
1

C. Baltador

High Resolution Mass Separator Dipole Design Studies for SPES Project
C. Baltador, M. Comunian, L.Bellan, M.Cavenago, A. Galatà, L.Ferrari, De Lorenzi, F. Mosio and A.Pisent

Laboratori Nazionali di Legnaro

25/10/2018 C. Baltador - HIAT2018, Lanzhou



Why HRMS? SPES exotic beams production

Production & re-acceleration of exotic beams (neutron rich nuclei) @ 1/200 mass purification

MC code: MCNPX,Bertini –ORNL model

SE
LE

CT
IV

IT
Y 

%

Selected beam (>90%)

2



MC code: MCNPX,Bertini –ORNL model

SE
LE

CT
IV

IT
Y 

%

Selected beam (>90%)

132Sn

Why HRMS? SPES exotic beams production

Production & re-acceleration of exotic beams (neutron rich nuclei) @ 1/20000 mass purification
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HRMS

ALPI Superconductive LINAC + RFQ SPES
building

RIB transfer and selection

Low Energy area

CYCLOTRON

SPES - ALPI Layout
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RFQ Cooler

Object 
point

Image
point

Beam from cyclotron

HRMS Layout

Element Nom. Value Units
Triplets -7 / +6 / -7 kV

Slits (obj-im) 1.1  mm
Quadrupoles 1-6 -9.6 kV
Quadrupoles 2-5 +4 kV

Hexapole < 1 kV
Quadrupoles 3-4 -6 kV

Dipole 0.5623 T
Multipole < 1 kV

Beam parameters

Components specifications
Transport Line 

to Charge breeder
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RFQ Cooler

Object 
point

Image
point

Beam from cyclotron

HRMS Layout

Image pointCooler exit, 
beam at 40 keV

Object point

Transport Line 
to Charge breeder
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HRMS challenges
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Issues (sources of resolutive power degradation)

Objectives
• Effective mass separation of 1/20000 to reduce isobar

contaminants
• Distribution peaks of the separated in beams dist > 1 mm at

image point

Reference beam for beam optics simulations: Sn ଵଷଶ @ 260 keV
(40 kV from source extraction + 220 kV HV platform)

+ ଵଶ
- ଵଶ
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HRMS challenges

8

𝑑𝑚𝑚 = 2𝜀𝐷 𝑥′Emittance
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Reference beam for beam optics simulations: Sn ଵଷଶ @ 260 keV
(40 kV from source extraction + 220 kV HV platform)

Objectives
• Effective mass separation of 1/20000 to reduce isobar

contaminants
• Distribution peaks of the separated in beams dist > 1 mm at

image point
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HRMS challenges
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Issues (sources of resolutive power degradation)• 𝜀 = 3.2 𝑚𝑚 𝑚𝑟𝑎𝑑
2 𝑑𝑝𝑝 = 𝑑𝑚𝑚 + 𝑑𝐸𝐸Energy spread:

Reference beam for beam optics simulations: Sn ଵଷଶ @ 260 keV
(40 kV from source extraction + 220 kV HV platform)

Objectives
• Effective mass separation of 1/20000 to reduce isobar

contaminants
• Distribution peaks of the separated in beams dist > 1 mm at

image point

+ ଵଶ
- ଵଶ
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HRMS challenges
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Issues (sources of resolutive power degradation)• 𝜀 = 3.2 𝑚𝑚 𝑚𝑟𝑎𝑑• ௗாா = േ1 𝑒𝑉 @ 260 𝑘𝑒𝑉

Reference beam for beam optics simulations: Sn ଵଷଶ @ 260 keV
(40 kV from source extraction + 220 kV HV platform)

𝑑𝐵𝐵 = 12 𝑑𝑚𝑚Field homogineity

Objectives
• Effective mass separation of 1/20000 to reduce isobar

contaminants
• Distribution peaks of the separated in beams dist > 1 mm at

image point

+ ଵଶ
- ଵଶ
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HRMS challenges
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Issues (sources of resolutive power degradation)• 𝜀 = 3.2 𝑚𝑚 𝑚𝑟𝑎𝑑• ௗாா = േ1 𝑒𝑉 @ 260 𝑘𝑒𝑉• ௗ = േ5 10ିହ within beam occupancy

Reference beam for beam optics simulations: Sn ଵଷଶ @ 260 keV
(40 kV from source extraction + 220 kV HV platform)

RFQ cooler + HV platform

Dipole mechanical design

Objectives
• Effective mass separation of 1/20000 to reduce isobar

contaminants
• Distribution peaks of the separated in beams dist > 1 mm at

image point

+ ଵଶ
- ଵଶ
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Issues (sources of resolutive power degradation)• 𝜀 = 3.2 𝑚𝑚 𝑚𝑟𝑎𝑑• ௗாா = േ1 𝑒𝑉 @ 260 𝑘𝑒𝑉• ௗ = േ5 10ିହ within beam occupancy

Reference beam for beam optics simulations: Sn ଵଷଶ @ 260 keV
(40 kV from source extraction + 220 kV HV platform)

RFQ cooler + HV platform

Dipole mechanical design

Objectives
• Effective mass separation of 1/20000 to reduce isobar

contaminants
• Distribution peaks of the separated in beams dist > 1 mm at

image point
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High field homogeneity dipole design

Dipole parameters (132Sn optics) Value Units
Nominal Magnetic Field 0.562 T
Bending angle (𝜙ሻ 90 deg
Curvature radius (ρሻ 1500 mm
Bρ (@260 keV) 0.8434 Tm
Entrance&Exit edges angle (α) 27.16 deg
Edge Hexapole radius (rhexapole) 2220 mm
Vertical Gap (wrt optical axis) ± 30 mm
Pole length (wrt optical axis) ± 430 mm

25/10/2018 C. Baltador - HIAT2018, Lanzhou 13



1.6 T

High field homogeneity dipole design

Dipole parameters (132Sn optics) Value Units
Nominal Magnetic Field 0.562 T
Bending angle (𝜙ሻ 90 deg
Curvature radius (ρሻ 1500 mm
Bρ (@260 keV) 0.8434 Tm
Entrance&Exit edges angle (α) 27.16 deg
Edge Hexapole radius (rhexapole) 2220 mm
Vertical Gap (wrt optical axis) ± 30 mm
Pole length (wrt optical axis) ± 430 mm

D GD

h

h

H

Dipole gap: vertical beam extension

20 mm 40 mm

Pole length: horizontal beam extension

500 mm

Return yoke: coil size + iron magnetization

14



High field homogeneity dipole design

Dipole parameters (132Sn optics) Value Units
Nominal Magnetic Field 0.562 T
Bending angle (𝜙ሻ 90 deg
Curvature radius (ρሻ 1500 mm
Bρ (@260 keV) 0.8434 Tm
Entrance&Exit edges angle (α) 27.16 deg
Edge Hexapole radius (rhexapole) 2220 mm
Vertical Gap (wrt optical axis) ± 30 mm
Pole length (wrt optical axis) ± 430 mm

Weigth optimization:
HRMS will be installed on a HV platform: dipole weigth < 15 Tons

The constraint on the magnetization level of the iron goes against
this constraint. The idea was to cut the iron where magnetization
level is poor.

D GD

h = 180

h = 180

H = 317
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High field homogeneity dipole design

Dipole parameters (132Sn optics) Value Units
Nominal Magnetic Field 0.562 T
Bending angle (𝜙ሻ 90 deg
Curvature radius (ρሻ 1500 mm
Bρ (@260 keV) 0.8434 Tm
Entrance&Exit edges angle (α) 27.16 deg
Edge Hexapole radius (rhexapole) 2220 mm
Vertical Gap (wrt optical axis) ± 30 mm
Pole length (wrt optical axis) ± 430 mm
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Iron yoke weight (single dipole)
V = 1,51 m3 ->     P = 12.0 Tons
Power Supply (single dipole)
Power: 28 kW

Cross section view
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Field homogeneity optimization
Procedure:
• Optimization of field homogineity in the transversal direction by 2D simulations
• Transposition to third dimension of the optimized 2D design
• New optimization  both in transversal and longitudinal direction by considering 3D asimmetry

The observable: field flatness, defined as 𝐵௬ 𝐵௬ି⁄ െ 1, which has to be zeo within the target range 4 10-5.

Pole length [mm]

𝐵 ௬𝐵 ௬ି
⁄

െ1

േ4 · 10ିହ
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2D optimization: Purcell cell + Rogowsky edge

Purcell geometry
thickness: 5 mm
vertical position: 96 mm

Purcell cell: pole magnetically detached from the yoke. This lead to the floating pole design

Rogowsky shaped pole edge
30 mm

430 mm
180 mm

31
7 

m
m

66 mmFloating Pole

Purcell gap

YRog

692 mm
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2D optimization: Purcell cell + Rogowsky edge

Purcell geometry
thickness: 5 mm
vertical position: 96 mm

Purcell cell: pole magnetically detached from the yoke. This lead to the floating pole design

Rogowsky shaped pole edge
30 mm

430 mm
180 mm

31
7 

m
m

66 mmFloating Pole

Purcell gap

YRog

692 mm

Goal: ±4 10-5

19Pole length [mm]
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3D design v0

30 mm

430 mm
180 mm

31
7 

m
m

66 mm
YRog= 72 mm96 mm

692 mm

3D transposition of the optimized 2D model
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3D model
Estrusion from 2D to a 3D, by 90° rotation and curvature radius of 1500 mm

𝜙
𝜓

𝛼
Beam

ρ

Dipole parameters Value Units
Curvature radius (ρሻ 1500 mm
Bending angle (𝜙ሻ 90 Deg
Vertical Gap (wrt optical axis) ± 30 mm
Pole length (wrt optical axis) ± 430 mm
Nominal Magnetic Field 0.562 T
Edge Angle (α) 27.16 Deg
Edge Hexapole radius (rhexapole) 2220 mm

rHexapole = 2220 mm
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3D design optimization
Simple extrusion

No Rogowsky edge shaped at entrance and exit faces

േ10ିସ
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3D design optimization
Simple extrusion

Balance of the magnetic flux in the return yoke

The intrinsic asymmetry of a bended dipole results in
asymmetric magnetic fluxes between the internal end the
external return yoke.

Flux equalization is achieved by equalizing the return yoke surface areas both in the horizontal and in the vertical plane
where the return yoke is connected to the central pole.

Vertical plane
Horizontal plane

No Rogowsky edge shaped at entrance and exit faces

േ10ିସ

േ10ିସ
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3D design optimization
Simple extrusion

No Rogowsky edge shaped at entrance and exit faces

േ10ିସ

േ10ିସ

Rogowsky shaped edge at entrance and exit faces

Balance of the magnetic flux in the return yoke

േ10ିସ

Flux equalization is achieved by equalizing the return yoke
surface areas both in the horizontal and in the vertical plane
where the return yoke is connected to the central pole.

Strong Enhancement of the field homogineity when Rogowsky
edge shaping is extended to the entrance and exit faces.

25/10/2018 C. Baltador - HIAT2018, Lanzhou
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3D design optimization v0

Curvature 
Radius [mm]

4 10-5

1.5 10-5

re
f

re
f

By map Contour plot

By profiles plots Flatness plots

Logitudinal info
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3D design optimization v1: pole “elbow” cut

4 10-5

1.5 10-5

Curvature 
Radius [mm]

By map Contour plot

By profiles plots Flatness plots

50% dipole length
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3D design optimization v2: field reinforcements

4 10-5

1.5 10-5

Curvature 
Radius [mm]

75% dipole length

By map Contour plot

By profiles plots Flatness plots
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3D design: flatness optimization summary

v0

v1

v2

Elbow cut

Edge reinforcements

Curvature 
Radius [mm]

50% 75% dipole length

4 10-5

1.5 10-5

V0

V1

v2
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Fringe Field effect

𝐿 =  𝐵௬ 𝑠 𝑑𝑠ஶିஶ𝐵௬ 0
𝑆𝑙𝑜𝑝𝑒 =  𝐵௬ 𝑠 𝐵௬ 0 െ 𝐵௬ 𝑠 𝑑𝑠ஶିஶ 𝑔𝐵௬ 0 ଶ

𝐿௨_ௗ = 𝜋2 𝜌 = 2356 𝑚𝑚
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Fringe Field effect

𝐿 =  𝐵௬ 𝑠 𝑑𝑠ஶିஶ𝐵௬ 0
𝑆𝑙𝑜𝑝𝑒 =  𝐵௬ 𝑠 𝐵௬ 0 െ 𝐵௬ 𝑠 𝑑𝑠ஶିஶ 𝑔𝐵௬ 0 ଶ

𝐿௨_ௗ = 𝜋2 𝜌 = 2356 𝑚𝑚



Errors study: Surface roughness
• Pole face: < 10-6 m = 1 μm

Bumps

4 10-5

By adding artificial bumps to the pole surface it was possible
to appreciate field flatness dependance to surface roughness

With 1 μm bumps

With 10 μm bumps

w/o bumps
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B-H reference

B-H -3% (bubbles in pole)

B-H -3% (whole pole)

Errors study: Permeability
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Errors study: Current variation

Nominal case
Current (I): 325 A
Curr. Dens: 4.2 A/mm2

Power: 14 kW

+10% current increase
Current (I): 357.5 A
Curr. Dens: 4.6 A/mm2

Power: 14 kW

-20% current decrease
Current (I): 256 A
Curr. Dens: 3.3 A/mm2

Power: 8.5 kW

Curvature 
Radius [mm]

𝐵𝑦 = 0.562 𝑇
𝐵𝑦 = 0.441 𝑇

𝐵𝑦 = 0.62 𝑇

-5 deg
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Conclusions
1/20000 mass purification is needed -> very high field homogeneity throughout entire beam occupancy

Field homogenity well beyond target goal of 4 10-5 around reference field
By = 0.562 T, covering 99% of beam horizontal extension and 75% of
dipole length

Beam envelope within dipole Beam emittance within dipole
Design validation

Studies presented so far demonstrate that a field flatness suitable for a separator with a resolution of 1/20000 is feasible:

Mechanical and alignment tolerances studies are currently ongoing: preliminary studies are giving encouraging results
with very strict tolerances, but anyhow reasonable
Since the engineering of the design here presented was not done yet, this can’t be considered the final design
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