
Development of a laser ion source using 
a reproducible solidified gas target
J. Hasegawa1, Y. Inoue1, N. Matsubara1, J. Tamura2, K. Takahashi3, 
K. Takayama4, K. Horioka1

1Institute of Science Tokyo (former Tokyo Institute of Technology)
2Japan Atomic Energy Agency (JAEA)
3Nagaoka University of Technology (NUT)
4High Energy Accelerator Research Organization (KEK)

AFAD2025@Sendai
June 18, 2025



Background and motivation

• Energy sweeping compact rapid cycling hadron 
therapy (ESCORT) has been proposed for the 
next generation of hadron therapy.

• A laser ion source will be used to supply C5+ and 
C6+ carbon ions with a repetition rate of ~10 Hz.

• To realize the operation with an extremely long 
maintenance cycle, we have been developing a 
LIS using a reproducible cryogenic target.

• The R&D has been carried out as a joint research* 
with KEK, NUT, and JAEA.

ESCORT

K. Takayama, et al., Phys. Rev. Accel. Beams 24, 011601 (2021)

Injection energy: < 0.1 MeV/u
Extraction energy: 200-430 MeV/u
Circumference: 70.64 m *KAKENHI 21H03838



Concept of LIS with reproducible cryogenic target
• A thin solidified gas layer (CO2 or C4H10) is formed on the surface of a cylindrical cold 

head cooled by liquid nitrogen.
• After the laser causes the ablation and the partial destruction of the solidified gas layer, 

the layer is automatically reproduced in the continuously supplied background gas.
• By precisely repeating these procedures, we expect to realize a laser ion source with 

no target-life restriction.
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A setup for proof-of-principle experiments
• A Faraday cup and an electrostatic energy analyzer were used to diagnose laser ablation 

plasma produced from the cryogenic target.
• Cryo-target manipulation, laser irradiation, and data taking were precisely synchronized

by a PC.  

Wavelength: 1064 nm
Energy: ≤ ~800 mJ
Pulse length: 8-10ns
Power density: ~1011 W/cm2Faraday Cup

Electrostatic
Energy Analyzer

Laser Ablation Plasma



Plasma generation procedure from a cryogenic target

1. A cylindrical cold head is cooled down to 
~88 K by liquid nitrogen.

2. Carbon compound gas (CO2 / C4H10) is 
supplied through a mass flow controller 
with a flow rate of typically ~1-10 sccm.

3. A thin solidified gas layer is formed on the 
cold head by deposition of background gas 
molecules.

4. A laser is focused onto the layer through a 
ø10-mm hole and then a laser ablation 
plasma is extracted into vacuum.

CO2 / C4H10

Laser

Ablation Plasma



Typical waveforms of plasma ion flux

Horizontal position [mm]

Total amount of gas

• Ablation plasmas were produced with good reproducibility by irradiating a laser onto
a solidified gas layer uniformly formed on the cold head.

• The amount of plasma ions were independent of the thickness of the solidified gas layer.

Laser irradiation



Laser ablation process of a solidified CO2 layer

ms



Laser ablation process of a solidified CO2 layer

Beginning of laser irradiation Plasma generation and expansion Emission of particulates from a hole 
drilled by laser
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50 µs 67 µs 133 µs 
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~0 µs



Laser ablation and fracture of a solidified gas layer

• A strong shock wave induced by laser ablation propagates in the layer and reflected by 
at the substrate surface, which can cause the partial destruction of the layer.

• A kind of laser peening effect also might occur on the substrate surface.
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Typical laser spots on the cold head
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• A region where the solidified gas layer was completely removed (‘no-layer region’) was 
observed around the laser spot.

• The target feed distance should be determined by the size of the no-layer region. 



Plasma ion flux vs. target feed distance 
• Ion flux reproducibility strongly depends on the target feed distance because of no-

layer region produced by previous laser shots
• Stable ion supply was achieved with target feed distances larger than typical size of 

no-layer region.
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Ion charge state distributions

• Highly ionized carbon ions (C5+, C6+) were supplied with intensities (> ~108 ions/pulse) 
required for the ESCORT accelerator. 

Laser energy: 40 mJ (〜1010 W/cm2) Laser energy: 400 mJ (〜1011 W/cm2)

C5+，C6+→ >10％
C5+，C6+→ < 5％

C4H10 C4H10



Dependency of ion flux on layer thickness

Laser: 800 mJ

• In repeated operation, the reproducibility of the ion flux supply decreased as the 
target layer thickness increased.

• This is due to the increase in background gas pressure, which can impede the 
transport of highly charged ions.

Laser frequency

Layer thickness: 10 µm Layer thickness: 120 µm

10-2 Pa

C4H10 C4H10



Ion fluxes from reproduced solidified gas layers

• Ion flux decreased with the number of solidified layer reproduction on the cold head 
because of the accumulated deformation of the copper substrate.

• The use of harder substrates (Ta, W, etc.) will mitigate the deformation and improve the ion 
flux reproducibility.

Depth profiles of craters formed on the copper substrate 
after laser irradiation 

After 1st plasma production After 6th plasma production



Demonstration of long-time continuous operation

Target thickness: 10 µm

• Long-time continuous operation was demonstrated with a repetition rate of 1 Hz and a 
layer thickness of 10 µm.

• The change in the amount of supplied ion current was within 20% during 10-hour 
continuous operation. 



Issues to be solved
• Substrate damage

− Probably solved by using hard substrates like Ta and W.
− Even if there is a small deformation of the substrate (~µm), the effect on the 

reproducibility of plasma generation will be mitigated by the formation of a 
solidified gas layer on it.

• Layer detachment from the substrate
− Might be harmful because it can enhance the removal of the solidified gas layer 

from the substrate by succeeding laser shots.
− Increasing the surface roughness of the substrate or using the other kinds of 

substrate material might prevent the detachment.
• Background pressure increase

− The most crucial issue to be solved because it limits the repeated operation of 
the laser ion source.

− A multiple differential pumping system designed for contineous laser ablation 
will be installed.



Summary

• The proof-of-principle experiment of a LIS employing a reproducible 
cylindrical cryogenic target has been performed.

• Highly stripped carbon ions (C5+ and C6+) were successfully generated by 
laser ablation of a solidified CO2 / C4H10 layer.

• Long-time plasma generation from the reproduced cryogenic target was 
demonstrated within a fluctuation of 20%.

• Issues to be solved for practical machine development have been 
clarified.



Dependency of substrate deformation on layer thickness 

Layer thickness: ~6 µm Layer thickness: ~60 µm Layer thickness: ~360 µm

• The substrate deformation was largely reduced by using a thick layer.



Dependency of substrate deformation on material
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• The substrate deformation was largely reduced by using harder materials.
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