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3 HELIOS project  Heavy Elements Laser IOnization and Spectroscopy 

Goal of the project: study nuclear and atomic properties of exotic isotopes (actinides 
and super heavy elements) 

 resonant laser ionization.  
Challenges to overcome: 
- low production rates; 
- short  lifetime; 

• spectral resolution needs to be enhanced. 
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In-gas-jet laser spectroscopy: HELIOS-project. 
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[1] Yu. Kudryavtsev et al, NIM B 297 (2013) 7 – 22 
[2] R. Ferrer et al, NIM B 3187B (2014) 570-581 

In-gas-cell  

(𝑴𝒂𝒚𝟐𝟎𝟏𝟒, 𝐴𝑐215  ) 
𝚫𝝑𝑳𝒐𝒓𝒆𝒏𝒕𝒛 ≈ 3800 MHz 

𝚫𝝑𝑮𝒂𝒖𝒔𝒔 ≈ 1500 MHz 

In-gas-jet  

(𝐃𝐞𝐜𝐞𝐦𝐛𝐞𝐫𝟐𝟎𝟏𝟒, 𝐴𝑐215 ) 
𝚫𝝑𝑳𝒐𝒓𝒆𝒏𝒕𝒛 ≈ 40 MHz 

𝚫𝝑𝑮𝒂𝒖𝒔𝒔 ≈ 300 MHz    

 improved resolution! 
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Gas cell shape optimization 

Gas inlet 

Particle 

beam 

..towards the 

‘de Laval’ nozzle 

Criteria of a ‘good’ gas cell: 
• Small transmission losses; 
• Short extraction time. 

Color map: diffusion losses   
in the gas cell 

4) Decrease losses on the turning path; 

3) Effectively stop the nuclear reaction products; 

2) Form a uniform flow; 

1) Decrease the gas flow velocity after the inlet; 

5) Optimization of the exit diameter. 
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De Laval nozzle’s shape optimization 
Goals:  
- uniform gas jet; 
- low temperature; 
- low density. 
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Inlet: P0 = 300 mbar 

Outlet: Pjet = 1 mbar 

Nozzle 

Supersonic  
gas jet 
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Planar Laser Induced Fluorescence (PLIF) - technique 

[3] Noel T. Clemens, Encyclopedia of Imaging Science and Technology, pp. 390 – 419, 2002 
[4] Wen-Jei Yang, “Handbook of Flow Visualization”, pp. 219 – 234, 1989  

[3, 4] 
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Experimental setup 
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Laser lab 



Experimental setup 

Nozzle 

Gas Cell 

RFQ 

Inside view  

Side view  

0.5 m 
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PLIF-technique 
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Eureka! The very first supersonic gas jet images 
obtained at our laboratory. 

𝑃𝑏𝑔 ≥ 𝑃𝑗𝑒𝑡  
ICCD camera 
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1. Free jet 
Mach disk position and density drop in the expansion zone 

𝑥 

~
𝟏

𝒙𝟐
 

𝑃𝑏𝑔 = 1.3 𝑚𝑏𝑎𝑟 

𝑃𝑏𝑔 = 0.8 𝑚𝑏𝑎𝑟 

𝑃𝑏𝑔 = 0.3 𝑚𝑏𝑎𝑟 

𝑥𝑀
𝑑

= 0.67 ∗
𝑃0

𝑃𝑏𝑔
 

45 mm 

L
 

𝐶𝑜𝑢𝑛𝑡𝑠_max = 1 ∗ 104 

𝐶𝑜𝑢𝑛𝑡𝑠_max = 4 ∗ 104 

𝐶𝑜𝑢𝑛𝑡𝑠_max = 4 ∗ 104 

[5] H. Ashkenas, M. Sherman, Rarefied Gas Dynamics, Academic. Press, 1965, p. 94 
[6] S. Crist , M. Sherman and D.R. Glass, AIAA Journal Vol. 4, No. 1 (1966), pp. 68 – 71  

[5, 6] 

𝒄𝒐𝒏𝒔𝒕 

𝒎𝒊𝒏 

𝑃𝑏𝑔 = 0.9 𝑚𝑏𝑎𝑟 
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1. Free jet 
What’s next? Broad- and narrowband PLIF of 𝐶𝑢63,65  

 

Spectral line broadening 

[7] G. Hermann et al, Spectrochimica, Vol. 48B, No 10, pp. 1259 – 1264, 1993 

[7] 
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Lorentz broadening 
 Jet-related: 

• collisions Δ𝜗𝜌~
𝑇

𝑇293𝐾

0.3
∗ 𝜌 

 Laser-related:  
• laser power  

 

Gauss broadening 
 Jet-related: 

• temperature Δ𝜗𝑇~𝜗0 𝑇
𝐴  

• divergence Δ𝜗𝛼~𝜗0 ∗ v ∗ sinα/𝑐 
 Laser-related:  
• laser linewidth 
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1. Free jet 
Broadband PLIF of 𝐶𝑢63,65  

4𝑆1/2 

4𝑃1/2 𝐹 = 2′ 
𝐹 = 1′ 

𝐹 = 2 

𝐹 = 1 

4𝑃1/2 

4𝑆1/2 

4𝐷3/2 
𝑥 

𝑟 

𝑥 = 6.3 𝑚𝑚 
𝑤𝐺 = 5.2 ± 1.2 𝐺𝐻𝑧 
𝑤𝐿 = 3.2 ± 1.4 𝐺𝐻𝑧 

𝑤𝐺 = 4.2 ± 1.1 𝐺𝐻𝑧 
𝑤𝐿 = 4.1 ± 1.1 𝐺𝐻𝑧 

𝑥 = 1.9 𝑚𝑚 

Necessary upgrade:  
 𝑟𝑒𝑑𝑢𝑐𝑒 𝑙𝑎𝑠𝑒𝑟 𝑝𝑜𝑤𝑒𝑟 𝑤𝐿 ↓  𝑎𝑛𝑑 𝑟𝑒𝑑𝑢𝑐𝑒 𝑙𝑖𝑛𝑒𝑤𝑖𝑑𝑡ℎ 𝑤𝐺 ↓ . 
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1. Free jet 
Narrowband PLIF of 𝐶𝑢63,65 .  
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𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛.  

Spectral linewidth reduction que to ↓ 𝜌 𝑎𝑛𝑑 ↓ 𝑇 𝑎𝑙𝑜𝑛𝑔 𝑡ℎ𝑒 𝑓𝑟𝑒𝑒 𝑗𝑒𝑡′𝑠 𝑐𝑒𝑛𝑡𝑟𝑎𝑙 𝑙𝑖𝑛𝑒.  
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Mach disk 

𝑥 = 2.8 𝑚𝑚 𝑥 = 6.2 𝑚𝑚 

𝑥 = 9.6 𝑚𝑚 
𝑥 = 11.3 𝑚𝑚 

𝑥 

𝑤𝐺 ≈ 690 𝑀𝐻𝑧 𝑤𝐺 ≈ 445 𝑀𝐻𝑧 

𝑤𝐺 ≈ 324 𝑀𝐻𝑧 
𝑤𝐺 ≈ 800 𝑀𝐻𝑧 



1. Free jet 
Narrowband PLIF of 𝐶𝑢63,65 .  
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Broadband scan 

Narrowband scan 
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𝑥 = 3 𝑚𝑚  

1. Free jet 
Narrowband PLIF of 𝐶𝑢63,65  
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𝑥 = 3 𝑚𝑚  

1. Free jet 
Narrowband PLIF of 𝐶𝑢63,65  
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[8] Wikipedia 

[8] 



𝑥 = 3 𝑚𝑚  

1. Free jet 
Narrowband PLIF of 𝐶𝑢63,65  
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𝑥 = 3 𝑚𝑚  

1. Free jet 
Narrowband PLIF of 𝐶𝑢63,65  
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𝑥 = 3 𝑚𝑚  

1. Free jet 
Narrowband PLIF of 𝐶𝑢63,65  
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𝑥 = 3 𝑚𝑚  

1. Free jet 
Narrowband PLIF of 𝐶𝑢63,65  
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𝑥 = 3 𝑚𝑚  

1. Free jet 
Narrowband PLIF of 𝐶𝑢63,65  
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𝑥 = 3 𝑚𝑚  

1. Free jet 
Narrowband PLIF of 𝐶𝑢63,65  
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𝑥 = 3 𝑚𝑚  

1. Free jet 
Narrowband PLIF of 𝐶𝑢63,65  
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𝑥 = 3 𝑚𝑚  

1. Free jet 
Narrowband PLIF of 𝐶𝑢63,65  
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𝑥 = 3 𝑚𝑚  

1. Free jet 
Narrowband PLIF of 𝐶𝑢63,65  

4𝑆1/2 

4𝑃1/2 𝐹 = 2′ 
𝐹 = 1′ 

𝐹 = 2 

𝐹 = 1 

4𝑃1/2 

4𝑆1/2 

4𝐷3/2 

∆𝑓 = 3.1 𝐺𝐻𝑧 

L
 

𝑥 

𝑟 

Goal. HELIOS-project COMSOL Multiphysics PLIF-spectroscopy Free jet De Laval nozzle’s jet Conclusions 



1. Free jet 
Narrowband PLIF of 𝐶𝑢63,65  
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𝑥 
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𝑥 = 3 𝑚𝑚: 
 𝑣𝑟 = 330𝑚 𝑠  

→ 𝛼∆𝑓,1 2 = 350  

𝑥 = 6.8 𝑚𝑚: 
 𝑣𝑟 = 240𝑚 𝑠  
→ 𝛼∆𝑓,1 2 = 240 

 𝛼1 2 = 30.50 [9] 

𝜶𝟏 𝟐  
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[9] Yu. Kudryavtsev et al, NIM B 297 (2013) 7 – 22 



2. Jet formed by de Laval nozzle 
Gas jet ‘tailoring’ 

Z
 

Under − expanded jet 

Over − expanded jet 

0.7𝑚𝑏𝑎𝑟 30𝑚𝑏𝑎𝑟 = 𝟎. 𝟎𝟐  

0.7𝑚𝑏𝑎𝑟 20𝑚𝑏𝑎𝑟 = 𝟎. 𝟎𝟒  

0.7𝑚𝑏𝑎𝑟 4𝑚𝑏𝑎𝑟 = 𝟎. 𝟏𝟖  

0.7𝑚𝑏𝑎𝑟 1.8𝑚𝑏𝑎𝑟 = 𝟎. 𝟒  

0.7𝑚𝑏𝑎𝑟 0.16𝑚𝑏𝑎𝑟 = 𝟒. 𝟒  

0.7𝑚𝑏𝑎𝑟 0.07𝑚𝑏𝑎𝑟 = 𝟖. 𝟖  

50𝑚𝑚 
𝐶𝑜𝑢𝑛𝑡𝑠𝑚𝑎𝑥 = 6 ∗ 106 

𝐶𝑜𝑢𝑛𝑡𝑠𝑚𝑎𝑥 = 1 ∗ 106 

𝐶𝑜𝑢𝑛𝑡𝑠𝑚𝑎𝑥 = 6 ∗ 106 

𝐶𝑜𝑢𝑛𝑡𝑠𝑚𝑎𝑥 = 6 ∗ 106 

𝐶𝑜𝑢𝑛𝑡𝑠𝑚𝑎𝑥 = 6 ∗ 106 

𝐶𝑜𝑢𝑛𝑡𝑠𝑚𝑎𝑥 = 1 ∗ 106 

[10] G. Sanna, G. Tomassetti, Introduction to Molecular Beams Gas Dynamics (2005), 251 – 278 
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2. Jet formed by de Laval nozzle 
Broad- and Narrowband PLIF of Cu63,65  
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[7] G. Hermann et al, Spectrochimica, Vol. 48B, No 10, pp. 1259 – 1264, 1993 

[7] 



South 
𝐹𝑊𝐻𝑀 = 806 58  𝑀𝐻𝑧 

 supersonic gas jet ‘map’ 

Gas jet 

L
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West 
𝐹𝑊𝐻𝑀 = 854 68  𝑀𝐻𝑧 

North 
𝐹𝑊𝐻𝑀 = 1158 204  𝑀𝐻𝑧 

East 
𝐹𝑊𝐻𝑀 = 792 68  𝑀𝐻𝑧 

 reduce power broadening. 
𝐵𝑢𝑡!  𝑤𝑒 𝑠𝑡𝑖𝑙𝑙 𝑤𝑖𝑙𝑙 ℎ𝑎𝑣𝑒 ~400 𝑀𝐻𝑧  

𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝐷𝑜𝑝𝑝𝑙𝑒𝑟 𝑏𝑟𝑜𝑎𝑑𝑒𝑛𝑖𝑛𝑔 𝑎𝑡 𝑀𝑎𝑐ℎ = 5.5 

 

𝐹𝑊𝐻𝑀 = 766 54  𝑀𝐻𝑧 

2. Jet formed by de Laval nozzle 

Narrowband PLIF of Cu63,65  
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2. Jet formed by de Laval nozzle 
 Simulations in COMSOL vs. Experimental data  

Gas jet 

L
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s

e
r 

Side-view 

Top-view 

  𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑎𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝐶𝑂𝑀𝑆𝑂𝐿 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 𝑎𝑛𝑑 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑑𝑎𝑡𝑎; 
 𝑚𝑜𝑟𝑒 𝑡𝑒𝑠𝑡𝑠 𝑡𝑜 𝑏𝑒 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑒𝑑! 

 

0.7𝑚𝑏𝑎𝑟 1.8𝑚𝑏𝑎𝑟 = 𝟎. 𝟒  
𝑃𝑏𝑔 > 𝑃𝑗𝑒𝑡   

ICCD camera 

𝝆
𝝆𝟎 = 𝟎. 𝟎𝟑,𝝆𝟎 = 𝟎.𝟓𝒌𝒈 𝒎𝟑  

𝐂𝐎𝐌𝐒𝐎𝐋 𝐏𝐋𝐈𝐅 
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Conclusions/Outlook 
• First results on the visualization of free jets and jets, formed by de Laval nozzle, were obtained 

at the IGLIS laboratory 

•  Geometry optimization of the gas cell and the de Laval nozzle was performed with COMSOL 

Multiphysics software. Simulations of the supersonic gas jet reproduce partially the obtained 

experimental data 

• Spectroscopy in free jet is progressing well now  

• Tests with spectroscopy in the de Laval nozzle jet are starting soon 

 

Future plans:  
PLIF-spectroscopy as a tool for characterization of the supersonic gas jets (𝑇, 𝑉, 𝜌 – profiles) 

Free jet 
‘de Laval’ nozzle jet 
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𝑥 = 9.6 𝑚𝑚 

𝑤𝐺 ≈ 324 𝑀𝐻𝑧 

Alexandra (Sasha) Zadvornaya 
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