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What are statistical (Quasicontinuum) nuclear data
* The Evaluated Nuclear Structure Data File (ENSDF) 7.0

has information about discrete, particle-bound < I '
: > 6.0
nuclear states and the decays connecting them. é)
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What are statistical (Quasicontinuum) nuclear data
* The Evaluated Nuclear Structure Data File (ENSDF) 7.0

has information about discrete, particle-bound -«

. = 6.0
nuclear states and the decays connecting them. é’

« States with £, > a few MeV, particularly those with =50
high-values of E,/J, are unknown and both their £ -J o,

distribution and the probability that they will decay E 4.0

via emission of a y-ray of a given energy are = 30

statistically distributed using continuous functions: .
Nuclear Level Density = p(E,,J%) 2.0
Photon Strength Function = F(E ) ';: 10 L.s8id

0O 5 10 15 20 25 30
Angular Momentum (%)

WANDA 2023 — Bernstein QC talk



What are statistical (Quasicontinuum) nuclear data

* The Evaluated Nuclear Structure Data File (ENSDF)
has information about discrete, particle-bound
nuclear states and the decays connecting them.

* States with E. > a few MeV, particularly those with
high-values of E,/J, are unknown and both their £ -J
distribution and the probability that they will decay
via emission of a y-ray of a given energy are
statistically distributed using continuous functions:

Nuclear Level Density = po(E,,J")
Photon Strength Function = F(E )

e These Quasicontinuum (QC) states are the ones
most likely to connect to states populated in neutron .
capture, making p(E,,J") and F(E) critical to 0 5 10 15 20 25 30
accurate nuclear reaction modeling Angular Momentum (/)
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What are statistical nuclear data
Nuclear Level Density = p(E,QJ”)

Fermi Gas Model Constant Temperature Model
d '\ 1
i o) o(U) =~ = —exp[(U - Up)/T
. o 2J+1 (J +1/2)?
U T) = W p(U) exp [— 52
Plus many, many more...
m 4/ j'lllu?n —l 3
a=‘2(7 A(l + 5, A ).
3 h?
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What are statistical nuclear data

Nuclear Level Density = p(E,QJ”)

Fermi Gas Model Constant Temperature Model
dN 1
. VT fall). Plee(U) = — = —exp[(U — Up)/T]
/T(L') = W PX])(Z fl (1[-" 7
. 27 +1 (J +1/2)?
oAU T) = W p(U) exp [_T
Plus many, many more...
m\4/3 7”070 Y a—1/3
a=2|—= A(l + B,A7H7),
3 h?

Photon Strength Function = F(E )
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What are statistical nuclear data

Nuclear Level Density = o(E,,J") 7.0
Fermi Gas Model Constant Temperature Model e
(.'_ﬂ_l\ (U —Uy)/T %6'0
p(U) = —\/— exp(2Val), Prev(U) = dU T(XI)[ f0)/T]
12a1/4U5 z
o 2T +1 . (J +1/2)2 :5.0
[)( 98 J) = 2\/_'2?03 /)(l )GX]) _T
Plus many, many more... = 4 ()
_y (E) 4/3 7)1070 4( + 3 4_[',,"3) g
a = 3 +2 [ ‘ m 3 O
g .
Photon Strength Function = F(E ) =
= 2.0
......... - ~
- *Fe Mo '5
2 - ol 2
g l _;;:;ﬁf!;fmm”‘:. ; }Wl ::zo m 1 O
T10%k - o -”:: 3 O'O
. : 2 - || . ||| ||- :I ] | ||| I:‘«:.:" 0 ; ‘é-raé'e:.erg;yE%(M;evé 9I “I;l‘i.<v.:a‘é';r:e.réylE;;h§elvl).1l(’l“ O 5 10 15 20 25 30
y-Ray Energy (MeV) P e e Plus many, many more... An 2111 ar Momentum ( h)

How do these data effect the reaction rates needed for applications?
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Where Statistical Data Enters Reaction Evaluation

1. Reaction models are “tuned” by varying underlying physics knobs, such as QC
properties and OM parameters, by evaluators to reproduce measured angle- and energy-
differential cross section data (since we can’t measure everything needed).

2. Models of “integral benchmarks” (e.g., systems that depend on multiple nuclear data
inputs) are compared to the “real deal” to validate the underlying nuclear data

BUT QC properties such as Nuclear Level
Density (po(E..J,t)) and Gamma Strength

Integral

;4 -
\ Experiment

\oromerk /) \ Benchmark ) Functions (/(E,)) are now being measured
regularly and their values should not be
adjusted “at will” by evaluators
SR
ENDE

.

e \, e.g., QC properties are another
Evaluation | . (44 29

ey — | heptaton trash can” (to quote Dave)
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Example: 3°Pu(n,x) in Jezebel modeled using cross
sections from two different nuclear data libraries

0.995 1.000 1% Talys 1.95 235U(n,el)/(n,inl)

for different LD models
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Let’s consider an example from Medical Applications
Production of °413°Ce for medical imaging using high energy protons
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The Effect on the Ground-to-Isomer Ratio 1s greater
Production of *°Y for medical imaging

Talys 1.95 for 86Sr(d,n)30eY /8omYy

1.00 Level Density
o PVictmibrt
20.80 J-Distribution
a7
Gé 0.60 | NceLL..
3
= 0.40
g ... Default
(% 0.20 — Opytoff/ 2

o Cutoﬁx 1.5
0.00 ~
0 20 40 60

Incident Deuteron Energy (MeV)

WANDA 2023 — Bernstein QC talk



How about an example from NA-11’s perspective

emZr as a radiochemical diagnostic

Talys 1.95 for *°Zr(n,2n)%%smZr

Level Density
J-Distribution

e« Default

I chtoﬁ/ 2
chmﬁrx 1.5
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Incident Neutron Energy (MeV)
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How about a broadly important reaction?
Dependence of >°U(n, y) at Fast Fission Energies on p(J)

05 3 lzoq T T |4oq T T |6Oq T T lgoq T T 1|OOE) 05 600 Talys 1 .95
INDEN-Oct2022: U-235(N,G)U-236 cee
— EI;I\IDFlfB-\%H.O: UI-J235(1£11?IG)I)J[-J236 - —_ Def aul [
0.4 —201J]251J3F—3.31:U—235(N,G)U—236 b 04 @
— . ok ande . =
& N\ < 1962 Hopkins i =400 - chtoﬁ x 0.66
5 N qL . > 1958 Andreev — o
< - ] & 1956 Spivak . ) .,
= 03[ T < 2014 Wallner 03 ‘=
-g o 1958 Andreev Q \
3 & %
3 B i
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What about the dependence on F(E,)?
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Cross Section (barns)
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How about a broadly important reaction?
Dependence of ©>°U(n, y) at Fast Fission Energies on F(E)
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We can ignore this, but we do so at our peril
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Examples of recent /(E,) data in Actinide nuclei

- 10 ¢
E = Present experiment, 233Th E ----- ENDF/B-VIIl.1 and JENDL-4.0
v Photo-nuclear reaction, >**Th A reat ea [ ---- TENDL2014
L Present work
A f(E1) from (n,y) . Oslo data
o f(M1) from (n,y) - & v (v,x) 2*Pu, Berman (1986)
O d a ta LS 2105- ¥ (%) > Pu, Gurevitch (1976)
o (y,x) Pu, Moraes (1993)
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Photoexcitation of Br using the BELLA short-pulse laser facility
(supported by Google)

100}

~30.5cm
p togasjet
.

s 1 "
-100

79 ( ’)7911’1 | T1,=4.85s
0 Br V,Y Br 45 E=207.6 keV
AT T T YO = i 79Br(,Y,,Y7)79Br*
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T, ,=4.42hrs,
E,=85.54 keV
$1Br(y,n)s'Br*

ADC Channel (Increasing with Energy)

1 l i ol A,_.,M_,.._-H_.A.AA_
100 140 16 180 200

Tune Since Last Shot (10° s)
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80Br/ 7"mBr ratio

2 N -0.13
O
o) 0.1
O g m-
E o) 0.11
s
~ >IN R |-
—_ 0.09
z 0.08
-0 HNEEEEN |
1
RSF models
Irradiation Cases Population Ratios (#/Shot)
Brem. Photons 79/80 0.023+0.0024
Electrons 79/80 0.033+0.0015
Brem. 79/Electrons 79 0.503+0.0515
Brem. 80/Electrons 80 0.719+0.0326




The publication rate of QC Data 1s on the rise

160 * This probably a radical
underestimation the
actual number of articles

140 m Strength Function

5
120 '

% w Level Density since QC properties are

3 100 often not indexed

é) 80 properly in NSR!

C£ 60

S 40 Side note: We need

20 l Natural Language

0  — Processing to

compile all of the

available data!
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There are a wealth of source of experimental data on QC properties

1. Energy-Indexing approaches:
L * Direct Reaction + y-ray coincidence:
e ........ ........ ......... ......... Uses outg()ing particle energy to
] . iteratively obtain a Level Density and
"""" Reactlon. Photon strength from a “15t Generation y-
4.900E+33 1 11 ™ . O SO W W SN ¥ ray spectrum” (/;(E,)) for an E slice i :
R Ii(E) = F(E)p(E, - E})

Direct

4.200E+34 |-

3500E+3-* ........ ........ ........ ....... ........ ........ ...... ........ ........ ........

Excitation Energy (keV)

2.800E+3L 4 B ; .{ ......... fnenanens ; ....... : : ; ....... : ...... ; ........ ;“””@ ........ ; ......... % .........
2.1005+3 ...... ......... ......... ......... ....... : 3 : : : ........ ........ ........ _________ ,,,,,,,,,

1.400E+30 | WM e, - . S p— . S T S e, e,

7.0006+2{ JEE SR il ________ : TPF;?E? 235UvaE*plOt
] (NNDC)

® Unknown

0.0

I I I I I I I I I I I I I
5 7 8 11 13 15 17 19 21 23 25 27 29 31

|
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There are a wealth of source of experimental data on QC properties

1. Energy-Indexing approaches:

L b * Direct Reaction + y-ray coincidence:

......... ......... ....... . ........ ........ ........ ......... ......... Uses outgoing particle energy to

R ) .' \ iteratively obtain a Level Density and

e Pandemonium b Photon strength from a “15t Generation y-

49006+ 3] U T T B-de.cay S ray spectrum” (/;(E,)) for an E slice i :

Yl feedlng : : S : E(E;) _ F(E/,O(Ex _ E}/)

_ ] R EEE R 4 * High Q-value B-decay using a segmented

3.500E+3] | . ________ ________ . N ________ ______ T ________ ________ Total Absorption Spectrometer (TAS).
. 4 . Already used with CARIBU. FRIB will

provide data on nuclei far from stability.

4.200E+3+ | ¥

Excitation Energy (keV)

2.800E+34 4 & : f 5 ; s ; ........ g ........ ; ......... g .........

2.100E+34 (R ; ......... ; ......... ; ......... ; ...... pm— Iy . BVt g ........ ; ........ ; ........ ; ........ ; ......... g .........

1.400E+30 | N S - . 5 A ] ] S T s s S S

7.000E+21 IS _________ _________ _______ ________ : Tpl;i':;y 235UvaE*plot
T (NNDC)

® Unknown
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Using beta decay and total absorption spectroscopy to infer
critical nuclear data (Thanks to S. Liddick & A. Spyrou!)

- Measure beta decay of nucleus using TAS. C S
- Extract critical QC structure, astrophysics, and stockpile stewardship

- g — nuclear level density, y-ray strength, — neutron =

— avg. e’y energy — Tests F(E,) independence of J7 capture cross L

— nly competition (Brink-Axel Hypothesis) section

10

- | — Limits from Talys

reaction rate (cm® s mol™)

E - Experimental Limits
3 @l |—ReacLB SRS
See the talk e
X temperature (GK)
by Sean Ay ;
LiddiCk! Z"°N 1000 2000 3000 4000 5000 6000 ' 13gBa(n,Y)14OBa SmeItted
Gamma Energy (keV)
A.C.Larsen, A.Spyrou, S.N.Liddick, M.Guttormsen, Prog.Part.Nucl.Phys. 107, 69 (2019)
' : National Science Foundation S.N.Liddick, A. Spyrou et. al., PRL, 116, 242502 (2016)
@‘ Michigan State University A. Spyrou, S.N.Liddick et al., PRL 117, 142701 (2016)

N
NSCL

A.C.Larsen etl al., PRC 97, 054329 (2018)



Continual improvement in hardware and software technique to
advance the state-of-the-art (Thanks to S. Liddick & A. Spyrou!)

« SuN++ currently under development ( new 12 Nal and 8 CeBr3).

« Smaller segments help to identify the direction of the electron
and reduce electron background

- Better energy resolution with CeBr; segments to identify low-
lying discrete levels

fit to discrete exp. levels

HFB, Skyrme + comb. (1o fit to data)
103 E__ HFB, Skyrme (RIPL3)
- — HFB, Skyrme + comb. (RIPL3)

Nal(Tl)

[~ w— temp. dep. HFB, Gogny (RIPL3)
2 &
10 - —&—— present work

* Application of shape method with —Oslo.
* Provides a model independent nuclear level density

discrete levels "

level density p(E,) [MeV-]

10 £
for populated states in nuclei far from stability. : LM
- Constrained NLD leads to a reduction in predicted 1 H| |
neutron capture cross section uncertainty of an order Ll
. 10 o o bl o o fo f B oo byl B0t A S TRl By |
of magnitude 1 2 3 4 5 6 7
Ex [MeV]

D.Mucher et al., PRC 107, L011602 (2023)
National Science Foundation
Michigan State University

B

[N
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Combining the Shape and B-Oslo Methods at FRIB offers a chance to address

Improve reaction rate calculations for unstable nuclei

Primaries from
D2 D1

intercepts of diagonals Ei E=1MeV  Ef=0MeV
with E,. -
Eil l .
Pair of data points
internally normalized
. % and proportional to
0" 1MeV PSF.
L > Ey
+ '] " ']
0"g.s. Thanks to Mathis Wiedeking
ok iIThemba Labs!
;5;.; F science & innovation Independent normalization for y-ray strength functions: The shape X Q
| -:g\;* | Department: . method, M. Wiedeking, M. Guttormsen, A. C. Larsen, F. Zeiser, A. W ITS é %RF
W 22?&8632(](;‘;”2‘63&?& AFRICA Gérgen, S. N. ledle, D. MﬁChGI‘, S. Siem, and A. SperU Phys Rev. UNIVERSITY *\b j Nationa'!or::‘?aat:gn légggaats%% rflct):rel;ccelerator

C 104, 014311 — Published 12 July 2021
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Combining the Shape and B-Oslo Methods at FRIB offers a chance to address

Improve reaction rate calculations for unstable nuclei

Primaries from
D2 D1

intercepts of diagonals Ei E=1MeV  Ef=0MeV -
with E,. P
— a
Eil |
Pair of data points
internally normalized
. % and proportional to
0* 1MeV PSF.
L > Ey
+ '] " ']
0"g.s. Thanks to Mathis Wiedeking
ok IThemba Labs!
;5;.; F science & innovation Independent normalization for y-ray strength functions: The shape X Q
| -I‘g;* | Department: , method, M. Wiedeking, M. Guttormsen, A. C. Larsen, F. Zeiser, A. W ITS RF
W 22?&8632(](;‘;”2‘63&?& AFRICA Gérgen, S. N. ledle, D. MﬁChGI‘, S. Siem, and A. SperU Phys Rev. UNIVERSITY *\b j Nationa'!or::‘?aat:gn légggaats%% rflct):rel;ccelerator

C 104, 014311 — Published 12 July 2021
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Combining the Shape and B-Oslo Methods at FRIB offers a chance to address

Improve reaction rate calculations for unstable nuclei

Primaries from
D2 D1

intercepts of diagonals Ei E=1MeV  Ef=0MeV —
with E,.
P -
n e
Ei' |
Pair of data points
internally normalized
. % and proportional to
0" 1MeV PSF.
L > Ey
+ '] " ']
0"g.s. Thanks to Mathis Wiedeking
ok iIThemba Labs!
}'5‘3‘ F science & innovation Independent normalization for y-ray strength functions: The shape @)
(Ta%)|  Deparment . method, M. Wiedeking, M. Guttormsen, A. C. Larsen, F. Zeiser, A. W ITS é %RF
W gggrbcglﬁgdg;ngéatt;‘?a AFRICA Gérgen, S. N. ledle, D. MﬁChGI‘, S. Siem, and A. SperU Phys Rev. UNIVERSITY *\b j Nationa'!or:ﬁlsdeaatzgn Iégggaats%% rfl(::rel;ccelerator

C 104, 014311 — Published 12 July 2021
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Combining the Shape and B-Oslo Methods at FRIB offers a chance to address

Improve reaction rate calculations for unstable nuclei
Primaries from

. . D2 D1
intercepts of diagonals E; E=1MeV  E =0 MeV -
with E,. — A s
Y
S =
E;| | g ﬁ R
= |e m
< A
)
Q0
c
8 A
A .17;
>
0* 1MeV 2
E L "
L >
0%g.s. Thanks to Mathis Wiedekin
g y-ray energy £,
- IThemba Labs!
}'5‘3‘ F science & innovation Independent normalization for y-ray strength functions: The shape @)
(g Deparment method, M. Wiedeking, M. Guttormsen, A. C. Larsen, F. Zeiser, A. W ITS RF
A Yy gggﬁcgﬂgdg;"g‘éa&'?ﬂ AFRICA Gérgen, S. N. ledle, D. MﬁChGI‘, S. Siem, and A. SperU Phys Rev. UNIVERSITY *\b j National Research | Laboratory for Accelerator
C 104, 014311 — Published 12 July 2021 Foundation | Based Sciences
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There are also a wealth of source of experimental data on QC properties

1. Energy-Indexing approaches (Oslo, 3-Oslo):
1a ¥ 0 bbb  Direct Reaction + y-ray coincidence:
i.“ ...... ,,,,,,,,, ,,,,,,,,, ,,,,,,,,, ......... ......... ,,,,,,,,, ,,,,,,,,, ,,,,,,,, ,,,,,,,, ,,,,,,,, ........ ......... ......... Uses outgoing particle energy to
| iteratively obtain a Level Density and
T S O T e e o e e e Photon strength from a 19 Generation 7-
iR s R0 T U NS S R NS WO VOUOR O WS WO V- ray spectrum” (/;(E,)) for an E slice i :
|Il!. : : : : : : : : : : : : : E(E;) — F(Ey),O(Ex _ E}/)

l" BRI e ) S * High Q-value -decay using a segmented
35006+30 LN oSO NS SO VNS VS VN SO SV SOS SOVOR N 4 WOV SOV RO Total Absorption Spectrometer (TAS).
R S U E N Already used with CARIBU. FRIB will
provide data on nuclei far from stability.
2. Photo-absorption (HIyS, Brehmsstrahlung)
* Measures F'(E,) from ground to 1- states.

7.000E+

6.300E+

5.600E+

4.900E+

4.200E+

Excitation Energy (keV)

2. 800E+34 . . f _f ......... b ; ......... ; ......... ; ......... ; ......... ; ....... : ...... ; ........ ; ........ % ........ ; ......... 3 .........

2.100E+3 1IN ; ......... ; ......... ; ......... ; ......... ; ......... ; ........ s ; ........ ; ........ ; ........ ; ........ ; ........ ; ......... g .........

1.900E+3 0 N S - . 5 A ] ] S ; ........ ; ....... ; ........ ; ......... § .........

7.000E+24 . _________ _________ _______ ________ : TP';?;:;Y 236UJVS E*plot
: : . : (NNDC)

® Unknown

0.0

! | ] ]
I I I I I I I I I I
5 7 8 11 13 15 17 19 21 23 25 2? 29 31

|
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There are a wealth of source of experimental data on QC properties

A nT E n 1. Energy-Indexing approaches (Oslo, 3-Oslo):
L] IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII..-I o DireCtReaCti0n+Y'rayCOinCidence:
6.300E+3] \ ,,,,,,, ,,,,,,,,, ,,,,,,,, ,,,,,,,,, ,,,,,,,,, ,,,,,,,,, ,,,,,,,, ,,,,,,,,, ,,,,,,,,, ,,,,,,,, ,,,,,, > Uses Outgoing partic]e energy to

7.000E+3

\ iteratively obtain a Level Density and
R |;\. e (I R Photon strength from a “1%t Generation vy-
I"“\\- ......... ......... ......... _________ ......... ......... ......... ,,,,,,,, ,,,,,,,, ,,,,,,,, ,,,,,,,, ......... ya ray spectrum” ([;(E])) for an E slice i :
my S I{(E,) = F(E)p(E, - E)
ST, 1111\ S R O S S S S + High Q-value B-decay using a segmented
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There are a wealth of source of experimental data on QC properties
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Summary
I. Nuclear Level Densities and Gamma Strength functions
are key inputs for reaction modeling needed for applied
and basic nuclear science.

2. There 1s a wealth of new data being generated using both
stable and radioactive 10n beam facilities

3. A new evaluation effort 1s needed the couples structure
and reaction data to provide nominal values and

uncertainties for NLD and RSF.
Thanks for your attention!
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