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This paper introduces a storage ring lattice design for synchrotron radiation sources which fulfills all the
required features for the realization of a diffraction limited light source. Insertion devices half gaps of
2.5 mm are assumed and enabled by the design of dedicated straight sections. The use of long straight
sections is possible for such a lattice and led to the definition of a set of transparency conditions used to
minimize the effect of such insertions for on- and off- energy beam dynamics. The design proposed enables
an extremely long Touschek lifetime and beam accumulation. A real case study will be shown for large
circumference storage ring upgrade lattices.
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I. INTRODUCTION

The double bend achromat (DBA) [1] has been the most
successful and widespread lattice used for third generation
synchrotron-based light sources. It has been (and still is)
fundamental for the realization and exploitation of high
brightness x rays. Following the DBA success, multibend
achromat (MBA) lattices have been designed [2] to reduce
the horizontal natural emittance by a factor larger than 30
with respect to DBA, establishing a fourth generation of
storage ring (SR) light sources with orders of magnitude
increase in brightness and transverse coherence [3]. A few
MBA rings have been built (MAX IV [4], SIRIUS [5],
Extremely Brilliant Source (EBS) [3,6,7]), and many others
are in design or construction worldwide.
A peculiar case of the MBA lattice is the H7BA (Hybrid

seven Bend Achromat, for a generic number of dipoles
HMBA), developed for the EBS. This lattice has proven to
be very effective in addressing the nonlinear dynamics
challenges associated with the MBA lattice.
To reach the diffraction limit (ϵh;v < 10 pm rad for x-ray

wavelengths of λ ¼ 1 Å), the horizontal emittance must be
further decreased by at least another factor 10 with respect
to current MBA projects/designs. Designing a lattice that
delivers such emittance while simultaneously preserving
the other many features of the DBA is extremely chal-
lenging. HMBA can produce such performances by taking
advantage of the flexibility of a green-field project and of
the horizontal natural emittance (ϵh) scaling law of a large-
size facility

ϵh ∝
E2

N3
bend

with E the energy of the e− beam and Nbend an integer
number of dipoles per cell [2].
The performances of a few of the present and future light

sources are displayed in Fig. 1 [7–36]. For most of the
existing SR light sources with natural horizontal emittance
above ϵh ¼ 1 nmrad, the dynamic aperture (DA) is large
and energy acceptance (EA) as well. Most of the current
upgrades aim to shift the balance in favor of ϵh. Projects
with a design DA lower than 5 mm become critical for
operations with beam accumulation.
This paper will propose a lattice design that could

overcome the trend and provide large DA and EA for
horizontal emittances below 10 pm rad.

A. Diffraction limited source challenges

According to the authors, the ideal parameters of a
diffraction limited light source (DLS) are as follows:
(i) round beam with emittance in both planes of the order

of 5–15 pm rad (for x-ray wavelengths of 1 Å),
(ii) e− beam optics matched to the x-ray beam:

βe
−

h ¼ βe
−
v ¼ βγ ¼ L=2, where L is the insertion devices

(ID) length and βe
−;γ are the Twiss parameters describing

the phase space of the electrons and photons, respectively
(this item is mandatory at the diffraction limit [37–39]),
(iii) Touschek lifetime (TL) [40] in excess of 10 h

(vacuum lifetime is assumed to be above 100 h),
(iv) transverse dynamic aperture at the injection septum

in excess of 10 mm for off-axis injection and beam
accumulation,
(v) injection consistent with in-vacuum undulators half-

gaps closed to 2.5 mm in both planes [39].
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These parameters allow user operations that are very
similar to what is currently achieved in all facilities. In
addition, they are consistent with the following features:
(i) relaxed injection complex requirements (similar

injection concepts as those used for present facilities)
(ii) e− beam stability during injection and beam decay
(iii) different operation modes: timing modes with few

high current bunches, hybrid modes with a long train of low
charge bunches and one or few high charge bunches,
uniform filling of all bunches, etc. (see [6] for example)
(iv) comfortable radiation handling, in particular, making

use of collimators [41]
(v) reduced component activation and ID radiation

damage [42]
(vi) reduced operation costs and wall plug power.
Apossible path to a factor 10 reduction in horizontal natural

emittance compared to MBA lattices (ϵh;v<10pmrad)
could be made of four steps. The first step would be to
develop anHMBA (withM and themost suitable number of
dipoles) that has an equilibrium emittance 3 times smaller
with respect to the EBS H7BA: the SR lattice should

produce a natural emittance around 30–50 pm. The second
step would be to define a layout consistent with the
implementation of wigglers to reduce the emittance by
another factor 2. This is very convenient since HMBA
has a very reduced energy loss due to synchrotron
radiation with respect to DBA (and MBA). For example,
the EBS H7BA has about half the energy loss of a DBA
lattice of the same circumference and energy but no
available space for wigglers (see Table I). The third step
would be to couple the horizontal and vertical planes in
order to reduce the horizontal emittance by another factor
≃2 (ϵh¼v ¼ Jh=ðJh þ JvÞϵh, where Jh;v are the horizontal
and vertical damping partition numbers). The vertical
emittance will be equal to the horizontal [43]. This is
possible only when the horizontal emittance is just about a
factor of 2 larger than the desired vertical emittance (the
diffraction limited one or the one requested by the user,
typically ϵv ¼ 5–15 pm). Finally, the last step would be to
add long straight sections (SSs) for optimal injection and
other purposes. This must be done by limiting as much as
possible the drawbacks due to the reduced periodicity of the
lattice. A dedicated section of this paper will present a list of
transparency conditions that enables the inclusion of an
arbitrary number of straight sections preserving at most DA
and EA.

II. THE EVOLUTION OF MULTIBEND
SR LIGHT SOURCE LATTICE

We will introduce in this paper a storage ring lattice
design for SR light sources that fulfills all the above-stated
features, thus enabling the realization of a DLS. For the
sake of clarity, we start with a chronological summary of
the choices made for existing SR light sources.

A. DBA lattice

Many third generation SR sources are based on double-
bend achromat lattice, with a local dispersion bump for
chromaticity correction in the center of the cell (see Fig. 2).

FIG. 1. Dynamic aperture and Touschek lifetime for some of the past, present, and future SR light sources. The size of the circles is
representative of the DA and the color is proportional to TL. The data sources for this figure are found in [7–36].

TABLE I. Parameters of SR lattice sources scaled to 6 GeV,
844 m, and 32 cells.

DBA MBA H7BA

Year 1994 2015 2019

ϵh pm rad 3985 321 133
Qh 36.44 67.20 76.21
Qv 13.39 26.28 27.34
Natural ξh −130 −80 −99
Natural ξv −58 −80 −82
δE% 0.106 0.120 0.094
σz mm 3.43 3.18 2.9
Jx 1.00 1.86 1.51
U0=turnMeV=turn 4.75 3.64 2.61
No. of magnets/cell 19 41[4] 32
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The dispersion was originally matched to zero in the ID
straight sections. Later, the condition was released to
reduce the natural horizontal emittance with a better
matching of beta function and dispersion at the dipoles
and thus reducedH ¼ βη02 þ 2αηη0 þ γη2 (with β, α, and γ,
the Twiss parameters and η, η0, the dispersion and its
derivative along the beam trajectory).
The Chasman-Green’s DBA lattice is not the best

solution for horizontal emittance but makes the rescalabil-
ity of the design very large, preserving sufficient DA and
EA for SR light source operation. This is why it has been
widely adopted all around the world.
On the contrary, the range of scalability of very spe-

cialized and optimized solutions can be very small.
Chasman and Green found an extremely elegant solution

to match the optimal phase advance for the DBA [1]: the ID
βh are heavily mismatched and optimized to achieve the
best phase advance in terms of overall DA and EA
performances.
For ultralow emittances, such a degree of freedom is no

longer usable. Maximum performances are achieved when
the e− beam and x-ray phase space at the source are equal.
This translates in equal Twiss parameters (βe

− ≃ βγ) at the
source. The best value for βγ is approximately half the
undulator length [39]. Finally, assuming undulators filling
whole straight sections, this fixes βe

−

h;v ¼ βγ ∼ 2–3 m at the
center of the ID SSs.
The undulators placed in the low-beta sections of a DBA

(see Fig. 2 at s ∼ 25 m) produce a heavily depressed x-ray
spectrum. For the EBS SR that replaced the DBA lattice
with an HMBA lattice, the beamlines that used to operate in
the straight sections with low βe

−

h have gained about a factor
of 30 in flux, thanks to a better matched horizontal βe

−

h
(∼7 m instead of 0.36 m), not because of the smaller ϵh.

B. MBA lattice

In order to get small ϵh, dipoles have to be many and
weak. As a consequence, sextupoles become very strong,
take space, and heavily affect the DA and EA properties of
the machine.

The MBA lattice [2,4,25] (see Fig. 3) enforces this
principle and is successfully used for MAX IV and other
storage ring upgrade projects.
No dispersion bump is present in the cell. The number of

dipoles used in the lattice cell is a trade-off between lower
horizontal natural emittance and sextupole strengths.
Octupoles are introduced in the lattice optics to control

transverse amplitude dependent detuning and thus obtain
optimal DA.

C. HMBA lattice

The HMBA lattice deals with the problem of efficient
chromaticity correction by mirroring two chromaticity
correction sections (CCS) similar to the DBA cell and
building an optic in between them that cancels the second
order (and most of the third) nonlinearities introduced by
the strong sextupoles [44]. The Hybrid Seven Bend
Achromat (H7BA) cell of EBS is shown in Fig. 4.
The H7BA unifies the advantages of the DBA and MBA

cells including multiple bends for lower natural horizontal
emittance as in the MBA cell and two dispersion bumps as
those of the DBA cell paired by a −I transformation for
efficient chromaticity correction. This arrangement allows
for fewer sextupoles than in a DBA cell (6 instead of 7)
with fields<0.6 kT=m. The longer and weaker dipoles lead
to less synchrotron radiation. Thus, there is no need of
“large” dispersion on the inner dipoles hence small H, ϵh
and intrabeam scattering are achieved.
Table I lists a few parameters of the three lattice solutions

recalled above scaling to the same e− beam energy
(6 GeV), storage ring circumference (844 m) and number
of cells (32 cells).

III. SCALING OF DYNAMIC APERTURE AND
TOUSCHEK LIFETIME AS A FUNCTION OF THE

SEXTUPOLE STRENGTHS

The ESRF EBS H7BA lattice cell provides DA ∼ 8 mm
and TL ∼ 30 h [7] for the most frequently used multibunch
filling modes (Ibunch ¼ 0.2 mA).
However, these two values are directly related to the

strengths of the sextupoles. In fact, DA scales inversely

FIG. 2. Optics functions and magnet layout for a DBA lattice
cell.

FIG. 3. Optics functions and magnet layout for a 7BA lattice
cell.
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with the product of sextupole strengths for chromaticity
correction

DA ∝
1

KSFKSD
; ð1Þ

where KSF;SD are the gradients of the two families of
sextupoles SF and SD used for chromaticity correction.
Also, the EA scales similarly, and the TL thus goes down
with the third power of the product [40]:

TL ∝
�

1

KSFKSD

�
3

; ð2Þ

Since the dipoles fields decrease linearly with the
number of cells, dispersion decreases linearly and the
sextupole strengths increase linearly to correct the natural
chromaticity:

ξh;v ∝
X

−Kquadβ
quad
h;v þ Ksextβ

sext
h;v η

sext
h;v :

For a machine that is composed of twice the number of cells
identical to the ESRF-EBS (64 cells), Ksext;64 cells ¼ 2 ×
Ksext;32 cells the expected ϵh, DA, and TL are as follows:

ϵh ¼ ð1=2Þ3 133 pm ¼ 16.6 pm ð½2�Þ;
DA ¼ ½1=ð2 × 2Þ� 8 mm ¼ 2.0 mm Eq:ð1Þ;
TL ¼ ½1=ð2 × 2Þ�3 30 h ¼ 28 min Eq:ð2Þ;

simply because KSF and KSD are twice as strong. Such
scaling was confirmed also in tracking simulations.
Specific conditions can further degrade the performances

of a simply scaled lattice cell. For example, a shorter total
cell length than the EBS one or the requirement for specific
long SSs for injection, special experiments, or simply to fit
the existing building infrastructure. In fact, long SSs are
particularly detrimental as they break the symmetry of the
lattice and need special care in their design. This will be
discussed later in detail showing how to actually reduce
their impact to the theoretical minimum possible.
The EBS H7BA lattice cell used for a source twice as

large leads to a machine that operates very differently with
respect to presently operational SR light sources, requiring
a more complex injection scheme (such as swap-out

[45,46]) and producing high radiation levels due to the
reduced lifetime, potentially affecting operation, safety, and
lifespan of the components.

IV. A NEW CELL FOR DLS: CELL-U

The design of an SR lattice cell fulfilling all the
requirements listed in the introduction of this document
is analyzed here starting from the boundary conditions and
the budget available for a typical cell (in fact half of the cell,
since the other half is mirrored). The conditions assumed to
design half SR lattice cell are as follows: 13.1 m available
length and 44 mrad total bending angle, corresponding to a
ring of 1.9 km circumference and 72 identical cells. The
following is a minimum list of needs defined as a sequence
starting from the hypothetical undulator center:
(i) 2.5 m are needed for the undulator,
(ii) βe

− ¼ L=2 ¼ 2.5 m since the e− and x-ray beams
phase space must be matched for best ID performances,
(iii) 1.0 m is needed for a quadrupole triplet QD-QF-QD

in order to refocus the divergent beam,
(iv) a minimum of about 30 mrad dipole and 2.0 m is

needed to provide the separation between the e− beam and
the x rays,
(v) about 30 mrad dipole and 2.0 m (that may be the

same as the previous point) are needed to create enough
dispersion for sextupoleswith as small as possible gradients,
(vi) 2.0 m are needed for a chromatic correction section,
(vii) 14-mrad dipole and 2.0 m are needed to get to

44-mrad total bending angle.
Only 2–3 m of the 13.1 m available are left for all

remaining needs: additional quadrupoles, flanges, bellows,
bpms, etc…
The listed sequence of elements naturally produces an

overall phase advance of the cell very close (almost exact in
fact) to nπ in both planes. This is an additional nontrivial
problem to be solved.
The cell described above is named in this document

CELL-U and should be imagined as one of the several
identical cells composing an ARC-U. This cell is meant to
host undulators filling thewhole straight section andmust be
conceived considering the specificity of a given SR source.
Several existing SRs are composed only of such cells.

FIG. 4. Optics functions and magnet layout for the EBS H7BA cell.
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A. H6BA CELL-U

A solution for a green field project ring fitting almost all
the requirements to design CELL-U could be the EBS
H7BA cell.
The most difficult to achieve requirements are matched

optics at the ID. The H7BA has little control over the ID
betas, they can only be modified by a large change in the
overall cell phase advance. Also, a compromise has to be
found to limit the impact on ϵh, DA, and EA.
With respect to the H7BA, at least one additional

quadrupole is needed to have enough degrees of freedom
to control the betas more effectively. The two quadrupole
doublets adjacent to the straight sections (see Fig. 4) should
become triplets. To produce a lattice with matched optics at
the IDs, the first dipole of the H7BA has been cut into two
parts and a QF (focusing quadrupole) has been inserted in
the middle. This allows the freedom to choose the ideal
phase advance in both planes for the cell while matching
the optics at the ID. The additional quadrupole has been
added in an optimized position in the middle of the first
dipole. Figure 5 shows the new layout of the dipoles for s
less than 10 m.
In addition, this choice lowers the final H ¼ βη02 þ

2αηη0 þ γη2 built by the dipole (see Fig. 4) and matches the
natural H of the second (weaker) dipole.
Most of the H7BA cell dipoles are permanent magnets

with longitudinally varying fields [47,48]. An additional
quadrupole field is included in these permanent magnets.
This moderate gradient in the dipoles led to improved
matching of the optics and reduced vertical natural chro-
maticity. The gradient is set such that the pole face profiles
of all dipoles are identical and thus scale with the field in
the specific dipole module.
Eventually, the cell horizontal phase advance increases

by 0.5 with respect to H7BA, but the horizontal chroma-
ticity increases only by about 10%.
As already mentioned, for very specialized lattices such

as MBA and HMBA, the scalability of the cell design to
different dimensions is not immediate in view of the
scalings in Eqs. (1) and (2). A more effective approach
is to tailor the best lattice to a given layout. In particular, the
number of dipoles composing a multibend lattice should

reduce when increasing the number of cells, to maximize
the dispersion generated at the sextupoles. For example, an
SR composed of 24 cells could be a nine-bend achromat,
one composed of 32 cells, a seven-bend achromat, and one
of 64 cells, a six-bend achromat.
It is in fact possible to achieve all the requirements for

CELL-U of a DLS source with an H6BA lattice cell
(see Fig. 5).
For an H6BA CELL-U, the strong and very chromatic

FODO (focusing-drift-defocusing-drift, see [44]) lattice
composed of combined function dipole quadrupoles and
high gradient focusing quadrupoles [44] present in the EBS
H7BA lattice between the sextupoles CCS is removed. A
single quadrupole replaces the FODO in the middle of the
cell and ensures the “(−Ih, −Iv)” cancelation between the
sextupoles in both planes [44] ((−3Ih, −Iv) for EBS). This
central quadrupole may also be a quadrupole triplet (see
Fig. 5) and is in any case composed of short and weak
quadrupoles.
The removal of the FODO lattice in the center of the cell

(see Fig. 4) and the withdrawal of the extraction channel for
the production of x rays from short bending magnets [7] in
the cell center are the main differences with respect to the
EBS H7BA.
This H6BA CELL-U has striking DA and EA properties,

as visualized later in Sec. V E.
Table II summarizes the main parameters for a ring

composed of 72 CELL-U.
The position of all the magnets (dipoles, quadrupoles,

sextupoles, octupoles, and a decapole) in the H6BA
CELL-U has been optimized to achieve the lower possible
strengths and simultaneously to be as effective as possible
to minimize the tune variation with transverse amplitude
and with momentum. For example, the defocusing octu-
poles (OD in Fig. 5) are placed at a location of high vertical
beta and among all available, the one with the most effect
on the control of vertical tune variation with vertical
amplitude has been selected.

1. Optics matching for H6BA

Cell-U shares most optics matching knobs with the EBS
H7BA lattice. These knobs are represented by the optics

FIG. 5. Optics functions and magnet layout for an H6BA lattice cell designed for a 6 GeV, 72 cells SR lattice.
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values at defined locations and are selected to uniquely
determine the magnet strengths. These knobs are key
ingredients to be able to optimize the optics and to
reproduce the desired features when including additional
constraints or information at an advanced state of the lattice
design. The necessary optics knobs are as follows: βx;y and
ηx at the ID for undulator optics matching, βx at the QF4A,
ηx at the cell center, αy at the QD2A, the total phase
advance μx;y, and total chromaticity of the lattice. Further
knobs are included to have an almost orthogonal impact on
relevant observables. In particular,
(i) the horizontal phase advance between focusing sextu-

poles ΔϕSF−SF
x is used to control the horizontal detuning

with amplitude (ΔQh=Δh),
(ii) the vertical phase advance between focusing sextu-

poles ΔϕSF−SF
y and αy at the SF are used to control the

variation of tunes when moving on the opposite plane
(ΔQh=Δv, ΔQv=Δh),
(iii) an octupole OD placed close to the SD is used to

control the vertical detuning with amplitude (ΔQv=Δv),
(iv) the unbalance of SD sextupoles before and after the

SF sextupoles (at fixed chromaticity) is used to control the
variation of tunes when moving in a direction defined by
x ¼ y (ΔQh;v=Δh ¼ v),
(v) a decapole is used to control second order

chromaticity.
An iterative process led to the definition of the optimal

knobs values to get small ϵh and large DA and EA for
Cell-U. Any modification to the cell requires a revision of
these optimal values. As for the EBS H7BA, a small
horizontal dispersion in the SS helps to reduce the
invariant H in the cell. The value chosen for the dispersion
in the SS is the one that corresponds to the maximum
brightness.

V. LARGE RINGS

For large rings (with a circumference of more than
1.2 km), it is not easy to design a lattice that preserves good

DA and EA as the two follow the scaling laws shown in
Eqs. (1) and (2). In large low emittance rings in fact, dipoles
become weak and consequently sextupoles are strong.
The PETRA [36,49] and PEP [50,51] upgrades have all

synergies with what could be done on an existing large
circumference ring.
In 2021, work was carried out on possible solutions

applicable to such large rings, targeting ϵh < 10 pm.
In both cases, the structure is modular. It is composed of

72 cells divided into sectors by six or eight straight sections
as shown schematically in Fig. 6. This modular structure
may be used to separate the ring into dedicated purpose
sections.
The components used to transform such large storage rings

in DLS are then reassessed as follows, fitting the existing
layout:

ARC-U: (U for Undulators) is composed of several
CELL-Us and optimized for the best delivery
of the target beam to the users with optimal
DA and EA. The design should be consistent
with the best engineering and hardware per-
formances.

ARC-D: (D for Damping) is composed of several CELL-
D and optimized for optimal DA/EA and
minimum equilibrium emittance

1 SS: could provide the final damping needed in order to
reach the target emittance and emittance leveling

1 Injection SS: provide the optimal injection conditions

1 rf SS: accommodates all the necessary rf

Other SS: with optimized optics adapted to the layout.

TABLE II. Main parameters of a ring composed of 72 CELL-U.

Parameter value (Horizontal, Vertical)

ϵh 38.4 pm
ϵh closed gaps 20.1 pm
U0 1.151 MeV=turn
U0 closed gaps 3.097 MeV=turn
Cell length 23.00 m
Cell total phase advance (1.753, 0.906)
Natural chromaticity (−179, −208)
Damping partition (1.78, 1.0, 1.22)
Dipole filling ratioa 48.27%
max jKquadj 110 T=m
max jKsextj 1965 T=m2

max jKoctj 40361 T=m3

aStraight sections excluded.

FIG. 6. Footprint of an SR similar to PETRA composed of 72
cells divided in eight ARCs, four long straight sections, and four
short straight sections. One of the short straight sections is
dedicated to rf and one to injection.
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The ARC-Us are composed of several CELL-Us based
on the H6BA cell described above. Cell-D and the SSs are
addressed in the following sections.

A. Cell-D design: H6BA

CELL-D (one of those composing ARC-D) must bring
the emittance down for the ring as a whole and preserve the
DA/EA provided by the CELL-U arcs.
Looking at the expected foreseen undulator portfolio of

ultralow emittance light sources, it is clear that at full
capacity, CELL-U plus the undulators delivers already the
target emittance. This is especially true because of the very
small H6BA energy loss U0 (1.15 MeV=turn), thanks to
the 48% dipoles filling ratio. In fact, there is hardly
anything better in terms of emittance, DA, and damping
with respect to the combination of CELL-U+undulators
(see Fig. 7 and Table IV).
The simplest and most effective solution is then to make

CELL-D equal to CELL-U with wigglers (0.56 T, 10-cm
period) installed in the available straight sections of the cells
in ARC-D. This solution freezes all the machine parameters,
independently of the ID gap settings defined by the users of x
rays emitted from ARC-U sectors. A feedback keeps ϵh
constant by acting on the wigglers gaps in CELL-Ds. All
other parameters will be consequently constant as well:
lifetime, U0, bunch length, etc… It is conceivable that the
wigglers in user service mode will on average produce a
dampingof about 30%of the total (down to0%with all IDs at
their minimum gap). The wigglers will operate at full power
just during machine dedicated time and even then, only if
needed.

B. Introduction of specific purpose straight sections

Specific purpose straight sections have to be designed to
fit the existing tunnel geometry in upgrade projects and/or
to provide specific optics for the operation of the SR
source. As an example, we discuss here the introduction of
a straight section dedicated to injection in the storage ring.
For the EBS lattice, a dedicated injection cell [52] increases
the horizontal beta functions at the injection point to reach
above 90% injection efficiency (given the injectors con-
figuration [7]).

Also for a DLS, a dedicated injection straight section has
to be optimized to reach a DA consistent with electron
beam accumulation and to be able to inject in the SR with
small aperture IDs gaps in both planes (as it will be
described later in Sec. VI).

1. Transparency conditions for the introduction
of arbitrary straight sections

If no action is taken, the introduction of such insertion in
the lattice strongly reduces the overall performance [53].
The problem of limiting the degradation of the DA and

EA of the full system including CELL-U and specific
straight sections such as the injection one is not trivial.
ξh;v being the chromaticity of the ARCs only, the straight

sections (see, for example, Figs. 8 and 9) add unavoidable
chromaticity Δξh and Δξv therefore, the ARC sextupoles
become stronger:

ΔKSF=KSF ¼ Δξh=ξh ð3Þ
ΔKSD=KSD ¼ Δξv=ξv: ð4Þ

The minimum degradation for the DA and EA then
follows the scaling law described by (1) and (2).
The following transparency conditions allow to limit the

reduction to the minimum defined by the increased natural
chromaticity.
In the middle of the cell shown in Figs. 8 and 9,

supposing the arc is a single pass transfer line, the optics
must satisfy these constraints:
I. to ensure the periodicity for on-energy electrons:
(i) The additional horizontal cell phase advance intro-

duced by the SS must be Δμh ¼ 0þ N, with N an
integer [53].
(ii) The additional vertical cell phase advance introduced

by the SS must be Δμv ¼ 0þM=2, with M an integer.
(iii) The Twiss parameters αh;v ¼ 0 and η0h ¼ 0.
II. to ensure the periodicity for off-energy electrons in

first order:
(i) ∂Wh;v

∂s ¼ 0whereWh;v are the Montague functions [54].

(ii)
∂η0h
∂δ ¼ 0.

III. the overall chromaticity of the CELL-U plus half SSs
(e.g., from 0 to 75 m in Fig. 8) should be as close as
possible to the one of CELL-U.
IV. for a lattice with superperiodicity P and tune Q, the

fractional part of Q=P should be far from 0 and 0.5. The
optimal would be for the fractional part of Q=P to be about
0.2–0.3.
All these transparency conditions can be achieved by

properly selecting the adequate quadrupole locations and
adjusting the quadrupole strengths via linear opticsmatching.
For example, to define the injection cell with large βh

locations of Fig. 9, the optics matching script includes a
sufficient number of variables (quadrupoles and theirFIG. 7. H6BA CELL-D lattice cell.
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locations for example) to set βh at will and to respect all the
on-energy and off-energy transparency conditions. These
variables include also the elements of the CELL-U or CELL-
D neighboring to the SS as can be seen in Figs. 8 and 9.
To achieve the off-energy transparency condition, the

dispersion suppressor dipoles adjacent to the injection
straight section may need to be rearranged. Condition II
restores the periodicity of the chromatic functions. Notably,
they remain periodic with sextupoles powered or with
sextupoles set to zero (because of condition I). No addi-
tional sextupole families are needed apart from those used
for chromaticity correction.
The transparency conditions totally release the symmetry

requirements, allowing for complete flexibility (given a
closed geometry) in the location and specific optics of long
straight sections. Only the total chromaticity introduced
by the SS will limit the DA and EA properties of the
ring.
As an example, a worst case highly chromatic straight

section (the one in Fig. 8) is repeated 8 times in the lattice

and separated by ARC-Us and ARC-Ds. The variation of
horizontal and vertical tune with amplitudes and with
momentum is shown in Figs. 10 and 11 at the center of
an ID straight section (βh ¼ βv ¼ 2.25 m). Following the
transparency conditions detailed above, those curves are
almost unchanged by the presence of the additional straight
sections.
Although particles when crossing the half integer reso-

nance are still in the DA/MA acceptance, they exercise
large oscillations that can lead to an electron beam halo.

2. Straight section design

The design of short SSs (56.8 m), long SSs (103 m, see
Fig. 8), and an injection SS (see Fig. 9) has been made with
the aim of reducing the degradation as close as possible to
the minimum theoretically achievable following the trans-
parency conditions described above.
It should be noted that those criteria also make so that

two sextupole families in the ring are sufficient (those used

FIG. 8. Example of the long straight section, L ¼ 103 m, with two peculiar regions with βh ¼ βv ¼ 5 m at s ∼ 30 and 120 m.

FIG. 9. Injection straight section, beam abort septum at s ¼ 42 m, and injection septum at s ¼ 67 m with βh ¼ 42 m.
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for chromaticity correction). More families do help to
maximize DA and MA.
The capability of successfully inserting any SSs in a ring

is fundamental. A modular design with dedicated sections
with optimized functions is a key ingredient for diffraction
limited synchrotrons (DLS).
A possible ring layout is then realized by the optics

visible in Fig. 12 and includes five ARC-Us, three ARC-
Ds, three short (56.8 m) SSs, four long (103 m) SSs, and
one injection SS (56.8 m). A more detailed study of a
lattice design based on the H6BA cell for the successor of
PETRA III, PETRA IV [49], is also being prepared at the
time of writing this document.

C. Optimal H6BA working point

The integer part of the tunes for ARC-U and ARC-D has
been chosen such that the transparency condition IV is
satisfied. For the lattice in Fig. 12, the best tune to be
set for the ARC-U and ARC-D sectors would be 127, as
127=72 ¼ 1.764, far from 1.5 and 2.0. This working point
is optimal (large DA and EA) for a ring composed of only
CELL-U. Nevertheless, considering the superperiodicity of
eight ARCs, then each arc contributes 15.9 units. This is
very close to integer and leads to a more difficult matching
of the straight sections. An integer tune of 126, not far from
the optimal 127 is instead also appropriate considering the
eight arcs superperiodicity, such that the fractional parts of
126=72 ¼ 1.75 and 126=8 ¼ 15.75 are both far from 0.5
and 1.0.
The working point 126.2 is close to the optimal for a full

periodic ring (127.2) but satisfies the superperiodicity
condition IV as well, thus relaxing the introduction of
straight sections.
H6BA is very versatile and also different vertical tune

working points have been explored. The H6BA presented
in these pages has been optimized on a low vertical phase
advance giving more relaxed optics with fewer and weaker
magnets (see Table III), in particular, the ID matching
quadrupoles and the octupoles. Table III shows the differ-
ence in gradients and lengths of the magnets for two H6BA
lattices with different vertical tunes. Also for the vertical
plane, the tunes are chosen considering the transparency
condition number IV.
The choice of a low vertical integer tune also produces

much superior performance in terms of DA and EA
compared to a higher vertical integer tune.

D. Optimizations with alignment errors

The ring in Fig. 12 (composed of five ARC-Us, three
ARC-Ds, and eight long straight sections) has been
designed with MAD8 [55] and fully characterized with
AT (Accelerator Toolbox) [56] and the ESRF computing
cluster [57] to further optimize its performances. Either a
ring composed of 72 CELL-Us or a simplified worst case
ring with all long SSs replaced by the most chromatic one

FIG. 10. Variation of tunes with amplitude at the center of an ID
straight section (βh ¼ βv ¼ 2.25 m) for a lattice composed of
only Cell-U (CELLU in the legend) or including eight SSs
(FULL in the legend) following the transparency conditions.

FIG. 11. Variation of tunes with momentum at the center of an
ID straight section (βh ¼ βv ¼ 2.25 m) for a lattice composed of
only Cell-U (CELLU in the legend) or including eight SSs
(FULL in the legend) following the transparency conditions.
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in Fig. 8 was used for the optimizations. Optimal values for
tunes, chromaticities, SD sextupole unbalance (þΔK for
SD1 and −ΔK for SD2) are (surprisingly) very similar to
the EBS ones [58] (ΔK ¼ −5.5 m−3 while for EBS
ΔK ¼ −1.3 m−3). The scans are performed averaging over
several random alignment error sets each generated with a
different starting seed. This avoids misleading conclusions
but limits the scans to lower resolution for the same
computation time. The values of each point in every scan
are averaged over five sets of small alignment errors (drawn
from a Gaussian distribution with σx ¼ σy ¼ 1 μm trun-
cated at 2.5σ) in all quadrupoles and sextupoles; no
correction is applied. The horizontal natural emittance
values are reported in the scans to emphasize the presence
of errors. For DA and EA computation in AT, each test
particle is tracked for 2048 turns with 6D motion including

rf and radiation damping. Figure 13 displays a chromaticity
working point scan. For the H6BA lattice, as for the EBS
H7BA, high chromaticity ξh;v ¼ ð9; 7Þ improves the DA
and EA. This is fortunate because large chromaticities are
needed to reduce instabilities from collective effects.
Again, as for EBS, the tune scan (see Fig. 14) of the
H6BA cells is very smooth and shows no evident reso-
nances. This effect is due to the second order cancelation of
sextupole aberrations introduced by the “−I” optics [44].
In the case of the H6BA lattice presented in this paper, the
variation is really small also due to the extremely small

FIG. 12. Possible ring layout including five ARC-Us, three ARC-Ds, three short (56.8 m) SSs, four long (103 m) SSs, and one
injection SS.

TABLE III. Comparison of magnet gradients for an H6BA cell
with two different vertical integer tunes respecting the trans-
parency condition IV.

Magnet Units Qv ¼ 78 Qv ¼ 65

QD0 T=m −107.5193 (0.17 m) -
QF1 T=m 110.0 (0.345 m) 110.6 (0.205 m)
QD2 T=m −92.4 (0.160 m) −109.2 (0.155 m)
QF3 T=m 91.1 (0.280 m) 91.4 (0.285 m)
QD3 T=m −91.8 (0.110 m) −85.7 (0.105 m)
QF4 T=m 90.6 (0.110 m) 86.1 (0.135 m)
QD5 T=m −93.3 (0.110 m) −84.6 (0.105 m)
QD6 T=m −50.3 (0.040 m) · · ·
QF7 T=m 91.3 (0.250 m) 88.9 (0.270 m)
SD1A T=m2 −2101 (0.255 m) −1693 (0.247 m)
SF2A T=m2 2041 (0.231 m) 1695 (0.200 m)
SD1B T=m2 −1781 (0.255 m) −1693 (0.111 m)
OF1A T=m3 · · · 206809 (0.060 m)
OF1B T=m3 −86726 (0.090 m) · · ·
DECF T=m4 250173 (thin) 100069 (thin)

FIG. 13. Chromaticity working point scan. The size of each dot
is proportional to the DA (also mentioned in red text in mm). The
color is proportional to the average EA along s (Mom. Acc. in the
figure label). All values are averaged for five seeds of small
alignment errors σx ¼ σy ¼ 1 μm in all quadrupoles and sextu-
poles (without correction). The tune working point for this scan is
fixed to (Qh ¼ 134.2, Qv ¼ 73.2). For DA and EA, 6D tracking
with rf and radiation is performed for 2048 turns. The emittance
contour lines correspond to the average emittance of lattices
without optics correction.
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variations of the tune with amplitude (see Figs. 10 and 11).
Among other optimizations, the optimal values for the
defocusing octupole and the focusing decapole are found in
the data in Fig. 15.

E. Accelerator performance

Four cases have been studied to outline the performances
of the H6BA lattice cell and the impact of straight sections:

(i) a hypothetical perfect ring that consists of just the
CELL-U and CELL-D
(ii) a full ring case including ARC-U, ARC-D, and eight

SSs, which delivers an elliptical beam with emittan-
ces ϵh;v ¼ ð20; 5Þ pm rad
(iii) a full ring coupled case including ARC-U, ARC-D,

and eight SSs, which delivers a perfect round beam with
emittances ϵh;v ¼ ð10.6; 10.6Þ pm rad
(iv) a full ring with errors including ARC-U, ARC-D,

and eight SSs, with small random errors selected from a
Gaussian distribution and producing a closed orbit dis-
tortion of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
< Δx2 >

p
≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
< Δy2 >

p
≃ 50 μm in both

planes.
The eight SSs included in the ring are the worst case

most chromatic ones in Fig. 8. Optimal sextupole, octupole,
and decapole settings determined in the previous Sec. V D
are included for all cases.
In general, the coupling control to obtain the full ring

coupled case may be performed similarly to any other
lattice. In the simulations presented here, a random set of
skew quadrupoles at every sextupole is scaled in amplitude
until full coupling is observed for the ring.
Supposing a septum blade at 15 mm from the beam in the

four cases, the DA (see Fig. 16) reaches almost the physical
dimension at the septum. DA vs momentum and EA (in
Figs. 17 and 18) are also comparable or larger than those of
presently operational light sources (see Fig. 1).
Given the moderate variation of tune with amplitude (in

Fig. 10), the degradation due to lattice errors is moderate as
well. Detailed error and correction analyses will be
addressed by further studies and in [49].
Also, comparing the perfect ring with the full ring

cases, it is clear that the SSs have almost no impact

FIG. 14. CELL-U Tune working point scan. The size of each
dot is proportional to the DA (also mentioned in red text in mm).
The color is proportional to the average EA along s (Mom. Acc. in
the figure label). All values are averaged for five seeds of small
alignment errors σx ¼ σy ¼ 1 μm in all quadrupoles and sextu-
poles (without correction). For DA and EA, 6D tracking with rf
and radiation is performed for 2048 turns.

FIG. 16. Dynamic aperture scaled at βh;v ¼ ð32.0; 11.8Þ for
four cases: the full ring layout (including eight SSs), a lattice
without long straight sections (“U-D cells only” in legend
corresponds to perfect ring), a full ring coupled layout including
SSs and random skew quadrupoles to produce full coupling and a
full ring with errors. DA limits are determined using 6D tracking
simulations of 2048 SR turns with rf and radiation. Tunes and
chromaticities for each case are listed in Table IV. Tunes and
chromaticities for the case with errors are corrected to
the full ring case.

FIG. 15. OD1 and DECF working point scan (variation
compared to starting values). The size of each dot is proportional
to the DA (also mentioned in red text in mm). The color is
proportional to the average EA along s (Mom. Acc. in the figure
label). The values are averaged for five seeds of small alignment
errors σx ¼ σy ¼ 1 μm in all quadrupoles and sextupoles (with-
out correction). For DA and EA, 6D tracking with rf and radiation
is performed for 2048 turns. The emittance contour lines
correspond to the average emittance of lattices without optics
correction.
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on the DA (note that the DA is rescaled at the same
βh;v ¼ ð32; 11.8Þ m for each case). The additional chro-
maticity introduced by the straight sections is corrected
increasing the sextupole strengths in the ARC-U and ARC-
D cells. The chromaticity increase from each SS is about
1% in both planes thus about 8% total per plane (for
example, for the case of eight SSs in the full ring layout).
The expected reduction in DA and EA when introducing
the SSs is then about 14% [see Eq. (1)] compared to a ring
without SSs.
The expected reduction in TL is about 37% [see Eq. (2)]

for the full ring compared to a ring without SSs.
After optimization, both these limits are actually

exceeded as shown in Figs. 17 and 18.
DA at the septum is∼12 mm in all cases studied, with no

evident distinction in the horizontal plane when including
eight SSs. The EA at septum is about 9.0% (average over
one cell is 7.7%) for the ring without straight sections and
about 7.3% (average over one cell is 6.6%) for the complete
ring (see Figs. 17 and 18). These values are in agreement
with the 14% expected reduction due to the increased
chromaticity.
The reduction of EA is larger in the presence of small

errors, particularly in dispersive regions (e.g., s ¼ 80 m in
Fig. 18). Overall, it is nevertheless very similar to the EA
without errors.
The computed TL for the full ring (τfullTouschek ¼ 237 h) is

comparable to the one of the perfect ring (τU−D
Touschek ¼ 239 h),

exceeding the value expected from equation (2)
(τfull;expectedTouschek ¼ ð1 − 0.37Þ × τU−D

Touschek ¼ 153 h) also due to
the different bunch length and energy spread (reported in
Table IV). A Touschek lifetime of τfull;errorsTouschek ¼ 166 h is
achieved in the presence of errors for typical operational

filling mode currents per bunch of 0.1 mA/bunch, Vrf ¼
11 MV and assuming total storage ring impedance of
Z=n ¼ 0.67 Ω. It is noted that the Touschek Lifetime is
actually increasing for very low horizontal emittances as
shown in [59].
The H6BA TL is larger for all beam modes than the

operational TL of existing third generation facilities with
similar layout and with emittances 100 times larger.
The frequency map analysis [60] for the full ring with

errors case is presented in Fig. 19. The same study was
done for all cases shown in Figs. 16 and 17.

FIG. 18. Energy acceptance for four cases: the full ring layout
(including eight SSs), a lattice without long straight sections
(“U-D cells only” in legend corresponds to perfect ring), a full
ring coupled layout including SSs and random skew quadrupoles
to produce full coupling and a full ring with errors. The limits are
determined using 6D tracking simulations of 2048 SR turns with
rf and radiation. The figure concerns the first 35 m of ARC-U in
every case. Tunes and chromaticities for each case are listed in
Table IV. Tunes and chromaticities for the case with errors are
corrected to the full ring case.

TABLE IV. Parameters of SR source composed of 72 cells
operating at 6 GeV. The vertical emittance is fixed to the value
used for lifetime calculation.

Perfect Full Full coupled

C m 1656.5 2456.6 2456.6
ϵh pm rad 20.1 20.1 10.6
ϵv pm rad 5 5 10.6
Qh 126.2 134.2 134.2
Qv 65.2 73.2 73.2
ξh 9 9 9
ξv 7 7 7
Natural ξh −179 −192 −192
Natural ξv −208 −218 −218
αc 10−5 4.35 2.93 2.93
δE 10−4 7.1 8.2 8.2
σzðIb ¼ 0Þ mm 1.4 2.0 2.0
σzðIb ¼ 0.1 mAÞ mm 3.5 5.6 5.6
Jx 1.78 1.29 1.15
U0 MeV=turn 1.15 3.1 3.1
rf MV 11 11 11
Touschek lifetime h 237 239 273

FIG. 17. Maximum horizontal dynamic aperture vs δp=p
energy deviation scaled at βh;v ¼ ð32.0; 11.8Þ m for four cases:
the full ring layout (including 8 SSs), a lattice without long
straight sections (“U-D cells only” in legend corresponds to
perfect ring), a full ring coupled layout including SSs and random
skew quadrupoles to produce full coupling and a full ring with
errors. The limits are determined using 6D tracking simulations
of 2048 SR turns with rf and radiation. Tunes and chromaticities
for each case are listed in Tab. IV. Tunes and chromaticities for
the case with errors are corrected to the full ring case.
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F. H6BA based large ring table of parameters

A table of relevant parameters of the full ring lattice
described above is presented in IV.
Looking at the variation of lifetime with rf voltage in

Fig. 20, an rf voltage of 11 MV is chosen to take full benefit
of the large EA.
The energy loss per turn U0 is very similar to the EBS

one (3.2 MeV for EBS with IDs closed). The same is true
for the bunch lengths σz. Despite the low βh;v at IDs in both
planes (βIDx;y ¼ 2.5 m), the chromaticities are moderate.
Profiting from the ARC-D sections, the storage ring

can operate with constant emittances (regardless of ID
gap movements requested by the users) in two modes:
elliptic with ϵh;v ¼ ð20; 5Þ pm rad or full coupled with
ϵh;v ¼ ð10.6; 10.6Þ pm rad.

VI. INJECTION CELL DESIGN FOR
INJECTED BEAM OSCILLATIONS

DEMAGNIFICATION AT IDs

For the lattice presented in these pages, the large βh at
injection (see Figs. 9 and 12) is not needed for efficient
injection, but in order to operate with 2.5 mm ID half-gap
horizontally and vertically. The demagnification of the
injected beam oscillation from the septum (βh ¼ 42m) to
the entrance of the undulator (βh ¼ 5 m) is about ×1=2.9.
This demagnification can be further increased by matching
the lattice optics to get even higher βh at the septum.
Figure 21 shows an injected beam (ϵh ¼ 10 nm,

ϵv ¼ 10 nm, bunch length 3.3 mm, σδ ¼ 0.1%) and the
stored beam (not to scale) at the two sides of a 2-mm
septum blade. The injected beam is as close as possible to
the blade to minimize injection oscillations. Three scrapers
are placed in the first long SS after injection (at s ∼ 250 m

in Fig. 12) and set to apertures p ¼ 0.9 × hgap ×
ffiffiffiffiffiffiffiffiffiffiffi
βh;scraper
βh;ID

q
∼

4.5 mm for hgap ¼ 2.5 mm. The trajectories of the

FIG. 20. Bunch length and Touschek lifetime vs rf voltage for a
full ring lattice.

FIG. 21. Injected and stored beam (not to scale) at injection.
The beta at injection for this lattice is βx;y ¼ ð42.0 m; 6.05 mÞ.

FIG. 19. Frequency map analysis for full ring with errors.
Configuration space is shown on the top, tune space on the
bottom. The diffusion rates are computed based on 6D tracking
performed over 2048 turns without radiation.
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simulated 2048 particles never intercept the 2.5-mm aper-
tures set in the ID straight sections (see Fig. 22).
The few particles lost (5=2048) are all intercepted by the

protection scrapers defined in the first long SS (see Fig. 23).
In case of injection errors, simulated by a shift of the
injected beam position, the protection scrapers intercept all
the injected beam protecting the ID magnets. This is true
for the full ring with or without coupling.

VII. H6BA ENGINEERING

The cell has been designed starting from the EBS H7BA
cell (see Fig. 24). All magnets are sized using similar
gradients, iron yoke and coils. Only the longitudinal
lengths are shorter. All spaces between the elements are
assigned for the allocation of extra components such as
valves, flanges, bellows, beam position monitors, and
steerers assuming the same engineering choices made for
EBS. Nevertheless, the x-ray absorbers heat load is about

25% less with respect to EBS. Also, the geometry and the
space allocation for the crotch chamber and front ends (FE)
are as in EBS. There are no components in the critical path
for the finalization of the engineering of the H6BA cell.
The H6BA layout is in fact a simplified version of EBS.
All the H6BA components are relaxed copies of the EBS

ones. For example, the absorbers have to withstand less
heat load, the magnets are smaller and there is less weight
on each girder. Fewer components are needed compared to
EBS: seven beam position monitors per cell are needed
instead of ten used for EBS, thanks to the removal of the
central FODO section. The assembly is simpler as well
since it excludes the central region of the EBS cell
composed of high gradient quadrupoles and combined
function dipole-quadrupoles.
A rough estimate of the capital cost for the CELL-U/D is

about 70% with respect to the EBS one [6]. The power
consumption per CELL is also likely to be about 70% with
respect to the EBS one (per unit length of the accelerator).

VIII. H6BA LOW ENERGY SCALING

The H6BA lattice cell design, together with the trans-
parency conditions that allow the introduction of arbitrary
straight sections, overcomes the trend to accept smaller DA
and EA in order to obtain smaller horizontal equilibrium
emittances presently set by synchrotron radiation facility
upgrades around the world (see Fig. 1). Thanks to the lattice
design presented in this paper, it is possible to achieve small
emittances keeping DA largely sufficient for beam accu-
mulation and TL exceeding 10 h for all commonly used
operation modes.
The rescaling of optimized solutions for a given layout is

very complex. However, it should be noted that the H6BA
ring can be scaled with energy (E0) in a very interesting
manner. Rescaling a ring with no wigglers, ϵh goes down
with E2

0 and U0 with E4
0. Decreasing the energy while

keeping the gradients constant would also make such that
the ring could become shorter, mainly due to less space
required for quadrupoles.
Unfortunately, the (high energy) x-ray flux decreases

very fast and finally outweighs the benefits from the
increased brilliance due to the smaller ϵh.

FIG. 24. EBS cell assembled.
FIG. 22. Trajectory of electrons injected (center of the injected
beam) and horizontal apertures. Only the first 1 km is shown for
display purposes.

FIG. 23. Location of lost particles during 1000 turns tracking of
a 6D beam composed of 2048 e− injected: at the optimal injection
position (top), with a too large horizontal position (bottom). All
particles are intercepted by the protection scrapers.
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The example DLS in Fig. 1 is what is obtained by simply
scaling H6BA to 4 GeV without lowering the wiggler
fields. With this assumption, ϵh goes down faster than E2

0.
The DLS layout example is the ring in Fig. 12 with all

the long straight sections included and the rf reallocated in
one of the short straight sections of 56.8 m.
The example DLS can deliver at 4 GeV ϵh;v ¼

ð2.5; 2.5Þ pm rad round beam with a TL in excess of 100 h.
The recipe for a DLS or any green field high brightness

storage ring with large DA and EA is a modular accelerator
consisting of basic blocks with well-defined separate
functions:
Block 1: the ARCs, optimized for x-ray delivery,

engineering, DA, and EA
Block 2: Wiggler straight section optimized to

achieve the target emittance
Block 3: rf straight section
Block 4: Injection straight section optimized for

100% injection efficiency and for injection
consistent with undulator gaps fully closed
in both planes to 2.5 mm

Block n: for other needs … .

The modular design relies on the fundamental achieve-
ment, which is possible to add to Block 1, all the other
blocks needed without significantly affecting its DA/EA
properties. This is done thanks to the transparency con-
ditions detailed in this paper.
With this modular design, the machine footprint could

deviate more from a circle, possibly making it encompass a
smaller area.

IX. CONCLUSIONS

The H6BA lattice design for large SR light sources opens
a new era for delivering x-ray beams of unprecedented
quality for synchrotron radiation based x-ray science.
The potential built into the design is very large and we

can just begin to imagine what could be done:
(i) High performance undulators that can have small gaps

both in the horizontal and vertical plane
(ii) harmonic cavities could be used to shorten the

bunches, rather than lengthening them, thanks to the long
beam lifetime
(iii) on-axis, off-phase injection [61], for transparent

injection in the SR.
The H6BA lattice in conjunction with a modular design

could produce a diffraction limited source with unprec-
edented characteristics.
The solutions presented are based on the EBS engineer-

ing and could be timely realized in line with what was done
at ESRF.
With enough cells, even at 3 GeV, the diffraction limit

(for x rays of 1 Åwavelength) can be reached in a relatively
compact SR (600–700 m) [62].

Based on the present know-how and technology, it is
conceivable to build synchrotrons the performance of which
are at least 10 times higher than the present state-of-the-art
facilities. The long-sought diffraction limit is within our
reach. It is possible to push forward the frontier of synchro-
tron based x-ray science by at least another decade.
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