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Plan:
1. Laser spectroscopy studies
- Goals and challenges
- Previous experiments and what can be improved
2. Brief theory of supersonic gas flows
3. PLIF-spectroscopy experiments @ IGLIS laboratory
4. Results
- Validation of PLIF-spectroscopy
- Characterization of gas jets formed by de Laval nozzle
- Latest developments
5. Conclusions and Outlook
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 in-gas-cell and in-gas-jet laser ionization spectroscopy @
Institute for Nuclear and Radiation Physics, KU Leuven

Challenges:
 Low production rates (< 0.1 p.p.s.) and 

short live-times (< 1 s)  sensitive, 
efficient and fast technique is needed

+ 
 High spectral resolution to unmask 

nuclear structure                        

(Z = 89)

Spectrosc. studies Supersonic flow IGLIS laboratory Results Conclus. + outlook



In-gas laser ionization and spectroscopy (IGLIS) @ LISOL
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𝐌 𝐌𝐚𝐜𝐡 𝐧𝐮𝐦𝐛𝐞𝐫 = 

𝐯 (𝐥𝐨𝐜𝐚𝐥 𝐠𝐚𝐬 𝐯𝐞𝐥𝐨𝐜𝐢𝐭𝐲)

𝐚 (𝐥𝐨𝐜𝐚𝐥 𝐯𝐞𝐥𝐨𝐜𝐢𝐭𝐲 𝐨𝐟 𝐬𝐨𝐮𝐧𝐝)
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R. Ferrer et al., Nat. Commun. 8, 14520 (2017)



In-gas laser ionization and spectroscopy (IGLIS) @ LISOL
Previous experiments
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Supersonic free jets
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De Laval nozzle jets
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Planar Laser Induced Fluorescence (PLIF)-technique
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 relative density from measurements with broadband laser

Cu in argon flow
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Laser laboratory
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 T and v


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Broadband



Jet laboratory

Gas cell chamber

ICCD camera Laval nozzle

IGLIS Gas Cell

0.5 𝐦

Inside gas cell chamber
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Validation of PLIF-technique
Mach disk position and density drop in the expansion zone
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Validation of PLIF-technique
Mach disk position and density drop in the expansion zone
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Validation of PLIF-spectroscopy
Narrowband PLIF-spectroscopy of Cu଺ଷ,଺ହ
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M =  
flow velocity 

velocity of sound(← 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒)
 

 good agreement between this work 
and previous experiments and 
analytical solutions
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A. Zadvornaya et al., PRX, 8, 041008 (2018)



Underexpanded jet Overexpanded jet

• At extreme cases of pressure mismatch, formation of long jets required for high-
efficient in-jet ionization is not possible

• Diameter of non-uniform jet will vary along its length  higher requirements on laser
energy

Pୠ୥ = 1.8 mbar

0.16 mbar

0.07 mbar

4 mbar

20 mbar

30 mbar

50 mm
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Z

Jets formed by de Laval nozzle
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L

Jets formed by de Laval nozzle
Narrowband PLIF-spectroscopy of Cu଺ଷ,଺ହ

Central line of underexpanded jet (Pୠ୥ < P୭୮୲)
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Underexpanded jet

CFD Module

PLIF
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A. Zadvornaya et al., PRX, 8, 041008 (2018)
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Jets formed by de Laval nozzle
Narrowband PLIF-spectroscopy of Cu଺ଷ,଺ହ

Central line of quasiuniform jet (Pୠ୥ ≈ P୭୮୲)
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Quasiuniform jet

CFD Module

PLIF
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A. Zadvornaya et al., PRX, 8, 041008 (2018)



1. Online conditions

2. Heavier elements

3. Higher Mach numbers

Steps to further resolution enhancement
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High Mach-number Nozzle (M=8.5): calculations

Nozzle contour calculated using advanced simulation code from 
Aeronautics and Aerospace Department of von Karman Institute for 
Fluid Dynamics (VKI)

1) T0=  300 K, P0 = 350 mbar, Ar perfect gas, 1 mm throat diam., laminar flow

2) + Viscous corrections from Navier-Stokes laminar flow solution

Latest developments @ IGLIS laboratory
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High Mach-number Nozzle: tests with PLIF
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• precision inner contour ~ 2 mm
• surface finishing  Ra=0.1 mm

Precision machining Characterization of the flow parameters by PLIF: 

Full ICDD camera view (~200 mm)



Resonance Ionization Spectroscopy (RIS): 
- higher efficiency (~0.2 % with PLIF)
- shorter measurement times
- lower T0
- geometrical scanning lasers to characterize jet parameters  

RIS on jet axis with 
1st step (anti)collinear and 

2nd step transverse

High Mach-number Nozzle: tests with RIS

Latest developments @ IGLIS laboratory
Spectrosc. studies Supersonic flow IGLIS laboratory Results Conclus. + outlook
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High Mach-number Nozzle: results

Latest developments @ IGLIS laboratory
Spectrosc. studies Supersonic flow IGLIS laboratory Results Conclus. + outlook

Partial agreement between theory and experiment. Possible explanation:
- Experiment with Cu vs. calculations for Ar? 
(moreover, distribution of copper in the jet seems to be dependent on production point in 
the gas cell)
- Different stagnation parameters ଴ ଴ ?
- Misalignment between jet and laser beam?
- Non-accurate manufacturing of the nozzle? 

22

Pbg~ Pjet

RIS: on jet axis with 
1st step anticollinear

and 2nd step 
transverse



 Supersonic gas jets were characterized using
PLIF-spectroscopy setup constructed at IGLIS
laboratory

 Partial agreement was reached between
experimental results and numerical
calculations in CFD Module for jet’s flow
parameters

 Limit of the spectral resolution achieved with
the in-gas-jet laser ionization spectroscopy
was estimated to be ~ 140 MHz for Noଶହଷ

utilizing de Laval nozzles with Mach 8.5

Conclusions
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 VKI nozzle with higher Mach number possibility to reach M~8
 RIS implemented to characterize jet properties
 VKI nozzle improves beam emittance but makes transport through S-RFQ more

difficult (high momentum transfer). Total transport efficiency (nozzle exit to FC
in magnet’s focal plane) found to be 50(5)% with mass resolving power R= 350



Outlook
• In-gas-jet laser ionization spectroscopy will be implemented for performing high-

resolution spectroscopy studies at, e.g., S3-LEB at SPIRAL2 of GANIL
• PLIF technique will be used to characterize the performance of newly constructed nozzles
• Direct comparison PLIF & RIS by simultaneous measurement of jet properties is foreseen
• Characterization of ablation-assisted RIS and PLIF is  ongoing. Already obtained 

promising results
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Plan:

1. Results (work in progress..)
- Multinucleon-transfer (MNT) reactions with a modified HIGISOL 

gas cell within MAIDEN Project  
- Ion survival and transportation efficiency tests with a modified

fission ion guide
2. Outlook
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The main research
question/motivation:

How and where are
the elements heavier

than iron created?

1957, B2FH paper
(idea that heavy elements are synthesized via different 
stellar nucleosynthesis paths such as the r-, s- and p-
processes) 

 2017, a merge of two neutron starts
(first confirmation)

MAIDEN
Masses, Isomers and Decay studies for ElementalNucleosynthesis

(ERC Consolidator Grant Project of A. Kankainen)

 Multinucleon-transfer reactions studies for 
exploring nuclear structure close to N = 126 

@ IGISOL-4 facility, University of Jyvaskyla

A.V. Karpov, V.V.Saiko, PRC 96, 024618 (2017) 3
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Multinucleon-transfer reactions (MNT) @ IGISOL-4

MNT with HIGISOL gas cell Efficiency tests Outlook

Inside target chamber (HIGISOL gas cell and platform)

from K130 
cyclotron

𝟏𝟑𝟔

(𝐁𝐢𝐬𝐦𝐮𝐭𝐡 𝐨𝐱𝐢𝐝𝐞)

magnet

Silicon2

Silicon1
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 Important: 
• small target-gas cell distance
• optimized gas cell geometry
• optimized ion survival and 

transportation efficiency
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MNT run in June 2019

HIGISOL 
gas cell

beam dump

target
wheel

SPIG

Color map: 
velocity magnitude

MNT with HIGISOL gas cell Efficiency tests Outlook

eff୧୭୬ ୱ୳୰୴.ା୲୰ୟ୬ୱ୮. ~ 𝟕 % 
(measured with Silicon1 for helium 
gas, P଴ = 150 mbar, Raଶଶଷ α-recoil

source)

Optimization of HIGISOL gas cell
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MNT run in June 2019

୬ୢ run, August 2019:
1) changing primary beam energy
2) another target ( Pt)
3) gamma-beta coincidence spectroscopy
4) the same gas cell

MNT with HIGISOL gas cell Efficiency tests Outlook
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୰ୢ run (2019)



UNIVERSITY OF JYVÄSKYLÄ

Efficiency tests with ଶଶଷ -recoil source and fission ion guide
MNT with HIGISOL gas cell Efficiency tests Outlook

~ 1ms evacuation
time ( COMSOL)
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Outlook

MNT reactions
• More online tests 
- another target
- gas cell with a modified geometry
- argon gas combined with selective laser ionization

Efficiency tests with fission and HIGISOL gas cells
• More systematic studies: 
- evacuation time measurements
- baking of gas cells and gas lines prior to tests
- cooling gas cell to cryogenic temperatures
- numerical calculations of subsonic gas flow and transportation

8

MNT with HIGISOL gas cell Efficiency tests Outlook
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Thanks for your attention!


