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John M. Jowett
Names picked out in yellow are those involved in the computational developments that are the main subject of this talk.  The others were involved in the physical problem but may have used other computational approaches.


talk

Storage ring partic

dynamics-in-a nuts

Motivation for LEP Collider at CERN

Computational framework

‘raditional approach

_ Mathematical approach

Vlanaging com

lexity

Some results

Personal Vision
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torage Ring Particle Dy

~ Particles in beams are, by design:
bent to follow design trajectory (dipole magnets)

=~ closed orbit

~focused (RF cavities, quadrupole magnets)
according to a beam optics

Optics (B-functions,

|~ Al rbaries |
small amplitude
oscillations (BSO
3 modes, 6-dim
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]
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—Synchrotron-rac lon-linear motion of parti
: i IMaquadrupoletield
pecially strong in LEP
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closed orbits deviate further from design trajectory

beam optics deviate from ideal

Oscillations increasingly non-linear with amplitude

limited set of stable initial conditions in phase space

dynamic-aperture

Cﬁﬂﬁ

ing effects [ vertica

-emittance

optically corrected (orbit correction dipoles, sextupole

magnets, tilted quadrupoles, ... )

EPS-CPG meeting, CERN, 28/4/2000

J.M. Jowett




cts Performance

Optical Configuration af

Dynamic-aperture

allowable beam size (increases with energy), lifetime

—Energy reach of LEP-increased with stronger focusing

epends-on vertical emittance

f, = revolution frequency of ring

K, = number of bunchescirculating

N, = number of positronsin abunch

N_ = number of € ectronsin abunch
A=4mno, 0, effectivecross- sectiona areaof beam
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The MAD program

A o~

Accelerator-design-and-m
generate model of machine

compute parameters, track particles in optics

input is (rudimentary) programming language, output in
various formats for historical reasons

—Monte-Carlo-on-ensemble-of imperfect LEP-machi

rc 1 r

ict typical effects of imperfections

o~ o~

Ne procedures used by operators
compensate

Analyse, correlate many accelerator physics quantities
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[ ] Def' .
-— o Ining arge acce erator structure, element
‘ ements ———mmmeeems  Defining e

QUADRTPOLE, L=1.a00000 wquence Of

i.lD : MQ, E1 EQD . .
OF i MO, KL = KQF clements SN [XCItalloNs

QL4A.1 : MO, K1 = RQL4X./, Sequence elements ; Of elernents

OLEA.3 ¢ MO, K1 = KOLABA. | aqaaa sttt s a s h it bt A A SR A SR A A ST AR A SRR SRR H AT f()r an ()F)ti(xs

QL4L.5 @ MO, = KQL4L.. 1pp . SEQUENCE

E— g ]

QL4L.7 ¢ MO, EQL44." 1pq IF, AT = 0.000000 - i

I
I
I
- 082,21 MO, KOsz, 2 BEMI.QL1A.R1 : BENIC, AT = 0.3065 EQF := 024675755912
Q5z.4 @ Mo, FQ3z. 4 BESMRN.QL14.F1 : BSM, AT = 12.067000
I
_
IIIIII
I
I

Q32,6 @ Mo, EQ32.6 ES.QL1L.F1 : ZL1L.R1, AT = 18.779000 ! HIBL identical for all IPs : hetay=c9 betax=3|

QSZ g : MO, KOSz .8 PUT.OL1A.R1 : BTPE, AT = 21.609000 | KOLE i= —3.108217E-02

QUADRUPOLE, L=2.000000~143 1 : QL1.1, AT = 22.816000 EQLS : 2.761852E-02
QLl 1 : MQh, K1 = KOL1.1 gy ip'ny ; gri.4, AT = 25.316000 KQL4 := -1.781627E-02
QL1.3 : WQA, K1 = KQL1.3 = pror7p.Ri : BPE, AT = 26.355000 KOLZ := 1.506392E-02

QL1.5 : MQ&, = KQL1.5Cyi.oLiB.RL  HCVL, AT = 26.504000, K KLl i= -1.293780E-02

QL1.7 : MOQA, FQLL.Y  ppg.oLzi.R1 : BQPE, AT = 27.701000

QL11.1 : MOA, KL = KOLLl  pue’oron ny & BGRE. AT = 28. 148000 KEQL1.1 := KQL1 ; EQL1.3 := KQL1 ; EQL1.5
QL11.3 : MQA, KL = KOLLL qroy ny : gl2a.1, AT = 25.316000 KQLZA.1 := KQLZ ; KQLZA.3 := KQLZ ; KQLZA.
QL11.5 : MQR, K1 = KOL1L Giop'ni . groa .1, AT = 31.816000 KQL2A.1 := KQL4 ; KQL4A.3 := KQL4 ; KQL2A.

QL11.7 ¢ MOL, E1 = KOLll PU.OLZE.R1 : BPFE, AT = 32.084000 EQL5.1 ;= KQL5 ; EKQL3.3 = KEQLS ; KQLS5.5
CHAL.QLZE.R1 : MCHAL, AT = 33.254000, K EQLa.1 ;= KoLa ; EKQL&6.3 = KHQLA6 ; KQLA.5

SBET.QLZB.R1 : 3BT1.1, AT = 34.9Z4000,
WIGHME.QL4A.R1 : BEUVE, AT = 53.354000

WIGAN.QL4A.FR1 : EEWI, AT = 59.934000,
EDL := -.024313922513

EFL := .021392153°01

! RFL

EFL.1 := EFL ; EDL.3 := EDL ; EDL.5 := EDL ; EDI
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corgment *¥*%¥* CORRECT BETAT* ##++%
Simulate the operational procedure of correcting hetay? on one heam.

How this works (following chat with Ghislain):

We previously saved the ideal machine state in <optics>.ideal.pool.

We now take note of the present betay® wvalues in the imperfect

machine that we have generated and pooldump its state as ....imp.p.pool
The imperfect betay® walues are saved in a file.

We reload the perfect machine and re-watch it to get the imperfect
hetay® walues. The increwmehts are saved in a file.

We poolload the imperfect wachine again and apply the negative of

that increment.

endcontnent

savebeta, label=impEND, place=ENDLEF:saveheta, labhel=impIPZ, place=IP:2
savebeta, label=impIP4, place=IP4; savebheta, label=impIFo, place=IFc
savebeta, label=impIPa, place=IFS;

TWISS

[ e R TS T . R TR

I . ivp=inpEND [ MU ; Oy, ivp=1impEND [ HUY]
value Ox.imp, Qv.imp

et bystar.IP2 , implPzZ[kbety]; =set,bystar.IP4 , implPd[hety]
B == Lystar.IPs , iwmpIPe[hety]; set,bystar.IPS , impIPS[bety]
wvalue bystar.IPZ,bystar.IPd,bystar.IP6, bystar.IPS
save,filensmme="TMPEYSTLR . .mad", pattern="B¥23TALAR. *"
B oL DUNE, filensme="unc.p.pool”
POOLLOAD, filename= "/afs/cern.ch/user/ 3/ jowett/mé/ ideal . pool”
walue Qu.ideal, Oy.ideal, bystar.ideal
call, filensme="TIMPEYSTLR . mad"

I Define symretric increments to 230 strengths

et KQ50.L2 . ideal ,EQ50.L2 ; KQ30. = KEQ30.L:.ideal+DEQS0.2
zet, KQ50.R2 . ideal ,KEQ50.R2 ; KQ30. EQS0,B2 ., ideal +DEQS0. 2
set, KQ50.L4,ideal ,KEQ50.L4 ; KQ30. EQS0,L4,ideal +4DEQS0. 4
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Phvsics mMasked by |

awkward procedure
involving much file=—
Mmanagement, copying

o5 among variables,

vV CUTU

etc.

Limit of reasonable
- gmmilmm;_

language, starting to
Necome verv error- |

prone.




pproaches

any runs of MAD program to manag
-Many-copies-of similar-input files, even more output files.

Unix scripts or enhancements thereof (awk, Perl, ...)

Post-processing of output files in various formats
Analysis and visualisation with spreadsheets,
CERN’s PAW package, ...

end MAD itself

Nevertheless, severe problems of data management and
analysis

-Lack of flexibility and interactivity
Rigorous-evaluation-of optics-tedious
_imited human resources
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Develop-functions-in-a-higher-level interactive-programming

‘hematica) to encapsulate t

‘unctions of the MAD program-in-this app

- — Functions typically act on members of an ensemble of

‘ealisations of the imperfect LEPs.

E.qg. the vertical emittance of a LEP

Use mathematical operations to combine these functions

-asy in the Mathematica programming language and

notebook interface

E.g. the correlation of vertical emittance with “dispersion”.
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Benefits

atural-and intuitive for the physicist/mathematician who-is

ot a professional programmer.

Manage complexity, forget (almost) about processes of

generating results (running many batch jobs, gathering the

ata they provide).

0O 100DpsS.

Results emerge as ensemble of mathematical functions or

‘unctional database.

Objects in database can be anything from scalar values to

surfaces in phase-space.

Never have to think about types or structure.
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Ideal mac_hine — Install vacuum
no solenoids, hambers to limit
no RF, no radiation . aperture in quads

Compute 6D linear C :
: . g Compute solenoid
machine, RF, radiation — compensation with

(Xn1pn)1,2,3!Q1,2,3’ . tilted quadS
) N

U 01 T1,2,37£1,2,37"'

6D dynamic aperture g
scan in 4D I

(1,15, 15,¢5)
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.
Generate ensemble of 30 imperfect machines (misalignments, tilts, field errors in all magnets) M

Solenoids, RF, Compute 6D linear .
Correct closed orbit radiation on achine, RF, radiatio 6D dynamic aperture
W|thout radlatlon

6D machine for e (Xn1pn)l,2,3’Ql,2,3’ scan in 4D
=0.6mm, ) 0.4mm « (1,1, 15.@)
Correct By*, tunes (U -

Reverse element Tracking with quantum

sequence, build fluctuations, >200 1,
equivalent machine O higher order effects
on emittances
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Particle Tracking and Dynamic Aperture

—One-of the things MAD does
ﬂriiclesareJaunchedAthhgjyenJmtiaJLondjtionsand
racked for many turns around the acceler ructure
If their orbits remain bounded, the initial conditions are
inside the dynamic aperture.

Search for boundary of dynamic aperture in 6 dim phase
Space ?
Many runs of MAD, re-launching particles
Encapsulated in a single call of a Mathematica function
Returns a 3-4 dimensional dynamic aperture surface and
data on particle surviva

athematica package handles search procedure
MAD handles CPU-intensive tracking
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DVN: igh energy

pd(turns)
4

Colour coding of survival
plots

horizontal betatron”

turns survived

I -
by RBSC _ by RBSC I Ducket height”
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—See-Section in-Matl

Dynamic Programming Idiom

hematica book

nttp://docunents. wol fram com v4/ Mal nBook/ 2_04/ S2. 4. 9. ht m

A\

~unctions that remem!

er values they have |

[

[ x]=<rhs>

~ Delayed evaluation replaced by immediate once the

calculation has been done

Id repetition of expensive calculations

UNC

ion

~Creates a database of resuilt

_Key to approach

EPS-CPG meeting, CERN, 28/4/2000
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One notebook-manages-t ' rocess of
erfgrmmgsomeihousandsngADJuns(fewjays)jnd
distilling results into heterogeneous database of functions.

nctions return realisations of beam parameters in the
ensemble-of machines.

- “Wiewer” notebooks perform statistical analysis, presentation

of results

Answers to questions about machine perforrr

— — Exploratory-studies

—Among these, a summary notebook, formatted
appropriately, might provide a report for publication.

Separation of these steps not essential.
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LEP Imperfection Studies

John Jowett

Packages and functions needed

Setting-up an optics case

Generate the Ideal Machine

Dynamic Aperture of Ideal Machine

Generate Imperfect Machines

Dynamic Apertures of Imperfect Machines

Quantum tracking of imperfect machines

Other calculations on imperfect machines

Build database of parameters of imperfect machines

Utilities B


John M. Jowett
This is a top-level view of the Mathematica notebook used to manage the process of generating and evaluating the ensemble of realisations of the imperfect LEP machines.
In the text-processor-like interface, each section heading opens up to reveal the details necessary.  Results are saved as Mathematica functions in separate "database" files.  The mathematical objects in these files have a fairly complicated structure but the user needs little awareness of it. 
You can see a nice, tidy example of the "Viewer notebooks" mentioned on the preceding slide at 
http://wwwslap.cern.ch/~jowett/SLNotes/SLNote98-020.pdf
Note that in this printable document, all the Mathematica commands are invisible.



ibility: Interesting questions vary an

-~ — Much better to be able to explore them in-an-interactive
environment even when heavy computation-has to-be

done by a compiled program.

Relief from planning a “campaign of simulations”.

Programming language is much simpler and vastly more

expressive than, say, C++

No type declarations

No compilation, instant step-by-step debugging
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—Absorb-the limited-MAD-language-in-the-Mathematica

language:
Much higher-level programming structure
Mathematical/Graphical interfaces
—The new MAD Version 9

Complete rewrite of program in C++.
‘ncomplete, currently debugging.

Accelerator-physics-implemented-in-CLLASSIC class-li
~ Parallelism with multiple Mathematica kernels
controlled from a single notebook

=
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John M. Jowett
I skipped this slide to save time during the talk.  The first point is quite well-advanced though not published, the second is in an intensive testing and debugging phase and the third is just an idea for now.


I have over-simplified.

The ideal was not fully realised.

['his is how to do it if starting again.

nowever, confident t

nat it Is entire

enow. B

EPS-CPG meeting, CERN, 28/4/2000 J.M. Jowett



John M. Jowett
This slide is included in the interests of honesty.   The viewpoint described in this talk evolved gradually and there was never time to go back and fully implement it.  There were only ever 1-3 people working on this and we had other things to do as well.  And the main motivation was to get the results!   Apart from time, however, I see no obstacle to carrying out fully the approach described in this talk.


hen-a-prob

- computational-environmen

— Build set of Mathematica functions that return essential

Externals are, generally, but not necessarily, the CPU-
iIntensive computations.

Use as a basis for higher-level functions that will
exhaustively analyse problem.

—Judicious use of dynamic programming idiom to a

‘esults of heavy calculations in a functional database.
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—How we do theoretical/mathematical/

computational science

p to early 20th century
Mid 20th century
Late 20th century

Some time in the 21st century
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Up to early 20th ¢

ury

—Small science

One man apprehen ne whole proble

Understanc inngpJementedJnmathematical

formalism with paper and pencil.

Pieces of problem solved on paper.

Published paper was much the same as the work

d-to read it

ull-understan lﬁg

was gainec

Not too hard to check the results
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—Science got bigger

any men got involved oroblem, some of
them only apprehending their piece.

Pieces of problem solved by computer
Drograms.  Running programs became an

LA ST =1 I I |

—Published paper no longer resembled the work
done (executive summary syndrome)

Less effort to read it.

Less understanding conveyed.
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Done with fewer peopls

Many were still running computer programs
all day long

— e-Published papers galore

Less time to read them

Who could check?

But computer programs started to disappear into
something that looked like mathematics again ...
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Published paper will do the work

Reader will understand with less effort

by interaction with the paper
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