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1 Briefly about me

* Ph.D. Student of Applied physics, Palacky University Olomouc, Czech
Republic

* Fifth year

* Supervisor: assoc. prof. Jifi Pechousek, Ph.D.

 Joint Institute for Nuclear Research in Dubna, Russia
* Flerov Laboratory

* From February 2020

* Consultant: Mgr. CuboS Krupa, Ph.D.

e Head of sector: Aleksandr Mikhailovich Rodin, CSc.

* Thesis theme: Properties of heavy and super heavy elements studied by
mass spectroscopy and ISOL method, Stopping Efficiency Simulation of
Cryogenic Gas Stopping Cell



2 Superheavy elements and island of stability
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Island of stability

Island of stability predicted due to shell closure
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Observation of new elements

- @ We can observe decay chain

- @ We can measure mass of nuclei
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How does the mass spectrometer work?

* Moving charged particle in
magnetic field

 Affected by Lorentz force,
which curves its trajectory

 Curvature 1s proportional to
mass of particle v

X

X X

B

deflection chamber

10n source

collector plate

Y ion current



Mass

fundamental property of an atom

information - 1ts constituents and their interactions. internal structure of the
nucleus

energy available for nuclear transtormations in radioactive decay processes
mass measurement allows to determine the full binding energy of the nucleus -
the integral characteristic of all atomic and nuclear forces which 1s the key for
solving the fundamental physics problems. For the determination of proton and
neutron shells location, 1t 1s enough to know the nuclide mass with the relative
accuracy (AM/M) of ~10-°.
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More about fusion process

capture

Quasi-fission

Compound

Nucleus

Compound
Nucleus fission

Evaporation Residuum

During collision of two nuclei, two
cases can happen. Heavier nucleus can
capture the lighter one or there can be
quasi-fission. After quasi-fission two new
nuclei with two new masses are created.
In case of capture, one heavier nucleus is
created. There are two possibilities
again, compound nucleus evaporates
neutrons or compound  nucleus
fissions. After compound nucleus
fission, two nucle1 of new eclements
are created. In case of evaporation
of  compound  nucleus, neutron or
neutrons are evaporated. As a result, we
obtain another isotope of element, not
new eclements like after compound nucleus
fission.



3 Extraction efficiency and extraction time
of MASHA separator

e Experiment I 2019 Autumn, reactions

° 40Ar+144sm > 184-ang
° 40Ar_|_166Er N 206-Xan

Experimental parametres
* Beam energy E =265 MeV

Absorbents: Aluminium
1. density 1,585 mg.cm™ (thickness 5,87 pm), foil position 41,5 mm
2. density 2,516 mg.cm™ (thickness 9,32 pm), foil position 71,5 mm
3. density 4,51 mg.cm™? (thickness 16,7 pm), foil position 101,5 mm
4. density 1,585+5,55=7,135 mg.cm™ (thickness 5,87+20,5=26,37 pm), foil position 131,5 mm

No absorbent: foil position 11,5 mm
Titan layer of target thickness: 1,5 pm
Sm,0O; layer of target thickness: 0,33 pm
Er,O; layer of target thickness: 0,24 pm



Cross section calculation of parental isotopes
and daughter isotopes

__ NMZe
b
P N, A 1 gparentgd ghcgtg

[barn] M,, ... target mass number
Z ... charge of *°Arion, Z= 16
G ... cross section, [mbarn]
e ... elementary charge, e = 1,6:10"1°C

N ... number of events(measured yield) )
p ... target area density,

N_ . ... corrected number of events (corrected yield
corr N ( N M ) p= 0,004 kg ‘m-2
N = . N —
o gparentgd he gtg corr daughter gparentgdaughtergd he gtg
N, ... Avogadro constant, N, = 6,02-10?*mol!
Earent - -- O decay fork, unique for parent isotope I ... beam integral, [uC]

Edaughter - -- O decay fork, unique for daughter isotope

&, ... detector construction efficiency, correction g; =0,45
&, --- honey comb transparency, correction &, = 0,85

&, --- target construction, correction &, = 0,5



Separation efficiency
| 20(82Hy | 3n(81H | 4n(80Hp | 5n(179Hg) _

Time (s) for Hg 10,83 3,54 2,58 1,05
Efficiency (%) for Hg 1.3672 0.89626 0.32187
——
Time (s) for Rn 0,96

Efficiency (%) for Rn 0.17801 0.61215 0.645



Separation efficiency of MASHA
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Separation efficiency of MASHA setup for mercury (left figure) and radon (right figure) isotopes.



4 Cryogenic Gas Stopping Cell Experimental Setup

Experimental setup in new hall of cyclotrone U-400R

1 - primary beam

2 - target box

3 - gas-filled separator

4 - cryogenic gas stopping cell
5 - MR-TOF-MS
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Cryogenlc Gas Stopplng Cell
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S Purpose of simulations

* Choosing the optimal parameters for real experiment

* Separation efficiency, Extraction Time - Impossible to measure
online, directly

 Need for theoretical simulations

* ISt part of simulations gave interval of optimal separation efficiency
parameters — interval is then tested by 29 part of simulations for
extraction time



6 Stopping Efficiency Simulation of
Cryogenic Gas Stopping Cell

Simulations performed:

Energy loss of beam particles in chamber filled by buffer-gas (helium) is
proportional to stopping material electron density (so also buffer-gas pressure).

Stopping efficiency

Given by ratio of the incoming ions 7. . that lost their entire kinetic energy within

the active gas volume of the Cryogenic Gas Stopping Cell (CGSC) ngeq:

nstopped

gstop =

n._-&

inc geom

Conditioned by the kinetic energy of the incident EVR, the entrance window foil
type and thickness and the buffer-gas type and density of the CGSC (only ions
stopped within the active gas volume of the CGSC can be extracted)

cannot be tested on-line - relies on simulations, software SRIM 1is used

WHY? - finding reactions, width of entrance window and pressure of buffer-gas
optimal for real experiment (precious and expensive experimental time)

WOAr+H144Sm — 18431 g
40 A r+ 166 —5206-x0R 1y
40 A r4+162Fr _5202-xnR 1y
40(Cq+130B 4 s 170-xn()g
40 A 1+ 178 f —5218-xnTh

48Ca + 206Pb — 254—anO
48Ca + 238U N 286—xncn

48(0q-+242Py —s 290-xn]



7 Extraction Time Simulations

e 2"d part of simulations (after stopping efficiency)

* Trajectory of particles 1s calculated and graphicaly captured by our

internal software created 1n Root framework based on SIMION,
Geant4 and COMSOL

* Simulations are based on file of coordinates of exact position of
stopped particles (it was obtained by previous simulations of stopping
efficiency)

e Performed for

e alpha source 22Rn
* Isotopes 132Hg, 203Rn, 23¢F1, 234No, >>°Lr



Extraction time simulations - example
182Hg 50 mbar, 4 um

) j— - x
_| KYZ_position_filex.. — O x> * GastellDynamic X seicelwn-00@Bwr st BE-c a@abEd
- - Gas lon Track and field graphics 200 ROm) 327.26 93.95 0 ( NULL )
File Edit Format View Help n ¥V X-R track ]
G

|[F'HYSI':AL PARAMETERS ] ~ as amd e 182 v Z.Y track Construction g =
Iinz = 8@ Gas Pressure { mbar 50 lon charge 1 ¥ X.Y track
AtomicMass = 182.@ ———

i Ener eV 00000 00
Pressure mbar = 50.0 Gas Pressure ( Pa) 3000.0 (V) !
Temperature = 292.0 Gas Pressure ( Torr ) 37.5 Start position X( mm ’750 I AllTrackDraw ,
Energy MeV = 36.8 ’7 ”
He dgﬁgity g _sm3 = 2.208663e 006 Gas Tamporstura (K) = Start position R ( me ’
Ti_foil thickness_micro = 4.@ - Use Gas Flux View ’ =

{p=1,10,30,50,70 mbar)

Dist(mm) Rx(mm) Ry(mm) Useful -50]
________________________________ Electric field Run
iiS 59 ézid 143"!'19@ 11 UseE Field ¥ u | Change U | Amount of ions ™ g
.0 5.5 12.3 @ Ll Electrode U 0 ¥ TOF Histo 132 ,
a.e 15.4 8.3 %] RF amplitude (V) 85 ]
120.8 9.4 62.7 1 e | e | = sop |
7.2 4.0 1.4 1 RF frequency ( MHz ) RFEr |  RFEz> | |_RunFile | 4

50,
z( mm )

2.0 1.7 -18.4 2]
29.8 15.9 7.6 1

@.e 24.2 -4.0 e Gas vdWaals radius ( Angstrom ) 14 Collision cross-section ( Angstrom#2 )
a.e -26.@ 5.3 a 40.72

lon - Gas collision cross-section

A41.9 A.6 -34.4 1 lon vdWaals radius (Angstrom ) 2.2 314" ( r_vdW _Gas +r vdW_lon )2

71.6 -13.2 -17.1 1

22 .6 _17.3 20.5 1 TOF = 19.57 ms P= 50.0 mbar T= 293 K CS=4.07e-019 m2 E=0eV Xstart=7 mm TOF=19567.8250 @s Run time= 1641.43 (s) ~
TOF = 21.23ms P= 50.0 mbar T=293 K CS=4.07e-019 m2 E=0eV Xstart=179 mm TOF=21228.9427 s Run time=1895.10 (s)

a.e 24.7 -6.3 @ TOF = 21.56 ms P= 50.0 mbar T= 293 K CS=4.07e.019m2 E=0 eV Xstart= 116 mm TOF=21561.9321 @s Run time= 1948.82 (s)

a.0 _1e.8 16.3 @ TOF = 22.36 ms P= 50.0 mbar T= 293 K CS=4.07e-019 m2 E=0 eV Xstart=27 mm TOF=22357.9910 s Run time= 2110.73 (s)

2.0 1.6  16.2 @ TOF = 22.45ms P= 50.0 mbar T=293 K CS=4.07e-019 m2 E=0eV Xstart=72 mm TOF=22448.9777 s Run time=2172.70 (s)

. . . TOF = 23.07 ms P= 50.0 mbar T= 293 K CS=4.07e-019 m2 E=0eV Xstart=30 mm TOF=23073.9122 s Run time= 2233.78 (s)

179.3 5.4 A4a.4 1 TOF = 23.87 ms P= 50.0 mbar T=293 K CS=4.07e-019 m2 E=0 eV Xstart=23 mm TOF=23870.9233 ¥s Run time= 2359.52 (s)

112.9  -68.4 65.6 1 TOF = 25.84 ms P= 50.0 mbar T= 293 K CS=4.07e019 m2 E= 06V Xstart = 42 mm TOF= 25843.9658 s Run time= 2480.67 (s)
TOF = 28.50 ms P= 50.0 mbar T= 293 K CS=4.07e-019 m2 E=0eV Xstart =129 mm TOF= 28499.9354 s Run time= 2658.84 (s)

©.9 -14.2 -2.8 @ TOF = 34.09 ms P= 50.0 mbar T=293 K CS=4.07e-019m2 E=0 eV Xstart= 114 mm TOF= 34094.0371 @s Run time= 3081.87 (s)

195.4 -0.6 -36.1 1 ~ | |TOF= 23.21 ms P= 50.0 mbar T= 293 K CS=4.07e-019m2 E=0 eV Xstart= 105 mm TOF=23274.8559 s Run time= 1921.75 (s) v

< >

W Trace Calculation speed 1/min = 0,05 Threads 10 Steps per mean free path 20
100% Windows (CRLF) UTF-8 Cancel




() w IS
S S S
1 1 1

average value of time of flight (ms)
I
1

Extraction time 2°* No, 2% Cn, %3¢ Fl

252 No 50 mbar x axis

dispersion of time of flight (ms)

€
£ 200
—a— average value 252 No = ‘ . Rx‘ “ | Rx‘
—®—average value 283 Cn = (% 252 No 50 mbar x axis Rx 252 No 50 mbar x axis distance
—m— average value 286 Fl x Dist
g S 1001 =/
S 77 0] [ [ L o
= = 800 || L — — ™
£ 600 E
[y (;3 g 8 150+
§_ 4001 100
w -100 -
& 2 200 501
Ke]
3 200 L 0 3 "y o 0 s 10 10 20 20 00 3%
- 6 - T T T T T distance from entrance window to nozzle (mm)
. s 0 100 200 300 400 Rx (mm)
: . : . : . : . : distance from entrance window to nozzle (mm)
10 30 50 70 100
pressure (mbar) 252 No 50 mbar RxRy
—a— dispersion 252 No
—u— dispersion 283 Cn
. . ] 252 No 50 mbar RxRy Rx 23
—=u— dispersion 286 FI 200 . 252 No 50 mbar RRyRy [T Ry|
. | H | RY‘ 1000 - -
1] L 800
= i
"ZI E 100 800
/ o 600
= —_ z 600+ g
i IS 3 3
é 0 400 400
* &
w 200 2004
-100 .
150 100 -50 0 50 100 0 100 50 0 50 100
Rx (mm) Ry (mm)
T T T T T T T T T
10 30 50 70 100 -200 ' . ; . : T :
-200 -100 0 100 200

pressure (mbar)



8 Conclusion

Separation efficiency and extraction time of
MASHA setup was found
Optimal parameters for maximal stopping

powers were found
Extraction time was simulated for optimal

parameters
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1 — Target block with hot catcher;
2 — Ion source;

3 — Mass separator;
4 — DAQ 1in the focal plane.
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Mass Analyzer of Super Heavy Atoms

Hot cather scheme

- Target sector on Ti foil

- Separate foil (graphen) 300 mg-cm2
- Common absorber (nanotubes or graphen) 1,5 mg-cm

- Graphit foil (heater) 50 mg-cm*

Target — rotates, scheme
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Experiment 1 2019 Autumn

o Experiment I 2019 Autumn, reactions

° 40Ar+144sm > 184-ang
° 40Ar_|_166Er N 206-Xan

Experimental parametres
* Beam energy E =265 MeV

Absorbents: Aluminium
1. density 1,585 mg.cm™ (thickness 5,87 pm), foil position 41,5 mm
2. density 2,516 mg.cm™ (thickness 9,32 pm), foil position 71,5 mm
3. density 4,51 mg.cm? (thickness 16,7 pm), foil position 101,5 mm
4. density 1,585+5,55=7,135 mg.cm™ (thickness 5,87+20,5=26,37 pum), foil position 131,5 mm

No absorbent: foil position 11,5 mm
Titan layer of target thickness: 1,5 pm
Sm,0O; layer of target thickness: 0,33 pm
Er,O; layer of target thickness: 0,24 pm



Ar+144Sm —184xnHg reaction products
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Screenshots from Focal Detector
program.

On the left side: two dimensional
matrix energetic spectrum of
parental isotopes Hg and their
daughter isotopes Pt (y axis —
energy, X axis — mass, Z axis —
events).

On the right side: mass spectrum
both parental and daughter nuclei
(X axis — mass, y axis — energy).



0A r+144S§m —134¢-xnHo reaction products
2 p

Parental Probabilit | Half Life | Daughter Probabilit | Half Life
nuclei y a-decay [s] nuclei y a-decay [s]
[o] [Yo]
178Hg 6430 76,38 0,266 174Pt 6039 75 0,891
179Hg 6285 53 1,05 175Pt 6021 64 2,43
180Hg 6119 48 2,58 176Pt 5753 40 6,3
181Hg 6148 30 3,54 177Pt 5517 5,7 10,6
182Hg 5867 15,2 10,83 178Pt 5446 5 21,1
183Hg 5904 11,7 9,4 179Pt 5195 0,24 21,1

184Hg 5539 1,26 30,87 180Pt 5140 0,3 56



WAr+14Sm —134xnHg reaction, parental nuclei
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