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Corrections and Adjustments
! Correction/adjustment systems required for fine control of accelerator:

• correct for misalignment, construction errors, drift, etc.
• adjust operational conditions, tune up

! Use smaller magnetic elements for “fine tuning” of accelerator
• dipole steering magnets for orbit/trajectory adjustment
• quadrupole correctors for tune adjustment
• sextupole magnets for chromaticity adjustment

90

! Typically, place correctors and 
instrumentation near the major 
quadrupole magnets -- “corrector 
package”

• control steering, tunes, 
chromaticity, etc.

• monitor beam position (in 
particular), intensity, losses, etc.
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Linear Distortions
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Envelope Error (Beta-beat) due 
to gradient error

gradient error also generates a 
shift in the betatron tunes...

Δθ

Δq
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Resonances and Tune Space
! Error fields are encountered repeatedly each revolution -- can be 

resonant with tune 

• repeated encounter with a steering (dipole) error produces an orbit distortion:

» thus, avoid integer tunes

• repeated encounter with a focusing (quad) error produces distortion of 
amplitude function:

» thus, avoid half-integer tunes

�x � 1
sin⇥�

��/� � 1
sin 2⇤⇥
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Nonlinear Resonances

! Phase space w/ sextupole field present (By ~ x2)

• tune dependent:

• “dynamic aperture”

! Thus, avoid tune values:

•       k,  k/2,  k/3, ...
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Tune Diagram

! Always “error fields” in the real accelerator

! Coupled motion also generates resonances (sum/difference 
resonances)

• in general, should avoid: m �x ± n �y = k

avoid ALL rational tunes???
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Tune Diagram
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Tune Diagram
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Tune Diagram
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Tune Diagram
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Tune Diagram
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“Measuring” Nonlinearity, Tune Spread

! tune spread due to momentum/chromaticity
• “natural” chromaticity due to particle rigidity
• also, due to field errors in magnets ~ x2 when 

in the presence of  Dispersion

! tune spread due to nonlinear fields

• field terms ~  x2, x3, etc. can be present 
around the synchrotron

!   result:  a  “decoherence” of beam position 
signal at transverse position monitors

!a" small nonlinearity
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!b" large nonlinearity
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!c" large chromaticity
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Figure 4.4: Turn-by-turn oscillations excited by a kicker magnet in the Teva-
tron under three different conditions. As expected from the simulation of Fig-
ure 4.3, the oscillations of the beam centroid damps down (decoherence). The
speed of the decoherence depends on the strength of the nonlinearity. When
the chromaticity is non-zero, the envelope also has the oscillatory structure.
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“kick” the beam
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! As particle beams “collide” (very few particles actually “interact” each 
passage), the fields on one beam affect the particles in the other beam.  
This “beam-beam” force can be significant.

! On-coming beam can act as a “lens” on the particles, thus changing 
focusing characteristics of the synchrotron, tunes, etc.

! Head-On:  core sees ~ linear force; rest of beam, nonlinear force --> tune 
spread, nonlinear resonances, etc.

! Long-Range:  force ~ 1/separation  -->  for large enough separation, 
mostly coherent across the bunch, but still some nonlinearity

! Bunch structure (train) means some bunches will experience different 
effects, increasing the tune spread, etc., of the total beam
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Beam-Beam Force

Force ⇤ 1� e�x2/2�2

x
⇥ x

2�2
,  for small x;         ~ 1/x   for large x
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The Beam-Beam Force

! Force, and its derivative (gradient), vary with position
• ∂By/∂x at particle’s typical amplitude determines its oscillation frequency ...
»      “beam-beam tune shift”
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Different amplitude 
particles will have 
different “tunes”
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Beam-Beam Mitigation
! Beams are “separated” (if not in separate rings of magnets) 

by electrostatic fields so that the bunches interact only at 
the detectors

• “Pretzel” or “helical” orbits separate the beams around the ring

• However, the “long-range” interactions can still affect 
performance

• “electron lenses” and current-carrying wires can be employed 
which can mitigate the effects of beam-beam interactions, 
both head-on and long-range
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Tevatron:  2 Beams in 1 Pipe

Protons

antiprotons

Helical orbits through 4 standard arc 
cells of the Tevatron

bunch length
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LHC:  2 Beams in 2 Pipes

• Across each interaction region, for about 120 m, the two beams are 
contained in the same beam pipe

• This would give ~ 30 bunch interactions through the region

• Want a single head-on collision at the IP,  but will still have long-range 
interactions on either side

• Beam size grows away from IP, and so does separation; can tolerate 
beams separated by ~10 sigma

d/σ = θ · (β∗/σ∗) ≈ 10
−→ θ = 10 · (0.017)/(550) ≈ 300 µrad
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Emittance Control

! Electrons radiate extensively at high energies; combined 
with energy replenishment from RF system, small 
equilibrium emittances result
• in Hadron Colliders; emittance at collision energy 

determined by proton source, and its control through the 
injectors

! larger emittance -- smaller luminosity

! larger emittance growth rates during collisions result in 
particle loss
• thus, lower integrated luminosity
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! Emittance growth 
from trajectory errors 
at injection -- more 
sensitive at higher 
energy injection 
(beam size is smaller)

! Similarly, energy/
phase mismatch at 
injection (injection 
into “center” of 
buckets)

! damper systems
• fast corrections of 

turn-by-turn trajectory
• correct offsets before 

“decoherence” sets in

Injection Errors
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Diffusion
! Random sources (power supply noise; beam-gas scattering 

in vacuum tube; ground motion) will alter the oscillation 
amplitudes of individual particles

• in simplest cases will grow like  √N,  amplitudes of the 
particle oscillations will eventually reach the limiting aperture

! Thus, beam lifetime will develop, affecting beam intensity, 
emittance, and thus luminosity
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Diffusion Example

Phase
Space

Beam
Intensity

Beam
Emittance

Beam
Profile
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Effects on Luminosity ...
! Diffusion of transverse particle amplitudes leads to beam loss at locations 

other than at the IP
! In absence of luminosity interactions, beam attains an equilibrium lifetime

• if beam initially nearly fills the aperture, this lifetime is achieved early
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... and, on Integrated Luminosity
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Tevatron conditions, in this example
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DC Beam
! Noise from RF system (phase noise, voltage noise) will increase the 

beam longitudinal emittance

! Particles will “leak” out of their original bucket, and circulate around the 
circumference out of phase with the RF

• “DC Beam”

! Hence, collisions can occur between nominal bunch crossings; can be of 
concern for the experiments

! Perhaps more important, must remove DC beam that wanders into the 
abort gap(s) to permit clean removal of stored beams

• typically “cleaned up” using fast, low-amplitude kicker magnets, electron lens 
deflectors, etc.
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DC Beam Generation

109

model using
phase noise
in the RF system...

(parameters exaggerated)
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Energy Deposition
! 1-10 TeV is high energy, but actually less than one micro-Joule; 

multiply by 1013-1014 particles, total energy quite high
! Beam Stored Energy:

• Tevatron 
»    1013  .  1012 eV . 1.6.10-19 J/eV ~     2 MJ

• LHC
» 3.1014 . 7.1012 eV . 1.6.10-19 J/eV ~ 300 MJ each beam!

! Power at IP’s -- rate of lost particles x energy:  
• Tevatron (at 4K) --        ~4 W at each detector region
• LHC (at 1.8K)    --   ~1300 W at each detector region

! Sources of energy deposition into the accelerator systems
• Synchrotron Radiation
• Particle diffusion (above)
• Beam abort
• Collisions!

110
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Synchrotron Radiation
! Energy loss per turn:

• For Tevatron:  
»   ~ 9 eV/turn/particle;   ~ 1  W/ring

• for LHC: 
» ~6700 eV/turn/particle; ~ 3.6 kW/ring

! Vacuum instability -- “electron cloud”
• requires liner (beam screen) for LHC beam tube

p

111

�Es.r. =
4⇡r0

3(mc2)3
E4 R h 1
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Collimation Systems
! Tevatron -- several collimators/scrapers to contain enegy deposition
! LHC -- ~ 100 collimators

Careful control of collimators, beam
trajectory, beam envelope required

Dec 5, 2003 event
 in Tev -- ~1 MJ
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Back to Luminosity...
! Can now express in terms of beam physics parameters; ex.:  for short, 

round beams...

! If different bunch intensities, different transverse beam emittances for the 
two beams,

L =
f0BN2

4⌅⇧�2
=

f0BN2⇥

4⇤��

L =
f0BN1N2

2⌅(⇧�
1
2 + ⇧�

2
2)

=
f0BN1N2⇥

2��(⇤1 + ⇤2)

and assorted other variations...
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Hour Glass
! If bunches are too long, the rapid increase of the amplitude function away 

from the interaction “point” reduces luminosity

• Tevatron:
•  
• LHC:
•  

⇥s � 2��

⇥s << ��
H =

⇤
⇥

�
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Figure 2.10: Particles’ trajectories in a drift space. The beam looks like this
in a collision straight section of a collider. We adjust the beam so that its size
become minimum at the center of the physics detector.
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L =
f0BN2�

4✏�⇤ · H



! in LHC, across each interaction region, for about 120 m, the two beams 
are contained in the same beam pipe (Tev had greater bunch spacing)

• there would be ~(120/(7.5/2)) ~ 30 bunch interactions in this region
» thus, separate these collisions through a “crossing angle”

• beams separated by ~10 sigma
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Crossing Angle
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d/� = ↵ · (�⇤/�⇤) ⇡ 10
�! ↵ = 10 · (0.017)/(550) ⇡ 300 µrad

↵�s/2�⇤ = (0.3 mrad)(70 mm)/(2·17 µm) = 0.62

~15% reduction at LHC
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Determining LHC Luminosity
! What parameters are given?  are required?  are doable?

! Injector system creates emittances on scale of 
! Minimum β in part determined by maximum β (aperture) in the triplet
! Can create                         ;  want bunch length much less than this

• say  ~7.5 cm (rms)       ~38 cm (full)      
• if this is within +/- 90o of ideal RF phase, want ~0.75 m RF “period”
• thus, use RF frequency of about 400 MHz
• implies h ~ 400 MHz / 11 kHz ~ 36000
• if keep ~ 10 “empty buckets” between bunches, then B ~ 3600
» but, need space for abort gap(s) and empty bunches from transfers, etc. -->  B ~ 2800

» also saw need for crossing angle of ~300 µrad to keep beams separated 10σ

!               Thus, need N = 1.14 x 1011 to make 1034 luminosity
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L =
f0BN2�

4✏�⇤ · 1p
1 + ⇡�↵2�2

s/4✏�
⇤

f0 = 3⇥108 m/s / 27 km = 11 kHz � = 7 TeV/0.938 GeV ⇡ 7500

�⇤ ⇡ 0.5� 1 m
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=
11, 000 · 2800 · 7500
4(4⇡10�6)(0.5)

· 0.85 · 1
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Optimization of
 Integrated Luminosity

! The ultimate goal for the accelerator -- provide largest total number of 
collisions possible

! So, optimize initial luminosity, according to turn-around time, emittance 
growth rates, etc. to produce most integrated luminosity per week (say)

! Perhaps more straightforward for LHC than it was for Tevatron
• in Tevatron operation, needed to balance the above with the production rate 

of antiprotons, longer turn-around times, to find optimum running conditions
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! For LHC, protons are readily available; beams are designed to be of 
equal intensity

! So, will balance the decay of luminosity...

! ... against beam growth rates and loss mechanisms, etc., and against the 
time it takes to regenerate initial conditions
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L(t) =
L0⇤

1 +
�

nL0�
BN0

⇥
t
⌅2 · F(t)

Integrating Luminosity at LHC
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Future Directions
! LHC Luminosity Upgrade Directions

• 1035 will imply 10x higher energy deposition at the IRs
» > 13 kW at each IR?
» will require new IR magnets to better handle higher energy deposition 

• higher synchrotron radiation in the arcs if intensities go up
» S.R. ~ BN x E4

• crab cavities to re-gain luminosity lost from crossing angle

• ...???

! Next directions for HEP?
• linear colliders
• muon colliders
• wake field accelerators
• ...???
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coordinate of the particle with respect to the bunch center,
c the velocity of light, and x the horizontal coordinate.

Because of symplecticity, the crab cavity also introduces
an x-dependent longitudinal kick,

!pz ¼ "@Hcrab

@z
¼ "qV

Ps
# cos

!
!s þ

!z

c

"
#!
c
# x: (3)

II. LOCAL AND GLOBAL SCHEME

In circular colliders, crab cavities may be configured
according to either one of two schemes, namely as local or
global crab cavities. In the local scheme, which corre-
sponds to the original classical proposals of Palmer [4],
Oide and Yokoya [5], a pair of crab cavities is placed at
both sides of one IP, with the phase advance between crab
cavity and IP optimized to be "=2 in the crossing plane, as
shown in Fig. 1 (left) and Fig. 2 (left); in that case, for each
value of z the crab cavities act like a local bump and the
closed orbit in the other parts of the ring is not affected.
The voltage needed for the first crab cavity (to rotate the
bunch so as to be head-on at the interaction point) and for
the second crab cavity (to rotate the bunch back) can be
calculated using the formulas (4) and (5) below [7]. The
two beams are crabbed at the specified IP as shown in
Fig. 2 (left).

The crab-cavity voltage required on the two sides of the
IP is

V1 ¼
c2 # ps # tanð#2Þ

q #! #
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
$' # $crab

p
# sinð!’0Þ

; (4)

V2 ¼ "R22 # V1; (5)

where V1 denotes the voltage of the first local crab cavity,
V2 the voltage of the second local crab cavity, c the velocity
of light, ps the particle momentum, # the full crossing
angle, q the particle charge,! the angular frequency of the
crab cavity, $' the beta function at the interaction point,

and !’0 the phase advance between the crab-cavity loca-
tion and the IP. Lastly,R22 signifies the (2, 2) element of the
optical transport matrix from the first crab cavity to the
second crab cavity, and the R12 between the two cavities
should be zero, R12 ¼ 0.
For the global scheme as sketched in Fig. 1 (right), the

crab cavity is located somewhere around the ring, at a place
which satisfies certain phase advance requirements [which
is, j cosð!’0 " "QÞj ¼ 1 in formula (6)] which involve
the total betatron tune in addition to the phase advance
from crab cavity to the IP; in the global case, the
z-dependent closed orbit will be changed all around the
ring with crab cavity active, and the crab-cavity voltage for
the global scheme can be calculated from [7]:

V ¼ c2 # ps # tanð#2Þ
q #! #

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
$' # $crab

p #
$$$$$$$$

2 sinð"QÞ
cosð!’0 " "QÞ

$$$$$$$$; (6)

where V denotes the voltage of the global crab cavity
(GCC), Q the betatron tune of the storage ring, and other
parameters are the same as introduced before. The bunch
will be tilted and the tilt will exhibit some kind of oscil-
lation all around the ring such that at the interaction point
the collision will be effectively head on. A global scheme
has been implemented at KEKB [8].

III. OPTICS AND SCENARIOS

Crab cavities could be introduced for different phases of
the LHC upgrade, for example, phase I with one global
cavity for a feasibility test, and phase II for the final
implementation using a local scheme. In this paper, we
study the crab-cavity beam dynamics issues for two LHC
optics, the nominal LHC collision optics and the so-called
‘‘lowbetamax’’ upgrade optics [9] (collision). The relevant
parameters of these two optics are listed in Table I. As
already discussed, in circular colliders crab cavities may be
configured according to either local or global crab
schemes, while the local scheme is the most ideal case
for crab crossing. In the following, we will study two
different crab crossing scenarios: (1) four local crab cav-
ities at LHC IR5, two for LHC beam 1, and two for LHC
beam 2 (both beams crabbed at IP5); (2) only one global
crab cavity at IR4, to crab LHC beam 1 at IP5.

FIG. 1. (Color) Two local crab cavities in interaction region 5
(IR5) for LHC beam 1 which illustrates the local scheme (left)
and one global crab cavity in IR4 for LHC beam 1 which
illustrates the global scheme (right) (single global scenario).

FIG. 2. (Color) Schematic for two crabbed beams at IP5, local
scheme (with # denoting the full crossing angle) (left); sche-
matic of only one crabbed beam at LHC IP5 with a single global
crab cavity, for beam 1 only (right).

YI-PENG SUN et al. Phys. Rev. ST Accel. Beams 12, 101002 (2009)

101002-2
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The Livingston Plot

! In 1954, M. Stanley Livingston 
produced a curve in his book 
High Energy Accelerators, 
indicating exponential growth in 
particle beam energies over 
“past” ~25 years;   

• the 33 “Bev” (GeV) AGS at 
Brookhaven and 28 GeV PS at 
CERN were underway, and kept 
up the trend

! The advent of Strong Focusing  
(A-G focusing) was key to 
keeping this trend going...
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The Past 40 Years
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Livingston Revisited
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38 SPRING 1997

This relationship can be expressed
quantitatively. To examine matter at
the scale of an atom (about 10!8 cen-
timeter), the energies required are in
the range of a thousand electron
volts. (An electron volt is the energy
unit customarily used by particle
physicists; it is the energy a parti-
cle acquires when it is accelerated

across a potential difference of one
volt.) At the scale of the nucleus, en-
ergies in the million electron volt—
or MeV—range are needed. To ex-
amine the fine structure of the basic
constituents of matter requires en-
ergies generally exceeding a billion
electron volts, or 1 GeV.

But there is another reason for us-
ing high energy. Most of the objects
of interest to the elementary parti-
cle physicist today do not exist as free
particles in Nature; they have to be
created artificially in the laboratory.
The famous E = mc2 relationship gov-
erns the collision energy E required
to produce a particle of mass m.
Many of the most interesting parti-
cles are so heavy that collision
energies of many GeV are needed to
create them. In fact, the key to under-
standing the origins of many para-
meters, including the masses of the
known particles, required to make
today’s theories consistent is believed
to reside in the attainment of colli-
sion energies in the trillion electron
volt, or TeV, range.

Our progress in attaining ever
higher collision energy has indeed
been impressive. The graph on the
left, originally produced by M. Stan-
ley Livingston in 1954, shows how
the laboratory energy of the parti-
cle beams produced by accelerators
has increased. This plot has been up-
dated by adding modern develop-
ments. One of the first things to no-
tice is that the energy of man-made
accelerators has been growing ex-
ponentially in time. Starting from
the 1930s, the energy has increased—
roughly speaking—by about a fac-
tor of 10 every six to eight years. A
second conclusion is that this spec-
tacular achievement has resulted
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! Very Large Hadron Collider (VLHC) -- 20x20 to 100x100 TeV (pp)
! International Linear Collider -- 0.25 x 0.25 up to 0.5 x 0.5 TeV (e+e-)
! Muon Collider -- generate beams of muons, accelerate (quickly!) to few 

TeV and collide

! Snowmass 2001 -- VLHC (no) vs. ILC (yes);    [µ-µ:  too far away...]
• ILC more “complementary” to LHC; natural next step
• physics events easier to “disentangle” -- leptons vs. hadrons 
• ILC more affordable (???)

! Look at Linear Collider ...

Possible Next Steps for High Energy Particles
 with standard RF technology

Some ideas, around 10-12 years ago...
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ILC Conceptual Layout

! Use (part of) Main Linac to accelerate beams for positron production
! Use Damping Rings to generate small beams at low energy (~10 GeV) 

via Synch. Radiation -- makes flat beams, longer bunches than desired
! Beams travel length of tunnel, turn around (bunch compression) and 

enter Main Linacs
! Exit Main Linacs with E~250 GeV; deliver to Experiments

30 km
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! superconducting technology -- accel. cavities this time, not magnets
! high accelerating gradient (>30 MeV/m)
! Synchrotron Radiation

• effects obvious in e+e-;  hence, the L in ILC
• real estate vs. electric field strength

! stored energy an issue in LHC;     beam power issue in linac
! energy deposition at Interaction Points; backgrounds
! small apertures --> alignment tolerances (micron scale)
! requires very small beam sizes at collision point -- nm scale

• damping rings -- S.R. put to good use
• emittance exchange -- can eliminate need for damping rings?

Same limiting factors ...

125

very large price tag



M. Syphers      HCPSS2012     Aug 2012

! In attempt to 
compare  e- & p, 
switch to C-of-M 
view of constituents

! seeing a new roll-off 
happening

! driven by budgets, if 
constrained to 
present technology

! thus, need new 
technologies to 
make much higher 
energies affordable...

The Livingston Curve Again

126

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

?

ILC

LHC
SSC

(÷ 8)
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Muon Collider
! Collide beams of +/- muons

• use intense proton driver (linac?) to create pion beams --> muons
• collect muons, cool to small emittances, accelerate to high energy
» all as the muons are decaying away...

• store in ring for collisions
» at 150 GeV, tau = 3 ms       at 3 TeV, tau = 62 ms (~3000 turns in Tevatron-size ring)

127

Conclusion 
•  Over the next 6 years the 

primary goal of MAP is 
demonstrating the 
feasibility of key concepts 
needed for a muon collider 
& deliver U.S. contributions 
to the International Design 
Study for a Neutrino 
Factory 
 

 Thus enabling an 
informed decision on the 
path forward for the HEP 
community 

July 12, 2012 Muon Accelerator Program Advisory Committee Review (FNAL, July 11-13, 2012) 31 

And laying a foundation on which a physics program 
based on muon accelerators can be built! 
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If pursued in earnest, will likely require 
a very long-term phased approach
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Lawrence Berkeley Lab
 Laser Wakefield Acceleration

128

01/30/2007 12:26 AMResearch News: From Zero to a Billion Electron Volts in 3.3 Centimeters - Highest Energies Yet From Laser Wakefield Acceleration

Page 1 of 5http://www.lbl.gov/Science-Articles/Archive/AFRD-GeV-beams.html

Billion-electron-volt, high-quality electron beams

have been produced with laser wakefield

acceleration in recent experiments by Berkeley

Lab's LOASIS group, in collaboration with

scientists from Oxford University.

lab a-z index | phone book

search:  

September 25, 2006 news releases | receive our news releases by email | science@berkeley lab

 

From Zero to a Billion Electron Volts in 3.3 Centimeters
Highest Energies Yet From Laser Wakefield Acceleration

Contact: Paul Preuss, (510) 486-6249, paul_preuss@lbl.gov

BERKELEY, CA — In a precedent-shattering demonstration of the potential of laser-wakefield acceleration,

scientists at the Department of Energy's Lawrence Berkeley National Laboratory, working with colleagues

at the University of Oxford, have accelerated electron beams to energies exceeding a billion electron volts

(1 GeV) in a distance of just 3.3 centimeters. The researchers report their results in the October issue of

Nature Physics.

By comparison, SLAC, the Stanford Linear Accelerator

Center, boosts electrons to 50 GeV over a distance of two

miles (3.2 kilometers) with radiofrequency cavities whose

accelerating electric fields are limited to about 20 million

volts per meter.

The electric field of a plasma wave driven by a laser pulse

can reach 100 billion volts per meter, however, which has

made it possible for the Berkeley Lab group and their

Oxford collaborators to achieve a 50th of SLAC's beam

energy in just one-100,000th of SLAC's length.

This is only the first step, says Wim Leemans of Berkeley

Lab's Accelerator and Fusion Research Division (AFRD).

"Billion-electron-volt beams from laser-wakefield

accelerators open the way to very compact high-energy

experiments and superbright free-electron lasers."

Channeling a path to billion-volt beams

In the fall of 2004 the Leemans group, dubbed LOASIS (Laser Optics and Accelerator Systems Integrated

Studies), was one of three groups to report reaching peak energies of 70 to 200 MeV (million electron

volts) with laser wakefields, accelerating bunches of tightly focused electrons with nearly uniform

energies.

While the other groups employed large laser spot sizes and 30 TW laser pulses (TW stands for terawatts,

or 1012 watts), the LOASIS "igniter-heater" approach was quite different. LOASIS drove a plasma channel

• 30 GeV/m, compared to 
30 MeV/m in present SRF 
cavity designs

• ... and, small momentum 
spread (2-5%) as well
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Looking Below the Curve

! Accelerator Facilities, and the need 
for scientists to develop, build, 
commission, operate, improve them 
have seen an enormous growth over 
the decades

! While peak accelerator energies 
continue to drive particle physics, 
much work to do and applications to 
develop at lower energies

! Many, many facilities and industrial 
uses are not shown here, but flood 
the area “below the curve”
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This relationship can be expressed
quantitatively. To examine matter at
the scale of an atom (about 10!8 cen-
timeter), the energies required are in
the range of a thousand electron
volts. (An electron volt is the energy
unit customarily used by particle
physicists; it is the energy a parti-
cle acquires when it is accelerated

across a potential difference of one
volt.) At the scale of the nucleus, en-
ergies in the million electron volt—
or MeV—range are needed. To ex-
amine the fine structure of the basic
constituents of matter requires en-
ergies generally exceeding a billion
electron volts, or 1 GeV.

But there is another reason for us-
ing high energy. Most of the objects
of interest to the elementary parti-
cle physicist today do not exist as free
particles in Nature; they have to be
created artificially in the laboratory.
The famous E = mc2 relationship gov-
erns the collision energy E required
to produce a particle of mass m.
Many of the most interesting parti-
cles are so heavy that collision
energies of many GeV are needed to
create them. In fact, the key to under-
standing the origins of many para-
meters, including the masses of the
known particles, required to make
today’s theories consistent is believed
to reside in the attainment of colli-
sion energies in the trillion electron
volt, or TeV, range.

Our progress in attaining ever
higher collision energy has indeed
been impressive. The graph on the
left, originally produced by M. Stan-
ley Livingston in 1954, shows how
the laboratory energy of the parti-
cle beams produced by accelerators
has increased. This plot has been up-
dated by adding modern develop-
ments. One of the first things to no-
tice is that the energy of man-made
accelerators has been growing ex-
ponentially in time. Starting from
the 1930s, the energy has increased—
roughly speaking—by about a fac-
tor of 10 every six to eight years. A
second conclusion is that this spec-
tacular achievement has resulted
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What’s been left out?
! Hope have gotten a glimpse of the basic physics of particle accelerators 

and particle beams

! What, there’s more??
• Coupling of degrees-of-freedom -- transverse x/y, trans. to longitudinal
• Space charge interactions (mostly low-energies)
• Wake fields, impedance, coherent instabilities
• Beam cooling techniques
• RF manipulations
• Resonant extraction
• Crystal collimation
• Magnet, cavity design
• Beam Instrumentation and diagnostics
• ...
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US Particle Accelerator School
!Held twice yearly at venues across the country; offers graduate credit at 
major universities for courses in accelerator physics and technology
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http://uspas.fnal.gov

Some Recent Schools:

http://cas.web.cern.ch/cas/
See also, CERN schol:

http://uspas.fnal.gov
http://uspas.fnal.gov
http://uspas.fnal.gov
http://uspas.fnal.gov
http://uspas.fnal.gov
http://uspas.fnal.gov
http://uspas.fnal.gov
http://uspas.fnal.gov
http://uspas.fnal.gov
http://uspas.fnal.gov
http://cas.web.cern.ch/cas/
http://cas.web.cern.ch/cas/
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Accelerators for America’s Future
!Symposium and 
workshop held in 
Washington, D.C., 
October 2009

!100-page Report 
available at web site
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Accelerators  
 for America’s  

 Future

envisioned for novel uses in several areas require new levels of control  
of beam losses and instabilities, including advanced beam diagnostics and 
analysis methods, reliable computer models and verification tools, and novel 
beam distribution control and feedback systems.

conducting magnet design promises novel, cost-effective, high-field magnet 
configurations. The use of high-temperature superconductors could sharply 
reduce cryogenic requirements if mechanical and engineering require-
ments in accelerators can be met. More broadly, new or modified materials 
could provide major advances that reach from higher accelerating fields  
in chemically treated superconducting cavities to photo cathodes for electron 
beams optimized for brightness and lifetime.

Areas of R&D identified by each working group. All areas are of importance to each working 
group. Color coding indicates areas with greatest impact.
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A “Final” word...
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A “Final” word...

M. Stanley Livingston, 1954
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Further reading:
D. A. Edwards and M. J. Syphers, An Introduction to the Physics of High Energy Accelerators, John Wiley & Sons (1993)
E. J. N. Wilson, An Introduction to Particle Accelerators, Oxford University Press (2001)
S. Y. Lee, Accelerator Physics, World Scientific (1999)
T. Wangler, RF Linear Accelerators, John Wiley & Sons (1998)
H. Padamsee, J. Knobloch, T. Hays, RF Superconductivity for Accelerators, John Wiley & Sons (1998)
 and many others…

Conference Proceedings --
Particle Accelerator Conference (2011, 2009, 2007, …)
European Particle Accelerator Conference (2010, 2008, 2006, …)                  
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