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oving the neutron-capture y-ray spectrum | }

HERKELEY

oal
Improve and build upon spectrum of known W y rays in neutron data libraries

Improvements to the Evaluated Gamma-ray Activation File (EGAF) and Evaluated
uclear Structure Data File (ENSDF) databases: clarification of nuclear structural
‘oblems

Changes to the ENSDF file will also be reflected in other databases: Reference Input
arameter Library (RIPL)
lethod

Use the statistical-decay code DICEBOX to model thermal-capture y cascade and tune
put parameters to experimental data from the Evaluated Gamma-ray Activation File
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Ensure DICEBOX input files are consistent the latest developments in the Evaluated
uclear Structure Data File (ENSDF) — and beyond?

eliverables

Improved y-ray spectra and level schemes: new y rays; new levels; clarification of nuclear
ructure issues

'mproved EGAF, ENSDF, RIPL (and ENDF) evaluations with primary y rays

Total radiative thermal neutron-capture cross sections
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DICEBOX Monte Carlo Code
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DICEBOX generates (n,y) level
scheme simulations (nuclear
realizations) based on statistical model
level densities p(E,J”) and y-ray
transition probabilities 7;; where

a) All levels and y-rays below E
are taken from experiment.
All levels and y-rays above E_;
are generated randomly from
level density and PSF models
Primary y-ray cross sections
are taken from experiment
when known.
Typically 30,000 capture state y-ray
decay cascades are randomly
generated for each nuclear realization.

crit

b)

c)

50 separate realizations are usually
averaged to get the statistical variation
in the simulated level feedings.
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ical energy / cut-off energy cecee]
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eaction-model calculations (DICEBOX): complete discrete level schemes @
r excitation energy; specify all possible outgoing reaction channels and test
el-density models (which replace discrete levels in the quasicontinuum
righer-excitation energy)

ompleteness: specified energy and spin window within which all levels are
aracterized by unique energy, spin and parity values, and all y- and particle-
>ay branches are known

esults for W evaluations presented according to a defined upper-energy limit

(1) the critical enerav E .- (ii1) the ciit-off enerav E
] \I/ Gl I\ i1 1 LUl waAal Nl I\l v] hcrit, \III I I\ VAL AV I | Nl I\l 3] hc

-rit- Uupper-energy limit of levels characterized by unique spin and parity where
y-ray branching is known

.. an empirically-determined maximum cut-off energy below which all level
ieme information is either complete or has only a very weak influence on the
culation

egree of completeness varies largely over nuclear landscape: E_,;; and E_ must
defined cenaratelvy on an individiial iecotone hacie
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New thermal neutron capture cross
sections, 0,

Sum of

— Measured experimental gamma
cross sections which feed the
ground state (primary+feeding
below Ecrit) (ZGie)

— Modeled population feeding from
continuum to ground state (Zc;°)

Oy = 20° + 20°
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luation of the W isotopes ‘

ble tungsten occurs naturally in 5 isotopic forms:

o 180\\/ (0.12%) very little (n,y) information, not considered in evaluation
o 182\\/ (26.50%)
o 183\V (14.31%)
o 183 (30.64%)
« 188\\/ (28.43%)

Stable 18218\ all have large natural abundances,
therefore, evaluation is needed for all isotopes

r all W data evaluations:
consider compound system i.e. AW(n,y)A*tW
AW is the compound system

calculations assuming 10 nuclear realizations, with 100,000
capture-state y-ray decay cascades generated per realization
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EBOX: simulation cf. experiment ceceee?]
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CEBOX calculates theoretical level feedings to all excited states in the input file

nulated populations (Pg) can then be compared to measured experimental depopulations

=P = statistical model accurately describes nuclear properties
nsider hypothetical nucleus ***Aa: 4 excited states in rotational sequence; E_ ;=800 keV
tical energy (Ecrit): highest level where all structure information (y branching, J7) is known

reasing transition probability upon descending band as consequence of decay process i.e.
ger y-decay branch is observed from states with decreasing excitation energy
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N capture-y analysis: E
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* E.: 332 keV — 827 keV
36 new y rays placed in level scheme

¢ 3 new levels nlaced in level scheme



V results: improving the RIPL file
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firmation/determination of
ive J™assignments

[ with E, @ 827 keV:
v-lying levels; 14 with (J7)

keV: J* = (9/2)
keV: J*= (9/2)
keV: J*= (9/2)
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Modelled population
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: determining the capture-state composition F\\‘

E. = 1431 keV; N=20
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al radiative capture cross sections for e
W isotopes e—

o, =D 0"*(GS) + ) 05" (GS)

Isotope G, [b] c [b] oy [P]
(compound) adopted Eit E.
183\\: 182\\/(n ) 20(2) 18.0(7) 18.4(8)
184\\/: 183\\/(ny) 10.3(2)* 7.9(3) 8.0(2)
185\\/: 184\\/(n,y) 1.8(2) 1.4(2) 1.4(2)
187\\: 186\\/(n, ) 34.9(2) 33.6(21) 34.1(5)

“GAF: 5, = 7.78(14) b
PRFI IMINARY 1



as a function of E_
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1ental ,,W capture-y spectrum

* Na,WOjq (s) sodium
tungstate calibration

* WO, (s) tungsten
oxide target
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-NSDF = v lines in individual W compound systems
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CEBOX: useful tool for simulating y-ray emission following thermal neutron capture
he W isotopes

aluation work on the W isotopes assuming an upper-energy limit defined by E
ished in the following works:

crit

Gamma spectrum from neutron capture on tungsten isotopes” , published as
roceedings to ND2010 by A.M. Hurst et al. in J. Kor. Nucl. Soc. (2010)

Data evaluation methods and improvements to the neutron-capture j<ray spectrum”,
ublished as proceedings to UBC2010 by A. M. Hurst et al.

th Ef)l\l: anAd CNICNE /RIDI \ fila: 185\A] ~anA 187\AJ ;s Id

~ :f\ a3l aY=\Y.V/
OMAl allu LiINoUT \INT L) TG, vv aliu "~ Vv YyITIUOS TITVV

e
y information and confirmation/proposal of firm J* assignments

ture: extensive EGAF measurements on all stable isotopically-enriched W targets
uding '89W!) at the Budapest Reactor (mid-November 2010)

pplemental W(d,p) measurements at 88" Cyclotron @ LBNL using
RS/LIBERACE to unravel structural problems in the W isotopes that otherwise
ent raising of E_;; = improvements to the RIPL file

rthcoming publication in Physical Review C discussing the W evaluation with



llaborators

BNL — A. M. Hurst, R. B. Firestone, S. Basunia

udapest Reactor — Zs. Revay, T. Belgya, L. Szentmiklosi
LNL — B. W. Sleaford, N. C. Summers, J. E. Escher
harles University (Prague) — M. Krticka

eoul National University — H. Choi

orth Carolina State University — D. Dashdorj

\EA — R. Capote, A. Nichols
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neutron separation energy

J" Sn
compound J+1
projectile target nucleus J+2 »
J+3 =
=
O + > O bl 4 204 4 e
1n i ) A A g
thermal: A Aa AT Aa = i 5 ] =
|
~253meV ground state: capture state: J4n '|" . T" yvvvvvevy E.
Ji=3/2- J= L4~ 112 % AAAAAAAARAAARAR
Sr=1-, 2- '
I ; ¥ \AAAAAAAAAAAAALAL —
J::l Ll v | v yyvyvvvvvvyvyvyyy >
~
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« Compound system formed at high energy ~
. 4 YYY YYVYYYYYYYYYYYYYY [™
* Neutron separation energy e
. . Js YYYYY YYYYYYYYYYYYYYYY :‘l
» Beneath threshold for particle evaporation i
« Compound system deexcites through y-ray
emission 0
1] cttt—————————————————

« Simulate this process using the Monte Carlo
code DICEBOX At1Ag
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Budapest Reactor _
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* 10 MW Budapest reactor

* Guided-thermal neutron beam:
thermal flux ~ 105 cm=2s-!
cold flux ~ 108 cm—2s-1

* PGAA (Prompt Gamma
Activation Analysis) experimental
station is located ~ 30 m from
reactor wall

* Primary and secondary capture y
rays measured in low-background

» Compton-suppressed HPGe
detector (closed-end coaxial)
located 23.5 cm from target



abases and codes used in evaluation

eSS
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ENSDF

database

EGAF

Thermal neutron
capture-y data

Developed set of python
scripts to tie all of these
databases and codes
together in a useable
evaluation toolkit

Nuclear Structure p=———Jp Database of reaction

RIPL

model parameters

DICEBOX
Thermal neutron
capture-y code

Bricc
Internal Conversion

Coefficients

EMPIRE/TALYS
Nuclear reaction
code

ENDF
Nuclear reaction
database

MCNP
Neutron transport

code




V results: obtaining best fit
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V summary: new level scheme
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S(n) = 5.7537 MeV
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RIPL improvements:

= 2 new J™ firmly
established

= E_;; raised by ~90 keV
with 2 new levels

= 9 new y rays added
to the decay scheme
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V results: improving the RIPL file
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EGLO / BSFG
'(n,y)187W -
r 0 J=05
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fit: 7/2- @ 201.4 keV g T o—
e E,; to 303.2 keV E:w”-
E | © negative parity
T,
187W
10"

Experimental depopulation

Modelled population

EGLO / BSFG

10

T
mC
ey ey ey

‘

A D>

W= O

thiailain |
“x‘

100 3

10°F

| © negative parity

10 3 O

107~ -
10° 10"
Experimental depopulation

Changes/improvements need to be made to the
RIPL file based on DICEBOX analysis for 187W
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(RIPL JT

(3/2-)
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S(n) = 5.4664 MeV

Ecrit

!

145.73 RIPL Ecrit

1124
~oal o~
w [=] —
w od 0w
== [52] o
'¢] [I'#) uy
Ex [keV]
11/2- 364.22
7/2- 350.54
(8/2-) 329.00
5/2- 303.21
102 98
are- ! 204.83
7/2- 226 I 201.43
59
L
12— =4 / 12?1;', -
i T Jr 1 J? “
5:"2— 140W ??.36
lL I
I S Yy Y V..

RIPL improvements:

= J™ firmly established as
7/12- @ 201.4 keV

= E_;; raised by ~160 keV
with 3 new levels
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S(n) = 6.191 MeV
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No new y information from tentative (13/2*) isomer

E i« remains unchanged at 475.4 keV i.e. old RIPL value



3Gd results
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_ « 158Gd : 157Gd(n,y)
Total number of levels in the plot = 23
§ [ e
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EGAF - Evaluated Gamma-ray Activation File developed at
LBNL in collaboration with researchers at the Budapest Reactor
and the IAEA.

Source of experimental information used in our data evaluations
Neutron-capture y-ray cross sections o, for all elemental targets

with Z=1-83, 90, 92 (except He and Pm)
Measured EGAF cross sections are -
standardized against stoichiometric
compounds and mixtures .;._;-__igif_"

containing elements with ___:.:E_g_izf"-'

well-known o, e.g. H, N, .;_,;;:_5"':"

Cl, S, Na, Ti, Au. .:?Efi"

' Audi Wapstra 2003 Mass Evaluation
L " Stable nuclei
S 'EGAF
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-A/LBNL EGAF c, Database

\ Coordinated Research Project was started in 2000 to evaluate o, data

uated Gamma-ray Activation File (EGAF) - 13,000 y-rays, 79 elements

base of Prompt Gamma Rays from Slow Neutron Capture for Elemental
ysis, R.B. Firestone, et al, IAEA STI/PUB/1263, 251 pp (2007); online at:
/lwww-pub.iaea.org/MTCD/publications/PubDetails.asp?publd=7030

dbook of Prompt Gamma Activation Analysis with Neutron Beams, edited
5.L. Molnar (Kluwer Publishers, 2004).

A Prompt Gamma-ray Activation Analysis Viewer:
http://www-nds.iaea.org/pgaa/pgaa’/index.html

L Capture Gamma-ray Data: http://ie.Ibl.gov/ng.html
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n spectroscopic EGAF properties can be established by comparison with
Jated nuclear data

clear structure information derived from independent experimental
stigations

berimental results are reviewed from literature in the public domain
sion-evaporation, few-nucleon transfer, Coulomb excitation, beta decay, etc.

Jind measurements/results are used to collate an experimental database of
car data

SDF — Evaluated Nuclear Structure Data File

§pectroscopic information pertaining to individual isotopes in
he ENSDF repository can be used to identify individual isotopic

aatiirac in the clemaeantal ECAE Acantiiraav enactriim
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project and ENSDF comprise data complimentary to each repository

tep: information in ENSDF used to create a nuclear reaction database called

RIPL:- Reference Input Parameter Library

latabase also pulls in information from other sources e.g. parameterization of experimentally
d giant multipole resonances and level density parameterizations.

ical-model calculations in this work are being used to improve knowledge of the decay
 determine radiative capture cross sections

ical-model calculations call information directly from the RIPL databases

\erlmenfal enern\l_ln\lnl informatinn (a energv I and v-rav information (a o hranchina
J rirni 11U 1 [ | IH-’ INVV UL TV IAALTIVI | \ A\ | |\J|3y’ UIUI CAl I\ A X luy mnmiItviiiiaaliIvii \\Jnsu Ulull\lllllla
nixing ratios) is taken from the RIPL- 3 dat base

ctric multipole parameterization sets are taken from the RIPL-2 database, level density
terization is taken from Von Egidy [PRC 72, 044311 (2005)]

ION: RIPL is derived from ENSDF, inaccurate or out-of-date information may carry through
ION: decisions are made in RIPL on ambiguous spins (e.g. “(1/2-,3/2)"); often random!

ION: 10+ years may have passed since the most recent ENSDF evaluation for a certain



5

DF and RIPL databases "

:NSDF

-valuated Nuclear Structure Data File, an electronic database of evaluated experimental
iuclear structure data maintained by the National Nuclear Data Center, Brookhaven
National Laboratory; online at: http://www.nndc.bnl.gov/

IPL

. Capote et al., RIPL — Reference Input Parameter Library for Calculation of Nuclear
Reactions and Nuclear Data Evaluations, Nuclear Data Sheets 110 (2009) 3107.

. Belgya et al., Handbook for calculations of nuclear reaction data, RIPL- 2, IAEA-
\ N Py

'//\nl\nnnl nA
JINV u

inAn nrm
VVVVVTILI A1AdTaA.vViyy/

w important points:
provements to the RIPL file (and ENSDF database) are ongoing

atistical-model calculations can provide clarity on energy-level information e.g.
ative Jt assignments

atistical-model calculations can also test the validity of “firm assignments”

~ll ActARIIAlhAA AviceAaArimmsaAsaistAl AAata AAarm AlaeAsa kA 11amaA FAAE LA AfAt At AAL AAAAAL
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.

ut file contains structure information extracted from RIPL databases
ut file contains internal conversion coefficient data from Brlcc

ice of level density model:
CTF (constant temperature formula)
BSFG (back-shifted Fermi gas)
meterization from Von Egidy

ice of models of photon strength functions for E1, M1 and E2 transitions e.g.
SP (single particle) [E1, M1, E2]
BA (Brink-Axel) [E1]
KMF (Kademenski, Markushev, Furman) [E1]
GLO (generalized Lorentzian) [E1]
SSF (scissors + spin-flip) [M1]
Islv (isoscalar + isovector) [E2]
r of importance: E1>>M1>>E2. Parameterization from RIPL where available (E1) or literature (M1, E2)

Python scripts developed by Neil Summers can
now automate generation of DICEBOX input files
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lopted models eeeesd]

HERKELEY

ack-shifted Fermi gas (level density) with Von Egidy parameterization

exp(2+/a(E - E,)
12\/5(70611/4(E . E1)5/4
[Till von Egidy and Dorel Bucurescu, Phys. Rev. C 72, 044311 (2005)]

p(EJ)=1(QJ)

eneralized Lorentzian E1 PSF with RIPL parameterization (experimental data)

22
G, 0| EREO 40T |
3(ZC)ZL(Ey—EG) + ETS(E,,0) E> |

Resonance-shape parameters:
E; (energy centriod), I'; (resonance width), o (resonance cross section)

issors + spin-flip M1 PSF with parameterization from Yb isotopes
. Agvaanluvsan et al., Phys. Rev. C 70, 054611 (2004)]

oscalar + Isovector E2 PSF or single particle



