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Abstract 
The 4th generation light source, the Ultimate Source of 

Synchrotron Radiation (USSR4) is under design, to be 
built in Moscow region (Russia). It will be a 6 GeV and 
about 1100 m circumference storage ring synchrotron  
[1-3]. Baseline lattice of the USSR4 for now is a scaled 
version of the ESRF-EBS Hybrid Multi-Bend Achromat 
(HMBA) lattice that was successfully commissioned in 
2020 [4-7]. Its natural horizontal electron beam emittance 
is about 70 pm∙rad. Further reduction of beam emittance 
can be achieved with the use of reverse bending magnets. 
The evolution of the envisaged lattices for the USSR4 stor-
age ring, including options with reverse bends is presented.  

INTRODUCTION 
Today third- and fourth-generation synchrotron radiation 

(SR) sources and X-ray free-electron lasers (FEL’s) have 
many different applications in materials science, molecular 
biology and biochemistry, biomedical studies, crystallog-
raphy, spectroscopy, studies of fast processes and other 
fields of scientific and applied research. For such applica-
tions the main problem is reaching the diffraction limit for 
a given beam energy of 3-6 GeV: thereby, an object can be 
imaged with high contrast and sharpness once its size is 
comparable to the wavelength of the synchrotron or undu-
lator radiation. It was assumed that transverse emittance 
value below 100 pm∙rad is necessary for the fourth gener-
ation light source to reach new horizons in the research by 
using SR. For a long time it was assumed that such values 
of the emittance could be reached only with FEL’s driven 
by high-brightness electron linacs. A few years ago, it was 
demonstrated that low horizontal emittances can be 
achieved in storage synchrotrons as well and first beams 
with emittances about 100 pm∙rad were generated at MAX-
IV (Sweden) [8] and ESRF-EBS (France) [7] synchrotron 
light sources. Several similar facilities are under design and 
construction stages [9, 10] but today’s trend is the existing 
SR sources upgrade to the fourth generation. 

It is proposed that USSR4 facility will include both the 
6 GeV storage synchrotron and FEL(s). The choice of this 
layout leads to the complication of injection system based 
on the full-energy linear accelerator. This linac will be used 
both for top-up injection into storage ring and for a gener-
ation of the high-brightness drive bunches for FEL. 

SYNCHROTRON RING LATTICE 
Baseline lattice of the USSR4 for now is a scaled version 

of the ESRF-EBS 40-fold symmetry HMBA lattice that 
consists of 7 bends for each cell, 4 of them being the so-
called LGB magnets, 2 are combined-function magnets 
(DQ) and “triplet of the magnets” at the centers of the 38 
standard cells (Fig. 1). The main difference of this lattice 
from ESRF-EBS one is the presence of 5 cm long short 
bend (SB) with high field (~0.86 T) at the cell center. This 
lattice ensures the designed horizontal emittance 70 pm∙rad 
together with Touschek lifetime (TLT) is equal to 28.9 h 
for zero current approximation, momentum acceptance 
(MA) is equal to ±6% at the center of the straight section 
and sufficient off-momentum dynamic aperture (DA) for 
off-axis injection schemes (± 1 cm in horizontal plane and 
about 3 mm in the vertical one) [2]. An advantage of that 
lattice is the scaling of the commissioned ESRF-EBS stor-
age ring synchrotron and needs minimal changes of com-
ponents (magnets, chambers) to start its construction in a 
short time. 

 
Figure 1: Layout of baseline lattice. 

However, equilibrium electron beam horizontal emit-
tance εx already now in 1.5-2 times lower than 70 pm for 
the similar projects [9, 10] in view of energy and circum-
ference of SR sources. It is well known that the next step 
towards lower εx values is anti-bends (reverse bends) im-
plementation [11-13] together with mentioned LGB mag-
nets under constant beam energy. So, the expected εx value 
is about 45 pm for 1104 m long 6 GeV APS-U project [10]. 
The APS-U lattice is the scaled and modified ESRF-EBS 
HMBA lattice with six reverse bend (RB) gradient dipoles. 

Firstly, an attempt was made by authors to re-optimize 
USSR baseline lattice by means of re-tune magnets param-
eters to reduce εx value up to 50 pm. The problem could not 
be solved without significant modification of the baseline 
lattice or RB introduction. 

The next step toward the solution of the mentioned prob-
lem was the considering of RB introducing into baseline 
lattice by corresponding shifts of the existing quadrupoles 
in the horizontal plane from the closed orbit. An example 
of USSR4 lattice with reverse bends is presented in Fig. 2 
(we considered lattice without SB at the cell center and 
with one DQ there). 

The main tasks for the lattice optimization were: 
1. εx value is about 50 pm or lower. 
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2. Zero dispersion at centres of straight sections. 
3. Realization of “–I transformation” conditions. 
4. Acceptable DA value for off-axis injection. 
5. MA and TLT comparable with that are for baseline lat-

tice or bigger. 
6. Fields of magnets should not exceed the upper limits 

designed for ESRF-EBS magnets. 
 

 
Figure 2: Layout of considered lattice with RB. 

Lattice optimization was carried out by means of MADX 
[14], AT [15], Pyhton [16]. With the help of Nelder-Mead 
simplex method [17] it was obtained a set of εx values for 
different absolute value of the bending angle ψ of reverse 
bend that is presented in Fig. 3. Note that the fields of LGB 
magnets was changed too. A dependence of horizontal par-
tition number Jx [18] on ψ values is shown in Fig. 4. From 
this figures one can find that εx value lower than 50 pm 
corresponds for |ψ| values greater than 2 mrad and, conse-
quently, Jx values closed to 2. Typical distribution of fields 
of dipoles along the cell, for instance for the lattice with 
εx = 50 pm, shown in Fig. 5. DA for that lattice is shown in 
Fig. 6. It follows that DA sizes in the horizontal and vertical 
plane are about ±3 mm and 3 mm that is still not enough 
for off-axis injection. Note, that DA sizes for APS-U pro-
ject with swap-out injection in the horizontal and vertical 
plane is about ±3 mm and 3 mm correspondingly. 

 

 
Figure 3: Dependence of εx on |ψ|. 

The supposition that was made during RB introducing 
into baseline lattice is vacuum chamber geometry the same 
as for ESRF-EBS one. It is clear that RB can change beam 
orbit so that vacuum chamber geometry will need to be re-
designed and, consequently, to perform gas loads and im-
pedance calculations, beam instabilities investigation and 
so on. The required shifts of RB gradient dipoles can be 
estimated by means of following expression 

xlk ∆=ψ 1RB ,    (1) 

where k1 is the the quadrupole strength, l is its length, Δx 
is its horizontal shift. 
 

 
Figure 4: Dependence of Jx on |ψ|. 

 
Figure 5: Typical distribution of dipoles fields. 

 
Figure 6: Example of DA for the lattice option with RB. 

A graph of a dependence of absolute value of closed or-
bit shift on absolute value of shift of RB gradient dipole is 
presented in Fig. 7. It follows that possible Δx value is 
lower than 0.7 mm because of horizontal dimension of vac-
uum chamber cross section. That dimension is supposed to 
be equal to 16.5 mm for the cell central region. In turn, this 
means that |ψ| value is less than 1.2 mrad and, in accord-
ance with Fig. 3, εx is greater than 60 pm. 

 

 
Figure 7: Dependence of absolute value of closed orbit 
shift on absolute value of RB shift. 
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CONCLUSION 
The evolution of the envisaged lattices for the USSR 

storage ring, including options with reverse bends is pre-
sented. It is pointed that it is not possible to reduce equilib-
rium horizontal beam emittance down to 50 pm by means 
of reverse bend gradient dipoles implementation under 
condition that vacuum chambers should be the same as for 
ESRF-EBS main ring. Nevertheless, reverse bends allow 
one to reach equilibrium horizontal emittance lower than 
50 pm∙rad, but it will need to redesign significant amount 
of the magnets, vacuum chambers, etc. 
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