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1 Introduction

The Advanced Photon Source is the brightest storage ring synchrotron radiation source in the
western hemisphere. It is presently in the midst of an upgrade to deliver even higher performance
and powerful new capabilities for scientific research using hard x-ray techniques. Recently, it has
become accepted that a new avenue for creating high brightness x-ray beams is opening up, based
on technology that enables the use of multi-bend achromat (MBA) magnet lattices in the storage
ring.

In July, a report by the Basic Energy Sciences Advisory Committee (BESAC) [1] recommended
considering the incorporation of this new technology to enhance research facilities such as the APS.
Hence, the APS Upgrade is exploring how the incorporation of an MBA lattice into the on-going
project can optimize the scientific capabilities.

To facilitate discussion of the scientific impact and design optimization of such a lattice, this
document describes the expected performance characteristics calculated for an initial “straw-man”
design. Since the design is still being developed, these characteristics may change in the future as
they are optimized with community input.

A primary benefit of the MBA lattice is to dramatically increase x-ray brightness, which is
achieved by implementing four improvements, listed here in order of importance:

• Reducing the electron beam emittance from the present value of 3.1 nm (or nm-rad) to under
100 pm.

• Deploying optimized small-gap insertion devices.

• Increasing the beam current to 200 mA.

• Tuning the beta functions at the insertion devices closer to the optimum values of Lu/π, where
Lu is the undulator length.

Additional design goals include enhancing the x-ray flux and the per-pulse brightness and flux, which
are further characteristics that benefit the scientific capabilities.

1.1 Electron Beam Properties

The zero-current natural emittance in an electron storage ring is governed by [2, 3]

ǫ0 ∼ Cǫ
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3
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, (1)

where Cǫ is a constant, E is the beam energy, Ns is the number of sectors (40 in the case of APS),
and Nd is the number of dipole (or bending) magnets per sector. The present APS lattice runs at
E = 7 GeV and has Nd = 2. The MBA lattice design described here has Nd = 7, which implies
an approximately 40-fold reduction the natural emittance. In this initial design, we have chosen a
beam energy of 6 GeV, which appears necessary to make the magnet strengths tractable. However,
the choice of beam energy is a complex matter and has yet to be fully explored.

In the simplest case, we expect that ǫ0 = ǫx + ǫy, where ǫx and ǫy are the emittances in the
horizontal and vertical planes, respectively. This is often parametrized by the emittance ratio κ

ǫy = κ
1+κ

ǫ0

ǫx = 1

1+κ
ǫ0

(2)
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These equations are strictly correct only in the limit of zero current and when the damping
times are equal in the two transverse planes. For non-zero current, particularly when the natural
emittance or κ are very small, the emittance and energy spread of the bunch may increase as a
result of intra-beam scattering. This effect is more severe when the current in a bunch is higher and
when the bunch is short. Increasing κ and stretching the bunch are effective methods of reducing
the impact of intra-beam scattering.

1.2 X-ray Brightness

With some simplifying assumptions, the x-ray brightness B of an undulator source in an electron
storage ring is governed by

B =
Fs

4π2ΣxΣx′ΣyΣy′

, (3)

where Fs is the spectral flux (typically stated in units of photons/second/0.1%BW), Σx,y are the
total rms photon beam sizes for the horizontal and vertical planes, and Σx′,y′ are the total rms
divergences. The total rms beam sizes are obtained by convolving the electron beam distribution
with the radiation distribution emitted by a single electron traversing an undulator. Assuming
uncorrelated gaussian beams, these convolutions give

Σq =
√

ǫqβq + ǫrβr, (4)

for the sizes, while the divergences are

Σq′ =

√

ǫq
βq

+
ǫr
βr

, (5)

where q is x or y, ǫq is the electron beam emittance, and βq is the electron beam beta function.
The quantities ǫr and βr are the emittance and beta function of the monochromatized undulator
radiation emitted by a single electron. For photons of wavelength λ from an undulator of length Lu,
these are roughly given by

ǫr =
λ

2π
(6)

and

βr =
Lu

π
, (7)

giving

σr′ =

√

ǫr
βr

=

√

λ

2Lu

(8)

and
σr =

√

ǫrβr =
1

2π

√

2λLu. (9)

(Note that these values assume detuning of the undulator to maximize flux [4] and are in any case
only approximate.)

To maximize brightness, we must minimize the denominator of Equation (3). This entails mini-
mizing the products ΣxΣx′ and ΣyΣy′ . While ǫq should ideally be small compared to ǫr, this is not
always possible, particularly for short wavelengths. In practical units,

ǫr[pm] ≈
200

Ep[keV]
≈ 16λp[Å] (10)

For example, for 10 keV, we have ǫr = 20 pm. The virtue of the MBA lattice is that we can approach
this value much more closely than is possible with the present lattice. Note that when ǫr and ǫq are
comparable, it is important to have βq ≈ βr. However, for hard x-rays and the values of emittance
within reach for APS, ǫq ≫ ǫr and having an optimized beta function is significantly less important.
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2 Global Accelerator Properties

Some global properties of the accelerator design described here are listed in Table 1. The circum-
ference and number of sectors are, of course, unchanged from the present machine, although in
fact the circumference would change slightly to accommodate the change in geometry that results
from having bending in different locations. Although there are many more dipoles in a sector, we
anticipate only a single bending magnet beamline in each sector, as in the present machine. The
average pressure is expected to be quite low in spite of the narrow vacuum pipe, owing to the use
of NEG-coated chambers. This should ensure similar bremsstrahlung radiation levels as seen at
present.

Quantity Symbol Range Units

Circumference C 1104 m

Number of sectors Ns 40

Number of dipoles per sector Nd 5-8

Arc beam pipe outside diameter Dp 26 mm

Average pressure Pave < 2 nT

Table 1: Global accelerator properties

3 Basic Electron Beam Properties

The basic properties of the electron beam in this design are listed in Table 2. The major changes
from the present-day APS are the dramatic drop in horizontal and vertical emittance, as well as a
decrease in the beam energy from 7 to 6 GeV. The expected fractional rms energy spread would be
very similar to the present value.

The natural emittance is expected to be in the range of 60 to 80 pm, which would be closely
realized only for fill patterns with small single-bunch charge. Due to intra-beam scattering (IBS), the
emittance would grow somewhat for fill patterns with few bunches. It is thought that the maximum
single-bunch charge would be similar to that of the present APS 24-bunch mode (∼15 nC or 4.2 mA
per bunch). Typically in cases with higher single bunch charge we would increase κ to reduce the
impact on beam lifetime.

Quantity Symbol Range Units

Beam energy E 6 GeV

Natural emittance ǫ0 65 - 100 pm

Rms energy spread σδ 0.09 - 0.12 %

Emittance ratio κ = ǫy/ǫx 0.1 - 1.0

Emittance increase due to IBS - < 50 %

Horizontal emittance ǫx 50 - 91 pm

Vertical emittance ǫy 50 - 6 pm

Table 2: Basic electron beam properties
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4 Fill Pattern

Table 3 shows the timing parameters for simple fill patterns consisting of uniformly spaced single
bunches, using a maximum current per bunch of 4.2 mA (15 nC bunch charge). For uniformly
spaced single bunches, the 48 bunches needed for 200 mA would have a spacing of 77 ns. Note that
improved opening speeds for choppers to separate bunches for timing applications should be possible
because of the smaller beam sizes.

As noted above, because of intra-beam scattering these few-bunch patterns will have increased
coupling compared to many-bunch fills. Table 6 shows more detailed parameters.

Quantity Symbol Range Units

Total current I 200 mA

Number of bunches Nb 48-324

Bunch rate fb 13-88 MHz

Rms bunch duration σt 50 ps

Table 3: Parameters of simple uniform fill patterns

5 Insertion Device Sources

Ranges of insertion device source points have the properties listed in Table 4. These values are stated
for the centers of the straight sections. Devices offset from this position would see somewhat different
parameters. Although ranges of values are given, this should not be interpreted as indicating that
individual straight sections would have different values from others. The intention is to deliver the
same values at all straight sections, in order to maintain the symmetry of the lattice. Detailed
properties for the latest revision are given in Section 7.

Quantity Symbol MBA Range Present-day Units

Horizontal beta function βx 1-10 19.5 m

Horizontal dispersion function ηx < 3 170 mm

Horizontal beam size σx 5 - 30 275 µm

Horizontal beam divergence σx′ 2 - 10 11 µrad

Horizontal size-divergence product σxσx′ 50 - 91 3100 pm

Vertical beta function βy 1-4 2.9 m

Vertical dispersion function ηy 0 0 mm

Vertical beam size σy 2 - 14 10 µm

Vertical beam divergence σy′ 1 - 7 3.5 µrad

Vertical size-divergence product σyσy′ 6 - 50 35 pm

Table 4: Insertion device source point characteristics

Insertion device straight sections would accommodate insertion devices with properties listed in
Table 5. Note that the maximum magnetic length for superconducting undulators (SCUs) would be
significantly shorter than the value listed; a magnetic length of 3.7 m is a reasonable assumption for
SCUs.

Figures 1 through 4 show calculations of the x-ray brightness and flux (both average and per
pulse) anticipated from this MBA lattice design, compared with those for the present-day APS. All
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Quantity Symbol Range Units

Maximum length Lu 4.8 m

Vertical chamber inside gap gv ≥6 mm

Horizontal chamber inside gap gh ≥6 mm

Vertical magnet gap mv ≥8.5 mm

Horizontal magnet gap mh ≥8.5 mm

Table 5: Insertion device properties

insertion devices were assumed to be the maximum possible length of 4.8 m for permanent-magnet
devices and 3.7 m for SCUs. The devices were chosen to illustrate the potential improvements,
rather than exhaustively catalog the possibilities. Other choices of undulator period should provide
similar improvements of two or more orders of magnitude in brightness at hard x-ray energies above
a few keV. For the present APS, we used 100 mA beam current with 4.8-m-long 33-mm-period and
27-mm-period devices with 10.75-mm magnetic gaps. For the MBA lattice, we used 4.8-m-long 25
and 28-mm period permanent magnet devices and 3.7-m-long 15.5- and 20.5-mm period devices, all
with 8.5-mm magnetic gaps. In all cases, we assumed 200 mA stored current in the MBA lattice
with ǫ0 = 80 pm. For the average brightness computation, we assumed κ = 0.1, while for the
pulse brightness and flux we assumed κ = 1, since this will be needed to minimize IBS effects. All
calculations assume the use of the existing APS high-heat-load front-end design [5].

Unlike the present-day APS ring, we expect that an MBA lattice would be operated in on-axis
injection mode (“swap-out” instead of “top-up”) [6, 7]. Because of this, we should not be restricted
to traditional insertion devices with small vertical gaps and relatively large horizontal gaps. Instead,
we should be able to use devices with small horizontal gaps as well, opening the possibility of vertical
and helical undulators. For example, superconducting helical devices producing circular polarization
may be workable for the first time in a lightsource storage ring. (Note that impedance considerations
will limit the number of devices with small gaps in both planes.)

Despite the higher current and dramatically higher brightness of this design, the total power and
power density from optimized undulators would be less than or comparable to the power and power
density from existing APS undulators. This may be understood by noting that the angular spread
of the white beam from an undulator is K/γ, with no dependence on the beam emittance [8].

6 Bending Magnet Sources

Because of the decreased electron beam energy, maintaining the same critical energy in the bending
magnets will be difficult. Hence, a different approach (proposed by ESRF [9]) is being taken, namely,
providing three-pole wigglers. Details are yet to be determined, but the likely wiggler fields are
between 1 and 1.5 T, with delivered flux expected to exceed that for the existing bending magnet
beamlines by a significant margin. Figure 5 illustrates the potential improvements, showing the
expected wiggler flux at photon energies and for acceptance angles used by the existing bending
magnet beamlines [10].

7 Details for Latest Lattice Revision

Table 6 shows detailed ID source point properties as a function of the number of bunches Nb. Listed
are the emittance ratio κ, the rms horizontal and vertical emittances ǫx,y, the rms horizontal and
vertical beamsizes σx,y, the rms horizontal and vertical divergences σ′

x,y, the rms bunch duration σt,
the rms energy spread σδ, the 10th-percentile predicted Touschek lifetime τ10th , and the approximate
injection interval ∆Tinj. In most cases, several bunch durations are listed, including a minimum
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duration plus durations of approximately 35 and 70 ps. κ is adjusted to attempt to maintain the
10th-percentile predicted lifetime τ10th above 3 hours.

Table 6: Parameters for ID source points for H7BA-TwoSector-nux95-nuy36-3PW-Version4

κ σt ǫx ǫy βx βy σx σ′

x σy σ′

y σδ τ10th ∆Tinj

ps pm pm m m µm µrad µm µrad 10−4 h s

Nb = 48 fb = 13.0MHz Qb = 15.3nC

1.00 53 48.2 48.2 6.8 2.4 18.2 2.7 10.8 4.4 1.02×101 3.47 26.0

Nb = 81 fb = 22.0MHz Qb = 9.1nC

1.00 52 45.4 45.4 6.8 2.4 17.7 2.6 10.5 4.3 9.94 5.39 23.9

Nb = 162 fb = 44.0MHz Qb = 4.5nC

0.12 53 70.2 8.1 6.8 2.4 22.0 3.2 4.4 1.8 1.00×101 5.70 12.7

Nb = 216 fb = 58.7MHz Qb = 3.4nC

0.10 52 69.2 6.9 6.8 2.4 21.8 3.2 4.1 1.7 9.93 6.91 11.5

Nb = 324 fb = 88.0MHz Qb = 2.3nC

0.10 52 66.9 6.7 6.8 2.4 21.5 3.1 4.0 1.7 9.81 9.55 10.6
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Figure 1: Comparison of brightness from the present APS to selected hybrid-permanent magnet and
superconducting undulators in the MBA lattice design described here. See text for details.

Figure 2: Comparison of flux from the present APS to selected hybrid-permanent magnet and
superconducting undulators in the MBA lattice design described here. See text for details.
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Figure 3: Comparison of pulsed brightness from the present APS to selected hybrid-permanent
magnet and superconducting undulators in the MBA lattice design described here. See text for
details.

Figure 4: Comparison of pulsed flux from the present APS to selected hybrid-permanent magnet
and superconducting undulators in the MBA lattice design described here. See text for details.
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Figure 5: Comparison of flux for existing BM lines typical operating energies and acceptance angles
to potential three-pole wiggler performance in the MBA lattice for identical energies and acceptances.
Two wigglers are shown, K = 14 (1 T) and K = 21 (1.5 T). A limited number of 1.5 T wigglers can
be supported without significant emittance degradation.
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