
Beam Tests of a Permanent 
Magnet Medical Accelerator Arc 

from 10-250MeV
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Hadron Therapy Accelerator

ÅDejan Trbojevic proposes to accelerate 
protons in 10-250MeV range with a rapid cycle 
(500Hz+) for FLASH hadron therapy

ïMany cycles within ~100ms allow many energy 
(depth) slices to be irradiated as well as being 
quick enough to trigger the biological FLASH effect

ÅNeed a fixed-field (FFA) ring with fixed tunes

ïBut needs to fit in the hospital, so smaller than a 
scaling FFA Ą nonlinear non-scaling FFA
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Nonlinear Non-Scaling FFAs

ÅLinear field non-scaling FFAs have cell tunes 
that vary with momentum

ÅThis tune dependence can be flattened by 
adding non-linear components to the magnet 
fields (although not necessarily for an 
unlimited momentum range)

ÅQuadrupole affects tune level, sextupole 
affects dQ/dp, octupole affects d2Q/dp2, etc.
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сΦ    5Φ ¢ǊōƻƧŜǾƛŎΣ ¢ƛǘƭŜΥ άbƻƴ-scaling 
fixed field alternating gradient 
permanent magnet cancer therapy 
ŀŎŎŜƭŜǊŀǘƻǊέΣ patent number: US 
9661737 B2, Date of the patent: 
May 23, 2017 (belongs to the DOE). 
https://patentimages.storage.googl
eapis.com/42/5e/92/f7da1cf617d6
e3/US9661737.pdf
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Facility Parameters

Parameter Value Unit

Injection Ek 10-30 MeV

Extraction Ek range 65-250 MeV

Arc radius 3.5 m

Machine cycle rate 500-800 Hz

Energy gain per turn 30-45 kV

Treatment charge 60 nC

Treatment time 75-250 ms
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Matching of the Multiple Energy Orbits to the Straight Section 
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3.5m arc radius 

in current design



FFA Arc Cell Tunes
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After iterative correction in Muon1, starting from an initial BMAD model, 

tunes are stable from 10MeV ï 250MeV and nearly constant.

(Wiggly near low energy end because rigidity changes fast there).

Cell tune ranges:

Qx = 0.1608 Ñ 0.0004

Qy = 0.0738 Ñ 0.0011



Nonlinear Magnet Field Profiles
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Maximum fields equalised 

at 1.86T rather than 1.99T

ñoriginalò = BMAD model



Test Beamline Simulated Orbits
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10cm grid

Angle 5.625Á per cell, 4 cells total = 22.5Á (1/8 of an 180Á arc)

Half-F magnets on each end Ą parallel orbits

Cell length 34.4cm, 4 cells total = 1.374m



Permanent Magnet Cross-Sections
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Permanent Magnet Parameters

Parameter F magnet D magnet Unit

Material NdFeB

Grade N42EH

Remnant field Br 1.30 T

Area 69.90 93.88 cm2

Full aperture 64.7 × 12 48.1 × 12 mm

Good field region x ±26.3 ±18.0 mm

Maximum field 1.85 1.86 T
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Magnets Ordered from
SABR Enterprises, LLC.
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Orbits within Magnet Models
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Test Beamline with Mounting
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Magnet Construction by Vendor
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SABR Enterprises, LLC. in Massachusetts



Beamline Assembly
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Magnet Apertures



Fieldmap of one magnet
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Measured Integrated Field
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Corrected via fit for Hall probe displacements and tilt angles, <1% error



Camera and Beam Screen Plates

May 2026 {Φ .ǊƻƻƪǎΣ DΦ aŀƘƭŜǊΣ 5Φ ¢ǊōƻƧŜǾƛŎΣ Lt!/Ωнс20

These were attached to both ends of 

the beamline.

4 cameras and 4 screens in total.



Experiment at BNL beamlines

ÅNSRL

ïProtons 50-250MeV

ï1 day 2 hours

ÅTandem

ïDeuterons 12.9-28MeV

ïEquivalent to protons 10-50MeV

ÅVia rigidity but also window/air energy loss calculation

ÅTandem proton max energy is 28.75MeV

ï1 day
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Installation 
(Tandem)

May 2026 {Φ .ǊƻƻƪǎΣ DΦ aŀƘƭŜǊΣ 5Φ ¢ǊōƻƧŜǾƛŎΣ Lt!/Ωнс22

Different beam energies marked on a ruler 

for alignment.



Calibration and 1s Ellipse Fit
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Dimmest Beam Fit

May 2026 {Φ .ǊƻƻƪǎΣ DΦ aŀƘƭŜǊΣ 5Φ ¢ǊōƻƧŜǾƛŎΣ Lt!/Ωнс24

Also background frames were subtracted



NSRL 250MeV protons 
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Beam in

Beam out



NSRL 200MeV protons 
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Beam in

Beam out



NSRL 150MeV protons 
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Beam in

Beam out

Obscured by stray 

light on screen 3



NSRL 100MeV protons 
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Beam in

Beam out



NSRL 70MeV protons 
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Beam in

Beam out


