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Abstract

The formula relevant for linear optics design of synchro-
trons are derived systematically from first principles; an
exercise in Hamiltonian dynamics. Equipped with these,
the relevant use cases are then captured for a streamlined
approach allowing professionals, i.e., software engineers,
to efficiently prototype & architect a CAD tool, like those
available to mechanical engineers since the mid-1960s. In
other words, robust design of a modern synchrotron is an
exercise in/pursuit of the art of engineering-science; i.e.,
solving the inverse problem: from end-user requirements to
a conceptual & engineering design.

BACKGROUND

Nordic Contributions to Software Engineering

Computing has a long strong tradition in the Nordic
countries, originating from the late 1940s, mainly as an en-
gineering activity to build computing devices to assist
mathematicians & engineers in solving scientific & engi-
neering-science problems.

In the 1960s several Scandinavian technological insti-
tutes were in the forefront of computer language develop-
ment [1]. Algol-60 was the first computer language defined
by the Backus-Nauer form (BNF) for Chomsky’s context-
free grammars (J. Backus was a programming language
designer at IBM & P. Nauer a prof. in software engineering
at univ. of Copenhagen). After which Pascal & C followed
suit. Fortran on the other hand is context sensitive. The Al-
gol based simulation language Simula was implemented by
O.-J. Dahl & K. Nygaard at the Norwegian Computing
Center 1966 (which introduced class & object & influ-
enced the design of Smalltalk, C++, Java, and C#).

First generations computers, such as SMIL, built at univ.
of Lund, had an Algol-60 compiler provided by T. Ekman,
1962; guided by C.-E. Froberg, an expert on numerical
analysis. The hardware was based on J. von Neumann’s
IAS architecture.

The originators of Turbo Pascal (A. Hejlsberg) & C++
(B. Stroustrup) [2] hailed from Denmark. Similarly, the
prof. at the dept of automatic control, K. Astrém, Lund in-
stitute of technology (LTH) was an expert in his field [3].

These pioneers built solid software engineering depart-
ments. So as a TA at the dept for ditto at LTH, reporting to
T. Ekman, the first author had scrutinised student assign-
ments on structured programming, for scalable & predict-
able results, in Fortran, Algol, and Pascal. The latter was
added to the curriculum at the time. To pursue R&D and
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engineering-science requires constantly learning new tools
& techniques.

Observations

While spending a semester as a technical student at
CERN the first author was baffled when learning that it
took a colleague/grad student pursuing applied physics in
the LEAR group (Low Energy Antiproton storage Ring), a
I-month effort to isolate a bug in MAD-6 [4]. L.e., as part
of an attempt by the group to use it for modelling of LEAR.
A “small ring” storing antiprotrons (80 m circumference),
enabled by stochastic cooling [5]. Her printout — a 6” pile
0f ~40,000 lines of Fortran code — which was not organised
as a software library, used some ad hoc MAD input lan-
guage [6]; i.e., mixing the lattice description/definition
with the commands for the actions on it in the input file.
For a perspective, Simula, mentioned in the previous para-
graph was a programming language/tool for discrete event
simulations.

For a streamlined approach: just “script”/code the simu-
lations in e.g. Fortran-77 — the first line being a function
call to read in the lattice file — followed by the com-
mands/function calls, compile it, and then link to a beam
dynamics library. The “script” could then also contain/pro-
vide e.g. function prototypes for new algorithms as well
which, eventually, after testing, are ported to the beam dy-
namics library; providing a recursive strategy/process for
successive refinements.

Contrarilyy, MAD-6 was essentiallyy, a Hodge-
podge/monolith of lifted modules/codes [7-11] developed
at other government funded labs. Each had somewhat dif-
ferent approximations for the equations of motion/Hamil-
tonians & and integration methods. It is no surprise to years
later read that [12]:

Inspection of the original MAD-X (MAD-8) code re-
vealed that the Conte-Martini formulae [6] were the
ones implemented (presumably they had been copied
from ZAP [7]), and not the original expressions from
Bjorken and Mtingwa [5]. Correcting the formulae for
the horizontal plane and adding the terms containing
vertical dispersion resulted in the new MAD-X module.

For clarity, the confusion regarding the actual simplified
equations of motion and “black box” approach to the
model/code refers to MAD-8. Not surprisingly, it had to be
re-factored & overhauled for the LHC design & commis-
sioning.

Later an opportunity emerged to pursue the former, i.e.,
first principles approach, when providing and validating an
on-line model for the Advanced Light Source commission-
ing (1990).

Prior to that, when at CERN as a scientific fellow — for
a model to improve the control of the nonlinear dynamics
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for LEAR to extend its low energy range — the first author
chose DIMAD [13] (a symplectic version of DIMAT [14]);
i.e., ~5,000 lines of Fortran code. I.e., a model/code that he
could modify as needed for the task(s) at hand.

It was also used for an on-line model by interfacing to
the control system with a macro assembly module for the
I/O & a Pascal module for conversion from engineering to
physics units; akin to a modern Middle Layer [15].
Straightforward, since the control system was imple-
mented as a client/server architecture & relational data-
base [16].

INTRODUCTION

Engineering-Science

Accelerator design is a pursuit of engineering-science,
roughly, “neither science nor engineering”, e.g., ref. [17].
Hence, because accelerator physicists tend not to have a
strong background in an engineering discipline & related
methodology, perhaps, it has not reaped the potential ben-
efits from that approach.

In particular, one may compare with the evolution of the
digital computer, aerospace [18, 19], and modern telecom
[20].

One exception is MAX IV; i.e, MAX III <- I <- L. A
paradigm shift in this field; achieved by introducing dis-
ruptive technology(ies) to enable miniaturisation to purse
the 1/n3 reduction of horizontal emittance by increasing
the number of dipoles n; vs. following the beaten path;
pushing towards the theoretical minimum emittance cell.

SOFTWARE ENGINEERING

When the SLS project was funded — having completed
the conceptual design, the first author joined a telecom
start-up in Silicon Valley as systems engineer (for a tele-
com. system comprising ~1M lines of source code in C &
C++ in a software development group with a staff of ~40).

For project management in the software industry there
are concepts like: spiral & agile model (vs. waterfall), use
case approach, end-to-end testing, etc. Similarly, mechan-
ical engineers introduced the finite element method [21] &
CAD systems in the 1960s. Other effective areas of stand-
ardization include ASME's boiler and pressure vessel
code: conceived 1911 & first edition published 1915. And
IEEE’s crucial work for the emergence of modern telecom.

Another paradigm helping to push the state-of-the-art
software is the open-source approach; e.g. pursued for 7eX
by D. Knuth first released 1978. A typesetting system vs. a
word processor Knuth implemented to improve the print-
ing quality for the computer science books he was writing
[22]. For quality assurance he also provided the
incentive [23]:

TeX is guaranteed to be bug free. The author, Stanford
Professor Donald Knuth, will send you a reward check
is you find a bug. The reward is currently $327.68 (that
is, 215 cents).

Needless to say, Unix & Linux have provided paradigm
shifts in this field.
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Use Case Approach

The use case approach is a strategy in system engineer-
ing developed by the software industry to capture the func-
tional requirements from often vaguely defined, unknown,
and changing needs for the end user of a complex system.
In particular, by an intuitive approach where the users &
system are visualized as a set of actors (end-users or other
systems) interacting with a “black-box”, see Fig. 1.
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Figure 1: Use Case Approach (from ref. [24]).

It emerged as the solution to an intricate commercial sys-
tems engineering problem in the 1980s. To quote 1. Jacob-
son, 2010, one of the “Three Amigos” who with G. Booch
& R. Rambaugh invented & developed the Unified Model-
ing Language (UML) for software engineering in the
1990s [25]:

It was like that in the late 1960s and the ‘70s when the
Ericsson AXE system beat all competition and won every
contract thanks to being component-based. Similarly,
when Rational was successful because of UML and Ob-
Jectory. And Telelogic because of SDL.... In 1986, Use
Case was the solution to the problem that traditional
functional specifications were immense and not testable.
To start from the users and find their different use cases
made the specifications understandable, while we also
at the same time found the test cases. The result was a
good way to do test-driven development, now being pop-
ular in agile teams.

He has since used the use case approach for professional
collaborations with colleagues in the field [24, 26-28].

(On-Line Model -> Conceptual Design)"

As mentioned earlier an opportunity arose to provide an
on-line model — using a first principles approach for a self-
consistent model (i.e., using the same equations of mo-
tion/Hamiltonian & integration method for both tracking &
analysis of the global properties for the magnetic lattice,
e.g., the linear optics) — to guide the Advanced Light
Source commissioning (1990). In particular, it was:

o coded in Pascal as a beam dynamics library,

e “scripting” for the simulations was done in Pascal as

well; for convenience & a recursive approach,

e hooked up to the real-time database (RT-DB) by re-

mote procedure calls,

o the definitions for the magnet families in the lattice de-

scription file were extended to include a list of the RT-
DB names for the corresponding power supplies
the latter two items providing a straightforward middle
layer [15].
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Since the underlying beam dynamics model had been
validated by beam studies during the commissioning [29],
the first author subsequently used it to guide the control of
the nonlinear dynamics for the SLS conceptual design [30].
After which his successor re-used the beam dynamics
model & related correction algorithms as a model-server
for the commissioning of the system [31]. In particular, by
machine translating the Pascal -> C (via p2¢) and imple-
menting it as a Corba compliant client/server in close col-
laboration with a software engineer.

Similarly, the C translation (open source) was utilised by
the controls group for DIAMOND to implement a virtual
accelerator — interfaced to EPICS as a Virtual Input Output
Controller (VIOC), see Fig. 2 — for e.g. end-to-end testing
of controls applications; before the commissioning of the
system [32].
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Figure 2: Client/Server Architecture (from ref. [33]).

Also, a manual translation of a subset of the core “numeri-
cal engine” from Pascal to C was made and then integrated
with MATLAB to implement what’s known as Accelerator
Toolbox [34].

While the scope for EPICS since the inception has been
“equipment control” [35]. For NSLS-II an opportunity
arose to extend it to support model-based control by creat-
ing a software architecture to support model services in
general [27, 28]. Hence, the computer model & related
controls algorithms — the same as provided for ALS & SLS
but now machine translated to C (courtesy open-source ap-
proach) — which had been used to guide the control of the
nonlinear dynamics for robust design for the NSLS-II CDR
& PDR, was available before the commissioning. Also,
beam studies shifts were prepared by scripting Python
notebooks beforehand to test/debug/validate them against
the corresponding Virtual Accelerator [26]; to avoid wast-
ing precious beam studies time. -> do it right the first time.

EQUATIONS OF MOTION

Synchrotrons are modelled by the Lorentz force:
dp — -
—=qE+vXxB
ac - TV
which can be solved numerically.
Alternatively, for a systematic analytic approach, the rel-
ativistic Hamiltonian for a charged particle in an external

electromagnetic field is [36]:

HEP ) = 40+ (9 - ) —mic
i.e., a velocity dependent potential. And by utilising a Lie
series solution for the Poincaré map [37]:
M = A e RA
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one obtains a recursive formulation; i.e., which can be au-
tomated by a Turing machine., e.g. a computer algebra sys-
tem [36, 37].

By linearising one obtains the transfer/transport matrix,
i.e., the state matrix for controls engineers, and a straight-
forward application of the linear control theory provides
what’s known as Courant & Snyder theory in this field. Af-
ter which the methodology can be utilised for a systematic
approach for feedback system design; e.g. pole placement,
etc., see Figs. 3-4 & ref. [33, 38]. Similarly, the action-an-
gle coordinates for Hamiltonian dynamics are referred to
as the Courant & Snyder invariant & betatron phase. In
other words, the beam dynamics model for linear optics de-
sign is a straightforward exercise in Hamiltonian dynam-
ics. For the details see ref. [39].

As for the original development of bunch-by-bunch
feedback systems, a technology choice had to be made: an-
alogue or digital. As always, for a “novel” technology (of-
ten adopted from other fields): a risk for some [40], an op-
portunity for others [41]. Today digital off-the-shelf sys-
tems can be purchased from a small business; spin-off from
a PhD thesis [42].

PickupA  Pickup B

e
Yi I}’z
x
I state estimator 4'—_——;l [k kgl
Px

Figure 3: Linear Control Theory — State Space Approach
(from ref. [38]).
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Figure 4: Linear Control Theory Methodology — Closed-
Loop Control Paradigm (from ref. [33]).

MISSED OPPORTUNITIES?

We have applied the use case approach originating from
the telecom software industry to a CAD tool pilot-project
for linear optics design (see poster). Pointing out that such
tools were introduced by mechanical engineers in the
1960s; and how the engineering process & methodology
are integral to modern technologies, one may ask: Would
today’s synchrotrons look different with comparable tools
for linear optics design?
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