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Single -particle spectroscopy Is a traditional probe.

PHYSICAL REVIEW

Used for more than 60 years.
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Brief introduction to
Singleparticle spectroscopy
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Single-particle spectroscopy

A Direct reactionghat ADD REMOVR singlenucleon. ®
single step process

A MeasureTHREthings
1. Energy level,
2. Angular distribution,
3. Yield / Cross sectioy Spectroscopic factor

A The power comes from theHELL MODEL
A The total wave function is constructed bingleparticle wave function
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What Is mean by single-particle?

The Hamiltonian of a nucleus A e
. 2 , .
@ —1N W E
ca

Mean Field Approximation

residual interaction

7, O ’ 11/ 3
4 Single particle state N
1
"Q %o T %o
. f .
\ Single particle energy
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Connection to single-particle spectroscopy

The Hamiltonian of a nucleus A =B + k

R

Total wave function of

W T

4 Spectroscopic factor

Y 6D [y |w)
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(W lw) T
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e nucleus
Q% T %o
(& h"))[%o W ] ow 0y
"\ ( Effective Single particle energy )
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Intuitive picture via Single-particle spectroscopy

Spectroscopic factor

l. Sick, Quasifree knockout reaction, QFS workshop at ECT, Trento, 2008.

(Wlw) 1 D)% M L
A Slml!arlty between 2 nuclear systems "°°% i \ FG 208Pb =
A fraction of occupancy 3 SRC . i

> L : :
c v . {
: : : Boml= =l 1 n(E) A corr. |
Effective single particle energy =" + + 3 | . vocont. |
: i 5 | + v . LRC ;
T B OlT (0 h))l S 0.50 — + ‘*: zi(E) Vv —
. g | $ ]
B |T (6 |’D)| < 0 | 208ph 4
0.25— ) o
Weighted energy L - | -
A average out the perturbation by the residual interaction.  ~ © .o, ) e A
A monopole part of the Hamiltonian =30 =20 =10 i O(Mev) 10 %0 %0
A mean field picture. '
A extract the 3 YZ2NbX
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Fast beam caséF{,2p-+O

Similarity betweerr°F and?“O + p
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Fast beam production

Projectile fragmentation method
A Dbreaking upgheavy nucleuinto manylight nuclel
A In-flight particle separation

A requires highenergy primary beam

primary
target

Fast!!!
Heavy ion beam

Heavy ion )

200¢ 400 MeV/u

accelerator

With fast beam, quadree (p,2p) Is a natural choice.
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The (p,2p) knockout Reaction _de Broglie wavelength
3 o \gééyééé Y2N$ Vi

waveLength [fm]

—

Particle Creations

study thefullnessof orbital ™

\‘
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Proton Energy [MeW]
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/ i \ 200} probe g © Bptot ‘ -

Ideal energy is 150400 MeV - \surface 3 * 6ot (elastic)
‘m_ o P-P i
- e < -
0 Nucleus to be mostly transparent| _ A o -
QuaSl-fI’ee” a - oano —i om ome St omoe & aeaoo@mS foo 8 & ®
. . . = — -
U Nucleon motion igrozen ol Tohtoz it | | | ]
U Able to probe deeply bound state |  elastics ® -». Inelastic -
U CKS NbBIOQuAEZY Aal O *ﬁ'i‘- La el
n = e 1-- » -4
\ / oo 00z 005 01 02 o5 1 56100 '200 500 1000 2000
Tklnfﬁe\f]
Rev. Mod. Phy®5, 47 (1993)
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Quasi-free (p,2p) 1 S

L. Lapikas NPA553, 297 (1993)

L.Ataret al, PRI1120, 052501 (2018)

a S

GSI(p,2P) @ 300g 450 MeV/u

N l, eadmpo
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S. Kawaset al., PTEP 021D01 (2018)

RCNP/RIKEND, 2 )@ 200- 250 MeV/u
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ﬁ‘ ! L WpIZ+p32 o : (| 7 (p.2p) w/DP '
ool VALENCEORBITS | b ASGF  —poom E |7 b wiMS
- A R B 1 02|k 10 e,ep): M. Leuschner et al. [24]
-0 0 -1 ! . | e Mo BNy Z. Y. Sunet al. [25)
0.0 bawaaad sl L Sp - 3, [MeV] l]|||||||||
1?FAHGET MASSW 25 a0 A5 0 50 5 10 15 20 25
—_— . .
- A Impulse approximatiop=s-5
(S 2 )5: Cadlomb interaction (p,Zp) - A delta interaction
Is well known. A frozen nucleon motion
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New magic numbesStable nuclei

AAAAAAAAAAAAAAAAAA

8 ([T 1] _EMEI dripline anomaly Fluorine: 1-protonin sd shell.

A support neutrons up to the 4 shell!

Unstable nuclei A something interesting from that proton.
> N
2 8 16 / \
Y O©ORO [{w @ fw )

*>F(p,2p) .
A 240 is a doubly magic I (GRQ|

A the proton configuration mixing should be minimum. )
A Knockout of the proton (“ o <) Ie

A study the neutron shell \ proton shell  neutron SheD
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2SF beam production (1)

Radioactive lon Beam Factory (RIBF), RIKEN

o 4

R
[ Bl Ni
C E

THE UNIVERSITY OF TOKYO
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2SF pbeam production (Il

Radioactive lon Beam Factory (RIBF), RIKEN

48Ca L Et
34AMeV A Momentum
200pnA dispersion
9
NEc TOFc B method Be 30mm
N 11E ) A .-'; K

10F |

8l

- Plastics

i beam rateﬂ 2.0 X 10 pps

BF

LT np| £1.0% i

- 10Begd T . F-H1

4zL Lo Purity| 42% SHARAQ-SDQ

Lo - ARAQ-D1

I % " K.E|277A MeV SHARA SHARAQ-Q
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Experimental Setup 7 "ot
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known measure
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EXperimenta| Resul’[ Momentum distribution

counts / 4 MeV

AAAAAAAAAAAAAAAAAA

21004 3n = E— (*F*0) ,a_
2F(p,2p) e z .
240 [} 2§ 2s, .
230+n 7 {. 0
22 r b, + e
220+2n DETE%H 7.4, (_} o B8O 160 240 iEFMEsz?I
23D+H 54—* 1+] -
12 i £+ = (*F20+n) 44,
;izE = ip,.
20 0 20 40 60 o4 0.0, 0% 3 3
E
x [MeV] 0 _g llllllllllllllllllllllll
[ a0 160 240 JE:-{EFMEUIE?I
/A (*°>F?%0)is a single peak from 1d orbital. N - _
A (?5F220+n)is from sdorbit A no sorbital A 1d., orbtial = oof (BF220+2n) 44,
= 1sf P,
A Mean energy of?°F220+2n)is ~ 13 MeV g 1%
A shell gap betweesdand pshells = 12.7 MeV of
\_ A p-orbital should dominate. Y 0 E e g

Previews of the Future in Leanergy Experimental Nuclear
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Spectroscopic factor and wave function?eff

Exp. Cross Section

Spectroscopic factor =

DWIA Cross Section

(PIKOE, K. Ogataal., Osaka University, Japan

Residue Orbital SF
- 240 0.36+0.13
"B g 4 b2 654025

Wave function of°F =s &

/Optical potential : \

Microscopic folding potential
(Melbourne Gmatrix interaction)

Bound state:
WoodsSaxon potential

3 pEG;)bTIAEﬁ
e

Double magic

/

S0y §(Vime | g5 Vide /° E)

Core of ©F = ~35% #*O, , and ~65% =*O excited states.

8/6/20
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Why the G.S. spectroscopic factor is

17]_:‘ 23F ZSF 4ISC 49Sc 209Bi

Possible Mechanism: Neutron threshold T 1d,), _
Typel shell evolutiondriven bytensor force =------------- @- - > 2
T.Otuskaet al., J. Phys. QNucl Part. Phys43(2016) 024009 % “E
o) =3
28, v! g
Consequence are: 1d.,, 5
U Increase neutron configuration mixing a

u Disappear _oN = 16mag|C|_ty._ 160 core

U Long Fluorine neutron dripline
Fluorine

NATIONAL LABORATORY

so small?

o : .

o 14 o 2003 A In double magic + p nuclei,

© 12 t ( Fa ’ O) \ . .

5 X(e.ep) the quenching is small.

o Lo T , 14 o (d.n)

O 08 r L : : :

D o6 L X | #CHe. d) 1. The proton ir*°F is almost stay in-g shell.
g il # W EC(SF %0) A it seems that

Q- S 0 i 125

Q 02 FBF20) © (FX0,,) 0(p.2p) 2. There are 65% (_—:-xcné’dO in2°F core.
N 00 S R A something on

1.4
1.2
1.0
0.8
06 [
04 |i -
0.2
0.0

15,4 ——pround state
od.,, excited states

Single particle energy of the v0d;;, state [MeV]
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Can shell model calculations explain the result?

Residue Orbit SEe SF(SFO) SF(USDB) SF(SDPFU)
240 0.36£0.13 0.9 1.01 0.95 :
25F(p,2p) 105, with 0, 1, 201
! 230 + n 2 0.65+0.25 0.1 ; -
Model space p-sd sd sdpf
ot T.Suzukétal,  B.A. Browretal, Y.Utsnoetal, | in-beamo-ray spectroscopy
ererence PRG7(2003) PRC74 (2006) RP@86(2012)
044302 034315 051301 101 i"zi 10
1. Give almost unity of ground state ; a2t

2. Produce nollittle fragmentation. o 123 o’ ls

I 3123 ]

5/23

> 6l or2g i

TABLE 1. Partial norms of wave functions using up to 3p-2h E 5: °

N - A amplitudes on top of the **O reference state. The interaction is the § - . . ]

a I € 0SX newly optimized chiral interaction at third order (N°LO) [31]. E af 321 ggg 1a

i 9 [ 3121 3t ]

A The tensor for(?e IS not strong enough” » . o | st |
A Real 3N force is needed? — — .- v | T e b
A Strong deformation o#5F? 12 0.56 0.36 008 | . New State
9/2 0.00 0.74 0.26 ok 5721 5271 st o

N’LO N°LO+3NF Exp.

Zs Vajtaet al, PR®Y, 054323 (2014)
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PHYSICAL REVIEW LETTERS 124, 212502 (2020)

How Different is the Core of 2F from 240&& ?

T. L. Tang®, 2* T. Uesaka ,2 S. Kawase ,"% D. BE:ElllmE:l,3 M. D-:)Z(m-:),2 T. Fuju N. Fukudd T Fl_lkllnclf'-:l
A. Gcllmdn Uuhcmi ‘3 H. Hwang, 5% N. Inabe.” ’D. Kdmedd ’T. Kaw.ﬂlmm,? W. ij, K. K1.~,¢1nm]1, M. K(]hd}'dhhi,l
T. Kubn Y. Kubota, LS K. Kll‘:clkcl C.S. Lee Y. Mdedd H. Matsubara ,2'” S. Michimasa,' H. Miya,' T. NU]‘U,4
A. Obertelli,” 293 K., Ogata ,m g, Ota, : E. Padilla-Rodal ,'“ S. San:aguchi ,4 H. E~1ﬂkai,2 M. Sas::mn,2 S. Shimoura ,' S.
S. %tepdnycm H. Suzuki.” M. Takaki,' H. T.‘:lkﬁdcl’) H. Tokiedd T. Wclkcl":cl T Wakui,"*" K. Yako,' Y. Yana,_q,i&;:;lwa,2

J. Yasuda,' R. Yokoyama,' K. Yoshida.> K. Yoshida,'™" and J. Zenihiro®
O
“) i”“f}“
""-’

E
ASCE P N|SH| ’“‘ Tu?.'dei’s.'i”

University of Miyazaki THE UNIVERSITY OF TOKYO C E N

\\u/ OAK
Eﬁ rene P dum DU

\)N VFQ

0 NOINAL AUTONGHE 7
% Ly

OSAKA UNIVERSITY
KYUSHU UNIVERSITY
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Slow beam cas€é?*Hgd,p)-°'Hg
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Transfer reaction

[ ONi(@p)®IN, £=1 ®
lﬂf_ﬂI} Qg_s_=+5.6r[]'MeV _
(d,p) neutronremoval @ d 1 -
study theemptinessof orbital -
01F -
(p.d) neutronadding @ I
study thefullnessof orbital Ey (MeVi)
| | | T | lllclbl)ll
/" A Momentum matching ol e E
_ Slow beam _ _ - , 'ﬂ‘“-ﬂ\a\a '
U 5~ 20 MeV/u for maximum cross section, £ 1 -
A Reaction on surface. o, 0=
01f | O, 5 =—1276 MeV E
A Only 2 degree of freedoms= andO
K / 0 10 20 30 40 50 o0 70 80 90 100
E, (MeV/u)
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Inverse Kinematics for transfer reaction

A0[

. normal and invert kKinematics

Proton energy for

NNNNNNN

LLLLLLLLLLL

() d(*®si,*’si)p

‘\ 150+
%‘ %' 100+
% % #si energy for
LuE 20y Luﬂ normal and invert kinematics
50+
Advantage of inverse kinematics: 10f
A Detection of the residual nucleus oé
: : 30 60 90 120 18 60 30 0 30 60
A Smaller KE for the light particle S e Y B [deg]
A Larger spread of~ for— N mH omJ
8/6/20 Previews of the Future in Leanergy Experimental Nuclear %
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Some detectors systems

ORRUBA

40 Proton energy for

. hormal and invert kinematics
RN
~O\

\\
N,

w
o

ELab [MeV]
(]
=

MINIBALL

10 CD Detector

~

0 30 60 90 120 140 180
6, a [ded] Barrel Detector

T-REX

B=

A > -.\\\\’" $ A
[ A A " f- 1
® 1 > i
— A0\ | |
2 S ;:»’ /
| ,/ ya Z(beam),
A 4% ;

Cross section concentrates en od
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Energy resolution 1 s c¢ha

G.Burgunderet al., PRI112, 042502 (2014) K. LJoneset al, Nature465, 454 (2010) J.Dirikenet al., Phys. Rev. @1, 054321 (2015)

- o o . Proton > - . .
2of  [lzp 2060a1s 3sg N cn o | @120 G6N[j((] 0)67N =TT
100 sof 3 @ e 51:;’5 g ey
- E bearn 0 80 1896 keV
N 80;* MUST2 5/2‘ *@407 @I al%l()'B/\ gsof_
’ 60 :_ ~1 Mev § 30 8 40:_ T-Rex
- 3/2 50 keV - y
40 — 20 20: 200 ke\/
20 [ 1/2 j 0 froans el
J _‘_f"lj]_‘ 10 . L S | T | NS el | e (i
C | X, : & A 0 2000 4000 6000 8000 10000
™50 1 2 3 4 57% 0 sttt - g + t. 'Ni Excitation energy [keV]
E* (MeV) Q (MeV) |
S 20000 1lB(d,p)1ZB
A Resolution typically around ~ 2@®00 keV FWHM 100 Stdetector
A They are near the target ! @ ANL
A angular resolution is limited. 2 sl 250 keV

0

It is better to have resolution ~ 100 keV FWHM. TAO0 T 23S

Excitation Energy in B (MeV)

H. Y. Leet al, PRC 81, 015802 (2010)
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The ldea of Solenoidal Spectrometer

A.H. Wuosmaad.P. Schiffer, B.B. Back, C.J. Lister, K.E. Rehm, NINd&0 (2007 1290

- Uniform Magnetic field

Re oton

(d,p) reaction

Position
sensitive
Si array

A Large Acceptance
A Good angular resolution
A Energy resolution ~ 100 keV FWHM

8/6/20

a

E, (MeV)
= T Y - T -

E, (MeV)
= = [ (4] =Y & (=3} | oo

Previews of the Future in Leanergy Experimental Nuclear

without magnetic field

i

1 | I [ o aaririn AP 1 I

0 10 20 30 40 50 60 70 80 90
B, (deg)
%_ B m = 40°
= with magnetic field
é_ E,=0.0 MeV
\
E 8.,.,=20
3 — Ex=2.89 MeV \S S\mP\e
L 5‘5
0 5 10 15 20 A“a V 50
Zp(Uﬂ)
26
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HELIOS in ANL

Decommissioned I
Magnetic Resonance Imaging device Pl

eeeee

2.85 T magnetic field

December 8, 2006 ™ B.B.Back

Previews of the Future in Leanergy Experimental Nuclear
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The (d,p) reactions with HELIOS

0.5 1 1.5 2 25
Excitation energy (MeV)

g .0.000; 0°
f—| at 1
BN 20Ne 21Me 24Ne 25N T 15C(d,p) e
6 . ;ﬂg_ = . 1.766,2
23F | 24F _sE
> E 2
g. 4 ;2;
uf E
220 23C N3 13
2f
21N 22N E
i
00 21 TiE MeV)
-4 5 6 -7 -8
T N T T N T N T T _I
19E  20E F - = ]
L 0z 2
L) 2L [eNgd
13Ee 14Be | 15Ee 100k ﬁjﬂ— = = Il
z | a0t -
= 220
A g I £
P S
2 + 10
2 50 ¥ -
u F

4 (0.00) & 3° (0.072)

810
o 2 R (MGVJ 9 5
XClation energy (4] m
recoil residue N 3 i 0 EGGE""‘“"’a 4 s
Beam o 138(d,p) | ————— T
: | wl170Wdp)| 1y §{. B
230 1.38 (3) Em' g 5 g g 1 — i
8 0.74— (1) g
. . .E ) Esu- 5 13
target AE-E recoil 820; 2 0.00 2| Zeo o = i
detector s 3 2 1
: 1 8. = o 3l 3]
. - s 32 z
Resolution ~ 100 keV FWH M2 =W ] ¥ "

0 1

2 3 4
Excitation energy (MeV)
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Medium Mass Nucleus with HELIOS

B.P. Kay:t al, PR®4, 024325 (2011) &
10 — (JO\
L | d(eoxe, p)‘37Xe at10 MeV/u and2T \ SEae & No detector
8l ety 8 downstream!
’;; - o ] Position |
s srundid Beam recoil residue
~ T few degree span
13®(el(d.:,_p) . | | . | target
0.8 -0.7 —0.6 0.5 Az (m) -0.4 —-0.3 0.2 -0.1|
N T 32Sefl,p) - . _
; e L a‘ | Medium mass nuclei are OK!!!
:E_ ............ h ........... ) H LNJ J/l\{ _; ::: IIIIIII { .;l IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I“ll IIIIIIIIIIIIIIIIIIIIIII _; |
Y WW W“‘W by A\ J\Ma.l Heavy nuclei should be OK too!
Resolution ~ 130 keV FWH
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Q . . \
At ANL with HELIOS &° ApproximationQ  p | ©

- _________ o ___________________________ ___________________________

400 F—---- _. ._ ........ oo iy q"-i“ :"I ] . ‘l ................

count / min
o
=
=

recoil
residue

Stdetector

Sy
800 e & T T

8 MeV/u _ | _ | |
Faraday Cup 200/ ....... | e R R—
160-255>g/cm? CD - | 150
o _ 5 / hour
S P B B

0 20 40 &0 80 100
time [min)

Count

IEREEEEE

167>g/cm?
Beam rate : 8.3% 10° pps
Total particle: 6.6 10

] UL R A

Ex [MeV]
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Il nt o Terra | nBGartot d e

Proton number, Z

- IgI4HHIIHIIHIHI: StUdyOfZO7Hg
E % Pb A Toward for heavy elements
: %0 Hg | A Evolution of shelstructure along N=127
; s i ~3Th 1 A NO spectroscopy study of isotones below P
: 76 0s | A First measuremenon the singleparticle
r excited state(s)
L T state of207Hg!!
- 124 126 128 130 132 134 136
i Rani- 6 .
7 . N=127 s |
iRt ] 5 core 2+
] - —— core 3| -
.ok f ] - aF — g/a+ |-
28 . : i r Observed nucle1 ] %‘-‘ 5 11/2+ |-
0L =_E.E.§'- il E.::§=§=E Bl Stable nuclei _’ \_; E _— — 158 E
i B 7 process : U t? S — — 53+
C ..E:§=5-=.= Drip lines 1 C . —— - | A& |-
8 L 5 : .'=“ i.i . 1 B . o 7/8t 4
C ] i [ e N 3/2+ .
0‘-1'-.\\H\\\\.\\|..\..\\\H\H......\H\\\\|.\...\\.\H\HH...\.MHH\H.HF C ]
0 8 20 28 50 82 126 0 o
Neutron number, N Pt Hg Pb  Po Rn Ra
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Weak binding and nuclear structure

XX pUL oK WTI 0K ¢ T T
151,-"2 w.r.t ﬂdEfz 251;3 w.r.t .Id_gfg 351;2 W.ﬁt2d5fz/ IgH,.'"Z
+ | | | | I T I T I T T T T T T T T T T T T T 1 1 T 1 T 1 1 1 1 17
ol . - Exp. data 1T WS cale. . ‘\ WS calc. .
I B/a" | 0 1 F 0
1h . b = . 1F .
e - e -2f 1t 1 g =ff .
o O . © s “QK 1 F - © - -
2 SRR 2R 1 & -Bf s 41 r - g -3f -
iY A L b % ] L a - .
g -1F Sa { u g _a L éx s 4 L i g _AlF —
7] * H"\. A £ 4 W H 4
5 7 PR 1 5 d % 128 1t y 5 T 7
2 ol 12t & 1 & -sf SRR I - e 5f
B I N | &8 * e 7T . = -
S -6 S -6
-3 Oy - B/2" . w4 | - 207Hg
_ . x: - -Tr N‘.‘ a1 -7
B . 4 L L
4r v 8t * b . 8t
] ] ] ] ] | 1 | 1 | 1 ] 1 | NI N R TR T | T S [N T I TR Y T O T '
4 B 6 7 8 28 32 36 40 44 47 49 51 B.3 B5 B.Y 6.8 7.0 7.2 7.4 7.6 7.8 8.0
Z z Ry (Fm) Ry (fm)

C. R. Hoffman et al., PRC89(2014)061305 Is it a universal behavior
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\
S7~\  HIGH INTENSITY AND ENERGY UPGRADE R =
3 meN /Y g[
—
e 5 ~ 43 Wy D
ISOLDE s EA1S0
Solenoidal i ek ducinOuiice
W o (C ca
SO i~ TR %\S%?tef -waN®
A o 4y ‘ . p /: ®
i) 55 (L A ISOLDE uses CERN proton beam to create various isotoj
N 1 \
kg .o
5 g A Boost energy to 10 MeV/u from light to heavy nuclei
) “’%\’\k\\y

A Intensity to 167 pps, high purity for radioactive beam

A ISS is developed by UK group, base on HELIOS concept
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Setup at the time of COMMISSION oy beam is used. B

radiation damage is large

A target degradation,
Both the DAQ and the detector are borrowed from ANL. A A dedicatedt * 8 type-writer target

ladder is used.

¢ 4 sides, 6 detectors long

® Detector size, 9x50 mm

® 700-pm thick (e.g. ~10 MeV protons)
* ® coverage, 0.48 of 2n

® Qgetector = 21 msr

® Qurray = 493 msr

Incident ion

Position = (X1-X2)/E Target ladder Mechanical: Russell A. Knaacl

. Targets: Matthew D. Gott

J. CLighthallet al.,Nucl Instrum Methods Phys. 862 97 @010
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Experimental Result

10

e [MeV]

2099, p) @ 7.38 MeVid
y: > 98%:-

~ 5% 10° pps, purity >
165>g/cm2CQ -

Bfield =2.5°T

-

count [ 50 ke

[l

1=

ul

= Fissibn evaporation background

Count! 50 keV

-300 -250 -200 -150

-100 -50

Z [mm]

Resol ~ 140 keV (FWHM)
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Angular Distributions & Spectroscopic Factors

T TR A
DWBA calculation: Ptolemy af I T 8
d-channel : A. J. Koning and J. P. Delaradhel Phys. &A13, 231 (2003) - _,,*"* +* 1 o { -
p-channel : H. An and C. Cai, FIR(54605 (2006) s 'BY E3 '!F _Eé_,’! E
Bound state: Wood&axonj P8 Ym,d T Um CR AT ,:i','}}, ]
g "Fo To. e F o3
Spinparity assignment and Spectroscopic factors | 4f "i'ff'{_ V4 T o T .
E (keV) £ " nts 8 x* /dof l —* E3 E3 + * E
0 1 9/27  1gee  0.82(5) 1.3(R) o3 T o
1197(5) 2 5/27 2d5 2 0.47(6) 2.9(1.1) 10 30 10 30 10 30 10 30 350
1600(45)  ——dbee 2 B304} 542 Oem (deg)
2 5/2% 25,  0.13(1) 1.4(3) B A S ]
1810(20) —d— 9/ L et D312 IETAR . E 1 1gaz
2 5/2F  2dy,  0.42(3) 1.3(3) o oal j 1 - 20
1960(30) 0 1/2t 381 /2 1.00(13) 4.4(2.7) ESI | v 32
2335(6) 2 3/2%  2dy.  1.00(T) 1.1(9) E 1 f””
2530(20) 4 7/2F 172 0.62(6) 1.4(2) e 1
e T
* Normalized to 3g, state. | G Cewen h
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Connection to r-process

Counts / 25 keV

=
t,% N o WoodsSaxon calculations fitted to experimental binding energies of the
N - 9 neutron orbitals at N = 127%Hg, 2°Pb, anc1Po).
d N N m 0.0 =1 S T T
T T [ T T T T ] C\l N - ((g"l o T T T T i S~ ] 71 models
H w _ i \\ |
20 s e !] . [ N 1 |--= UNEDF0
L \—1 H N — “ - -1.0 [ - B I FRDM2012
. o = -‘ il [ i -
S ,ll & ‘l - - s ' WS fits
L o | | = L,"ll ’ ‘ - § 20 - ® V35, (exp.)
i O ‘I\ fl I ~ : :
we o VY 1 . |
Bl | 1 ’ ] 1 5 sof I 7 e
B ‘ [ : Lrl . .%ﬂ [ G i v0g7/,
| ’ ‘ ""' " l | i = | i
. | lll ,iﬂ"lj | | \ 1 & " Start of the rii ¢ 11 ® VOgop
r r P b —4.0 |- art of the ni o r-process for .
1 ¢ ,I1 v ‘L,‘ 1]] s . . vOi
0 |Tw—1]:r' |—|.F—‘*cr-nq1“'- i —— i «“J]j-wu!%: [ creation of heavy elements _ 17z
.[l:ll:l:I R N R B Tl | I R N NN N SN NN N M M B - y X m v0j; s
0 1 2 3 _50 L | | | Y a— | | | ™\ | | |-
E (MeV) 60 62 64 66 6§ 70 72 74 76 78 |80 82 84
Nd Sm Gd Dy Yb Hf W Os Pt JHg Pb Po

Z/Element (N=127)

Those isotope could be produced in FRIB era.
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PHYSICAL REVIEW LETTERS 124, 062502 (2020)

First Exploration of Neutron Shell Structure below Lead and beyond N =126

T. L. Tang,' B. P. Kay ,"* C. R. Hoffmzm,' I.P Schiffer,' D. K. Shalp,2 L. P Gaffnza},r',3 S. L. Freeman,2 M. R. Mumpower,“‘ﬁ
A. Amki.:uclj, E. E chdm P.A. Butler,” W.N. Catford.® G. de An-f~a=,:li~.L F. Flav iﬂny,m” M. D. Gott E. T. Gregor, ’
J. Konki,> M. Labiche,"* 1. H. Lchcl]'ll\ 12 P.T. Mclc,Gleﬂm“I Martel,” R. D. Pdne 7s. Pndnlyclk O. Poleshchuk’
R. Raabe.’ F. Recchia,"*'* I.F. Smith,” S.V. Szwec, 16,17 and J. Yang®
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Outlook

The future of :
A Singleparticle spectroscopy
A Solenoidal spectrometer
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T.L.Tangt al., PRIL24, 212502 (2020) T.L.Tangt al., PRIL24, 062502 (2020)

e [MeV]

More Applications o s
% 30 (25F,230) 7; 5
. = (25F,220} e .
There are newviricksfor T 20 1 3
singleparticle spectroscopy. g 10 : 2
0 ..;FZE & 1
20 0 20 40 60 R R -155'2[‘m‘n.f]£o 0
Ex [MeV]
T- Otouka Phys Sor T152 (2013) 014007 J. Cheret al, PR®S8, 014325 (2018)  D. SantiageSonzalezt al, PRLL20, 122503 (2018)
neutron SPE of N=20 1 ' = T e S S
g T=a —7 T st rotational band of%F 13/2"
v S -2} T e — N3 ;
S S .0 — — " ] - Beam!!!
E::' D N S N3 e 012" b
w0l Extraction of TBME : SFF m
18|:/18O 200 22|: 26A|/26M6/S04%~§04/3 {)0 . Il . -2 é ;; % - (; ) !
AN Jr (h)
Study of ESPE and shell evolution Connection between single-particle

and collective motion.
Above are only few applications, a lot MORE !!!
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The needs of and Slow beams reactions
B ~ Study thefullnessof orbital —
O
Fast beam knockout Slow beam removal
A Deep inelastic scattering. A On nuclear surface
A’ No Qvalue limitation. A Sometimes limited by @alue.
A Simpler reaction mechanism (Impulse approximation) A Beam energy >Q-value
A High energy less energy loss A Easy for neutron removal
A Solid polarized proton target A Reaction mechanic is welhderstood

A Thick target technique
A Beam evenby-event PID & tracking
A Not everything in vacuum

Both can extend taQuastparticle spectroscopy!!!
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Single-particle spectroscopy in FRIB «
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| ABARATARY

Reaccelerated Beams
<12 MeV/u for A/Q=2

Reaccelerated Beams
<6 MeV/u for A/IQ=2

-----

el
S B A O R

' . ; . SOLARIS
Separated fast beam rates H
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_ 60 : ]
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5 oy 7 R
=z s L
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*g npplt¥ &=, ot W A%, 0.5 . tem Jf W 17
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https://frib.msu.edu/science/instruments/projects/hrs.html
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Future of the Solenoidal Spectrometer

: T ¢

&

HELIOS

Separated fast beam rates
go | http:/igroups.nscl.msu.eduffrib/rates/ -

CARIBU i

40r r-process
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