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Isospin symmetry

* The strong nuclear force is known to be approximately:

- Vppt+Vnn
1) charge independent: V,, = WT
2) charge symmetric: Vop = Vo
PP pn nn

» Treat protons and neutrons as two ditferent states of a nucleon.
* The proton and neutron differ in isotopic spin (isospin) quantum number:

1 1
ty = +2 and t; ==
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Isospin symmetry

: o : 1 1
* Representation of the nucleons with isospin: t; = +- and th = -

e« “Rules”: T, = Z‘i‘l t,i and T>T, and T,=T,T71-1,0,...-T

7= (N'Z)/Z
* For “two-nucleon” system:
 nn->T,=+-+-=+1,T=1 T,=-1 T, = +1
1 1

o p—p—>TZ=—%——%=-1,T=1
« np>T,=+-—--=0,T=00r1 | T=0
2 2
1,=0

The T =1 configurations form isospin triplet of states, which should be
identical in terms of excitation energy and have identical wave functions.

Note: deuteron (the n-p system) has only one bound state J” = 1" corresponding
to the T = 0 configuration as there are no bound states in 2He and 2n.
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Isospin symmetry

Example: A=42 triplet

“p-p system” “p-n system” “n-n s‘stem”
9
199/ 199/
2P/ 2P 112
21 pf 5/2 21 ;5/2
3/2 3/2
117, 0@ @ @ -0 117

1d3/2 G = e e = “.Hm1d3/2
3%“20 3%5%1 %Cazz
N=/-2 (T, =-1) N=Z (T, =0) N=/+2 (T,=+1)

« Expect to find isobaric analog T=1 excited states in each member of the triplet.

« %S¢ contains also T=0 states, which are not present in the other members.

* Experimental identification of the excited states in the 7, =-1 and T, =0
members of the triplet is commonly challenging.

Since 1863. I 17.1.2025 I 5




Isospin symmetry

Example: A=42 triplet

“p-p system” “p-n system”
199/
2P 12
175/
2P3/
117, 0@

oM

1d5, 0-000—-000-0-

23 120 215¢21 20002,
N=7-2 (T,=-1) N=Z (T,=0) N=Z+2 (T,=+1)
In the absence of electromagnetic interaction (the Coulomb interaction between
protons), the T=1 analog states in isobaric triplets should be degenerate.

&,/'\/ E, A E, &4 E, 4+
S ) ) *
Seo1 E 2 EY > E' >
¥ 3
2 g 0 ot 0 ot 0 0+
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Isospin symmetry h

Example: A=42 triplet

The Coulomb force between protons breaks the degeneracy in excitation energies
- Coulomb energy differences - CED

3%“20 LZL%SC21 %Cazz 4
N=Z-2 (T, =-1) N=Z (T, =0) N=Z+2 (T, = +1)
>
i 282 P 4 - =
&//\ 2 68 : 4+ T —— 2.75 - 4+ :
o _ 50
N .
& & 1.55 AT L9 Z 1.52 9+ E
V” && b &a
© 0 ot 0 o 0 0*

* Investigate triplet energy differences = TED

« TED()=E(, T,=-1)+E(J, T,=+1)-2-E(J, T,=0)

* TED tests the charge independency (V,, + V,,,)/2 = V,,, of the nuclear interaction
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Isospin symmetry breaking - TED

. TED())=E'(J, T=1)+E(J, T,=+1)-2-E'(J, T,=0)

* Available experimental data:

I ' I ' I ' I ' I ' I ' I
—— A=42
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Isospin symmetry breaking - TED

I

. TED())=E'(J, T=1)+E(J, T,=+1)-2-E'(J, T,=0)

* Available experimental data:

| | | | | | |
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Isospin symmetry breaking - TED

. TED())=E'(J, T=1)+E(J, T,=+1)-2-E'(J, T,=0)

* Available experimental data:

—— A=42
0 —0— A=46
—a— A=50

=
o
o
|
|

TED [keV]

-200 .

_300 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ]
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Isospin symmetry breaking - TED

. TED())=E'(J, T=1)+E(J, T,=+1)-2-E'(J, T,=0)

* Available experimental data:

—— A=42

TED [keV]
3

-200

SCEIRSEEOCr G > CrpCrp“Cr

_300 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ]
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Isospin symmetry breaking - TED

. TED())=E'(J, T=1)+E(J, T,=+1)-2-E'(J, T,=0)

* Available experimental data:

—— A=42
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Isospin symmetry breaking - TED

. TED())=E'(J, T=1)+E(J, T,=+1)-2-E'(J, T,=0)

* Available experimental data:

—— A=42
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Isospin symmetry breaking - TED

. TED())=E'(J, T=1)+E(J, T,=+1)-2-E'(J, T,=0)

* Available experimental data:

I I I I I I I
—— A=42
0 - -
LD =
= -100 [ - I .
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) 63 A
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Isospin symmetry breaking - TED

- TED())=E(J, T,=1)+E(, T,=+1)

* Available experimental data:

PHYSICAL REVIEW C 110, 024314 (2024)

TED [keV]
S
I

-200
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Isospin symmetry breaking - TED

. TED())=E'(J, T=1)+E(J, T,=+1)-2-E'(J, T,=0)

* Available experimental data:
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0 _
= D
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Isospin symmetry breaking - TED 2

« TED appears to be always negative with consistent magnitude, why? I

« Spatial separation of pair of nucleons increase with their coupled angular momentum.

* Thus, when two protons coupled to ] = 0 re-couple their angular momenta, the
Coulomb energy decreases reducing the excitation energy of the nuclear state.

 This effect is the most pronounced in the proton-rich member of the triplet.

N

o

o
T

TED [keV]

-200

-300
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Isospin symmetry breaking - TED %

 If the Coulomb effects can be theoretically estimated, isospin-breaking effects due
to the nuclear interaction can be revealed.

* TED comparison to shell-model predictions - additional isospin non-conserving
interaction (Vg) required to match the experimental TED data:

Vf(s) — Vgij'[,.]:() + V};;},J:O _ 2V1731iv,J:0 = +100 keV.

'R A=42 b)A=46 0 ° o

FTIANUEE o N A
= - Le - N - -850 .50
1001 &z RSN o I 50
X-150} .\':.—__.:.—_.—‘/ 1-100_400
Q.200
w i ~-150
=250 ® Experiment ° ° -150 -|-100
®.300f — Shell Model h —{-200
- | —— Shell Model, Coulomb only ° ° -200
S -350 -— Shell Model, V only 1.250 .150
:‘_-’ 0 . 0 I |
= 2 4
[a) i . 04 = ' -

i - [ ] xperimen
3 50 =50 — ShZII Model
° | — - Shell Model, Coulomb only
u=J-1oo -100 ~°° - — Shell Model, Vg only
% .150
= -150_490
F.200 1 I

| | —-200
2 4
1
S. M. Lenzi et al. Phys. Rev. C 98, 054322 (2018):
Conclusion: strength of the schematic isotensor INC interaction is “universal” for all studied shells,
but its fundamental origin is not understood.
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A=62 isobaric triplet

« TED data were not available for the A=62 isobaric triplet.

Rudolph, PRC (2004) David, PLB (2013) Orrigo, PRC (2021) 1ienry, PRC(2015)

This was because:

* no excited states were known in the T, = -1 nucleus %?Ge
« ambiguity for the (lowest) T=1 states in ®*Ga

Grodner, PRL (2014)

Mihai, PRC (2022)

a) b) c) d) e 7"
o+ ( 1+ 4" -
1017 2+ [l;-7 1017 2f(1+) 1247 i 000
—I— ( 1+) I (2N =t 1241 g4
446 1161 1017 l 1574(2,3)*
"t 1" - I | T | e

979 978 T 10 1193 5t

571 5!’1 5!1 \ 571 T o782t 1003 B 2
‘ 7777777777777 ot Yy v ‘ ot ¥ v ¥ v 770* ' d o 817 3*

N 1 571
et L. (enT=1) ) ) o (2T
(S I SO T=0  T=1 or=1| | |-
Fusion evap. Fusion evap. Beta decay of 2Ge Two nucleon knockout Fusion evap.

Structures of °2Ge and ®2Ga were studied in two independent experiments employing;:
1) %°Ca +?*Mg fusion-evaporation reaction at JYFL-ACCLAB and
2) inelastic scattering and neutron knockout at RIKEN

Since 1863. |
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Experimental method for N~Z nuclei: [
Recoil-beta tagging I

1) Create nucleus in fusion evaporation reaction
2) Mass separate contaminant products 3) Identify recoil based on its § decay (or chain of § decays).
4) Tag prompt y-ray transitions originating from the recoil.

+

Ny v=0.03c Y. Yy & _~°
-9 -89 P- o0
— y '
t~10-1 t~106 t~10 9 t~10 15 t~10-18 t~10 -21 t=0
< : === — I <— time [s]
== - - \
—_— -~ — - \
4 x Ge, DSSD, MWPC S \

FOCAL PLANE X

24 +15 Ge
JYTube cp detector
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JYUTube charged particle detector

* JYUTube charged-particle veto detector is located at the target position
of JUROGAM 3.
« 120 plastic scintillator elements read out by SiPMs.

Detect (and veto) evaporated charged particles:
- 70% proton detection efficiency
= 97% veto efficiency for 3p channel.
- identification between pn (2Ga) vs. 2n (>Ge) evaporation channels.

’I 4 o % > - o 4 'J/V
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Focal plane setup

» Consists of
1) position sensitive MWPC
2) BB20 DSSD, silicon-strip detector
3) “box” detector
4) TUIKE scintillator detector
5) 3 BEGe detectors + 1 Clover Ge detector

o 2
| “Smmmm—m——— 1
1 1
1 1
] 1
] 1
1 1
1 1
i |
. Ge !
R S, I 1
et i i
/ i |
II " ’
1 N T
\
‘\ Ge / R
N P
\\\ II - .
Nt i recoils
N\ | from
N 1
_— N ' MARA
i <
1
i \ BOX
] |
DSSD
Focal plane
vacuum chamber

Micron BB20 DSSSD
Area: 128x48 mm?

Strip pitch: 0.67 mm
Thicknesses: 150, 300, 700 um

Tuike x-layer
y-layer
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TUIKE - scintillator

» For detecting high-energy f particles.

» [EJ-248 scintillator bars in two layers.
* 14 vertical and 8 horizontal

* Light read out by SiPMs.

fili

Vel
AN

oo

—_

£
2
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Experimental method for N~Z nuclei: [
Step 2): mass separation with MARA I

Separator tuned to pass A=62 residues to focal plane. ;
U hvsical slits to “cut” T Reaction: 9°Ca + Mg
Se phaysical Siits 1o - cut neig oring Mmasses. E, = 106 MeV

A/q vs. JUROGAM3 JUROGAM 3 product  [mbarn]

3.9 T i 7000 R x 58Ni1 142

140 4N o A 61Cy
2 6000 - 61Cu 79.1
. R SR } 120 ?~ . g A 627n

by Mok ‘ &' 5000 | 61Zn 37.1

i | Y Sl 55C 28.6

mwf)l?«-v LR LEL & ?,,4000 - n 0 '
<(:“_3_5 l " /;o\/‘ §3000 : ) 59C11 15
— X O2000 | 56Ni 12.1
1000 [~ 58Cu 11.5

:u TR S [T T T T T TN TN [T TN T AT ST N N N T S r _______ l

3 e 600 800 1000 1200 1400 1600 1800 | 62Zn 873'
&0 800 1000 .1200. | .1400. | |1600| 1800 0 GamTa-ray energy [keV] | 62Ga 4.33
dipit. d = E 100 - 3 oY 60Ni 4.02

- sl s 627n 57Ni 2.27

2 o SN 60Cu 1.71

5 F 1. 57Co 1.4

3 40 59Zn 0.978

mrvenemre e ° M 61Ga  0.0698

s z ' . 4 I 60Zn 0.0349

R O R TS TN 600 800 1000 1200 1400 1600 1800 55Ni 0.0349
gg&ma—r;yzggergy [Li?/(]) 1000 e Gamma-ray energy [keV] 59Fe 0.0349
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Experimental method for N~Z nuclei:
Step 3): recoil-decay correlation

D 1) Decay in the same pixel with
ty2 =73.5ms, Qpc ~ 10 MeV the recoil implant within 3 x t;,

tip=116.1 ms, Qgc ~ 10 MeV | 2) Register high-energy B in the

n—> t1/2 =9.2 h, QEC ~ 2 MeV scintillator.
- Identify the nucleus of interest.

v

v

X1 |03 T T | T T T | T T T | T T T | T T T | T T T
<
@Q é{@ E; measured with the scintillator
o&, Y L
5§ Q. 4
S & A4l
I~ ¥
s e 6271

Counts / 200 keV
w

—_
On I T T T 1T T T T T
I I I I I

2
' 62Ga (+%2Ge)
192 x-strips
72 y-strips 0
> ~14 k pixels PR S (N SO T S KNS SN TN NN ST S (N SR R NN RN R
2000 4000 6000 8000 10000 12000

Beta energy [keV]
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Experimental method for N~Z nuclei: [
Step 4): Recoll-£ tagging

40Ca + 2*Mg > 92Zn + 2p, 2Ga + pn, °Ge + 2n

4) Tag prompt y-ray transitions originating L B
. ~ mass separated -
from the nucleus of interest. 120 - =
> 100 | A A 8270 3
r T 8o - =
2 F -
630 »tip=735ms, Qpc ~10MeV  [£  E N E
S E 3
wropr—>t;, = 116.1 ms, Qg ~ 10 MeV | %U =
20 | —
n_>t1/2=9-2h/ QECNZMeV I o N R T B B B SRR R R v
L IR LA A B B L EELEL L A R B
5000 |— 4 recoil-B, At =400 ms | —]
3 4000 - A A 62 =
0 | | | | ] s F Zn =
5 . — Nanoo F— ]
- E; measured with the beta : P = A 952G
= 7 o - —
B scintillator ] (_8)2000 — —
4 — — - —
> B ] - .
g - 62 7] 1000 [— -
= /Zn  Setenergy - g T e T LA s T
8 : threShOId for : - LI L R L B |A LN S IR R S R NN L R S (L N S R I R R NN R R L R R B B R 3
B - betas i 3500 ;_ recoil-8, At = 400 ms _;
2,50 ] 2000 - C/ean 2% Eg > 4.5 MeV =
= ] - q 3
8 - 62 62 § Gasoo £ A ey 62 —
- Ga (+°Ge) 1 | E T, s 2Ga S
U — ~2000 - ta =
L E ."E’ - rf@co =
] 31500 A & C —=
_ (@] - O/"/-e/ =
0 | | ‘ ‘ ‘ - 1000 F— ‘91‘/0,7 =
0 2000 4000 6000 8000 10000 12000 500 F— A A A -
Beta energy [keV] e, Lo WV | NN WY, VYTV A ]

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Gamma-ray energy [keV]
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Experimental method for N~Z nuclei:
recoil-beta tagging of %°Ge

40Ca + 24Mg 02Ga + pn, %2Ge + 2n

recoil-f3, At =250 ms

Eg > 4.5 MeV

i i E 1:00 charged-particles: 1 i i
63 »tip=735ms, Qec~10MeV  [o 70 |

e t,,=116.1 ms, Quc ~ 10 MeV | |

400 [N

n_V tl/z =9.2 h, QEC ~2 MeV 203 ;

160 B recoil-B, At = 250 ms
140 H Eg>4.5 MeV
120 H charged-particles: 0

* Use JYUTube to discriminate between
62Ga (pn) and %*Ge (2n) gamma-ray
transitions.

Counts / 3 keV

ol iop (9
g i 1 1p subtracted
* Apply background subtraction -> § & ;L -
subtract 1p spectrum from the 0 " “ I |
pectrum, 2 - oA ol o
o e g 0p )
T B ! qi\ 1p subtracted
° F g <
* Get candidates for 2* 2 0%, 4* 2 2*and £ 4 : @Q |
6* = 4*transitions in *2Ge. ° zp ” “ ‘ | H ‘ | | : :
" HICDE AT 10 ||||ILIII il }I Lllllllllllllh

Gamma-ray energy [keV]
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Experimental method for N~Z nuclei:

Prompt gamma rays Recoil implant in First beta decay Energy in Second beta decay Energy in

recoi I-,B ',3 tagg i ng of 2Ge g ™= T T e ™
T '
63 >t = 73.5 ms, Qg ~ 10 MeV P, R B B2

At =1 us Atg, <165 ms Atg, <415 ms
31 — - t1/2 = 116.1 ms, QEC ~ 10 MeV Time (t)

v
AP T <

;E‘ n_> t1/2 =5 h/ QEC ~2 MeV 160 | recoil-f, At = 250 ms I I I I I —
- 140 | Eg>4.5MeV —;
120 | charged-particles: 0 —;
. . . 100 = =
 recoil-B-f correlations pick up the same % £ =
gammas as observed in the charged-particle o E E
vetoed recoil-f tagged spectrum. 20 g | =
n L N R T T T Tr - =
- 9| recoil-g- g ! (. ! ! —
e D o| At,=250ms, At,=500ms | | Lo L =
b ! > | Ez1>20REz;>2 MeV ! Lo L 3
45348 6 @A i &) s | charged-particles: 0 ! .a, ! Lo 3
d ©E Y
6+ 3708 ] (6. 3697 ¥ 0 4 N —
1604 (15:93) E 'E s E- " —
I : 5 S ef 5
i [ @) E 3
- 2744 @ 4+ (4,*),,;,,2229 (15i05) U ; ||
[} H ' . [ . T ' [ ! E
5! (5‘7_7) I 9| recoil-g- g ! ! ! =
4+ 2186 ’ 939 “ 4;'&)2 8 At, =165 ms, At,=415ms 1 1 1 —
| Es1>25ANDEg, >25Mev ! ! ! E
6zzn 1805 ¥ 2% 62Ge o | charged-particles: 0 : : ! =
1232 /7 1227 CE - ' : E
: = & 3
" ‘E o) o M E
S = N v =
2 E- -
“ Ll |yl
JE LT ] 1 N I P e L I
ot ¢ 0 400 600 800 1000 1200 1400 1600 1800
Gamma-ray energy [keV]
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RIKEN experiment (beam production)

345 MeV/nucleon "8Kr primary beam, Eq, = 27 GeV
high intensity 300 pnA

SRC
ZeroDegree identification:
AE,TOF, Bp

primary BigRIPS identification by:
AE, TOF, Bp

7 mm Of Be Wedge

« Fragmentation (or fission) of intense primary ~

- o 5
« Particle identification by Bp - AE — ToF: st SN
* 62Ge intensity ~ 290 pps, %?Ga ~ 1800 pps 25 & SOM
* Secondary reaction target at F8 surrounded by oF W
DALI2 y-ray array. 215
 Particle identification after target by =
ZeroDegree spectrometer.
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RIKEN experiment (DALI2)

DALI2:

» 226 Nal(Tl) detectors

* Intrinsic resolution 7 % at 1 MeV

* In-beam resolution ~10 % at 150 AMeV
 Efficiency ~20 % at 1 MeV (before addback)

inelastic scattering:
02Ge ------- > | 2C| - > 62Ge

neutron (proton) knockout:
63Ge ------- > | 2C| - > 62Ge
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¢

RIKEN experiment (results)

inelastic scattering 1-nucleon removal

U
27 6 12(4(63 (., 62 _
| 955 12C(%2Zn,%2Zn+) (a) 200 1 | C(*Ga,*Zn+7) (¢)
600 1 — = ”’
> —  background 2 150
_‘:‘,j ‘ — fit 62 o 0
2 400 i — simulation Zn -
— 71001
£ E
3 1229 3
O 2001 . O 504
............ . -
’ : 1201(62(35,62C3 ' 376 120(%Ge,%%Ga+) (b)
571 981 “C(**Ga,”*Ga+7) (b) 300 | 376 (e T aaty -
500 1 w00  add-back 569 — _
. > H with add-back < background
a <300 A .
Q ++ ~4 — fit
2 400 3 i 62 2
— - 2001 Ga = 200 — simulation
¢ Jd ,: \
»\L‘j(](] = 100 i 2
i 3 R . T =
£ 2001 e 2 100
r 1500 1750 2000 2250 2500 2750 O
100 1 ET (1\9\’) 2242
2 204(62( 1, 6 You 12(4(63 ‘ 62 '
= 1251 380 1 = 60
£ ~ 02Ge =
3 100] < =
~ = 360 ~_40
& 751 Z
3 504 o L T 2
&) 50 ]l 1220 955 960 965 970 975 O 201
25
............ 4
0= - v v - T T —= 0 = v — T —
500 750 1000 1250 1500 1750 2000 2250 500 1000 1500 2000
E. (keV) E, (keV)

See the same gamma rays as in the JYFL experiment for the 2* -> 0* and 4* -> 2* transitions in ®?Ge!
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RIKEN experiment (results)

AV
5 3 124(631, 62 .
955 12(’j(()2211_()2211_|_,\),) ('d) QOO_WHL C( G&.‘ le-}-’y) (()
L 980 L ard

600 1 H —— >

Phys. Lett. B 847 (2023) 138249

Contents lists available at ScienceDirect
PHYSICS LETTERS B

Physics Letters B

journal homepage: www.elsevier.com/locate/physletb

(,)
4 Isospin symmetry in the T'=1, A = 62 triplet A

1

K. Wimmer >¢4=-* P, Ruotsalainen®, S.M. Lenzi "¢, A. Poves", T. Hiiyiik !, F. Browne®,

P. Doornenbal ¢, T. Koiwai °¢, T. Arici?, K. Auranen®, M.A. Bentley’, M.L. Cortés2,

C. Delafosse ®", T. Eronen®, Z. Ge®?, T. Grahn®, P.T. Greenlees®¢, A. Illana¢, N. Imai’,

H. Joukainen®, R. Julin®, A. Jungclaus‘, H. Jutila®, A. Kankainen®, N. Kitamura',

B. Longfellow ™, J. Louko®, R. Lozeva®, M. Luoma ¢, B. Mauss ¢, D.R. Napoli*, M. Niikura",

J. Ojala®, J. Pakarinen®, X. Pereira-Lopez’, P. Rahkila®, F. Recchia "¢, M. Sandzelius®, J. Sarén®,
R. Taniuchi "¢, H. Tann®°, S. Uthayakumaar/, J. Uusitalo®, V. Vaquero‘, R. Wadsworth/,

G. Zimba®, R. Yajzey?

0 | = . . E : TF :r;ra%uﬁ” : Ol — —= ﬁ‘\?f L i A i |
500 750 1000 1250 1500 1750 2000 2250 500 1000 1500 2000
E. (keV) E, (keV)

See the same gamma rays as in the JYFL experiment for the 2* -> 0* and 4* -> 2* transitions in ®?Ge!
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Conclusions: new TED data at A=62
- TED())=E(, T,=1)+E'(J, T,=+1)-2-E(J, T,=0)

* Available experimental data: TED from SM for A=62
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correction not needed for A=62
triplet! Why?
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Conclusions: new TED data at A=62
- TED())=E(, T,=1)+E'(J, T,=+1)-2-E(J, T,=0)

* Available experimental data: TED from SM for A=62
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Summary

A=62 triplet (®2Ge, 2Ga and %2Zn) investigated in two sperate experiments at JYFL-
ACCLAB and RIKEN.

Obtained results are in agreement for 5>Ge -> first confident assignment of the 2+ and 4+
excited states in ¢*Ge.

RIKEN experiment confirms also the 2* state energy in ®2Ga.

These data allowed theoretical investigations of the TED systematics for the A=62
isobaric triplet for the first time to study the isospin symmetry breaking etfects.

Additional isospin symmetry breaking etfect appears to be weaker for A=62 than for
the other studied triplets.
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