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Abstract. Several high-energy synchrotron facilities adopted the Hybrid Multi-Bend
Achromat scheme (HMBA) developed for the ESRF-EBS [1]. The considered lattice has been
developed for a generic 6 GeV storage ring (SR) of 1100 m circumference [2]. It includes a short
bending (SB) magnet at the center of the cell, and achieves a ~70 pmrad equilibrium horizontal
emittance. The optics of such SR are modified introducing reverse bending magnets [3, 4] to
further reduce the natural horizontal emittance to 53 pmrad. The impact of such modification
on dynamic aperture and lifetime is assessed and optimized.

1. Introduction

The present work has been developed for a generic high-energy storage ring of 6 GeV and 1100 m
circumference [2]. The lattice considered is an adaptation of the ESRF-EBS H7BA lattice [5]
with 40 cells, achieving ~70 pmrad horizontal emittance. Figure 1 displays the optics of a
standard cell of the presented ring.

Further reduction of the horizontal emittance is achievable with a fixed lattice layout,
by controlling the dispersion function at the entrance of the dipole magnets, to approach
the Theoretical Minimum Emittance (TME) conditions [6]. Reverse bends (RB), which are
mechanically displaced quadrupoles with regards to the machine axis, generate a negative dipolar
field of resulting angle [4]:

OB = k1A (1)

with ky the strength of the quadrupole, [ its length and Ax the horizontal displacement. Such
quadrupoles help modulate the dispersion function and derivative to approach the TME in the
dipoles [3]. Previous attempts were conducted on a similar lattice [7].

2. Angular correction

All focusing quadrupoles in the dispersive area were used as reverse bends to optimise the
emittance reduction. Their location is displayed in figure 1. The introduction of negative angles
perturbs both the geometry and the dispersion in the standard cell, reducing the total angle per
cell. The correction of the total angle is pursued using two methods:

e Transposed method The total reverse bending angle per cell 22 is defined as the sum of

all negative bending angles, expressed per RB in equation (1). It is compensated by shifting
the standard dipole angles to recover the geometry of the cell. The angular distribution
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Figure 1. Location of the reverse bends (red arrows) in the lattice. All dipoles are represented
in blue.

RB
along the cell simply becomes B = —‘i;—l:;' for RB and 6gi, = 6p + % for the standard
ip
bending magnets, where Nrp, Ngi, are respectively the number of RB and dipoles in the
cell, and 6y the bending angle of the dipoles in the nominal lattice.

e Proportional method The total angle is restored proportionally over the whole cell,

applying the following operation on all bending magnets: Opew = J\zfﬂ?lolfa, where a is the

cell angle before correction, and Nceg the number of cells of the machine. This method
conserves the perturbation of the dispersion of the reverse bends, for which we expect a

stronger emittance reduction.

Both methods were tested and compared in Accelerator Toolbox (A.T.) [8], for different total
reverse bending angles O3, To ease the comparison, ORP was equally distributed among the
reverse bends. As the dispersion is perturbed by the insertion of the reverse bends and by the
correction of the total angle, the lattice optics are rematched at each step in ORB. Figure 2
superimposes the variation of the emittance and momentum compaction factor with 088 for
both methods considered. Table 1 compares the main characteristics of the lattices without and
with reverse bends at the minimum emittance generated with the two methods detailed above.
The smallest natural horizontal emittance (59 pmrad) is achieved with the proportional method,
with similar total reverse bending angle and energy spread, and lower radiation losses.

3. Optimisation of the reverse bending angle distribution
To find the lowest horizontal natural emittance, the reverse bends are freely varied, conserving
the proportional method for angular correction. Four knobs, respecting the cell axial symmetry,
are used to seek for the minimum horizontal emittance. The inhomogeneous angular distribution
frees the total reverse bending angle AR, which optimum was previously limited to the parabolic
evolution of the H-function with the dispersion functions. The total reverse bending angle is
varied by +0.01 degrees between consecutive iterations of a minimization process.

Each iteration randomly generates five angular distributions in the reverse bends. For each of
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Figure 2. Evolution of the emittance and the momentum compaction factor (m.c.f.) with the
total reverse bending angle, for the two methods of angle restoration.

Table 1. Comparison of main standard cell parameters for the two lattices with reverse bends
of minimum natural horizontal emittance obtained with two methods of angular correction.

Method
Parameter Nominal

Transposed Proport.
OB (degrees) 0 -0.27 -0.29
ex(pm.rad) 70.0 66.9 59.2
oR 9 x 1071 1073 1073
m.c.f. 6 x107° 5x107°  45x107°
Jx 1.54970 1.91472 1.93536
Radiation loss 50 keV 56 keV 54 keV

these distributions the total angle is corrected with the proportional method and the optics are
matched. For a given ORB, the distribution of minimum emittance is chosen. This ring is then
reintroduced as the input of the next scan. The scan controls the horizontal damping partition
number for sake of longitudinal stability.

The variation of both the horizontal natural emittance and the momentum compaction factor
during the conducted scans are displayed in figure 3. The natural horizontal emittance first
follows a parabolic variation with %2 and then the inhomogeneous distribution of the reverse
angles allows the increase of 05)]?, further reducing the emittance. The optimisation is stopped
at -0.5 degrees after convergence.

4. Lattice option with 53.1 pm rad emittance

After selection of the optimum standard cell option using the previous scan, high-8y injection
cells are matched to the ESRF-EBS ones [5]. The standard cells reverse bends were included in
the injection cells, to close the ring geometry. The circumference of the ring was increased to set
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Figure 3. Variation of (left) the natural horizontal emittance and (right) the momentum
compaction factor during the cycle of the algorithm. The large number of points per angle
originates from the random reverse-angle distribution and the two-sided evolution of the total
reverse bending angle ORB.

the harmonic number to 1296, for a RF frequency of 352.2 MHz [9]. Control of the dispersion
at the middle of the standard cell allowed a total reduction in horizontal emittance to about
53 pmrad for the ring with reverse bends. Main parameters are listed for the lattices with and
without reverse bends in table 2.

Table 2. Comparison of main parameters for the nominal lattice and its option with reverse
bends.

Parameter Nominal RB option
Circumference 1100 m 1103 m
(Qx, Qy) (95.21, 33.34)  (95.21, 34.34)
ex(pm.rad) 70.0 53.1
ORB (degrees) per cell 0 -0.35

O 8.6 x 1074 1.0x 1073
m.c.f. 6 x 107° 5x 1075
Energy loss 2.0 MV 2.2 MV
Chromaticity (7,6) (1,5)
RF Frequency 352.0 MHz 352.2 MHz
Harmonic number 1294 1296
Nat. bunch length 2.9 mm 3.4 mm

Table 3 lists the characteristics of the reverse bending magnets and their corresponding
horizontal shift. The main contribution in the emittance reduction comes from the central part
of the lattice (between 11 and 17m in figure 1), with a maximum 2.1 mm shift required. To
compare, the maximum transverse displacement values Axy,ax in the ESRF-EBS are determined
by analysis of the full cell assembly drawings and are reduced by about 1 mm considering the
presence of kapton foils under the dispersion bump and the vacuum chambers, and specific
vacuum chambers shapes and positioning of heating wires for the central reverse bends [10]. The
displacement of high-gradient quadrupoles exceeds the maximum available. Vacuum chambers
may need specific design adjustments compared to those of EBS.
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Table 3. Horizontal shifts Ax of the implemented reverse bends.

Name QF4[AE] QF4[BD] QF6 QF8
Length (m) 0.21 0.21 0.39 0.48
ko (m~2) 2.6 2.2 4.52 4.42
Az (mm) 0.18 0.29 2.1 1.9
AZpax (mm)  2.4-3.4 2.4-34 1222 1.2-22

5. Dynamic aperture and lifetime

Optimisation of the sextupoles started with a scan on the ring chromaticity to optimise both
the Touschek lifetime (TL) and the transverse dynamic aperture. Particles were tracked for
2000 turns and the momentum acceptance was computed over four standard cells for computing
time considerations. The Touschek lifetime was calculated assuming the same uniform filling
pattern as ESRF-EBS, 200mA in 1296 bunches [11]. Figure 4 gathers the resulting dynamic
aperture area and the Touschek lifetime for the scanned chromaticities. The best compromise
found between Touschek lifetime at high current and on-momentum dynamic aperture at the
injection point was found for the chromaticity (1,5).
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Figure 4. Touschek lifetime (dot size) and dynamic aperture area (color) variation with
chromaticity for the H7BA ring with reverse bends, for Zy = 0.67Q and ey = 10pmrad.
The maximum TL and DA were obtained for a chromaticity (1,5) (red dot).

Figure 5 compares the dynamic aperture (DA) of the nominal lattice and its option with
reverse bends of chromaticity (1,5) with high-beta injection cells to increase the dynamic aperture
at injection. Particles are tracked starting at the injection point for 5000 turns. The standard
cell with reverse bends presents a reduction of its dynamic aperture which remains comparable
to the nominal one. The high-fy injection cells improve the horizontal transverse acceptance at



13th International Particle Accelerator Conference (IPAC’22) IOP Publishing
Journal of Physics: Conference Series 2420(2023) 012049  doi:10.1088/1742-6596/2420/1/012049

injection for the lattice without reverse bends as expected, but not for the lattice with RB. Their
impact on the lifetime is also detrimental on the Touschek lifetime: when the 40-fold symmetry
ring with reverse bends presents a 32 hours lifetime for 200 mA in 1296 bunches, the insertion of
the injection cells with reverse bends reduce it to 13.5 hours. Tuning of the injection is therefore
mandatory to enhance the DA at injection point, with less impact on the Touschek lifetime.
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Figure 5. Dynamic aperture of the standard cell (dots) and ring with injection cells (plain) for
the lattices with (black)and without (red) reverse bends.

6. Conclusion
A H7BA lattice for a 6 GeV 1100 m storage ring was presented, with a 70 pmrad natural
horizontal emittance. Further reduction of its emittance can be achieved with reverse bending
magnets with no additional constraint to the optics. The angle correction procedure was
discussed. The proportional correction was selected for it achieved lower emittance and lower
radiation losses.

Further optimisation of the reverse bending angle distribution was achieved in A.T., by
tuning four RB knobs. A minimum emittance of 53 pmrad was achieved with this algorithm
while conserving horizontal shifts at the limit of feasibility for each magnet. The full ring includes
high-5y injection cells like for ESRF-EBS. Nonetheless, the dynamic aperture was not increased
at the injection point and a reduction of about 20 hours in Touschek lifetime was calculated.
Further studies will focus on upgrading the injection cells in terms of optics and optimising the
injection sextupoles to restore the high dynamic aperture and reduce their detrimental effect on
the beam lifetime.
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