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For synchrotron light sources, the brightness of user X-ray beams is primarily determined by
the electron beam emittance and energy spread at operational intensity. A common feature of
fourth-generation synchrotrons is the short length of electron bunches combined with a very small
transverse beam size. Consequently, the particle density is much higher than in machines of previous
generations, leading to strong collective effects that significantly increase the emittance and limit the
achievable brightness at operational beam intensity. In this article, we summarize our studies of the
emittance scaled with the beam energy and intensity, taking into account the effects of intrabeam
scattering, beam-impedance interaction, and bunch lengthening provided by higher-harmonic RF
systems, to identify optimal combinations of machine and beam parameters.

1. INTRODUCTION

Over the past three decades, there has been a remark-
able evolution in synchrotron light sources, transform-
ing the landscape of scientific research and technological
advancements. The ultimate brightness of light sources
is the key to advancing to a smaller scale, faster re-
sponse, and higher rate of data measurement and pro-
cessing. The evolution of synchrotron light sources in
past decades follows a path of continued increased bright-
ness of photon beams. The development of third- and
fourth-generation synchrotrons has enabled scientists to
explore more complex and dynamic systems at unprece-
dented resolutions, from materials science and chemistry
to biology and medicine. Looking ahead, ongoing ad-
vancements in accelerator technology and facility up-
grades continue to shape the next generation of syn-
chrotron light sources, promising even greater scientific
insights and technological innovations.

Since brightness is one of the main figures of merit
for synchrotron light sources, all projects of future syn-
chrotrons consider an increase of brightness by a few or-
ders of magnitude compared to the present standards.
Brightness is a function of the electron beam energy, in-
tensity, emittance, energy spread, and choice of light-
generating insertion devices (wigglers and undulators).
Reducing the emittance is a straightforward and efficient
way to increase the brightness.

2. EVOLUTION OF BEAM EMITTANCE

The natural emittance of an electron beam in a storage
ring is determined by a balance of the radiation damp-
ing and quantum excitation. For a planar ring without
vertical bending, this relation is expressed as a ratio of
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radiation integrals [1] in the following equation

I5
Ex0 = CqWQH . (1)

Here e, is the emittance; - is the Lorentz factor;

C, = 3255’/5%2 ~3.83-107'® m; the radiation integrals
are
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Bz is the amplitude function of betatron oscillation (beta

2
function), o, = —8./2, 7, = 1;%; ne and n’, is the

dispersion function and its derivative, respectively; p is
1 0B,

B oz 1 the normalized

the local bending radius; K7 =
quadrupole strength.
The emittance can be represented in a simple way as
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where F' is some function of the magnet lattice, E is the
electron energy, J, is the horizontal damping partition,
and Np is the number of bending (dipole) magnets in
the ring.

Since the emittance is inversely proportional to the
cube of the number of bending magnets, increase of their
number is a most efficient way to design a low-emittance
lattice. As a result, we see transition from Double-Bend
and Triple-Bend Achromat lattices used to build 3rd-
generation light sources worldwide, to Multi-Bend Achro-
mat (MBA), which is the basic lattice option for new
and upgrade projects of light sources. The fast devel-
opment of advanced MBA technology resulted in a new
generation of light source facilities. Recently, three new
low-emittance synchrotrons based on MBA have been
commissioned: MAX-IV (Sweden, 2016) [2], ESRF-EBS
(France, 2020) [3], and SIRIUS (Brazil, 2020) [4]. One
more project, APS-U [6] (USA), is in the commissioning
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stage, and HEPS [5] (China) will approach the commis-
sioning soon. Many other projects of new and upgraded
facilities are being developed worldwide, e.g. ALS-U [T]
(USA), Elettra-2 [§] (Italy), Diamond-II [9] (UK), Soleil-
2 [10] (France), PETRA IV [1I] (Germany), CLS-2 [12]
(Canada), Korea-4GSR [I3]. The beam emittance is con-
tinuously reduced in few decades of synchrotron develop-
ment, as illustrated by Figure
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FIG. 1. Evolution of the electron beam emittance in syn-

chrotron light sources.

There is a recent trend in magnet design towards com-
bined magnets with field profiles tailored to the lattice re-
quirements. In near future, we expect a transition to the
permanent-magnet bending/focusing elements providing
high quadrupole gradients, saving space, and reducing
total power consumption. The use of superconducting
high-field high-gradient magnets looks also promising for
future projects.

A new approach of low-emittance lattice design alter-
native to MBA has been recently proposed at NSLS-II,
Brookhaven National Laboratory: use of a new lattice
element “complex bend” replacing regular dipole mag-
nets [I4HI7]. The main advantage of the complex bend
design is to enable many more dense dipoles integrated
into the same element. Since the emittance scales in-
versely as the cube of the number of dipoles, this opens a
possibility of achieving gains in emittance. For example,
replacement of the dipole magnets with complex bends
in the NSLS-IT DBA lattice keeping the layout of match-
ing quadrupole triplets and straight sections unchanged,
results in the emittance reduction by a factor of 30 [I§].
More advanced options of the complex bend lattice de-
sign for the NSLS-II upgrade assuming the replacement
of the whole ring provide even lower emittance of about
24 pm [19, 20].

3. ENERGY AND INTENSITY CONSTRAINTS

The major practical limit of the electron beam cur-
rent I, and energy E in a storage ring results from the
synchrotron radiation power rapidly increasing with the
beam energy as F*:

C
Poaa = LUy = I, —2L E*I, | (5)
2

where Uy is the energy loss per turn,
C,=8846-10"° m/GeV?3, I is the 2-nd radiation
integral I, = § d—:, and p is the local radius of electron
trajectory curvature.

In modern synchrotrons, the total radiation power
is dominated by the light-generating insertion devices
(wigglers and undulators), whose contribution is usu-
ally higher than the contribution of dipole magnets. The
beam energy loss caused by radiation is compensated by
complex and expensive RF systems, which contribute a
significant part to the total cost of the machine construc-
tion and operation, due to high power consumption.

Mainly for the above-mentioned reason, higher-energy
synchrotrons operate with lower beam intensity, as illus-
trated in Figure |2l The dashed line represents an empir-
ical limit curve for the beam intensity.
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FIG. 2. Operation beam current of synchrotrons vs beam
energy.

4. INTENSITY-DEPENDENT EFFECTS

Ideally, the photon flux and brightness should be di-
rectly proportional to the electron beam current. How-
ever, collective effects of beam dynamics at operational
beam intensity play a crucial role in determining the
practically achievable performance of light sources. In



modern low-emittance rings, electron beams are small
in all three dimensions: a small momentum compaction
results in a short bunch length, while a low emittance
determines small transverse sizes.

Figure [3| demonstrates the charge density ¢,/V; as a
function of the emittance for a set of synchrotrons world-
wide, in operation or under development. A trend of
a significant increase of the particle density within the
bunch in modern low-emittance synchrotrons is clearly
seen resulting in much stronger collective effects. Here
Vp = Vdn3o,040, is the bunch volume, o, is the r.m.s.
bunch length, o, is the horizontal/vertical beam size.
Note that the bunch volume was calculated at zero beam
intensity and without higher-harmonic cavities widely
used to increase the bunch length for mitigation of col-
lective effects, so the bunch length o, is completely de-
termined by the lattice and RF parameters:

)\RF RaveracE

where o5 is the relative energy spread, Agp is the RF
wavelength, Vrr is the RF voltage, R.er is the average
ring radius, a, is the momentum compaction factor.
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FIG. 3. Charge density in synchrotrons vs beam emittance.

Intra-beam scattering (IBS) is one of the adverse ef-
fects that can impact beam quality and impose limita-
tions on the ultimate performance of low- and medium-
energy synchrotrons [21] 22]. Since IBS is a small-angle
scattering, it does not cause particle loss but results in
a substantial intensity-dependent increase in emittance,
energy spread, and bunch length. The theory of IBS has
been well-developed for quite some time [23H26] and has
been implemented into particle tracking codes [27].

We employed the high-energy approximation of the
IBS theory [28] to examine the combined effect of IBS

and the bunch lengthening resulting from the longitudi-
nal impedance and higher-harmonic cavities. The equi-
librium emittance €, , and relative energy spread os are
expressed as follows:
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where €50 40 and 0,9 are the emittance and energy spread
at zero beam current; 7., 7,, and 7, are the radiation
damping times; 1}, T}, and T}, are the IBS growth times:
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7o is classical electron radius, JZ , is a function deter-
mined by the lattice (3]).

Since the IBS strongly depends on the beam energy,
its effect is not so significant for high-energy rings.

In a practical range of the beam energy and current,
we analyzed the impact of intensity-dependent effects on
the light source performance using the complex bend lat-
tice for NSLS-II upgrade optimized to achieve a mini-
mum emittance, decent dynamic aperture, and beam life-
time [20].

We calculated the emittance as a function of the beam
current and energy for this lattice, considering both IBS
and impedance effects. The bunch lengthening caused by
the beam interaction with the longitudinal impedance
was computed using the modified Zotter equation [30]
31]:
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where vs = wy/wp is the synchrotron tune, oy is the
bunch length at zero intensity, (ImZ /n)cg is the effective
normalized longitudinal impedance.

The RF voltage was scaled with the energy to keep the
RF acceptance of 5%. The effect of higher-harmonic cavi-
ties was simply modeled by multiplying the zero-intensity
bunch length o4y by a moderate factor of 3. In this cal-
culation, we assumed the ”"bare” lattice without wigglers
and undulators, 100% coupling (¢, = ¢,), and a typical
normalized longitudinal impedance Im (ZH/n) of = 0-9 Q.
Figure [] shows the emittance £, affected by these col-
lective effects, as a function of the energy F and average
beam current I,y e, uniformly distributed in 1000 bunches.

We found that the emittance at the operational beam
intensity reaches a minimum in the energy range of
3.5-4 GeV. This is due to the strong emittance blow-
up caused by IBS at lower energies, while the E? factor
in equation (4)) leads to an increase in emittance at higher
energies. So there is an optimal energy with the small-
est emittance at the operational beam intensity for any
particular lattice.
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FIG. 4. Combined effect of IBS, impedance, and higher-
harmonic cavities on the beam emittance.

The light-generating insertion devices (IDs) contribute
significantly to the total energy loss per turn Uy deter-
mining the radiation damping, emittance, and energy
spread. Thus for the complex bend lattice [20] with a
full set of IDs, the total energy loss is about 1 MeV com-
pared to 0.3 MeV of the radiation energy loss from bend-
ing magnets only.

Assuming the empirical energy-dependent limit of the
operational beam current presented as the dashed line
in Figure [2| we carried out emittance scaling with the
energy for the following lattices: 1) a hybrid 7BA lattice
for the APS Upgrade [6], which is the most elaborated
MBA lattice in terms of emittance minimization; 2) an
MBA lattice based on the ESRF-EBS design scaled to
the size of NSLS-II and optimized to achieve minimum
emittance [29]; 3) the complex bend lattice for NSLS-II
upgrade without IDs; 4) the complex bend lattice with
a full set of IDs. The results are presented in Figure [5]
the minimum emittance at the operational beam current
indicates the optimal energy for each lattice. Note, the
insertion devices slightly move the optimal energy up.

Note the bunch volume in the denominator of the IBS
growth rate is also relevant for the Touschek lifetime,
which is also a practical intensity-limiting effect in 4th-
generation synchrotrons. Since lower emittance needs
stronger beam focusing resulting in high natural chro-
maticity, strong sextupole magnets are needed to com-
pensate for it. So beam dynamics becomes very nonlin-
ear with smaller momentum acceptance leading to the
degradation of the Touschek lifetime. While the DBA
and TBA lattices of 3rd-generation synchrotrons typi-
cally operate with a beam current up to 500 mA and
a beam lifetime exceeding 10 hours, it is about an or-
der of magnitude lower for most of the new MBA-based
machines.

Another important factor that could limit the beam
intensity is the beam-induced heating of vacuum cham-
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FIG. 5. Minimum emittance along the the energy-dependent
operational beam current.

bers, which is directly proportional to the longitudinal
impedance (mainly the resistive-wall one) and to the
square of the beam current. Strong focusing magnets and
high-brightness insertion devices require low-aperture
vacuum chambers. Since the longitudinal impedance
is inversely proportional to the vacuum chamber size,
small vacuum chambers and short bunch lengths lead
to higher beam-induced power. Moreover, the transverse
impedance is inversely proportional to the cube of the
vacuum chamber size. The beam interaction with the
impedance can also lead to beam instabilities, further
limiting the maximum stable beam current. The interac-
tion with the residual gas in vacuum chambers can excite
the instabilities too, and this problem is also more severe
for the modern synchrotrons because the vacuum cham-
bers are smaller and the pumping is more difficult.

There are several ways to mitigate the challenges
caused by collective effects. Lattice optimization can help
to increase natural bunch length. To reduce the peak
current of the beam, bunch lengthening is essential and
can be achieved by implementing advanced schemes of
higher-harmonic cavities. Increasing number of bunches
is also helpful to reduce the peak current and beam-
induced heating of the vacuum chamber. To reduce the
impedance, larger vacuum chamber should be used where
possible and smooth transitions must be implemented.
Minimization of the impedance needs to be a part of the
vacuum chamber design from the very beginning of a
project.

5. CONCLUSION

Next-generation synchrotrons have a common feature
of short electron bunches and a small transverse beam
size, resulting in a significant reduction in bunch vol-
ume, higher particle density, and stronger collective ef-
fects. Since the brightness of user X-ray beams at opera-
tional intensity is predominantly determined by the elec-



tron beam emittance, we studied the intensity-dependent
emittance scaled with beam energy, considering the ef-
fects of intrabeam scattering, beam-impedance interac-
tion, and bunch lengthening by higher-harmonic RF cav-
ities, to identify optimal combinations of machine and
beam parameters. The emittance at operational beam
intensity reaches a minimum at specific energy due to
the interplay of the quadratic increase of zero-intensity
emittance and IBS-induced blow-up at lower energies.
This optimal energy point with the smallest operational

emittance is determined by a specific lattice design and
slightly affected by wigglers and undulators.
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