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Shape isomer and “barrier” observables
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ØDecay half-life, T1/2,SI
ØBranching ratio, GSI,f /GSI,g

Ø Intermediate structure in sub-threshold fission 
ØY(A*, TKE)SI

ØTogether with barrier parameters from cross section data
➠ Image of the potential energy landscape between GS and saddle point



Once upon a time …
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Ø … there was a British scientist, Dr. J.E. Lynn
Ø Intermediate structure in 238U(n,f) and T1/2,SI < 100 ns (1 µs)

Ø Then came along Prof. J.P. Theobald and Dr. H. Weigmann
Ø 1989: Go to the CBNM (Geel), have fun and measure it🤓

238U(n,f)

30 A. Oberstedt and S. Oberstedt

In a comparison of barrier parameters from the analysis of intermediate structure
and from the fit of the fast-neutron fission cross section, it turns out that the relative
barrier heights are consistent for both types of data, i.e., EB > EA, for plutonium
and higher actinide isotopes. This is fully in accordance with the only observation
of delayed fission of shape isomers in these isotopes.

A classic example for a discrepant set of parameters from both analyses
represents, e.g., the narrow intermediate structure as depicted with a full line in
the left part of Fig. 12, i.e., the neutron-induced fission cross section of 238U, where
the resonance at En = 721.6 eV is practically representing the class-II state located
at En = 724.1 eV (Auchampaugh et al. 1986; Oberstedt and Gunsing 1995 and
references therein). The observation of the class-II state implies that its coupling
width, ΓIIγ , is larger than the fission width, ΓIIf , and that the transmission through
the inner barrier is larger than through the outer barrier. That the fission strength is
distributed only between a few class-I states means that ΓIIγ << DII . From Eqs. 42
and 43, EA turns then out to be smaller than EB , in contrast to the analysis of fast-
neutron cross-section data at threshold energy and the plateau region (Weigmann
1991b, Tab. 3).

As summarized there, the observed discrepancy holds for all uranium isotopes
investigated so far, 234,238U, and for 237Np, too. Possible interpretations reach
from existing higher-lying damped vibrational resonances over the existence of a
triple-humped barrier to a contribution of isomeric, delayed fission in subthreshold
resonances. From the analysis of the delayed capture area in the intermediate-
structure resonances discussed above, the latter assumption seems to be in even
sharper contradiction with the fast-fission data (Oberstedt et al. 1994a), and no shape
isomer in 239U could be identified.

Fig. 12 Intermediate structure around En = 721.6 eV with a narrow class-II state, λII,724.1 eV,
strongly coupled to its neighboring class-I states, as observed in the subthreshold fission cross
section of 238U (experimental data obtained electronically from Difilippo et al. 1980)

J.E. Lynn, in “Nuclear Fission and … “, Ed. A.M. Michaudon, (1981) 215ffOberstedt, A., Oberstedt, S. (2022), in “Handbook of Nuclear Physics“, Eds. Tanihata, I., Toki, H., Kajino, T. (2022) 
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Fig. 5. tiw coincidence spectrum as a function of the pulse height (contour plot of the yield in 
arbit. units on a logarithmic scale). The pulse height is in steps of 160 keV. 

height interval. While the drift of the maximum could be corrected for event- 
wise, all events containing y-energies E, < 0.3 MeV as well as energies larger 
than the neutron binding energy S,, were dropped. 

For the line-fitting procedure coincidence spectra of all resonances indicated 
by their energies in Fig. 4 were produced from the data. The coincidence 
spectrum obtained for the 721.6 eV resonance is shown in Fig. 6. Its analysis 
will be described below. Additionally, from time-of-flight regions containing 
no resonances a coincidence spectrum was created to correct for background 
contributions. These are mainly prompt coincidences from the natural decay 
chains of the target nuclei. The contents of each channel in the corrected 
coincidence spectrum &,re:s follows to be: 

yi,res = Y&tot - (&es/~bg ) yi,bg > (1) 

where Yi,tot and Yi,bs denote the channel contents in the uncorrected spectrum 
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Fig. 6. Pulse-height-corrected coincidence spectrum of the 72 1.6 eV resonance on logarithmic scale. 

Once upon a time … 239fU

8

480 A. Oberstedt et al. /Nuclear Physics A 573 (1994) 467-485 

Fig. 9. R/z over the neutron resonance energy En. The respective experimental value for the 
121.6 eV resonance is indicated. 

In Fig. 9 the relative delayed y-yield as obtained from the time-of-flight data 
is shown as a function of the resonance energy En in units of the average value 
for pure class-I resonances E. The value of (Rtr/K)eXP found for the 721.6 eV 
resonance is 

ew 
= 2.3 f 0.3. (23) 

From Fig. 9 it immediately follows, that the quasi-class-II state at 721.6 eV 
shows a significant deviation from the average value. The next step is therefore 
to investigate by comparison with the theoretically estimated RII, whether this 
deviation is only due to fission neutrons and possible isomeric y-decay of 
fission fragments or indeed to the decay of a shape isomer. 

The expected RII (Ti/z ) is calculated from Eq. (22) in a similar way as was 
done for Zr. However, the expression for Nd is modified to account for the 
influence of fission neutrons and isomeric y-decay from fission fragments (i.e. 
to include the former md) and for the limited width tmax of the coincidence 
spectrum: 

Nd = kIIry2 - afrf)m2% + hfrfm2tmf + &)I 

+ [(I - 6,) + ~fW@fa~flfd. (24) 

Here kf denotes the fraction of fission neutrons leading to delayed coincidences 
with y-quanta from fission fragments. In case of prompt fission (Sf = 0) kf M 1, 
because practically all fission neutrons will reach the detector within tmax. In 
the opposite case, i.e. delayed lission (Sf # 0), this fraction depends on the 
isomeric half life of Eq. ( 10). In the framework of the used approximations 
kf was chosen to be unity and the calculations were performed for the lower 
as well as for the upper limit of (Y (see Eq. ( 15) ). 6 accounts for the fraction 

Ø 4 BaF2, 102 mm × 76 mm (diameter × length)

Ø high-resolution neutron TOF source (GELINA)

Ø ¾ inch tape recorders (5 MB/tape 🫣)

Ø Optimized setup for 1 ns < T1/2,SI < 100 ns
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Fig. 7. Net coincidence spectnzn of the 72 1 A eV resonance in 239U (see text 1. The solid histogram 
gives the experimental data and the dashed curve indicates a gaussian + exponential function 
fitted to these data. 

of the resonance and in the background spectrum, respectively. Iv,, and Iv& 
denote the number of time-of-flirt channels from which the spectra were 
constructed in the analysis. The background-corrected coincidence spectrum of 
the 721.6 eV resonance is shown in Fig. 7. 

For the analysis of the relative delayed y-yield time-of-flight spectra were 
constructed for the “delayed” as well as for the “prompt” coincidences. The 
limit between the prompt and the delayed region t, was chosen to be 3.2 ns. 
This choice ensured that practiczdly no prompt coincidences fell into the 
delayed region. The background contributions to the resonances’ areas were 
obtained by fitting a linear function to the data from resonance-free regions. 

4. E~~rn~n~ results 

For both types of analysis it is essential to estimate properly the resonance 
parameters of the 721.6 eV neutron resonance in 239U as well as its class-II 
fraction. From these parameters the detection limit of the line-fitting procedure 
will follow. Additionally they will play an important role in applying the 
method of the relative delayed y-yield to the data. Therefore, the estimates 
were performed with the criterion to find the lower as well as the upper limit 
of possible values. This criterion will enable the determination of the possible 
errors on the experimental results. These estimates will be presented next. 

For an estimate of the resonance parameters the energy of the isomeric 
ground state En has to be known. Unfortunately this value could not be 
determined yet experimentally. However, from several sources the most likely 
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(i) prompt y y-coincidences between y-quanta from the same (either the first 
or the second) potential well and 

(ii) delayed ones which may represent coincidences between a y-quantum in 
the second well and one from the decaying shape isomer as shown in 
Fig. 2. 

Therefore, the real coincidence spectrum of the 721.6 eV resonance is ex- 
pected to be the sum of a gaussian and an exponential distribution: 

Y(dt) E Y, + Yr(dt) + Yd(Llf) 

= Ye + A,exp(-4ln2(dt/FWHM)*) 

(5) 

The free parameters are the amplitudes of the prompt and delayed component, 
A, and Ad, respectively, and the half life T ,,2. Y-, parametrizes a possibly still 
existing contribution in the spectrum due to accidental coincidences. However, 
this parameter was found to be almost zero. The full width at half maximum 
(FWHM) of the gaussian distribution is equal to the timing resolution of 
the detector system and was determined separately by fitting the coincidence 
spectra of pure class-1 resonances marked in Fig. 4, resulting in: 

FWHM = (0.889 f 0.006) ns. (6) 

Since the 721.6 eV resonance has a fission width fi # 0, there will also be a de- 
layed component due to fission neutrons inelastically scattered in the detector, 
as well as possibly from spin-isomeric y-decay of fission fragments. Therefore, 
a fitted half life is not sufficient to suggest the existence of the shape isomer. 
Rather than the half life the relative intensity Zr of the delayed coincidences, 
i.e. the ratio between the numbers of delayed and prompt coincidences, has to 
be used as a criterion: 

1, = &/& - Ad T,,*/A, FWHM. (7) 

Since Zr may be estimated from the resonance parameters, an agreement 
between the experimental and the theoretical value of Zr is a strong indication 
for the existence of the shape isomer. 

The gaussian + exponential function (5) resulting from the tit to the 
coincidence spectrum of the 721.6 eV resonance is included in Fig. 7. From 
this tit the observed relative delayed intensity Zr and the apparent half life Ti,2 
are 

zr = 0.044 f 0.012, 

Ti/2 = (4.80 f 0.96) ns. (8) 

In the following we discuss the theoretical estimate of Z,. Besides the resonance 
parameters Z,, Zyl, Z$ and the class-II fraction cm assumptions on the y- 
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Ø Optimized setup for 1 ns < T1/2,SI < 100 ns

Ø Excluded half-life region [1, 250] ns

Ø Interpretation: J.E. Lynn’s prediction was wrong and lower 
values for T1/2,SI would be in contradiction with (EB - EII)

Ø No direct observation and T1/2,SI > 250 ns

132 S. Oberstedt, E Gunsing/Nuclear Physics A 636 (1998) 129-138 
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Fig. 2. "y-ray spectrum from s-wave neutron resonances in 239U at (a) En = 721.6 eV and (b) En = 661.14 eV. 
The full lines show the result of a least-square fit to the experimental data. Possible ),-transitions towards the 
shape-isomeric ground state are indicated by the broken lines. The inlet shows as an example the result for 
fitting the data around E7 = 630 keV with and without assuming an additional "y-transition. 

i 
ca 8 0 0  

E 
o 

600 

4 O O  

4O0O 

0 3500 

3000 

1200 

j ,-'*l*'r"ji* 
I II II 

II 
11 II 
II II II I| 
II II 
II II 

1300 1400 1500 
E,y (keV) 

Fig. 3. Similar to Fig. 2 but for "y-energies between 1.2 and 1.5 MeV. The additional dotted lines in the inlets 
indicate the constituents of the additional ),-transitions. 
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4807.0 keV towards the ground state in the second minimum. The resulting proposed level scheme is 
shown in Fig. 26. Two transitions could not be placed within the decay scheme. It shows transitions 
with dominant El, Ml and E2 multipolarity where higher transition energies predominantly originate 
from the neutron capture state. Directly populated levels should exhibit spin values <5/2, while for 
upper levels negative parities can be expected due to the dominance of El transitions. Since neither 
y-y coincidences nor angular correlations have been measured, the spin and multipolarity assignments 
indicated in Fig. 26 should be considered as very tentative. However, the highest transition energy of 
3107 keV indicates the population of the ground state in the second minimum of 23gU at an excitation 
energy of EII = 1700.0 f 2.3 keV, consistent with results from measured neutron resonance spacings of 
class-I and class-11 type (EII = 1.9 f 0.3 MeV [9]). 
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Figure 26: Proposed level scheme above the shape-isomeric ground state in 23sU according 
to [88]. The intensities indicated in square brackets correspond to the efficiency-corrected 
peak areas relative to the total area summed over all transitions. Multipolarity and spin 
assignments may be considered as tentative. 

P.G. Thirolf and D. Habs, Prog. Particle and Nuclear Physics 49 (2002) 325 - 402S. Oberstedt and F. Gunsing, NPA (1998)
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Once upon a time … 233Th
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0 . 8 1 . 0 1 . 2 1 . 4

hw , (MeV)
F i g . 8 . Pr esen t a t i on o f EA as a f unc t i on o f ha rp . The ha t ched a r ea deno t es a l l va l i d comb i na t i ons o f EA
and hWA . The dash - do t t ed l i nes i nd i ca t e t he l i m i t s accord i ng t o Eq . (14) and t he dashed l i nes accord i ng t o
Eq . (15) . The so l i d l i ne shows Eq . (15) f or t he a . ,e r age va l ue o f En = 1 . 85 MeV and T112 =10 ns .

Tab l e 5
Ca l cu l a t ed hWA f or t wo d i f f e r en t nuc l e i , f or wh i ch EQ , Ti / 2 and EA a r e known f rom i ndependen t sour ces .
The va l ue w i t h a * ) was t aken f rom Re f. 121 . The va l ues i nd i ca t ed by a ) am f rom Re f. [ 17] , t hose i nd i ca t ed
w i t h b ) a r e f rom Re f . [24] . The f i r s t t i ne con t a i ns t he r espec t i ve r esu l t s f or 233Th f rom t h i s wor k ( see t ex t )

4 . Conc l us i on

same orde r o f magn i t ude , as shown i n Tab l e 5 , t he ave r age va l ue f or hwA i n 233Th may

be assumed t o be 1 . 05 MeV W i t h t h i s , t he mos t probab l e va l ue f or t he he i gh t o f t he

i nne r ba r r i e r i s abou t 4 . 6 MeV , somewha t l owe r t han t he neu t ron - sepa r a t i on ene rgy Sa

i n accordance w i t h r esu l t s f rom Re f . [251 .

Fo l l ow i ng a neu t ron - cap t ur e expe r i men t on 232Th abou t 130 s - wave r esonances i n

t he ene rgy r ange be t ween 50 eV and 4 . 2 keV we r e i nves t i ga t ed . I n t he d i s t r i bu t i on o f

t he r e l a t i ve de l ayed y - y i e l d R a t l eas t t wo s t ruc t ur es a t abou t 1 and 2 keV a r e f ound .

S t a t i s t i ca l t es t s a r e app l i ed t o show t ha t t he obse r ved s t ruc t ur es a r e o f non - s t a t i s t i ca l

na t ur e . They a r e i n t e rpr e t ed as " i n t e rmed i a t e s t ruc t ur e " due t o t he adm i x t ur e o f a c l ass - 11

s t a t e i n t o t he obse r ved r esonances .
The obse r ved s t ruc t ur es a l l owed an i n t e rpr e t a t i on i n t he f r amewor k o f t he p i cke t - f ence

Comp . nuc l . En
(MeV)

EA
(MeV)

T i / 2
(ns )

rWA
(MeV)

Ah wA

233Th 1 . 85 f 0 . 25 4 . 6+0- 8 1 . . . 100 1 . 05 f 0 . 20 0 . 25

236U 2 . 75 * ) 5 . 6 a j 115 b ) 1 . 10 0. 06
238U 2 . 56 a ) 5 . 7 a ) 240 b ) 1 . 16 0 . 12
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and

F i g . 7 . Re l a t i ve de l ayed y - y i e l d Ru i n un i t s o f t he ave r age va l ue R I . The so l i d l i nes i nc l ude t he r ange o f
t heor e t i ca l l y poss i b l e va l ues f or RU (T1 12 ) on t he bas i s o f t he c l ass - 11 pa r ame t e r s ( see t ex t ) . The dashed l i nes
i nc l ude t he expe r i men t a l va l ue i n be t ween one s t anda rd dev i a t i on .

EA and t he ene rgy o f t he i some r E l l [211 , and T1 i s r e l a t ed t o EA - - Sn , whe r e t he l a t t e r
i s t he neu t ron sepa r a t i on ene rgy :

whe r e ne f f deno t es t he e f f ec t i ve numbe r o f ba r r i e r s t a t es common l y chosen t o be 2. 3
f or odd - A nuc l e i [ 17 , 221 . The r e f or e , t he expe r i men t a l r esu l t s may be used t o ob t a i n
an es t i ma t e on EA . Howeve r , f or t he s t anda rd va l ue o f t he cur va t ur e or w i d t h o f t he
i nne r ba r r i e r , hwA = 0 . 8 MeV [ 171 , bo t h expe r i men t a l va l ues o f T), and Ti J2 cou l d no t
be r eproduced s i mu l t aneous l y . Th i s prob l em d i sappea r s by choos i ng a somewha t h i ghe r
va l ue f or rMOA , i . e . assum i ng t he ba r r i e r t o be mor e t r anspa r en t . For heav i e r nuc l e i an
abou t 30% l a rge r va l ue was a l r eady supposed i n Re f . [231 . The r e f or e , a s i mu l t aneous
i t e r a t i on o f Eqs . (14) and (15) w i t h r espec t t o AWA and EA was done . The uppe r and
l owe r va l ue o f T i as we l l as o f T1 / 2 we r e used i n orde r t o ge t bounda r i es f or t he a r ea

o f va l i d comb i na t i ons o f EA and hWA as pr esen t ed i n F i g . 8 .
F rom F i g . 8 i t f o l l ows t ha t f or t he i nne r ba r r i e r a he i gh t be t ween 4 . 2 and 5 . 4 MeV may

be assumed. A t t he same t i me hWA may va r y f rom s l i gh t l y h i ghe r t han t he s t anda rd
va l ue un t i l abou t 50% l a rge r . A f ur t he r i nc r ease o f t h i s pa r ame t e r seems t o be ve r y
un l i ke l y , bu t even t hen t he r esu l t i ng change o f EA becomes neg l i g i b l e . For t he ave r age
va l ue o f E l l = 1 . 85 MeV and t he mos t probab l e va l ue o f T1 / 2 = 10 ns ( so l i d l i ne i n
F i g . 8) h (OA i s l a rge r t han 1 . 1 MeV I f we t ake i n t o accoun t t he f ac t , t ha t i n ne i ghbour i ng
nuc l e i t he dev i a t i on o f hwA f rom t he s t anda rd va l ue i n Re f. [ 171 (A h - A) r eaches t he

F I _ ! ? I I
ne f f { 1 +exp [27r (EA - Sn ) I hWA11 - 1 (14)

2e

T~2 - 10 - 5 ns exp [ 2v (EA - - E I I )1 hu , ~rA 1 , (15)

232Th(n,g)233fTh
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Eq . (15) . The so l i d l i ne shows Eq . (15) f or t he a . ,e r age va l ue o f En = 1 . 85 MeV and T112 =10 ns .

Tab l e 5
Ca l cu l a t ed hWA f or t wo d i f f e r en t nuc l e i , f or wh i ch EQ , Ti / 2 and EA a r e known f rom i ndependen t sour ces .
The va l ue w i t h a * ) was t aken f rom Re f. 121 . The va l ues i nd i ca t ed by a ) am f rom Re f. [ 17] , t hose i nd i ca t ed
w i t h b ) a r e f rom Re f . [24] . The f i r s t t i ne con t a i ns t he r espec t i ve r esu l t s f or 233Th f rom t h i s wor k ( see t ex t )

4 . Conc l us i on

same orde r o f magn i t ude , as shown i n Tab l e 5 , t he ave r age va l ue f or hwA i n 233Th may

be assumed t o be 1 . 05 MeV W i t h t h i s , t he mos t probab l e va l ue f or t he he i gh t o f t he

i nne r ba r r i e r i s abou t 4 . 6 MeV , somewha t l owe r t han t he neu t ron - sepa r a t i on ene rgy Sa

i n accordance w i t h r esu l t s f rom Re f . [251 .

Fo l l ow i ng a neu t ron - cap t ur e expe r i men t on 232Th abou t 130 s - wave r esonances i n

t he ene rgy r ange be t ween 50 eV and 4 . 2 keV we r e i nves t i ga t ed . I n t he d i s t r i bu t i on o f

t he r e l a t i ve de l ayed y - y i e l d R a t l eas t t wo s t ruc t ur es a t abou t 1 and 2 keV a r e f ound .

S t a t i s t i ca l t es t s a r e app l i ed t o show t ha t t he obse r ved s t ruc t ur es a r e o f non - s t a t i s t i ca l

na t ur e . They a r e i n t e rpr e t ed as " i n t e rmed i a t e s t ruc t ur e " due t o t he adm i x t ur e o f a c l ass - 11

s t a t e i n t o t he obse r ved r esonances .
The obse r ved s t ruc t ur es a l l owed an i n t e rpr e t a t i on i n t he f r amewor k o f t he p i cke t - f ence

Comp . nuc l . En
(MeV)

EA
(MeV)

T i / 2
(ns )

rWA
(MeV)

Ah wA

233Th 1 . 85 f 0 . 25 4 . 6+0- 8 1 . . . 100 1 . 05 f 0 . 20 0 . 25

236U 2 . 75 * ) 5 . 6 a j 115 b ) 1 . 10 0. 06
238U 2 . 56 a ) 5 . 7 a ) 240 b ) 1 . 16 0 . 12

Ø No direct observation … again 🧐
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F i g . 1 . Pa r t o f t he nuc l ea r cha r t i nd i ca t i ng t he ha l f l i ves o f pr esen t l y known shape i some r s ( f rom Re f . [ 1 ] ) .

60
N

nuc l e i t he shape i some r cou l d be f ound t o decay t hrough t he f i ss i on channe l as we l l as
by de l ayed y - em i ss i on t o t he ground s t a t e i n t he f i r s t po t en t i a l we l l . The l a t t e r decay
mode dom i na t es f or i ns t ance i n 236U [2] and 238U [3] .

Some yea r s ago t he de l ayed y - decay o f 233Th was i nves t i ga t ed f o l l ow i ng a 232Th

(d , p ) - r eac t i on [4 , 5] i n orde r t o sea r ch f or shape i some r i c decay i n t he 233Th compound
nuc l eus . I n con t r as t t o a (d , p ) - r eac t i on a h i gh r eso l u t i on neu t ron - cap t ur e expe r i men t
o f f e r s t he poss i b i l i t y t o se l ec t i ve l y exc i t e poss i b l e quas i - c l ass - H s t a t es , wh i ch shou l d
d i r ec t l y popu l a t e t he shape i some r i c s t a t e v i a y - decay. Th i s process shou l d t hen be
de t ec t ab l e v i a de l ayed y - y - co i nc i dences be t ween a y - quan t um f rom t he cascade w i t h i n
t he second po t en t i a l we l l ( y2) and a y - quan t um f o l l ow i ng i some r i c decay t o t he norma l
ground s t a t e ( yd ) as shown i n F i g . 2 . Be l ow an i nc i den t neu t ron ene rgy o f abou t 50 keV
no f i ss i on mode i n 233Th has been obse r ved ye t [7] .

The y - y - co i nc i dence expe r i men t was pe r f ormed a t t he l i nac - based neu t ron t i me - o f -
f l i gh t spec t rome t e r GEL I NA o f t he I ns t i t u t e o f Re f e r ence Ma t e r i a l s and Measur emen t s

o f t he JRC . The e l ec t ron l i nea r acce l e r a t or was ope r a t ed w i t h a bur s t w i d t h o f abou t
1 ns ( FWHM) and a r epe t i t i on r a t e o f 800 Hz . For t he measur emen t a samp l e o f 207 g
o f na t ur a l t hor i um was used . I n orde r t o have a good t i m i ng r eso l u t i on t oge t he r w i t h
a good r a t i o o f gamma t o neu t ron sens i t i v i t y f our BaF2 sc i n t i l l a t or s we r e used f or t he
de t ec t i on o f y - r ays f rom neu t ron cap t ur e i n t he t hor i um samp l e . The expe r i men t a l se t up
has a l r eady been desc r i bed i n mor e de t a i l e l sewhe r e [6] . For each even t t he f o l l ow i ng
da t a we r e measur ed ;

S. Oberstedt, J.P. Theobald et al., Nuclear Physics A 578 (1994) 31-44 
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S. Oberstedt, J.P. Theobald et al., Nuclear Physics A 578 (1994) 31-44 
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S. Oberstedt, J.P. Theobald et al., Nuclear Physics A 578 (1994) 31-44 
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“Odd” uranium isotopes …

ØDiscovery of first odd-U shape isomers very recent (2005)

ØExperimental half-lives “quite discrepant”

o 236fU: either  ≈120 ns or ≈ 70 ns
o 238fU: ≲ 200 ns and ≈ 280 ns

ØExtreme range of half-life estimates for odd 
(and odd-odd) isotopes

236fU
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“Odd” uranium isotopes …

ØExtreme range of half-life estimates for odd(-N) isotopes
Ømost favourable case 235fU: T1/2 = (1 – 11) ms

Ø 238fNp : T1/2 = 1 µs – 10 s

same period of time, the estimated number of background events from the spontaneous 
fission of 234U (T1/2 = 1,5·1016 y) is about 6.  

Under these circumstances the experiment is feasible and allows the determination of the 
half-life of the shape-isomeric ground state.  

During two weeks the number of prompt fission events amounts to about 6·106, which 
allows to deduce the population probability of the shape isomer. 

From both, the half-life and the population probability, the parameters of the outer fission 
barrier may be estimated. 
 
Detailed count rate estimates and experiment parameters: 
 
All count rate estimates are based on a neutron-flux at En ≈ 1 MeV and a distance sample-
detector of 4 cm:  

Φn = 8·106 /s/cm2

 
The neutrons will be produced in a 
7Li(p,n)7Be reaction, where a lower limit of 
10µA for the proton current is assumed. 
 
In the following it means: 
1 d of irradiation corresponds to 16 h of  
proton beam effectively. Accordingly, 
2 weeks of irradiation = 12 d or 192 h. 
 
 
Experimental details: 
� Single-sided IC with Frisch-grid 
� M(234U) = 1.36 mg, target diameter D = 3.0 cm, N(234U) = 3.5·1018 
� Continuum sub-threshold fission cross section  σnf > 0.1 b  
� Resonant sub-threshold fission cross section  σnf (En = 0.85 MeV) ≈ 1.1 b 
� Piso ~ 10-4 (probably further enhanced through coupling between class-I and class-II 

states) 
� duty cycle of NEPTUNE set to 30% (100 Hz, ON = 3 ms, OFF = 7 ms) according to the 

range of the predicted half-life between 1 ms and 10 ms 
� average integrated detection efficiency within time interval is about 50% (in the most 

favourable case about 70%) 
 
Estimated count rates taking into account a duty cycle of 30%: 
� (dc/dt)prompt  = N(234U) · (σnf)res · Φn · 0.30 

= 9.2 / s = 5.3·105 / d  = 6.4·106 / (2 weeks) 
� (dc/dt)iso   ≈ N(234U) · Piso · (σnf)res · Φn · 0.30 · 0.50 

= 27 / d   = 320 / (2 weeks) 
 

In summary, since (dc/dt)iso ≈ 320 / (2 weeks) and, with T1/ 2 (SF 234U) = 1.5·1016y,  (dc/dt)SF ≈ 6 / (2 
weeks), we conclude that the suggested experiment is feasible. 
 
 
Team members and tasks: 

 

A. Oberstedt, M. Öberg and M. Gawrys:  experiment set-up and measurements 

S. Oberstedt (local contact):  scientific and technical support 
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EXPLORING THE FISSION BARRIER OF 235U PHYSICAL REVIEW C 104, 024611 (2021)

FIG. 4. Overview of TKE of fission fragments for different ex-
citation energies in 235U. Filled and open symbols indicate values
“pre” and “post” neutron emission, respectively. Experimental data
from Refs. [9,15,17,18] in descending order are compared to results
from GEF calculations [20]. These points are fitted with third-order
polynomials for “pre” and “post”; the latter is then shifted to match
the results from this work, depicted as open circles.

tation energy equal to the energy of the superdeformed ground
state EII . For direct, i.e., prompt, fission of 235U*, induced
by neutrons [9,17] and bremsstrahlung photons of 25 MeV
endpoint energy [18], TKE was determined for different ex-
citation energies. For the latter, an average excitation energy
was estimated by weighting a simulated bremsstrahlung spec-
trum with the 235U(γ , f ) cross section from Ref. [19]. Hence,
analyzing the variation of TKE with excitation energy should
allow assignment of a value for EII from the observed TKE
for isomeric fission. The above-mentioned experimentally de-
termined TKE data [9,17,19] as a function of E* is depicted
in Fig. 4, for fragments prior to neutron emission denoted
with “pre” and indicated with filled symbols. Post-neutron
emission TKE values from Ref. [15] are denoted with “post”
and depicted as open squares. In order to assess the energy de-
pendence down to E∗ = 0 MeV, calculations were performed
with the model code GEF [20], providing a general description
of fission observables. These calculations were performed
for 235U(sf) at E* = 0 MeV, 234U(n, f ) for E∗ > Sn, and
235U(γ , f ) in between. The results—pre- and post-neutron
emission—are depicted as full and open diamonds, respec-
tively, as well as solid and dashed lines, which correspond to
fitted third-order polynomials.

Obviously, the GEF calculations provide a good description
of the experimental values from Ref. [17], which however
are 1.75 MeV too high due to a revised reference value [9].
Correcting for that gives a good agreement between the data
of Refs. [9] and [17]. Apart from this discrepancy, the energy
dependence according to GEF agrees rather well with data
from Ref. [9] for TKE(pre). Hence, the same is assumed for
the calculated TKE(post) dependence, which is adjusted to
the experimental data from Ref. [15], resulting in the darker
(i.e., black) dashed line. Due to the energy calibration of
the pulse height spectra from this work, the TKE(post) for
prompt fission at E* = En + Sn = 6.46 MeV, depicted as
open circle, lies on this line. The systematic uncertainty of
0.3 MeV (see above) defines the shaded uncertainty band. The
corresponding value for isomeric fission, TKE(post) = (167.0

TABLE I. Experimental results from this work for both inci-
dent neutron energies as well as combined for the average energy
En = 1.16 MeV, compared to previous ones [7]. All uncertainties
are statistical ones unless noted. See text for more details.

This work

En (MeV) 0.95 1.27 1.16 Ref. [7]

T1/2 (ms) a 11 ± 3 3.6 ± 1.8
Niso 36 ± 8 46 ± 10 79 ± 10
Nprompt (× 106) 2.73 5.30 8.03
Piso (× 10−6) 13 ± 3 9 ± 2 10 ± 1 7.5 ± 6.0
σn, f (b) b 1.08 1.25 1.19
σiso (µb) 14 ± 3 11 ± 3 12 ± 1 10 ± 8
EII (MeV) 2.4 ± 0.6

aThe deduced half-life of the shape isomer is kept constant, introduc-
ing systematic uncertainties of 5 and 6 on Niso for En = 0.95 and 1.27
MeV, respectively, which propagates.
bCross sections are taken from Ref. [22].

± 0.3) MeV, should be situated on the black dashed line,
resulting in E∗ =: EII = (2.4 ± 0.6) MeV. The uncertainty
here is estimated by the width of the shaded area in horizontal
direction (see Fig. 4). Below all results are summarized; they
will later be interpreted in terms of fission modes and their
impact on further barrier parameters will be discussed.

IV. RESULTS

The primary results from the analysis of both time and
pulse height data related to the shape isomer in 235U are col-
lected in Table I. For comparison previous results as given in
Ref. [7] are listed as well. The overall agreement—whenever
possible—is good, except for the deduced half-life for iso-
meric decay. This is due to the new and different treatment of
the decay data, which indeed has proven to be advantageous
in terms of precision, especially when the deduced half-life
is similar to the measured time range. Still, within two σ
the uncertainties of both values overlap. The most striking
difference, however, is the higher precision of the new results.
Below they will be discussed and, by using additional data
from both experiment and theory, parameters describing the
fission barrier will be deduced.

V. DISCUSSION

The results presented above for T1/2 and EII may be used to
to extract information about the outer fission barrier according
to the Hill-Wheeler approximation [3],

T1/2 = 2.77 × 10−21 exp [2π (EB − EII )/h̄ωB]. (3)

Here EB and h̄ωB denote the height and penetrability (i.e.,
width) of the outer barrier, respectively. All energies are given
in MeV, while T1/2 is given in s. Combining our results
with EB = (5.6 ± 0.3) MeV [3] and (6.0 ± 0.3) MeV [6]
leads to h̄ωB = (0.47 ± 0.10) MeV and (0.53 ± 0.10) MeV,
respectively. Using the recommended value h̄ωB = 0.52 MeV
[5] leads to a barrier height of EB = 5.9 MeV. Obviously, a
decision about which combination to choose cannot be made

024611-3

ØSetup sensitive for several orders of magnitude
ü NEPTUNE

Ø En = 0.95 and 1.27 MeV

ØTime distribution of delayed fission
ØKinetic energy of the shape isomeric fragments

ØEII = 2.4(6) MeV
ØPSI = 1.0(4) × 10-5
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235U
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ØNEPTUNE@100Hz: T1/2,f = 10 µs – 5 ms

Øhighly-enriched 236U sample: 99.973%

Ø level density ratio: EII = 2.1(1) MeV
ØT1/2,g /T1/2,f =  9.9 (Wagemans 1990)

Øpreliminary: T1/2 ≈ 110 µs
PSI < 2 × 10-7
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Landscape of shape isomers (again)
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SI landscape a bit different …
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SI landscape a bit different …
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A simple-minded systematics
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A simple-minded systematics
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A simple-minded systematics

“Metag approach”
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A simple-minded systematics
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A simple-minded systematics

pre
limi
nar
yØ “prediction” of branching ratios for the other isotopes

Øeducated guess for T1/2,f ====>  allows proper design of a measurement
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A simple-minded systematics
Ø35 years later new data seems to indicate a 

half-life for 239fU of ≲ 2 ns 

ØHas Dr. J.E Lynn been right in the end?
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A. Oberstedt et al. /Nuclear Physics A 573 (1994) 467-485 413 

At (ns) 

Fig. 7. Net coincidence spectnzn of the 72 1 A eV resonance in 239U (see text 1. The solid histogram 
gives the experimental data and the dashed curve indicates a gaussian + exponential function 
fitted to these data. 

of the resonance and in the background spectrum, respectively. Iv,, and Iv& 
denote the number of time-of-flirt channels from which the spectra were 
constructed in the analysis. The background-corrected coincidence spectrum of 
the 721.6 eV resonance is shown in Fig. 7. 

For the analysis of the relative delayed y-yield time-of-flight spectra were 
constructed for the “delayed” as well as for the “prompt” coincidences. The 
limit between the prompt and the delayed region t, was chosen to be 3.2 ns. 
This choice ensured that practiczdly no prompt coincidences fell into the 
delayed region. The background contributions to the resonances’ areas were 
obtained by fitting a linear function to the data from resonance-free regions. 

4. E~~rn~n~ results 

For both types of analysis it is essential to estimate properly the resonance 
parameters of the 721.6 eV neutron resonance in 239U as well as its class-II 
fraction. From these parameters the detection limit of the line-fitting procedure 
will follow. Additionally they will play an important role in applying the 
method of the relative delayed y-yield to the data. Therefore, the estimates 
were performed with the criterion to find the lower as well as the upper limit 
of possible values. This criterion will enable the determination of the possible 
errors on the experimental results. These estimates will be presented next. 

For an estimate of the resonance parameters the energy of the isomeric 
ground state En has to be known. Unfortunately this value could not be 
determined yet experimentally. However, from several sources the most likely 

A. Oberstedt et al. /Nuclear Physics A 573 (1994) 467-485 475 

(i) prompt y y-coincidences between y-quanta from the same (either the first 
or the second) potential well and 

(ii) delayed ones which may represent coincidences between a y-quantum in 
the second well and one from the decaying shape isomer as shown in 
Fig. 2. 

Therefore, the real coincidence spectrum of the 721.6 eV resonance is ex- 
pected to be the sum of a gaussian and an exponential distribution: 

Y(dt) E Y, + Yr(dt) + Yd(Llf) 

= Ye + A,exp(-4ln2(dt/FWHM)*) 

(5) 

The free parameters are the amplitudes of the prompt and delayed component, 
A, and Ad, respectively, and the half life T ,,2. Y-, parametrizes a possibly still 
existing contribution in the spectrum due to accidental coincidences. However, 
this parameter was found to be almost zero. The full width at half maximum 
(FWHM) of the gaussian distribution is equal to the timing resolution of 
the detector system and was determined separately by fitting the coincidence 
spectra of pure class-1 resonances marked in Fig. 4, resulting in: 

FWHM = (0.889 f 0.006) ns. (6) 

Since the 721.6 eV resonance has a fission width fi # 0, there will also be a de- 
layed component due to fission neutrons inelastically scattered in the detector, 
as well as possibly from spin-isomeric y-decay of fission fragments. Therefore, 
a fitted half life is not sufficient to suggest the existence of the shape isomer. 
Rather than the half life the relative intensity Zr of the delayed coincidences, 
i.e. the ratio between the numbers of delayed and prompt coincidences, has to 
be used as a criterion: 

1, = &/& - Ad T,,*/A, FWHM. (7) 

Since Zr may be estimated from the resonance parameters, an agreement 
between the experimental and the theoretical value of Zr is a strong indication 
for the existence of the shape isomer. 

The gaussian + exponential function (5) resulting from the tit to the 
coincidence spectrum of the 721.6 eV resonance is included in Fig. 7. From 
this tit the observed relative delayed intensity Zr and the apparent half life Ti,2 
are 

zr = 0.044 f 0.012, 

Ti/2 = (4.80 f 0.96) ns. (8) 

In the following we discuss the theoretical estimate of Z,. Besides the resonance 
parameters Z,, Zyl, Z$ and the class-II fraction cm assumptions on the y- 
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Future shape-isomer research
Priority observables

T1/2 for shape isomer identification

include detection of g branch,
232f,233fTh

SI fission-fragment properties
and in the intermediate structures
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Future shape-isomer research

Measurement campaigns

require highly enriched isotopes

234,236,238U, 237Np

1) 237Np(n, fiso) @ En < EII(237Np)
2) 237Np(n, n’ fiso)  and 237Np(n, n’ giso)

access to sufficiently long beam times

Priority observables

T1/2 for shape isomer identification

include detection of g branch,
232f,233fTh

SI fission-fragment properties
and in the intermediate structures

Reaction types

neutron or photon-induced, d,p

any reaction that is “neutron-free” in the 
exit channel

transfer of shape isomers to background-
free area to measure decay properties
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Future shape-isomer research

Facilities

LICORNE
NFS (if low neutron energies available)

GELINA (resolved resonance region)
MONNET 

IGISOL/JYFL-ACC (long half-lives)
FRS/GSI (secondary actinide beams)

IFIN-HH/ELI-NP (sub-barrier energies)

Measurement campaigns

require highly enriched isotopes

234,236,238U, 237Np

1) 237Np(n, fiso) @ En < EII(237Np)
2) 237Np(n, n’ fiso)  and 237Np(n, n’ giso)

access to sufficiently long beam times

Priority observables

T1/2 for shape isomer identification

include detection of g branch,
232f,233fTh

SI fission-fragment properties
and in the intermediate structures

Reaction types

neutron or photon-induced, d,p

any reaction that is “neutron-free” in the 
exit channel

transfer of shape isomers to background-
free area to measure decay properties
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♪♫♬ Thank you very much ♪♫♬
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SI landscape a bit different …
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“Odd” uranium isotopes …
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SI landscape a bit different …
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