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Source/lens interface
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Rationale for the source/lens interface

Vacuum syst. 2Vacuum syst. 1

• 300 l/sec pump
• Base pressure 10−5

mBar
• Molecular flow

regime

• 300 l/sec pump
• Lower base pressure
• Turbo + NEG pump
• < ~10−7 mBar

4mm diameter ‘pipe’ 50mm long tapering 
up with 2 degree included angle;
Exit diameter = 4+2*(50tan1) = 5.74mm

Tube must provide more 
than 3 orders of 
magnitude pressure drop

C. Whyte
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Rationale for the source/lens interface

Dushman’s Table (straight tube)

ൗ𝑙 𝑎 = ൗ50 mm
2 mm = 𝟐𝟓 Conductance 𝐶𝑡 = 0.194 l/s

Throughputs (Q) measured at either end of tube are equal (no gas generation inside tube): 

C. Whyte

𝑄1 = 𝑝1𝑆1 = 𝑝2𝑆2 = 𝐶𝑡 𝑝1 − 𝑝2 = 𝑄2

𝑝2 = Τ𝑝1𝐶𝑡 (𝑆2 + 𝐶𝑡)

𝐶𝑡 = 0.018 → 𝑝2 = 𝑝1 × (𝟔 × 𝟏𝟎−𝟒)

𝐶𝑡 = 0.020 → 𝑝2 = 𝑝1 × (𝟒 × 𝟏𝟎−𝟒)
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Gabor lenses in development
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Aim: focus high intensity ion beams–improve focusing 
quality and reduce the emittance growth 
(+ space-charge compensation)

GL tested so far:

>20 years of investigations in Frankfurt

“The formation of an electron cloud in the 
GL2000 is expected to take at least longer 
than in the previously investigated lenses.”

30 kV

50 kV (rp=5 cm)

6 kV
6.5 kV

<30 keV Ar-, He- beams <130 keV, 35 mA Ar1 beams

𝝓𝑨

http://dx.doi.org/10.23732/CYRCP-2020-007.143
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Types of lenses at IAP, Frankfurt

O. Meusel, 2010 K. Schulte, 2006

https://accelconf.web.cern.ch/HIAT2012/talks/wea02_talk.pdf
http://nnp.physik.uni-frankfurt.de/publications/2006/HEDIMJB2006.pdf
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Beam transport measurements 1.2 mA, 440 keV, He+ beam

O. Meusel, HIAT2012

Lens filling degree Beam emittance growth

https://accelconf.web.cern.ch/HIAT2012/talks/wea02_talk.pdf
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Beam transport measurements

He+ beam, emittance dominated 
transport (test performance of the lens 
as focusing device)

IPAC2013, THPWO021GSI, 2012

aberrations

https://accelconf.web.cern.ch/IPAC2013/papers/thpwo021.pdf
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Beam transport measurements

• Ar+ beam
• space-charge dominated transport (ion 

number density ~ order of the 
electron density)

• secondary electron production from 
beam losses on the beam pipe)

• secondary electron 
production 

• focusing strength 
increases with ion 
beam current

~40%

IPAC2013, THPWO021GSI, 2012

Increasing Bz

https://accelconf.web.cern.ch/IPAC2013/papers/thpwo021.pdf
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Other diagnostics

Faraday cup (ion 
current) 

Optical measurements
Momentum
spectrometer 

arXiv:1309.4654

IPAC2011, THPS034

https://arxiv.org/abs/1309.4654
https://accelconf.web.cern.ch/IPAC2011/papers/thps034.pdf
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Other diagnostics

IPAC2012, TUPPC007

https://accelconf.web.cern.ch/IPAC2012/papers/TUPPC007.PDF
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Other diagnostics
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Electron density highly sensitive to background gas pressure

Residual gas pressure is linked to the formation of plasma instabilities.
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Conditioning procedure

• High-voltage conditioning to remove 
contamination.

doi:10.18429/JACoW-IPAC2014-MOPRI088

Plasma production

• Electrons are considered to be created by 
impact ionisation of the residual gas atoms

• ‘Short’ filling times cannot be explained by 
the sole interaction of the electrons with 
the residual gas

• Electron losses on the anode as further
production mechanism => x-ray radiation 
detected

Ignition = electron 
production > losses

https://accelconf.web.cern.ch/IPAC2014/papers/mopri088.pdf?n=IPAC2014/papers/mopri088.pdf
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Reminder on the prototype
from Imperial
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Development of a control system

IPAC2017, MOPAB039

Residual gas

• 3-D maps measured
• General concept for control system designed
• Implementation and test with beams to follow

𝒏𝒆

B[mT]

https://accelconf.web.cern.ch/ipac2017/papers/mopab039.pdf
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Alternative focusing devices
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Pulsed high-field solenoids

doi:10.1063/1.3299391

• 2.3 MeV, 1012 protons collimated
• 8.6 T (tested up to 15 T), 44 mm diameter solenoid, 17 mm from the target

• Higher solenoid currents (>19 kA) were associated with stronger arcing
due to the expanding plasma entering the solenoid

• Stronger focusing than expected from ptcl. tracking
• Due to comoving electron space-charge (r<1mm) on solenoid’s axis

• 130 mm from solenoid exit to RCF stack
• Strong eddy currents (induced in the gold foil by the solenoid) led to bending 

of the target

40 mm from target 241 mm from target, 
solenoid OFF

241 mm from target, 
solenoid ON

Worst-case-scenario:
a few × 𝟏𝟎𝟏𝟏 protons 
transported
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Pulsed high-field solenoids

• 2x1012 protons (3.7–23 MeV) 
accelerated from the foil

• 48 mm bore, 8.5 T (tested 
up to 16 T)

Capture efficiencies

1.7 × 109 protons

DOI: 10.1103/PhysRevSTAB.14.121301

https://journals.aps.org/prab/abstract/10.1103/PhysRevSTAB.14.121301
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Pulsed high-field solenoids

DOI: 10.1103/PhysRevSTAB.16.101302

DOI: 10.1103/PhysRevSTAB.17.031302

LIGHT beamline at GSI
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Pulsed high-field solenoids

• < 19.5 T, 2 or 3 pulses/min.
• S1, S2: 40 mm bore diameter
• 14° half-angle geometrical 

acceptance
• Measured transmission     

(18.6 MeV protons)
• 50.6% (dual solenoid) 
• 28.6% (single solenoid)

Particle loss due to single solenoid
• Limited aperture
• Spherical aberrations (highly 

divergent protons travel closer 
to the windings)GPT sim.

5.7 × 109 protons at source (25±1 MeV)

https://doi.org/10.1038/s41598-020-65775-7

https://doi.org/10.1038/s41598-020-65775-7
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Permanent Magnet Quadrupoles (PMQs)

doi:10.1088/1748-0221/11/07/T07005

• Halbach design PMQs
• Focus <20 MeV protons
• 20 mm bore diameter
• 2 quads. 80 mm long, 103 T/m
• 2 quads. 40 mm long, 98 T/m

(Optimised for 6.5 MeV)

~5 × 109

protons/pulse 
(<8.9 MeV)

…of the PMQs

https://iopscience.iop.org/article/10.1088/1748-0221/11/07/T07005
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Quadrupole-triplet lens
DOI: 10.1103/PhysRevAccelBeams.22.061302

CLAPA

±50mrad collection angle
88% transmission through triplet

DOI: 10.1103/PhysRevAccelBeams.23.121304 

https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.061302
https://journals.aps.org/prab/pdf/10.1103/PhysRevAccelBeams.23.121304
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Active plasma lenses

• Promising for electron beam focusing
• < 1 mm-diameter gas-filled capillaries
• Field gradients of few kT/m
• Sensitive to beam-driven plasma 

wakefields

DOI: 10.1103/PhysRevAccelBeams.24.121306

DOI: 10.1103/PhysRevAccelBeams.24.031301

• Previous APLs (r > 1 cm) tested at CERN and GSI limited by 
z-pinch effect
• Upper limit for the focusing strength 

• Upper limit on number of protons that can be focused: 
N ≪ 2.8 × 107 × rms beam length [µm]

• Influence by the self-driven wakefields can be acceptable
• Optimisation for APL 4 mm from the source results in the 

following constraints: 

https://journals.aps.org/prab/pdf/10.1103/PhysRevAccelBeams.24.121306
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.24.031301
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Active plasma lenses

• 1 mm-diameter Ar gas-filled capillary, 
33 mm length

• 13 mm behind the tape drive target
• ~0.2% transport efficiency through 

the APL (protons >1.5 MeV)

https://www.nature.com/articles/s41598-022-05181-3

APL  

DOI: 10.1103/PhysRevLett.115.184802

https://www.nature.com/articles/s41598-022-05181-3
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.184802


27Booth, 1978 Mobley, 1979

Historical development of the plamsa lens

https://doi.org/10.1016/0029-554X(78)90481-0
https://accelconf.web.cern.ch/p79/PDF/PAC1979_3112.PDF

