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STUDY OF COMPLETE AND INCOMPLETE FUSION FOR LOSELY BOUND
PROJECTILES ®He AND °Li ON '“Ho AND 'Er TARGETS

A.S. Fomichev ®, V. Chudoba a‘*’j A.V. Daniel ©, M.S. Golovkov “, V.A. Gorshkov “, S.A. Krupko °,
Yu.Ts. Oganessian °, G.S. Popeko ©, S.I. Sidorchuk “, R.S. Slepnev “, G.M. Ter-Akopian *,

R. Wolski *° V.I Chepigin °, D.E. Katrasev °, O.N. Malyshev “, A.I S*.mkhm 9 A, V Yeremin “

Ch. Briancon ©, K. Hauschild ©, A. Korichi ©, M.-H. Ha ©, F. Hmmppe O. Dorvaux ®, L. Smrrge

* Flerov Laboratorv of Nucl ___ SHe +1Er — 12Yb* — 166Yb+6n (CF)
b erov La L::la .mw{ of Nuc e?u_lﬂc — 110Yh*+2p — 166YD + 4n (ICF)
The Henryk Niewodniczanski In 168Er* ta (ICF)

CSNSM. IN2P3-CNRS. UMRSE ... ... ...
Université Libre de Bruxelles, PNTPM. Bruxelles. I 6Li+ 1Ho — 71Yb* — 196YDb + 5n
Institut de Recherches Subatomiques, IN2P3/ULP, ¢ — 19Tm*+ d

f Institute of Physics. Silesian University in Opava, 7+ — 67TEr* + ¢

SLi + 16Er — 1Yb* + d — 166Yb + d4n

| | _ L, 168Tm* + a
Complete fusion (CF) and incomplete fusion (ICF) re 112y, 166V + pSn

loosely bound °He and °Li projectiles bombarding "*Er anu  1iv wigons ai wivizy uvi avvwe i
MeV/nucleon. Experiments were carried out to test an approach exploiting the measured intensities of y
rays emitted at the transitions between the yrast-band levels of reaction products formed after the
termination of neutron evaporation. Partial waves feeding the CF reactions '“Ho(°Li.5n)'*°Yb and
" Er(*He.6n)'*°Yb as well as ICF '“Ho(°Li,a3n)'*Er and "*°Er(*He.a4n)'*Er reaction channels were
revealed from the obtained y-ray data. The method of exit channel 1dentification via the triple coincidence
(v1—y2—light charged particle) was employed for these reactions study.

Physics of Particles and Nuclei Letters , V9, N5 (2012) 806-813



bHe + 166Er — 166Yh+6n
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< Kinematically complete experiments including the measurement of ~ 228.1 keV

gammas, neutrons and light charged particles were carried out

<= This approach gives access to the partial wave distributions between the
complete fusion and incomplete fusion reaction channels



10He low-lying states structure uncovered by correlations

= SHe beam: E=23 A-MeV , I~1.5x104s'! , 3 weeks exposition
“ Tritium target: P=0.92 Atm, T=26K, Enrichment 99.7 %
& Zero degree geometry & kinematically complete measurements 6_,=0-180°
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Sidorchuk ef al., PRL 108, 202502 (2012)
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5Be: Isovector soft dipole mode (IVSDM)

Li Kk,
33 A-MeV

Cryogenic
p target

- M

Experimental energy spectrum of °Be (solid curve)
and MC simulation (filled histogram) (a).

Theoretical input for MC simulation (b). Contour plot
of the spectrum in the (E,60g,.) plane (c).
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® High statistics (~107 events) and kinematically
complete measurements by detecting a+p+p
coincidences were obtained.
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IVSDM in charge-exchange reactions

~ @) cool } 218 MeV () | | a) - Qualitative comparison of
% 0.2 RS SDM calculations with 6He data
= 2 [T.Aumann, EPJ A26 (2005) 441]
é E 400 |
%: 0.1 i’ b) - IVSDM calculations with ®He
;_ﬂ 5 2001 data [S.Nakayama et al., PRL 85
= |/ Aumann etal [4] ~ Nakayama et al. [10] { | (2000) 262; Li("Li, 'Be)®He]

1] S — oL ..

0 2 4 6 0 5 10 15

E, (MeV) E" (MeV)

There are several important issues:

© The detailed correlation information about Be 0+ g.s. at E; = 1.37 MeV and
the 2+ state at E; = 3.05 MeV is extracted.

© © A broad structure extending from 4 to 16 MeV contains negative parity
states (populated by AL =1 angular momentum transfer).

The continuum structure can be interpreted as a novel phenomenon:

the isovector soft dipole mode associated with the °Li ground state

® & Our calculations provide very reasonable and consistent description of the
three different sets of data: SDM in ’He, IVSDM in He and ®Be branches.

Fomichev et al. Physics Letters B 708 (2012) 6-13.



ACCULINNA Fragment Separator
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0 12345
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‘ Max magnetic rigidity 3.6 Tm 265 -
S Solid angle 0.9 msr _ _
U—400M : H/V acceptance angle  20/14 mrad B 1 1/ 2_'_1

323 @ 50.3 AMeV Momentum acceptance 4.2-8.4 % e
| ' l AE 70

—=

'E1000 1

32S(570.3 A-MeV) + °Be(0.5 mm)

= 5 >

Be 0.5 mm 2
F2 ik | 2 w8

L Plastic #

Wedge — BC418 80

&slits _125 M 2

‘ Be 0.5 mm ‘ ‘ ‘ ‘ ‘ i 40 _

Aplp £ 2% - 3

"NNDC: T,,~10 ms
Acculinna: ToFg, ¢, ~0.0003 ms 120

'II-F|III|III|]II

Experiment: "
T1,2<79 ns, Q,, > 640 keV

Fomichev A.S. et al., |[JMP E20 (2011) 1491
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700 900 1100 1300
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Optical Time Projection Chamber (OTPC) is an effective tool for
the study of rare decay modes of exotic nuclei

Ti2=8ms "=
oD 2/ & T,5:1-500 ms
* 1000 x 1000 pix
* 12-bits
« image ampl.
(x 2000) wmw

1%CH,

43Cr, 4°Fe, Ni @ MSU
8He, “Be, 'S, tests @ FLNR

M. Cwiok et al., IEEE TNS, 52 (2005) 2895
K. Miernik et al., NIM A581 (2007) 194



He — 8Li* : decay viaa +t+n, ’Li + n, °He+ d

_ 025 _ I L] 1 1 1 I 1 1 Ll 1 I 1 1 ] 1 ! 1 1 1 1 I N
0_2—- — Fit data _.:
- — PMT signal ]
Eo_ls— _ -:
| :
z i ]
q i -
0.05—: ! -:
s < ! 3
| | | | |
50 100 150 200 250
Length [mm]
Full kinematics
o t: n:
L=(21£2) mm L =(66+3)mm E = (2.24 + 0.30) MeV

E = (900 + 50) keV || E = (1100 + 50) keV

©=(44 £ 8)° ©=(128+8)°
© = (236 £ 5)° ¢ =(3+5) |Q =(4.24 £ 0.34) MeV \
= New information about the mechanism of rare decays

and the structure of exotic nucleus
S. Mianowski et al., Acta Phys. Pol. B 41 (2010) 449




278 study: B2p, B3p branch ratio search via OTPC

EPJ A12 (2001) 377: T,,(27S)=15.5 ms; P(Bp)=2.3%; P(B2p)=1.1%
AE, MeV 325(53 MeV/A) + °Be(300 n) — 27S (1/min)
1 "=, NS :..'.. e

100 - —

80—

60—

40:— Analysis in progress
- More statistics and

20— better beam quality are
_ n R O obviously need

O_I | | ‘ :lll I| | I.I II“‘ [ 1 | || | | . | | | | | | | | [ | (I27S/It0t~ 002%)

0 200 400 600 800 1000 1200 1400 1600  Acc-2 will provide a
ToF, chan. factor~100 !



Estimations for Acculinna—2 RIBs

HI I, puA E, A-MeV RIB E, A-MeV I, Purity, %
ppPs/PpPHA

7L 5 34 6He 21.7 4.1x107 99
6He 6 2.1x105 99
7Be 22.4 5.9x105 70
118 5 33 8He 21.9 8.6x104 99
8He 15.6 3.7x104 99
8B 15.8 2.2x106 28
15N 2=>5 47 1L 33.2 7.2x103 99
180 1.5=>3 48 11 31.3 7.4x103 81
14Be 34.6 1.6x103 99
15 32.1 4.3x105 97
16C 28.8 2.8x107 99
20Ne | 1.5=>5 54 130 24.2 1.5x106 10
140 22.8 3.4x107 54

17Ne 29.0 5.4x106 69 vs 0.5
368 0.1=>3 49 240 23.4 2.5x103 62
14Be 29.2 3.8x103 67
17C 25.0 1.1x105 78
18C 25.5 1.9x104 11
328 0.1=>3 52 24G; 11.3 7.2x103 31

278 21.7 3.7x102 2 vs 0.02

Key stones for Acc2: acceptance, length, RF-kicker and HI RIBs




Scheme of ACCULINNA-2 setup at the existing building
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ACCULINNA-2 step by step

Phase 1_2011 - 1.07 Meu (1.5 M$):
Prepayment (TDR & Funds allocation)

Phase 2_2012 - 0.79 MEu (1.1 M$):
Magnets - 0.23; P_supplies - 0.12; Design - 0.34; Vac - 0.1

P Eir..?J

DRIBs o

cammennd

Phase 3_2013 - 0.79 MEu (1.1 M$):
Magnets - 0.41; P_supplies - 0.22; Vacuum - 0.16

I==========II4

Total (Z®): 3.5 MEu (4.9 M$) :

e

I
1

Phase 6_2016... - 1.2+... M$:
CasCatcher etc - 1.2; ZeroDegreeSpectr etc - x.x

[

" In accordance with the Contract JINR — SigmaPhi Ne 500/1535 dated on 28.09.2011




Characteristics of existing and ne

(ACQ2 and Ap/p are angular and momentur

order momentum resolution when

n-—ﬂight RIB separators

- — rac DAy 2t a Pt
m acceptances, Rp/Ap is the first-
m object size is assumed)

ACC/ACC-2 RIPS / BigRIBS A1900 FRS / SuperFRS LISE3
FLNR JINR RIKEN MSU GSI GANIL
AQ, msr 09/5.8 5.0/8.0 8.0 0.32/5.0 1.0
Ap/p, % +25/+3.0 +3.0/6.0 +5.5 +20/5.0 +5.0
Rp/Ap 1000/ 2000 1500 / 3300 2915 8600 / 3050 2200
Bp, Tm 3.2/3.9 5.76 /9.0 6.0 18/18 3.2-43
Length, m 21/ 38 27177 35 74 /140 19(42)
E,AMeV | 10+40/6+60 | 50+90/ 350 110+160 | 220+1000/1500 | 40+80
Additional No / RF-kicker | RF-kicker / S-form |  S-form & S-form Wien Filter
RIB Filter RF- kicker

ACCULINNA-2 will looks like improved RIPS operating
at low energy domain E p,;5,~6-60 AMeV and with Z,,=1-36




protons

20 _ measured uncertain |
5 .

r! calculated uncertain
1
1

Road map for DRIBs-III

measured driplineze‘
calculated dripline one, two and three proton
s decays of 120, 16.17Ne, 2627
« using the modern technique
" (OTPC, vertex method, zero-
degree geometry etc)
stable
bound Reactions of complete and incomplete fusion
unbound - observed | n@g@r Coulomb barrier; fusion-fission etc.
unbound - limit
A=40 A=50
| /
0 10 A 20 " —X
neutrons =30 o :éf
TUYY —S
- > E': calc. uncertain —Si —P
Exotic branches of 0 Al — Al
beta-decay for TN N Me
neutron and proton 10 Ne
reach nuclei in
vicinity of the drip B bl
lines B bound
(8He’ 11|_i’ 23Si etC) ] unbound - measured
D unbound - limit
! (:- ]IO 20 30 40

structure of neutron rich nuclei 416Be, 18.19C, 25.26Q etc with the use
of cryogenic tritium target and 3¢S & 48Ca intensive primary beams

neutrons




The start up research program beginning 2015

1. Neutron haloes.
Detailed study of the excitation spectra of >Be, *Be, 1Be and heavy carbon
nuclei °C, 2°C, ?!C via transfer reactions in complete kinematic measurements.

2. Nuclei close to the doubly magic *4O.

Transfer reactions (t,p), (d,p), (p,’He), (d,’He) and

charge-exchange reactions (d,2p), (t°He) are suitable for these experiments.
The required RIBs (*'-*0 and ?SF) with 1x10° — 3x10° s~ will provide

the measurements of resonant states for the >0, 0 and %60 isotopes.

3. Proton drip-line nuclei in vicinity of atomic numbers Z =10 — 20.

No dedicated search has been performed yet for the neighbor nuclei

with even Z: Mg, %68, 3°Ar and **Ca.

The rp-process waiting point associated with the magic >0 nucleus calls for the
importance of a measurement of the > O(a,y) reaction rate. The two-proton
capture processes namely, the °O(2p,y)!"Ne(3/2—) was underestimated by
several orders of magnitude in the treatment of the rp-process waiting points.

4. Complete and incomplete fusion reactions and fusion-fission near B
68He, °Li, 1°Be (5-7 AMeV) + Ho, Au, Pb, Bi, U
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Welcome for collaboration ! Thanks for attention !!



