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Specifications and requirements

Storage ring

• 2 GeV 3 GeV

• C < 700 m 

• 24 cells

• Must provide 
• low horizontal emittance (<10 𝜋 𝑛𝑚 ⋅ 𝑟𝑎𝑑 )

• long drift spaces for Insertion Devices
• zero dispersion in drift sections
• precision optics and orbit control
• high stability
• cost efficient 
• etc…

Booster ring

• 2 GeV

• 𝑓𝑅𝐹 = 500 [𝑀𝐻𝑧]

• 𝜀𝑥,𝑦 = 0.15 𝜋 𝑚𝑚 ⋅ 𝑚𝑟𝑎𝑑

• ℓbunch = 40 𝑝𝑠 = 12 [𝑚𝑚]

•
Δ𝑝

𝑝
= 10−3



Primary tool

• AGILE: Multi-purpose Freeware
• Lattice construction

• Linear Optics matching

• Chromaticity correction

• Radiation loss calculations

• Vacuum calculations

• Etc…….
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Lattice Group



Mandates to Fulfill

• Lattice 1 : 
Try to improve the basic cell design.
Define apertures.
Get radiation parameters.

• Lattice 2 : 
Create a dispersion-free 1:1 module to 

split the ring in 2 superperiods.
Integrate the injection and extraction into 

the previous module.



Basic Ring

εx = 3.2π nm
8 quadrupoles per 
cell + 2 dipoles ($$)



Option 1: DBA with many FODOs

εx = 1.3π nm
12 quadrupoles per 
cell + 2 dipoles ($$$)



Option 2: TBA

εx = 0.8π nm
12 quadrupoles per cell 

+ 3 dipoles ($$$$)



Option 3: low cost DBA

εx = 2.8π nm
5 quadrupoles per 
cell + 2 dipoles ($)



MODULE 1:1

• βx
in = βx

out

• βy
in = βy

out

• αx
in = αx

out

• αx
in = αx

out

• μx
out= μy

out = 2π

As expected



InjectionExtraction



Twiss functions of the full ring with a 
low cost DBA



Injection/Extraction Scheme





Injection with Orbit Bump

Kicker
s

Septum





Tune and Chromaticity
control

By T. PUGNAT, V. CILENTO, E. FOL,

D. VENTURA



Tune control

Why?

Prevent the machine to reach unstable region!

3 methods to correct the tune:
• Using main quad

• Two serie families of smaller quads distributed around the ring

• Adding backleg windings to the main quadrupole

p.51-52



Tune control: using Quadrupole

Qx = 26.88
Qy= 6.77



Tune control: using Quadrupole

Qx = 26.88
Qy= 6.77
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Tune control: Phase shifter

Length*Scale

Strength/Scale²



Tune control: Phase shifter

x : 2 -> 2 + 0.2
y : 



Tune control: Phase shifter

x : 2
y :  ->  + 0.2



Chromaticity control

Qx = kq x Lq  Ks x Dx Ls

Qy = kq y Lq  Ks y Dx Ls

Qx = Qy = 0

x / y >> 1 or x / y >> 1

x Dx >> 0

Achromaticity

Relation between chromaticity, stength of the quadrupole and 
strength of the Sextupole:

p.51-52



Chromaticity control



Chromaticity control

Sextupole OFFQx = -1.318417     &       Qy = 0.299031 



Chromaticity control

Sextupole ON

Qx = Qy = 0

XD: k2 = 11.8527043000 m-3
XF: k2 = -13.3217690166 m-3



Chromaticity control: W-vector

Global chromaticity provide beam
stability and control of the working line

Local chromaticity prevent error from
propagating from one cell to an other

and necessary for undulator

p.75-78



Chromaticity control: W-vector



Chromaticity control: try…

Sextupole of the same family 
with a phase advance of pi

Sextupole in different 
localization

Possible solution: Increase slowly the 
strength of the sextupole after injection



Dynamic aperture

Lyapunov exponant

Multi-turn Tracking

“Proposed scaling law for 
intensity evolution in 
hadron storage rings 

based on dynamic
aperture variation with 
time”, M. Giovannozzi

Quantity that characterizes the rate of separation of infinitesimally close trajectories.



Closed Orbit Prognosis & 
Correction

Costanza, Antonio, Alan



Prognosis: Statistic for Closed Orbit
HOW IT WORKS?

These prognosis are made by generating large 
numbers of virtual machines with estimated 
errors and calculating the statistics of the raw 
closed orbits and the corrected closed orbits. 

The error is interpreted as dipole kicks.

For example, a longitudinal position error of  1 
mm for a dipole is represented as a missing-field 
kick at one end of the dipole and an additional-
field kick at the other end.
This is done randomly with a uniform or Gaussian 
distribution.

WHAT WE HAVE DONE

• To perform our prognosis we set a shift 
error in the position of the quadrupoles of 
0.001m, first in the horizontal and then in 
the vertical plane.

• We used a Gaussian distribution of the 
kicks.

• We run a simulation of 1000 machines and 
we studied separately the correction of a 
single closed orbit in the two planes.



MAX.HORIZONTAL PEAK-PEAK: 
1.016603m
AVERAGE HORIZONTAL PEAK-
PEAK:
0.363808m

MAX. VERTICAL PEAK-PEAK: 
1.065598m
AVERAGE VERTICAL PEAK-
PEAK:
0.404006m



The closed orbit was measured and corrected by:
• 158(x2) vertical (VPU) and horizontal (HPU) BPMs, 
• 158(x2) vertical (VCORR) and horizontal (HCORR) 

correctors

We placed BPMs and Correctors next to the Dipoles and  
close to Quadrupoles and Sextupoles, which represent 
the main sources of misalignment.



Before studying the ‘Statistic for Corrected Closed Orbit’, we investigated the behaviour of a 
single closed orbit and its correction.

Correction



• We corrected the previous closed orbit using all the available correctors (158 in the 
horizontal plane).

• Once fixed the number of correctors and the plane to be corrected, the routine computes a 
selection of the ‘best’ correctors out of those available.

• The Computation Method used to select the best correctors is a Least Square Fit (also an 
SVD method is available)



ZOOM of the corrected Closed Orbit:

Starting from a closed orbit with maximum amplitude of 
around 0.45 m we reached a final amplitude of 1.5 mm  in 
the horizontal plane!



Vertical CO before the 
correction

Vertical CO after the 
correction



Starting from a closed orbit with maximum amplitude of 
around 0.15 m we reached a final amplitude of 0.7 mm  in 
the vertical plane!

ZOOM of the corrected Closed Orbit:



Statistic for Corrected Closed 
Orbit

• Although there may be a large number of correctors available, it is usually 
advantageous to check if a small number of correctors will correct the orbit. 
This increases reliability because :
- there are fewer power converters working
- it increases the currents delivered by those that are working, helping to prevent 

instabilities.

• The maximum number of calculations for a statistical analysis is 1000, but it is 
recommended that a test run is made with around 100 calculations .

• What we have done to compute the Statistic for Corrected Closed Orbit in a time-
saving way was to run a test with 100 machines, limiting the number of the corrector 
to 20.



MAX.HORIZONTAL PEAK-
PEAK: 1.09000m
AVERAGE HORIZONTAL PEAK-
PEAK:
0.487449m

MAX.HORIZONTAL PEAK-PEAK: 
0,197763m
AVERAGE HORIZONTAL PEAK-
PEAK:
0.086300m





Space charge study for
JUICE



Tune diagram



Computation of Space Charge in WinAgile

Free space wavelength = 0.6 m

Bunch length = 0.012 m

Bunching Factor = 0.6 / 0.012 = 5



Incoherent Space Charge

WinAgile

- No change 

Theoretical

dQh = -1.92 e-8
dQv = -1.92 e-8



Incoherent Space Charge
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- No change 

Theoretical
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Coherent Space charge

WinAgile

Tune H = 26.967827      →     dQh = - 0.000739 *5 = - 3.695 e-3
Tune V = 6.632407        →     dQv = - 0.001248 *5 = - 6.240 e-2

Theoretical

dQh = -0.000132 = -1.320 e-4
dQv = -0.000529 = -5.294 e-4



Change of Vacuum chamber aperture 

Electrostatic Images



Change of magnets’ gap 

Magnetic 
images



Lower Energy

Energy equal to 2 GeV

● Incoherent: 

No change

● Coherent: 

Tune H = 26.967457     →     dQh = - 0.001109 * 5 = - 5.55 e-3
Tune V = 6.631783       →     dQv = - 0.001872 * 5 = - 9.36 e-3





















SR workshop (R. Bartolini)

The goal of the workshop is to design synchrotron light source based on a 

DBA lattice. The beam energy is 3 GeV.

From the initial DBA cell from P. J. Bryant

•compute critical frequency of bending, energy loss, total power radiated

• Install IDs to reach 5 keV

• compute tuning range, bandwidth, energy loss per turn, total power 

emitted by the IDs, brilliance, tuning curves

• compute the RF power needed for 300 mA

• assume 8 DBA cells with 3.2 m straight sections

• complete matching (achieve betay = 2m in SS, check tunes)

• play with optics to reduce the emittance (break the achromatic condition)

• Investigate other cells (TBA)



Radiation from bendings

Bending field 1.4 T  - bending radius 7.1 m

energy loss per turn: Bending magnets

𝑈 0,𝑏𝑒𝑛𝑑 = 88.46
𝐸 𝐺𝑒𝑉 4

𝜌[𝑚]
≈ 1.0 𝑀𝑒𝑉

Power emitted as Synchrotron Radiation:
𝑃 𝑘𝑊 = 𝑈0 𝑘𝑒𝑉 ⋅ 𝐼𝑏𝑒𝑎𝑚 = 1.0 ⋅ 103 𝑘𝑒𝑉 ⋅ 0.3 𝐴 = 300 [𝑘𝑊]

Assuming 50% efficiency the RF power must be:
𝑃 𝑘𝑊 = 600 [𝑘𝑊]

Critical energy

𝜀𝑐 = 2.218
𝐸[𝐺𝑒𝑉]

𝜌[𝑚]
= 8.4 [𝑘𝑒𝑉]



With this equipment, we choose to 
work:

λ = 25mm  
Br = 1.0 T

Energy required  



From the following formula is possible to obtain K 
(the undulator parameter)

The value obtained is
K = 1.56            n = 5
K= 1.03             n = 3

𝐾 =
9.496 ⋅ 𝑛 ⋅ 𝐸 𝐺𝑒𝑉 2

𝜆𝑢 𝑚 ⋅ 𝜀𝑛[𝑒𝑉]
− 1

Such photon energy can be radiated only in harmonics



NOTE: First formula use lengths in mm

n B_0 Gap B_r

3 0.45  T 11.2 mm 1

5 0.67 T 7.9 mm 1

Mind that different parameterisations can be found



Tuning range: 
K min ~ 0.5
K max (4 mm) = 2.54  

Tuning range: 
Third harmonics ~ 2.4 - 9.1 keV
Fifth harmonics ~ 4.0 – 15.2 keV

Energy loss per electron in one wiggler in 1 turn:  

Energy loss per turn (K=1.03) = 83 keV
Energy loss per turn (K=1.56) = 190 keV



Why not adding 22 WIGGLERS? 

• Total energy loss: Bending magnets + all wigglers
• K = 1.03

𝑈 0,𝑤𝑖𝑔𝑔𝑙𝑒𝑟𝑠 = 𝑁𝑤𝑖𝑔 ⋅ 𝑈 0,1 𝑤𝑖𝑔𝑔𝑙𝑒𝑟 = 22 ⋅ 83 [keV ] = 1.83 [MeV]
𝑼 𝟎,𝒕𝒐𝒕𝒂𝒍 = 1.0 𝑀𝑒𝑉 + 1.83 𝑀𝑒𝑉 = 𝟐. 𝟖𝟑 [𝑴𝒆𝑽]

• K = 1.56
𝑈 0,𝑤𝑖𝑔𝑔𝑙𝑒𝑟𝑠 = 𝑁𝑤𝑖𝑔 ⋅ 𝑈 0,1 𝑤𝑖𝑔𝑔𝑙𝑒𝑟 = 22 ⋅ 190 [keV ] = 4.18 [MeV]

𝑼 𝟎,𝒕𝒐𝒕𝒂𝒍 = 1.0 𝑀𝑒𝑉 + 4.18 𝑀𝑒𝑉 = 𝟓. 𝟎𝟏𝟖 [𝑴𝒆𝑽]

• Power emitted as Synchrotron Radiation:  
𝑷 𝒌𝑾 = 𝑈0 𝑘𝑒𝑉 ⋅ 𝐼𝑏𝑒𝑎𝑚 = 2.83 ⋅ 103 𝑘𝑒𝑉 ⋅ 0.3 𝐴 = 𝟖𝟒𝟗 [𝒌𝑾]
𝑷 𝒌𝑾 = 𝑈0 𝑘𝑒𝑉 ⋅ 𝐼𝑏𝑒𝑎𝑚 = 5.18 ⋅ 103 𝑘𝑒𝑉 ⋅ 0.3 𝐴 = 𝟏𝟓𝟓𝟎 [𝒌𝑾]

Compared to 300 kW for dipoles only we obtained a factor between 3 and 5



RF Design workshop

• Goal: Design RF System

• Input Parameters: 
• To operate at 500 MHz frequency (frf)

• To accelerate from 2 GeV to 3 GeV

• Compensate Energy Losses (Synchrotron Radiation, Wiggler)

• Pill-Box RF Cavity

• Define RF System and RF Programme 

• Calculate Voltage (Vrf), RF- Power 

Presented by RF-Team
Francesco GIORDANO

Markus JAEGER
Mohamed KARIMELDIN

Rakesh Chandra PRAJAPATI



Pill-Box RF-Cavity for acceleration 



RF Parameters (Frequency, Voltage, Power)

frf = 500 MHz
Circumference of Main Ring (Cring) = 406.195 m
frev = c/Cring = 3x108/406.195 = 738.561 kHz
Harmonic Number (h) = frf/frev ≈ 677

Pill-Box RF Cavity:
Radius of Cavity = 0.383 λ = 0.383 x 60 = 23 cm
Length of Gap inside the Cavity = 10 cm



Accelerating Voltage (RF-Voltage)

Partical Energy (E) = 3 GeV
Bending Radius (ρ) = 7 m

• Synchrotron Radiation (SR) Loss per Turn (ΔE) = 1 
MeV

• Hence, to compensate SR Energy Loss, accelerating 
voltage of 1 MV is required. 

• For sufficient beam life-time, Over Voltage Factor of 
at least 2 is required.  

• Therefore, we provide 2.5 MV accelerating voltage in 
the Main Ring through 4 RF-Cavities. (Ncavity = 4)



RF Power requirement

• 2.5 MV voltage in the Main Ring through 4 RF-Cavities. (Ncavity = 4)

• Therefore, each RF-cavity operates at 2.5 MV/4 =  625 kV

• 1. Power Required To Generate Accelerating Voltage

• RF Cavity Power (Pacc) = V2/Rsh = (625 kV)2/3.5 MΩ = 112 kW (each RF 
cavitiy)

• 2. Power Required To Compensate for SR Loss

• SR Loss Power (PSRL) = Stored Current X Voltage for SR Loss 
Compensation

= 300 mA X 1MV = 300 kW

• 3. Power Required To Compensate Wiggler Loss

• Wiggler Loss Power (Pwiggler) = 1550 kW

• Total Power Required (Ptotal) = (N x Pacc) + PSRL + Pwiggler
= 4x112 kW + 300 kW + 1550 kW = 748 kW + 1550 kW                                           
= 2.3 MW



RF Voltage per Cavity vs. SynchtRon Loss

𝐸𝑖𝑛𝑗. = 2𝐺𝑒𝑉

𝑉𝑅𝐹 =
2 ∙ π ∙ ρ ∙ 𝑅 ∙ ሶ𝐵 + Δ𝐸

𝑁 ∙ sin(𝜑𝑠)

𝐸𝑡𝑜𝑝 = 3𝐺𝑒𝑉

𝐸𝑖𝑛𝑗 < 𝐸 < 𝐸𝑡𝑜𝑝



Gamma vs. synchtron loss

γ =
𝐸

𝐸0
2GeV<E<3GeV

Synchtron Radiation Loss Per 
Turn is 1 MeV.



Synchtron radiation loss compensation

4 RF cavities are compensating the energy loss of the beam due to Synchtron Radiation.  



RF-Cavity design (from pill-box to 
Elliptical/spherical)

• Improving the 3 Figures of Merit: ωrf(fixed), Q, Rs

• Quality factor Q = stored field energy / ohmic loss per RF oscillation

• Shunt Impedance Rs = (voltage gain per particle)2 / ohmic loss
A
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RF System from ‘diamond’ Light source

0.625 MV

4

500 MHz

2.5

2.5 MV

(Our Design Parameters)



RF Engineering design consideration

• Tuning Mechanism:

• Frequency tuning of RF cavity should be non-contacting plunger, 
normal plunger movement can cause beam movement of the order 
20 μm. 

• Cooling System: 

• Power Dissipate per Cavity = 748 kW / 4 = 187 kW. Thus, we need 
water-cooling mechanism. Specific heat capacity of water is CP = 
4185.5 J/(kg.K), thus, 400 liters/min cooling system will have 4°C 
difference in inlet and outlet. Proper cooling system should be used 
to keep uniform temperature gradient, otherwise, distortion in cavity 
geometry can result, and consequently change the frequency.  

• Ohmic Heating/ Power dissipation: 
skin

c
dissP
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skin
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Block-diagram of accelerator rf system



Thank you!


