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Abstract 
A low beam emittance lattice has been designed for up-

grade of the Diamond storage ring. Due to the use of strong 
focusing elements and rather small vacuum chamber and 
considering the required short dark time, commissioning of 
the designed storage ring becomes very challenging. This 
paper briefly explains the progress of early commissioning 
simulations of the storage ring, gives the required engineer-
ing tolerances, presents the first simulation results and dis-
cusses the non-linear beam dynamics (NLBD) issues after 
successful commissioning with and without insertion de-
vices (IDs).  

INTRODUCTION 
The Diamond Light Source (DLS) has started to study 

the feasibility of replacing the existing electron storage 
ring with a low beam emittance ring called Diamond-II. A 
careful lattice design and non-linear beam dynamics opti-
mization have been carried out to achieve the desired stor-
age ring specifications with large dynamic and momentum 
apertures, enabling efficient injection of the incoming 
beams [1]. The proposed lattice has a six-fold symmetry. It 
is based on three unit cells (UC) and two matching cells 
(MC) at the start and end of a super period. It provides the 
natural beam emittance of 160 pm, around 17 times smaller 
than the present Diamond ring within circumference of 
560.57 m. 

The required small emittance is achieved using stronger 
quadrupole magnets which inevitably results in a larger 
natural chromaticity and then strong sextupoles are em-
ployed to control the NLBD issues. Misalignments of the 
strong quadrupoles produce large orbit or trajectory offsets 
along the ring and due to the use of strong sextupoles, this 
leads to large optics and coupling errors. However, fine 
tuning of the orbit and optics require a circulating beam 
with sufficient current which has to be first established. In 
addition, consideration of the desired short dark time in the 
project schedule reveals that the alignment and commis-
sioning of the storage ring are expected to be very chal-
lenging. 

In this paper, we have addressed the rapid commission-
ing simulation challenges to find out what are the required 
engineering tolerances and to understand how the machine 
operation would be in the presence of the realistic errors in 
the ring. The impact of the realistic distribution of the ele-
ments errors on the performance of the ring has been as-
sessed by means of a statistical analysis of the closed orbit, 
linear optics and of the key performance parameters of the 
NLBD. 

COMMISSIONING PROCEDURE 
The ultimate aim of the simulation is to model the actual 

commissioning of the machine including all expected er-
rors. Therefore, our simulation procedure closely follows 
the steps which will be performed within the real commis-
sioning. It consists of the following steps; (1) impose the 
errors for all the ring elements according to Table 1, (2) 
establish the first and many turn trajectory correction until 
the closed orbit is found, (3) perform global closed orbit 
correction down to reasonable level, (4) correct the optics 
and linear coupling errors [2-4]. All simulations of the lat-
tice imperfections and the commissioning strategies were 
made using AT [5] and ELEGANT [6] codes. 

In order to correct the trajectory/orbit and the optics and 
to control the coupling, a set of beam position monitors 
(BPMs), combined horizontal and vertical correctors 
(HVCORs) and skew quadrupoles (SQUADs) have been 
distributed along the cell, as shown in Fig. 1. 

 
Figure 1: Distribution of BPMs, HVCORs and SQUADs 
with respect to normalized phase advance in half UC (left) 
and MC (right). 

The position of such corrector elements was carefully 
chosen to provide a sufficiently dense sampling of the 
phase advance along the cell, so that an effective orbit cor-
rection can be achieved, reducing the orbit close to zero at 
the BPMs without correctors fighting each other and effec-
tively controlling the coupling. There are 252 BPMs, 252 
HVCORs and 144 SQUADs in total for the whole ring. For 
precise orbit control at the IDs, BPMs are placed at either 
end of the straight sections. A group of 240 correctors is 
embedded in the sextupoles by means of additional wind-
ings, while the remaining 12 will be standalone correctors 
combining both horizontal and vertical correction. All the 
144 skew quadrupoles have been considered as additional 
windings inside the sextupoles. Two thirds of the skew 
quadrupoles (96 SQUADs) are positioned in locations of 
non-zero dispersion while the remaining third (48 
SQUADs) are located in the dispersion-free straights. 

To start the simulation of the commissioning steps, rela-
tively large initial errors according to Table 1 have been  ___________________________________________  
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randomly imposed to the lattice elements for 100 seeds us-
ing a Gaussian distribution with 2σ cut-off. The errors in-
clude transverse misalignment and fractional strength of 
the ring elements. The longitudinal misalignment and jitter 
of the incoming beam have not yet been considered. Dis-
tribution of the elements errors along the ring for one arbi-
trary seeds is displayed in Fig. 2. 
Table 1: The Errors Used in Commissioning Simulation  

Girder offset/roll [μm/ μrad] 150/150 
Dipole offset/roll in girder [μm/ μrad] 50/100 
Quad., Sext., Oct. offset in girder [μm]  25 
BPM offset/roll in girder [μm/ μrad] 100/100 
Dipole strength error 5E-4 
Quad., Sext., Oct. strength error 1E-3 

 
Figure 2: Distribution of the girder and elements alignment 
errors in the ring for an arbitrary seed. 

Trajectory Correction 
After generating the errors, the transverse trajectory has 

been corrected based on the response matrix method and 
SVD algorithm with the goal of closing the first turn. In 
order to correct the trajectory in the ring, the response of 
horizontal/vertical trajectory is measured at the BPMs by 
changing the horizontal/vertical correctors’ strength. The 
sextupole magnets have been switched off in this step to 
increase the likelihood of beam transfer and to follow more 
realistically the actual commissioning procedure. The dis-
torted and corrected trajectories along the ring and corre-
sponding corrector strengths are displayed in Fig. 3 for all 
100 error seeds. 

 
Figure 3: Transverse trajectory of the beam before and after 
correction (top) and corresponding corrector’s strength 
(bottom).  

It is assumed that x0=y0=0, x0’=y0’=0 as initial condi-
tions. The maximum value of the correctors over 100 seeds 
is less than 0.7 mrad. 

Orbit Correction 
The first turn trajectory correction provides corrector 

settings that are used as a starting point for the subsequent 
orbit correction. First we compute the orbit with sextupoles 
on and then a global closed orbit correction is performed 
based on the orbit response matrix method. It is assumed 
that the preliminary BPM calibration and quadrupole cen-
tering (also known as beam-based alignment (BBA)) has 
been done. The closed orbit along the ring before and after 
correction and corresponding corrector strengths are is dis-
played in Fig. 4 for all machine ensembles. In this step, 8% 
of the machine samples are lost and for the remaining 92%, 
the closed orbit is found.  

 
Figure 4: Closed orbit before and after the correction (top) 
and corresponding corrector’s strength (bottom). 

The rms x/y value of the corrected orbit over all elements 
of the machine is less than 50 μm, while at the BPMs the 
orbit is virtually corrected to zero. The rms corrector 
strength is below 100 μrad. It is assumed that x0=y0=0, 
x0’=y0’=0 as initial conditions. The maximum value of the 
correctors over 100 seeds is less than 0.7 mrad. 

Optics Correction 
Once the orbit is corrected, we proceed with the correc-

tion of the linear optics. Several alternative methods of cor-
rection have been tested and in what follows we present an 
example of the application of the well-known LOCO (Lin-
ear Optics from Closed Orbit) package [7]. The applicabil-
ity of these techniques is enabled by having independent 
power supplies on all the focusing elements. LOCO pro-
vides the corrections required to the gradients of the normal 
and skew quadrupoles. The application of LOCO has been 
tested in a simple case where we assign well defined errors 
to a subset of elements to check the ability of LOCO to 
pinpoint where the errors are. This analysis identified de-
generacy in the LOCO matrix, producing quadrupole cor-
rections fighting each other as is the case of the pair of 
quads in the dispersion bump. As a result such quadrupoles 
are now locked together in the LOCO error fit procedure. 
A typical example of the optic correction with LOCO is 
described in Fig. 5. The results reveal that the peak-to-peak 
of the uncorrected beta-beat is within 15% and can be cor-
rected to below 1.5% in both planes with quadrupole 
strength variations well below 1%.  
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Figure 5: The beta-beat before and after correction (top) 
and random quadruple gradient error (in %) reconstructed 
with LOCO (bottom). 

Vertical Dispersion and Coupling Corrections 
Vertical dispersion and linear coupling have to be cor-

rected in order to control the vertical emittance. It is likely 
that operations will aim at providing a small vertical emit-
tance in the single digit pm, provided that the impact on the 
Touschek lifetime is manageable. Taking as an example 8 
pm, as in our present lattice, this value corresponds to a 
coupling ratio of 5% in Diamond-II. After the orbit and 
beta-beat corrections, the emittance ratio k = y/x aver-
aged over 30 seeds is 12.3% corresponding to a vertical 
emittance of 19.4 pm. A full LOCO correction reduces the 
coupling to k = 0.6% corresponding to a vertical emittance 
of ~1pm and brings the vertical dispersion to below a mil-
limetre. The maximum strength of skew quadrupole was 
0.05 m-2 which corresponds to a gradient of 0.58 Tm–1, 
comparable to that used in Diamond. 

IMPACT OF IMPERFECTIONS ON NLBD 
With the successful correction of the orbit, optics and 

coupling, we turn now to the analysis of the impact of the 
errors on the non-linear beam dynamics to complete the 
commissioning simulations. Particle tracking has been car-
ried out for 30 random error seeds and the non-linear beam 
dynamics has been investigated. The 6D on-energy and 4D 
off-energy dynamic aperture (DA) are displayed in Fig. 6. 
The on-energy DA is on average ±6 mm in the horizontal 
and ±2 mm in the vertical planes which is sufficient for off 
axis injection [8]. However, the real momentum aperture is 
±2.5% in the long straight sections. The 4D on/off-energy 
DA and corresponding frequency map analysis (FMA) for 
one arbitrary seed of errors are shown in Fig. 7. 

A more realistic case was simulated including all IDs 
and the errors. The perturbation to the optics function is 
within 10% in the horizontal plane and 15% in the ver-
tical plane, the last one mostly dominated by the effect of 
the two wigglers I12 (4.2 T) and I15 (3.5T). 

The beta beating and linear optics were fully corrected 
with LOCO.  Figure 8 shows the DA and the FMA and 
corresponding beta-beating after applying LOCO correc-
tion to the machine with all IDs and errors for an example 
of one error seed. It should be mentioned that the vertical 
emittance in Fig. 8 is corrected to less than 1 pm. 

 
Figure 6: On-energy DA including RF cavity (left) and 4D 
off-energy DA (right) after commissioning of the ring. 

 
Figure 7: The on-energy (top) and off-energy (bottom) DA 
after commissioning of the ring. Corresponding FMA are 
given in the right hand side plots. 

 
Figure 8: The DA (top-left) and FMA (top-right) and cor-
responding corrected beta-beating (bottom). 

CONCLUSION 
The commissioning simulation and error analysis has 

been done for the proposed Diamond-II storage ring lattice. 
LOCO has been successfully tested and the results reveal 
that the peak-to peak beta-beat can be corrected to the level 
of  ±1.5%. The NLBD results reveal that off-axis injection 
is feasible. Adding the physical aperture, development of 
the correction tools to deal with few seeds that no closed 
orbit could be found, adding energy errors, using larger 
BPM offset, introducing an effective way of controlling the 
coupling to the desired level and tracking a bunch of parti-
cles would be the next steps. 
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