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Why Accelerators ?
• “A better magnifying glass”
 Need to look deeper into the structure of matter
 Spatial resolution is limited by wavelength of the probe
 Microscope: visible light λ ∼ 1 µm → cell structure
 Higher energy particles: λ = 2π/p 
 X-rays: λ ∼ 0.01−10 nm → atomic, crystal structure 

 Charged particles:
 Rutherford experiment: p ~ 10 keV, λ ∼ 10−10 m
 Discovery of quarks: p ~ 10 GeV, λ ∼ 0.1 fm
 LHC: p ~ 1−10 TeV, λ ∼ 10−16−10−17 m → quark structure, compact extra 

dimensions, 
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New Particles
• Most elementary particles are unstable (WIMPs not seen yet ) → create 

them in high-energy collisions
 Energy conservation needs no explanation 

• Most recent:
 c quark (J/Ψ meson): SLAC/SPEAR (3-7 GeV c.m. energy) and BNL (28 GeV protons 

on Be target)
 b quark (Υ(1S) meson): FNAL (400 GeV pN fixed target)
 t quark: FNAL (1.8 GeV c.m. pp collisions)
 τ lepton: SLAC/SPEAR
 W/Z bosons: CERN/SppS: 540 GeV c.m. pp collisions
 Higgs boson: CERN/LHC: 12-14 TeV c.m. pp collisions
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Fixed Target vs Collider
• Energy reach
 What is relevant for high-energy collisions is CM energy of the fundamental process
 Colliding beams (assuming E >> m):

 Fixed (stationary) target:

• Other advantages of collider beams
 Re-circulating beams possible
 Collisions between fundamental particles

• Advantages of fixed target facilities
 High event rates (see next)
 Variety of targets and beams (including beams of unstable particles)
 Boost for secondaries (this may be a disadvantage too !)
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Event Rates
• Colliders:
 R = σL : L is instantaneous luminosity [cm−2s−1 or fb-1year−1]
 For colliders

     Here f is revolution frequency, n is number of bunches in a ring, Ni is # of particles in 
the bunch, and σ is the beam size

• Typical luminosities:
 FNAL: 1031−1032 cm−2s−1 (10-100 𝜇b-1s−1, 0.1-1 fb-1year−1 )

 LEP,SLC: ~1031 cm−2s−1 (10 𝜇b-1s−1, 0.1 fb-1year−1)

 PEP-II, KEKB: 1034 cm−2s−1 (10 nb-1s−1, 100 fb-1year−1)
 HL-LHC: 5×1034 cm−2s−1 (50 nb-1s−1, 500 fb-1year−1)
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Event Rates
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8 11. Status of Higgs Boson Physics

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs boson production
channels in the SM, and, when publicly available, the major MC tools used in the simulations.
Furthermore, all the Higgs-boson production modes have been interfaced with parton-shower event
generators at NLO QCD like Poweg-Box, MG5_aMC@NLO or Sherpa (the entries “—” indicate cases
when the results are implemented in codes that are not yet public). For ggF and V H NNLO
matched simulations now also exist. Di�erential NNLO QCD results exist for tt̄H [41] (though the
exact 2-loop virtual corrections are still missing) and have been implemented in MATRIX [42].

ggF VBF V H tt̄H

Inclusive: Inclusive: Inclusive: Inclusive:
N3LO QCD + NLO EW N3LO QCD N3LO QCD NNLO QCD

(iHixs) proVBFH (n3loxs) —
N3LO QCD NNLO QCD

ggHiggs (VH@NNLO)
Di�erential: Di�erential: Di�erential: Di�erential:

NNLO+N3LL QCD NNLO QCD NNLO QCD NLO QCD+EW
(Radish+NNLOJET) — — (MG5_aMC@NLO)
N3LO+N3LLÕ QCD NLO QCD + EW NLO QCD + EW

(TROLL) (HAWK) (HAWK)
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Figure 11.2: (Left) The SM Higgs boson production cross sections as a function of the center
of mass energy,

Ô
s, for pp collisions [43]. The VBF process is indicated here as qqH. (Right)

The branching ratios for the main decays of the SM Higgs boson near mH = 125GeV [39,40]. The
theoretical uncertainties are indicated as bands.

e�ective Lagrangian containing a local HG
a
µ‹G

aµ‹ operator [21, 22]. In this approximation, the
cross section is known at next-to-next-to-next-to-leading order in –s expansion (N3LO QCD) [48].
The validity of the e�ective theory with infinite mt is greatly enhanced by rescaling the result by the
exact LO result: ‡ = (‡LO

mt
/‡

LO
mt=Œ)◊ ‡mt=Œ [40]. The large top-quark mass approximation, after
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Fixed Target Event Rates

• Much higher rates achievable with modest beam currents and sizes
 For example, a 1m liquid hydrogen target and a beam of 1013 particles per 

second are equivalent to ~1038 cm−2s−1 luminosity 
 Example from E158 at SLAC

Beam rate Target number density, nt=ρ/m0

Target length
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Components of an Accelerator
• Particle source
• Damping systems (reduce beam size)
• Particle acceleration
• Beam delivery systems (to fixed-target or collider regions)
• Beam dump

8



01/29/2024 YGK, Phys290E

Particle sources
• Electrons
 Thermal
 Photo-electric
 Polarized

• (Heavy) ions including protons
 ECR sources

• Indirect (secondary beams)
 High energy photons
 Positrons
 Neutrons
 Muons, pions, kaons

9



01/29/2024 YGK, Phys290E

Thermionic Gun
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ABSTRACT 

A high-gradient, S-band microwave gun with a thermionic 
cathode is beine develoned in a collaborative effort bv AET. 
Varian, and SSRL. A prototype design using an upgraded Varian 
dispenser cathode mounted with thermal isolation directly in the 
first half-cell of a l-1/2 cell, side-coupled, standing-wave cavity 
has been fabricated and is being tested. Optimization of the 
cavity shape and beam formation was done using SUPERFISH, 
MASK, and PARMELA. An overview of design details, as well 
as the status of in-progress beam tests, will be presented. 

INTRODUCTION 
.- 

In a collaborative effort, AET Associates, Varian .4sso- 
-ciata (\‘.4) and the St.anford Synchrotron Radiation Laboratory 

(SSRL) are de\veloping a 2 hleV S-band microwave electron gun. 
In one application it would be an integral part of a VA medical 
or radiographic accelerator. In another application it would be 
part of a SSRL pre-injector for SPEAR as a synchrotron light 
source. In the first case simplicity and compactness are the de- 
sign criteria.-The goal is to be able to mount a cathode directly 
in the first half cell of a standard \?‘A side-coupled, standing- 
wave accelerator section. Thus, the normally-used 20 kV gun 
insulator and pulse-transformer winding would be eliminated, 
but cathode thermal isolation and back-bombardment heating 
problems might be substituted. In the second case, a l-1/2 cell 

i (plus one side-coupling cell) microwave gun will generate a train 
of bunches that will be compressed in time by an alpha magnet 
and narrowed in energy spread by slits built into the alpha mag- 
net. A fast, FET-switched chopper-collimator at the entrance 
to a 150 hleV linac will allow selection of three bunches out of 
the several thousand that are produced over a range of energies 
and during several microwave gun cavity fill times. 

: _- Some of the earliest experiments with microwave guns 
probably were with a hot tungsten filament inserted in the first 
cell of a Hansen Laboratory disk-loaded, traveling-wave accel- 
erator section. Significant current control and energy spread 
problems were undoubtly encountered. More recent efforts at 
Hansen Laboratory’s* involved a separate gun with a lanthanium 

-- hexaboride cathode in a RF cavity, followed by an alpha mag- 
net. Currently, there is considerable interest by some research 
groups to employ laser-pulsed photocathodes,3*4 hot and cold. 
1Yit.h such cathodes, control of the current and pulse length is 
inherently easy, but the system cost and complexity is greatly 
increased. 

DESIGN AND TESTS 

This section discusses a design and tests that are in 
progress with a prototype microwave gun. Figure 1 shows a 
cross-sectional view of this high-gradient l-1/2 cell, S-band gun. 
A demountable cathode structure was designed so that an RF 
choke joint around the cathode stem can be installed if nec- 
essary, and various cathode materials can be tested in the fu- 
ture. The initial design incorporates an alumina thermal barrier 
around the cathode stem. This barrier has been metallized and 

‘Work supported in part by the United States of America Depart- 
ment of Energy, Office of Basic Energy Sciences, Division of Chem- 
ical/Material Sciences, Department of Energv contract DE-ACOI 
76SF00515, and by Varian Associates, Radiation Division. 

Alumina ,’ 
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Fig. 1: Cross-sectional uicu, of the l-1/2 on-aris cells. 

copper-plated (- 0.01 mm). RF contact between the stem and 
the barrier is made via a tungsten-wire spring in the form of a 
toroid to further decrease conductive heat losses from the cath- 
ode. An annular-focus electrode protrudes into the half-cell RF 
fields from the thermal barrier surrounding the cathode. The 
electrode shape was determined using MASK5 to obtain proper 
focusing, while maintaining a high shunt impedance and a high 
accelerating field, Ep, on axis. The gun is over-coupled through 
an iris in the full cell to a standard S-band rectangular waveg- 
uide. For a maximum beam-loading power of 3 hl\v, which cor- 
responds to an average beam energy of 2 Me\’ at 1.5 A, the RF 
power lost in the cavity walls would be approximately 1 hl\V. If 
p o 4 with no beam, the cavity will appear to be matched when 
beam-loaded, as in this example. 

The RF gun employs a high-performance, impregnated- 
tungsten dispenser cathode that is coated with a L’arian- 
developed, emission-enhancing layer in order to lower the effec- 
tive work-function of the activated cathode material. This layer 
is comprised of a sputtered coating of an osmium alloy that is 
crystallographically oriented to preferentially expose a single- 
crystal plane at the emitting surface. The layer microstruc- 
ture is controlled so that the individual crystalhtes are colum- 
nar and are no more than 1000-2000 8, in lateral extent. This 
results in a very narrow spread in the work-function across the 
cathode surface, and permits fully space-charge-limited opera- 
tion at current densities of over 100 A/cm* with moderate tem- 
peratures in order to achieve high intrinsic brightness. Cath- 
odes of this type6 with diameters up to 5.1 cm have been made 
at VA and tested with current densities of up to 140 A/cm*. 

Presented at the 14th Meeling on Linear Accelerators, Nam, Japan, September 7-9, 1989. 
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ECR Source
• Electron Cyclotron Resonance 
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Polarization
• Spin is the basic quantum number
• Electroweak couplings are helicity-specific
• Access to polarized beams and/or targets provides additional degree of freedom

 Precision electroweak studies of couplings
 Precision studies of nucleon structure

• Polarized sources:
 Semiconductor photocathodes (electrons)
 Sokolov-Ternov effect (electrons/positrons)
 Secondary production (positrons, protons)
 Electron or laser cooling (protons)

• Polarized targets
 Optical pumping
 Dynamic nuclear polarization
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NOTES:
1. High polarization (>80%) and available charge (~1011 electrons/pulse) 
2. Non-strained cathodes: limit 50% polarization 
3. Small anisotropy in strain: ~3% analyzing power for residual linear polarization

Reference:  T. Maruyama et al., SLAC-PUB-9133,  
March 2002; (submitted to Nucl. Inst. Meth. A).

Polarized Source Photocathode
13
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Polarized Laser System
14
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Particle Acceleration
• Physics depends on CM Energy
• Use Electric (EM) fields to accelerate charged particles
 ΔE = V e

• Non-relativistic
 Static (or slowly-varying) E fields
 <100 kV/m, limited by corona

• Relativistic
 Dynamic fields
 >10 MV/m, limited by breakdown of conductor
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Low-energy Accelerators
• Static E-field
 Vandergraaf
 Crockroft-Walton

• Cyclotron
 Static B field, variable E-field
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Cyclotrons
17

Lawrence’s  
4.5” cyclotron 

184” cyclotron 
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RF Acceleration
• Electrons are accelerated in alternating electric 

field form in a series of cavities
 SLAC cells are copper with length of ~1/3λ at 

frequency 2856 MHz
 NLC/CLIC design used X band cavities at f=11.4 

GHz to get accelerating gradients up to    75 MeV/m
 Accelerating cavities at JLab (and ILC) are 

superconducting f ~ 1 GHz

• “Auto-phasing” effect produces bunch 
structure

• RF power is generated by series of high-power 
klystrons with output of 60-70 MW

18
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YGK, DNB, Phys226

Laser-driven
Beam-driven

Future Accelerator Technology
• Beam-driven RF
 CLIC

• Plasma Wakefield
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Synchrotron Radiation
• All accelerated charges radiate. For relativistic particles in a magnetic 

field, radiation is called synchrotron
• Radiated power

• Energy loss per particle per turn

• Grows as 4th power of energy – highest energies prohibitively expensive 
• Need to increase bend radius for higher energies (but reduction is only 

linear)
• Examples: LEP: 100 GeV beams, 27 km circumference

20

where p is the relativistic momentum (γβmc).  Since the rate of change of momentum (dp/dt) is
equal to the gain in energy per unit distance (dE/ds), we can write the ratio of the rate of energy
loss to the rate of energy gain as follows:
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Thus, unless the rate of energy gain is comparable to the rest mass energy (0.511 MeV)
in a distance equal to the classical electron radius (2.8 10-15 m) the radiative energy loss is
negligible.  As a further demonstration of this fact, it can be calculated that the energy loss in a
typical 2 GeV linac, 200 m long, is only 7 10-5 eV.

In the case of circular motion, we have ββ ∧ββ = β β .  In this case it may be shown that:
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Thus, for the same applied force (dp/dt) the power radiated is a factor of γ2 larger than for
linear motion; moreover, it should be remembered that a given force is much more easily
generated with a magnetic field compared to an electric field:  a field of 1 Tesla produces the
same force as an electric field of 300 MV/m.

For circular motion we have from the above that the instantaneous rate of power emitted
is:
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Evaluating this expression we find that the resulting instantaneous power is apparently
very small - only 7 µW even in the case of LEP at 100 GeV.  A more directly meaningful
parameter is the total energy loss per turn:
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For an isomagnetic lattice (uniform bending radius in the bending magnets) the result
simplifies to:
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In practical units, for electrons:

U0 [eV] =  8.85 104  E4 [GeV]
ρ [m]

 =  2.65 104  E3[GeV]  B [T] (9)

Since an accelerating voltage at least as great as the energy loss per turn is required for the
electron to be stable it can be seen from the examples in Table 1 that this can be an appreciable
quantity.  For a beam of electrons the total power emitted can be obtained as follows:
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Accelerator Types 
• Linear accelerators (electrons, protons)
 Avoids synchrotron radiation losses for electrons, compact for protons
 High gradients now available (up to 50 MeV/m)
 But beams used only once → luminosity at a premium
 Example: SLAC, future Linear Colliders (ILC)

• Circular accelerators: synchrotrons and storage rings
 Highest energies possible with protons, muons
 Synch. radiation losses for electrons
 Multiple passes – more tolerant to errors in steering

21
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Circular Accelerators

• Cyclotrons: constant B, variable R; accelerating RF electric field
 Lawrence, 1932

• Betatrons: a little variation
 E field generated by a variable B field (a la transformer)

• Synchrotrons: constant R, variable B, accelerating EM field
 Most high-energy machines are synchrotrons

(B in T, R in m, p in GeV)p=0.3BR

22
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Beam Optics
• Beamlines made of a series of discrete magnets 

(lattice)
• Two main types of magnets
 Dipoles: bending.
 Quadrupoles: focusing

• Strong focusing
 Net focusing using 1 “cell”
 Many benefits:
stability
small beams (= compact beam pipe)
small beamspots (= more luminosity)
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Accelerators as Secondary Particle Sources

• Fixed target facilities can produce secondary particles
 Most common: positrons, photons, pions, kaons (including neutral KL),  muons, 

neutrinos
• Secondaries can be captured and accelerated
 Anti-protons and positrons
 Muons
 Other species, including radioactive isotopes

• Particle decays in accelerators
 High-brightness photon sources 
 Neutrino factories

24
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Particle capture and cooling
• Solenoid
• Liquid-metal lens
• Particle cooling
 ‘Phase-space’ cooling
 Synchrotron cooling (damping rings)
 Matter-based cooling
 Electron cooling
 Dynamic cooling

25
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Other Issues
• Vacuum
 colliders are also ‘fixed target’!

• Beam stability (higher-order correctors)
• Final Focus
 nano-beams for SuperB, XLC

• Spin rotation (for polarized beams)
• Asymmetric (or PP) colliders
 Finite crossing angle, bunch rotation, …

• Beam energy measurement

26
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Accelerator Parameters (PDG)
27

https://pdg.lbl.gov/2024/reviews/rpp2024-rev-hep-collider-params.pdf

3 32. High-Energy Collider Parameters

High-Energy Collider Parameters: ep, e+e≠
Colliders (III)

Table 32.3: Updated in March 2022 with numbers received from representatives of the colliders (contact E. Pianori, LBNL). The
table shows the parameter values achieved. Design parameters for SuperKEKEB may be found in our 2018 edition (Phys. Rev. D98,
030001 (2018)) Quantities are, where appropriate, r.m.s.; unless noted otherwise, energies refer to beam energy; H and V indicate
horizontal and vertical directions; s.c. stands for superconducting.

HERA
(DESY)

KEKB
(KEK)

PEP-II
(SLAC)

SuperKEKB
(KEK)

Physics start date 1992 1999 1999 2018

Physics end date 2007 2010 2008 —

Particles collided ep e
+

e
≠

e
+

e
≠

e
+

e
≠

Maximum beam
energy (TeV)

e: 0.030
p: 0.92

e
≠: 8.33 (8.0 nominal)

e
+: 3.64 (3.5 nominal)

e
≠: 7–12 (9.0 nominal)

e
+: 2.5–4 (3.1 nominal)

e
≠: 7

e
+: 4

Delivered integrated
luminosity per exp. (fb≠1) 0.8 1040 557 491

Luminosity (1030 cm≠2s≠1) 75 21083 12069
(design: 3000) 4.71 ◊ 104

Time between collisions (ns) 96 5.9 or 7.86 4.2 4.2

Full crossing angle (µ rad) 0 ±11000ú 0 ±41500

Energy spread (units 10≠3) e: 0.91
p: 0.2 e

≠
/e

+: 0.67/0.73 e
≠

/e
+: 0.61/0.77 e

≠
/e

+: 0.64/0.81

Bunch length (cm) e: 0.83
p: 8.5 0.65 e

≠
/e

+: 1.1/1.0 e
≠

/e
+: 0.6/0.6

Beam radius (µm) e: 110 (H), 30 (V)
p: 111 (H), 30 (V)

H: 124 (e≠), 117 (e+)
V: 1.9

157
4.7

e
≠: 16.6 (H), 0.22 (V )

e
+: 17.9 (H), 0.22 (V )

Free space at interaction
point (m) ±2 +0.75/≠0.58

(+300/≠500) mrad cone
±0.2,

±300 mrad cone

e
≠ : +1.20/ ≠ 1.28

e
+ : +0.78/ ≠ 0.73

(+300/≠500) mrad cone
Initial luminosity decay
time, ≠L/(dL/dt) (hr) 10 continuous continuous continuous

Turn-around time (min) e: 75, p: 135 continuous continuous continuous

Injection energy (GeV) e: 12
p: 40 e

≠
/e

+ : 8.0/3.5 (nominal) e
≠

/e
+ : 9.0/3.1 (nominal) e

≠
/e

+ : 7/4

Transverse emittance
(10≠9 m)

e: 20 (H), 3.5 (V)
p: 5 (H), 5 (V)

e
≠: 24 (57†) (H), 0.61 (V )

e
+: 18 (55†) (H), 0.56 (V )

e
≠: 48 (H), 1.8 (V )

e
+: 24 (H), 1.8 (V )

e
≠: 4.6 (H), 0.05 (V )

e
+: 4.0 (H), 0.05 (V )

—
ú, amplitude function at

interaction point (m)
e: 0.6 (H), 0.26 (V)

p: 2.45 (H), 0.18 (V)
e

≠: 1.2 (0.27†) (H), 0.0059 (V )
e

+: 1.2 (0.23†) (H), 0.0059 (V )
e

≠: 0.50 (H), 0.012 (V )
e

+: 0.50 (H), 0.012 (V )
e

≠: 0.060 (H), 1 ◊ 10≠3 (V )
e

+: 0.080 (H), 1 ◊ 10≠3 (V )
Beam-beam tune shift
per crossing (units 10≠4)

e:190 (H), 450 (V)
p: 12 (H), 9 (V)

e
≠: 1020 (H), 900 (V )

e
+: 1270 (H), 1290 (V )

e
≠: 703 (H), 498 (V )

e
+: 510 (H), 727 (V )

e
≠: 15 (H), 278 (V )

e
+: 27 (H), 398 (V )

RF frequency (MHz) e:499.7
p: 208.2/52.05 508.887 476 508.887

Particles per bunch
(units 1010)

e:3
p:7 e

≠
/e

+: 4.7/6.4 e
≠

/e
+: 5.2/8.0 e

≠
/e

+: 3.12/3.81

Bunches per ring
per species

e: 189
p: 180 1585 1732 2249

Average beam current
per species (mA)

e:40
p:90 e

≠
/e

+: 1188/1637 e
≠

/e
+: 1960/3026 e

≠
/e

+: 1118/1393

Beam polarization (%) — — — —
Circumference or
length (km) 6.336 3.016 2.2 3.016

Interaction regions 2 colliding beams
1 fixed target (e beam) 1 1 1

Magnetic length of dipole
(m)

e:9.185;
p: 8.82 e

≠
/e

+ : 5.86/0.915 e
≠

/e
+: 5.4/0.45 e

≠
/e

+ : 5.9/4.0

Length of standard cell
(m)

e:23.5
p:47 e

≠
/e

+ : 75.7/76.1 15.2 e
≠

/e
+ : 75.7/76.1

Phase advance per cell
(deg)

e:60
p:90 450 e

≠
/e

+: 60/90 450

Dipoles in ring e: 396
p: 416 e

≠
/e

+ : 116/112 e
≠

/e
+: 192/192 e

≠
/e

+ : 116/112

Quadrupoles in ring e:580
p:280 e

≠
/e

+ : 452/452 e
≠

/e
+: 290/326 e

≠
/e

+ : 466/460

Peak magnetic field (T) e: 0.274; p: 5 e
≠

/e
+ : 0.25/0.72 e

≠
/e

+: 0.18/0.75 e
≠

/e
+ : 0.22/0.19

úKEKB was operated with crab crossing from 2007 to 2010.
†With dynamic beam-beam e�ect.

31st May, 2024
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SLAC Accelerator Complex

• 50 GeV electron and positron beams
• Collider (SLD) and fixed target facilities
• Injector for PEP-II storage ring
• SPEAR: separate ring

28

Past glory…
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Fermilab Complex
• Main Tevatron ring: 1 TeV protons and 
antiprotons (RIP)
• Main injector: 120 GeV booster
• Now used for neutrino beams

• 8 GeV complex 
• Injector for the MI/Tevatron: now used for 
muon/neutrino beams

• Superconducting magnet technology

29
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CERN
• LEP: 100 GeV 
  electrons and positrons
• LHC: 7 TeV protons 
• Same tunnel, new magnets, RF
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Electron Ion Collider
31

9

EIC Design Overview
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Future Accelerators
• Will certainly want to extend the energy frontier beyond the current 

generation of facilities
 Probe deeper into the mysteries of the microworld

• Most straightforward: proton machines
 FCC etc: ECM> 50 TeV (+possible intermediate stages in e+e- mode)

• Complementarity: lepton machines
 Electron linear colliders: ILC (R&D), ECM > 500 GeV, CLIC: ECM= 3 TeV, FCC-ee
 Muon colliders: ECM>3 TeV (R&D, possible future)

32
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Supplemental material
33
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Polarization
• Spin is the basic quantum number
• Electroweak couplings are helicity-specific
• Access to polarized beams and/or targets provides additional degree of freedom

 Precision electroweak studies of couplings
 Precision studies of nucleon structure

• Polarized sources:
 Semiconductor photocathodes (electrons)
 Sokolov-Ternov effect (electrons/positrons)
 Secondary production (positrons, protons)
 Electron or laser cooling (protons)

• Polarized targets
 Optical pumping
 Dynamic nuclear polarization

34
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NOTES:
1. High polarization (>80%) and available charge (~1011 electrons/pulse) 
2. Non-strained cathodes: limit 50% polarization 
3. Small anisotropy in strain: ~3% analyzing power for residual linear polarization

Reference:  T. Maruyama et al., SLAC-PUB-9133,  
March 2002; (submitted to Nucl. Inst. Meth. A).

Example: Polarized Source Photocathode
35
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Polarized Laser System
36
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Target Technology

E155: NH3, ND3, 6LiD   

5 Tesla Superconducting 
Microwave Target

E154 3He Target and 
Spectrometers
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CERN: Cryogenic Targets
CERN: 5*107 of 

polarized µ per SPS 
cycle (10+ sec) (80% 
polarization from π 
decay) 

Dedicated, Low 
luminosity

Polarized Targets
NH3 (80%)  ND3 (50%)
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