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Neutroninducedfission in competition toadiative neutron capture

cross section (barn)
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Radiative captureaveraged over resonancBs
and summed over final state  -decay of multipolaritys and &,
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Leveldensity} €nters forO<E<Eg, Photon Strengtfﬁajs assumed to depend &n only,
J(EL) =1 (BN (0, ) andnot onE, (Axel-Brink hypothesig
Average radiative capture cross section is proportiongl(t,I;) and to photon strengthy(E.);
Both, are influenced by nucleaymmetryj.eshapef andrl).
For many, if not nearly all heavy nucleionly the R -symmetryis formally well established,
whereas usuallgphericalor axial symmetry( andl ) are assumedd hoc
Triaxial shapes are of importance faadiative neutroncapture
aswell asfor fission, andthus fortransmutationphysics

Feshbach et al., Phys. Rev. 71, 145 (1947) ERINDA

Hughes et al., Phys. Rev. 75, 1781 (1949) o -_DR
Bartholomew et al., Adv. in Nucl. Phys. 7 (1973) 229 M



For many properties of heavy nuctaaxiality plays an important role
an issuanot contained in manynodel calculations

ﬁHE, 6axially de|]

nucleus

Probabely the disregard of

Y
triaxiality is related to 2 m % p o8
numerical problems (of theorists),
resulting from performing the 0 -softo
angular momentumprojection

in three dimensionexactly.
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FIG. 1. Energy surface in the 8-y plane for the nuclei "Er and '"™M0g (a) without angular momentum projection and
{b) with exact three-dimensional angular momentum projection. The units on the equipoiential lines are megaeleciron-

Hayashi, Hara, Ring , PRL 53 (1984) 337



Triaxial deformation

seen inHartree-Fock-Bogolyubovcalculations with Gogny forca accord toCoulex data.
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CHFB calculationfor stable isotopes
barsindicatevariance.
Calculation also performed for exotic nuclei
=> global predictionscan be based on them.

Coulexdata,rotation invariantanalysis,
with experimental uncertaintyars.
=> RIgid triaxial deformation.

Toh et al., PRC 87 (13) 041304 (Gamma-sphere)

Bertsch et al., PRL 99 (2007) 032502 Cline, Annu. Rev. Nucl. Part. Sci. 36 (86) 683
Delaroche et al., PRC 81 (2010) 014303 Srebnry, Czosnyka et al., NP A 766 (06) 25
(CEA/DAM & UoWash.) (Rochester -Warsaw collaboration )



Triple Lorentzian PSF (TLO) forEl: f, (E,)

K 28

(fm?) with axis ratios predicted b€HFB-calculations3

gooddescription ofstrengthdata inIVGDR,

in agreement to sum rule (TRK

Integrated IVGDR strength 0
alobal fit for 70<A<240 to determine ’
1 parameterfor E;=E_,oiq (from LDM),

1 parameterfor 3,=0.45 x E ' 9k=1,2,3)
(exponent fronmydrodynamicatonsiderations)
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Junghans et al., PLB 670 (08) 200; Myers et al., PR C 15 (77) 2032
Bush and Alhassid, NPA 531 (91) 27; Delaroche et al., PRC 81 (10) 014303 Carlos et al.,, NP A 172 (71) 437



Triple Lorentzian PSKTLO)
. : 1000 | 2z~
alsofits E1-data very well for nuclei 108pd
usually considered spherical fy s 3
. ] (Gew) s
(axis ratios from CHFB calculations ey
and integral from TRK sum rule). /"
Instantaneous shape sampling 100 | //'
improves fitCHFB © variance). Pl
o u e o S B N
%(0) —m——= 4 6 8 10 12 14 16 18 20
o“Qx o (‘O 'O) 0
fy
Integratedstrength, shapeof IVGDR (GeVe)
andagreemento sum rule (TRK)
are well predicted. 1000 ¢
Thetail regionis confirmedby variousdata;
additional components needed to improve fit
Different tails asRIPL -3 with SLO, 100 |

the standard distibuted AEA . ‘ ‘ ‘ ‘ ‘ ‘ ‘
4 6 8 10 12 14 16 18 20
E, (MeV)

Junghans et al., PLB 670 (2008) 200 A. Leprétre et al., NPA 175, 609 (1971) ; J.Kopecky & M.Uhl, Phys. Rev. C 41 (1990) 1941
Pluiko, ADNDT 97 (2011) 567 A. Veyssiere et al., NPA159, 561 (1970) ; G.A.Bartholomew et al., Adv. in Nucl. Phys. 7 (1973) 229



Atriple Lorentzian (TLO)fits E1-
data for odd nucleia>70) equally well
with axis ratios from CHFB and £
E, from LDM (even neighbods (fm?)
only global fit parameters.

. (0) "Qdaid<0 9)

VAR
e = Q ———=2/+1forallJ,
f=Lm 2J,+1
) 10 |
m=min(2a 1, 2J,+1)
A
(fm?)

Integratedstrength, shapeof IVGDR
and agreemento sum rule (TRK) al
are very similar for odd nuclei
andevenneighbours;

the tail regionis confirmedby ELBE data
but at variance t&RIPL -3, distibuted by AEA . 4 6 8 10 12 14
E, (MeV)

16 18

20

For n-capture by ee target nuclei the photon strength ir@nuclei is important !

Myers et al., PR C 15 (77) 2032 S. Datta et al., Phys. Rev. C 8 (73) 1421; R. Schwengner et al., Phys. Rev. C 76 (07) 034321
Bush and Alhassid, NPA 531 (91) 27 A. Leprétre et al., Nucl. Phys. A 175 (71) 609; N. Benouaret et al., Phys. Rev. C 79, 014303 (09)
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Theintrinsic state density int (Ex) = ﬁ Is sensitive t@hell, deformationand pairing corrections:

Effectsof shells and deformatiorare known from masses and liquid drop calculations,
2cosht %¥h- 0 ;o 2p%t RE

(sinht)? ep- AN, >V s

12 _ 3Dyt

Pairing causes a&ondensatiorat E_,,, and acritical temperature, : D, = Tx Econ = 2,0—2; D—° =0.567
0

but damped frorhW, (at the ground statelvith increasing t: dw(t) = dw, ¢

as controlled by the average shell enekgye in, A e 1 p MV

with the level density parametaapproximately giveby a e “?A/4--e All4.
A large backshifte,= E.,, + N Dy (n= 0,+1,+2for 0-0, odd and e nuclej is positive also for small A <

e
andreducesr (Ey) = ﬁ :
At energyE.=at’ + E, - dW(t.) a phasetransition occurs in the two phaseS andE, are given by
In thesuperfluid phase(SFM) (i<t.) an In the Fermi-gas(FGM) phase (t>t) one has:
interpolation from Eto Eis controlled by:
oooq. VO, Wy ¢ Yo Y4 2at
St=FgeSc te; E,=FseEc - t t sinh¢) “2ig- O
o <25 ¢
At 6 s 1 1 a2
Sc= S(te, Fe); Fsr :§*8 1 E =a?+Ey - dN@E) . Epstal
2.0 ey 0 Vol Eper dio
d(E,,sF) =d.=d(t.,Fc) 18 _3.»
g ) ) Thedeterminand relates to thesaddle pointnethod. d(t, Fe) = ; S
Ignatyuk et al., PRC 47 (93) 1504; Schmidt & Jurado, PRC 83, 014607 (11); ERINDA

Landau-Lifschitz V, A59; Goriely, NP A 605 (96) 28 Bohr and Mottelson, vol. I, 2 & 2B (69) & II, 6-523 (75) ; Kataria & Kapoor, PRC 18 (78) 549. 1< L)%



Theleveldensityformalism proposed here compares wwek-wave resonances and
to boundstatesi and the temperatures derived from them
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Inverting the formula Thed s p e temperturés as derivddcally from
L _ene®lo. @2t excitedlevels with significant scatter A U ¢
D(E, ) T4 7™ 4D (B)

allowsto extract” ;. from the observed
average level distances D(E,!) fall I;

when, is taken from systematics.

ik bound levels, various/?)
inﬂsn’ 1/2+)

Ignatyuk (2009), www-nds.iaea.org/RIPL-3/resonances/resonances0.dat

Koning etal.,NPA 810 (08) 13+

v.Egidy etal.,PRC 80 (09) 054310x

Belgyaet al.,RIPL-2/3 0

agree reasonably well to th@ediction: - ----- - :
based on triaxiality only and on

global parameterga =.07(A+ A7 ) e A/14).

Belgya, Capote et al.,(2012) www-nds.iaea.org/RIPL-3/levels/levels/



Nuclear shapesave an important influence d@vel densitesia collective enhancemekt,:

Collective rotationinduces band for each intrinsic state and levels are pulled down

S(a,t)
e

Included adiabatically, levelensitiesare considerably larger than tretatedensity /., (E) =
For triaxial nuclei this rotational enhancement at low energy is largest. vd(at)
R-symmetry ishe onlyconstraint; for small | and E,L E, one has

- g, _

v 21+ :

FE) @G rin(E- By (1,0)) %% 1= =01y (B):

t=1 "..1 ............... 3

Triaxial nuclei are considered thgeneral case I symmetry |

and the enhancement{E,l) allows areduction ofz;(E)

as compared to 6éconventional é prescriptions

-----------------------

. . . . i: 2141
In axially deformednuclei (no rotation about the symmetry axis) one uses’ (E, ) Y15 O int (E)
N8OS ..
For sphericalnucleithe level density for a given | is usually obtained from T B .
"(E,M=l) " (E,M=I+1),leading to a reduction ¢f by more than 100: r(E,1) %55 E—Soint(E)E;
N8O Ss ;
Spin dispersion and cut offelated tomomentsof inertia:
I j for collectiverigid rotationoni and| s for statistical fermionianotion. Capture of sneutrons by @ nuclei yieldd R=1/2+
AG ., Am(R™#+R) . . adin(r.)§"
532: 32 : Aj n(k Rl)’ AslAg; T:gé (mt)g
> 5 g dE =

Ericson, Nucl. Phys. 6 (1958) 62.
Bj» rnholm, Bohr & Mottelson, Rochester conf. on fission (1973) , Bohr & Mottelson, Vol II, 4-63 (1975) Bethe, Phys. Rev. 50, 332 (1936)



In 132 nuclei with7y0<A<250the mean distancef s-wave resonanceat S, , | ;=%"
is well reproduced assumingaxiality 1T with no sensitivity to &

100 | - 1
- . I
10 | 1 f - o
RIS . _ assuming:
D(S;) I, ‘i ' ? - = , | rigid m.o.inertigand
=1/ (S,) 1 b B E | I | «<—— spherical shape
(keV) Vel | ‘ i [ I '
01+ | | T T Yy e | «—— axial shape
| i | = [R—— triaxial shape wi/o,
001 | with vibrational

enhancement
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The only fregparameter(level density p.@ Is close to the valufor nuclearmatter a % e —8

The comparison to the data@, %2") clearly demonstrates treffect of reduced sg/mmetry
I.e. the importance dfiaxiality, whereas the actual values forand [ are unimportant

But: absolute values depend significantly on the choichell correctior W,;

Myers & Swiatecki, correctedor deformation by LDM, was used

Ignatyuk, nds.iaea.org/RIPL-3/resonances/resonances0.dat Myers, Swiatecki, Ark. Fizik. 36 (67) 343; nds.iaea.org/RIPL-3/densities/shellcor-ms.dat



Dataat S, for the average level distan@®Qand radiative widthod, O
are known formore than 125 ee target nuclei
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R. Capote et al., NDS 110 (2009) 3107
www-nds.iaea.org/RIPL-3/

e-etarget nuclei + 1n

Liquid drop model masses
and shell correction parameters
are available for many more nuclei,
but significant discrepancies exist

I already in the valley of stability;
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The information on shell effects is

crucial for level densitypredictions and

for radiative n-capture cross sections.
Compilation of Maxwellian averages allow global test.

I. Dillmann et al., PRC 81 (2010) 015801
AIP Conf. Proc. 819, 123; www.kadonis.org

UW,(A) (MeV)
| gs shell correction
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XZ X Mengoni and Nakajima. J. Nucl. Sci. Tech. 31 (1994)151 & RIPL-3
+Z + Myers and Swiatecki, Ark. Fizik. 36 (1967) 343

+Z + dto. corrected for deformation with LDM

z Zz Moeller, Nix, Myers and Swiatecki, ADNDT 59 (1995) 185



A simultaneous global prediction of
averagdevel distanceat S, andphotonwidthsfor radiative neutroncapture (unresolved resonance regjon
allowstest ofthe TLO-photon strengthf,(E ) and thelevel densityparameterization.
Maxwellian averagesre a good measure fdeV neutrons

2 [P a(E,) E,e BT E,

o = T E, e BT 4,

i = dNJ.’EJE” o \.'“;E_n' E—f'-';.-"ﬂ'

1000 ¢}

p-capture ? ! &

100

/e ]—— TLO + minor strength
I }f — — —only E1fromTLO

<G>kT:30keV 10 i
(fm?)

01 Fbb TLO+EL+ M1 .
[ ---- TLO only -

80 100 120 140 160 180 200 220 240

A

good agreement to Maxwellian averages for >100 nuelegh predominans-capture.
Global predictions argossible, agd) dependsignificantly only ona’i
and also orf,(E ), onthe nuclear symmetrgndthechoice ofshellcorrection/ W,

Dillmann et al., PRC81 (10) 015801
Grosse et al., to be published in Physics Procedia (13) AIP Conf. Proc. 819, 123; www.kadonis.org



Various collective modesontribute to thehoton strengthin radiative capture:

E1l: IVGDR, fit by TLO witlsum rule (TRK)and globalspreading widthi¢ £,,46: W d E 412 . 8
isoscalar(S)Elst rengt h i n 0pygmygpis feaVolndaEn ded at G
vibration-coupling: (2'x3)1 @E,,,a3MeV;1¢ * %¢ WHE%& @2 24 GeV

M1: orbital (scissorymode@a3 MeV;/, T2dWJdE & 02046 Ge V} 3 Mev
isoscalar and isovector components of siimmode@ a7 MeV:@(HEA . 042 Ge V
6 z e r ooriginaidg feoda recouplingof nucleon spingithin equalconfigurations:{HE & 0.014 GeY?

E2: quadrupole vibrations @ -2IMeV contributeftE <102, the GQR @ 9 MeVUHE < 0.2 GeY-.

The parameters of these minor contributions to strength are approxirmased on intensive
experimental studies atleeams (Urbana, Bartol, Stuttgafbarmstadf Dresden, Duke,..);
they determine transition strengftfi 0 R) from ground to excited states and resonances R.

Axel-Brink hypothesispredicts same strength on top of any qyzesiticle state E,
causing collectively enhanced decay transitidgs R Y, )&= f( 0 Y).R
Respective structures may appear in-@lsction spectra (BNL, LASL, Oslo,..)
and they contribute toadiative captureof p and rb especially fols, & 3 .M

Poelhekken et al., PLB 278 (92) 423

Pysmenetska et al., Phys. Rev. C 73 (2006) 017302 Heyde et al., Rev,Mod.Phys 82 (2010) 2365
von Garrel et al., Phys. Rev. C 73 (2006) 054315 Enders et al., Phys. Rev. C 71 (2005) 014306
Kneissl, Nuclear Physics News 16 (2006) 27 Richter, Prog. Part. Nucl. Phys. 34 (1995) 261



Overlapbetweerfinal level density’ (E,) and photonwidth G (E; ) peaks at

- A

o

it determines 1st photoneld and sensitivity of radiative capture cross section¥Ex) andf(E/) .

Additionalé_mi_rswength near & MeV(scissordMi1, pygmyE1, (2 3 ), ) leads to some enhancement.
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Triple Lorentzian EXPSF(TLO) causedvi80%of yield'
minor components nemegligible3 need of new experimental investigations.

Gooddescription ofdipole strengthdatain IVGDR and (np)-datain the tail

Gurevich et al., NPA,351(81) 257
Mughabghab & Dunford, PLB 487(00)155
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\ |||
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usingaxis ratios fromHFB and widthdi, ¢ E!©.
ERINDA
Massarczyk et al., PRC 87(13) 044306 HZDR

Goryachev & Zalesnyi, Yad. Fiz. 27 (78) 1479



Thephoton strengthandlevel density f,
parametrizationgresented here (Gev?)
also work well foractinides: 1000 |

Calculation agrees well to data
without any new parameter, 100 |
indicating a possible use for
transmutationalapplications.

“

10 | \\ LY ‘ | ‘ || ‘

1000 2 4 6 8 10 12 14 16 18
E, (MeV)
\ 240Py(n,r) x 10
(@ 1(;0 \ Photonstrength other than
(fr:;)’ » GDR-tail => isovectorEl
10 | { U +EL has 30 % influence

-390 +M1 ..
TLOonly  OnN radiative Capture

crosssection
(mainly orbitalM1).

1} { #2Th(n,r) + 10

0 100 200 300 400 500
E,, (keV)
+ G.M. Gurevich et al., Nucl. Phys. A 351, 257 (1981)

B.L. Berman et al., Phys. Rev. C 34 (1986) 2201
x Y. Birenbaum, et al., Phys. Rev. C 36 (1987)1293

K. Wisshak et al., NSE,137,183 (2001)
R.R.Spencer,F.Kappeler, Wash. conf. ,2,620 (1975)
L.W.Weston,J.H.Todd, NSE,63,143 (1977)



Thephoton strengthandlevel density parametrizationssed byTALYS-1.4
do not work well foractinides:

10000 . . . l . . .
: 232 —— CTM global &f. 238 —— CTM global &ff.
th(n.g) ——~ CTM global coll. u(n,g) —— - CTM global coll.
—-— BFM global ff —-— BFM global eff.
weo L = BFM global coll. i i L -—- BFM global coll.
3 »——= GSM global eff. —s GSM global eff,
+ -~ +GSM global coll. | +-- +GSM global coll
S -~ - HFM global
- - E -
100 | REe ot 1 E!
F . "> s Tl 'E - [ — e ++i"|"‘|!-h
‘i — = ‘___]__...=T' —-—'I'—— —_—— —:I\':--:\.
g g g v
® TomeemmEEs Sl —_-_x-"i":w_:\,,{
i0 g {1 BF N
: ] .
TE
0.01 0.1 1 10 101 0.1 o
Energy (MeV) Energy (MeV]

Apparentlyglobal parametrizationdor photon strengthandlevel densityas used by us
avoid eventual false measurements of photon cross sections in the IVGDRilraitd at §.
For actinides(transmutation etc.)an extrapolation tainstable isotopess important

http://www.talys.eu/documentation



Conclusions

Transmutation of nuclear wastaeeds numerical simulatiomsdthese need good input
like global parameterizations derived from basieoryonly.

Ad hoc assumptions abaspherical or axial symmetrp f heavy nucl ei simpl i
butex peri mentalistds obser vathiuckiare lesseythinatriat e t h ¢

1. Multiple Coulomb excitation and other spectroscopic data are well described assuenraity ;
2. the strength of the IVGDR agrees to the classicatslen(TRK) if atriple splitting is admitted,;
3. level distances observed gtsBow collective enhancement indicatBgotational axes

A respectiveeombined analysis of (E,) anddd(n, 5) Oheedsa small number aflobal parameters only:
A nuclear mattetevel density paramete, large backshift(E..+nY,), triaxiality ( -value unimportant)

Radiative processeme dominated by the tail of the electdipole strengthdescribedor 70<A<240
by atriple Lorentzian (TLO)with 2 freeglobal parametersno need fora variationof ligpg With E .
Maxwellian averagedeutron capturedata anddi,.Qare predicted with no extra free parameters;

M1 orbital strength- importantfor largef -as well as£1(2 & 3 ) needfurther investigations
studies should also clarify the effect of spin, parity and of sbeléctions.

The present analysis shows features clearlyaatance to TALYS, RIPL3, ..which show remarkable
uncetainties and ambiguitiess triaxiality and collective enhancement effects are not well regarde

| Most heavynuclei aretriaxial # Ggpr @ Ecprl® & TRK sum rule holds
¢ z collectively enhance& E,=E_,+Y,

Some additional photon strength capture data well describeglobally!
ERINDA
g PAS



ELBE data for?®Mo and 13%Ba show significant excess over TLO: lovesrergy data needed quantify it.

1000 | 98Mo
fy
(GeV-3)
100 | (E,)
of final
levels —_—
w+ M1 + minor E1
\ /.
10 } 1,” NN sensitivity to (n,r)
X' as sge?u’g ™ photon yield |

5 10 15 20
E, (Mev)

TLO: triple Lorentzianfor IV-E1 coversm 80%

Theinfluence ofphoton strengthon radiative

neutron capture results from tloeerlapof G,
(small at lowE, as consequence Bf ?*tand 7L
and level density below § (small at lowE,).

Rusev et al., PRC 79 (09) 061302
Rusev et al., AIP conf.proc.1099 (09)
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Orbital M1 andvib-coupEL1 are especially

important for radiative neutron capture
thephoton strength at very loanergy
hasnearly no influence oprimary a-transitions.

ERINDA
p PAS

Massarczyk et al., PRC C 86 (12) 014319
Beil et al.,, NPA172 (71) 426, NPA227 (74) 427



Averageresonance distance D =4/at Sn in comparison to calculations
using differently determined shell corrections.
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132 nuclei withh measured at 5
3000 shape sampl@®iaroche et al),
rotational & vibrational enhancememjsmnoim et al.)

Shell corrrection following

: Mengoni & Nakajima, 1994

Myers & Swiatecky, 1967

| Magller, Nix, My. & Sw., 1995

é\=O.07+2A © M8 %‘%
O

_ o)
El: GDRTLO + E& %@ is-pygmy
M1: spin-flip + scissors + zergole



Radiative captureaveraged over resonances and summed over final stetedecay

Average radiative capture cross sectimnproportional to} (E;) and tophoton strength,,

G?® GRg> ) :“""

. 2?7+ S, M . =
Gh +qq -‘<Gn>.~=:%; €<GR3>.:':< GO(R f)>; ER: Sn'I'En = Ef +E:) ° Sn
g Craust ' R?

(Sng(En) 2<2?+1)p20ﬁr<ER,?)D<

"'-.-‘ f

formation decay

Leveldensityj (S,), neutron strength Sand@i Qare tabulatedinRIPI3 f or a=0 &1,
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Average radiativevidth is nearlyindependent af(S,);

it mainlydepends oslope ofl (E,) in the final nucleuvelows, , if f,(E; ) is known.
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The averagghotonwidth can be determined in neutron capture by combining

neutron width (i.e. resonant neutron interaction) and branching into photon emission.
For this analysision-resonantprocesses and theeutron strengthfunction may be important

A.Ignatyuk, www-nds.iaea.org/ RIPL-3 (2008)



Schematic energy relations thetwo nuclearphases
indicating theaccountfor shell effectand pairing
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