UPPSALA
UNIVERSITET

Isomeric yield ratios and angular
momenta in nuclear fission

Andreas Solders



Background and motivation

Prompt Neutrons Prompt Gammas Decay
1018-10%s

104-103s 103%s =» t=0
—it e —

Deformation and fission e J
, 1021-10%s N @ """ > @ ----- >
1 T /\/\/\/\
-2 % —s
g
238(J 239 h : :
@B
- /\’\/\4

"lj_L

UPPSALA
UNIVERSITET



Background and motivation

Prompt Neutrons Prompt Gammas

1016-101 s 1014— 103 s

Deformation and fission

™ ]
102'-102°s SRR 00 "7 » @ """ >

» 8 @ % d §

239 ~ %i
- 1"’\« yields and

238(J

cross sections

10}- * n_TOF PPACs r
F - Guber(2000) -
Calviani (2009)

I — ENDF/B-VIILO -

| — JEFF-3.3

1‘.1 " g ol " g aaal N TR E Y

1 10 10°  Enevy 10°

D. Tarrio et al, Phys. Rev. C 107, 044616 (2023)

= This work

235
3t un,.h) . SCINTIA (2018)
(a) * . Vorobiev (2010)
i . Nishio (1998)
ol ~  Maslin (1967
2 P — Wahl eval (1‘988)
B et RN i
1+
0-505 100 120 140

A. Al-Adili et al, Phys. Rev. C 102, 064610 (2021)

<

)

JYVASKYLAN YLIOPISTO

**
5 -
* *
B W

* ok

EUROPEAN COMMISSION

Decay I UNIVERSITY OF JYVASKYLA

103%s =» t=0

isomeric ratios

Y (mm)

Z. Gao et al, Phys. Rev. C 108, 054613 (2023)

=== 1L
AN

/[ {

NEUTRONS
FOR SOCIETY

UPPSALA
UNIVERSITET



Angular momentum of fission fragments
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Somehow the fission fragments are
tumbling apart after scission.

What makes them do so?

Already before the experimental evidence for these surprisingly "
large angular momenta there where theories suggesting:

I

« pre-fission model: n

* Collective vibrations; wriggling, bending, twisting;

V
* post-scission model: S —
+ 4

* Coulomb forces; microscopic theories (e.g. Bertsch et al. 2019) o é 2 even-even nuclei



Angular momentum of fission fragments

The debate got fresh fuel with the results from J. Wilson
et al., Nature 590, 566 (2021).

All three studied systems showed the same sawtooth-like
behaviors.

Furthermore:

“Here we show that there is no significant correlation
between the spins of the fragment partners, which leads
us to conclude that angular momentum in fission is
actually generated after the nucleus splits (post-
scission).”

Several subsequent papers challenged this conclusion,
e.g., Randrup & Vogt, PRL 127, 062502 (2021).
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Isomeric yield ratios -
a probe of angular momentum generation in fission
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Studying neutron-induced
fission at IGISOL-4

From neutron source to yield
measurements and model comparisons
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Isomeric yield ratio measurements
with JYFLTRAP

In quest of the angular momentum of the primary

fragments
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I[someric yield ratios in nuclear fission
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From scission to metastability

Isomeric yield ratios in fission studies
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The IGISOL facility

Typical measurement cycle 1 s

Dipole magnet
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See talk by Simon Rausch
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Experimental results

« 35 isomeric yield ratios in 28U(p,f)

Data for states 3/2"and 11/2
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Angular momentum estimation
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Average angular momenta in 238U(p,f)

Average spin, (/) (xh)
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a-induced fission of 232Th

a (28 MeV)
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a-induced fission of 232Th

a (28 MeV)
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Results

Compared to 233235J(ny,,f), we observe an
increase in the IYR.

We conclude that a significant part (at least
40%) of the extra CN spin goes to the FF.

(remaining part likely goes to orbital angular
momentum).

The fission fragments do carry a memory of
the compound system.

PRC 111 L031601 (2025)
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The peculiar case of 28y

@ This work
98Y shows a remarkably low IYR. 0.8 1 - ? B 79U(paa0.f) - HKudo1998
: - B § 22U(nye.f - ).M.Campbell1997
{  23U(pza0.f) - M.Tanikawal993
. . . . . 0.6 A I ¥ ?3U(p;s.0.f) - V.Rakopoulos2018
Possible mistake in the spin assignments of I 2U(psolf) - 2.Ga02023
1 98vn» $  #%Pu(ngy,f) - A.Bail2009
the ground and excited states of °8Y* B e s
z ¥ ?*Th(p2s..f) - V.Rakopoulos2018
I 252Cf(sf) - V.P.Bugrov1985
For 190y the spin assignment in the 5] z £ "Ulninf) - D.ETroutner1963
. § ?*U(ny,f - H.0.Denschlag1977
databases (ENSDF and NUBASE 2020) ot - 4 235(ny,,f) - M.Weis1981
H F o 25U(ny,.f) - S.V.Tipnis1998
d |sagree. 0.0 - T 23U(ny,.f) - C.Lietz1986
§  23U(ny,f) - F.Martin2011
. L. 96lY 97‘Y 9B'Y IOE)Y 99;\”) lOO'Nb 102INb
For 1°Nb the ENSDF evaluation explicitly
calls for a dedicated measurement for the o TS B
state ordering of the two isomers Nuclide | tip(s) TIF | tip(s) G E, (keV) IYR
Yy 5.34(5) 0~ 9.6(2) 8* 1540.5(4) 0.58(2)
Ty (*y | 3.753) 1727 | 1.17(3)  9/2*  667.52(23) | 0.800(5)
98y 0.548(2) 0~ | 2.32(8) (6%,7*)  465.7(7) | 0.129(4)
100y 0.94(3) 4+ | 0.727(6) 1* 144(16) | 0.727(9)
PNb (*) | 15.02) 9/2* | 150(12)  1/2° 365.27(8) | 0.732(9)
100N 1.5(2) 1t | 29911) (5% 313(8) 0.80(1)
PLB 871140012 (2025) 102N 434) @Y | 1.3106) (1Y) 94(7) 0.74(1)




The peculiar case of 28y

%8Y shows a remarkably low IYR. 0.8
The state ordering of 28y, 100y, 100Np, 102Np %9
were measured using an in-trap beta decay = _
. 0.4 1
technique. =
0.2 A1
The result confirm the state ordering as
reported in NUBASE 2020. 00

Puzzle remain!
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S<r2N60

The peculiar case of 28y

* Large isomeric shift in charge radii
* Probable shape co-existence
« High-spin state rarely populated in fission

P. Campbell et al. / Progress in Particle and Nuclear Physics 86 (2016) 127-180
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« Large isomeric shift in charge radii P e i

* Probable shape co-existence
« High-spin state rarely populated in fission —l——
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Conclusions

« 35 isomeric yield ratios have been measured in 238U(p,f) at 25 MeV.
« Another 22 have been measure in 232Th(a,f) at 28 MeV

« A GEF + TALYS based model has been developed to estimate the angular
momentum of the pre-neutron-emission fragments that feed the
measured isomers.

* Increased CN angular momentum leads to higher fission fragment angular
momentum.

« We highlight the unusually small IYR for ®8Y and its relation to a large
isomeric shift in charge radii.
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Conclusions —~. Vetenskapsradet

35 isomeric yield ratios have been measured in 238U(p,f) at 25 MeV.

The Finnish Academy

* Another 22 have been measure in 2°2Th(a,f) at 28 MeV of Science
« A GEF + TALYS based model has been developed to estimate the angular J
momentum of the pre-neutron-emission fragments that feed the Stral
measured isomers. sakerhets
myndigheten
* Increased CN angular momentum leads to higher fission fragment angular
momentum. CHANDA

« We highlight the unusually small IYR for ®8Y and its relation to a large
isomeric shift in charge radii. SKB
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