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1. Motivation and brief formulation of the Separable RPA
approach

2. Different Skyrme parametrizations are analyzed from
the point of view of the photoabsorption cross section

3. Photoabsorption cross sectionin the Pigmy region is
discussed

4. Vorticity multipole operator strength function is
Introduced as a measure of the irrotationality of a
nuclear matter

5. Some preliminary results of the vorticity strength is
presented



Effective n-n interactions (Skyrme, Gogny, relativistic mean field) are
widely used for the description of the static characteristics of
spherical and deformed nuclei

Dynamics of small amplitude vibrations is mainly described by the
RPA. However, for heavynucleithe standard RPA method requires
the construction and diagonalization of huge matrices. RPA problem
becomes simpler iftheresidual two-body interaction inthenuclear

Hamiltonian is factorized as a product of two s.p. operators (seee.g.
P.Ring, P.Schuck, The Nuclear Many-Body Problem, Springer N.Y. (1980)).
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We developed ageneral self-consistent separable RPA (SRPA) approach
applicableto any density- and current-dependentfunctional - see e.g.

sperical nuclei: v.0.Nesterenko, J.Kvasil, P.-G.Reinhard, Phys.Rev. C66,

044307 (2002)
deformed nuclei: V.0.Nesterenko, W.Kleinig, J.Kvasil, P.Vesely, P.-G.Reinhard

Phys.Rev. C74, 064306 (2006)
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for the determination of operators X;E ) and Yk(l) by fully self-consistent
method starting from the general energy functional

E = <HFB|H |HFB>=[ 7/(J,(F) d°r

with _ . -
J (F)=<HFB|J_(F)|HFB > ‘ some J,(F) are time-even and

some are time-odd

Basic ideaof the SRPA method:
nucleus is excited by external s.p. fields (Qk, P ) k=1-.- K

Qi =0Q, ; TQ,T"=Q, ; [H,Q,l=-iP,
F’S‘;(:ISTK : TISKT_:L:_Iﬁz'k; [H’Iﬁrk] =_in'k
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excitation excitation

N I for electric type | & P for magnetic type
Qk - Z I Yﬂ,u(l) ¢ P ‘ Pk = E ril [O'®YI ]ﬂ,u magnetic typ
| .
|

—

Using TDHFB with the linear response theory we obtain : H ﬁH \7
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RPA equations:

+ + +
[H.O ]= w, O] [H,O ]=—w, O, [O0,,0)]=90,,
gives energies, forward and backward amplitudes of phonon operator

+ _ (V) Bt (v)
O, —Z{Wij b — @ bij} — o,
J
RPA equations with the separable residual interactions can be
transferred into the homogeneous system of algebraic equations.
Dimension of the matrix of this system is given by the number of

s.p.operators X and Y In the residual interaction. Detailed
description of our SRPA method can be found in the papers:
W.Kleinig, V.O.Nesterenko, J.Kvasil, P.-G.Reinhard, P.Vesely, PRC78, 044315 (2008)
V.O.Nesterenko, W.Kleinig, J.Kvasil, P.Vesely, P.-G.Reinhard, PRC74, 064306 (2006)
Knowing the structure of phononswe can calculateel.mg.reduced
probability from the RPA ground state | RPA> to one-phonon state

O | RPA> withtheenergy @,
B(ZAu | RPA>—|v >)=|< RPA|[O,,M,, ]| RPA>

Z=¢el.,mg. I A — transition multipolarity I M S = transition
a multipole operator



Then the energy weighted strength functionis:
S (ZAu; E)=) B(ZAu;|RPA> > |v>) o, S(E-w,)

zZB(Zﬂ,ﬂ;l RPA> — |v >) a)VL ((E-w,)

This 4 quantity can be determined even without the solving the RPA
equations for each individual phonon state | YV >= O: | RPA > using
the Cauchy theorem and the substitution

—
1 1

oE-o) = E-0)=  E—w)+@i2)

see
V.0O.Nesterenko, W.Kleinig, J.Kvasil, PVesely, P.-G.Reinhard, PRC74, 064306 (2006)



Knowing thereduced probability or strength function we can determine
the photoabsorption cross section:

_8r’a (E, )™ 1 A+1
o(B)="¢: zv:%,:(hc)“—2 (CA+DUF A

[B(Eﬂ,u;l 0>—>|v>)+ B(EAu;| O>—>|v>)]5(E -E,)

where a=1 1 Uy = h ~0.105 fm

137 2mc

or in more detail:

o(E)=0,(E)+0o,(E)+o;(E)+0o,(E) +...

o-,(E)=0.402E S_,(E) o(E)in fm?
o.,(E)=3.08910" E*S_,(E) Sc,(E)ine? fm**MeV ™
o.,(E)=1.19910"" E° S_,(E) Sy, (E)in g fm*~*MeV

o, (E)=4.43710°ES,,,(E) E in MeV



We use the Skyrme energy density for the energy functional
-see e.g. J.Dobaczewski, J.Dudek, Phys.Rev. C52,1827 (1995):.
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The dependence ofthe energy density ﬂ(F) on I goes
through the following densities and currents:

kineticenergy density

i)=Y Vv, Fw@) ara,

T ljer

density

p()=Y > wi(F)y,(Fara,

T ljer

spin-orbit current

3=t X WO Fxw,0) + T @) v, fara,

T ljer

current

iM=" ZZ{(VW.(r)) v - ® T v, ) g,
spin-current

S() =Y. Y wi (o, () ara

T ljer

A = pairing density
Z.(r)=

=Swi v (@ar +a,a,)

et

kinetic energy —spin current

10 =3 v @) ¢Fv,®)aa,

T ljer



Comparison of experimental photoabsorption cross-section with
calculated values for different Skyrme parametrizations

photoabsorption cross section gives possibility to test different parametrizations

exp. taken from
P.Carlos et al.
NPA 172, 437(1971)

similarresultsand
similar agreement
wereobtained also
for Mo, Sm, Sn
izotopes
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Cumulative integral photoabsorption cross section in the low-energy

(Pigmy)region (4 - 13 MeV)

S (E)=) B(ELP—|v>) p,(E-E,) [fm> MeV™]

o, (E)~4.01E S_(E) [mb]

E
3 =[dE o, (E) [mbMeV]
4

N Z

ETRK N6OA [mb MeV]

for bigger deformation steeper
increas of the cumulative
integral cross section starting
from some energy (see 19°Mo)

this starting energy depends
on deformation splitting of

Sg.(E) strength funtion
- see next pages
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Cumulative integral photoabsorption crossectionin the low-energy

(Pigmy)region (4 - 13 MeV)

E
3 =[dE o, (E") [mb MeV]
4

)Y zGONAZ [mb MeV ]

for bigger deformation steeper
increas of the cumulative
integral cross section starting
from some energy

this starting energy depends
on deformation splitting of

Sg,(E) strength funtion
- see next pages

-see also
D.P.Arteaga, E.Khan, P.Ring,
PRC79, 034311 (2009)
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E1l excitation strength function
Se.(E)= Y S, (E) [e*fm*MeV ] | Sew(E)=
=2 B(Elu;>—>|v>) p(E-E,)

u=0,1

N
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Vorticity

One of the basic questions of all hydrodynamical nuclear models:
iIrrotationality of nuclear matter (with or without whirls?)

irrotationality: V xV(r)=0 velocity fi.eld \%(F) _ Jnuc(r)
/ operator: DO (F)
condition “does notguarantee ﬁx]nuc(F)=o because: +

- S = o = A (= N o (F
V x Jnuc(r)=prnuc(r)v(r)=pnuc(r)va(r)+(Vpnuc(r))x ;””C((F))
D e (1) V V() =V o (7) = (V0,00 (1) ()
One can expect that if the nuclear matter is irrotational then:

0. (F)VxV(F)=0

N

The question:
how to investigate

But this is a problem because P, () and j?nUC(F)

are coupled by charge-current conservatlgn: theirrotationality

) ~ ] © ~a v =\ | : of nuclear matter
lo< f |:0nuc(r)||>+V <f |JnUC(r)|I> In practice?




In papers:  Dp.G.Raventhall, J.Wambach, NPA 475, 468 (1987).
E.C.Caparelli,E.J.V.de Passos, J.Phys.G 25, 537 (1999).
N.Ryezayeva, T.Hartmann, Y.Kalmykov, H.Lenske, Pvon Neumann-Cosel,

V.Yu.Ponomarey, A.Richter, A.Shevchenko, SVolz, J.Wambach,
PRL 89, 272502 (2002).

so called transitional vorticity strength Véﬁ) Is defined —theideais

folllowing: ~ . (F)=0
* Lot (I)=

FR N DTN S - > | o5 o~
Jnuc(r) = Jirrot(r)+ Jvort(r) V. Jirrot(r) =_hC[ H ’p(r)]
vorticityoperator: w(f)=V x J?VO”(F) =V x J?nuc(F)—ﬁx j?irmt(F)
or: < f |V_\7(F)|I>=§X< f |]>nuc(|_;)|i>_6x< f |Iirrot(F)|i>
If nuclear matter is irrotational then all matrix elements of

the vorticity operator are zero

forthefirst sight (see + In the previous slide) it seems:
but it is not so because of

Vx J?irrot ()= (ﬁpnuc(F)) xV(r) the charge-current conservation
- c = A gives uncertainty what is 0, (')
VX Jiort (1) = Pue (1) V2 V() and what is j_(F)



Inthe paper D.G.Raventhall,J.Wambach, NPA 475, 468 (1987)
decomposition into the spherical vectors Yuﬂ(.g,(p) IS done:

- S (JimiAg| Jemy, i
m. >= (r)Y
< mef |Jnuc(r)|J|m| > % m (r) Iﬂ,u(‘g ¢)

(jimiﬂ’/uljfmf)

< jemg [w(r)|jm, >=Z m 1"')(I’)YW(Q Q)

1Au

and it was shown (using the charge-current conservation) that
. o (JimAu| jem
< Jemg [w(r)| jm, >=Z Y

WD (1) Vo (S,
< m a (1) Mﬂ( ®)

Gt 24, +1 (d +z+2) -

W(ﬂ)( ) 1 dr r J,m+1(r)

given by the radial transitional component J“+1(r) of the
nuclear charge current

itwas also shownthat vxj (f) <« ipnuc(F)ﬁxV(F)

‘ aIImformatlonaboutthetran5|t|onalvort|C|ty w' )(r) IS



In papers:

D.G.Raventhall, J.Wambach, NPA 475, 468 (1987).
E.C.Caparelli, E.J.V.de Passos, J.Phys.G 25, 537 (1999).
N.Ryezayeva, T.Hartmann, Y.Kalmykov, H.Lenske, P.von Neumann-Cosel,
V.Yu.Ponomarev, A.Richter, A.Shevchenko, S.Volz, J.Wambach,
PRL 89, 272502 (2002).

so called transition vorticity strength vl(lﬁ)

(fi) _ A+d o, (fi)
Vv, _Ir W, (r)dr
0

was introduced as a measure of the irrotationality of the nuclear
matter (usually 4 =1 ).

It was shown that the vorticity strength is significant for the transitions
|I>=|RPA>—| f > fromtheground stateto states | f > inthe Pigmy
region and that these states have a toroidal character (for somelighter
spherical nuclei).



we introduced another quantity as a measure of the irrotationality
-vorticity multipole operator

vorticity multipole operator is directly connected withthelong-wave
decomposition of the standard electric multipole operator:

*

> 24+ 1) : — =
M Eﬂﬂ(k) = Cf(ﬂﬂ(ﬂi-l) \/A’ (ﬂ’+1)“‘d3r [J/’L(kr)Yﬂl,u (|9,¢)][VX Jnuc(r)] =
_ op2 ;
_ using Bessel function B (kr)* T 9 _
- decomposition L= (24 +1)!! o o1+3 —
~ ~ _toroidal mult_ipole
- MEﬂu(k=O)+k Mtorzy(k=0)+"' operator seee.g.

D.Vretenar, N.Paar, P.Ring,
where fiKkc is thetransition energy and / T.Niksic, PRC65, 021301 (2002)

~ A g S.F.Semenko, Yad.Fiz. 34, 639 (1981)
M Eﬂﬂ(k - O) a _‘.d I Pruc (r) I YM (:9, (D) (nonstandard normalization of

el.mg. multipoles)

- i A O A2 -
Mtorl,u(k=0)=_ 2C 21+1“'d3r Jnuc(r)'rﬂ 1|:Yg_1,1ﬂ('9;¢)_ /1+1 2/1+3Yﬁ+1,1,u(‘91¢):|




Vorticity multipole operator is obtained from I\/IEM(k) (see exp.¥K )
by the following substitution:

V><Jnuc(lf) m— (7 ) = VXJvort(r) VXJnuc(r) V><J.rmt(r)—

i
DG o wity, =V x G (Vpnuc (F))<V(F)

Then
~ o (2a+n . - |
Mo uK)= g gy AR DT LD Y, (9.0))

|:VX Jnuc(r) — A(Vpnuc(r))x V(r):| =
1eY©

s
— .[Besselfunction k =0)+ ™ e‘e‘ inthe

— k I\’)I ( ¢ % E. ol
d iti } vor Au / orde os\W\O
ecomposition L defﬁ

with long-wave limit of the vorticity multipole operator

224 +1
k=0)=—" N d®r r)-Y 9. @) r’**!
vor/ly( ) C 21+3 /I-l'l I Jnuc( ) /1+lﬂ,u( ¢)




The nonzero valueof all matrix elements of all vorticity multipole
operators can serveas ameasure of the irrotationality of the nuclear

matter. Werestrictourselvesfor 4 =1 and we calculatethe strength
function of M (k =0):

vor 1u

S(vor 1, E) = Z S(vor 1u) =

u=0,+1

=Y |<RPA|[O,,M,,,,(k=0)]| RPA> |* 5(E - @,)
y73%

Dipolevorticity strength function can be compared with the dipole
toroidal strength function:

S(tor 1, E)= ) S(tor 1u)=

u=0,%1

—Z|<RPA|[O M1, (K =0)]|RPA>* 5(E - w,)

where dipoletoroidal operator (involving the corrections to the C.o M.
motion)is:



’ |1 >
Mtorlp(k =O)=_\£J.d3r Jnuc(r). Correction to C.o.m

Motion I
2l v ﬁ* 2 UV

{I‘ |:Y01/1('9’¢)_5Y21,u('9’¢):| - <T >Y01u(‘91¢)}
Dipolevorticity strength function can be also compared with the
squeezed dipoleelectric (orisoscalar E1l) strength function:

S(sq EL; E)= ) S(sq Elu)=

u=0,%1

(k=0)]|RPA> | 6(E-w,)

sq Elu

=Y |<RPA|[O,,M
y2%
.y
with thesqueezed dipole Eltransition operator: Motiop, 10 C.o,p,

0 o 5
Mg g1, (k =0) =Id3r p(r) [r?’ — 5 < re> r]Ylﬂ(él,qo)

Connection betweensqueezed dipole E1 operator and the dipole toroidal operatoris
discussedin J.Kvasil, N.Lo ludice, Ch.Stoyanov, P.Alexa, J.Phys G 29, 753 (2003)



Nuclear charge density operator:

Pc(N)=e 2 et D wi(Ny;(F)aja,

7=n,p ijer

Nuclear charge current operator consists from convectional and
magnetization parts: -~

Jue (F) = Joon (F) + Jag (F)

(=22 % e S (Vi) wi() - v () (Yw,0) ] ara

T=N,p ijer

N

o= ¥ 0% S V(v () & w,(0) ] aa

T=N,p ijer

where effective charges and gyromagnetic ratios depend on the process
of excitation (see M.N.Harakeh, A.van der Woude, Giant Resonances, Clarendon 2001)

el.mag. isoscalar T=0 iIsovector T=1
(P) — ~558 P _1 ) _ M _1 M) _ P _1
gSpln g : Cert =1 Cef =0 Cetf = =1 Cef =1 Cort = =1 Ceff =-1
L —— (p) — (P 9P = (g» (n) g'? (p) (n)
Gspin S 3.82 Oett = gspin et (gspln + gspln)/2 Jett = (gspln spln)/ 2
c~ 0.7 (n) _

geff ggpr)]l)n éfr:‘) = (gérﬂ + gspl )/2 géfr:‘) = _(géga gspl )/2



e |soscalar vorticity strength is mainly formed by convective part
of the nuclear charge current

» isovector vorticity strength is mainly formed by magnetization part
of the nuclear charge current

208
330 208 P b SLys 350 - P b SLyé

300- 300 - total

— 250' | convect_ive-
% magnetisation
,E T=1
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Nlﬂl I I I I I
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0 10 20 30 40 0 10 20 30 40

E [MeV] E [MeV]



vorticity — exc. operators:
Idsr jcon(F)° rZYéZly
Id3r jmag(r)' r2Y_>21,u
toroidal—-exc. operators:
3 :.\’ = 2 - 1 2 -
_[d r Jcon(r)°r [Y01,u_\/; 5Y21p]
S -~ 12~
3 2
Id r Jmag(r)°r [Y01,u_\/; 5Y21p]
_[d3r p(r)riy,,
squeezed E1- exc. operators:
S ~ 12-
Idgr Jcon(r)' I’2 [Y01y _\E5Y21”]

Id?’r p(r)rdy

jdsr p(r) r’y
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Conclusions

SRPA - effective method for the investigation of excited states in heavy nuclei

different Skyrme parametrisations (Ski3, SkM*, SkT6, SLy6) give very similar and
good agreement with experimental photoabsorption cross section (notso for

M1 giantresonance)

for bigger deformation steeper increase of the cumulative integral
photoabsorption cross section with the increasing excitation energy is observed
for energies above the particle emissionthreshold. Below this threshold this

increaseis not so conclusive

significant vorticity dipole strength is observed in the excitation energy intervals

(for 298Pb): : :
7 MeV < E < 20 MeV in these energy intervals one can
expect a significantirrotationality
27 MeV < E <37 MeV of the nuclear matter in positive

parity excited states

isoscalar dipole vorticity strength is mainly formed by the convective charge
current while the isovector dipole vorticity strength (low energy part) is mainly
caused by the magnetization charge current
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