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Selected latest results on Bi isotopes (IS608+IS650)

IS608 A.E. Barzakh et al., Shape staggering in gs of 187-189Bj

Phys. Rev. Lett. 127, 192501 (2021)
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I1IS650, fast timing, 8* isomers; R.Lica in preparation

Provided rate measurements up to 2'¢Bi
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1S608 B. Andel et al., 188Bi beta-delayed fission
Phys. Rev. C 102, 014319 (2020)

IS650 B. Andel et al., New isomer in 214Bi
Phys. Rev. C 104, 054301 (2021)
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IS608, Anomaly of the gs 9/2- magnetic moments in 215.217Bj

In preparation
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Goal: High-spin isomers 212m1.m2.213mBj gnd the N=126 kink problem

Properties of the high-spin isomers 212m1.m2.213mBj and their link to the Bi gs charge radii kink at N=126: is the
position and occupation of the i11/2 neutron orbital relative to g9/2 a real culprit for the N=126 kink?

Skyrme, P.M. Goddard et al,PRL110 (2013) OReIativistic, T. Day Goodacre et al,PRL126(2021)&PRC104(2021)
A I —_— —_—
o= |
> -2 - T~ 297f2 E 2 2g,, ]
[0} _4~='_" T S — 299',2 = Ly, V ]
= -4+ 11 11/2 = i I -
— 2 .al - DD-MES
D -6 5 - [zo8 ] L (a)
@ 3p I Pb .
(i _87:;—\—;:\‘“?;: RS g 6| 4 _osp 4
“10 L < MES 2?:/:’2 E - ] E— DD-PC1 |
= —_—— 1 &
SLy4 SLy4 SKRA Skl4 NRAPRIi & _ . ——1 L 04} NL3*
mod —— - {i = DD-ME2
—_'-_\-—/T__ ﬁ o
: a3 E - E 03k ]
1 T T T T T T T = g . DD-ME2 -
i Sly4 m i V= o | 2 /, NL3*
081 Slyamod @ =oove] o ] £ N
| i / +—e DD-PCI ) =" 7,7 _, DD-PC1
G 06 SKRA e Fil=w ) oy 13 ‘.
£ 04 Skl4 A _ _ y ! / = -,
= NRAPRiIi A E | 0.1 29 .
«" 0.2 Experiment ¢ 1 = i > _ DD-MES |
VU 0r 1 % f : 0 R —
* ° ) ! 126 128 130 132 134 ]
“© 02F . : !
0.4 . i i .
'0 6 1 1 1 1 L 1 1 1 1 [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I-
2 2

202 204 206 208 210 212 214 14 118 122 126 130 134118 122 126 130

Neutron number N

A

It seems the models in which the 111/2 neutron orbital is below g9/2 (or very close to it)
reproduce the kink better, due to enhanced population of the i11/2 orbital. In particular, this is
acommon property of relativistic approaches.




Goal: High-spin isomers 212m1.m2.213mBj gnd the N=126 kink problem

Properties of the high-spin isomers 212mlm2213mBj and their link to the kink in Bi gs charge radii at N=126:
Is the position and occupation of the i11/2 neutron orbital a real culprit for the N=126 kink?

Skyrme, P.M. Goddard et al,PRL110 (2013) Relatlwstlc T. Day Goodacre et al, PRC104,054322(2021)
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This effect can be probed by charge radii of high- spln isomers in 212m2.213mBj whose
configuration presumably includes an i11/2 neutron:

212mzBj [rh9/2x((vg9/2)?xvi11/2)]18-,

213mBj [1th9/2x (vg9/2><vi1112)]25/2-

relative to their gs’s or212mlB| [1Th9/2><vg9/2)]8 9-, which have no i11/2 neutrons.
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It seems the models in which the i111/2 neutron orbital is below g9/2 (or very close to it)
reproduce the kink better, due to enhanced population of the i11/2 orbital. This is a common
property of relativistic approaches.



2129m1,m2Bj (N=129) 2139.mBj (N=130)

E(level)’ J* T2 XREF Comments E(level)” I T2 XREF Comments
0.0 1= 60.55 min 6 AB 9o~ =64.06 6: %a=35.94 6 0.0 9/2- 45.59 min 6 ABC Ge=2.140 10; %p~=97.860 10

Q=+0.1 4: u=+0.32 4

p: from laser resonance fluorescence spectroscopy (1997Kil5). Other: 0.41 5 from 2 13 -
static low-temperature nuclear orientation (1997Kil5). g BI s 6<r?>(*I3Bi, 2Bi)=0.422 fm> 29 (2018Ba03). Other: 0.416
212 - Q: I|;u‘n71 lase ’r(c;:;ul;ul;‘eql(luure:\:;-nfe .\p‘ec[rmcop_\ fm2 7 (2013An02).
g BI ; lnl‘;)i I?]m _]‘)()H;Rii]).i_ l::l){l;:l: ;.;,()IhSIH). J7: Based on favored a decay of 27 At(JF)=9/2~ — to 213Bi 8.
sotope shifts: - 7217 A)=9/2" b 21 pry=5/ Ty=5§/2~
J7: log ft from 0" suggests J=0 or 1; ay(#) rules out J=0 (1986Mal7); 7=— from J :j Ali'):w[z h“»‘e‘:g‘l’_; i I ;“;’7’)[)3/14 ‘{L)‘;f]‘\}‘.‘(;’ 2]\? level (J )]V[Z '
shell model. and — E2 y to g.s. of ="' At (1972Dz 14, y02). Also supported by the
Ty2: weighted average of 60.480 min 52 (1914Le01) and 60.600 min 43 HFS and g measurements (2019Ba22).
(1961Ap03). Other: 60.5 min (1949Me54,1948Gh01). + l
Gea: weighted average of 36.00 3 (1965Wa09), 35.81 4 (1962Be09), and 35.96 6 Conﬁguratlon T (h

(1960Sc07).
configuration=(x lhg/>)(v2g9/2).

configuration=(x lhg/»)(v2g9/2).

9/"

239 30 (87.97) 25.0 min 2 C %p~=33 1. %p~a=30 I. %a=67 1 <1 o 238 5 5
212 1 . E(level): from Schottky mass spectrometry (2013Ch12). Other: 250 from Ea=6.34 1353 21 c E(level): Isomer (“**U.X) was identified from Schottky frequency spectrum (figure 2 in 2012Ch19)
m MeV to 251 g.s. (1978Bad4). .
B I J®: J7=(97) suggested by analogy with 210Bj. Possible configuration=((2'Bi 2 13m B I

=(87) sl
state in 2'2Po (1991Wal8).
from 1984EsO1. ()[hr_‘h 8 mln 1 (1980Le27). 25 min / (1978Ba44).

e b L. Chen et al., Nuclear Physics A 882 (2012) 71-89

%~ a: from la(>'2Po excited states) (see 2'2Bi g~ decay (25.0 min) data set).

gested by log ft value for 8~ decay to

0 .—I
((210B 97)(1220/2)720") (1978Ba44). . : :.
- A2 = — 213mB-82+ :I £
S 80— | g &
8 - : >
1478 38 (187) 7.0 min 3 %B~<25; %IT>75 ‘= 120 — H G
E(level): from Schottky mass spectrometry (2013Ch12). '% L E l 3
- J7: from B~ decay to (18*) level in 2'2Po, comparison to shell model calculations = [ H 213 82+ i
212m28| (2013Ch12, 1991 Wal8). © 160 : °Bi g
Ty/2: neutron atom half-life from 1984EsO1. Others: 7 min / (1980Le27), 9 min / g [ i E* = 1.35 MeV 2
(1978Ba44). For highly-charged atoms (charge states of 80*.81%, and 82%), T;» > 30 = 200 — ! o
min (2013Ch12). — ! 2
%IT.%p: only a 8~ delayed 11.65 MeV « (from 45.1 s 2'2Po) with T},=7.0 m has 240 — E z
been observed. Taking log fr for this transition as 5.1 (lower limit for allowed ol . TR Y I h P I 1 PR Nt
transition) and Ejeyve;=1478 keV, the %IT hrunch mustbe =75% as deduced by the 205.45 205.5 205 55 205.6 205. 65 205.6 205.65
evaluators. (Revolution frequency - LO) / kHz
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213mRA; : - 99N
1T X (Vg XVI ey
0
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N I~ &
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£ B u 3] 2 60 - 22m2p s —
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— E ]
— Mixture T dof 22yl [0° 11 h] -
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Revolution freauency - 59440.0 (kHz) 12528 12530 12532 12534 12536 12538 12540 12542

L. Chenetal., PRL 110, 122502 (2013) Revolution frequency - 59440.0 (kHz)



2129 m1,m2Bj (N=129) 2139mBj (N=130)

E(level)’ " Ti2 XREF Comments E(level)” Jx T2 XREF Comments
0.0 1= 60.55 min 6  AB 9o~ =64.06 6: %a=35.94 6 0.0 9/2- 45.59 min 6 ABC Yo=2.140 10; %p~=97.860 10
Q=+0.1 4: u=+0.32 4 p=+3.699 7

static low-temperature nuclear orientation (1997Kil5). Isotope shift: 6<r?>(23Bi, 2Bi)=0.422 fm? 29 (2018Ba03). Other: 0.416
fm? /7 (2013An02).
J7: Based on favored @ decay of 27 At(J")=9/2" — to 2¥Bi g.s..

p: from laser resonance fluorescence spectroscopy (1997Kil5). Other: 0.41 5 from 2 139 Bi Q=-0.835

. Q: from laser resonance fluorescence spectroscopy
2 129 B I (1997Ki15,2000Pe30,2001Bi23,2016St14).

Isotope shifts: 1997Kil15. 2000Pe30.

w217 —0/9~ haser 21 17)=5/2— oCs 2 ol (1)=& /9~
J7: log ft from 0% suggests J=0 or 1; ay(#) rules out J=0 (1986Mal7); 7=— from I "\[_’*L)v‘z hd\“‘,‘:',t Fr(d™=5/2" a "“‘_‘.‘ — 218 level (J7)=5/2
shell model. and — E2 y to g.s. of ="' At (1972Dz14, 1977Vy02). Also supported by the
Ty/»: weighted average of 60.480 min 52 (1914Le01) and 60.600 min 43 HFS and p measurements (2019Ba22).
(1961Ap03). Other: 60.5 min (1949Me54,1948Gh01). . . + l
Gea: weighted average of 36.00 3 (1965Wa09), 35.81 4 (1962Be09), and 35.96 6 Conﬁguratlon. T (hg/,) )
(1960Sc07). _ b

configuration=(x lhg/»)(v2g9/2).

239 30 8°.97) 25.0 min 2 G Yep~=33 1. %p~a=30 I %a=67 1 . 238 . . . y . a1 AT
212 1 . E(level): from Schottky mass spectrometry (2013Ch12). Other: 250 from Ea=6.34 1353 2/ C E(level): Isomer (~**UX) was identified from Schottky frequency spectrum (figure 2 in 2012Ch19)
m MeV to Tl g.s. (1978Badd). .
BI J7: J7=(97) suggested by analogy with 2!°Bi. Possible configuration=((2'"Bi 213m BI

9 )F=0™) (1978Bad4). J'=(8") suggested by log ft value for 8~ decay to
J7=8* state in 2'?Po (1991Wal8).
Ty 1984Es01. Others: 28 min / (1980Le27). 25 min / (1978Ba44).

g i e R L. Chen et al., Nuclear Physics A 882 (2012) 71-89
0

%~ a: from la(>'2Po excited states) (see 2'2Bi = decay (25.0 min) data set).

1 | ]|
2 - +20+ L ; £
(((1OB 97)(12g9/2)*20%) (1978Bad4). o | :
- L c — 2‘I3mB-82+ :I g
S 80 |- I f &
s T i :
1478 38 (187) 7.0 min 3 %~ <25; %lT>75 = 120 — H I ]
E(level): from Schottky mass spectrometry (2013Ch12). '% L E I I 2
- I fro ~ decav to (]8*) Jevel in 2!2Po ¢ arison to shell model calculations H : . =
212mZB| (2013Ch12. 199TWals). ® 160 — i : 213gB|82+ z
Ty2: neutron atom half-life from 1984EsO1. Others: 7 min / (1980Le27), 9 min / g [ E E* = 1.35 MeV i 2
(1978Ba44). For highly-charged atoms (charge states of 80*.81%, and 82%), T > 30 = 200 — ! ! o
min (2013Ch12). — H II °
%IT.%p: only a 8~ delayed 11.65 MeV « (from 45.1 s 2'2Po) with T},=7.0 m has 240 — E i z
been observed. Taking log fr for this transition as 5.1 (lower limit for allowed 3 P IR PR LT R B I h PR I 1 PR Nt
transition) and Ejeve1=1478 keV, the %IT branch ust be >75% M 205.45 205.5 205.55 205.6 205.65 205.6 205.65

evaluators.

bW WA MR SR S0 ORSD R g (Revolution frequency - LO) / kHz
212m2Bi [Tth9/2x((vg9/2)?xvi11/2)]18- 27?7 213mBj [TTh9/2x (vg9/2xvi11/2)]25/2~ 2727

Task 1: We will perform hfs scanning for 212m2213mBj with LIST in narrowband mode (procedure confirmed for
Po/Ac’s in our 2022 campaigns). Some scanning can be done with MR-ToF (for longest-lived cases, if IDS is not
enough). Deduced magnetic moments will help to confirm/establish the configurations. Also radii will be
determined.

Task 2: Decay properties of high-spin isomers are poorly known, some studied 40-50 years ago. We can
now do it much better with the versatile IDS system, e.g. to search for the IT decay from 18 to 8/9 (or even
to the gs) in 212m2Bj, and/or to measure for the 1t time the half-life and decay path of 213mBi,




The Method: In-source laser spectroscopy+IDS+MR-ToF

B. A. Marsh et al., NIM B317, p.550 (2013) Protons
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Why LIST? -Fr contamination

» Long-lived, strongly-produced Fr contaminants only at A=212,213

» The LIST operation in this region is now confirmed by several experiments, e.g. our recent
207-209T| study (Z. Yue et al., PLB 849,138452, February 2024)
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Examples of scanning for 212m.217pg (April 2022)

and simulations for 2129.ml.m2Bj

CRIS “injection-seeded” narrowband laser (April 2022)

Simulations for 2129.m1,m2pgj
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Table 1. Measured (red, IS608/IS650) and calculated (black) yields and the shifts request
for B1 nucler based on the 2 uA proton beam intensity, see text for details. The number of shifts
account for half-lives, measurement procedure and respective yields.

LIST yield, |Shifts
Nuclide Tiz,s  |RILIS vield, ions/pC|  ions/pC
212m2, " = (18) 420 6.1E+03 3.1E+02 fab
212ml, F=(8,9) 1500 5.5E+03 2.8 E+02
213m, I" = (25/27) >168 8.2E+02 4.1E+01 3ab
216 135 1.0E+03 (IS650) 5.0E+01
216m 396 1.5E+03 (IS608)° 7.5E+01
209 Multiple 0.5 h scans 1
Reference Faraday Cup scans over the whole run
LIST optimization with the proton beam 0
on target
Stable beam tuning to IDS/MR-ToF 1

aScans of both isomers will be done simultancously and require in total approximately 3 shifts; this
also 1ncludes time needed for the search of unknown gamma lines and determination of the

scanning range. Very broad hfs scanning with many steps will be required, by analogy with *'*Po,
measured in 2022 (see simulated hfs in Fig. 3).

®] shift will be used for decay spectroscopy.
“Isomer ratio was determined during IS608 campaign from the ratio of the MR-ToF hfs maxima

In total, 10 shifts requested for hfs/IS, nuclear spectroscopy and reference
measurements for 212.213Bj

If the proposal is accepted, it will also “save” 2 shifts for G.Georgiev’s L0239 requesting the same Bi
isotopes for the g-factor measurements in daughter Po






2129 m1m2RBj (N=129)

E(level)’ i T2 XREF Comments

0.0 1= 60.55 min 6 AB 9o~ =64.06 6: %a=35.94 6

Q=+0.1 4: u=+0.32 4

p: from laser resonance fluorescence spectroscopy (1997Kil5). Other: 0.41 5 from
static low-temperature nuclear orientation (1997Kil5).

Q: from laser resonance fluorescence spectroscopy
(1997Ki15.2000Pe30,2001Bi23,2016St14).

Isotope shifts: 1997Kil15. 2000Pe30.

J7: log ft from 0" suggests J=0 or 1; ay(#) rules out J=0 (1986Mal7); 7=— from
shell model.

Ty2: weighted average of 60.480 min 52 (1914Le01) and 60.600 min 43
(1961Ap03). Other: 60.5 min (1949Me54,1948Gh01).

Y%a: weighted average of 36.00 3 (1965Wa09). 35.81 4 (1962Be09). and 35.96 6
(1960Sc07).

configuration=(x lhg/>)(v2g9/2).

configuration=(x lhg/»)(v2g9/2).

legBi

%pp~=33 11 9B~ a=30 I %ea=67 1
E(level): from Schottky mass spectrometry (2013Ch12). Other: 250 from Ea=6.34
212m1 B 1 MeV to 205T] g.s. (1978Badd).

I J7: J7=(97) suggested by analogy with 2!°Bi. Possible configuration=((2'"Bi
97)(1229/2)*20%) (1978Bad4). J7=(87) suggested by log ft value for 8~ decay to
J7=8* state in 212Po (1991Wal8).

Ty 20 from 1984EsO1. Others: 28 min / (1980Le27). 25 min / (1978Ba44).

%% : from 1a(25 min 2?Bi)/la(*'>Po) (1984Es01), see 212Bi g~ decay (25.0
min) data set.

%~ a: from la(*12Po excited states) (see 212Bi 5~ decay (25.0 min) data set).

(*19B 97)(:2292)720") (1978Bad4).

239 30 (87.97) 25.0 min 2 <

1478 38 (187) 7.0 min 3

212mZBi

J7: from B~ decay to (18*) level in 2'2Po, comparison to shell model calculations
(2013Ch12, 1991Wal8).

Ty2: neutron atom half-life from 1984EsO1. Others: 7 min / (1980Le27), 9 min /
(1978Ba44). For highly-charged atoms (charge states of 80* 81%, and 82%), T} > 30
min (2013Ch12).

%IT. %3 : only a B~ delayed 11.65 MeV « (from 45.1 s 212Po) with Ty,2=7.0 m has
been observed. Taking log fr for this transition as 5.1 (lower limit for allowed 3

transition) and Ejeve1=1478 keV, the %IT branch ust be >75% M

evaluators.

212m2B [1h9/2%((vg9/2)2xvi11/2)]18~ 227

TABLE 1. 2"?Bi isomers studied in the ESR.

1 Eqc” (keV) EXY (keV) EESY (keV) Ecpr (keV)

calc calc
ml 8,9 303, 281 263, 241 239(30) 250(30)
1478(30)  >1910

m2 18" 1496 1456

“Calculated by Warburton [5].
PLiterature excitation energies [4.9].

L. Chenetal.,, PRL 110, 122502 (2013)

1628

1541

1456
1421

1327
1237

17
167

-

137 M3, >75% IT

127

1478(30)

1036

239(30)

0

FIG. 3. Partial level scheme for *'>Bi, showing the calculated
energies of the yrast states on the left, together with a few non-
yrast states (8 , 16, and 17 ) that are discussed in the text. On
the right are the observed isomers with their energies measured
in the present work.

energies 1s given in Table I. The maximally aligned
whyss, viyy2(g9/2)* configuration for the 187 state is

calculated to have 98% purity.



Do we really need PI-LIST mode?

Simulations for 29°Bi (R. Heinke)

Standard RILIS

0.8 /
2 0.6 LIST+CRIS narrow band
% (our preferred mode)
& 0.4
02
0.0 J U ‘ UL

—-20 -10 0 10 20
Center frequency shift (GHz)

*Blue: Standard in-source spectroscopy + dual etalon laser (~2.9GHz)

*Red: LIST collinear mode + dual etalon laser (~2.2GHz) — The better resolution comes from the fact that the
LIST only probes atoms flying towards the laser into the LIST. There will be a shift against the other modes.
*Green: LIST collinear mode + CRIS narrowband laser (~1.4GHz) — our preferred mode of operation here
*Black: PI-LIST mode + CRIS narrowband laser (~0.5GHz)

Conclusion: no significant improvement with PI-LIST, thus we might not use it at all
(TAC asked on PI-LIST intensity reduction)




Physics Motivation and goals of the proposal

Goal 1: The N=126 kink problem

Goal 1. Properties of the high-spin isomers 212m1.m2.213mBj and their possible link to the kink in Bi
ground state charge radii at N=126: is the population of the i11/2 neutron orbital a real culprit for the

N=126 kink? T. Naito et al., RIKEN, arXiv:2209.028572v2

Non-relativIStiC -«
i o . o ‘ N
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2 - —20 .
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It seems the models ifi which the i11/2 neutron orbital is below g9/2 (or very close to it)
reproduce the kink better, due to enhanced population of the former orbital. If so, this effect
can be probed by charge radii of high-spin isomers in 212213Bj, whose configuration does include an
i11/2 neutron: 212m2Bj [th9/2x((vg9/2)?xvill/2)]18—, 213MBi [Tth9/2x (vg9/2xvill/2)]25/2—, relative to
their gs’s or 212m1Bj, with less or no i11/2 neutrons (e.g. #1?™Bi [Tth9/2xvg9/2)]8—,9-).
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Anomalous 9/2- gs magnetic moment systematics in 215.217B;:

evidence for deformation/configuration mixing?
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PES for 209.215.221Bj calculated in HFB approach with Gogny forces
D1S. A clear change of the PES minimum can be noticed by moving
to heavier isotopes — deformation effects due to configuration mixing

In the gs, via occupation of the high-j neutron orbitals?
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The shell-model wave function components for the 9/2-
gs of the even-N Bi isotopes. Only components with the
weight larger than 10% are shown (H. Naidja)
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The neutron shells occupanciés for the 9/2- gs of the even-N Bi
isotopes. Black dashed lines correspond to artificial situation with
sequential g9/2 shell filling, while red/blue/green lines correspond
to the inclusion of the effective interaction. (H. Naidja)



