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Experimental Chart of Nuclides . "
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Because of spin-orbital coupling,
Magic number appears.
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Nuclear structure

0ds),

( Nucleons are moving in a MEAN field \ 1sy/

e This mean field is created by the nucleons 0d;,,
themselves

\ 4

Hartree-Fock approach
(Independent Particle Model) Op3/;

* single particle energy/state

- 06— @——
k occupancy 1-body interactioy P1/2 ‘

S1/2 _._._
O ~ . .

neutron

proton

“Li
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Nuclear structure

0ds),

( Nucleons are moving in a MEAN field \ 1s,,
0d;,,

e This mean field is created by the nucleons

themselves

Hartree-Fock approach
(Independent Particle Model) 0P/,

* single particle energy/state A 3\ s \[ I%

. _ , Op, ,—@——.
k occupancy 1-body mteractloy P12 o

Many-body interaction Os . . \
Mutual Interactions 12 —.—.—

proton
neutron

Perturbation of the single particle state
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Tra N Sfe I red Ct | ON -+ study the single particle state
e —®

(d,p) neutron transfer

study the emptiness of orbital

_~ @

(p,d) neutron pickup ®
study the fullness of orbital

Spin-isospin factor
assume full/empty orbital
\ do
= 91j51; )
exp f theory

Experimental do
differential cross section: dS)

spectroscopic factor ~ occupancy
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Nuclear structure of unstable Nuclei

R. Kanungo, Phys. Scr. T152(2013) 014002

28“2 halo N:30.32 appear 32
2pap halo \
20 28
20 [ o
[ | | * New shell closure
Z g 16 * Neutron Halo
* Location of dripline
=N Z=16appear . .
s N * Island of inversion
| \ — 28
% - island of inversion
u [ N=20 disappear
16
2

2 p % N=8 disappear N=16 appear > N

To study unstable vuclei 2> weed inverse kinematics
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Convention experimental setups

Inverse Kinematics

Polar angle coverage
MINIBALL . 15 to 165 degree
coverage (>75%)

CD Detector

T MHe from (d, He)
Tritons from (d.1)
Elastically scatiered deuterons

Elastically scatipred
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Protons from !
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Forward endcap Barrel Backward endcap
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Difficulties (Unstable Beam)

Inverse kinematics = Energy compression
Unstable Beam = low beam intensity

6 MeV/u —> large acceptance

40 Q=624 MeV T

301 d(®8si,p)2°Si |
— inverse
>
()]
=
< 20t 28gi(d,p)20si |
LT 'conventional'

1ol @cm<30° |

B m < 30°
O L : L 1 L 1 L 1 L
0 30 60 90 120 150 180
B)ap. (deg.)
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6 MeV/u

40 \ Q = 6.24 MeV
30l \ \ 2831 p)29si
— \ \ inverse
2
‘ 28ai 29q;
< 20 \ Si(d,p)=~Si
) LT \\:\'\ 'conventional'

0 30 60 90 120 150 180
B)ap. (deg.)

A charged particle moves in a helix orbit.
It will return to the beam axis!!

How about we placed a detector on the axis
in a uniform MAGNETIC FIELD?

Can we measure
* Energy - OKI
e Scattering angle - ?7??
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Transfer Reaction (1)

In the Center of Momentum frame....

P, = E
Two degrees of freedom are b —

* scattering angle 6.,

p
ter By vE' +yB(f - p)
excitation energy E, Pp = (fc) — ((yﬁE’ +y(f- ﬁ)) g+ (- ﬁ)ﬁ)

Although transfer reaction usually non-relativistic,
for simplicity and generosity, lets do it in relativistic way.
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In Magnetic field

P, = (E) _ ( YE' ‘J‘Vﬁ(ﬁ; p) )
k) \(vBE +y(B ) B+ - p)n

k- xy
The helixradius  p = =300

cZB
2np 2w E@ o N Vy
The helix period cve =5 " ZB vy k=pBE > k- -xy . E
21
Teye =azp "
27-[ - UZ ’UZ E . ZA
The helix patch Zeye =V Toye = —= (k- xy) —= =5
P cyc zieye = 7B Vxy Vyy k%Y

2T -
chc = CZ_B (k . Z)
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In Magnetic field

»=\k) T\ (veE +y (1 ﬁ))ﬁ + (P
The helix patch  z.,,. = ( 2)

Zeye = (VBE’+V(/8 p))(B (/3+(n p)%

Zeye = 7B (V,BE +V(,B P)
Bp cosf,,

The cos 6., is proportional to the z.,,. !!!

do B do B do
dQ  dpdcosd d¢dz.y,
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In Magnetic field

P _ (5) _ ( yE' jr)/ﬁ(ﬁ; p) )
k) \(vBE +v(f-0)) B+ (- p)n

The helix patch
2T , 5
Zeye = E (V.BE + V(,B : p))

E=vyE +yB(B-P)

different charged particle
has different slope !
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E (MeV) versus z (m)
30.0

>Mg(d,p)**Mg @ 10 MeV/u
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Simplicity of HELIOS

oid E (MeV) versus z (m)
Solen 30.0
7 o
only protoncan | various reaction
scatter backward channel

(d,p) reaction
Inverse Kinematics

Targe!
Fan

sy Array \ /

06
(A
05°0-
0€°0-
or'o- :
oro
o€
0s’0
oLro
06’0

Large acceptance! = Good statistics
~ Good energy resolution (Silicon detectors)
o Relatively cheap! (for above cases)
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Building of HELIOS

| K. Ernst Rehm

Decommissioned Magnetic Resonance
Imaging (MRI) device
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Magnetic field map
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Position Sensitive Si detectors

¢ 4 sides, 6 detectors long

® Detector size, 9x50 mm

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

® Qgetector = 21 msr

® Qurray = 493 msr

Incident ion

— Sl Wafcirs

—_ e

T =
IL o

= ®“ondngPad ____°__povermaamy Y Position = (X1-X2)/E

J. C. Lighthall et al., Nucl. Instrum. Methods Phys. A 662, 97 (2010)
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Radioactive

Beam by T P The Argonne Tandem Linac Accelerator System
CARIBU .0 el S (ATLAS)
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The first experiment — Structure of 3B

12B(d,p)**B @ 5.77 MeV/u, 10° pps
B.B. Back et al., PRL 104, 132501 (2010)
1+

Abnormally around 13B /=3

1sc 17

. 12 13
S
11Be | 12Be | 13Be 14Be  185Be

A

Jm = 1+ large (1s,,) 2
2

* Many previous study using (t,p),
(a,t) lack of energy resolutions.
* (d,p) reaction is relatively clean
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simple picture
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energy resolution : ~43 keV
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{a) 3

14 _ - 200 ]
Structure of *"B  B= o e e w | 7
= z A(b):
=l 11Ee | 12E= | 13Be  14Be 15Ee ’D‘.’ the . ‘ \' * 1.0'65;
13B(d,p)}*B @ 15.7 MeV/u, ~ 3 x 10* pps 2 e TR
~ S (c)]
S. Bedoor et al., PRC 88, 011304 (2013) ’2 ok e 3:1.38]
=0 e Burn. o= ;d,';
« 1Bis the last N=9 isotone, S, = 0.969 MeV [=2 1 “TTe 4:2.08]
. l=0+2 "¢ e ]
 Little knowledge about 1B EL L, et
. . 0 10 20 30 40 50
* (d,p) reaction is one of the best tool. 0, , (deg)
501 —
: 3, 4, 2.97
401 g
2F o @ > pure |=2
2 I C3- 3
S 5 g | ! I ~ pure 1s,,,
8 -
\2_, i S 20| 14 B> 13B + ) (ha|0)
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%) 101 .
L 2 11 1
4+ E :
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14H  1BH

Structure of 16C

15C(d,p)teC @ 8.2 MeV/u, 2 x 10° pps
A.H. Wuosmaa et al., PRL 105, 132501 (2010)

8C
. . = <0, ;00 L:;‘\;\ . : LT !;:,:
Motivation: e @ B ] % "
E R .
* B(E2) values were much smaller *E i #ﬂm?
. = 5 1 ."“\ ! 7, | | >
from stable nuclei i JEe— 5 ® ]
e Lifetime measurement for 2,* ¥ sE 5 *e
r 7] N SRR,
state report much larger B(E2). 2f g e . };-\7
B g wf —0«:\ 0z J
Euepe Ll vy ¢ Ry o Iy L = I \\‘*— - - -
v 400 350 300 -250 200 -150 100 50 O % - R 7o & N
Z (mm) 1 Aart Sy LS
o 2;/3; 100 U
Conclusion: §E
. 2 190 o o ST .. | T,
* The spectroscopic factors are E B : ! ,’. TR R
consistent with shell model ¢ EO; {\ 0 |l Ocm. (deg)
czllculatlon. ) , 0 s : e +&---—~, - i Etie Fop (MeY)  Suy T
— E, ("C) (MeV)
* 07 =v0.3(1s1)" +v0.7 (Odé) 0F 0000  060(13)  0.60
2 2 A 1.766 0.52(.12) 058
_ : o : 52(.12 s
* 15Cijs well described by WBP 07 3027 1.40(31) 134
- not very exotic nucleus. 5 A =i o3
3+ 4088  082-1.06° 092
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E, (MeV)

Structure of 18N

YN(d,p)8N @ 13.6 MeV/u, 2x10* pps, Purity = 25-75%

C.R. Haffman ot nl PRC RR N44217 (2013)

sz_ Mev
1O~ 0.87 Siy,
3.09—e—3s

3 67 Va 05 - /
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ii | u.6/7,-‘— 2- Ch 2

095 2+ 05+ __
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0 "+ -
e 1 12 13 Lo CIs le OIT
+Be, 587 6C7 eve e oo

[. Talmi and |. Unna, PRL 4, 469 (1960).

confirmed spin assignment
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y
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T, = 5/2 2 3/2
127
(0ds )Y (s12)' g2 N=11
(0ds/) s
((‘)L/‘; :)}_1_} )
(1)
.
527 ——) = g{g:
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3/ —— .
-
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High spin state of PF  -w. 5%

— From '®F isomer
150} | — From "°F gs.
— Fit

18mE(d,p)°F @ 14 MeV/u, ~ 5 x 10° pps, ¥™F ~ 36%

D. Santiago-Gonzalez et al., PRL 120, 122503 (2018) 190F

Counts/(100 keV)

19F is deformed,
1" ground state has rotational band

(rotational)

-1 0 1 2 3 - 5
Apparent excitation energy in '’F (MeV)
I UL T T T T T T T T T T T T T .
p) B _ . i
;L ®J%=5 rotational band 13-
- | [ Cale. from gs. + 1

|7F (.
Z=9 N=8
T =645
18mE 2+ . [ | [ Calc. from isomer
16 18 2| @ Experiment -
+ () () () L | — E i 1 limi
It haS 5 state 7=8 N=8 78 N9 28 Nes10 [ xperimental limit 1
Stable Stable 2 ]
{(T[OdS/Z)(VOdS/Z)}5+ 0+ 5 ()l 1 [ 72t 92 B ]
B 527 ] T
+ + [ - %5 :
- N 5 13 [ % m | _
] — 5 _I_ _— —_— — 0 PR N S| 1 L k¥ Ped 0 |,
2 2 0 1 2 3 4 : 6 7
Jr ()

First experimental proof of DUAL description!!!
single particle picture and

12/14/2018 Seminar @ HKU
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Structure of 2°0

1¥90(d,p)*°0 @ 6.61 MeV/u
C.R. Hoffman et al., PRC 85, 054318 (2012)

There are only (t,p) or beta decay study.
— Hard to study the single particle states.

B (UeV)
.-

N

357 MeV ¥
40TMeVZ 7

Only need to use 0d;, and 1s,, to describe the
result. Consistent with N = 14 shell closure
The USD Single particle energies are agreed with

the result.
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24F
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=12
v ' "UsSDA
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21— 41‘
1 .
0 = DATA
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1 I -
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24Me 25Ne

Structure of %2F

21F(d,p)?**F @ 10 MeV/u, ~3x10* pps
J.Chen et al., PRC 98, 014325 (2018)

* There are many doubly magic oxygen 15H|Y8 3 . e “" mmocy; |
1.0 , 2
* Study the TBMEs between n0d;, to sd-shell neutrons ost| 1 gl . o o] ™
1044 ey (p)usp |4’ ' ]
113 2' . {
05;’ 9’ s-i ) ll 1
v - -l - ,fl 'A.‘. N l_..‘.., ll. Ll oA ' I
O, ora. 9], (cUSDA 4
015: 2 & 21
{ B | ) P A | q_l.l_]
10+ 4'3. 3 ) (dwsope |4 B
{ 2
05: 2' 5, ) ) 2,]] -
0.0 [\l R T | o
0 1 2 kS 5 6 7
E* (MeV)
E"M(0ds),?) EY"(0ds %)
e 7 E} 2 “F USDA **F
e o 0 925 9.95 ~2.03 ~2.99
e 210 2.80 ~3.70 —3.13
2 1 1.72 —0.65 —0.72
' : 3007 0.77 ~1.90 —1.89
O||| T oy 4 0.00 0.70 0.47 0.15
-60 -55 -50 -45 -40 -35 -30 -25 -20 5 1.41 2.11 —3.31 —-3.71

Z (cm)

12/14/2018 Seminar @ HKU 27



Structure of 13/Xe

136Xe(d,p)3/Xe @ 10 MeV/u
B.P. Kay et al., PRC 84, 024325 (2011)

* Testing capability to do heavy ion reaction
* Determine the energy centroid of hy/, and i3/,

[=5 [=6
WIS PIIIPIPIIIIS L L P PP PP PP PSSP II SIS IA
| wall of chamber I—
0.4 |- // Position Ill
E il /
= 98 / \ elastic
8 Wik I / |\ scattering
. \ (d,d)
-.% I beam / \ (12C,120)
= 0 [ target |
" / \
T 0.0l \* ]
I—’—] = e —
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. Y J— 0.0 0.5
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T 1 T T T T T T T T T T T T T T T
o, oozt @] le (b)
> 2.0t | L _ ]
,E, core 3
= 9/2” upper
: ﬁyfg/JEEk" - 132" upper |
2
ﬂJ 1 B [ Vh T .
c 972 virap
o L ]
-+
2 D\-\H—-
% 9/27 lower U\\\,\'
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50 52 54 56 58 60 62 64

50 52 54 56 58 60 62 64
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Structure of 8°Kr

86Kr(d,p)®’Kr @ 10 MeV/u, 5 x 107 pps
D.K. Sharp et al., PRC 87, 014312 (2013)

145 2py(seKr, pf7Kr at 10 MeV/u
> >
B PR et g
o | Ground state 3
Ui
= O
Ll 2
L — (dp) 3
—dd)
a0} - ("‘)C,‘ZC)
- 20} —
s 3
= 10t 400 T T T T g
- o)
X & e
0} - - - o— & o5 o
Si array Target Si monitor o 300 2 o - >
1 L 1 PR | 1 i E o ) E
~-60 -40 20 0 20 40 60 - o o~ (&)
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g 200 3 o ; 1 3
c
2 “ =
=
8 100}
s L,f e
>“#~ 34 36 38 40 42 44

0 4 Atomic Number
Excxtatlon energy (MeV)
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15C 17c

Structure of 1413B

14C(d,a)1ZB @17.1 MeV/u, 107-8 PPS SNBSS 11E= | 12Be | 13B= 14B= 15Be
15C(d,a)*B @ 15.7 MeV/u, 5 x 10° pps

A. H. Wuosmaa et al., PRC 90, 061301 (2014)

* (d,a) reaction is highly selective,
* the neutron + proton has to be aligned.
* Populate inaccessible states (T=0) by single-particle transfer

20
Holder Rin - 14 12
g A 18F C(d,a) B
161~
Target Fan PSD-Arra B 14 12 /
= er B
T T S F
1435, ) @ — a‘
i .‘ - L e \/ £ 12 pe ’ /
> He T C P /l
, » w 10—.— - 6\\
: ' Zero-Degree - 4 \& 12> 11B4n
Recoil "y Detector 8-
Detector 1292 6 :_
14 m) 942 -llllllllllllllllllllllllllllllllllll
0 S z (m 950 1000 1050 1100 1150 1200 1250 1300

Z (mm)
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16He 17%Ne 24Me  2EM
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Future of HELIOS
- ISOLDE Solenoidal Spectrometer

Hiz-i%2%4 D&

HIGH INTENSITY AND ENERGY UPGRADE

Hg-Po shape coexistence I

process, shell evolution

B >10"7 ionsss
B >10"6ions/s

shell quenching [ =10~5ions/s
and evolution [ >10~4ionsss

W >10"3ions/s

‘Island of
inversion

Chart of Nuclides plot courtesy of Liam Gaffney
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N AL HIGH INTENSITY AND ENERGY UPGRADE

g
: Yo% * ISOLEDE use CERN proton beam to create
e T F= 5 various isotopes
& - * Boost energy to 10 MeV/u from light to
4 I heavy nuclei

 Intensity to 10%7 pps, even for radioactive
beam
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& 10—
2 ~ 28Mg(d,p) @ 9.5 MeV

e Theisland of inversion
e Deformation

6

First study on N > 126 '§

206Hg(d,p) @ 7.4 MeV
r-process 2

5x10°pps o °
Purity > 98 %

A=195 T ,

(Z ~69, N=128)
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Summary

 HELIOS is a large acceptance, small
energy resolution spectrometer.

* The measurement and data analysis
is relatively simple and easy.

* |t made a lot discoveries in the past
decade.(will be more!!)
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