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IRINA: Yields

Yields were calculated with 5 g of 235U in target and 3x1013 n/cm?/s
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IRINA: r-process

129A¢g, 8Ni : waiting points
with known T,,, and unknown
B-n branchings. T,,, for 1?°Ag
|I=1/2 isomer and its excitation
energy are not known.
Expected yields 12°Ag ~ 1 1/s;
8Ni ~ 104 1/s

%Se ~ 107, %8Br ~ 1083, 101Kr ~ 104,
103Rp ~ 10° (RIKEN-RIBF ~ 50),
106Gy ~ 108, 109Y ~ 103

(RIKEN: 238U+Be, 345 MeV/n, 6x101° 1/s — 10% 7®Ni in 13 days)

T. Ohnishi et al., Phys. Soc. Jap. 79, 2010, 073201



IRINA: r-process

Proton number
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Meutron number

B Last accessible at IRINA

J. Hakala et al., Phys. Rev. Lett. 109, 032501 (2012)



Shell evolution for exotic nuclei
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Neutron single particle energies for (a) 3°Si and (b)
240, relative to 1s,,.

Shell evolution:

240 — new magic number at
N=16,

S4Ca — new magic number
at N=34,

disappearance of the N=20
(32Mg) and 28 (#2Si) shell
gaps, etc.

It was explained by
introducing tensor forces
or/and 3N forces

For O the drip line is strikingly close to the stability line (last bound is
doubly magic 24O; cf. last bound 31F, Z=8+1).
This phenomenon was explained by introducing 3N forces.

(See EFT studies with naturally arisen 3N forces: E. Epelbaum et al.,
RMPh, 81 (2009) 1773)

T. Otsuka Phys. Scr. (2013) 014007



Disappearance of N=40 sub-shell
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Neutron Number

E(2*) and R(E,./E,,) systematics for neutron-rich
,4Cr and ,cFe isotopes in the range 26 <N < 40.

R. V. F. Janssens, Phys. Scr. (2013) 014005



IRINA: disappearance of N=40 shell

Calculations: ground states of all
the Fe isotopes are predominantly

of spherical character, whereas 67C0%0 ~ 4.5%105 1/s
ground states of 6264Cr are T 4
dominated by a deformed Mn*® ~10% 1/s
configurations. 69Mn44 ~ 20 1/s
Striking similarity with Pb region: 64Cr40 ~ 10+100 1/s

shape coexistence predicted.

66Fe40 ~ 8x104 1/s
BFe47 ~ 10 1/s

Previously measured Achievable at IRINA
54-58F@28-32  =——> ypto N=46

50-56\/|n2°-31 > up to N=44
50-54(r26-30 —— > up to N=40



Shell-effect in radii at N=126, Z=82
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N>88 — classical deformation region!

New shell closure at N=90, Z~50 is

predicted.



Shell-effect in radii at N=50
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The same kink in Ga (very n-rich)

P. Campbell et al., Progress in Particle and Nuclear Physics (2015)



IRINA: shell-effect in radii at N=50, Z=28
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Shell evolution for exotic nuclei
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spins for odd ,,Cu isotopes
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(8) peoton SPE;oF NI testopes] fs;o I P3j, INVErsion was shown by | and p

laser measurements (“1:73.75Cu) and may be

s 10} explained with tensor force inclusion. (See
E [ also shell quenching)
@ : It is of importance to trace the proton shell
-20f evolution beyond N=50.
e Same inversion was found for Ga (A=79-81,
N N=48-50).

SPEs of protons for Ni isotopes

T. Otsuka Phys. Scr. (2013) 014007



Shell evolution for exotic nuclei

K. T. Flanagan et al., PRL 103, 142501 (2009)
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K. Sieja and F. Nowacki, Phys. Rev. C 81, 061303 (2010)



Shell evolution for exotic nuclei

K. T. Flanagan et al., PRL 103, 142501 (2009); U. Koster et al., PRC 84, 034320 (2011)
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IRINA: Shell evolution for exotic nuclei

K. Sieja and F. Nowacki, Phys. Rev. C 81, 061303 (2010).

4
21 u(’7Cu) may be
= 257 reproduced only with Z=28
e shell qguenching by 0.7MeV
0.5 1 Previously measured Achievable at IRINA
_n_g S7-18Cy29-49 ——> up to N=53

40 42 44 46 48 50 63-82Gg3251 =—=> Up to N=56
N

Note: rapid onset of deformation is expected beyond N=50; T,,,
for 86.87Ga are needed for r-process studies (shell quenching)

Whether the similar inversion occurs for Z=50 shell? Some indications of “tensor force
induced” shell evolution was found in 126Pd&0%: small difference between the 10+ and 7~
isomers was ascribed to the tensor force shift of the 1h,,,, neutron orbit (H. Watanabe et

al, PRL 113, 042502 (2014)). See also: J. Shergur et al., Eur. Phys. J. A 25, 121 (2005)
(5/2* state in 13°Sh)



Quenching of the N=82 shell gap?

|. Dillmann et al., PRL 91, 162503 (2003)
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Comparison of the solar system r-process
abundances in the A~130 peak region with
model predictions

Quenching of N=82 shell
describes big Qg(*3°Cd),
high energy of 1* state in
130In and corresponding
log(ft). Cf. also
Improvement of solar r-
abundances at A=130
descriptions

[TTdg/2, VO72] 2QP 17 state

129-132C(d, 128pd, 122Zr masses as well as the position and log(ft)
values for 1* GT states in daughter nuclei are needed.

T,,, for waiting point ?8Pd — 3 1/s at IRINA



IRINA: Reducing pairing after N=82?

“~__ New magic number N=90?
Calculations with 3N forces

136Te84 puzzle: decrease of
E(2*) without increase of
B(E2) — is described by
decrease of pairing after
Sn(z-50) N=82 caused by 3N forces

0.0

2 4 & 8
No. of valence neutrons

Description of E(2*) and B(E2; 6 — 4%) for 136.1385n s better with 3N
forces. Crucial will be the measurement of B(E2; 2* — 0%) for 136Sn.
Predictions: 184 fm* without 3N forces, 73 fm*with 3N forces

136Sn at IRINA: 100 1/s — RIB is necessary (for B(E2))!
M. Saha Sarkar, and S. Sarkar, Pramana 85 (2015) 403-413



IRINA: Sb isotopic chain
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Single particle states near N=82, new
N=90 magic number (?), shell effect at 0cm’
N=82...

At IRIS with 1-GeV protons 11-135Sh can be measured.

At IRINA this chain can be continued up to A=141.



IRINA: Sb isotopic chain
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At A>136 neutrons from Bn (? in 13’Sb Bn=49%)
should be used for photo-ion current monitoring or/and
background suppression



Multi-reflection time-of-flight mass separator (MR-TOF MS)
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1. Onset of deformation near N=60
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2. Octupole deformation at A~150 (Ba, Cs...)

3. Indium: high-spin isomers (21/2-, 29/2*), anomalous
behaviour of p for 1/2- isomer, shell-effect at N=82

Previously measured Achievable at IRINA

104-127|n5578 =——=> up to N=87



IRINA: conclusions and outlook

PekopaHble Bbixodbl N-U36bITOYHBIX S4ep B AvanasoHe oT ,:Mn 0o gEr

1. Hosasa nHgopmaumsa o T,, 1 Bn Ana mogenuposaHus r-npouecca

2. CocywectBoBaHne doopm B obnactmn 28<N<40, ncyesHoBeHme
nopnodonoykn N=40

3. YMeHbLueHne cnapmBaHua rnpn N<82, cxxatne obonovyeyHon Lwenuv npu
N=82 n Z=28 (?7), srinanue 3N cun (?)

4, NcuesHoBeHne obonoyeyHoro adpdpekta B 3apsaoBbIX paguycax npu
N=50 (Ni) n N=82 (Sn): HacKonbKo rnpaBuiibHO OMNCbLIBAIOTCHA CIUH-
opbuTtaneHble cunesl B RMF? BnusaHue nepepacnpeneneHuns
OAHOYACTUYHbIX COCTOAHUN?

5. OpgHo4vacTn4Hble cocToAHMA BONKM3K N=50, Z=28: BnusHne TEH30PHbIX
cun (?)

6. OpgHo4vacTn4Hble cocToAHMA BONM3K N=82, Z=50: BNnsHne TEH30PHbIX
cun (?)

7. HoBoe marnyeckoe yncno N=90 (?)

0

Ncnonb3osaHne MR-TOF n NMUTPAIT ona ymeHbLleHns dooHa
KBagpynonbHas gegopmauuna npn N>60, okTynosnbHas gedgopmauymd
B6rnn3n A=150; knaccuyeckas obnactb geopmaunu Bb6nnam
cepeanHbl HEMTPOHHOM 000no4YkM (N=104); BbICOKOCNNHOBBIE
n3omepbi B IN ... ...

©



IRINA: In isotopes
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IRINA: r-process

Stable nuclei
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Schematic outline of the various nuclear reaction sequences
in astrophysical environments on the chart of nuclides.



