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Outline

» 1. General features of isovector excitations.
» 2. The dipole resonance (isovector and isoscalar).

» 3. The pygmy dipole states and the Schiff moment.
(Time reversal violation experiments).

» 4. Comments about the spin dipole resonance.



T = 0 (isoscalar) versus T = 1(isovector) excitations.
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In the case of T = 0 collective excitations the protons and neutrons move in phase. In the
case of T = 1 excitations the protons move collectively out of phase with respect to the
collective motion of neutrons.

The isovector excitations are in general richer than the isoscalar ones.
The =1 modes have three components, 7, = 0, +1.

The 7, = 0 case corresponds to pp~1,nn~! excitation

The 7, = —1 describes pn~! and the 7, = +1 the np~! excitations.

In nuclei with N = Z the strength is split intfo several isospin components.

When the isospin of the parent nucleus is T, the various isospin component are: in the 7,=
+ 1 the isospin of the excitation is T+1, in the 7, = 0, excitations posses isospins T and T+1,
while for the 7, = —1, the possible isospins are T-1, T, T+1.

The energy splitting between the different components are such that the lower isospin
excitation are also lower in energy.




Isospin splitting

» For nuclei with T>1 the lower isospin components contain more strength
than the upper ones. For two reasons: the geometrical factors are larger
and the collectivity is larger for the lower isospin components.

» The energy splitting carries information about the nuclear symmetry
energy. Experimentally it is difficult to separate the various isospin
components. As one goes to nuclei with a large neutron excess the
splitting and strength differences grow. Exotic nuclei might help to observe
this phenomenon.



Scheme of Isovector tfransitions
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» For T> 1 the lower isospin states are
more collective and carry more

transition strength.




Charge-exchange RPA.

» All three directions of excitations are freated simultaneously. The first
calculations of this type were done in the late seventies and early eighties.
Skyrme interactions were used.
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The isovector dipole strength for all three components 7,=+ 1,0 is calculated in the RPA. The properties of the

charge-exchange modes are discussed



Collective excitation and basic

symmetries

There is a close connection between collective nuclear
motion and symmetries in the nuclear Hamiltonian. In
some instances collective excitations are the result of the
existence of certain symmetries in the system. One of the
best examples is the isobaric analog resonance that
results from the charge symmetry of the nuclear force. In
other instances however collective excitations, such as
giant resonances, serve as intermediate states in the
process of breaking symmetries. (For example the isovector
monopole resonance plays an important role in isospin mixing.)



Isoscalar dipole

» The “usual” isoscalar dipole transition induces a shift of the center mass of the nucleus. The
higher order dipole transition operator of isoscalar type is defined as:

D:Z(ri2 —2 <rz>)r.

The first measurements were performed in the eighties
H. P.Morsch, M. Rogge, P. Turek, and C. Mayer-B oricke, Phys.

Rev. Lett. 45, 337 (1980).

H. P.Morsch, P. Decowski,M. Rogge, P. Turek, L. Zemlo, S. A.

Martin, G. P. A. Berg, W. Hurlimann, J. Meissburger, and J. G.

M. Romer, Phys. Rev. C 28, 1947 (1983).

» Among the first calculations were
N. Van Giai and H. Sagawa, Nucl. Phys. A 371, 1 (1981).
M. N. Harakeh and A. E. L. Dieperink, Phys. Rev. C 23, 2329 (1981).
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More recent studies

» D. Vretenar, Y. F. Niu, N. Paar,and J. Meng PHYSICAL REVIEW C 85, 044317 (2012)

» J. Piekarewicz, Phys. Rev. C 73, 044325 (2006).

» E. Litvinova, P. Ring, V. Tselyaev, and K. Langanke, Phys. Rev. C 79, 054312

» (2009).

» X.Roca-Maza, G. Pozzi,M. Brenna,K.Mizuyama, and G. Col o,

» Phys. Rev. C 85, 024601 (2012).

» Andrea Carbone, Gianluca Colo, Angela Bracco, Li-Gang Cao, Pier Francesco
Bortignon, Franco Camera, and Oliver Wieland Phys. Rev. C 81, 041301(R)

» U. Garg, Nuclear Physics A731, 3, (2004)

» S.Shlomo and A. I. Sanzur, Phys. Rev. C 65, 044310 (2002).



Time Reversal Violation (TRV) and the

Dipole Moment

» [N tThe absence of reflection symmetry violation
or absence of tfime reversal violation, the static
electric dipole moment of a qguantum
mechanical system, must vanish. One of the
most effective ways to look for fime reversal
violation is to search for a dipole moment.



Tests of time reversal invariance

Measuring Atomic EDMs

A TRV component in the EDMs of
N-M interaction of individual nucleon
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| EDM+Schiff moment of the nucleus 1
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» Since the mean value of the nuclear
dipole moment D is screened in the
atom, the atomic electric dipole
moment is generated by the nuclear
Schiff moment.

Apart from a normalization constant
the Schiff operator is identical to the
Isoscalar dipole moment

1 S (1 ° _
S= I ——<r >)r.

Schiff moment

The Schiff-Purcell-Ramsey-

Hellman-Feynman theorem.

The nuclear dipole mament
causesthe atomic electrons to
rearrange themseles so that they
develop & dipole moment opposite
that of the nucleus In the limit of
hioh-relativistic electrons and a
poirt nucleus the electrons' dipole
morment exactly cancels the
nuclear morment, so that the net
atomic dipole moment wanished

Far a fintte size huclaus the
_screenlnﬁ is not complete and one
is |eft with & vector called the
Schiff rormet




The role of the Schiff moment.

N.Auerbach and V. Zelevinsky. Phys. Rev. C86 045301 (2012).

The value of the Schiff moment is central to the
measurement of time-reversal violation in an atom. One
of the novelties in the study of nuclear resonances is the
realization that some of the resonances have significant
strength concentrated at lower energies, away from the
main peak. These are referred to as the “pygmy
resonances.” It has been known for a long time that

the ISD and the IVD have low-lying strength, around 10
MeV of the excitation energy, in many spherical nuclei.
This means that the inverse energy-weighted sum (IEWS)
of the strength distribution is particularly enhanced.



Parficle+core In the odd-even nucleus
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» (The symbolj~ means the spin j but opposite parity)
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For a weak interaction of the type:

_ ED-o 2 '
Vop = &(D-3) s =3/ |:’r' = £[S1(E|lo|10)
» theS becomes proportional to the Inverse 1' I N
Energy Weighted Sum (IEWS) Z (1| 5|||:| &

» Phys. Rev. C86, 045301, (2012).
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N.Auerbach, Ch. Stoyanov, M.RF. Anders and S. Shiomo, Phys. Rev. C89, 014335 (2014).
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Inverse energy weighted strength

S(E)/E (fm® Me\?) for all graphs
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Inverse energy weighted sum for the

Isoscalar dipole strength
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Isovector dipole-r Pb 208
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Contribution of the isoscalar dipole

transition to the Schiff moment

>

The contribution of the isoscalar dipole is of the same order or somewhat larger than
the previously calculated ( in a simple shell-model) resulis for spherical nuclei. One
concludes that it is important to take into account the effect described here when
trying to determine the limits of time reversal conservation.

More work is needed in order to calculate more precisely this contribution.

As one proceeds to neutron rich nuclei the low-energy dipole strength will increase.
Experimental studies of such exotic nuclei as well as deformed nuclei is of interest.

Experimental studies of charge-exchange reactions (single and double) will enrich
the knowledge about isovector excitations.

First Measurement of the Atomic Electric Dipole Moment of Ra225
R. H. Parker, M.R. Diefrich, M.R. Kalita, N.D. Lemke, K.G. Bailey, M. Bishof,

J.P.Greene, R. J. Holt, W. Korsch, Z.-T. Lu, P. Mueller, T. P. O'Connor, and J.T. Singh

Phys. Rev. Lett. 114, 233002 - Published 9 June 2015.




Isovector spin dipole excitations
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The probing operators are defined as follows:

A
Qripu=— =1V Z nYi(F)XFTWD]oruli)  (3.5)
i=1

and the possible excitations may possess the spins

J"=07,17,2". The resulting total strengths, m; ,(0),
and average excitation energies,

i = == 1 p=i0 = —1
rery g a0 i i e el O] Eyrn g a0 Eyr—i
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in— 19,2 2= 1303 23 2. 1 |
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=1, S=1, Isovector

TABLE IV, The L =1, § =1 states: total strengths and average excitation energies for the differenf values of the angular momen-

L J.
p=+1
Mr 4 I[‘:”' -E|_.r_ | il |.J'.|1[{|:'

MNucleus JT fm®) iMeV) i)
i 269 189 3l.6
MIn | i- 21.6 15.5 23.9
i 10.6 12.1 18,0
- 8.2 12.5 4]1.5
Wy - 1.7 10.3 3.5
- a- 137 4.1 24.9
n- 19.2 12.5 13003
I"_Pb i W3 “T.h 108.3
a2 11.8 14.4 S0

=0

F — =

Ey s my s _l0) Eys-

(MeV) (Fm®} iMe¥)
26,0 166 3.7
22.1 3.4 29,0
17.4 21.4 24.5
22.7 0.4 i1.8
19.9 55.1 R4
16.6 4319 231.5
0.3 266, ] 32,1
16,9 233.3 295
14.3 216.2
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The J=0"component of the S=1, L=1 state is important in the calculation of parity violation. (N. Auerbach,

Phys. Rev. C45, R514, (1992))

The J=17 component of the S=1, L=1 state is involved in the determination of the anapole moment which is a

parity violating but time reversal conserving moment. ( N. Auerbach and B.A. Brown, Phys. Rev. C60, 025501,

(1999))

The J=27 component enters into the calculation of the parity and time reversal violating magnetic quadrupole

moment.




Isovector dipole- overtone

» D=Y,(r2- g <12 >)ryT; » Isovector dipole-overtone



Inverse energy weighted sum rule

L1T0 m_ LIT] m_,
Ay 332 53
e 499 &7
N 491 76
BN 1326 167
i 30 203
AFr | 708 276
WFr 3630 465
Wy GG 4
M 988 269
Mem 3853 53
HEphy 17737 | Bk

TABLEIII. Self-consistent HF-based RPA results for the inverse
energy moment m_; (fm® MeV~") of the ISD, obtained by using the
probing operator of Eqs. (6) and (15), and of the IVD, obtained by
using the probing operator of Eqgs. (7) and (15) for a wide range of
nuclei, calculated by using the KDEOv] Skyrme interaction [25]. The
excitation enerey range of 060 MeV was used.




Paricle+core states in the odd-even nucleus
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The Schiff moment is proportional to the
isoscalar dipoleType equation here.
transition matrix element:

S~(0*|D|17)
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