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Abstract
We present SciBmad, a new accelerator physics software

library developed to meet the needs of all accelerator de-
sign, analysis, and virtual modeling. SciBmad consists of
a set of modular packages featuring fully differentiable and
CPU/GPU-parallelized symplectic integrators, spin tracking
and radiation, flexible and differentiable lattice definitions,
nonlinear normal form analysis tools with Lie algebraic meth-
ods, batch parameter parallelization, and more. It is fully
usable in Julia and easily callable from Python, making it
easy to integrate it with external optimizers and machine
learning frameworks. All releases of SciBmad undergo rig-
orous, automated testing with maximal code coverage, and
all integrators are validated against PTC. With a growing list
of features and contributors, SciBmad aims to be a powerful
tool for any accelerator physics application.

INTRODUCTION
Since the dawn of the computer, the world has had no

shortage of accelerator physics codes: from way back to
SYNCH and RACETRACK [1], to the early differentiable
codes COSY-INFINITY and the Polymorphic Tracking
Code (PTC) [2–4], up to more recent frameworks such as
MAD-NG, Xsuite, and Cheetah [5–7]. Many of them, at
least implicitly, put some claim to being the “best”. In this
paper, we will follow this time-honored tradition, and pro-
vide the world with yet another accelerator physics code,
which we also feel, in our clearly unbiased opinion, is the
“best”. We leave it up to you, dear reader, to decide.

It goes without saying that all of these softwares have
pioneered new and useful features. Many machines have
been designed and commissioned using all combinations of
them. With 50+ years of codes, accumulated experience, and
theory, the needed features of an accelerator physics code
are, to a degree, understood now; standing on the shoulders
of giants, a wishlist for a “dream” code might be:

❏ Natural syntax and easy to use in high-level program-
ming languages (e.g. Python or Julia)
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❏ Flexible accelerator lattice definitions including arbi-
trary parameter interdependencies

❏ Super fast (CPU/GPU parallelized) 6D symplectic, non-
paraxial particle tracking including spin and radiation

❏ CPU/GPU parallelization over different lattices

❏ Fully forwards-/backwards-/Taylor differentiable to ex-
tract gradients w.r.t. anything for optimization/analysis

❏ Nonlinear parametric normal form analysis tools

❏ Modular and easy to integrate with other programs,
optimizers, machine learning frameworks, etc

While many existing accelerator physics codes excel at vari-
ous subsets of these, to our knowledge none simultaneously
satisfy all. With the Electron-Ion Collider (EIC) design at
Brookhaven National Laboratory progressing rapidly, the
need to do so has only grown. To that end, inspired by all
codes past and present, we introduce SciBmad.

SCIBMAD
SciBmad is a new accelerator physics software library

that, in the spirit of classical Bmad [8], consists of a set of
modular packages currently including:

1. BeamTracking.jl: Universally polymor-
phic/differentiable, parallelized integrators for
simulating charged particles on the CPU and various
GPUs (NVIDIA CUDA, Apple Metal, Intel oneAPI,
and AMD ROCm)

2. Beamlines.jl: Fast, differentiable, and fully-featured
accelerator lattice definitions and deferred expressions

3. NonlinearNormalForm.jl: Perturbation theory of
differential-algebraic maps, including spin and damp-
ing, using Lie algebraic methods [9, 10]

4. GTPSA.jl Fast high-order automatic differentiation us-
ing the Generalised Truncated Power Series Algebra
(GTPSA) library in MAD-NG [5,11, 12]

5. FundamentalFrequencies.jl: GPU-batchable numeri-
cal analysis of fundamental frequencies [13]

6. AtomicAndPhysicalConstants.jl: Physical constants
and properties for any atomic or subatomic particle
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SciBmad is written in Julia, which is a just-in-time (JIT)
compiled, high-level, high performance computing language
leveraging multiple dispatch and a powerful type system;
these features enable SciBmad to be differentiable with-
out sacrificing performance in other areas, and allow its
integrators to be compiled, as-is, to a wide variety of hard-
wares, without separate CPU and GPU implementations
[14]. Julia’s plotting packages [15], optimizers, automatic-
differentiation packages [16,17], and machine learning tools
[18] are immediately usable with SciBmad. Julia is easily
callable from Python [19], and a dedicated SciBmad Python
frontend with PyTorch bindings is also in development [20].

Flexible Lattice Definitions
Beamlines.jl aims to provide the fully-featured, expres-

sive accelerator lattice definitions of both the Particle Accel-
erator Language Standard (PALS) [21] and classical Bmad.
At the time of this paper writing, it supports arbitrary element
placements/orientations (misalignments, patches), arbitrary-
order magnetic multipoles, arbitrary bend geometries, stand-
ing/traveling wave RF cavities, reference energy/species
changes, mechanical apertures, arbitrary 𝑠- and 𝑡-dependent
electromagnetic fields as functions, and custom transport
maps (e.g. a neural network surrogate).

SciBmad does not have any "bookkeeper". Instead, all
dependent variables are computed lazily - on the fly, only
when you need them. This, inspired by MAD-NG, mini-
mizes overhead from storing/computing quantities you don’t
need, and removes the need for a bookkeeper to update all
dependent variables, easing long-term maintainence. One
can use lazily-evaluated deferred expressions via SciBmad’s
DefExpr type, which acts like a lazily-evaluated number, to
define arbitrarily complex and infinitely-nested parameter
dependencies. This is best shown with an example:

1 using SciBmad
2

3 kquad = 0.36
4 kqf = DefExpr(() -> kquad) # lambda function
5 kqd = -kqf # kqf acts like a number
6

7 qf = Quadrupole(Kn1 = kqf, L = 0.5)
8 d = Drift(L = 1.2)
9 qd = Quadrupole(Kn1 = kqd, L = 0.5)

10

11 fodo = Beamline([qf, d, qd, d], E_ref = 18e9,
12 species_ref = Species("electron"))
13

14 # Updating kquad will "update" qf and qd:
15 kquad = 0.25
16 qf.Kn1 == -qd.Kn1 == 0.25 # true

Under the hood, all element "kinds" (drift, quadrupole, etc.)
are actually one single type, to provide maximal flexibility.
That means that there is nothing stopping you from doing:

1 d = Drift(L = 1.2)
2 d.Ks21 = -200 # Set 21st order skew multipole

This flexibility makes it easy to adjust the design on the fly.
For example, in the EIC Electron Storage Ring (ESR), we
need to add multipoles to the drifts in the interaction region
to simulate field crosstalk from the Hadron Storage Ring.
With SciBmad, one does not need to edit the lattice and
change these “drifts” to “multipoles”; just set the multipole!

CPU/GPU Parallelized Tracking
BeamTracking.jl was designed from the ground up

with CPU/GPU parallelization and differentiability as funda-
mental requirements. The resulting framework is structured
so that contributors who follow a small set of conventions
automatically get tracking kernels that satisfy both. To guar-
antee performance, every tracking kernel must pass rigorous
testing under explicit CPU single instruction multiple data
(SIMD), which directly manipulates the CPU’s vector regis-
ters [22]. Because explicit SIMD does not permit branching
- a performance killer on GPUs - we can guarantee that all
of SciBmad’s tracking is branch-free.

Symplecticity, spin tracking, and full coverage and cor-
rectness tests against PTC are also required for all tracking
in SciBmad. Currently, SciBmad implements Yoshida’s 2nd,
4th, 6th, and 8th order explicit and implicit integrators for
various splits [23]. By default, each element’s parameters
are unpacked, a most appropriate split is decided, and then
a lower-level compiled kernel is called. Benchmarks are
included in the Examples section, and for more see [24].

Batch/Time-Dependent Parameters
In the same way that SciBmad parallelizes particle track-

ing via SIMD, it can also SIMD-parallelize over the acceler-
ator parameters, such as magnet strengths. E.g., one can set
a sextupole strength to a vector of 100,000 random values:

1 using CUDA
2 s=Sextupole(Kn2L=BatchParam(CUDA.rand(100000)))

For a bunch of 100,000 particles, each sees a different sex-
tupole strength, all on a single CPU or GPU. Any number
of elements and parameters can be set as BatchParams, en-
abling, for example, parallel dynamic aperture optimizations
over sextupole settings, or parallel simulations of different
magnet errors. Batch parameters were inspired by Cheetah.

SciBmad also allows one to set any accelerator parameter
to be any function of time, using Time. E.g., an AC kicker:

1 v = VKicker(L=0.5, Ks0=1e-4*sin(1e6*Time()) )

The reference energy can also be set as time-dependent (for
ramping). This is GPU compatible and SIMD-parallelizable.

Nonlinear Parametric Normal Forms
While GTPSA.jl provides the ability to compute high

order parametric Taylor maps, NonlinearNormalForm.jl
provides the Lie algebraic methods for analyzing these maps.
Maps including radiation can be handled, and spin is handled
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Figure 1: Poincaré section of a map near a 1/4 resonance,
before (left) and after (right) a single resonance normal form
transformation computed with SciBmad.

naturally by an extension of the Lie algebra [25, 26]. This is
how SciBmad computes the fully-coupled lattice functions
(Twiss parameters) and their nonlinear generalizations, am-
plitude dependent (spin) tunes, the invariant spin field (ISF),
etc., as well as the gradients these quantities w.r.t. parame-
ters (e.g. 𝜕2𝑄1

𝜕𝐽3𝜕(sext. strength) ). Figure 1 shows an example of
a single resonance normal form computed with SciBmad.
The package was developed in close collaboration with E.
Forest, the developer of PTC and the Fully Polymorphic
Package [27]. One of the primary goals of SciBmad was
to make such powerful methods more accessible; as such,
these quantities are all available via SciBmad’s twiss.

EXAMPLES
Dynamic Aperture in the EIC-ESR

Here we present SciBmad’s dynamic_aperture pro-
gram with an 18 GeV EIC-ESR lattice, which has 6271
elements. All elements are integrated through using a 4th
order Yoshida scheme with 1 step, including radiation damp-
ing. A bunch of 20,746 particles were initialized, and tracked
for 2,000 turns (approximately 4 damping times); Fig. 2 took
8.2 min to produce on a single NVIDIA A100 40GB GPU.

Figure 2: Acceptance of an 18 GeV EIC-ESR lattice, com-
puted in 8.2 min on the GPU using SciBmad.

Radiative Spin Depolarization in the EIC-ESR
The spin-orbit coupling function 𝜕𝑛̂

𝜕𝛿
, which quantifies

radiative depolarization, is just one coefficient of the ISF

Figure 3: Spin-orbit coupling function in an 18 GeV EIC-
ESR lattice computed using SciBmad’s normal form.

Taylor series returned by twiss, and is shown in Fig. 3 for
the same EIC-ESR lattice in the previous section. While this
roughly approximates the depolarization time 𝜏𝑑𝑒𝑝 , a better
estimate is obtained from spin tracking with radiation; a po-
larized bunch at radiative equilibrium is initialized, tracked,
and the slope of 𝑃 vs. 𝑡 approximates 𝜏𝑑𝑒𝑝 [28, 29]. We
spin-tracked 25,000 particles for 5,000 turns on the GPU
through this EIC-ESR lattice, with radiation damping and
fluctuations, and a 4th order 1-step Yoshida for all elements.
SciBmad tracks quaternions for each particle instead of spin
3-vectors; this allows one to evaluate the polarization for
any initial spin distribution with only one tracking. Figure 4
shows the polarization with all initial spins vertical and all
along the 1st order ISF returned from twiss, and took 36.8
min on a single NVIDIA A100 40GB GPU to produce.

Figure 4: Polarization vs. 𝑡 in an 18 GeV EIC-ESR, 25,000
particles × 5,000 turns, computed in 36.8 min on the GPU.

CONCLUSIONS AND OUTLOOK
SciBmad is a fully differentiable, CPU/GPU-parallelized

accelerator physics library already being used for the EIC
design. Its modular packages provide expressive lattice def-
initions, high-performance symplectic tracking (including
batch and time-dependent parameters), and powerful non-
linear normal form analysis tools, making it suitable for a
broad range of accelerator applications. Future work in-
cludes adding more collective effects modeling (currently
only Gaussian intrabeam scattering is supported [30]), a high
level optimization interface, and digital twin integration.
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