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Introduction

Average resonance spacing and total radiative widths (and neutron strength functions) derived from
experimental data are key quantities used in many nuclear physics applications, including testing of
level density models and normalization of many experiments.

The spacing is typically not given by the number observed resonances within an interval, see below

g 120~ 169Tm / '||
Resonance parameters typically measured several times for % 100~ A
each isotope (in transmission, capture, fission if relevant, 5 F . /o'
Authors often tried to determine the average resonance ol A
parameters (D, 7, S;) from the measurement — several {""I
different approaches typically adopted, some of them should b I
be taken with caution (fitting of cumulative distribution...) 2 _f&’,/
Several “large” compilations prepared in the past 3 S R S RS R S

Energy (eV)
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Introduction

* Average resonance spacing and total radiative widths (and neutron strength functions) derived from
experimental data are key quantities used in many nuclear physics applications, including testing of
level density models and normalization of many experiments.

* The spacing is typically not given by the number observed resonances within an interval, see below

* Available compilations:

» Atlas of resonances from Said Mughabghab (several editions, last from 2018) — primary source of
information for the community measuring neutron-induced reactions (resonances) © (individual
resonances are provided)

e RIPL-based compilations, RIPL-3 (2009) the most recent — usually primary source of information
for others ©

« Different libraries (ENDF, JEFF, JENDL, ...) adopt various values

* The way how compilations made is largely undocumented
(meaning of uncertainties, how values determined, ...)

* The consultants meeting for this CRP recommended updating this database
(should by probably responsibility of MK©).
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Example of TOF spectra

* Transmission and capture (+ fission) data measured for all stable targets (isotopes)

(only elemental data in some cases)

* Some data available also for unstable nuclei (with lifetime larger than about a year)
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P.E. Koehler at al., Eur. Phys. J. A (2022) 58:195
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ORELA data, P.E. Koehler ... unpublished
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Observed data - Resolution function

Resonance in '“°Ce (GELINA)

E =2.543 keV
I, =425.7(4.4) meV

17,=59.63(0.36) meV
['=0.485¢eV
c
.=
»
R,
Observed width g
* More than an order of magnitude S
larger than the actual width =

— direct determination of / from
observed width extremely difficult
* Depends on facility
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Deduced resonance parameters

T(E.) T(E.) T(E) Y(E.)

T T T ' T T _ T _ T 1
B N—TOF 29 7| ¢ The measured data is (typically) fitted with
£ J ST, TSP S | RO N codes that take into account “broadening
u } | | | GEl_lNA 29 | effects”. . | .
u J ; . * Facility resolutlop function,
}JL T e s « Doppler broadening,
* multiple interactions in the sample)

- GELINA 10q

* Several codes available (SAMMY, REFIT, ...)

| * Resonance parameters “derived”
S RN IS VI NS S B (E, [, T, J, ) ... not always all

4 5 6 8 9 10
Neutron enerqgy (keV)

G. Tagliente et al. (n_TOF coll.), PRC 105, 025805 (2022)
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Deduced resonance parameters

: . In limiting cases:
The analysis codes can usually produce Areas A are given by:

reliable information on the “resonance area” Fr << N rr =7 rn

Reaction (capture “r=y”):
* Capture kernels k=g/, 1 /1", I'=I, +TI,

Ll

(from capture data) Al thin <N g L ngT, Fi g Ty

k dominated by smaller of the widths
« “Neutron strengths” g/, Transmission:

from transmission data

( : Atthin <N gTh ngly ngly

* In favorable cases also additional A,
tthick <yNgLn I Jyng Iy \/ngrn I'}

information (on g)

(I, - neutron decay width) Deducible parameters: g, I'h, I g I'h
(£, often 7 — reaction (y) decay width)
& I if comparable to / larger than Ag and Ap

I ' '
g t (resolution and Doppler broadening)

(E— Eg)?+12%/4

o =7\
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Capture TOF spectrum

Counts (x100)

Counts (x100)

20 _44_|7 | 117_I8 159.5 | 218.?) 12636 ]
-3 1105 2 ’
151 Mo 1
- 70.9
10} .
5| 106.4
x1/300 g
O ! A I o
50 100 150 200 250 300
a0p %878 468-27+ 54,1 0D 6302 .
2+
30k 708.3 769'8_
_33200-9 702.6
207 418.2 x1/5 745501 1
L 3+ (PK ]
I “Mo % 661. ]
101 30723 )| oo, || 5957 /\ |
500 700

Neutron Energy (eV)

Resonances allow “direct
observation” of levels in the region
of “high(er) NLD”

Only restricted spin/parity range
(due to the penetrability of neutrons
with different orbital momentum /)
Resonance spacing usually not
determined by simple counting or
resonances

Capture, i.e. (n,y), yield for *>Mo (target)
from TOF facility
LANSCE/FP14, DANCE detector
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Capture TOF spectrum

1072

Calculated yield

107

Calculated yield
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| 1 | | 1 | | 1 L 1 1 | 1 ‘ 1 1
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Neutron energy (eV) Neutron energy (eV)
* n_TOF experimental data (together with SAMMY fit) from capture experiment on 7’Se
One can see structures but

* how many resonances do we miss?
* from capture measurement we have very limited info on J,n
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Determination of D

29T [E'2 (eV)

10° I : |
de g e . ............................................
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un"..ﬂ..'g..%
10 PR LY S :
10 #H‘?gf‘ﬁ .
] % . .
& e
10 o 0¥
10_5 ..............
-+ |Experiment
10% : e n_TOF aver (s,p,d) |
= ENDF(s) 10x aver
7 = ENDF(p)|—— 2.5x1010g32
107 i b
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E, (eV)

Data from N. Sosnin et al. (n_TOF coll.), PRC 107, 065805 (2023)

Resonances allow “direct observation” of levels in
the region of “high(er) NLD”

Only restricted spin/parity range (due to the
penetrability of neutrons with different orbital
momentum /) observed

(although resonances for all spins present)
Resonance spacing usually not determined by
simple counting or resonances

There is a “threshold” for observation (in I',, or k)
— typically increases with neutron energy
(combination of flux decrease, more complex
resolution function, ...)

The threshold is surely not really smooth — always
dangerous to consider even smallest resonances
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Resonances

It would be ideal to have
resonance sequences with given m (for
determination of D, D,,...) and J

Each sequence should be

* complete (on the one hand) —
problem everywhere but especially
for D, in eV range

e pure of any contamination (on the
other hand) — problem for D, in
keV range

For nuclei with D,~eV region, we can
hardly see resonances with />0
(s-wave)

(but sometimes visible)
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200
180
160
140
120
100

100

101

1073

103

102[ 7

[ [y ]
i - T(1/2)) ]
- T, (32)) :
i (Tn(32%)) / - ]
i (T, (5/2%) A
L —a) P ]
= ’*f,; - . _
- £ 3 r‘"‘l‘.: ]
s Py
P
I |
o
= ! . I " 1 . I
0 20000 40000 60000 80000
E, (sV)
o =)
g ol @12
-~ (TR
T3 )3
> T,(5/2))
< DO ~ keV _<1j!) 4
L %67, )
1 1 1
0 5000 10000 15000
E, (eV)

Decay width (eV)

Decay width (eV)

0.6 T T T
/ == =2
3 T, (112)
t e
(TL(3/27))
! n
D% " {T,(3/2")) i
1:
I (5727
| —T,)
]
02 E
!
i
i e
0.0 === - T . . )
0 20000 40000 60000
E. (eV)
0.30 T T ) T L T T
- - (L1127
025+ (T, 2y .
- = (B2
020+ WRET ) ol
(T (5/2%) P
015F |— @y oY -
010} e |
L / 0
0.05 g D,~eV 156G d
i
0007 . 1 (EE SR O R T
0 200 400 600 800 1000
E, (eV)

Ist NLD CRP Meeting, March 24-28, 2025



Determination of 1=0/1>0 — transmission for strong resonances

Transmission
through the 17g *?Zr
sample, GELINA.

If ", large enough, t can be
identified from transmission shape:
 the broadest s-waves - asymmetric

Experiment .

compared with * p-waves - symmetric

REFIT code fit for

J*=1/2+, 1/2-, and

3/2-. For smaller I', © assignment difficult —

G. Tagliente et al. (n_ TOF T e the asymmetry not clearly visible
coll.), PRC 105, 025805 (2022) - P ettt o » If gl', is not too small, sometimes
iF possible to assign 7 using both
o RN transmission and capture data —

Similar: transmission 08k
through 35g 140Ce s | difficult to use simultaneous agreement
sample, GELINA. g o5f between the fitted and data peak
S o4l positions for “wrong assumed parity”
: oaf  practical applicability could be limited
[ (depends on “resolution function”)

S. Amaducci et al. (n. TOF TR TR TR L

2530 2535 2540 2545 2550 2555 2560
coll.), PRL 132, 122701 (2024) Neution Ensioy(eV)
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Illustration of analysis results (GELINA + n_TOF, **Zr)

Eg I, I K = Eg I, L K b
(eV) (eV) eV) J £ (eV) (%) (eV) (eV) (eV) J £ (eV) (%)
: 25107(2) 0.033 51
2011.25(9) 0.44(2)  0.0273(1) |3/2 1]0.0514 7.8 25675(6) 12 1 0007 18
2684.66(7) 0.0536(1) 24.78(4) 1/2 0| 0.0554 2.3 26765(9) 1/2 1 0.20 27 4
4116.29(7) 0.208(3) 344(2) [3/2 110392 2.0 27322(1)  0.301(8) 18.2(6)  1/2 1 0.296 567
4634.00(9) 0.062(2) 14.58(6) |12 0] 0.0621 3.2 28071(3) 3/2 1 017 15.8
5039.9(2) 0.191(3) 1.23(3) [1/2 1]0.165 3.8 28149(2)  0.25(1)  18.2(6) m0.243 8.6
6632.2(3) 0.202(4) 1.283) |3/2 1] 0475 3.7 30361(7) 0.15 20
6794.6(2) 0.229(4) 73.4(2) 1/2 0| 0.228 2.1 300223)  025(1) 1145  3/2 1 0489 68+
8835.7(3) 0.096(2) 3.71(8) _1/2 1 0.0935 44+ 32468(5)  0.2106) 97(6)  3/2 1 0412 8.7 +
9127.3(3)  0.067(2) 5.228) [1/2 0] 0.0665 4.0 33098(7) 1/2 0 0.13 15+
0815.9(2) 0.112(2) 1.67(6) 3/2 1 0.209 551 35031(4)  0.17(8) 4%2) 1/2 1 0.165 8.7%
11935.7(5) 0.153(3) 23(1) [3/2 1]0.287 5.6 356703)  02779) 52 [12 1]0275 o g
12005.4(4) 0.146(4)  8.3(2) 1/2 1 0.144 43t 3593%(4) I 0351 i
13059.8(7) 0.121(4) 2.1(1) [3/2 1]0.229 7.9 T3EK16) L 030 2t
14414.2(6) 0.152(4) 12.6(2) 1/2 1 0.150 43+ 38737(2) w 1/2 1 0.1 86 ¥
15021(3) 1 0.100 17+ 38931(2)  0.2297)  6.0(7) 0.44 16
30326(4) T T 0.297 79+
17116.1(7) 0.121¢(3) 11.02)  |3/2 1] 0.238 4.0 30470(4) 12 0 006 A
19064(3)  0.171(4) 2720  [3/2 1] 0323 8.9 A1225(19) 32 1 038 7]
mam 0 IRTOM M e oy mm i3
21966(6) 1/2 1 0.28 16 1 45754(3)  0.29(1) 2%1)  1/2 1 0291 8.0 4
23080.8(6) 1/2 0 0.11 18 + 2246900 1.04 2.1 Multiplet
G. Tagliente et al. (n_TOF coll.), PRC 105, 025805 (2022) 47667(4) 1/2 0 0.202 8.6 %

Definite spin and
parity can often be
determined only for
rather limited number
of resonances

Is the spin and
parity reliably
determined in
measurements from
70’s/80’s?

Surely in many
cases ...
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Example of a resonance

% 1 0_3 G. Tagliente et al. (n_TOF coll.), PRC 105, 025805 (2022)

Many nuclei measured in 70°s (and 80’s) -y ' ' ' ' ' ' ' &
“rela}t,ively routine measurements” & 0‘3'_ + Hﬂ '
> ool H H #M w * ]

Not always surely correct ... but hopefully 1 ]
not many mistakes (in parity assignment) B { + * * * ‘W% *ﬂ. MHW H+ wﬂ% # + +_'
WA Tt

i
455 45.75 46 46.25 465 46.75 47 47.25 475
Neutron energy (keV)

Experimental capture yield for the 10 g *2Zr sample
measured at GELINA.

Single resonance reported between 46.5 and 47.5 keV
(ORELA).

At least triplet visible from GELINA data.
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Determination of D
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Determination of D

10° ' ' ' Parity for strong resonances can often be assigned
""""""""""""""""""""""" o using “statistical” model predictions
i ol TR I, L A, * Using different penetrability = separation of s-
102 QT!;N';{_ (/=0) and p-wave resonances in 7, (1;0) at low E,
= I - Q i % f | * Resonances above the “middle magenta lines” are
g“’ 102 : ﬁif"f ‘ﬁ (almost surely) s-wave ones
-} s v, » [faverage resonance parameters close to reality,
— 10" X oy
= s probability of a p-wave resonance above these
w05 e magenta lines 1s about 0.2%.

- |Experiment 1.0
10® | e n_TOF aver (s,p,d) |
= ENDF(s) 10x aver 08
i > ENDFD) 2.5x10°°E>? Cumulative 2 distribution
4000 6000 8000 0.6
E, (eV)

reliability of I',| in some regions of their values not very high
if only capture data available, only £ typically published

Data from N. Sosnin et al. (n_TOF coll.), PRC 107, 065805 (2023)
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Determination of D

-+ |Experiment
|  n_TOF aver (s,p,d) |
{ = ENDF(s) 10x aver
= ENDF(p) 2 5x10 1 ER
4000 6000 8000
E, (eV)

If data on 7, (1;?) reliable, one usually tries to apply a
threshold 1n this quantity and estimate the number of
subthreshold resonances assuming Porter-Thomas
distribution assumed/expected for (77°)

Estimate of S, must be made (given by a sum of g7/
within an interval — OK, but significant fluctuations if
not many resonances!)

This procedure traditionally applied, surely also for
RIPL-3 evaluation (MK does not know details)

Can be applied analytically or Monte Carlo

At n_TOF we use Monte-Carlo approach — random
resonance sequences generated for each tested D, and
probability that observed number of resonances
corresponds to the experiment is checked — uncertainty
can be obtained

Ist NLD CRP Meeting, March 24-28, 2025



29T /E" (eV)

Determination of D

o

b o 90 o
y 0 fo T .
8 T 9 0O c
do 60 208 %‘3%?15 S oo

"8y {Simulations
| 4. 5| Experiment ¢ s
1 e n_TOF | p
» ENDF(s)[| = d
= ENDF(p)q—— 2.5x10"9E%>
20000 30000
E, (eV)

Any threshold can be used

Lower threshold means more resonances and
leads to smaller error in D, determination but
for many nuclei contribution of resonances
with />0 is significant

If some p-wave resonances are above the
threshold, an assumption on spin- (and
parity-) dependence of level density has to
be applied.

Several different thresholds and/or maximum
neutron energies can be checked.
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Illustration of MC analysis

77Se
10" o anziis I, =385 meV| 3
B r nm --l. L ]
" m ' :l- v=50
= o LS 1, S, =15
o e .. S, =24
E .10_2 | ’ ; F ll: l. .
o] ]
g " = g n LA "
E n
D_ H [ ] -. - o n .l
Emax' . n [ ]
.10-3 - n 4keV i - o
i [ | ’ & Bkev L ] . [ W | ]
s 13 keV v .
= 17keV -
EEnE 25keV | N | | N | | N |
50 100 150 200
D, (V)

Probability that for assumed D, the number of above-threshold
resonances 1s the same in simulations and experiment

Ist NLD CRP Meeting, March 24-28, 2025



Illustration of MC analysis

77 . Threshold| |
Se ; 00 fsggogoﬁgl full: T1
1L R R ~ 1L OC' m¥o0CK, Jog ol _ i
107 S, I, =385meV e v I TET ?gggog%ﬁ emplys T}
" ™~ g. --f!I V=50 T E DD f'. roaw' -
- a |. _:..I SU=1'5 Sim - -: . 08£0n235
Py . " omy l. " S1=2.4 > " g t} e - Gegaoz o-]
=102} |, H il =102 . o o ° ap
E " . grn =3 " § L] = k =g . DD or
[e] | ] - o - Q n . o]
Dh_ " - M .- o el . " : . 5
Emax: LI ! N Emax: LI \
1073 En 4 keV L - 102 L s 4 keV i = i
: ' = 8keV Bl - s - 8keV _» [r,=385mev;
= 13keV ol . i = 13keV .lv=50
= 17keV = 17 keV 8. —15
EEnE 25keV | I | [ I | N | (] LN N 25keV [ I .S1=24
.104 i i i i i i i i i -10—4 i i i i i i i 1 i i
50 100 150 200 50 100 150 200
D, (V) Dy (eV)

Probability that for assumed D, the number of above-threshold
resonances 1s the same in simulations and experiment

If L, distribution assumed,
k can be used
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D, can be deduced from the distribution

*  68% central values
107 £ e I =385meV| : » Fit of a gaussian (+ small const) — typically used
i smlpg N : ] . .
" aTa . - v =50 : * A combination of more thresholds, ... (but
BRI ant = : strong correlation of individual values)
-'2.., » " e, y = 81 =24 D S ORI TR ———————————
= g L B ']
=10%E |, . = . £ E_. 17 keV T, = 385 meV
S = . . : 10" o v=50 E
L | L a T ]
DEj u = [ - n : i 7 SU =15
) : Emax: . ) ] ) [ ] ] I 0 8-1 =24
10 La = 4keV i . i [ F 84
- a s E = 3
X . = 8keV ] un ] % ? &
= 13keV ) . B izl |
= 17keV 8 | * b "l ;
Emnm 25 keV/ I mm (] - o i " =
L e W E Y ST R SR [ ¢ %
50 100 150 200 ! "
DO (ev) Th.resginld Sl A "
102 — o . T3 ah o
Probability that for assumed D, the number of above-threshold e e i ?
resonances 1s the same in simulations and experiment Dy (V)
0
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Nuclei with D, ~ eV

o[ T~ Exporment
S
8
EC
x L . % .
e e 1
o~ 10 E = [ ]
[ x40 E,
1077 8x10° E,
: - - -40x108E,
R
0 1000 2000
E, (V)

239Pu target
(ENDF data — resonances listed up to 2.5 keV)
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239Pu (ENDF data)

I
Sp=13

E e Threshold E__: Sy =1.3
w0 L| = 200ev S.=23| | 107l 3x10°g, g SO S, =23
= S00eV Tl et LI empty: 8x10°E,
= 1000eV RSN
= 20008V o (2" wmefE | U
= 2500 eV 1 (e HE e "-_ =102t
= 102 | Fheshold ot =l =1 B
g 3x10°E, ki i) 5 - L g
n i - o o
. : == 10° b
107 b 1 E
[ L] L] (11} (11} 10-4_
L I‘I,BIIIE,O"I2,2‘II2,4II‘2,EI 1,8I IQ,OIIII2,2II‘I2,4‘II‘2,6‘
D (eV) D (eV)
p-wave (aver)
p-wave (10xaver) Threshold Maximum Energy (keV)
4 - = s-wave (rand seq.) 0.2 0.5 1.0 2.0 2.5
s it < —?0x10 S | ° p-wave (rand seq.) T
M s v S 3 x 107°E, (2.35(16) 2.32(11) 2.41(9) 2.27(7) 2.22(6)
5x 107°E, [2.25(14) 2.26(10) 2.35(8) 2.29(6) 2.27(6)
E, (eV) 8x107°E, |2.21(15) 2.26(11) 2:33(9) 2.35(8) 2.38(7)
20 x 107%E,, |2.20(17) 2.26(14) 2.36(13) 2.45(12) 2.46(11)
So=12,5 =23
RIPL-3: D;=2.20(9) eV, S;=1.2(1) 3% 107%E, |2.35(16) 2.31(11) 2.39(9) 2.25(6) 2.20(6)
Mughabghab Atlas: D,=2.07(7) eV, S,=1.3(1) 5x 107 %E, [2.26(15) 2.25(10) 2.33(9) 2.26(6) 2.23(6)
-8
MK approach: D,~2.30(8) ... assuming Wigner spacing (no GOE 8 x 10 Ei, |12.20(15) 2.25(11) 2.31(9) 2.31(8) 2.31(7)
PP 0 ®) g Wig pacing ( ) 20 x 10~%E, |2.18(17) 2.24(13) 2.31(11) 2.36(11) 2.37(11)
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Number of resonances

239Pu (ENDF data)

102 | L+ Experiment o | One can apply some additional tests
: ' { + Fitof the cumulative distribution of gI",°
(determination of D, requires simulations)
» Maximum Likelihood estimate fit of (gI",%)

g
S
w

_\
S
e

i . " P Stk E Threshold Maximum Energy (keV)
H et - e (in 2¢T2) 1.0 2.0 2.5
D0k - . ; (9T'%) (meV)
; 3X10°E, E 1 x 1073E,,[0.275(19) 0.237(11) 0.230(10)
8x10°E, 3 x 1078E,,[0.272(19) 0.233(11) 0.225(10)
-~ -40x10°8 E, ] 5 X 1()‘8En 0.270(19) 0.237(12) 0.230(10)

I, x (1/E,)" (eV)

1000

800

600 <grn0> - SO'I)O

* change in the product by about 20%
(using data that are not independent)

* indicates some problems

e ... for curiosity

400

200

I\Illl\l[lll1\|[lll‘:ll

W ev)
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Can we exploit GOE predictions for determination of D,?
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Number variance

Can we exploit GOE predictions for determination of D,?

If the resonance positions follow the predictions * Alternatively, we can check the position
of GOE (long-range correlations) — spacing of n'" resonance with respect to the first
“can” be determined more precisely (observed) one
if the sequence is complete (and pure)  Illustration for 4°Ce target (1/2" res),
[llustration via “number variance” - describes the uncertainties indicate standard deviation
(square of) fluctuations of number of levels from GOE predictions
Within an interval. T T L] T T T L/ T T T L T
1000 | " 5000 | = -
: o — i PR PR S e A S— E
e \Wigner NNS ° T
A GOE " 4000 fremen I!.ll + P e
100 E- ] - g | l J- {
. T [N R A RS RIS S ——
. ; s | _
10k . ¢ i 7
: . & w4340 +/-374 eV
(from resonances below 50 keV)
. 1000 - 3523 +/-413 eV 5
° A A a * | (from resonances below 31 keV)
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Completeness of sequences

Problem with sequence completeness (for all D)) and purity (for larger D, nuclei)

29I /(E/1 V)" (eV)

For Dy: Dy=2.15¢V, S,=2.0x104, D,=1.16 ¢V, S,= 1.3x10#

10'25
103 k.
10% By
105k
[ o . a fat F ;
sl /T, > ;. . " . Simulations |qExperimenty]
00T e T el - AP
3o 2 4 o s-wavel! 4 Atlas |]
. 2 e ¥ e e
200 400
E (eV)
Experimental data from Mughabghab’s Atlas (and RPI)

One random simulated sequence of resonances.
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How to check completeness?

* The maximum energy where the sequence
can be complete might be roughly estimated
from a cumulative plot of resonances

* Only an estimate and we might miss
resonances from very low energies

IN,-

ENz'

N

EN"“

IN,*

NG+
oBEEBEE o B & 8o B &E 8o HEB8BBE588 c238BEES

95|V|0 1

1 I Il
1] 2000 4000 BODD 8000 10000

E, (eV)
P. Koehler, PRC 105, 054306 (2022)
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How to check completeness? Tests based on GOE predictions

* A, statistic often used — a measure of fluctuation of positions around the “picket fence” (linear) dependence
It shows up not very sensitive for sequences of “realistic” length (typically at most a few tens)

..
-------

(b) "97Er Lyax = 50

T | ‘
Loy =4 — Loy =7
1.0 _cg?npa}ete sequence —— 7 1.0 _LZiziZ:
experiment complete sequence
experiment
08 - & 08 -
{"]0‘6 [ 0.6 =
4 =}
04 - 04 -
02 F 02+ F
’ (a) IG]DY Linax =56 ’
0.0 L I ‘ ‘ : 0.0 [ |
3 10 20 30 50 3 10
L

20 30 40 50
L

A,(L) for experimental mixed-spin sequences compared to their simulated counterparts
Full lines — mean values (from simulations)
Corridors form 68.27% central interval (~1c), dashed lines 95.45% central interval (~20)

L

extra °

.. number of “missing resonances”

I. Knapova et al., PRC 106, 034607 (2022)
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Illustration of limited sensitivity

T
chlra =15

15 oxtra =
| complete sequence

| (a) pure-spin sequence
10 F

Lera=0,7, and 15.

central interval.

0.0 H— I
chlm =15
15 + extra —
2 cnmplete HﬂqUEﬂCE

| (b) mixed-spin sequence

* The simulated A(L) for sequences with L, = 50 and

* The shaded corridors correspond to 68.27% central
1 interval and the dashed lines for L

=15 show 95.45%

extra

I. Knapova et al., PRC 106, 034607 (2022)
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Possible approach for some nuclei

If average resonance parameters are known,
estimate of sub-threshold resonances can be made

/7 ! T T T T k T T T T T ]
06f 161 Emax: ]
[ Dy 40 eV ]
3 - 55 eV
m - -
e 0-5 - 75 eV
2 Er e 100 eV ;
€ Ol 140 eV ]
b C 190 eV ]
o B 4
9 ? :1 o 1
2 %
© o02F J ....... ]
L i
o4’ [ bt :
E ______ - e . """" W b W d | E
0.0 oed Sy R A W S o T
0 2 4 6 8 10 12

Number of sub-threshold resonances

Distribution of number of sub-threshold s-wave

resonances for a few max E, in ''Dy and 7,
threshold. (D,=2.15 ¢V and S,= 2.0 x 10~ used)

Nucleus Threshold F" x 10° /Mode
Enax (€V) 86 135 209
161Dy Ti 179/1 21/3 <0.1/8
T 100/2 10/4 <0.1/8
Epax (€V) 215 290 402
18Dy T 187/1 54/2 6/5
T 170/1 59/2 10/4
Enmax (€V) 135 200 285
167y T; 280/1 84/2 12/4
I3 152/1 37/3 4/5

Fraction of complete (mixed-spin) sequences /" and the
mode of distribution for different £, ,, and both thresholds
on the previous slide.

Simple relation to individual spin sequences found.
I. Knapova et al., PRC 106, 034607 (2022)
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Possible approach for some nuclei

Deduced average resonance spacing from

analysis of DANCE data using GOE assumptions
and missing resonances (see above)

Comparison of D, deduced from DANCE analysis
(with highest E,,,) with literature data

Emax(eV) DE(EV} DJ{EV} Dy(eV)
161Dy 86 4.56(28) 3.53(18) 2.04(8)
135 4.74(29) 4.03(21) 2.25(7)
209 5.14(24) 3.61(9) 2.15(5)
163Dy 215 11.69(73) 11.06(82) 5.95(28)
290 14.07(83) 10.82(68) 6.34(28)
402 13.70(60) 10.75(57) 6.39(24)
67 135 7.46(51) 7.87(58) 3.72(19)
200 8.49(50) 6.87(34) 3.79(15)
285° 9.03(48) 6.70(25) 3.86(12)

Dy (eV)
Source 'ﬁlDy lﬂDy 167y
DANCE 2.15(5) 6.39(24) 3.86(12)
Liou ef al. [7.41] 2.67(13) 6.85(54) 4.06(17)
Shin et al. [39] 2.59(1) 6.90(8)
Shin et al. [40] 2.31(23) 6.91(59)
Mughabghab [10] 2.08(15) 6.99(30) 3.80(21)
RIPL-3 [46] 2.40(20) 6.80(060) 4.20(30)

“Doublet considered around 55.85 eV.

b204 eV 47,

Small uncertainty comes from the fact that the
number of sub-threshold resonances is likely
rather small. If larger — the uncertainty increases.

I. Knapova et al., PRC 106, 034607 (2022)
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Are GOE predictions justified?

Not 100% clear — some deviations reported (mainly works by P.E. Koehler in last about 15 years)
MK involved in some of them. For instance,

* Experimental data on reduced neutron widths showed a very low probability that they could be
consistent with Porter-Thomas fluctuations; P.E. Koehler at al., PRL 105, 072502 (2010)

» If correct, would have a significant impact on actual NLD (DO0)

MK is not sure if he believes in this effect but if experimental data correct, the effect is there

* There are also some problems with long-range correlations in “Nuclear Data Ensamble” (NDE)
P.E. Koehler at al., Fortschritte der Physik-Progress of Physics 61 (2-3) , pp.80-94

* P.E. Koehler reported a few more cases ...

* In general problem with experimental data — spin/parity of resonances in NDE were likely
assigned assuming the validity of GOE by experimentalists ... (above-discussed problems)
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Total radiative width

Ist NLD CRP Meeting, March 24-28, 2025



Total radiative width

Available information from isolated resonances

¢ sometimes not very rich in nuclei with D, in eV range
(if T, at low energies smaller or comparable to I,

* typically, only gI", obtained from individual resonances
if D, in keV range (OK 1f J;=0 and we know that /=0)

* Many values suffer from significant uncertainty

* Only resonances with “reliable” I, (certain relation to I', k) should
be used

Alternatively, a piece of information might be obtained from fitting
the cross section in “unresolved region” (FITACS)

(to high degree given by “Gg/D” ... but contribution of different /)
the solution is often not very “stable” and the results must be taken
with caution (personal experience of MK)

[", can have a relatively broad distribution (expected from statistical
model)

Eg J gr, l'.(
(eV) (meV) (meV)
-434 1/2 0 (65.8)
139.840.2 1/2 0 133 + 8 17 *16
180.3+0.1 1/2 0 220 % 12 80 20
201.540.2 1/2 0 13.24 1.0
323.7+0.3 1/2 0 6.2+ 1.0
459.340.3 1/2 0 41 + 5
508.7+0.3 1/2 0 240 + 20 60 +20
544 .4+%0.4 1/2 0 27 + 8
619.6+0.4 1/2 0 93 + 7
662.0+0.5 1/2 0 55 + 7
753.8140.6 1/2 0O 810 & 50
815.420.6 1/2 0 214 + 25
859.2+0.4 1/2 0 28 + 5
875.6+0.4 1/2 0 69 + 9
981.440.4 1/2 0 23 + 5
1066.7+0.5 1/2 0 330 + 40 172Yb
1129.440.5 1/2 0 42 + 7

RESONANCE PROPERTIES

Dy=75.724.2 eV
5,=1.73%0.27

S5,=1.0£0.3

S,=1.7+0.5
<r70>=0,073:0.011 eV
<r70>“ =0.0805£0.0012 eV
<r7]>" =0.0629+0.0010 eV

RIPL3: Gg=77(10) meV
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Y

E, J ! g, r

. . . (keV) (eV) (eV)
Expected distributions
-1.9 /2 0 (0.06)
0.30129+0.00030 1/2 1 0.2150+ 0.0025 0.239:0.007
0.06 - . . . - T - 7 - . : 0.8695 +0.0009 (1] 0.0022+ 0.0010
=t [ T 3.8205 +0.0040 1/2 1 3.93 + 0.06 0.037+0.002
E: 4.1353 +0.0040 3/2 1 14.9 + 0.2 0.053+0.003
Gd 5.4455 £0.0050 1/2 0 25.3 + 0.5 0.058+0.002
12 5.9749 +0.0060 3/2 1 11.6 + 0.6 0.092+0.003
) 9.009 +0.009 [1/2] 1 9.9 + 0.4 0.047+0.003
> 0.04L '"|_ — 32 ) 13.286 +0.013 1 6.0 + 0.4 0.040+0.004
= - 1LL 15.151 +0.015 1 9.2 + 0.5 0.174+0.006
c 15.432 0.015  1/2 0 66.1 + 1.5 0.077+0.009
..“C_,J 17.791 $0.018  3/2 1 6.1 % 1.0 0.1130.011
= - 24.703 £0.025  1/2 0 13.6 + 1.5 0.035%0.005
g %7, 29.815 £0.030 [3/2] 1 584.0 + 1.2 0.3410.025
-.[ﬁ 35.186 +0.035 1/2 [0] 121 + 5 0.145+0.032
o 002} J — 12" e 36.671 +0.037 [3/2] 1 141 + 6 0.102+0.022
@ | 3/2 341.510 +0.042 1 36 + 14
| 953.980 +0.054 1/2 0 216 + 28
55,201 +0.055 1/2 1 430 + 35
i ﬂ_q 59.336 +0.059 1 228 + 25
0.00 Lo’ J L 163699 £0.064 b e Zr
0 =0 100 150 200 250 RESONANCE PROPERTIES
I’ (meV)
¥ D,=12.842.0 keV
. . . . . — R4 [ 4
Expected I', distributions from DICEBOX simulations Damd.BaD-5 we¥
_ 4=0.34%0.
e [llustration for one model of PSFs and NLD $,=6.0+1.8

<I,(>=0.07120.008 eV

RIPL3: Gg=65(15) meV <r,;>=0.1510.075

<r,>% =0.1746+0.009 eV

*  Width of distribution depends on NLD
* Consists of many small contributions (partial widths)
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Neutron strength functions
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Neutron strength functions

Can be determined from neutron resonances

(simultaneously with DO and I',)

gl (ev)

0.3
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0.15

0.1
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T 11
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.
o
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o

200 400 600 800 1000 1200 1400 1600 1800 2000
Energy (eV)

So = D\ QFQ,A/AE

Strong fluctuations (from Porter-Thomas fluctuation):

ASo/So = +/2/N

* Missing strength usually very small (for 1=0)

¢ Can be corrected for

* Corrections for S; more complex

* S1 can be estimated even without fully correct
parity resonance assignment, but then it suffers
from larger uncertainty
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Request from Consultants Meeting

Resonance spacing data
» Comprehensive compilation of all D, and D, that have been determined and published
* Idea 1s to start with data (resonance parameters) in databases (ENDF, JENDL, JEFF), then
search for new data
(n_TOF, GELINA, CSNS?, LANSCE/DICER?)
* Ahelp from someone is needed

» Evaluation of compiled D, and D, values and recommendation of best values with associated
uncertainties — including documentation of how the values were determined;
e At least for D, — work in progress — many nuclei, the process must be as much as possible
“automatic”
* In some nuclei we are (almost) sure that the resonances are only s-wave (/=0)

* For D;: in principle the same, but all /=0 resonances must be eliminated
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Request from Consultants Meeting

Resonance spacing data
» Comparison of different methods to determine resonance spacing data and related uncertainties
for selected cases if not all;

* Work in progress — several different ways of spacing determination are to be compared — at
least for some nuclei — D from I',, kernel, considering GOE sequences, fit to the cumulative
Porter-Thomas distribution (requires some simulations)

* Uncertainties from different methods are planned to be compared

» Provide D, for (/+1/2) and D, for (I-1/2) if available and possible
* Sometimes possible, there exist (relatively reliable) methods to determine spin of a resonance
in some nuclei

» Itis very difficult to verify all spins/parities of reported resonances
» Corrections to missing levels can be reasonably done, but it is crucial to have good data — not
an easy task
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Spin of neutron resonances

Can be determined by several methods (very crude division)

1) analysis of transmission, scattering, or capture cross-section measurements
(above)

2) measurement of transmission using polarized neutrons and samples

3) detection of differences in j~ray spectra from resonances with different spins

* ratio of singles to coincidence from two scintillation detectors

* intensities of yrays from low-lying levels measured with Ge detectors,

* the singles/singles, and coincidences/coincidences ratios for different pulse-
height regions with C,D( detectors,

 cascade characteristics measured with 4t segmented detector arrays, e.g.,
DANCE or TAC atn_TOF

Mughabghab Atlas lists 9 methods, but those can be combined into these groups
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Detection systems

4 C,Dy@n_TOF

Traditional detection systems:
Low-efficiency detectors (usually C;Dy) in
combinations with “Total-energy deposition +

%5Gd(n,y) at thermal

— DICEBOX + GEANT4

=B &8 4567 o
Deposited energy (MeV)

Pulse-Hight Weighting Techniques” — at maximum

one photon from a cascade 1s detected
High-efficiency detectors (BaF, spheres)
Other detection systems under development

(@n_TOF - sTED, iTED)

DANCE @ LANSCE
Multiplicity s e
E2DU 115 sl ultiplicity = 1 Multiplicity =2
g 159 =0
g d MN’“\I‘W
(1]
5 i dﬂ
T
E Multiplicity = 3 Multiplicity = 4 Multiplicity = 4
50 50
% 0 %
3000 6000 0 3000 8000 3000 6000

Energy sum (keV)

Energy sum (keV')

Energy sum (keV)
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Principle of the multiplicity method

Jcapt:_ ‘lcapt = 3 Jcapt = 2
v
v v assuming only dipole transitions = different
N average multiplicity (and average energy) is
IR v v expected for different AJ
120 El and M1 transitions have different probabilities
_ Vv ‘s v v

= different average multiplicity might be

Example that corresponds to **Mo expected for different parity of capturing state

with ground state of 5/2+

If detector allows to measure multiplicity
distribution (or at least average multiplicity), data
could be used

= high-efficiency detector needed (BaF, balls)
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Principle of multiplicity method
“Prototypical” multiplicity distributions (DANCE) T

T T T T T T T T T
0.4 | | | I I | I I | Yol
15000 |- —J=3 N
“WSm(n,y) @ =4
58 O ® J=3 |
: O O J=4
® ® 10000 -
J=3:58.09 eV E
021 o J=4:4936 eV |
O 5000
01 [~ - - —
&
) ° 5
0.0 o M | | | | L Q| : : :
0 5 4 5 3 10 40 45 50 55 60 65
m

Neutron Energy (eV)

Decomposition of yield (exp y) into two (or more) “prototypes” u,, (with contributions/yields ¢g) using
a y2-based minimization

* more m than number of prototypes needed ¢z _ le (_vm— Y
“.i’?]' m

2
q:‘t
T= + F. Becvar et al., NIMA 647 (2011) 73-85

m
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F. Becvar et al., NIMA 647 (2011) 73-85
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10

Intensity (counts per bin)

[00]

[op]

i

A=)

x10°
i J=2 o0 =B
(@) "®Dy(ny) fl —u=3 ‘ £50 —J=4
i | —— Experiment h h 5 —— Experiment
A ' I 2
- | 5 30
g @]
— | J |‘ o
' i >20
- I '
=
210
g =
O ..
10
105 55
Neutron energy (eV) Neutron energy (eV)

The decompositions were performed using m = 2—6

Previously unreported doublets near 101 eV in 1¢'Dy and 53.5 ¢V in !¢’Er clearly seen

In '7Er a clear indication of a doublet presence comes already from the observed resonance shape
The decomposed shapes nicely agree with the shapes of the neighbor resonances

(resonance shape can be checked)
I. Knapova et al., PRC 106, 034607 (2022)
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Counts

Examples — “imperfections”

22000[ f * Fluctuations lead to imperfections —
20000~ toublet doublet ]=2 presence of ghost resonances (other spin)
18000 — ! J=3 _ .
TEOHE | * The standard deviation of “ratio of the
— =5 area of the ghost to the total area” R
- ~0.12 in 167Er
12000 — :
= | ~0.09 in 161Dy
3 |
o0 | * In'9Dy a couple of resonances with
0000 =3 JJFL similar decomposed contributions for
4000 = i ) l\ both J, and the standard deviation of R
2000 — M | k@t i 1 was found to be at least 0.15, but still
— R e ST

‘ ! ,.-irrf 7 It ,.J.‘.".. I- - et j F 1 1 1
. e bl etV -t 3 allows spin determination for vast
/ E, (eV) majority of resonances

“ghost”  Check of “ghost” sizes from simulations of y decay (DICEBOX):
~ 0.12(2) for 7Er, 0.09(2) for 1Dy, and 0.25(6) for 13Dy
(agrees with experiment)
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relative intensity

Example — comparison with simulations

o
W

o
o

I I I [ I
 —— Bl simulations J=2
— . B simulations J=3
—s— experiment J=2
| —=— experiment J=3
ol
=
- B e
|
I —
——
B —
—&—
[—— | | | |
1 2 3 4 5 6 f 8

Comparison of average experimental and simulated
multiplicity distribution of '®!Dy resonances.

Only events with sum energy between 7.6 and 8.4
MeV used to construct the individual resonance
spectra, which are then normalized to their integral
for m>2.

The mean and standard deviation of distributions
are calculated using the maximum likelihood fit.
The larger spread of simulated values is due to the
random nature of “nuclear supra-realizations™.

I. Knapova et al., PRC 106, 034607 (2022)
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Comparison with spin dependence of “available” NLD models

. _ * Determination of resonance spins allows comparison of
| K = T experimental data to predictions of spin dependence

B » . :
Y. | from different available NLD models
100 161y o * Blue corridor depicts uncertainty of the experimental
2.0[ 1=E3Dy - " & =m ratio.
éo 1.6}
bD

[ TR e —

16 1Il:'ﬂf'Er | | | | I I i i |
.
wa o = " = i
10} H . ' . . , , , , Comparison with NLD models from
¥ & & F 4 & ¥ & B  TALYSI.8
g §F § 8 v ¢ o % J
9 ng:‘ ~ A‘Q § &Q}k ,3;' Agj Agj * CTO05 and BSFGO5 is von Egidy and Bucurescu PRC72,

044311 (2005),
* LDO09 is von Egidy and Bucurescu PRC80, 054310 (2009).
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Problems with the method

Unfortunately, does not work for all nuclei

the spin difference between resonances
and GS small (1”7 Au)

fluctuations in multiplicity distribution is
large within the same spin in comparison
to the difference within the two spins.

A check for each isotope needed —
applicability is nucleus sensitive.
Such a check requires knowledge of a
realistic description of y decay.

Ratio (g/y) or R

20}
18

1.6

14}
1.2

1.0
0.8

06|
0.4}
0.2

0.0

-0.2
0.4
-0.6

Nuclear realization number

[llustration for Au
Simulated decay of resonances using DICEBOX
The same analysis as above applied to data

22 T | L T T | L
: i = |1=1 contrib 1 A
J. = ol i S B4 ]
L resonances resonances |
| - . % ]
| B
" m - - g = ]
L - |
= B, L1 " - n am
| | | B =
™ g (TS .__
] .-_. [ N ._'
] N L " 5
- nm ' L ..
A = u o
]
n LY | J
n u g ..I = Ll
| |
_08 [ PR R T T | PREENE [T T T T N T N T N T TR SO TN [N TR T T N [ T N 1 1
0 5 10 15 20 25 30 35 40
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“Modification of the method” (P.E. Koehler, PRC 105, 054306 (2022))

Even low-efficiency (C;Dy) detectors can be used for y multiplicity
method (from capture exp.) despite their low-£, resolution if more
detectors used and sufficient number of coincidences detected

Different multiplicity distribution must impact

* the number of coincidence with respect to non-coincidence events,

* the energy distribution of emitted photons (low-deposited energy vs
high-deposited energy events)

H—T |

%5Gd(n,y) at thermal

— DICEBOX + GEANT4

\\‘\2\\\\3‘|4J\|\5||\‘B\"‘7 HllB‘l‘

Deposited energy (MeV)

. ; . T
95Mt‘.!(l’l,y) All Resonances

x Firm = = - by shape

Firm = = + by shape

Different ratios of these quantities can ||
be made (optimized) — these ratios are ’
normalized to form “indexes” (“spin

indexes”, “parity indexes”)

Mo(n,1)

All Resonances

Firm = = - by shape

Firm = = + by shape 4

‘ :
4 5
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Parity Index

“Modification of the method” (P.E. Koehler, PRC 105, 054306 (2022))

%5Mo(n,y)

assigned firm parity.

Spin Index

Data from ORELA ... difficult to say if one

can apply this for any other existing
measurement

. T T \.I T .l. T
10! ot ot e e L,
- ® ° * S5 [ o
e e ® * %8, %g ° " * o o
®
.ngo ‘....'.: ‘..‘]:.0.*
o % ® [} w °
~ 10°% o : = 8 -‘%“:aﬁéll
S R, Sl R Mt S
==
‘;g_ .“] ° [b.;.n u}
|
S y =
" e Firm s-wave ||
o Tent. s-wave | |
= Firm p-wave ||
O Tent. p-wave | |
|— 4.0x10°E,
7 8 9 10

E,, (keV)

Weighted averages of the three J indexes vs weighted averages of
the three n indexes for all spin J=2 and J=3 resonances with

A linear transformation was applied to the spin index so that the groups are
centered at 2 and 3. Similarly, a linear transformation was applied to the
parity index so that the groups were centered at -1 and 1.

Firm spin reported
for many (vast
majority of
observed) resonances
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(Additional) Indirect methods sensitive to NLD

Analysis of Multistep-step (or Two-step) gamma ray spectra from neutron capture (sensitive to
NLD energy dependence below neutron separation energy) ... about 10 nuclei

P.E. Koehler at al., EPJ A (2022) 58:195
Difference of I, from resonances in '*7Au with different spin was used to be used to say

something about spin dependence of NLD below neutron separation energy ... probably only
one nucleus (not sure if more cases possible)
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