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1. Motivation

Untruncated numerical full shell model calculations with the SR88MHJM
interaction and all proton orbits between Z= 38 and Z=50.

Analytical single-j calculations with a seniority conserving interaction or with
empirical two-body matrix elements. Example: *3Tc as (n1ggy,)?

BT =33 PRI} 1)J EGPR)

Energy 21; Sum over CEP2 Energy of
state in ?3Tc states state in 2Mo
in 22Mo

A de Shalit and I. Talmi, The Nuclear Shell Model (1963)



Recently, this approach was extended to electromagnetic quadrupole transition
rates by Piet Van Isacker.

Assumptions:

Seniority is conserved.
The effective charges in one-body E2 operator of the two-j nucleus can be state

dependent.
The effective charges in the quadrupole moment of the state with spin R are the
same as those for B(E2;R 2R-2) = B in the two-particle nucleus.

Then the following relation can be obtained:

B(E2; 3[1J = j3[I'J ZJ}JIFIR}\EE}L

First application to 13°| as (t1g;/,)° P Spagnoletti et al. Phys. Rev. C 95 (2017) 021302
Verv succesful for 211At using 210Po V. Karayonchev et al., Phys. Rev. C 106, (2022) 044321



2. Fast timing using Centroid Difference Methods
very fast CFD: constant frac.tion discriminator
scintillator (iet ector j//’_D TAC: time to amplitude converter
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Calibration of the PRD curve using the *2Eu source
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The PRD curve is shifted in parallel using different reference energies.

Remeasurement of PRD relevant lifetime of first

2+ state in 1°2Gd (4 weeks measurement):
New 1 = 46.9(3) ps Old: T = 46.2(39)
L. Knafla et al. NIM A 1052 (2023), 168279.
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The Compton background has an important time dependence which needs to be corrected for.

Example time response using °®°Co.
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See also H. Mach et al. Nucl. Phys. A 523 (1991) 197 section 2.3.



The Generalized Centroid Difference (GCD) method for y-y fast timing arrays
[J.M. Régis et al., NIM A 726 (2013) 191]

The generalisation of the MSCD method was
done for the FATIMA@EXILL Array in Spring
2013. It holds for arrays holding the same
type of scintillators, all at the same distance
from the target. Then the averaged spectra
still follow the MSCD relations.

ACyery (AE)=C

stop B
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C =

start
)+ 27

feeder decay

The Symmetrized GCD method:
[J.M. Régis, M. Dannhoff, J. Jolie NIM A 897 (2018) 38]
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3. Experiments on *?Mo and other N =50 isotones.

/=50

In
114.818

Cd
112,411

abs 2520

/=40

After the success in the N = 126 isotones,
it would be interesting to study similar isotones.

Candidates could be the N= 50 isotones above
Z= 40 where the m(1g,/,) orbit gets filled.
Also here, the knowledge on lifetimes and B(E2)

values is limited and often contradictory or
unprecise.

The problem is to populate the isotones above
90Zr using stable or radioactive ion beams.

Here we report on the stable beam experiments
performed recently in Cologne.



2Mo:

The main problem is the lifetime of the first 4* state which is needed for the prediction of all
other B(E2) values. Note B(E2) to first 2* known via Coulex.

Recently, the lifetime of the 2* and 4* states were measured for the first time as 0.8(4) ps

and 35.5(6) in a recoil distance experiment at GANIL.
R. M. Pérez-Vidal et al. Phys. Rev. Lett. 129 (2022) 112501.

To verify the lifetime of the first 4* state and reduce the statistical and systematic error two
fusion evaporation reactions were used at the 10MV Tandem accelerator in Cologne.

EXP1:99Zr(o,2n)°?Mo @ 27 MeV on a 5.3mg cm™ 97.62% enriched target.
EXP2: 23Nb(p,2n)°’Mo @ 18 MeV on a 5.4mg cm? monoisotopic target.

New:
Completely digital acquisition system (CAEN 500MHz digitisers) with digital CFD algorithm
to reach timestamps with ps resolution. A. Harter et al. NIM A 1053 (2023) 168279.
Symmetrized Analysis. J. M. Régis et al. NIM A 897 (2018) 3.
Remeasurement of PRD relevant lifetime in 1°2Gd. L. Knafla et al. NIM A 1052 (2023), 168279.



The HORUS array was equipped with 8 Ge detectors and 9 LaBr3(Ce) scintillators of

which 6 with BGO shields.

Time Walk (TW) is
obtained from a 1°?Eu
source using the new
value for the first excited
2+ state in 1°2Gd.

L. Knafla et al. NIM A 1052 (2023), 168279.
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TABLE I. Summary of the measured mean lifetimes of the states J|" and the respective reduced transition probabilities.

Tovp, Tevps Tadopted B(orJ[" — J;7) B(orJ[ — 1)
J— J? ps ps ps Multipolarity adopted literature
2t — of <3 <8 <3 E2 =35 ¢* fm* 207(12) €* fm* [30.31]
47 — 2f 22.5(11) 23(2) 22.5(11) E2 132%] €% fm* 84.3(14) e fm* [5]
67 — 47 E2P 81(2) e* fm* 80(3) € fm* [30,32]
2200(20 2220(70 2200(20 |
st (20) (70) (<0) E1b 5.3(6) x 10~ e fm? 5.3(7) x10~5 e fm? [30]
8t — 6F 310(3)x 10°¢ — 310(3)x10° E2 28.6(3) ¢* fm* 32(1) €2 fm* [30,33-37]
. | 2970030 E 14 >1.88(3)x 1077 e fm? 1.91(5)x 107 e fm? [30.38]
57— 4 2270(30 2250(60 70 , " |
R (39) (60) (30) M?2¢ <93 uN? fm* <98 uN? fm* [30]
77— 57 <5 <7 <5 E2 >101 € fm* ~
o7 — 77 37(11) 29(7) 31(6) E2 27175 €* fm* -

*Averaged value from feeder-decay cascades 244—773 and 330-773 calculated using a Monte Carlo method.

®The branching ratio for the 67 level was derived using the intensities from Ref. [29].
“Determined using Ge-LaBr timing.

dMixing ratio § < 0.05 from Ret. [39].

“*Weighted average from EXP1 and EXP2.

5: R. M. Pérez-Vidal et al. Phys. Rev. Let. 129, 112501 (2022)

M. Ley, L. Knafla, J. Jolie, A. Esmaylzadeh, A. Harter, A. Blazhev, C. Fransen, A Pfeil, J.-M. Regis, and P. Van Isacker, PRC108 (2023) 064313.



TABLE I1

. Experimental and calculated B(E2) values in “*Mo.

B(E2:J™ — JT) (€% fm*)

The effective charge in the one-body operator T,(E2) is obtained from the
quadrupole moment of the 9/2* ground state of ?Nb, with the

v JT v U Exp T\(E2) T/(E2) _ _
: experimental value and uncertainty Q(9/2 *) =-25(3) e fm2.
> 2f 0 of 207(12) 89 207(12)
2 4 2 of 1327 103 13247 The operator T'1(E2) has effective charges that depend on the two-nucleon
2 6f 2 4 81(2) 71 81(2) states (mlgy,)? and which will be used to predict transition rates in
2 + 2 N 28.6(3 2 28.6(3 :
28 6 8.63) 8 8.603) (mlge,)" states with n>2.
TABLE IV. Experimental and calculated B(E2) values in **Ru.
TABLE III. Experimental and calculated B(E?2) values in *Tc. B(E2JT — JF) (¢* fm")
I - 5 - v JTou JF Exp T(E2) T]'(El) L .
B(E2JT — J7) (¢ fm?) P - F— a: R. M. Pérez-Vidal et al. Phys. Rev. Let. 129, 112501 (2022)
TR LT Exp T\(E2) T/(E2) 4 of 4 - 128 164(4)
3 S 3 59+ 212 256+7 2 ZT 0 OT 165(80)* 136 186(4)
- 32 - /2 B o -6 4 20 o0 of - 7% 1078 0.07H9% + — 8 8 f 1
soyx 3oy - s e o e oee T4 = 87(8) ps from plunger measurement
30520 30 12f - 17 9.0%1 4 3 4 2 - 66 79(1)
30 s 1 9t - 93 156(6) 4o 2 4 - 5o B at GANIL
30725 1 9t - 178 278+ N TN SO
2 4 2 2 38(3)*, 103(24)° 12 7.8(7)
30 9/27 3 572 - 23 32(1) 2 4 a4 o - 25 35(1)
3 9/2F 30 72F - 20 26(2) 4 45 2 2f - 165 224(5)
30 9/2F 1 9pt _ 1 16.0(5) 4 4 4 - 9.5 15(1)
2 2 s st - 6 20 b: B. Das et al. Phys. Rev. C 105, L031304 (2022)
309 3wy B 85 29(1) 4 57 2 4 - 124 173(4)
3092F 3 13/2f - 33 48(3) 4 st ar . 83 5470
3012t 3 2f - 39 63(2) 4 5t 2 6 - 26 38(1) . .
- A . o =0 T4+ =32(11) ps from fast timing
267 2 4 3.002)° 8.0 3.9%02
30 11/2F 30 13/2f - 102 132(3) S e 4 B 0 .
Y o A B measurement at GSI
301525 3 1172 - 52 62(1) 46 4 4 - 071303
3015/2F 3 13/2F - 16 17.7404 2 8 2 6 0.09(1)" 32 102)
3 17/2F 3 13/2F 88(18)° 99 1143) PS4 - % 17
3 N 3 RS 7 - 4 85 2 o - 61 82(2)
301728 3 1572 - 30 30.1(5) 4 o8 o4 e - 2 27(1)
302128 3 1772t 73(5)" 57 61(1) 4 10f 2 sf - 105 147(3)
4 10f 4 st - 2 23.3(4)
“From Ref. [48]. - -
“From Ref. [5].

bErom Ref, [49].

PFrom Ref. [13

.



93Tc:

Very few absolute transition rates are known in this three valence proton nucleus:

the B(E2; 17/2,*> 13/2,%)= 88(18) e’fm*and the B(E2; 21/2,*> 17/2,*)*= 66(2) e*fm*

x 100
A fast timing experiment was performed in Cologne o @es o s T
: 90 6] ; 93 : e
using the *“Zr(°Li, 3n)*>Tc @ 31MeV reaction ot
137275
. 2 90 . . Ge(1434)
on a : 5.3mg/cm? °%Zr (98% enriched) target. > 1f
=~
~
n
Results: E
state Estate cascade Ge g&te P/B Texpt Tadopted Tliterature 8 4 I at es:
JT keV  keV—keV keV feeder—decay ps ps ps 3 97/2* :
(1) 1516 6201516 — 2.17(2)—3.45(2) 2(2) <4 — 21 13/2%1"&““750)
Ge(1434)
1 B 9/21+
. - 350 15.0(4)—12.8(3 2(4 _
(13/2)f 1434 750—1434 - 6.038543_6.858 08 <6 < 14 x 10% [29] AR P ST
200 600 1000 1400
b oras e 1434 13.0(3)—13(2) 30(4) , energy /keV
(/) 2185 350750 — 5.20(2)—4.33(2) 28(1) 28(1) 39(7)[30]
| | |
(212} 2535 1722-350 750, 1434P 1.31(4)—4.1(1)  2310(90) € 2910(90)  2320(80) * [31-33] élDl E Coxpt = —4(4)ps 22 T
= o + =]
transition Ey _ BlexJ'— Ji*y  B(ox;JT — J;')  B(E2) single-j [9] shell model B(E?2) = 13/ 21 13,2%213“'5“3 ]
g7 gy keV adopted literature T (E2) | T{(E2) SR8SMHJIM 3 ; [ (a) S L
() = (TRY): 836 (E2) > 19 — 30 | 63(2) 39 10 _ : I — I:I : I _
(W2)f = 9R7 1516 M1+E2 > 24 ¢ — 50 | 87(3) 78 2 I 22 T ameaso) Cexpt = 30(4)ps 1
o™ 1[}1 E 172" 3
(13/2)F = oht 1434  E2 > 22 > 0.009 [36] 102 | 166(6) 140 N e 17/2,* 1
' = L ! Ge(1434) 1
= L os27 ;
(17/)T — (13/2)7 750 E2 122(5) 88(18) [30] 99 | 114(3) 99 S 100 B ‘”h }II | ‘ (b)
E 1 | E
(212)F — (17/2)7 350  E2 66(3) 66(2) © 57 | 61(1) 57 —800 —400 0 400 =00

time [ps]

ps
" Nuclear Data Sheets Update for A = 93 after correction for (21/2)+ M. Ley et al. PRC 110 (2024) 034320



%Ru:

Fast Timing experiment at Cologne Tandem
2?Mo(*He, 2n)**Ru @ 28MeV on 5.5mg/cm?
Mo (98% enriched)

Results:
state Estate cascade Ge gate P/B Texpt Tadopted Tliterature
JT keV  keV—-keV keV feeder—decay ps ps ps
27 1431  756—1431 311 60.1(2)—67.2(2) <2 <2 0.8(4) [10]
. 311756 . 24.2(2)—41.8(4) 66(2) . 32(11) [8]
+
a7 2187 g g 1431 10.3(3)—10.4(2) 65(4) 66(2) 87(8) [10]
67 2408  146—311 756, 1431° 5.58(3)—7.24(4) 95.5(6)x10°¢  95.5(6)x10°  94(3)x10%[18]
107 3091  498—1347 1079 12(1)—11(1) <134 <13 <5[28]
._ . 1033—438 756, 1431° 2.05(5)—3.05(7)  1170(40)° : .
21 2624 1033—126 311, 756, 14317  2.32(5)—1.96(4)  1300(40)© 1240(30) 731(67) [28]
' 3658 540—1033 438, 756, 1431°  5.2(2)—5.7(2) <5 <5 —
97 4197 292540 438, 1033° 2.42(7)—3.42(9) 139(8) 139(8) —
17 4489  1079—498 1347 4.5(4)—2.9(2) 900(100) © 900(100) 1097(50) [28]
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M. Ley, J. Jolie, L. Knafla, A. Blazhev, A. Esmaylzadeh, C. Fransen, A Pfeil, J.-M. Regis, and P. Van Isacker, Phys.Rev C 110 (2024) 034320.




transition E, o) B(oX; J* — J;rf] B(oA; JT — J;f} B(E2) single-7 [9] shell model B(E2)
I — It keV adopted literature T1(E2) | T{(E2) SR88MHJIM

27 — 0f 1431  (E2) > 68 165(80) [10] 136 | 186(4) 177

47 = 2f 756  (E2) 50(2) 38(3), 103(24) [10], [8] 12 | 7.8(7) 7.4

67 — 47 311 E2 2.85(2) 3.0(2) [8] 8.0 | 3.9103 46

87 — 67 146  E2 — 0.09(1) [38, 39] 3.2 1.0(2) 1.5
(10) — 8F 1347  E2 > 14 >37® 105 | 147(3) 134

57 — 67 126  E1l 7.7(3) x107° 13.3(15) x107° [18] — —

57 — 47 438 E1 4.05(12) x10~¢ 6.9(8) x1076 [18] — —
(T7)1 — 5] 1033 (E2) > 139 P — — 178
(97 — (8%)2 267 (E1) 2.4(2)x107°¢ — — —
(97 = (7)1 540 (E2) 08(6) " — — 71078

(9)7 — 87 1553 (E1) 1.5(1)x107 "¢ — — —
(11)7 — (9); 151  E2 1287133 107(18) [18] — 182
(11)] = (97 292  E2 134717 111(5) [18] — 6x10~°
11)7 = (10)] 498 E1 3.8(5) x107° 3.1(3) x107° [18] — —



Also here the main problem is the lifetime of the first 4* state. Two recent RIB experiments at
FAIR Phase 0 and GANIL yielded contradictory results: t=32(11)ps *andt = 87(8)ps 2. We got
T = 66(2)ps or B(E2; 4+ 2+)= 50(2) e*fm* while the single-j prediction is B(E2; 4*> 2*)=7.8(7) e*fm*.

To obtain an understanding of this disagreement, it 1s essential to consider that for four particles
or four holes in a j = 9/2 orbit two 4+ levels with v = 2 and v = 4 occur close in energy.

Given that the Av = 2 transition 1S ~ 14 times faster than the one with Av =0, a small admixture
of v =4 1n the first 4+ state can considerably alter the B(E2; 4* & 2*) value.

T T
100 .. .. —
i Seniority constructive interference |

However, the v =4 4+ state 1s solvable for

any interaction in a j = 9/2 orbital, which means
that in order to mix with the v = 2 state
necessarily must involve components outside

the 029/2 space.

B(E2) [e'fm"]

1 B. Das et al. Phys. Rev. C 105, L031304 (2022) Fast Timing I N SR E S RO N N
0.7 0.8 0.9 1 1 12 1.3

2 R. M. Pérez-Vidal et al. Phys. Rev. Let. 129 112501 (2022) RDDM



Assuming an ad hoc mixed structure of the first 4+ and 6™ state:

41_} — iy ‘1;1'_:2} T ,34 ‘11;;.'_:;1}:
Eil_} — Oig ﬁ:;: }__JBE ﬁ_l_ };

=

Two almost equally good solutions &, and &,
are obtained.

The values are compared to a large scale shell
model calculation using a 1g,2d,3s configuration

with up to 4p-4h excitations across Z = 50 [5].

(5] H. Mach et al., Phys. Rev. C 95, 014313 (2017).

transition &1 &2 expt. B(E2) SM B(E2) [5]
4F =yof  oftd 8613 50(2) 85.2
6F=yuf ggidd - ggiis 2.85(2) 17.3
8t — 61 0.111914 0121917 0.00(1) 0.77

1.000
0.998
o 0.996
<
0.994

0.992

0.85 0.90 0.95 1.00



4. Conclusions and outlook

Excellent agreement with the single-j predictions for the B(E2) values in 211At was obtained
when using the B(E2) values in 21°Po as input.

In order to perform the same for the N= 50 isotones, precise lifetimes in #2Mo were
determined to serve as input for the calculations with more than two protons.

A fast timing experiment in ®3Tc yields promising results but more B(E2) values are needed,
especially for low spin states.

The B(E2; 4*—> 2*) in ®*Ru was measured to solve contradictory results from RIB experiments,
but it still disagrees with the single-j predictions and LSSM calculations.

Much more stable and RIB experiments are needed.



