Particle Accelerators

Lecture 17  Physics 152A/252A

Lance Dixon
(thanks again to Colin Jessop)
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Example: PEPIT @ SLAC

Produced about a billion B - B meson pairs in
e*e” collisions at the PEPII storage ring
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ete” -> u'w at PEP IT

1/G6eV2=(0.197 fm)?= 388 ub
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e- -> bbat PEPII
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e+
3/320.78 nb = 0.26 nb

But for b in B meson
there is a resonance,
the Y(495).
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Luminosity (Flux)

Number of events/sec = o (cm?) x Luminosity (cm2 s)

o(e+e- ->bb) =105 nb (1 nb = 102 x 10-24 cm?)
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T T | - L PEP II Luminosity
Frwrm o T ! r ;""m, s 0.809 Live time

' : f""\-«‘m \’! i 'r " 1100.0 PepLumi GbOUT 4 x 1033 Cr\'\_2 S_l

e il 0.986 Babar eff - 4 nb_]_ S_l

08 9 10 12 13 : 14 15 16

11
Sun day shift




Integrated Luminosity

L. = j Ldt (cm?)

As of 2007/10/23 00:00
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plus 900 fb- at KEK (Japan)

1 nb = 1033 cm? 1 nb!=1033 cm2
1pb=1036cm2  1pbl=103 cm2
1 fb = 10-3° cm? 1fb1=103 cm=

Total BaBar events=L,; .o

477 x 106 nb-! x 1.05 nb
500 million bb pairs

So many are required because
“interesting” decays like

By -> (J/y)Ks <- By

are rare, Br(B -> yKs) < 10-3,
cannot "find" all decays, etc.



Luminosi'ry

N, electrons per bunch \ N, positrons per bunch
7,097 » "E&E @&
Electrons Positrons
fNe N 5 Frequency of collisions: f= 1/At
L = A Area of beam = A




PEP IT Luminosity

N, electrons per bunch A N, positrons per bunch

PN
e

Electrons Positrons

2nR = 2200m, 1658 bunches -> 0.0075 bunches/cm
-> f =2.3 x 108 bunches/sec

NN . (2.3x10°)(2.7x10")(5.9x10")
A 150 mx15um

L=kx16x103%cm?2s-1

k a factor specific to machine design

L=k



Basic Accelerator Components
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Particle Acceleration

F =eE +e(VxB)
Ap=|Fdt  AE=[F-& Q%g:mt
AE = [eE-V-+¢(ixB) -Vt (VxB)-v=0

AE = j eE-Vdt
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Earliest and Simplest Accelerator
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Diodes -> capacitors charge in parallel
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RF acceleration

Particle "surfs” an electromagnetic wave

(toward )
theright] + | behird e bunch
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Creating longitudinal E for acceleration

Use waveguides and resonant cavities.
Geometry of waveguide can create the correct field.
(Free space EM waves are transverse; need walls.)




Maxwell's Equations and boundary conditions

c ot

From these equations can derive:

)=
2 — E 8 E
Solve  V°E = 'uz >~ In cylindrical coordinates
c® ot
With boundary conditions = _ D
for surface of conductor E|| =0 B, =0



Creating longitudinal E for acceleration

Use separation of variables to solve.

Two sets of solutions:

TE, Transverse E (longitudinal B) modes
TM,,, Transverse B (longitudinal E) modes
kim is the periodicity of the solution in ¢rz
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f(r) is a Bessel function, with A(R) = 0.
f(r) = Jo(2.405 r/R).
g(r) obtained from 7(r).

Beam
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Insertion of disks controls phase velocity
(intferference of reflected waves)

& Bunch Cloud

4——— 1 ft (approx.) >




Stanford Linear Accelerator
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Beam Steering

Use Magnetic Dipoles
for Steering

-

PD_001 PEP-II Dedication 10/26/98



Two examples of Dipole Magnets

LHC: two p beams, 8.4 Teslaq,
superconducting NbTi @ 1.9K




Steering Particle in Circle

Pp=mvy =eBr Y=

1 v eB
27t 27mym

f —

rev
t rev

assuming the ring is completely
filled with dipoles of strength B

If one accelerates a beam
in a ring, B must increase in
time ("ramp”) as p does.

Dipole



The Synchrotron

RF cavity frequency = £.,

Circular particle accelerator
(1 rf cavity) with rf frequency
(and B) changing as vincreases
to keep in phase

Dipole



Synchrotron Radiation

dra E*
loss 3 m4r

Energy loss per turn:  AE

Limits maximum E
for circular electron accelerator
because m, is small






Proton Synchrotrons

Energy loss per turn much more favorable for protons,

because m, large ( = 1837 m,)

Tevatron: 4.4 Tesla, r=1km
> p(GeV) = 0.3 B(T) r(m) = 1320 GeV x [packing fraction] = 980 GeV

_dra E*
loss 3 m4r

Tevatron is (stilll) the highest
energy collider:

980 GeV protons collide with
980 GeV anti-protons
Proton synchrotrons
limited in E by strength
of bending magnets:

E=p=eBr

AE

LHC: 8.4 Tesla, r=26.7/(2n) km = 4.25 km
> p(GeV) = 10.7 TeV x [packing fraction] = 7 (or 5?) TeV



Focusing

To decrease beam area at a collision point, we need to
focus the beam.

Also a number of effects in the accelerator cause
the beam to defocus (space charge repulsion,
residual transverse E fields, etc.)

All accelerators need focusing throughout the
accelerator to maintain a stable beam.

To study the beam behavior we use beam optics.



Beam Optics

Consider a particle moving in the z direction

1y x(z):x(0)+%z X' =—

X

If the x and y motions are decoupled

then we can describe the motion by

a transfer matrix M X1 M X1 (1 z)X
which acts in transverse phase space: x| 1 1o 1lx

x and ~p,. z 0 0

The M shown here describes a drift region of empty space.



Combining Transfer Matrices

Successive optical components can be described by multiplying the matrices.
For example, for two successive drift regions:

In this case the transfer matrices commute but
this is not always the case



An off-axis parallel ray is focused -

Ray through center is unaffected






In the x dimension the particle executes simple harmonic motion since

2
myz%zey(Vx I§)X=—e%bx dem—F;/dt
2
d—Z(:—kzx (= |0
dz p

The solution for xis then X = Acoskz + Bsin kz

X(z) = x(0) coskz+ x'(0)k * sinkz
X'(z) = —=x(0)k sin kz + x'(0) cos kz

If magnet length is /, then

v coskl  k7*sinkl (1
* | =ksinkl  coskl —k 1



Can show that M, is equivalent to M ergent Plus drifts

1 1 1 1/2 1 0Y)1 I/2
I\/Ix ~ 2 ~ =|VIIIZI\/IconVIVIIIZ
-kl 1 0 1 A-1/f 100 1
Similarly, can show that M, is equivalent to M. gent Plus drifts -
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If focus in x then defocus in y |



However, two opposite polarity quads separated by a drift
distance cause focusing in both xand y

MMM, =M ;MM Mg M,

conv z+l

find that
MM, My, = M, ,M

conv z+l

And M, M, M_., is same with 7> -f  so it also focuses

IVII/2

conv, f'




Constituent Center-of-Mass Energy

Livingston Plot

HEP's version of Moore's Law - but we are falling off it
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= e*e” linear collider



-100m % \ 0.6 Gav (¥)
=~ .20m |

e*e” Linear Collider

Compressor
136 MaV (L)

To avoid synchroton radiation losses in ring, s
make “one pass” collider

High Energy IR
{250 GeV to multi-TeV,

Dump

30

)

SLC used same linac twice Proposed ILC

To get enough fN.N, #drops from 108 +o 102 Hz

luminosity £ L= A > Amust drop from um? to nm?




Elements of an Accelerator

RF cavity frequency =f .

Dipol/; /

quad doublet

~ g A -
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