study 
GOAL: CDR and cost review for the next ESU (2019)

14
Future Circular Collider Study
Michael Benedikt
2nd FCC Week, Rome, April 2016

parameter FCC-hh SPPC HE-LHC* (HL) LHC
collision energy cms [TeV] 100 71.2 >25 14

dipole field [T] 16 20 16 8.3

circumference [km] 100 54 27 27

# IP 2 main & 2 2 2 & 2 2 & 2

beam current [A] 0.5 1.0 1.12 (1.12) 0.58

bunch intensity  [1011] 1 1 (0.2) 2 2.2 (2.2) 1.15

bunch spacing  [ns] 25 25 (5) 25 25 25

beta* [m] 1.1 0.3 0.75 0.25 (0.15) 0.55

luminosity/IP [1034 cm-2s-1] 5 20 - 30 12 >25 (5) 1

events/bunch crossing 170 <1020 (204) 400 850 (135) 27

stored energy/beam [GJ] 8.4 6.6 1.2 (0.7) 0.36

synchrotr. rad. [W/m/beam] 30 58 3.6 (0.35) 0.18

*tentative

hadron collider parameters

M.	Benedikt	
			from	talk	at	FCC	Week	2016
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Technology Limitations and Challenges
§ Today’s (or next year’s) technology limitations will determine the 

engineering solutions used in a future collider — many years to complete 

§ For a large hadron collider, it’s the Magnets  
• Tevatron ~ 4 T;  (SSC ~ 6 T); LHC ~ 9 T;   FCC  ~ 16 T 
• today’s limit in model accelerator magnets ~ 13-14 T 

• still ways to go to make reproducible, but getting closer — should get there
• note:  will actually need 18-20 T, to include operational margin, etc.

§ So, let’s assume ~16 T — sets scale of the collider circumference 

§ Many other important technology considerations, with actual feedback 
into the beam dynamics issues:  beam pipe design (synch rad, vacuum, 
impedance), energy deposition mitigation, controls/feedback systems, …
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e B
; R = �/f (f ⇥ 0.8� 0.9) leads to ~ 100 km circumference
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Magnets

6

Cos-θ (D20, achieved bore field 13.5 T at 1.9 K)

Canted-Cos- θ (concepts)

S. Caspi, FCC kick-off meeting, SC Magnet 
Development Toward 16 T Nb3Sn Dipoles

L. Brouwer, IEEE Trans. Appl. 
Supercond., Vol. 25, No. 3, 2015A.F. Lietzke, IEEE Trans. Appl. Supercond., Vol. 13, No.2, 2003

Block (HD2c, achieved bore field 13.8 T at 4.3 K)

Common coil (Rd3d, achieved bore field ~11 T)

D. Dell’Orco et al., IEEE Trans. Appl. Supercond., Vol. 3, No.1, 1993 P. Ferracin et al., IEEE Trans. Appl. Supercond., Vol. 19, No.3, 2009

Courtesy	Daniel	Schoerling	(CERN)
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Luminosity
§ One could argue that with a factor of 7 in beam energy (14 to 100 TeV) 

should come a factor of ~50 in luminosity — 5x1035cm-2s-1 
• Remember that LHC luminosity was picked to compete with the SSC (14 

rather than 40 TeV —> 1034 rather than 1033).  If SSC were scaled to 100 TeV, 
then would want ~1034 

§ In round numbers, … 

§ These basic parameters could be viewed as “modest”, and upgraded 
values would lead into the 1035 luminosity regime
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“tune	shift”	

parameter)

(5 104)(0.005) / [(1.5 10-16 cm)(100 cm)(25 10-9 s)] * 1011 * (9/10) 
       ~ 5 x 1034 cm-2s-1       (FCC-hh early-stage design goal)
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Beam Dynamics Issues at 50 TeV
§ What are the beam dynamics issues at 20-50 TeV/beam? 

• aperture and single-particle stability 
• synchrotron radiation, luminosity development/optimization 
• energy deposition — beam loss rates, heating, etc. 
• beam stored energy — abort and accident protection 
• beam-beam interactions, crossing angles, tune spread, PACMAN effects 
• coherent instabilities 

§ Same issues (by name) now as in 1986; but… 
• …technology & materials — the field has continued to evolve 
• …computing power — VERY different that 30 years ago 
• …and, we now have experience at ~1-7 TeV

8

can only discuss a few issues here, in any small amount of depth
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Start with Linear Optics
§ For a given technology, can scale the optics (focal lengths, spacing, etc.) 

with the momentum.  Hence, often adapt layout of present systems into 
newer systems, taking into account improvements in technologies 

§ Note:  superconducting technologies have enabled much higher fields, 
however the “warm” components still dictated by 2 T technologies:  

•  kickers, septum magnets, separation magnets, etc. 
• as particle energy increases, space required for injection, extraction, etc., 

increases proportionally (assuming similar transverse constraints)

9

Recent status of the optics (Ø§ = 0.3 m)

œ Version 5c of the IR.
œ

L

§ = 45 m
œ Ø§ considered:

œ
0.3 m (ultimate)

œ
1.1 m (baseline)

œ
4.6 m (injection)

œ
6.0 m

œ Injection in a dedicated section.
œ FODO cells of 90°.
œ Cell length: 300 m

Antoine CHANCE Lattice updates 22 September 2016 4 / 11

Recent FCC straight section 
design iteration 
(courtesy A. Chance)

Ncells ⇠
p
C ,   etc.
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Linear Optics
§ Straight Section Insertions 

• Extraction typically requires long nearly-uninterrupted space 
» protection of elements during atypical beam abort 

• Interaction regions — next longest (typically for final focus, beta-squeeze) 
• Shorter regions for injection (maybe not so short), RF, instrumentation 
• Becoming ever more important for higher energies:  energy deposition 

mitigation 
» beam scraping/collimation — transversely and longitudinally 

§ At issue: 
• IR placement, clustering 
• modularity, circumference control 
• dispersion control, suppression (and, in some cases, enhancement)

10
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Superperiodicity
§ Racetrack vs. 

multiple superperiods

11

from	the	SSC	CDR	(1986)

FNAL:		original	Main	Ring	had	P	=	6;	
												Tevatron:		P	=	1	!
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Modularity
§ Length of SSC Standard Half-

Cell was in units of the bunch 
spacing (5 m) 

§ Then, Utility Regions, IRs, etc., 
each in units of L 

§ By adding L at ends of straight 
section regions could maintain 
anti-symmetry of optics 

12

Basic SSC modules
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Modularity and “free space”
§ Modularity and “free space” became 

very useful at the SSC when 
finalizing the exact locations of 
shafts, utilities and service buildings

13

5/24/00 VLHC/MT Wkshp  --  MJS

Highway

Railroad trackHalf-cell locations

Ideal access point

??

Final acquired property

• “free space” created in arcs
‣ “missing” dipoles in cells
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Interaction Region Design
§ Machine-Detector Interface 

• inclusion of shielding, sweeping dipoles, etc. 

§ Issues will extend beyond the IP/IR — arc interface 
• dispersion suppressors at entrance/exit of IRs will require attention

14

Recent status of the optics (Ø§ = 0.3 m)

œ Version 5c of the IR.
œ

L

§ = 45 m
œ Ø§ considered:

œ
0.3 m (ultimate)

œ
1.1 m (baseline)

œ
4.6 m (injection)

œ
6.0 m

œ Injection in a dedicated section.
œ FODO cells of 90°.
œ Cell length: 300 m

Antoine CHANCE Lattice updates 22 September 2016 4 / 11

Recent FCC 
design iteration 
!* = 0.3 m 
(courtesy A. Chance)



M. Syphers          NA PAC 2016     OCT 2016

Momentum Collimation
§ Note:  momentum spread goes down; but dispersion remains ~ the same 

• D always on the scale of ~1-2 m or so

15
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§ Momentum spread 
decreases for higher 
energies, and dispersion 
harder to generate in a 
short space 

§ Look to improve momentum 
cleaning through optical 
designs
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§ Create insertion with 
• “low-beta” optics, 

and 
•  larger dispersion

16

Dp
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optimize																	to	discriminate	during	collimation
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Suppose	want	

Then,	for	FCC-like	parameters,	

About	the	middle	of	a	straight	section	with	a	focus,	

for	s	<	!*/2,	this	factor	>	0.8

Momentum Collimation
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Lattice Design Investigations

§ Produce an insertion with 
“low-beta” optics (!* ~ 100 m) 
and a larger dispersion       
(D* ~ 5-10 m), created by 
appropriately phased anti-
bending 

§ Concept is still under 
investigation, including 
geometric implications, etc. 

§ Again, similar scheme was 
applied in the SSC lattice, for 
different purpose

17
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The SSC Diamond Bypass

18

A. Garren design

Was to utilize reverse-bending sections 
to create equal path length modules to 
separate future IR regions from the 
early-commissioned IRs



M. Syphers          NA PAC 2016     OCT 2016

Dynamic Aperture and Design Criteria
§ Computations of dynamic aperture began in earnest with the Tevatron 

design studies 
• Early verification of nonlinear dynamics 
» measured phase space; tune vs. amplitude 
» measured dynamic aperture vs. predictions

19
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Figure 3.6: Phase space plot from experimental data for betatron 
oscillation of amplitude close to third-integer resonance 
separatrix. 
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Measurement of Tune vs Sextupole Current 
19.41 

19.40 

19.39 

19.38 
Slope = 7x 10v4 / Amp 

0 10 20 30 40 

Sextupole Current (Amps) 

Figure 3.9: Measurements of tune versus sextupoie current. 
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Dynamic Aperture and Design Criteria
§ SSC Design Study,  LHC design study:

20

• Initial long-term tracking 
codes for the SSC and 
for early LHC design 
work struggled to be able 
to track for 106 turns — 
for a single particle! 

• Led to many, often 
conservative, decisions 
to be made during these 
times

Y. Yan, et al.,SSCL Report 303 (1990)
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Single Particle Stability
§ Today, times are different.  Computers are MUCH faster and simulations 

can be much more complete.  

§ And, we now have a well-operating LHC with which to compare! 

§ Tracking sufficient number of particles for sufficient turns will require 
continued efforts, but recent history provides confidence in the techniques

21

DA Nominal Machine - LHC 5/6

27

E.H. Maclean, 
R. Tomàs,       
F. Schmidt, and 
T.H.B. Persson.

03.12.2015 ABP-Forum - F.  Schmidt

DA Corrected Machine - LHC 6/6

28

E.H. Maclean, 
R. Tomàs,       
F. Schmidt, and 
T.H.B. Persson.

03.12.2015 ABP-Forum - F.  Schmidt
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Synchrotron Radiation
§ In the SSC design, electron cloud effects were just becoming realized as 

an issue 
• this generated the need for a liner 
• SSC was cancelled, but became even more important for LHC 

§ LHC studies drove understanding of liner impedance and requirements of 
coatings and interfaces 

§ For SSC, and especially for LHC — SR no longer a “nuisance”, but rather 
a significant operational issue 

• parameter choices with beam screen considerations 
• SR can be exploited to optimize integrated luminosity 
• impedance, e- cloud, instabilities will need further study

22
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Early FCC Beam Screen Studies

23

SR Ray-Tracing (Synrad+): 	
The high-energy small vertical angle opening of the primary SR fan 
passes almost unscathed inside of the 2x 1.57 mm-high continuous slot 

All SR-induced gas load may interact 
with the beam

More	recent	beam	screen	design,	

	R.	Kersevan,	C.	Kotnig,	et	al.	
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Early FCC Beam Screen Studies

23

SR Ray-Tracing (Synrad+): 	
The high-energy small vertical angle opening of the primary SR fan 
passes almost unscathed inside of the 2x 1.57 mm-high continuous slot 

All SR-induced gas load may interact 
with the beam

More	recent	beam	screen	design,	

	R.	Kersevan,	C.	Kotnig,	et	al.	
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Energy Deposition and Collimation
§ Example:  FCC parameters 
§ >8 GJ kinetic energy per beam 

• Airbus A380 at 720 km/h 
• 24 times larger than in LHC at 

14 TeV 
• Can melt 12 tons of copper 
• Or drill a 300 m long hole 
⇒ Machine protection 

§ Also small loss is important 
• e.g. beam-gas scattering, non-

linear dynamics 
• Can quench arc magnets 
• Background for the experiments 
• Activation of the machine 
⇒ Collimation system

24

beam loss of ~10-4 = ~1MJ

Tevatron event 
~1 MJ

LHC tests
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Introduction of “2-Stage” Collimator System

• First investigated in detail during the SSC site-specific design 
development, later implemented in the Tevatron, LHC

25

Y' 

<I> = 0 

Out-scattered 
Particles 

Secondary 
Collimator 

Particles, Traversing 
Whole Block Length 

Y 

Scraper 

<I> = 150 

Y 

o 

Fig. 2. Principal scheme of a two-stage collimation system. 

4 

Y 

along the machine. Local sources such as pp-collisions and scrapers add some peaks to the 

above "pedestal." Results on beam loss distribution in this paper are presented for those 

peaks only. Calculations of the source term and energy deposition in the components have 

been done with MARS 12 code [5]; particle tracking in the lattice with STRUCT code [6]; 

and thermal analysis with ANSYS code [7]. 

2. Two-stage collimation system 

The most direct way of collimating a beam of particles is to define the physical aperture 

with a solid block of absorbing material. Depending upon the material and thickness, a 

certain fraction of the intercepted beam will survive, either by traversing the whole length 

of the block or by being scattered out of the block. Fig. 1 shows particle angular 

distribution at the downstream end of the scraper block for the LHC 8-TeV protons [8]. 

The number of protons penetrating the whole length of the scraper can be reduced by using 

a longer block or a "denser" material. Suppression of the outscattered particles is much 

more difficult. For a given material, the position and width of the peak of the outscattered 

particle yield depends upon the impact parameter and particle energy. The smaller the 

impact parameter and the higher the energy, the narrower the peak becomes and the closer it 

moves to the zero-angle position. 

The principal scheme of a two-stage collimation system is shown in fig. 2. The 

transverse position of outscattered protons and of protons traversing the entire block is 

almost the same, but they have different angular distributions. Consequently all these 

particles fall along a vertical straight line in the phase space, as shown in fig. 2. After 

rotating about 10° in the phase advance, the segment of line corresponding to positive angle 

can be efficiently intercepted by a secondary collimator. For a segment corresponding to 

outscattered particles (negative angles), it is necessary to place a secondary collimator at 

about 150
0 

in phase advance downstream of the first collimator. The Tevatron uses only 

2 

Toward Design of the 
Collider Beam Collimation System 

Superconducting Super Collider 
Laboratory 

SSCL-Preprint-555 
February 1994 
Distribution Category: 400 

A. Drozhdin 
N. Mokhov 
R.Soundranayagarn 
J. Tompkins 
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Beam Collimation

26

Can make an LHC-type solution, but other solutions need to be investigated 
• hollow beam as collimator 
• crystals to guide particles 
• renewable collimators
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Beam Abort — 8.4 GJ all at once
§ SSC work led to the use of a spiral kicker system, eventually 

implemented in the LHC design  
• full hydrodynamic calculations of energy deposition began at this time as well

27
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§ Beam Abort System kicker 
misfiring will be even bigger 
issue 

• segmentation; aperture and 
system protection 

• beam spreading  
• spiral, raster, etc. 

• sacrificial components — first 
examined during VLHC study 
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FCC Beam Abort — 8.4 GJ beams

28

Energy deposition studies on the dump absorber
A. Lechner, FCC dump 
meeting, 20th Jan. 2016

03/03/2016 FCC-hh extraction status 12

General layout

• After lattice review in Orsay, Nov-2015 worked on ‘alternative baseline’ with 
extraction and collimation separated into the two ESS

03/03/2016 FCC-hh extraction status 3

Spiral	dilution	patterns	appear	to	produce	
acceptable	local	energy	density	for	FCC	
conditions;	under	study

FCC	is	looking	at	alternate	layouts	
for	collimation	(betatron,	
momentum)	and	extraction	
systems
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Multi-Particle Considerations
§ FCC-type colliders maintaining bunch intensities at level of 1011  

• not pushing the envelope here 

§ Multi-Particle Considerations 
• Beam-beam Interaction (HO, LR; PACMAN) 
» lattice distortions 
» luminosity limitations 

• Wake Field / Impedance 
» intensity limitations 
» injection schemes (interlacing, a’ la VLHC) 
» feedback system developments

29

July 20, 2001
M4 -- Hadron Colliders

MJS/SP 25

STANDARD FILLING
SEQUENCE --
sequential filling

BALANCED FILLING
SEQUENCE --
interleaved  filling

AC Tune Shifts of Individual Batches
vs. Number of Batches Loaded 
(DC Tune Shift Subtracted)

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0 5 10 15 20 25 30 35 40

Number of Batches Loaded

T
u
n
e 
S
h
if
t

AC Tune Shifts of Individual Batches
vs. Number of Batches Loaded 
(DC Tune Shift Subtracted)

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0 5 10 15 20 25 30 35 40

Number of Batches Loaded

T
u
n
e 
S
h
if
t

Filling patterns to reduce tune shifts

July 20, 2001
M4 -- Hadron Colliders

MJS/SP 25

STANDARD FILLING
SEQUENCE --
sequential filling

BALANCED FILLING
SEQUENCE --
interleaved  filling

AC Tune Shifts of Individual Batches
vs. Number of Batches Loaded 
(DC Tune Shift Subtracted)

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0 5 10 15 20 25 30 35 40

Number of Batches Loaded

T
u
n
e 
S
h
if
t

AC Tune Shifts of Individual Batches
vs. Number of Batches Loaded 
(DC Tune Shift Subtracted)

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0 5 10 15 20 25 30 35 40

Number of Batches Loaded

T
u
n
e 
S
h
if
t

Filling patterns to reduce tune shifts

Foster, et al.,  
from VLHC Study, 2001
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Injection and Operations
§ Injector Chain 

• dynamic aperture at injection 
• choice of injection energy and injector system 
• filling times, turn-around times, scenarios; cogging and harmonics 
• sensitivities to injector emittance (RLHC), injection process 

§ # lumi  ~  5  # SR 
• luminosity leveling and integrated luminosity optimization 
• general parameter optimization for max integrated luminosity 

§ sensitivity of injector emittance to overall operation goals 
• see RLHC (precursor to VLHC) 

§ use of existing infrastructure vs. Green Field

30
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Luminosity Optimization
§ Though synchrotron radiation is an 

operational issue for the LHC, the 
luminosity behaves in a traditional 
manner 

§ However, like the SSC design (see right), 
a 50-100 TeV collider will operate in an 
emittance-damped mode, leading to 
interesting optimization of the integrated 
luminosity

31

1033cm-2s-1, 
1011,  
$m

§ Using dynamic crossing angle, !* control, … 
• new operational scenarios will be explored 
• turn-around times, efficiencies will be ever more important 
• global optimization of the physics reach will be inevitable

SSC
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Example FCC Parameter Evolution

32

  

Example of beam 
parameter evolution

Nominal scheme is 
limited by HO tune shift: 
what is the real limit ?

Lower β* could be 
achieved with 
smaller emittance

Very small emittances 
are reached : limitations 
due to BB +IBS + QE + 
noise ?

X. Buffat 

actively	vary	the	
final	focus	optics	to	
mitigate	beam-
beam	interaction	
effects

luminosity	rises,	falls	
as	in	the	SSC
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Design Optimization for Luminosity

33

PSR<10 W/m/beam peak               tL > 2 tsr              Int/cross < 60         L units 1034 cm-2s-1

VLHC	Study,	
P.	Bauer,	et	al.,	2002

SSC

VLHC	
(2001)
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Design Optimization for Luminosity

33

PSR<10 W/m/beam peak               tL > 2 tsr              Int/cross < 60         L units 1034 cm-2s-1

VLHC	Study,	
P.	Bauer,	et	al.,	2002

SSC

VLHC	
(2001)

FCC
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Design Optimization for Luminosity

33

PSR<10 W/m/beam peak               tL > 2 tsr              Int/cross < 60         L units 1034 cm-2s-1

VLHC	Study,	
P.	Bauer,	et	al.,	2002

SSC

VLHC	
(2001)

FCC

currently,	radius	of	FCC	is	
being	constrained	by	CERN	
site	and	the	Alps…

perhaps remove restrictions using the ocean? 
see P. McIntyre, this session - MOB2
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Collider History

34

C
on

st
itu

en
t C

en
te

r-
of

-M
as

s 
E

ne
rg

y

adopted from W. Panofsky, Beam Line (SLAC) 1997

adopted from W. Panofsky. Beam Line (SLAC) 1997



M. Syphers          NA PAC 2016     OCT 2016

Collider History

34

2020 2030 2040

C
on

st
itu

en
t C

en
te

r-
of

-M
as

s 
E

ne
rg

y

adopted from W. Panofsky, Beam Line (SLAC) 1997

adopted from W. Panofsky. Beam Line (SLAC) 1997



M. Syphers          NA PAC 2016     OCT 2016

Collider History
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Collider History

34

SSC

LHC

2020 2030 2040

C
on

st
itu

en
t C

en
te

r-
of

-M
as

s 
E

ne
rg

y

adopted from W. Panofsky, Beam Line (SLAC) 1997

adopted from W. Panofsky. Beam Line (SLAC) 1997



M. Syphers          NA PAC 2016     OCT 2016

Collider History
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Collider History
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Thank You!
§ Other “Large hh Collider”-related talks: 

• Collider in the Sea: A New Vision for a 700 TeV World Laboratory 
  Peter M. McIntyre (Texas A&M), this session - MOB2  

• High Luminosity 100 TeV Proton-Antiproton Collider 
 Sandra Oliveros (U Miss), this afternoon - MOB3  

• Quench Training Analysis of Nb3Sn Accelerator Magnets - Strategy and First Results 
  S. Stoynev, K.H. Riemer, A.V. Zlobin (Fermilab) - MOPOB40   

• Considerations on Energy Frontier Colliders After LHC 
   V.D. Shiltsev (Fermilab) - TUPOB07  

• Persistent Current Effect in 15-16 T Nb3Sn Accelerator Dipoles and its Correction 
   A.V. Zlobin, V.V. Kashikhin (Fermilab) - THA1CO04 

§ Bibliography 
» For SSC CDR, and other documents:  http://lss.fnal.gov/archive/other/ssc/  
» LHC CDR, other documentation:  visit http://home.cern/topics/large-hadron-collider 
» Design Study for a Staged Very Large Hadron Collider, VLHC Design Study Group Collaboration 

(Giorgio Ambrosio et al.). Jun 2001. 271 pp. SLAC-R-591, FERMILAB-TM-2149  
» Future Circular Collider Study web page:  http://fcc.web.cern.ch 
» For SppC, visit:  http://cepc.ihep.ac.cn/preCDR/Pre-CDR_final_20150316.pdf
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Back-Up

36
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High Field vs. Low Field
§ Total costs of collider could be less, 

and leaves path for further upgrades

37

350	GeV	
e+e-

100	TeV	
pp

300	TeV	
pp

P.	McIntyre

Aspen, 1/27/2015 Proposed US Activities for Future Circular Colliders – W. Barletta, G. Sabbi 22 

Studies of pp Colliders at Lower Field 
• Motivated by cost models (from VLHC study) and open mid-plane design 
• Longer circumference (or lower energy) not consistent with FCC/SppC goals  
• Can provide valuable insights and new design concepts for global optimization  

P. McIntyre et al.,  “4.5T, cable-in-conduit SC 
dipole for future hadron colliders”,  ASC  2014 

Automation techniques from electrical industry 

B. Palmer et al., “Accelerator  Optimization  issues  
of a 100 TeV collider”,  ARD  panel  meeting,  BNL 

Dipole design: 
 

• cable in conduit 
• warm iron 
• open mid-plane 
• SR anti-chamber  

Sensitivity 
to different 
assumptions 

Updating/refining VLHC models 

Dependence 
on aperture 
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Dispersion Suppressor

38

keep L✓ =

1
2 for 90

�
dispersion

suppression by making

L = 3L
o

/4 and ✓ = 2✓
o

/3

Required	second	dipole	magnet	length	

Later,	this	magnet	was	also	used	at	
power	feed	locations	to	create	extra	
space	
				(every	six	cells	throughout	an	arc)	

5,	15-m	dipoles

4,	13-m	dipoles

✓d = 2✓0/3 = ✓0 ⇥ 4/5⇥ 5/6

2L 3L
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SSC Beam Cleaning

39

dogleg dipole 
scraper hor. 
scraper vert. 

SSWUT 

[! symmetric and 
asymmetric 
Lambertson 
magnets 

CGWUT2 
CHWUTI 

CLWUTI 
abort dipole 

ogleg dipole 

cJ 
('l) 

CHWUT2 S 

injection 
Lambertson 

QU3 magnets 
QU4 

RF cavities 

QF injection kicker 

CGWUTI 
QSDI 

Fig. 8. Scraper and collimator positions in the Collider West Utility. 

12 

6. East utility scraping 

The described scraper/collimator system is sufficient to protect Collider equipment from 

irradiation. But zero dispersion in the West Utility doesn't provide an opportunity to clean 

the beam from off-momentum particles. Therefore, a matching lattice with non-zero 

dispersion was considered in the East Utility for off-momentum scraping, as shown in 

fig. 18. The is almost the same as that in the West Utility, but the dispersion (see 

fig. 18) is equal to 2 m. The main purpose of the scraper system in the East Utility is to 

clean the beam of off-momentum particles, as shown in fig. 19. This scheme is the same as 

that shown for the West Utility, but the dogleg is much simpler and cheaper. It consists of 

eight resistive 1-T, 6-m-Iong dipoles. The same scheme can be used for slow extraction of 

the beam with bent crystals. 
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Fig. 18. Lattice functions in the East Utility. 
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RESISTIVE MAGNETS 
70 mm. 

NEUTRALS 

l!J COLLIMATORS 0 
til 

SCRAPER 

Fig. 19. Principal scheme of beam cleaning for off-momentum protons in the East Utility. 

7. Cost 

To eliminate redundant engineering cost, the designs for High Energy Booster (HEB) 

and Collider scrapers and collimators should be done in parallel, because the effect and 

consequences of beam-scraper interaction are practically the same at 2 and 20 TeV. 

Therefore, this would be a shared cost for all collimators and scrapers in the HEB and 

Collider. Thus, it was agreed to use a 2.8-m-long L-shaped jaw for all collimators in both 

accelerators. Reliability and subsystem impact issues were also considered. A cost estimate 

for the HEB and Collider scraper/collimation systems was put through the value 

engineering process. For the Collider, the final cost estimate for the system engineering 

design is $1. 103M; for procurement, assembly, fabrication, transit, installation, and test 

the estimate is $7.174M. The shielding cost is $3.998M, leading to a grand total of 

$12.275M for the Collider system. For the HEB the corresponding cost is estimated at 

$1.993M. 
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VLHC Collimation
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We present results for the instantaneous temperature rise, 
derived from a material’s thermo-physical properties (i.e. 
enthalpy rcscrve = heat needed to raise material’s temperature) 
under the premise that the energy is deposited everywhere at 
the same instant in time. Such an approximation is suitable 
for the short, 290 ps, beam spill time and facilitates the 
interpretation of beam heating in terms of temperature cracking 
or melting limits. 

3. RESULTS 

For the core of the beam backstop, it is desirable to choose a 
material with a high cracking/melting temperature and low 
density (to spread the shower longitudinally as much as 
possible); for these reasons. graphite is a natural choice. 
Carbon’s low atomic number, also helps to reduce the amount 
of long-term induced radioactivity due to spallation fragments. 
A reference plot of AT(r,z), the radially-symetric temperature 
distribution, due to a round-Gaussian (o=lOcm) beam profile 
incident along the axis of a graphite core, is shown in Figure 
2. for 1.3x1014 protons (=1033 luminosity). 

Fig. 2. Radially-symetric temperature rise calculated for 1.3~10’~ 
protons incident on graphite for a round-Gaussian beam profile 
and 20 TeV. The heating-maximum, 670° C, occurs on axis at 
250-300 cm longitudinal distance. 

Along the z-axis, where the beam is most intense, the 
temperature profile follows the longitudinal energy deposition 
curve shown in Figure 1 and away from the axis the 
temperature rise is modulated by the assumed Gaussian beam 
profile. For this and subsequent comparisons, in each case, we 
have made simulations for I7k incident protons which yields 
few percent statistical errors at the shower maximum. Note 
that as the hadronic (and electromagnetic) shower starts, there 
is a rapid rise in the rate of energy deposition followed by a 
maximum that is reached about 3 m (or 7 interaction lengths) 
spanning a length of 3 m. 

For a fixed beam intensity, the variation of the maximum 
instantaneous-heating with beam size is shown in Figure 3. 
Since a material’s specific heat varies with temperature, the 
integration of its specific heat curve, its enthalpy reserve, will 
not be a linear function of temperature change for large 
changes. The convolution, for graphite, between its enthalpy 

reserve and a cr* variation of beam size gives an approximate 
oe413 scaling. A relevant design limit (AT = 2300" for 
graphite) known as the fracture limit is indicated on Figure 3. 
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Fig. 3. Temperature rise as a function of beam cs for 1.3~10~ 4 
protons incident on graphite at 20 TeV . 

This limit, which is lower that graphite’s melting point, 
comes from thermal shock considerations@]. It is prudent to 
maintain an operating margin that reflects systematic 
uncertainties in the simulation and so as not to preclude future 
luminosity (via beam current) upgrades. 

A 10 cm beam spot, obtained from magnetic quadrupole- 
focusing, satisfies the above; however, a prohibitive amount 
of defocusing strength is required because of the SSC (-.l 
mm) beam size and momentum. An extension is to defocus 
asymmetrically in one dimension (horizontal) and sweep the 
beam spot with a slow kicker magnet in the other transvers 
dimension (vertical). Unfortunately, the presence of too large 
a magnification in any plane drives a need for unacceptably 
large abort line apertures. One is soon led to consider beam 
painting schemes. In Figure 4 we show a beam profile that 
corresponds to the baseline CDR[l] “spiral kicker” scheme. 
For the CDR approach one uses two set of orthoginal, fast 
damped-magnetic kickers, along with limited magnification, 
to move the beam spot on the backstop face. Note that the 
damping causes beam pileup on the inner face of the spiral 
which sets an inner limit for painting. Also if the phase 
relationship of between the orthoginal kickers of 90” is not 
maintained, an oval beam spot (as shown in Figure 5) results. 

CDR Spiral Painting Scheme 
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Fig. 4. Nominal beam profile for CDR spiral painting scheme, 
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CDR Spiral Painting Scheme 
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Fig. 5. CDR spiral painting with phase slippage. 

A raster-pattern (shown in Figure 6) can be created via a 
combination of fast and slow kickers. Such a painting scheme 
with less needed fast-kicker strength and vastly reduced 
sensitivity to phase errors, is expected to be more reliable than 
the CDR spiral plan; however, there is some beam pile up 
near the outer edges of the raster pattern. 

Raster Painting Scheme 

-40 -30 -20 -10 0 10 20 30 40 

Horizontal Position (cm) 

Fig. 6. Beam profile for raster painting scheme. 

Attempts have been made to mitigate this edge concentration 
by the addition of nonlinear (sextupole, octupole etc.) 
magnetic elements to the abort channel in a manner similar to 
that suggested by B. Blind[9]. The addition of nonlinearities, 
while helpful in spreading (or folding) the pattern edges, 
reintroduces some sensitivity to initial beam position offsets 
at the beginning of the abort channel. The addition of a short 
sextupole would be beneficial if it is found convenient to have 
moderate kicker damping (-20% over the 300 ~.ts spill). A 
properly placed sextupole could be used to “square up” the 
resulting trapazoidal-shape raster pattern (Figure not shown). 

It has been suggested to place a series of thin targets well 
upstream of the beam backstop to further spread the beam; 
however, simulations show that a few radiation lengths of 
material will add little, about a pradian, to the beam divergence 
at 20 TeV. Such a plan would place an intense radiation 
source undesirably close to the collider tunnel. 

~.FUTURE PROSPECTS & CONCLUSIONS 

At present a raster-scan based technique is the most promising 
and budget-friendly approach. Future detailed design work 
calculations will revisit: shielding and radiation requirements, 
muon vectors etc. Also work is underway to investigate the 
feasibility of using unconventional components to eliminate 
either the kicker magnets or the conventional quadrupoles. 

Preliminary studies using the code TBCI[lO] suggest it might 
be possible to use the beam’s wake-field to excite transverse- 
deflection modes of a passive beam-tube insert. We are 
examining candidates in terms of enhancing wake-field effects. 
If a suitable, simple and inexpensive structure is found, one 
could imagine repeating said structure many (Id--l@) times 
near the beginning of the abort channel. With sufficient 
repetition and enough bunches participating (a modest faction 
of 17,000), a useful increase of beam emittance may be 
possible. Such a passive “beam-spoiler” has the advantage of 
being fail safe. Also the magnitude of the effect would 
automatically track increases in beam current for upgrades. 

For the conventional quadrupole magnets, which must be 
powered continuously, one might consider using a plasma 
lens[ 1 l] or pulsed quadrupole[l2]. Some of the very effects 
that limit the applicability of these devices (beam-plasma 
scattering and nonlinear aberrations) would be beneficial in this 
case. The tradeoff for such devices would be between reduced 
power consumption vs. an increased system complexity. 
Maybe the ultimate (pie in the sky) beam-spoiler could use a 
self-excited plasma inside a self-excited cavity; who knows. 
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In	addition	to	beam	dump	design	development,	the	
need	was	foreseen	to	spread	out	the	beam	via	a	
sweeping	or	“raster”	system

Original	“blow-up	lens”	
system	was	enhanced	with	
a	spiral	kicker	system	

“Raster	Scan”	painting	
system,	using	two	
frequencies	(H/V)	was	
chosen	in	the	end
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Reliability Issues — Abort Pre-Fire
• By 1990s the Tevatron had a good operational record, and a history of 

abort module pre-fires.  Worried about this quite a lot at SSC
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Dealing With Abort Kicker Prefire 
in the Superconducting Super Collider 

A.I.Drozhdin, I.S.Baishev, N. V .Mokhov, B.Parker, R.D .Richardson, and J .Zhou 
Superconducting Super Collider Laboratory· 

2550 Beckleymeade Ave., Dallas, TX 75237 USA 

Abstract 

The Superconducting Super Collider uses a single-
turn extraction abort system to divert the circulating beam 
to a massive graphite absorber at normal termination of 
the operating cycle or in case of any of a number of prede-
fined fault modes. The Collider rings must be designed to 
be tolerant to abort extraction kicker prefires and misfires 
because of the large circulating beam energy. We have 
studied the consequences of beam loss in the accelerator 
due to such prefires and misfires in terms of material heat-
ing and radiation generation using full scale machine sim-
ulations and Monte-Carlo energy deposition calculations. 
Some results from these calculations as well as possible 
protective measures for minimizing the damaging effects 
of kicker prefire and misfire are discussed in this paper. 

I. INTRODUCTION 
The Superconducting Super Collider beam[1,2] con-

tains approximately 420 MJ of circulating beam energy 
per ring at the operating design point, proton momentum 
equal to 20 TeV Ic and a circulating current of 70 mAo 
This amount of circulating beam energy is equivalent to 
about 100 kg of high explosives and must be dealt with by 
a reliable abort system. 

Figure 1. Collimators Locations in the West Utility 

The abort system consists of 24 pulsed kicker magnets 
which direct the beam through the field free region of a 
series of Lambertson magnets on to a massive graphite ab-
sorber[3,4,5]. The abort kickers have a risetime of about 
3Jls. Normally this system is triggered during the 4Jls abort 
gap in the circulating beam and takes 290 JlS to extract 

·Operated by the Universities Research Association, Inc., for 
the U.S. Department of Energy under Contract No. DE-AC35-
89ER40486. 
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Figure 2. Beam Loss During the 3 JlS Kicker Rise Time 

beam from the full 87 km circumference of the Collider. 
If one or more kicker module either prefires or misfires, 
some fraction of the beam may not reach the absorber. 
The consequences of such a beam loss on accelerator com-
ponents are discussed in the next section. In this paper 
particle tracing is done with STRUCT program[6]. Beam 
loss induced cascades and corresponding temperature rise 
is simulated with MARS12 code[7]. 

II. ABORT PREFIRE PROBLEM 
An abort kicker prefire causes large amplitude coher-

ent betatron oscillation of the beam and results in halo 
particles being intercepted by the collimators positioned 
around the ring. These particles can induce overheating of 
the collimator jaws up to hundreds of degrees. The most 
severe situation takes place at 20 TeV Ic before or during 
collisions. 

Simulations of this process have been done for the follow-
ing assumptions. We assumed that the circulating beam is 
cleaned to the 100' level by a scraper which leaves 99% of 
the circulating beam inside of 40' and 1 % of the beam be-
tween 4 and 100'. Collimators are located in West Utility, 
as shown in Figure 1 and in the Interaction Region (IR) of 
the Collider (not shown) to protect low-beta quadrupoles 
against irradiation. For our initial simulations we assumed 
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developed	the	
notion	of	an	
“anti-kicker”
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CHAPTER 17 

BEAM DUMPING SYSTEM 

17.1 SYSTEM AND MAIN PARAMETERS 

17.1.1 Introduction and System Overview 

IR6 of the LHC [1] is dedicated to the beam dumping system. The function of the beam dumping system 
will be to fast-extract the beam in a loss-free way from each ring of the collider and to transport it to an 
external absorber, positioned sufficiently far away to allow for appropriate beam dilution in order not to 
overheat the absorber material. A loss-free extraction will require a particle-free gap in the circulating beam, 
during which the field of the extraction kicker magnets can rise to its nominal value. Given the destructive 
power of the LHC beam, the dumping system must meet extremely high reliability criteria, which condition 
the overall and detailed design. The system is shown schematically in Fig. 17.1 and will comprise, for each 
ring: 
• 15 extraction kicker magnets MKD located between the superconducting quadrupoles Q4 and Q5; 
• 15 steel septum magnets MSD of three types MSDA, MSDB and MSDC located around IP6; 
• 10 modules of two types of dilution kicker magnets between the MSD and Q4; 
• The beam dump proper comprising the TDE core assembly and associated steel and concrete shielding, 

situated in a beam dump cavern ~750 m from the centre of the septum magnets; 
• The TCDS and TCDQ diluter elements, immediately upstream of the MSD and Q4 respectively. 
 
Nominal system parameters are given in Tab. 17.1, with details of the equipment subsystems in Section 

17.3. The MKD kickers will deflect the entire beam horizontally into the high-field gap of the MSD septum. 
The MSD will provide a vertical deflection to raise the beam above the LHC machine cryostat before the 
start of the arc sections. The dilution kickers will be used to sweep the beam in an ‘e’ shaped form and after 
the appropriate drift distance the beam will be absorbed by the TDE assembly. The TCDS and TCDQ will 
serve to protect machine elements from a beam abort that is not synchronised with the particle-free beam 
gap.  
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Figure 17.1:  Schematic layout of beam dumping system elements around LHC point 6. 

17.1.2 Assumed Worst-Case Beam Characteristics 

The beam dumping system must be able to accept LHC beams with well-controlled parameters (e.g. during 
a planned abort at the end of a physics run) and also beams with off-normal parameters (e.g. as arising from 
an equipment failure or beam instability), in addition to variations imposed by optical effects (beta-beating, 
power supply ripple, allowed tuning range). The relevant worst-case beam characteristics that can be 
accommodated [2] by the dumping system are given in Tab. 17.2 for the various LHC beams considered.  

 

 

Table 17.5:  MKB System parameters 

Horizontal diluter magnet system MKBH  
Number of magnets per system 4  
Max. system deflection angle 0.278 mrad 
Kick strength per magnet 1.624 Tm 
Magnet beam aperture – horizontal 58 mm 
Magnet beam aperture – vertical 32 mm 
Operating charging voltage 16.4 kV 
Field rise time 18.9 µs 
Field oscillating frequency 14.2 kHz 
Effective length (magnetic) 1.936 m 
Yoke length (mechanical) 1.899 m 
Vacuum length (mechanical), 2 magnets 4.582 m 
  
Vertical diluter magnet system MKBV  
Number of magnets per system 6  
Max. system deflection angle 0.277 mrad 
Kick strength per magnet 1.077 Tm 
Magnet beam aperture – horizontal 66 mm 
Magnet beam aperture – vertical 36 mm 
Operating charging voltage 22.3 kV 
Field rise time 34 µs 
Field oscillating frequency 12.7 kHz 
Effective length (magnetic) 1.267 m 
Yoke length (mechanical) 1.196 m 
Vacuum length (mechanical), 2 magnets 4.076 m 

 
The main elements of the horizontal MKBH circuit will be pre-charged oscillating capacitors coaxially 

connected to the magnets. The capacitors will be discharged through solid-state closing switches to produce 
an attenuated sinusoid. The vertical MKBV circuit will be more complex because it will require a current 
phase shift of 90° with respect to the horizontal system for a simultaneous trigger of the two systems.  

Fig. 17.5 shows the attenuated discharge currents of both systems. The duration of the resulting “e”-shape 
beam spot, Fig. 17.6, corresponds to one revolution of the beam in the LHC.  

 

 
Figure 17.5:  Discharge currents of horizontal and vertical (bold) generators (7.5 kA per vertical division). 

 

Generator  

The generators [17] will consist of a discharge capacitor in series with a solid state closing switch and 
completed by auxiliary circuits as shown in Fig. 17.7. 

The MKBH system will comprise a pre-charged oscillating capacitor, CH, coaxially connected to the 
magnet inductance, LMH. The capacitor, CH, will be discharged through a solid state closing switch, SH. 
The discharge pulse will be an attenuated sinusoidal oscillation of 25 kA maximum amplitude with a period 
of 70 µs. The required damping coefficient of the magnet current is adjusted with the resistor RH.  

The oscillation in the MKBV vertical magnet system is started by resonantly charging capacitor, CV2, 
from capacitor, CV1, via the fast solid-state closing switch, SV, diode, DV and charging inductance, LV. 

The resonant charging time is 26 µs. The circuit LMV-CV2 can then swing freely with attenuated 

oscillations.  

 

Figure 17.6:  Beam spot figure on absorber block. 

 

 

Figure 17.7:  Basic circuit diagram for MKBH and MKBV systems. 

 

The damping coefficient of the magnet current will be adjusted with the resistor, RV. The main advantage 

of the circuit of the MKBV system is the absence of a switch in the oscillation between CV2 and LMV. A 

current amplitude of 25 kA and a maximum hold off DC voltage of 27 kV will be required. The fast 30 kV 
solid-state switches, developed for the LHC beam extraction generator, will be used. 

All switches and damping diodes will be mounted with grounded cathodes. This will permit the remote 

checking of the state of each complete stack of FHCTs and diodes by comparing the voltage over the first 

device at earth potential with the voltage of a separate divider over the complete stack. 

Transmission Lines 

The low inductive cable link between generators and magnets will use a specially developed coaxial cable. 

The construction mixes the inner conductor of an RG-220/U cable and the outer conductor of an RG-218/U 

with two braids of bare copper wires without joints. Each braid will have an optical coverage of 90 %. Two 

layers of PETP foil are wrapped between the braids. The dielectric is low-density polyethylene of high purity 

with semi-conducting layers. The cable is flame retardant and free from halogens and sulphur according to 

CERN Safety Instruction IS23 and must retain its performance after exposure to an integrated radiation dose 
of 106 Gy. Simplified high voltage connectors that do not require moulding will terminate the cable ends. 
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Horizontal diluter magnet system MKBH  
Number of magnets per system 4  
Max. system deflection angle 0.278 mrad 
Kick strength per magnet 1.624 Tm 
Magnet beam aperture – horizontal 58 mm 
Magnet beam aperture – vertical 32 mm 
Operating charging voltage 16.4 kV 
Field rise time 18.9 µs 
Field oscillating frequency 14.2 kHz 
Effective length (magnetic) 1.936 m 
Yoke length (mechanical) 1.899 m 
Vacuum length (mechanical), 2 magnets 4.582 m 
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Kick strength per magnet 1.077 Tm 
Magnet beam aperture – horizontal 66 mm 
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Yoke length (mechanical) 1.196 m 
Vacuum length (mechanical), 2 magnets 4.076 m 

 
The main elements of the horizontal MKBH circuit will be pre-charged oscillating capacitors coaxially 

connected to the magnets. The capacitors will be discharged through solid-state closing switches to produce 
an attenuated sinusoid. The vertical MKBV circuit will be more complex because it will require a current 
phase shift of 90° with respect to the horizontal system for a simultaneous trigger of the two systems.  

Fig. 17.5 shows the attenuated discharge currents of both systems. The duration of the resulting “e”-shape 
beam spot, Fig. 17.6, corresponds to one revolution of the beam in the LHC.  
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Generator  

The generators [17] will consist of a discharge capacitor in series with a solid state closing switch and 
completed by auxiliary circuits as shown in Fig. 17.7. 

The MKBH system will comprise a pre-charged oscillating capacitor, CH, coaxially connected to the 
magnet inductance, LMH. The capacitor, CH, will be discharged through a solid state closing switch, SH. 
The discharge pulse will be an attenuated sinusoidal oscillation of 25 kA maximum amplitude with a period 
of 70 µs. The required damping coefficient of the magnet current is adjusted with the resistor RH.  

Very	similar	stored	energy	as	in	the	SSC	(0.4	GJ);	
incorporated	spiral	kicker	system	and	many	
features	that	were	envisioned	for	the	SSC


