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Overview

* Introduction to Shape Coexistence / Quantum (Shape) Phase Transition

* The boundary of spherical shape at °Zr

* CoulEx of *Zr: GRETINA & CHICO2 at ATLAS / CARIBU

* New RDDS Plunger data °Zr

* Implications for %Zr ?

* A data survey and recent ideas
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Shape Coexistence & Transitions

Shape Transition/Coexistence with Strong Mixing / Low Barrier
Vi « Within one valence space
* X(5)/ E(5) / CBS

F. lachello, PRL 85/87 (2000/2001)
N. Pietralla, PRC 70 (2004)

>
0 B, B
Shape Transition/Coexistence with Weak Mixing / High Barrier
* Two valence spaces (normal + intruder)

Vi * High-Barrier case
A. Leviathan, PRC 74 (2006)
Change from one to another as function of

* VValence Nucleon Number

0 8 B * Microscopic Configuration !
’ T. Togashi, PRL 117 (2016)
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Type II Shell Evolution
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proton

neutron

Type | Shell Evolution : different isotopes

@® : particles

<

neutron

proton neutron

Type |l Shell Evolution : within the same nucleus
@® : particles
O : holes

Togashi et al., Phys. Rev. Lett. 117, 172502 (2016)
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%Zr — Type 1II Shell Evolution UNIVERSITAT
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Well-separated spherical and
Deformed minima
=> weakly mixing structures  0;}
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Zr Isotopes: Systematics

Energy (keV) a)
3000
2500
2000
1500
1000

500

d., neutron sub-shell closed at A=96 — sphericity

* strong ground-state deformation from A=100

* deformed excited structure known at A=94,96

2000

500 - 0,," states closest at A=100 — crossing of structures

1000 . 2, ' states may cross earlier at A=98

500

1140 ~
-120=:
—1002 « B(E2) excitation strength at A=98 characterizes 2 *
80 <] collectivity
. 60
1 ( 40 o
F " N . . .
0.5 BE2) T bo & * only known with (meaning-less) lower limit
1| — S I -0

A 90 92 94 96 98 100 102
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Coulex Experiment

* 252Cf fission source
Gas catcher
ECR charge breeder

ATLAS | Mas:;zzv;sz:\

Gammasphere

/ (e, = 6.5%, AE/E ~ 1%,
j ‘ A8 ~ 1°)

: In-flight
::f :.f ,,,,,, RIB Gas Cell D e Gretina/Gammasphere
i o ey F 7 D Beamline

\ - Split-Pole

" d bk [ [1.X* P ’ > Spectrometer
ECR Il i i i S “ promic —/ % }-“' G R ET I N A .
; ! ATLAS Linac i > Target Area Ill

e P AN\ Highly-segmented HPGe for

Nl = . good Doppler correction
(like AGATA in Europe)

VGeneraI Purpose
Beam Line

Accelerator
Control Room

Figures from wwnw.phy.anlgov — CHICO2: PPAC chamber
Argon Nne ° . for particle-track reconstruction

NATIONAL LABORATORY
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Analysis - little °2Zr in-beam UNIVERSITAT
* Reaction partner selection in CHICO2
* Doppler-correction using CHICO2 & GRETINA Beam dominated
by Mo
© 9
g;??ﬂs \
L 98 MO
. 3,-2
' (no) %Zr 1230 keV
15 .- 2+1_)0+g.s.
1223 keV
10}
h[!] No
\ ‘ — 9%Zr 2* —0* _ —transition
: . Energy observed
1280 1300 keV

1200 1220 1240 1260
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Analysis - little °2Zr in-beam UNIVERSITAT
Counts

* Beam composition analysis 3000}
at beam dump ! 5
2500}
[ Y-98 Nb-98 Nb-98 Y-98 K-40 Y98 Y-98
2000}
Counts
20¢ 1500}
L 98Mo
| 3,—2, 1000}
i (no) 9%87r 1230 keV -
15 [ 2+1_)0+g.s. 500
[ 1223 keV . . . . ; . Energy
! 200 400 600 800 1000 1200 1400 1600 keV
10}
}I[!] No
H — 9%Zr 2* —0* _ —transition
. Energy observed

1200 1220 1240 1260 1280 1300 keVv
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New Stringent B(E2) Limits e
* Stopped Beam Analysis —152(64) pps Zr in beam
* Transition would have been observed with >40 counts in peak
* Coulomb-excitation calculations used to translate into B(E2) limit
Counts | keV
20 1230 keV: o .
1223 keV: | %Mo Mo @3, = 2,)
15} (no)r *Mo(3, - 2,)
+
QBZr (21+—>01+): > B(EZ) < 11 W.U.
—— max FWHM
10} - . — bestfit
L] .
o |
] - 'L T | Energy
| . | | U | (kev)
1200 1210 1220 1230 1240 1250 1260

11 W.u. > B, ((E2; 2°->0%, ) > 0.7 W.U. oot
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Ground state still near-spherical

B(E2) (W. u.)

150+ Zr | * Little collectivity in ground
sotopes state (like in %4%Zr)
1007 * Agreement with Togashi
et al. (PRL 117, 2016)
20t LSSM Sieja * B(E2;2*—0,")
zou Standard eff. charges | _ magnitude hlgher
LSSM Sieja — 2.*coll. exc.on 0,
Incr. eff. charges
10T MCSM Togashi
BT
X Experlmental results

9 92 94 96 98 100 102 104 106 A
W. Witt, V.W. et al., PRC 98, 041302(R) (2018)

Volker Werner | TU Darmstadt | AG Pietralla | NSD 2019, Venice | 16 May 2019 | Shape transitions between and within Zr isotopes 12



TECHNISCHE
UNIVERSITAT
DARMSTADT

180 (962'-, QSZr) 160

Target: 0.8 mg/cm? %Zr (57.4%)
Stopper: ~10 mg/cm? Au

(additional 9.2 mg/cm? °¢Zr target
for DSAM / level scheme)

Cologne-type Plunger device

Tandem accelerator:
80 beam @ 49 MeV

Strongest channels from fusion
evaporation (e.g. ""°Cd) — with
known lifetimes aid to fix T-curve

2n — transfer: ~60 mb
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| 25um Il .| 29 um ht f - v__. calculated 0.5-1 %
- J AV © el e e verified from coinc. data
[ summed over all distances
------ * Statistitics too low to disentangle
shifted peak from bg
' 74 um \ 1 148 um ﬂ . :
- J[ 'H h * Singles-analysis, stop peak only
.Uﬂh“n oy Jﬁm e leﬂ: LT :‘::ffﬂmu pre JuJ' w‘ﬂﬂ'ﬂ"“‘@ﬂﬂmﬂ Hﬂfﬁ‘ﬂ”fﬂ“w

Zr(u nshiﬂed)fé%%(shiﬂed+unshiﬂed)

* feeding from observed states subtracted 0ne
* feeder lifetimes (limits) known 0.20 5|§
— feeding uncertainties excluded 0.15 '*1\
0.10 RE'_\A[L__ +

40 60 80 100 120 140 1egum
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2 + B(E2) Fixed !

B(E2) (W. u.)

1 * Little collectivity in ground
1501 Zr Isotopes stato (ke in #%21)”
100+ * Agreement with Togashi

et al. (PRL 117, 2016)

20+ LSSM Sieja * B(E2;2*—0,")

ZOu Standard eff. charges | _ magnitude hlgher
LSSM Sieja — 2.*coll. exc.on 0,
Incr. eff. charges

10T JJ MCSM Togashi

L &
o ¢ X X X Experimental results

% 92 94 96 93 100 102 104 106 A

W. Witt, V.W. et al., PRC 98, 041302(R) (2018)
P. Singh et al., PRL 121, 192501 (2018)
W. Witt, V.W. et al., in preparation
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10T | ‘ | | (a) Proton occupation numbers
(c) B(E2) values 7r -
140 - 5 6 _982r (0+1) 98 (0+2) 100, (0+ )1102 (0+ )110 (0+2) |
120 - .(éalc.}2+ .g - o,
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20 — @ A + _’ + -
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ot '— ’ _' _6 oL e — _
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Conseqguences: |
. i i } i i i — —
Spherical ground state and more 2000 -

collective excited 0* state in %Zr
« 2.7in %Zr: built on collective 0" !

— 2* sph./coll. Swap before 0*’s

Energy (keV) b) =

1500 .
1000 0") i
500 (2016)
| | ] 1 1 ] :hange
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160 —————————
_ Proton occupation numbers i
(c) B(E2) values 7+ (a)
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s 1007 OCaley,e o g7 ° 5&5'\._ X "D,
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ol .-_'_ e -@I Calc. 2 04 | (b) Neutron effective single-particle energies
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Consequences: 5 of — 1
9 = Py 09, i
: & Oh,® “S._ o ——
* Spherical ground state and more o -4d,, R —— Tt 1
collective excited 0* state in %Zr W gL 1dg, =777 ]
*in %8Zr: bui ' *+ 98 100 110 110
« 2.7in **Zr: built on collective 0* ! 81970 (0°) 70 (07) "Vzr (0°) "zr (0°) zr (0°) |
+ +7
— 2" sph./coll. Swap before 0™'s Togashi, PRL 117, 172502 (2016)

* Is 2,* the spherical state?

* Switch-over in °9Zr: deformed becomes
ground state
* Where does the spherical 0* go?

* Occupation numbers and ESPE change
More protons in g,

— bunched neutron SPE
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New Interpretation of Zr

Quantum Phase Transition(s)
N. Gavrielov, A. Leviatan, F. lachello, arXiv:1904.09919v1 [nucl-th] 22 Apr 2019
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* Two configurations: U(5)  U(5) — SUB) 1 SUB) — SO(6)
* A: spherical, “normal” ! . . .
* B: deformed, “intruder” 2 0.5 (ﬁd)()j/(NMj (a)
5 0.4} |
* At N=60: A and B switch 2 03 ; ;
— onset of g.s. deformation g | |
— 1% order type Il QPT B 02r N
& 0.1t (g)g/AN)p | ! () /(]\7)
ool s/ A
150 I
1254
2 100
; 751
o s0f
o5t
Ot

50 52 54 56@ 60 62 64 66 68 70
Neutron number
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Quantum Phase Transition(s)
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* Two configurations: U(5)  U(5) — SUB) 1 SUB) — SO(6)
* A: spherical, “normal” .
* B: deformed, “intruder” (a)
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* At N=60: A and B switch
— onset of g.s. deformation
— 1% order type || QPT

Order parameters
R
b W

| () p/(N) L
. 0.1 d/B B () /N ) 4
* B dominates g.s. for N>58 0.0} I S /S N
150
* B is a collective vibration [U(5)] up 1251
to N=58 g Lool
* Simultaneously, B undergoes = 750
change to SU(3) M S50f
— 1% order type | QPT A sl
Ot
- What happens to A at N>58, 2,*? 50 52 54 56 58 60 62 64 66 68 70
how certain are we at N=567 Neutron number
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“doubly-magic” °°Zr
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E(I\‘/IeV)

Really collective vibration,
Or Q-deformed/y-soft ?

some levels quite
uncertain, from one
transfer exp. only

4_.
3_;%%&%L
' 3, 2439
_lo.3(1
2 :Ml( :
1 2, 1.750
1 2.3(3)
E2
oL oY _

From W. Witt et al., submitted to EPJA
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Summary

 2.* B(E2) in **Zr measured to good accuracy

— 98Zr is still sph./non-collective in its g.s.
— 2" is a collective excitation on the “intruder” 0*

* Type Il shape evolution of Togashi/Otsuka confirmed

* Data support interpretation of intertwined QPT
* 1% order type Il (swap of sph./coll. Structures)
* 1% order type | (sph.—def. Evolution of intruder structure)

* Data base needs to be solidified
* Structures on ground- and excited bands
* Need more precise B(E2)s
* Need Q-moments
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ThanKk you !

Collaboration:

W. Witt, N. Pietralla, T. Beck
for the local analyses and discussion

M. Carpenter, G. Savard, D. Cline, R.V.F. Janssens, C.-Y. Wu, S. Zhu
for CoulEx @ ATLAS / CARIBU / GRETINA / CHICO2

N. Marginean, C. Mihai, S. Pascu, and the IFIN-HH Team
for RDDS @ IFIN Tandem
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2 of Education
and Research
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