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Particle tracking

* Numerical integration through field maps — ELENA beam lines

- Tail population due to damped injection error — SPS ion injection
- Scattering in collimators

- Special processes like slow extraction — see Phil Bryant’s lecture



Tracking through field maps

- Certain magnetic elements might not be ‘built-in” elements in our code
- Can use simulated/measured field maps and track particles through

- ELENA transfer lines with 100 keV antiprotons

- Transport via electrostatic elements

- Quadrupole fields can be scaled wrt magnetic ones

- Strong bends of up to 80 deg deflection require treatment as field maps
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ELENA beam lines optics

- First order optics established with MADX
- Field maps simulated in COMSOL
- Particles tracked through field maps in TRACK

- Numerical integration of 6D equation of motion
through any type of field map

* Track evaluates the Twiss parameters from a
statistical distribution

- Difference due to quadrupole hard-edge
approximation in MADX — most visible in final
focus where gradients are strongest
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Particle tracking — Tail population at injection

« LHC ion program profits a lot from reduced batch spacing at SPS injection

- First and last bunches of a batch suffer from injection kick error — to a big part
mitigated by the transverse damper

- No effect on within measurement precision but increased population of tails
observed from losses on transfer line collimators

- How to simulate this?
- Describe motion through accelerator by effective Hamiltonian formalism
- Using Lie algebra to establish a One Turn Map

- At turn O particles get an injection error, in later turns they see a damping effect from
the transverse feedback

Francesco Velotti



Particle tracking

— tracking
10 : * * measurements

- Need to measure amplitude
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Particle tracking

Evaluate particle displacement after several thousands of turns
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ELENA strayfields

- Experimental solenoids of 1-5T = ASACUSA 2
magnetic field close to 100 keV N
beam line 170

- How to simulate the impact on 2165 ATRAP 2

the beam?
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J. Mertens



ELENA strayfields

- Effect of strayfield kicks on trajectory
- Correction is required to stay within aperture

- Problem: the strayfields depend on the state of the experimental magnets and no
feedforward correction can be applied
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Stray field attenuation

- For a stray field attenuation of a factor 50, the trajectories can be corrected to 1le-5
level

 An attenuation of factor 800 is needed if different experimental magnet states have
an effect on the trajectory at the same level as expected shot-to-shot variations
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PS injection strayfield

Magnetic field at transfer line
was measured and translated
into multipole kicks every 2 cm
along the last meters before
injection
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Emittance exchange insertion

- Acceptances of circular accelerators tend to be larger in horizontal plane (bending
dipole gap height small as possible)

- Several multiturn extraction process produce beams which have emittances which
are larger in the vertical plane — larger losses

- We can overcome this by exchanging the H and V phase planes (emittance exchange)

Low energy machine After multi-turn

extraction After emittance
exchange
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Emittance exchange

Phase-plane exchange requires a transformation of the form:

X1 0 0 myz My X
X2 | O 0 my3 My, | Xy
Y1 M3 Mz 0 0 | Yo
y'1 My My 0 0 AY%o

A skew quadrupole is a normal quadrupole rotated by 45 deg.
The transfer matrix S obtained by a rotation of the normal transfer matrix M

S = RIM R

cosé 0 sin@ 0

where R is the rotation matrix 0 cosé 0 sing
—siné@ 0 cosd 0

0 —siné@ 0 cosd

(you can convince yourself of what R does by checking that X, is transformed to X; =
XoC0SO +Y,SING, Y, into -X,sind +y,coso, etc.)



Emittance exchange

For a thin-lens approximation
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-
Emittance exchange

The transformation required can be achieved with 3 such skew quads in a lattice, of
strengths 0,, 0,, 05, with transfer matrices S,, S,, S,

A , B
m Skew quad m Skew quad m Skew quad
O, o, O3
The transfer matrix without the skew quadsis C=BA.
0 0
C_ CXoo
10 Oi C
00 Y
/'BX%BXI [cos Ag, +ayy Sin A, ] B Byo SIN AP,
C, -

(g ~ 009 Ay {1+ @yt )sin 49 ﬂ% [cos A, —ar,, sin Ag, |
X2

2, ﬂxlﬂxz

and similar for Cy



Emittance exchange
With the skew quads the overall matrixis M =S;BS,A S,

C11 +D015834616, C12 | C1201 +Db158336, b128349;

|:C21 +D,,8340,6, } Cpp +D348120,05 {‘32251 +D,,8330, } by,8340, +C3403
+03 (C3451 +b34all52) +03 (C33 +b343125152)

M o=
C3401 + 348115, 21,0349, C33 +D0348170,5, C34

{53(C11+b123345152)} T [53(C1251+b1233352)} C ba. S8

+Cy407 +D558340,0, 1273 T aaT1e 2 +Cy3 +Dy48120,0, a4 T TL2TaTaTe

0 0 myz my

0 0 my; My
mg; Mg 0 0
Mgy My 0 0

Equating the terms with our target matrix form

a list of conditions result which must be met for phase-plane exchange.



Emittance exchange

0=cy,

0=Cgy

0=0yy+D0;58340,5,

0=Cyp+0348120,5,

0=C33+034812016,

0=Cy4+D0158340,5;

0= Cpy +by)834615; +33(C3401 +b348115,)
0= Cy3+by4812018, +63(C1201 +b158335, )

The simplest conditions are ¢;, = ¢;, = 0.

Looking back at the matrix C, this means that A¢, and A¢, need to be integer multiples of
7 (i.e. the phase advance from first to last skew quad should be 1809, 3609, ...)

5.5, =— Cit ___Css
We also have for the strength of the skew quads Y2 bas,  baap,
c c
5253 —_ 22 _ 44

D321, by ,a34



Emittance exchange

Several solutions exist which give M the target form.

One of the simplest is obtained by setting all the skew quadrupole strengths the same,
and putting the skew quads at symmetric locations in a 902 FODO lattice

From symmetry A = B, and the values of a and b at all skew quads are identical.

(cosAg, +a, sinAg,) B, sin Ag,

Therefore A, =B, = (1—a§)sin A, with the same form fory

— 5. (cosAg, —a, sinAg,)

The matrix C is similar, but with phase advances of 2A¢



Emittance exchange

Since we have chosen a 902 FODO phase advance, A, = Ad, = /2, and 2A¢, =
2A¢, = T which means we can now write down A,B and C:

ay B 0 0
2
_(1—06)() —a, 0 0 -1 0 0 O ]
Px o 1.0 0 i.e. 1802 across the
A=B-= C=\y o _i o| insertionin both planes
0 0 ay ,By
0 0 0 -1
[1-a)
0 0o - ,Byy —a,
. 1
we can then write down the skew lens strength as 01 =05 =03 =04 =
B Py
o ; \/E 1
For the 902 FODO with half-cell length L, St =—0p = Ss -5
L




If you got lost in the last 8 slides...

...skew quadrupoles can tilt beams around their longitudinal axis

Can there be any other (well known) beam line element do the same?



Beam tilt from dipoles

...skew quadrupoles can tilt beams around their longitudinal axis.
Can there be any other (well known) beam line element do the same?

A horizontal dipole alighed on a slope introduces a tilt of the beam:

/ Slope angle

Bend angle




Beam tilt from dipoles

- Effect from a single dipole small and in the order of misalignment
- Becomes significant when accumulated over many dipoles along a transfer line

« This gives 65 mrad roll angle for Tl 8 Qp — N « ¢

- LHC itself is inclined but usually we calculate rings as if they were located in x-z plane
and survey becomes 2D, tilt and roll angle are O

- If you consider the inclination of LHC you see that the tilt and roll angle oscillate but
are perfectly closed after one turn

Omax €080 and ¢, s1inO, with 0,,., = 14.04 mrad.

B. Goddard



Beam tilt from dipoles

« LHC has local tilt of 13 mrad at the injection point
- Beam will be mismatched - emittance growth
* In case of LHC has negligible effect of ~1%

- Trajectories must be matched, ideally in all 6 geometric degrees of freedom
(x,y,z,theta,phi,psi)

- MADX is correctly taking into account the roll angle calculation for dipoles on a slope

- We just have to remember to calculate the local value of psi for a ring at the injection
point
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Dilution

Why do we need dilution?




Hydrodynamic tunneling test

e Bunch spacing: 50 ns
* Bunch trains with 36 bunches
* Bunchintensity: 1.5E11 p

Florian Burkart
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Run 0 ] Trig?

Dilution pattern

» Could use inverse of final focus but in
case of LHC, FCC this would lead to
enormous absorber dimensions

- Use time-varying dipole fields instead
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Kicker erratics

- Different approaches to handle the erratic:

- Fire all the remaining as soon as you detect the erratic of one — LHC philosophy

- Unsynchronised with the beam — will spray particles around the aperture which requires passive

protection elements
- Dump channel aperture is designed to accept also a beam deflected by one kicker less (14/15)

- Ignore a single switch erratic — being studied for FCC
 The effect of a single kicker on the beam should then be small ~ 1 sigma
- Wait until the abort gap is in sync with the kicker and deflect the beam in a clean way into the

dump channel
-+ With 8 GJ circulating you want to make sure that the collimation system is fine with that

- Also, one beam is kicked, but the other one will see a ‘coupling’ via beam-beam effects



LHC situation

- Firing all the others in case of single failure is only done for the LHC extraction kickers
— not for the dilution kickers

- Also the dilution kickers switches are prone to fire spontaneously (a few per year)

- Problem: EM coupling



LHC situation

Spontaneous trigger = time delay between MKBs
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LHC situation

* Firing all the others in case of single failure is only done for the LHC extraction kickers
— not for the dilution

« We know since longer that also the dilution kickers switches are prone to fire
spontaneously (a few per year)

« Problem: EM coupling

« Solution could be to retrigger them all — preferably in sync with the abort gap of the
beam

- This means that the time between the extraction kickers firing and the dilution
kickers firing is not anymore constant

 The dilution pattern on the dump will change
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Delay time: 10 us
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Delay time: 20 us
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Delay time: 25 us
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Delay time: 30 us
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Delay time: 40 us
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Delay time: 45 us
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Delay time: 50 us
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Delay time: 80 us
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Particle density on dump face
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Longitudinal peak dose profile

- Particle density on dump face is not the full picture — see Anton’s lecture

50 TeV, 1x10" ppb, 6=400pm, multi-spiral sweep patterns
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Studies for FCC dilution pattern

Overlap of neighbouring branches
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Combine dilution with optics

D. Barna

MEEWZ MEEW1 MEEY2

Horizontal

Vertical -

Y

- Horizontal kick enhanced by quadrupole kick due to off-centre passage
- Vertical kickers aperture reduced in the critical plane
- Looks like a good application of point-to-point focusing technique

* Or using doublets with

- point-to-parallel focusing
- some equipment like instrumentation and vacuum

- parallel to point focusing



Design of a dump system requires

- Detailed knowledge of kicker hardware (see Mike’s lecture)

- Waveforms, failure cases, coupling between systems

- Simulations of particle-matter interactions (see Anton’s lecture)

- Shower development

- Knowledge of beam optics
 Focusing system can reduce the dilution hardware requirements

 Overall machine protection aspects of the ring
- Can we afford to ignore a single kicker erratic (collimation, beam-beam,...)?



Summary for all TL lectures

- Before switching on a computer we can define for a transfer line
« Number of dipoles and quadrupoles, correctors and monitors
« Dipole field and quadrupole pole tip field
- Aperture of magnets and beam instrumentation
* Rough estimate of required field quality and alignment accuracy

- With computer codes

« We can calculate the optics for matching sections and final focus for fixed target beams
* Give a precise value for the field in each dipole and quadrupole
« We can run error and correction studies
* Define misalignment tolerances
+ Define field homogeneity and ripple
- Define specifications for transverse feedback systems
« Define sensitivity of instrumentation



Summary for all TL lectures

- Certain cases require particle tracking
* Numerically through field maps — for special elements which are not ‘built-in’

« Establishing the Hamiltonian and tracking particles with one turn maps — tail population after
injection error

« Particle distribution trough collimators — particle-matter interaction

- Lines on the energy extremities provide special challenges

« Stray-field calculation, measurement and shielding — 100 keV ELENA transfer lines nextto5 T
solenoids

+ Dilution of high energy beams — LHC, FCC



Thank you for your attention
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