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* Introduction: FLNR research area

e Light RIB facility at FLNR: ACCULINNA

* New RIB faclility at FLNR: ACCULINNA-2

¢ ACCULINNA-2 instrumentation

e Experiments @ACCULINNA& first day experiments
at ACCULINNA-2

e The Optical Time Projection Chamber (OTPC) at
ACCULINNA

* Future plans & collaborations

a — Flerov Laboratory of Nuclear Reactions, JINR, Dubna, Russia

b — Institute of Physics, Silesian University in Opava, Czech Republic
¢ — Bogolyubov Laboratory of Theoretical Physics, JINR, Dubna, Russia
d — GSI Helmholtzzentrum fur Schwerionenforschung, Darmstadt, Germany
e — National Research Center “Kurchatov Institute”, Moscow, Russia
f — Heavy lon Laboratory, University of Warsaw, Warsaw, Poland
g — Skobel’tsyn Institute of Nuclear Physics, Moscow State University, Russia

h — Faculty of Physics, University of Warsaw, Warsaw, Poland
damental Physics, Chalmers University of Technology, Goteborg, Sweden
All-Russian Research Institute of Experimental Physics, Sarov, Russia

k — loffe Physical Technical Institute, St. Petersburg, Russia
| — NSCL, Michigan State University, East Lansing, Michigan, USA

STATUS OF THE NEW FRAGMENT SEPARATOR ACCULINNA-2 AND FIRST EXPERIMENTS
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'E?é Flerov Laboratory of Nuclear Reactions (founded in the JINR in 1957)

LABORATORY FOUNDER - Georgiy Nikolaevich FLEROV, 1913 — 1990

Basic directions of research at FLNR

1. Heavy and superheavy nuclei
» Synthesis and study of properties of superheavy elements
» Chemistry of new elements
» Fusion-fission and multi-nucleon transfer reactions
» Mass-spectrometry and nuclear spectroscopy of SH nuclei

2. Light exotic nuclei o PN\
» Properties and structure of light exotic nuclei ‘ |
» Reactions with exotic nuclei

((((((

3. Radiation effects and physical bases of nanotechnology

LLLLL = .

P, » Track membrans
== '_‘/Wé > Nanostructures

ny
1

\,

e, O > Study of materials properties

4. Accelerator technology

» cyclotrons
> ECRion sources

Grzegorz Kaminski, FUW, 29.11.2018 2
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P PR Main areas of interest at FLNR at nuclide chart

Elements 102 - 108 Last two decades:
synthesized at FLNR Elements 113 - 118 synthesized at FLNR

Superheayv -
a
Elements: elements .= 114

113 Nihonium (2016)
114 Flerovium (2011)
115 Moscovium (2016)
116 Livermorium (2011)
117 Tennessine (2016)
118 Oganesson (2016)
recently officially
recognized by IUPAC

e, 10

Proton
184

| o Doubly magic
ﬁ“/J nuclei o,
o :J

p-n pairing

Hilbeam ffom U-40p

e New shell structures
3— ACCULINNA - Light exotic nuclei,

Hals statas ‘super heavy’ in light nuclei (neutron-rich
@ hydrogen (>’H) and helium (31°He) isotopes)

Light & ‘Superlihght’ Grzegorz Kaminski, FUW, 29.11.2018 3
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"% Full-scale realization of the DRIBs-IIl —project & Accelerators @ FLNR

~ DCc-280 ~ U-400 U-400M IC-100
SHE factory Heavy and superheavy Light exotic ‘ ‘ Applied research
nuclei nuclei
Heavy & | . *3a Nuclear [ & %  #%as Fau Light exotic nuclei &

Super heavy (& 8 spectroscopy - 2N S @ © @ Applied research

--------------------
--------------------

more information @ http://flerovlab.jinr.ru/fInr/accelerators.html



ACCULINNA separator
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AKYTMHA (ACULINA) —russian name
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K4 storage ring: production of high precision
Exotic lon Beams (EIB's) with A < 100.

G. M. Ter-Akopian et al., Heavy lon Storage Ring Complex
K4-K10. A technical proposal JINR E9-92-15, Dubna 1992

. g ACCULINNA — High resolution RIB line for K4 storage ring
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Fig.1. The general view of the latest upgrad of the storage complex K4-K 10,
1 - RIB production target, 2 - intermediate focal plane:
3 - secondary experemental target; 4 - analysing magnet; 5 - debuncher.
Exotic Beams in K4.
T |N - Ndn‘pl inj E NUMBER L
BEAMS (sec) (Mev/amu) | (Mev/amu) Ocl)j-(l)gg}s'r ( s"cm‘z)
5He 0.808 2 42 80 104 10*
5He 0.122 0 43 50 10° 10?2
SLi 0.84 3 41 105 10* 10%
SLi 0.178 2 44 80 103 10%
TIBa 13.8 3 44 100 10° 10%
g 0.02 5 40 125 10° 10%
16 ¢ 0.75 6 42 105 10° 10%
1405 70.6 2 36 225 10° 10¥
2N 225 3 20 125 106 1026
#Mg 7x10° 12 20 130 107 1077
#s 1x10* 14 17 130 107 10%7
“mSe 2x10° 9 22 160 10 10%
(77 =6")
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target

tectors)

A
{ _/ﬁ\_ﬂ_’u”
.0l '
!— wedge & TOF (plastic scintilators)
i momentum slit & momentum slit
o N spectator fragment  ,
projectile ~ participants prefragment . residue @
(hot zone) f e
V;

%

KN

target ~ final
collision abrasion ablation - fragment
fast Abrasion step slow Ablation step
nucleon removal in overlap region of target equilibration of excited prefragment and
and projectile evaporation of particles

Grzegorz Kaminski, FUW, 29.11.2018 8



RIB production at ACCULINNA — projectile fragmentation

U-400M cyclotron:
’Li,1B,%0 @ 33 AMeV
20Ne, 32S @ 50 AMeV

o stable beams transportation F4 Plastic
&X,Y

o 7| e radioactive ion beams

Plastic
Wedge
& slits
E ...~10-45MeV/A, I .~ 10°-10°pps

unigue combination of

. the only working RIB facility at JINR tritium beam and target

. in-flight technique, TOF, AE/E, full kinematic
« beams up to %6S

* 1996 — first experiment
** 2000 — last upgrade
*** 2011 — next step Acc.2

Grzegorz Kaminski, FUW, 29.11.2018
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e ACCULINNA at the U400M cyclotron hall

= .-...., v ) -
)
BEEEASSRAER - B - e g IRIEIT
primary beam RN
~ | . 012345m
3' ’\i\:\\s\\\ ¥
J'" = i //}%\%;\z\\s\' dE (Si detectors)
\ N\, M\
[ LL_____'.M'L»'L: /""
% P i 2
# I
target unique combination of
tritium beam and target
‘ ‘ . . . 1
TOF (plastic scintilators)
/momentum slit & momentum slit

2 £ e b 63 B8 a4

http://aculina.jinr.ru/virtual_tour/index.html Grzegorz Kaminski, FUW, 29.11.2018 10
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The main area of activity at ACCULINNA, FLNR

260 280
8B 178 198
'IBe!ZBe] 19| [°Be| '*Be
1 137 ACC
E ACC?2 - first experiments
7
H
ACC2 - further studies
2 A 6 8 10 12 14 16 18 20

Grzegorz Kaminski, FUW, 29.11.2018

11



Grzegorz Kaminski, FUW, 29.11.2018



&3

=

©

o

; Features:

©) Reasonable energy
E resolution AE~400 keV
@) (FWHM)

Practically background
free: very few protons go
in the backward lab
direction

Si telescope

detector proton telescope 10 cm

& Slow protons registered in the backward direction, what limits the maximal 8He and °He
excitation energy to about 14 and 17 MeV.
& 810He registered in the forward telescope. Neutrons are registered by 49 DEMON modules.

& |t's complete kinematics reconstruction.
Grzegorz Kaminski, FUW, 29.11.2018



10He: H(®He,p)!°He

Proton - ]
detector ~2 .2

40 i
30
20
10

|
o~
]
S’

Counts/500 keV

1
BT T 1T 11

8He beam:
E~23 A-MeV
| ~ 15000 s1
Tritium target:
6 mm thick @ 99.7 %
0.92 atm @ 26 K

Grzegorz Kaminski, FUW, 29.11.2018 14



Study of exotic nuclei in FLNR at the low RI energies

Use of the ACCULINNA fragment separator has Advantages:
* The record intensity of the primary cyclotron beams (5 puA of !B);
* Relatively (for in-flight separators) low beam energies, that provide a good energy resolution, high
reaction cross section partly compensate the low intensities of secondary beams.
* These beam energies are optimal for the nuclear structure studies in transfer, charge-exchange reactions;
* Complete kinematics method allows for clean, background-free spectra;
* Correlation studies provides possibilities for spin-parity identification of the resonance states.

Intermediate energy reactions
(20-70 MeV/nucleon)

13B
W e 31))'

. 10 12 14
Transfer reactions B¢ Be Be
||(-2p) +n 5¢ 6 +2n
Li S ('He) O VP

+2n

\ (_'d)/**l(_p) (—a) 2 4

He *He. °He| 01 ACCULINNA open possibilities for wide range of experiments
("d:‘)" o * correlation experiments
7 ? e lifetime measurements

Proton
X
% detector
b

() cm
T, target B

71 5He telescope

* spectroscopic structure studies
e search for new light exotic nuclei and exotic decays

Use of the ACCULINNA fragment separator has its Disadvantages:

* It is only efficient with lightest neutron-rich nuclei;
* Does not cope with the request of high intensity clean beams with Z>8;

* We need more powerful detector array, and a bigger experimental area (for TOF);
* Small length of the separator puts limitation on the energy resolution;




ACCULINNA-2 separator — beginning of the project
2010- 2011



L

Flerov Laboratory of Nuclear Reactions

U200

Possible location for a new separator |C-100
at the U400M experimental hall

U400 \

[ DRIBs-I U400M
e

DRIBs-II

MT-25

Grzegorz Kaminski, FUW, 29.11.2018




ACCULINNA-2 — project assumptions

QQ‘ Q10, 'H' Q?Z 13,14

RIKEN/BigRIPS
FRIB

SCL/A190(

INR/ACCULINNA-2 LNS-INFN

HIE-ISOLDE, SPIRAL2

saaanl

TRIUMF/ISAC2

T d T v T v T

20 40 60 80

Atomic number
ACC ACC-2 LISE3 ARIS® RIPS BigRIPS* FRS SuperFRS”
FLNRJJINR GANIL FRIB RIKEN GSI/FAIR
AR msr 0.9 4.2 1.0 5.0 5.0 6.3 0.32 5.0
dp % 2.5 6.0 5.0 10 6.0 6.0 2.0 5.0
P/AP a.. 1000 2000 2200 4000 1500 3300 8600 3050
Bpmaz Tm 3.2 3.9 3.2-4.3 8.0 5.76 9.0 18 18
Length m 21 37 19(42) 87 21 7T 74 140
Eritn AMeV 10 5 30 30° 30 5¢ 220
Bl AMeV 40 50 80 300 90 350 1000 1500
G aminskl, FUW 29.11.2018

Grzegorz Kaminski, FUW, 29.11.2018
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ACCULINNA-2 — project assumptions

calculations done with LISE++

Primary beam

Radioactive lon Beam

lon Energy, lon Energy, Intensity, g1 Purity,

MeV/u MeV/u (per 1 puA) %

11g 32 8He 26 3*%10° 90

15y 49 11 37 3*10% 95

11g 32 10g, 26 1*108 90

15y 49 12g, 38.5 2%10° 70

184 48 14ge 35 2%10% 50

17¢ 33 3*%10° 40

22Ne 44 18 4

C 35 4*10 30

36g 64 240 40 2%102 10
(U400M upgrade) (with RF kicker)

10 39 7Be 26 8*10/ 90

20Ne 53 18Ne 34 2%10/ 40

32g 52 280 31 2*%10% 5
(with RF kicker)




ACCULINNA-2

From contract signing to installation
October 2011 to December 2015

=

SIEMAPHI]

ASA DANE TR AT EA AT FRAANS ERDTRE T

Grzegorz Kaminski, FUW, 29.11.2018
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Layout of the ACCULINNA-2 separator

A.S. Fomichev et al. The ACCULINNA-2 project: The physics case and technical challenges, Eur. Phys. J. A 54, 97 (2018)
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~
SIEMAPHI
ATALNETS AnET lll.-'llllﬂ" FIC AN SFECIR T

F1 o e e A8 LT . kicker

‘..‘ -
g

¢ primary ta Zero-angle

spectrometer

total length FO-F5 ~53m, 39 magnetic elements

RIB energy range 6 — 50 MeV/A

L] ZR|B~1_36

Grzegorz Kaminski, FUW, 29.11.2018 21
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'8% Area & floor preparation — starting conditions

« In the beginning, there was Chaos »

Greek Mythology — The Creation

Grzegorz Kaminski, FUW, 29.11.2018 22



Area & floor preparation 1st delivery

Grzegorz Kaminski, FUW, 29.11.2018
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Installing stands

Grzegorz Kaminski, FUW, 29.11.2018



Installation & Alignment, magnets

Grzegorz Kaminski, FUW, 29.11.2018
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Installation & Alignment, magnets and vacuum

Grzegorz Kaminski, FUW, 29.11.2018



Magnets: some big ones

Grzegorz Kaminski, FUW, 29.11.2018



Installation out of reach of the crane
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Grzegorz Kaminski, FUW, 29.11.2018
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Standardization - Grouping

Standardization groups objects with “similar” properties

Advantages
e Huge reduction in cost for design,
tooling and fabrication
e Exchangeability and servicing

Drawbacks
e Slightly sub-optimal design
e Higher material costs

PARTIAL standardization keeps most of the advantages while taming drawbacks
COMPLETE standardization is NOT the best solution

Type Oty Quad name Core Coil Design
QMI11 1 Q1 A 1 1
QM32 QM21 1 Q2 B 1 1
QM22 7 Q4.05.Q7.Q8.Q11QI12.Q14 B 1 1
QM31 1 Q3 C 1 1
06.Q9.Q10.Q13 C 1 1

3 5 5

= All 7 primary line
guads identical

SISMAPH Grzegorz Kaminski, FUW, 29.11.2018 29
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PS installation, full cabling and cooling

S S ) ) e s 1

Support for shielding
walls is prepared

Grzegorz Kaminski, FUW, 29.11.2018 30



ACCULINNA-2 at experimental area

| Planned
locationeff - :
RF-kicker |~

Instrumentation at
ACCULINNA-2

Grzegorz Kaminski, FUW, 29.11.2018



ACCULINNA-2 project: timeline

ATO U-400R L 1 1 1 1 ]
_ lon catcher & RFQ 0 2 4 6 8 10m
e - s I | Zero degree
e : BN t,.-i Sy ST? : spectrometer,

- —Jp-@ = A Syl P“-h* tritium target,
CLE3 a7k neutron &
RF Qo Q10,1174 Q12,1314 F ".fT:-ih

jicker

gamma arrays

ACCULINNA-2

2011: Contract signed with Sigma PHI
2016-17: Full commissioning + Beam

2016-2018: Zero-angle spectrometer
2017-2019: RF kicker at F3
2017-2019: New detectors
2018-20 : Tritium target at F5

I 2019-20: Cyclotron upgrade

Grzegorz Kaminski, FUW, 29.11.2018
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The zero degree spectrometer

Zero degree spectrometer - experiments with light RIB :
separation of light and heavy charged fragments and neutrons

< Weight~20t </
* Max. 1,38 Tm
*  Thin (330 mm) open-frame design SIrMAPHI

*  Mounted on guiding rails. Precision in different positions £0,2 mm. Repeatability ~

0,1 mm
*  Min. distance from phys. target ~ 700 mm

_— — — — —— Particle tracking system
" (2017-2019 — designing, construction)

Protons, deuterons, tritons
Bp=04~10Tm
Cone 0~ 14°

Bp=0.4

Maximum field
Minimum field

Effective length
for B=12T

Gap

Good field region
dimensions

. Field homogeneity
for B=12T

Bmax
Bmin

H/V

dB/B

VN
o -J‘h\‘,ﬂ'!
' S R
.ﬂ*’ "'_" ‘O; .
T 1.44 .
i 0.4
mm 524 — — — :
. i Neutrons
g 3 (stilbene array)
2900 Distance to target > 2 m
=mim.  250/7h = 700 TOF accuracy < 1%

0.003 Grzegorz Kaminski, FUW, 29.11.2018 33
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"f@% The zero degree spectrometer

Installation: February 2017, -20 °C outside temperature

~ Half of the founds for Zero
degree spectrometer was
supported from Polish grants at
JINR

Grzegorz Kaminski, FUW, 29.11.2018
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- ) . . . . .
"% RF kicker: started in 2016, installation planned in 2019

* The frequency range 14,5 — 20 MHz is the best compromise in terms of dimensions and RF power

* We consider some margin on the RF power and a 15 Kwatts amplifier.

* Reducing the copper cavity diameter to 1000 mm and the coaxial line diameter to 100 mm gives a RF power
of 12 Kwatts which is still below 15 Kwatts.

Coupling loop
TMP pump ==
PARAMETERS AND Fine tuning
CALCULATION RESULTS Eutra
Frequency range (MHz) 14,5-20
Peak voltage (KV) 120
GAP (mm) 70 I? Extra
Width of electrode (mm) 120 min Measuring loop /
Length of electrodes (mm) 700 B § (0’ /\
Cylinder diameter (mm) 1200 max
Stem diameter (mm) 120 max SIFMAPHI
Length of coaxial line from 1830
beam axis (mm) ‘
Current at junction (A) 990 ﬁlk
Current in short-cut (A) 1200 | Beam inlet/outlet
RF power (Watts) 10 000 :
Reactance Q 8 500
Df (RF tuning) (MHz) 0,66




* The frequency| 8
* We consider s
* Reducing the

of 12 Kwatts \J 0

E by
: bs a RF power
: hg loop

PARAME?
CALCULAT

Frequency range (MH

g

Peak voltage (KV) 10

GAP (mm)

Width Of electrode (r I AdAAA LA LY ALLASA LA EL)

: 260 280
Length OfElectrOdes lllllllllllllllllllllllllllllllllll EIIII:III : : .

- a
* L]
p— . . \ /
.q} - a
. - a
* L]

- B[ |“B : | pii=MaE
Be!2Be] 14ge|l °Be '*Be i3
—i P

Cylinder diameter (m

6

Stem diameter (mm)

Length of coaxial line
beam axis (mm) -+

Ly 5 131 1

|’H§| !l_!He 10e  Main function of RF kicker:
> "TH : : improvement of RIB purity
Reactance Q n i ! atneutron-deficient nuclei

Df (RF tuning) (MHz) 6 8 10 12 14 16 18 20
N

Current at junction (A : !

(W]

Current in short-cut (

: am inlet/outlet

RF power (Watts)

o
N




Neutron detector array

Study light exotic nuclei such as °H, ’H, °He, 1°He, and °Li, etc. — neutron detection

Metallic
cylinder

Voltage
divider

Stilbene crystal: & 80 mm, thickness 50 mm

Stilbene crystal enclosed
in the aluminum shell

Amplitude of the TAC signal, 102 channels
25 Samples

Entries 9532572 103

20 -

151 “.. Neutrons 102

10 &

1 1

0 1 2 3 4 5 6
Deposited energy, MeV EE

A. Bezbakh et al.,, Instr. and Exp. Tech. 2018, Vol. 61, No. 5, pp. 631-638. neutron array at ACCULINNA-2

Grzegorz Kaminski, FUW, 29.11.2018 37



ACCULINNA-2 separator — First RIBs

Grzegorz Kaminski, FUW, 29.11.2018
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ACCULINNA-2 - status

Beam optics test and first radioactive ion beams in March, 2017
15N(49.7 AMeV) +°Be(2 mm), @ 1 pnA (7enA)

Grzegorz Kaminski, FUW, 29.11.2018



ACCULINNA-2 - status

Beam optics test and first radioactive ion beams in March, 2017
15N(49.7 AMeV) +°Be(2 mm), @ 1 pnA (7enA)

Grzegorz Kaminski, FUW, 29.11.2018



X-MAX 0.25 m

Y-MAX 0.25m

First beam optics tests & First RIB at ACCULINNA-2

- e

- 15N profile at F3 depending on F1 diaph. (& 25, 12, 7 mm)
-- main parameters (I, P, X_Y) of some RIBs at F3, F4, F5

- ! 10 /
W’ ﬁ:"'- R ANz 7
o #dhg: = -
b T N A
o AN 4 g .
i) <% $ ~
N 1;, | Lt
1 g
i N :5,.: <il
/ G Al g
- K] ’2 - K & ¢ 2
g g R
Lp & g 88 B B
F1 ¥ F2 " F3 F4 F5
target wedge/slits slits
% 10 7 )
% /
Z
7,
g 2
=
< {2
7 _
% / _
7
% B %
|

RIB’s profile estimation in N (49.7 AMeV) + Be (2 mm) reaction

(X,_Y,;=2_8mm, ¢ =35 mrad, Ap/p = 2.5%, W =1 mm)
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Pl ACCULINNA-2 - status

Beam profile of 1°N at F3 with &7 mm diaphragm at F1

L= L =

F3 ciejee F4 =

FS

Q9 Q10,11 " Q12,13,14

xvsy 09:48:00 2017-03-22 Analysis/Histogr: Y ADG CH 32 09:48:00 2017-03-22 Analysis/Histograms/Y

> 16 Entrisz R 30205 F X
Msan x 7898 = " Entries 52069
i Meany 1038 30000_— Mean 10.38
AME x 08744 =
AME y 06827 - AMS 0.6607
Intsgraal 5.036+04 25000 - Underflow 1]
12— Skewnesex 0528 o Overflow 0
Ckewnsssy -0.08532
r T F Integral  5.2072+04
10— o [soees| o 20000{— Skewness  -0.0673
— [} [ o [
— 8 C
— - 150001~ Pl
-1 3 : =
| 10000 —
11 o :
i ; - o~
N of- \\ie
- - - % q o
o ol Loy Ly Lo b Lo Ll e ~ v Lo g e e ] g TRl I
0 2 4 [} B8 10 12 14 0 2 3 ) 8 10 12 14 16
o
<%
— Q .
= ADG CH 32 00:48:00 2017-03-22 Analysis/Histogram.
o
X
= 22000 — Entrisa 51720
— E
20000 Mean 708
F AMG 08720
- 18000 7
al 16000 Undsrfiow 0
| F Ovsriiow o
™ 14000 —
E 8 Insgral 5.172404
12000 = Skewnssa 05208
10000 -
8000
6000—
4000—
2000
o P N I I | | |
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ACCULINNA-2 - status

15N(49.7 AMeV) +Be(2 mm) -> 12Be

-1 ST2

Q9 Q10,11 Q12,13 14
“le Edil Select Opiions | | Appyto all ¥ AutoScale | File Edit Select Dplions _ Applyloall ¥ AutoScale | gFile Edi Phions Apply o all| | Aut
x 12:00:34 2017-03-30 AnalysisHistograms/X xvsy 1200:34 2017-03-30 Analysis/Histograms/XY SX v Tof 12:00:34 2017-03-30 AnalysisHistograms/SiXvsToF

i

P —— EO0]* Paes (e
cle Edit Select Optione Applytoall ¥ AubScale Flle Edit Select Options
y 12:00:34 2017-03-30 Analysis/Histograms/Y EXsum 12:00:34 2017-03-30 Analysis/Histograms/EsumX tof 12:00:34 2017-03-30 Analysis/Hislograms/TOF
F Lj_ : oE- .!. umE "
eto0 = ~ E i =
F 800~ i
smo: TWE* o
o = 1000—
r 600
4000 E
E s pr
a00F wf g 00—
ZWJ: Mﬂg— 00—
o 2= F
C E 8 F
woo: L. 'He \ 2001 L'M
M bt L Ll Al L L Lo | Jer I
2 [ ] [} 10 12 [ 16 0 12 " 16 ] 60 80 100 120 140 150

12Be: Intensity = 190 1/s @ 1 pnA; Ap/p = 4%; Purity ~ 92%; E = 39.4 AMeV;
size X5 _Y5=22 25 mm; ACC2/ACC1 =25

Grzegorz Kaminski, FUW, 29.11.2018
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e o/
8% First radioactive ion beams at ACCULINA-2

15N (49.7 AMeV) + Be (2 mm)
| ~10° pps @ 100 pnA, Ap/p = 6% (Be wedge 3 mm) | =100 pnA, Ap/p = £2% (Be wedge 1 mm)

4

a8 i [ po

File Edit Select Options Apply to all » AutoScale

File Edit » | | Apply to all ¥ AutoScale

IRES 2 V2 en B2 100:14:28 ZULB0.21 Ared b Hissgrarres WRES K2

ToF vs aFd 18:1435 2018-03-21 AnalysisMistogramsToF TaFaF2

o
ag

e
o 1.2-10°
1600~ .
1400 4
i 39,4 1.5-10 92
- 2
N 37 4-10 67
800
20 25 30 [ - 5
Xz ) 33,1 1.1'10 50
XY2 (x=153.763, y=716.615, binx=33, biny=3: 400;— 3
S| e 35,8 2.5-10 89
File Edit Select » | Apply to all ¥ AutoScale
St L SO L 101438 031 Aebyra Aeteana S AOAEOY L Paneld x=111518, y=787.296
a8 -Ox . .
File Edit Select Options Apply to all ¥ AutoScale e GOOd agreement W|th Ca|CU|atI0nS
e fime of flight (ns) 18:14:35 2018-03-21 AnalysisMistogramsTof TaF _ ’;I:::S I nte nsity’ Lise++
o — ¢ Higher intensity compared to ACCULINNA
= in 15 times!
05_120 130 ! Ih‘:O‘ = I15I(PI }\/l B
Panell x=189.215, y=2271.6 Panel6 x=114.327, y=6647.84
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First experiments with ®He and °Li on CD, target were
carried out at ACC-2 in spring: B L

- elastic and inelastic scattering of ®He; el 17 NS

- d(®He,3He)5H reaction; 3 | '

- d(°Li,p)*°Li — n+°Li run.



Fi : : : : 6 oL
Hﬁg Elastic and inelastic scattering of °He (26 AMeV) on ?H:

deuterium
deuterium Csl
DSSD é\\\ 3
“
M m " o el _
i L]
He 25 AMeV .
/ A
fHe/*He* /; / ,-’f
CD, target f/ & 4
= _ He / / Iill L]
pssD’ { /He F5 ToF
F4 ToF &
detector annular DSSD Csl detector
ID plot
3000
F 1800
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Beam parameters: C
® 78% of ®He 2000 1400
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; 1500__— 1000
® Energy R
L] [ 800
26 AMeV 1000 — "
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i 5 00 \
e Intensity 10° pps L -~ & ¢ .
I T N R R R R Experimental data for B. Zalewski
e B Ph.D Thesis (HIL, UW, Warsaw)
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Key points for 22 um Si .

226RQq source

Energy resolution:
~ 270 keV (~ 4%)
for E, = 6.0 MeV

—

4 s&20 &ip nlm

—

- ——

o8 (095) 10

thickness uniformity and energy resolution

Thickness distr.:
from 19 p
up to 26 p
(instead of £1.5 )

Foavant S0 Y] ek rigge

JlAfLLJ

e 0 605 |

Grzegorz Kaminski, FUW, 29.11.2018
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Elastic and inelastic scattering of °He (26 AMeV) on ?H:

Energy lossin Si [MeV]

21 angle [deg]

Preliminary results of elastic and inelastic scattering of ®He (26 AMeV) on 2H:
do/dQ in a wide angular range (3 runs, 6,,,~ 30~110°) with a good statistics

AE - E plotin right telescope

AE - Eincoincidence with He

25

Energy loss in Si [MeV]

P PRSI P A
100 150
Energy loss in Csl [arb. units]

90

200

Angle-Angle relation for elastic scattering =
10°
=
_ﬂ B
= B
£ C
11]
&
E 102
T
£
o
=
-{0__
b ||||||||||.|.||||||||| B
5 10 15 20 25
*He angle [deg] 30

L PR E TN S S SN N TR T Ly L
10 20 30 40 50 60 70
Energy loss in Csl [arb. units]

Normalized events per CM angle

[[-.IH[

Experimental data

Ph.D Thesis (HIL, UW)

PRELIMINARY‘“"+$ for B, Zalewski
t

m

A T I S il O U O .|.11L}¢,_.J.
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CM angle [deg]
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"% Moving ahead to the flagship experiment 'H

Grzegorz Kaminski, EM1S2018

- Radiation shield

“Ne: 5%"FePlate + 95%"Target + 85.5% Magnet, y=(123.8 - 145.9)cm

-5500 -5000 -4500 -4000 -3500 -3000 -2500 -2000 -1500 -1000 -500 a 500 1000
Z,cm

Radiation shell around F1-F2 area is
completed.

Radiation shell will let to operate at
full beam intensity.

Modernized U-400M cyclotron will
provide higher intensity beams

(~ 3 pA on the target in case of 1°N)
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Moving ahead to the flagship experiment "H - primary target

Water cooled beryllium target mounted on magnetic
liquid feedthrough with rotation speed up to 1500 rpm
Heating power up to 2 kW

Vacuum chamber for fast opening and service
Integrated system of water cooled diaphragms

Special port for beam profile monitor (BPM)

(BPM)

Grzegorz Kaminski, FUW, 29.11.2018
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L =708

""[/__ Nov. 2018:d(®He,3He)"H: 7 weeks (effect + background)
Running experiment -’:—I —
Csl array |
GADAST 'l "
64 units -
- *He: ¥ Energy & position:
Si-22 u \ decay tritons & RIB
Si- 1000 u 1 Bp=04~1.0Tm
| \\ ' / Cone 0 ~ 14°
‘ (g R
— ] N I'l '|M \
8He ~50 kps =
Ly = =
E~25 AMeV i ‘
J_ I u ] I T, ‘|~
T ' \ Neutrons, || B
l // _hu\ \ — Cone 0 ~ 14°
I — - . \
3H: X_Y DE Stilbene modules
Plan on D,-target Si - 1000 p 2 80x50 mm —
2018/2019 3x10% at/cm? 32 x 32 strips @ 0.25° accuracy

7X6=42 — 64 units

Advantages: good energy resolutions (~1.2 MeV) & 3He-t-n coincidencdes
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Nov. 2018:d(8He,3He)"H: 7 weeks (effect + background)

roe| BN GRAYSR {mers 2o 1 osane

T s 20pum SSSD
’ + Imm DSSSD
r | + 1mm SSSD
W P
s
. 7
/

12 m 7
/// 1mm DSSSD + CsI(Tl)
s
~~ 15deg
8He beam %/
epeam @ 4 0N Kee——— - _
/ N 15deg
N
N
N
N
N
\\
’H, gas N o
N

ToF detector, MWPC

Running experiment: 3He-t-n coincidencdes

Grzegorz Kaminski, FUW, 29.11.2018
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1 Pt

Study with OTPC at ACCULINNA

More than 10 years of collaboration with FUW



Nuclid chart
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[decay particle emission

Radioactivity at the nuclear drip-lines (proton-rich nuclei)

When the f-decay energy is large, many exotic channels are available:
e exotic decay modes ( 1p, 2p radioactivity)
e multiparticle B-delayed particle emission

B - delayed particle emission

Sequential 2p

()
y Ly 1 4+l
A-d5 3
alpha E
Daughter A2, 3 A
two-proton
Daughter

)

Rigig T

Proton S
v Daughter ¢
Aza
Blank and Borge, Prog. Part. Nucl. Phys. 60 (2008) 403 Emltter

=

Precursor

+

(", 1.T.)1

(Z)N)

Grzegorz Kaminski, FUW, 29.11.2018
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Experimental tool - Optical Time Projection Chamber

Optical Time Projection Chamber (OTPC) - A new type of modern ionization chamber with an optical
readout. Invented at the University of Warsaw by prof. W. Dominik

................... Cathode
Active volume
gas pressure - 1 atm s
H lon E
Identified ion K H
(typically by S/
TOF&dE) S

Gating electrode

7 T | I 30000
| H 24000
18000

a2
= »
gzao f' " |
s - 12000
160 5 |
-
-

Charge amplification
GEM foils

B

Wire-mesh anode

e9 108 117 126 135 144
TOF[ns]
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gas pressure - 1 atm

Active volume

Identified ion /7’

(typically by ,/
TOF&JE)  ,’

e9 108 117 126 135 144
TOF[ns]

- g 0000

| H 24000

18000

12000

| Jj 6000

CCD camera

A 4

Trigger

Light

PMT

DAQ

LA

I

Grzegorz Kaminski, FUW, 29.11.2018

Experimental tool - Optical Time Projection Chamber

Cathode

Gating electrode

Charge amplification
GEM foils

Wire-mesh anode

detection
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Collaborative experiments with Physics Faculty, UW, Warsaw

Spectroscopy of ,B—delayed charged partlcle emission

Grzegorz Kaminski, FUW, 29.11.2018
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20Ne @ 50 MeV/u + °Be — ACCULINNA — tests beams : 130, 12N, 8Li

0 MeV

p 1.44 MeV

T,,=0.84s
8Lj
3.0 MeV
I
8Be
T,,=11ms
12N
10.3 MeV 4
7.7 MeV ¢
7.3 MeV —-——== a+0+0
I

12C

uvl

0.03

UV

0.15 4
0.12 4
0.09 4

0.06 -

0.00 A

Historical: first tests of the OTPC at ACCULINNA by FUW team

| Ne @ 50 MeV/u + Be

130

. {‘d
W
Y
0 2 4 6 8 10 12 14
Time [uS]
0.5
0.4 - F'
03 , ‘ , ﬁl
a5 | W 1‘} r““" l
0.1 4 \]I
0.0 ,hm,
0 2 3 4 5
Time [uS]
0.6
0.5
0.4 q
0.3 - | \
0.2 4 R
0.1 1 jf‘ ’J ‘\
0.0 S,

0 1 2 3 4 5

Time [uS]
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K. Miernik et al.,
NIM A 581 (2007) 194
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Study of B-delayed charged particle emission from 2’S
@ACCULINNA, FLNR, JINR

Grzegorz Kaminski, FUW, 29.11.2018
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"E?é Study of B-delayed charged particle emission from 27S

.J‘-' ETS
Ti-=15 ms
Qec=17.8 MeV

Remesure existing
branching ratio

EPJ A12 (2001) 377: T,,,(4’S) = 155 ms; P(Bp) 4 2.3 + 0.9%) P(B2p) @

New possible decay channels: Direct observation of 2p emmision
B3p, Ba, Bap, B3He angular correlations between protons

Grzegorz Kaminski, FUW, 29.11.2018 61



FATR Study of B-delayed charged particle emission from 2’S

Study of f-delayed charged particle emission from 2’S @ ACCULINNA, FLNR, JINR

ish colleagues comi bor 2015)
Poli ing to FLNR (Sept 2015
Olish cofieagues coming to (September 2015) ACCULINNA during 2’S beam preparation

Grzegorz Kaminski, FUW, 29.11.2018 62



o/
Fs PR Study of B-delayed charged particle emission from 2’S

|
silicone detectors |

L1 I 1 ]
25 @ 50.3 AMeV A 01234 50

XA
\ Y
.bﬁv %N :
| -

—1

primary beam

F4  OTPC

F2
Wedge
& slits
wedge °Be, 300um

& momentum slit

325 @ 50 MeV/u + °Be — ACCULINNA — 27S

i

Data acquisition
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ez
P Study of B-delayed charged particle emission from 27S

| | 30000
| W r | || | || | || | || | || | || | _B‘ 1
24000
I 13 - % .-' L Eh .- - i I
i l w |
18000 I n
| I s Ll
1. « |
12000 | “
i I e |
I ‘355 T Fry ) m-T;c'[‘_v] £ sy T EL) I
. OTPC ID plot: dE-TOF (TOF gate )
| |

99 108 117 126 135 144
TOF[ns]

ID plot: dE-TOF
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Observation of #3p channel is still an open question.

L. Janiak, N Sokolowska et al., PRC 95 (2017) 034315, N. Sokofowska, Master Thesis, AGH, Krakow 2016

B-delayed charged particle emission from 27S and 26P

25 415 keV
20 - .
2 a
g 15 4 ® 5
(=] (=]
O 0 000 1500 X0 250 200 300 4000 O
Eneray (keV)
10 4 1.C.Thomas et al., Eur. Phys. 1. A 21, 419-435 (2004).
5 -
. N 0 e0aa 0
0 400 800 1200 1600 200(

Energy (keV)

In 2019 new measurments of fdelayed particle emission from 2’S @ ACCULINNA-2 are considered. Much
better statistic of two orders of magnitude is expected (we plan to purify the beam with RF-kicker).

325 @ 50 MeV/u + °Be —» ACC — 27S,26p

We have too low statistic to get the limit
for observation of A3p

40 - 320 keV

' 27g

50

-
L
C sof

- i
703 keV '1 ‘WIMJ‘M““.._M“

G. Canchel et al., Eur. Phys. ). A 12, 377-380 (2001).

L 1_‘*1 rJ—HﬂI—J

900 1200 1500 1800
Energy (keV)

600

PB Ptot

PBp PBp PBZP Piot PBp p PBZP
415 k3B ~800 k3B 320 k3B 710 k3B
10.4(9)% + 1.1(3)% 1.5(4)% 35(2)% 24(3)% + >6.7(8)% 3.0(6)% 64(3)%
13.8(10)% 28(2)%
17.96(90)% 2.5(3)% 2.2(3)% 39(2)% 2.310.9% 1.1+0.5% ~ _fl:A:___
Thomas et al., EPJ A21 (2004) 419:qorz KaphinGk@nehel et alaePJ A12 (2001) 377¢~ PE < 0.08 A) )
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Pl [S-delayed particle emission of 11Be

Feb. 2018, ACC-1. B-delayed particle emission of *'Be (T,,, = 13.76 s) was studied. The other isotopes, 2Li
(T,,=0.845s), 2B (T,/,=0.77 s) and °C (T, = 0.126 s), were used for the crosscheck measurements.
— The method OTPC works well even in the case of long-lived nuclei.

— New data with a good statistics were obtained for !Be and °C.

Grzegorz Kaminski, FUW, 29.11.2018 66



Preliminary results: examples of °C (T, =0.126 s) and '!Be (T,,, = 13.76 s) decay

standard mode (At ~ 0.5 s) _ A. Giska bachelor thesis, UW 2018

11Be case (~10° 1/s):
so-called “saturation mode

2s break 2s break

) 5s of ,
40s of ion SOT 1a50s of

; . data
implantation
recor-

ding

2s break
needs

to get rid

from 8Li

V4

500 500 500
0 100 200 200 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 50

Example of one events which contains 8 frames (At ~ 600 ms)

o 0
100 . 4
[-delayed alpha
emission: P ~ 3%




OTPC Collaboration

University of Warsaw JINR Dubna

* E. Adamska » A. Bezbakh

* A. Ciemny * A. Fomichev

o W. Dominik » M. Golovkov

e L. Janiak » A. Gorshkov

e A. Giska e G. Kaminski (H”_, UW)
e Z. Janas ) 2 I;:upko

« A. Kubiela * R.Slepnev

. C. Mazzochi  B. Zalewski (HIL, UW)
e K. Miernik

M. Pfutzner
e M. Pomorski
* N. Sokotowska

Grzegorz Kaminski, FUW, 29.11.2018
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R ACCULINNA-2 Summary and outlook

ACCULINNA-2 fragment separator commissioned in 2017 is now ready for first-day
experiments.

The intensities obtained in the fragmentation reaction °N (49.7 AMeV) + °Be for the RIBs of
14B, 12Be, 2111, &8He were on average 15-20 times higher in comparison with the values for
old facility.

The first-priority experimental program with RIBs is focused on ®He+d scattering, beta-
delayed exotic decays of 1'Be and *7H study.

Further experiments (with RF-kicker and zero angle spectrometer) will be aimed on 26S
observation in (p,t) reaction with 28S and 2’S with the OTPC spectrometer.

Study of RIB at driplines stimulates of a new novel instrumentation and engineering
inventions

We are open for collaboration

U-400m0M

physical target i
fincluding tritium)-—="=
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Some of Polish collaborators at FLNR at the beam time

First RIBs production at ACC-2.
15N(49.7 AMeV) + Be(2 mm) reaction
F1: I(**N) =1 pnA @ 7 mm;

F2: Ap/p = 2%, Wedge_Be =1 mm

Grzegorz Kaminski, FUW, 29.11.2018
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l’% Bridge — a good tool for collaboration

< | Today (29.11.2018) in Dubna there is an
- official “opening” of a new bridge

cross the bridge is dr Pawet

Napiorkowski — who is now in
Dubna

Thank you for attention

Grzegorz Kaminski, FUW, 29.11.2018 71
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