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Fixed Target Energy vs. Collider Energy

* Beam/target particles: Eo = myc?

Fixed Target Collider

Eaﬁ E070 Eaﬁ Ea_ﬁ

E™ = (m"c¢)* + (pe)” = [Eo+E] 2
= E§ +2EoE + (E§ + (pc)®) m-ct = 28K
m*c? = \/i Eq [1 -+ ’}/FT]l/2 — 2EWO,.}/COZZ

100,000 TeV FT synch. == 14 TeV LHC
.- =
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Luminosity
* Fixed Target Experiment:
A R = (§>'p°A'€°NA'Nbeam
s '
>Oooo . . .
3 — pNAéNbeam 2
/ = L X
ex. . L = pNalNpeam = 10** /em?® - 100 cm - 103 /sec :(10390m_2sec_j
Bunched-Beam .Colllder. _— ( 2 ) NN
N ‘ ;\anrtlcles A
| _IN?
rad : AL -
: _ f N?
1, of N L = T

eX. 1 L£=10°/25/scc (10')2/(x(.002)%) /crn’ {mmj
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Integrated Luminosity

* Bunched beam is natural in collider that “accelerates’

more later
( ore ate ) L B fO B N 2 é) — rev.bfreqﬁency
J— A — nNo. uncnes

* |n ideal case, particles would be “lost” only due to

“collisions”
BN p— —L 2 n (n = no. of detectors

receiving luminosity £)
Lo
Lo 2
nLo
1+ (53) 1
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Ultimate Number of Collisions
c Since R=L-X then, #events = /[,(t)dt-z

* S0, our integrated luminosity is

T
LoT LoT /1
I1(T) = t)dt = = Iy -
() /0 L) 1+ LoT(nX/BNy) 0 1+ LoT /I

asymptotic limit:

(]
To]
[qV] o
Al
BNy
L(t g I(t lo =
¢ S W n
§ 3 g
c - £
E 5 e
z 8 3 SO
é "é ) " mn
£ g o 2
30" - f()B AY
- - L=
0 10 20 30 40 50 0 10 20 30 40 50 A
time(hr) time(hr) T
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Crossing Angle and Effects on Luminosity

* Large collider detectors require large longitudinal

space; collisions every (bunch spacing)/2

» ex: 25 ns spacing —> (3e8%25e-9)/2 = 3.75 m

» if bunches hit “head-on”, would have many collision

points within the detector region. - P

R -
= ] RE
' N~

. V 4 !
* Introduce a crossing angle ~
» reduction of overlap, hence reduces luminosity
» luminous region reduced as well
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Crossing Angle and Effects on Luminosity

. . . ) _ % B . 1 6_22/(02/\/5)2
luminous region:  zyms = 0,/v?2 =5 o T

* eventsperbx ~X-t,-L

> (bunch crossing)
dL Loty

* max events perbxpercm ~3X-ty—l|na =
dz /O,

* luminosity reduction from crossing angle

h y 4 L= Lo !

\ heﬁ.d-.on ’ * _ 0 >
long-range o \/1 _|_ (040-2/20-0)
collisions x I |ong-range

collisions _ (length of luminous region
| P 4 - Note: if beams are offset: reduces by same factor)
P v B 2
- L =Ly e (A/200)
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Crossing Angle and Effects on Luminosity

Numerical examples —

* luminous region: zms =o./v2 = 8 cmi2 = 5.6 cm

* eventsperbx ~ X-t,-L = (6e-26)(25e-9)(1e34)= 15
 max events per bx per cm: 15/(8 cm)Vr ~ 1/cm

* |uminosity reduction from crossing angle ~ -15% (LHC)

W p 4 1
head-on t
long-range \ g , £ — 'CO . 2
collisions [ p~ 4 long-range \/1 —|_ (OKO-Z/2O-())
collisions
| & - (length of luminous region
P 4 v reduces by same factor)

* beams offset by 1 sig: -22% L =Ly-e (/2700
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The Use of Crab Cavities

* Future upgrades to LHC
will employ “crab cavities”

» using deflecting-mode RF
cavities, give tail/head
deflections up/down in
transverse direction to
create total overlap, thus
mitigating the loss of
luminosity due to the . Local crab cavity
crossing angle
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g =

Hour Glass Factor 4

2

1 00 €—z2/az
L:LO-H:LO-ﬁU/ L de
z — 00 z
1+ ()

The integral on the right, H, is called the “hour glass factor,” and can be evaluated in terms of the

Error Function,
fa) = — [ et
erf(x) = — e
VT Jo
which can be looked up in standard tables, and is often provided numerically in standard software \ /
packages. The luminosity result is,

L=Ly-H(B )o.) = Lo V7 (§—> 517 [1 — erf(8" /7,) .

The hour glass factor as a function of 5* /o, is plotted in Figure 2. Note that the luminous region

B /o :

- LHC: ~50cm/8cm ~ 6

0.75 [~ —

Hour Glass Factor

02| Tevatron LHC . Tevatron: ~35cm/50cm ~ 0.7

| | | |
0 1 2 3 4 5
Ratio of Beta Star to Bunch Length

—
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Review of Longitudinal Dynamics

* S0, how do we create and manipulate particle
bunches to give us the desired time structure?
desired bunch length, spacing?

* Particles propagate through a system of accelerating
cavities; each cavity has oscillating fields with
frequency frr, and maximum “applied” voltage V.
The ideal particle would arrive at the cavity at phase
¢s (relative to the “positive zero-crossing” of the RF wave)

* ideal particle acquires an energy gain of

AFE, = eV sin ¢,

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 12
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Acceleration of Ideal Particle

Wish to accelerate the ideal particle. As this particle exits
the RF cavities/stations for the (n+17)-th time we would

have % 4
EtD = B 4 eV sin ¢, m A
A

The ideal energy gain per second would be:

dE S / dt = fO eV sin ¢ 3 fo = revolution frequency

Next, look at (longitudinal) motion of particles near the
ideal particle: ¢ = phase w.r.t. RF system

AFE = F — E, = energy difference from the ideal

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 13
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* Relative to the ideal particle,

2mhn
¢n—|—1 — ¢n + 2 AETL
B
e Lo > ’ , ,
7)) — J) — AFE,11 = AFE, + eV (sin ¢, 11 — sin ¢)
AEn AE'n—l—l
P Pnt1 (difference equations)
Notes:

h=L/B\ AX=c/fit o, h= fyL/v

Desire h to be an integer.

If L is circumference of a synchrotron then: h = f.¢/ fo
where fp is the revolution frequency,

In this case, h is called the “harmonic number”

_ 2 : =
E=mc" +W; AE < AW d Ap/p

AC/C

1

72

—
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37 vO_RFtrack.R

! Files Plots Packages Help Viewer !

T SourceonSave @ Q /v i | ~ ~#Run @ 5% | #Source v = @ & Zoom HExport @ ‘s, Publish ~ @ (&
1 # Program to plot longitudinal phase space motion
2 # through a system of cavities (just an example...)
3
4 Nturns = 100
> o
6 # Some Parameters —
7 Ws =1.0 # MeV/u ©
8 phis = 30*pi/180 # synchronous phase angle
9 eV =20.2# MeV/u
1@ QonA = 0.25
11 gamma = (931+Ws)/931
12 beta = sqrt(l-1/gamma’2) w0
13 eta = -1/gamma*2 &)
14 h = 1/(beta*3e8/80.5e6) S
15 k = 2*pi*h*eta/beta”2*(gamma-1)/gamma/Ws
16
17 # initialize the phase space plot
18 phi =20
19 dw =0 o
20 plot(phi, dN, xlim=c(-180,180), ylim=c(-0.1,0.1), typ="n") % g il
21
2o trk = 1
23~ while (trk < 16) {
24 # initialize particle positions in phase space
25 u@ <- locator(l) s
26 phi  <- u@$x/180*pi o
27 dw <- ulsy <
28 # track the particle...
29 y i |
30 ~ while (1 < Nturns+1) {
31 phi = phi + k*dW
32 dV = dV + QonA*eV*(sin(phi)-sin(phis)) o
33 points(phi*360/2/pi, dN, pch=21,col="red") A
v KRR S i l T I T T T l
35 }
36 trk = trk + 1 -150 -100 -50 0 50 100 150
37 }
38 phi
38:1 (Top Level) = R Script =
February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 15
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Motion Near the Ideal Particle

Linearize the motion, and write in matrix form...

2mhn
¢n—|—1 — ¢n - 52E AEn
AE, .1 = AFE,+ eV (sin¢,11 —singoy)
21h
= AFE, +eV cosop, {Agbn - 57;; AEn}
2ﬂhn
Thus, Adpi1 = Aob,+ E AL,
AFE,11 = eVcospsAp, + (1 + 2;2};;7 eV cos ng) AFE
Ao ~ ! T A 1 0\ (1 2z Ad
( AFE )n—|—1_ ( eV cos ¢y (14—257;%76‘/(303@) ) ( AFE )n - ( eVcosops 1 > ( 0 BlE ) ( AFE )n
M = M. : My
“thin” cavity drift

-~ =
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Stability and Synchrotron Tune

* Frequency of the small amplitude motion is given by the trace
of the matrix:

1 h 1
cos Ay, =~ 1 — §(A¢S)Q =1+ ;‘-2—;6‘/ COS (g [: 2t’r'M]

* For small angles we have simple harmonic motion, with

“frequency” omhn
2TV = \/— 3E,

eV cos @,

« The quantity v, is the synchrotron tune and is the number of

synchrotron oscillations which occur per revolution. At 150 GeV
in the Tevatron, for example, we had

hn 1113 - 1/182 1
s — T V S Pg = — 1)(—1) ~ —
g \/ oni2E, Y € \/ 2150 x 109 VD~ 550

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 17
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Beam Longitudinal Emittance

Suppose beam is well contained within an ellipse in phase space, and suppose
we know either AE or A¢ (or, At) of the distribution (i.e., maximum extent).

So, area of ellipse (the longitudinal emittance) is: T /\E/\¢

or, in E-t coordinates, S=1rAEAt =7 AE

1| B2EeV .
= - A
j\> 5 2frf \/ 27Th77 o ¢S ¢

or, 2EeV A
S = 212 fy _Pke cos pg At?
2mhn

units: “eV-sec”

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 18
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Acceleratio

200 I T T : | T I T

----------------------------------------------- ;----- IUU

« Stable regioné

Energy Difference, eV
o

shrink as begin to

accelerate T~
* |f beam phase R

space area is too | | | |

large (or if DC beam

exists), can lose ) :

particles in the

pProcess ‘
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Review of Transverse Motion

Phase Space: 0

: X
source El sl
< :> 20 L>S
4 ~ 0

1949 angle: x’=dx/ds

Allow to “drift” a distance L, then x = xo + Lxo for
each particle; the particles with largest x’ = xo will
quickly drift to larger x values, and the distribution will
“shear” —

Shape, orientation of distribution in
“phase space” will change, but
effective “area” of distribution will
remain constant

-~ =
February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 20
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Emittance in Terms of Moments

* Considering the general equation of an ellipse, the area enclosed by the

ellipse is related to the coefficients by: Ao °T
TR kR az? + brx’ + cx'? =1
L " T
R Area (blue curve). € 9
5o &)
. Define scaled quantities from our distribution: v
_ (&”)
Canshow: | €= m/(x2)(x/2) — (xz’)2 ' en
the “rms emittance”

a, f, 7 collectively are called the Courant-Snyder parameters, or Twiss parameters

We find that the equation 5 . o
of the blue curve above is: YT+ 200xx’ + BCB — 6/7T Note:

By —a’=1

The ellipse (red curve above) that contains ~95% has area ~6¢

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 21
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Transverse Equations of Motion
* Lorentz Force: F =q(E+7xB)

* Magnetic Rigidity

» particle of unit charge,q=e: Bp=2<="~
q e
N 2.3879 (pe)gev [T-m]
* Reference Trajectory
» Local Coordinate System y

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 22
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Linear Restoring Forces and Hill’s Equation

* Wish to look at motion “near” the ideal trajectory of
the accelerator system

* Assume linear guide fields — |
* Then, to lowest order,

B’ 1

x = dx x! ( ) r = 0
ds Bp = p?
B/

y” —_ (B—) y p— O

\ P J
General Form —
Hill's Equation: | 2" + K(s)x = 0

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 23



3&

Piecewise Method -- Matrix Formalism

» Hill’'s Equation: "+ K(s)r =0
* Solutions for K= constant froms=0tos=1L

_ r\ (1 L o (matrix form)
° K o O 7! — 0 1 .’I?()

¢ K>0: ( o ) = ( _jf—iff%m %o:?%)m ) ( o )

Lo

( 7 ) B cosh(+/|K|L) \/il]?'sinh(\/ll—ﬂl;) ( Zo )
c K<0: o V| K| sinh(y/|K|L) cosh(+/|K|L) (0

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 24
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“Thin Lens” Quadrupole

» |f quadrupole magnet is short enough, particle’s offset through
the quad does not change by much, but the slope of the
trajectory does -- acts like a “thin lens” in geometrical optics

t x(s)
T
\/ F — °

S

e
S

 Take limit as L --> 0, while KL remains finite

(gl e ) - (e D) =( 5 0)

» (similarly, for defocusing quadrupole)

» Valid approximation, if F>> L Bp F

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 25
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Piecewise Method -- Matrix Formalism

* Arbitrary trajectory, relative to the design trajectory,
can be computed via matrix multiplication

LN e
( . /\ ) = MyxMn_1 -+ MoM, ( N 0 )
X'y v

X
SN

S0

-~ =
February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 26
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TRANSPORT of Beam Moments

* Transport of particle state vector downstream from position O

X:<$/> X:MXO

X

* Create a “covariance matrix” of the resulting vector...

T z? oz % o \T c v asT
XX" = N = MXo(MXy)" = MXo Xy M

* ... then, by averaging over all the particles in the distribution,

Zz( <w,2> 2?2/; ) wegett 3 = MBgM?'

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 27
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TRANSPORT of Beam Moments
+ So, since E:( (%) (@) )N( s —ea >:e-K

(x'x) (2'%) —ea €

(%)

- then, K=MKyM"

 where K

* |f know matrices M, then can “transport” beam parameters
from one point to any point downstream, which determines
beam distribution along the way.

p= ) Crms(5) = /eB(s)/m

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 28
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Conservation of Emittance
* Note that from Y= MXoM?!

“=¢-K Kz( § _O‘>
—a A
* then,
det X = det M det Xy det M! = det X
e and note: detM =1
detY = e det K = €*(By — a?) = € By —a?=1

* Thus, the emittance is conserved upon transport
through the system

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 29
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Adiabatic Damping from Acceleration

* Transverse oscillations imply transverse momentum. As
accelerate, momentum is “delivered” in the longitudinal
direction (along the s-direction). Thus, on average, the angular
divergence of a particle will decrease, as will its oscillation

amplitude, during acceleration.
Ap, from RF system

* The coordinates x-x’are not canonical conjugates, but x-px are;
thus, from classical mechanics, the area of a trajectory in x-px
phase space is invariant for adiabatic changes to the system.

-~ =
February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 30
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Adiabatic Damping from Acceleration

¢ Ap

; Pz Px

o

— r = —

2

Define “normalized emittance”: [EN — € - (6’7)

__aAD
— BCEO )
X
—  {(a®)
So,
Ala?) = —(a?) 2P A _
p €

: px p - \/ 2 A 2 — A i e o o Y :UO
: pg + Ap 2Ap pgcos¢ Do Po Po

az + Aa® — 2Aa ag cos ¢
az + Aa” + 2Aa ag sin
az + Aa® + 2Aa B x,

A A
a2 + (— By =2)? 4 2(— By =) Bt

Po Po

Aps?. Ap
a2 + (Brp)2(Z2)? — 2(Bah)> =

o Po

Ap Note
2 _2 /I \2 -
<a’ > <(ﬂx0) >p0 2<(ﬁ$/)2>:2<$2>:<a2>

Ap 1 1
—— € X — Lrms X
p p \/ﬁ

} should be preserved

Lorentz

February 2018
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The Notion of an Amplitude Function...

" Track single particle(s)
through a periodic system

= Can represent either
= multiple passages around
a circular accelerator, or
* multiple particles through a
beam line

Can we describe the maximum amplitude of
particle excursions in analytical form?

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders
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Hill’s Equation — Analytical Solution

* We saw that the equation of transverse motion is Hill’s
Equation:
: "+ K(s)x =0

* Note: “similar’ to simple harmonic oscillator equation, but
“spring constant” is not constant -- depends upon
longitudinal position, s.

* S0, assume solution is sinusoidal, with a phase which
advances as a function of location s; also assume
amplitude is modulated by a function which also depends

upon s.
Pon £ — A+/(s) sinf[ep(s) + ]

* Then, plug into Hill's Equation ...

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders
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Analytical Solution (cont’d) 2+ K(s)z =0

r(s) = A+ B(s)sinyp(s) + 4]
o = 2AgAE sinfi(s) + 8] + AV/Beosli(s) + oy

/!
T p—

Plugging into Hill's Equation, and collecting terms...

A and () are constants of integration, defined by the initial
conditions (x, x) of the particle. For arbitrary A, ¢, must
have contents of each [ ] = 0 simultaneously for sum = 0.

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 34
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Analytical Solution (cont’d)

First,

w// —I_ E/wl — O
By + B =0
(BY) =0

B’ = const

' =1/p

The function 3(s) is the
local wavelength (\/27)

of the oscillatory motion.

Note: the phase advance is
an observable quantity. So,
while could choose different
value of const, then 8 would
just scale accordingly; thus,
valid to choose const = 1.

Next
4 1 (5/>2 1 5// o B
_Z 62 —|—§F—(¢) + K =0
From
266" — ()% + 4K 5* = 4
we get

26/6//+2ﬁﬁ/1/_26/ﬁ//_|_4K/ﬁ2+8Kﬁﬁ/:O
3" +4KB +2K'3 = 0.
Typically, K'(s) = 0, and so

(8" +4KpB) =0

or

3" + 4K = const.

is the general equation of motion for the amplitude function, (.
(in regions where K is either zero or constant)

(see back-up slides)

—

February 2018
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The Transport Matrix 2(s) = A\/B(s) sin[th(s) + 9]

» We can always write:  z(s) = ay/Bsin A 4 by/3 cos Ay

 Solve for a and b in terms of initial conditions and
write in matrix form; we get:

( ) ) <%)1/2 (cos A + ag sin Ay) V Bo 0 sin A ( 0 )
) ——1\?%‘ sin Ay — (\X/—B%; cos A (%) 12 (cos Ay — asin Av) T

So, can write any of our transport matrices in
terms of values of C-S parameters at the two end
points, and the phase advance between them.

A1) is the phase advance from
point sp to point s in the beam line

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 36
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Evolution of the Phase Advance

* |f know parameters at one point, and the matrix from
there to another point, then

a b b
Mi_,o = = = tan Avq_,
1—2 (c d) B, — by an Ay _,9

* So, from knowledge of matrices, can “transport”
phase and the Courant-Snyder parameters along a
beam line or segment of the synchrotron from one
point to another

remember, |K = M Ky M*

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 37
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Betatron Tune
 Since z(s) = A\/B(s)sin[y(s) +6] and ¥ =1/8 .

then the total change in phase around the circumference is given by
ds 1

ﬁ or, will see: 2mY = Cos_l(§traceMo)

The tune, v, is the number of transverse “betatron oscillations’ per
revolution. For the PS, the tune is ~8: for the Tevatron, the tune
was about ~ 20; for the LHC, on the order of ~60.

wtot = 2TY =

* Note: since betatron tune ~ 20-60, and synchrotron tune ~ 0.002, it is
(relatively) safe to consider the longitudinal motion independently
from the transverse motion

* “circular” accelerators --> resonances; choose tunes carefully!
-
February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 38
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Periodic Transport Matrix

* Suppose Mo represents a repeat period
» FODO cell, say — or, could be the whole ring !

MO ( (%)1/2(c0sAw+ozosinAw) VB0 3 sin A ) _ (COS@D +C¥Sln¢ 5Sin¢ )

—1E20a gin Agp — 9290 o5 A % 12 (cos Ay) — acsin Av) — Sin COS — Sin
NET NG

w IS the phase advance through
the periodic system; if represents

the whole ring, then 1)) = 2rv

M():((l) (1)>COS¢+<_C; _Ba)sinwzlcosw—h]sinw

B -« 0 1
Notes: J2 = —1 MO — €J¢ J = (_a - ) (_1 O) =K-S

—

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 39
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Dispersion

The bend angle (and/or
upon momentum
Similar to index of

frequency

—> “dispersion”

different momentum

focusing strength) depends

refraction depending upon

dipole steering “error” due
to a different momentum

focusing “error” due to a

—> “chromatic aberration"

B/
Bp=" R i
q p
dipol t:
Ipole magne ﬁ ______ » po + Ap & — _%
Po
Ap [i.e., in “opposite”
at exit, to lowest order, Ax' = 00? direction of bend]
Ax ~ 16«90 %
2 p

likewise, for quadrupole:

and,

WA

al

f=f0(1+%)

Trajectory differences due to momentum differences referred to as “dispersion”

Ax(s)
Ap/p

D(s,Ap/p) =~ D(s) =

“dispersion function”

- -—
CAS Beam Dynamics/Tech for Future Colliders 40
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1
i i D'+ KD=—
Dispersion o
In terms of matrices... K=0 D" — 1 D — S + D
P P )
D=Dy+Dls+ =
in the limit of short, or “thin” 0+ Hos 5 p,
elgmer?ts, a bending magnet D 1 s 1s2/p Dy
primarily changes the slope of the D =01 "s/p Dy
dispersion function by an amount 1 0 0 1 1
equal to the bend angle of the
magnet 1/p=0: same 2x2 as before
D A 0 Dy
otherwise, the D transports roughly D | = 0 D},
like a betatron oscillation 1 0 1 1

So, can use matrix methods (3x3 now; and 2x2 in “vertical” plane)

to solve for: 3 o "
XI» €T €T
53/7 Xy %
D,, D, (& D,, D; , if also have

vertical bending)
—— e

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 41
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Ex: String of FODO Cells with Bending

po + dpo
I el W=l
o Vg L 9 V g L 5 V¥
F F F F F
> . L
L sin g, = o
Lo 1 .
Dmax,min — QSIHQ(,LL/Q) ( - §SII1(/L/2)>

Values of dispersion function are typically ~ few meters

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 42
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Beam Size Including Dispersion

* Total excursion due to “off momentum” plus betatron
oscillation: r—as+ D6 5= Ap/p

T = x% + 2x3D0 + D?§?

* Assuming no correlation between xz and particle’s
momentum:  (z?) = (z3) + D*(6°)

(z%) = enB(s)/(myv/c) + D(s)*({(Ap/p)°)

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 43



Computer Codes

Complicated arrangements can be fed into now-standard computer codes for analysis

[ ]
»  TRANSPORT, MAD, DIMAD,BMAD
» TRACE, TRACES3D, COSY
»  SYNCH, CHEF, many more ...
TITE
FRIE SEPARATOR AT 98.8 MEV
Y RT.
5 ECHD
MS81: MARKER
MSB2: MARKER
M383: MARKER
16 MS@4: MARKER
MS@5: MARKER
QUAD4Z K1  -2.987138
SEXTA3 K2 A.000000
QUADS3 K1 2.990031 RK?: GKICK, L=8, DXP=0.808, DYP=0.000
15 RKS: GKICK, L=, DXP=0.008, DYP=0.000
QUAD47 K1 2.370599
QUAD4S K1 -1.685765 DT295 :DRIFT, L= @.25008
QUAD4S K1 -1.641612 CT295 :MATRIX, R1l= ©.99999, R12= -9.0@PO2, &
QUADSE K1 - 1.272052 R21= ©.81743,R22= ©.99999,R33= ©.99999,R34= -0.00002, &
) 26 R43= ©.01743, R44= ©.99999, &
e & o RES= 1.00960, R66= 1.B06AD
QADE3 KL 2.031046 RF295 :LINE=(RK?7,DT295,CT295,DT295,RKS)
QUADS4 K1  -2.88383¢
OPERATION LIST , DT296 :DRIFT, L= ©.25600
25 CT296 :MATRIX, R1l= ©.99999, R12= -9.00002, &
MACHINE R21= ©.81743,R22= ©.99999,R33= ©.99999,R34= -0.00002, &
R43= 0.81743, R44= 0.99999, &
120.108.6111 RE55= 1.00000, RE6= 1.00008
4.5 -0.600 RF296 :LINE=(RK7,DT296,CT296,DT296 ,RKS)
4.5 -8.800 -
o DT297 :DRIFT, L= ©.25008
ELEMENT # BETAX ALPHAX B CT297 :MATRIX, Ril= ©.99999, R12= -8.80002, &
R21= ©.81743,R22= ©.99999,R33= ©.99999,R34= -0.00002, &
R43= 0.81743, R44= 0.99999, &
4.508  9.9000 35 REG= 1.00000, R66= 1.00008
Mse1 1 4.500 9.6000 RF297 :LINE=(RK?,DT297,CT297,DT297,RKS)
Da 2 4.500 9.0000
03 3 4.580 -9.1333 CH: GKICK, L=0.88
CH 4 4.5680 -9.1333 A =
oy 5 4,588 -9.1333 40 CUSIORICKS:1.28-00,
QUAD37 ] 4.362 1.2152
D4 7 3.422 9.9849 PM: MONITOR, L=8.8
QUAD38 8 3.296 -9.4625
05 9 4.197 -9.7387 s DRIFTS
CH 10 4.197 -8.7387 z
cy 11 4.197 -8.7387 6
PM 12 4.197 -8.7387 6. B.8649  0.000
QUAD33 13 5.5 -2.7999  5.235 2.6309 0.909 0.0P@ 0.6P0 ©.900 £.0997 0.9718 ©.250 2.500
D6 14 6.55¢ -3.2249  4.p1¢ 2.2526 0.90P 0.0P@ 0.0P0 ©.900 0.1067 0.9895 ©.250 2.750
QUAD4B 15 7.191 9.8032 3.497 -0.0842 0,000 0.000 0.000 0.000 0,1123 0.8914 0.250 3.000
D7 16 5.746 9.5607 3.999 -0.3894 0.000 0.000 0.000 0.000 0,1387 0.1371 1.060 4.060
PM 17 5.746 0.5687 3.999 -0.3894 0.000 0.000 ©0.000 0.000 ©.1387 0.1371 0.000 4.060
Ms62 18 5.746 9.5607 _ 3.099 -§.3394 0.00P 0.0PA 0.0P0 9.909 0.1387 0.1371  0.090 4.060
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Basic Optics of Colliders

 Arcs and FODO cells

* Long straight sections
»  Utility Straight Sections
» Interaction Regions

* Dispersion suppressors

—
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FODO Cells (arcs)

AB = F28/F through a thin quad

B(s) = By — 2aps + yps* between quadrupoles

1:|:L 2F L =30 F =25
6maa: min — 2F / 120
’ 1F L/2F | '

100

Ex: Tevatron Cell By(s)

40

sin(p/2) = L/2F = 0.6 — p ~ 1.2(69°)
Bmaz = 2(25 m)+/1.6/0.4 = 100 m -

Bmin = 2(25 m),/0.4/1.6 = 25 m 20 -
v~ 100 x 1.2/27 ~ 20

0 10 20 30 40 50 60

February 2018 MIJS CAS Beam Dynamics/Tech for Future Colliders 46



3

Long Straight Section
* @ maiched YAt — DI

Insertion” that - LHC V6.5 Beam1 IR4 450GeV Injection (pp) %Crossing Bumps(IP1=100% IP5=100% |P2=10(
propagatesthe £ | & £
amplitude £ | €
functions from =7 ;
their FODO
values, through
the new region,
and reproduces
the FODO values
on the other side ‘

+ Here, we see an R varith
LHC section used o == 1
for beam Scraping Momentum offset = 0.00 % S (0 3]
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Interaction Region LHC high luminosity IR
I

MAD-X 3.03.02 23/0
T T -

* Final Focus | LA

LHC Vv6.500 Collision LHCB1 IR1 Crossing Bumps(IP1=100% IP5=100% IP2=100% IP8=100%) o5
T T T T T T T T T T T T T T T .

= 5000 : =

- { B Bs D, 5

T 4500. 5 : 5 g
L 20 &
15
1.0

— 0.5

— 0.0

-0.5

T T T T T T T '1 .0
13.44 13.66 13.88

0.0 Sal calWias A
12.78 13.00

Momentum offset = 0.00 %
s (m) [*10™( 3)]
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Low-Beta Optics

* |n drift, amplitude function is a parabola:
B(s) = pB* [1+ (s/8%)?]

Very small beam at IP requires very large beam in

the final focus triplet:
(Y6 (’i i 5

-0 £ 0 X X ¢ ¥ ¢ O X0
- = - IP A L*z
transport adjust/tune . final focus ,6 ~
~ B3*
telescope-like: “eyepiece” “objective”
—L" —
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Dispersion Suppressor

used in rings or large bending segments to bring A Lo ( 1 u)

the periodic dispersion of the FODO cells to zero D= sin? & Lt gsmy

D(s)

Jt = phase advance per FODO cell

What value of x will
bring D, D’ both to zero?

Let periodic dispersion be: 50 — (D9) and M, = (cosu + asin Ssin )

—ysin i COS |4 — (¢ SIn

()= (2 3 7) ()= (e -30my (3
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Dispersion Suppressor

So, we transport through a cell with bending
reduced by factor (1-x) followed by a cell with
bending reduced by factor x; since D ~ 6, then
the matrix elements scale accordingly and

hence...
el ion (g) _ (ﬂg w(l—iwo)Do) (Ag (1 =)l - Mo>Do) (li) el periog
=0

which, upon simplification, yields 0 = [(1 — 2x)1 + :E(Mo_l + MO)} My Dy

Noting that ~ M 4+ My = trace(My)I = (2cos )1

U X 1-x
then our equation
is satisfied if 1 o0°c | 1 0
T =
2(1 = cos p) 900 | 1/2 | 1/2
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FODO Achromatic Bend Sections

for u = 900/cell, use 4 cells;
back-to-back dispersion suppressors —

here, u = 90°, but o
with empty half-cell in middle: .
— bet ©
S L B0
Dispy 10 0 200 400 600 800
e 8
g v“
g
i 3 © ;
{ — B
-
w
8
g <
| | | - .
0 200 400 600 '%
[
2
(@)
o
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Corrections and Adjustments

« Correction/adjustment systems required for fine control
» 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

= Typically, place correctors and
iInstrumentation near the major quadrupole
magnets -- “corrector package”
e control steering, tunes, chromaticity, etc.

* monitor beam position (in particular), intensity,
losses, etc.
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Steering (dipole) Errors

* dipole field error: B,=B, —  B,=DBy+AB
» manufacturing; powering; control setting, ...

s AB
. . o . -~ B
- dipole field “roll” (about the longitudinal axis) g
By — BO7 Ble — O 2 By — BO COS¢ ~ BO
Ba; — B() Siﬂgb ~ ¢BQ

Byt
Ay =¢ ——=¢0
Bp °

* Quadrupole misalignment:
Ax

] ,\
AT =% d?@/;
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Steering (dipole) Errors

 Closed orbit distortions in a circular accelerator

» These are not “one-time” kicks; they affect the particle
motion every revolution

see ClosedOrbit.R

YR
/— A / / i S black = nominal
\_/ v/ > S

The trajectory of each particle
will be altered by the angle 46 N
every time it passes through

the error field

February 2018

red = w/ error field
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The Closed Orbit

* Want to find the one trajectory which, upon passing
through the error field, will come back upon itself

» this is the “closed” trajectory, or closed orbit

wo (5 )+ (e )=(2)
()= ( 8 )

* When find xo0, X0, can find x,x’ downstream:

ANY,

b

error field

/
( . ) B (%)1 i (cos Ay + ag sin Ag)) V Bo3 sin A ( o )
) ——1:;%‘ sin Ay — i‘/_ﬁ% cos A (%) e (cos Arhp — arsin Ap) 7o
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Closed Orbit Distortion from Single Error
( ig ) B 2S§197w ( sSin Wfo—cociowcyos TV )

( . ) (%) v (cos Ay + g sin Av) vV Bo B sin Ay < o )
v )| _1tosa gy Atp — 2220 cos Arp <%) e (cos Arp — asin A) 7o

v BoB v/ BoB

_ 20/BoB(s)

2 sin Ty

Ax(s) cos [[4(s) — o] — 7]

v oscillations

If have a collection of errors about the accelerator, then at any one point:

Ax(s) = 7 BV o f10(5) — ] — v

2 sin v

i
as v —> integer, distortions enhanced /
a resonance!
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Trajectory/Orbit Correction

* The final closed orbit of the synchrotron will be
determined by the superposition of the distortions
created by many error fields and correction fields

* To make a local adjustment or correction of the
position of the beam in a beam line or synchrotron,
three correctors are required (in general):

AQEQ

O =
my/_\ ! vV 5051 sin ¢10
81 02 } 93 92 _ —(91 51 S%Il ¢13
Bo sin o3

The trajectory before 61 and B, sin
after O3 is left undisturbed 0s = ‘91\ / L 12

B3 sin s
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