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Nuclear Electric Dipole Moments 



I.  Introduction: Enhancements of Symmetry Violation - Parity as an Example

The example of the weak hadronic interaction:  can detect its presence despite competition
from the strong interaction because of the parity violation it induces.

Pseudoscalar observables — involving a weak amplitude of the form           — arise from the  
interference of weak and strong observables.  Unlike T-violation, many choices:

         — circular polarization of a     -ray emitted in the decay of a state
         — an angular asymmetry in the scattering of polarized protons on a target
         — spin rotation of a polarized neutron as in travels through a nuclear medium
         — a parity-violating ground state moment (e.g., anapole moment) of a nucleon
             or nucleus 
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Danilov amplitudes

This physics can be encoded into a  
meson theory or EFT, with enough 
degrees of freedom to describe the 
five amplitudes and the pion’s range             e.g., 3S1 ↔ 3P1 :

        Transition         I ↔ I’       ΔI        n-n        n-p        p-p      NN system exchanges
3S1 ↔ 1P1         0 ↔0         0                      x                               ρ ,ω
1S0 ↔ 3P0          I ↔ I         0         x           x          x                   ρ ,ω

3S1 ↔ 3P1         0 ↔ I          I                       x                            π±, ρ ,ω
                                          2         x           x          x                     ρ 

                                                 I         x                       x                   ρ ,ω

W
π

S W

Low energies: Hadronic PNC characterized by its S-P NN partial wave amplitudes



available, interpretable constraints

ideally one would make five 
independent NN measurements             
to determine the five Danilov
amplitudes

need more…
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A~p+p
L (45 MeV) = (�1.57± 0.23)⇥ 10�7
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NPDGamma
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D. Blyth et al., PRL 121, 242002 (2018)



Nuclear observables:   why?

                                                                         circular polarization of the 1.080 MeV  

                                                                  New observables:  associated with the mixing of opposite
                                                                                                 parity states by the PNC NN interaction

Nuclei can filter interactions:   
• the quantum labels of nuclear states allow one to isolate parts of 

interactions of particular interest :     isovector        expected to probe weak neutral current

They can enhance the PNC signal:
• Through nuclear degeneracies: mixing of nearby states

• By competing symmetry-allowed, suppressed transitions against symmetry-forbidden strong ones
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1.080 MeV
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1.042 MeV
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• so expected effect ∼10-3

• would like to find T-violation observables where, similarly, both operator and degeneracy  
enhancements operate  

Enhancement in  18F

PC E1:   isoscalar E1 in a self-conjugate nucleus:
              leading-order forbidden

PNC M1: unusually strong 10.3 W.u.⇒
enhancement ∼ 110

1/E:  
100 times typical nuclear scale ∼ few MeV

⇒  ∼10-5 vs natural scale 10-7

P�(1081 keV) = 2Re


h+|VPNC|�i

39 keV

hg.s.|M1|+i
hg.s.|E1|�i

�

<latexit sha1_base64="scck46TWd1MisJ4K7TzrtZZ4NXM="></latexit><latexit sha1_base64="scck46TWd1MisJ4K7TzrtZZ4NXM="></latexit><latexit sha1_base64="scck46TWd1MisJ4K7TzrtZZ4NXM="></latexit><latexit sha1_base64="scck46TWd1MisJ4K7TzrtZZ4NXM="></latexit>
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II.  Time Reversal Violation

Two sources available in the standard model

                
          
                                        CP=-1                            CP=-1      CP=+1
  
            attributed to the CP-violating phase that is allowed in the three-generation quark mass
            matrix

       — the CP-violating theta term in QCD

   Baryon number symmetry:  Expectation that BSM sources also exist

   Somewhat tricker to identify T-odd observables 

<latexit sha1_base64="AhSGCFNwsYeWYlONDxpsQtJ1hoM="></latexit>

KL =
1p
2
(K0 + K̄0) ! ⇡⇡⇡ + ✏ ⇡⇡

<latexit sha1_base64="kBvpbztIH75gyRHz3oSGEA9mPuI="></latexit>

LCPNC = ✓

✓
g2

32⇡2

◆
Fµ⌫
a F ⇤

aµ⌫ exp : |✓| . 10�10
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 As in parity violation, could one look at electromagnetic transitions, e.g., gamma decay of a
    nuclear level
           — indeed there are observables, associated for example with a phase in the E1/M2 
               mixing ratio, that transform at T-odd quantities

           — but these can’t be a true test of T-violation:  the time reverse of               is 

           — and detailed balance experiments in which one looks for tiny differences are extremely
                challenging

   These considerations lead one to focus of observables where            ,

                                         so static moments

     of an electron, neutron, nucleus, ….
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i ! f
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i = f



General classification of electromagnetic moments:   

For a spin-1/2 fermion like the electron or neutron one is limited to four interactions:

•  General classification of electromagnetic moments:

    The edm is the C1 moment:  additional P-odd,T-odd moments include
    the C3, C5.... and M2, M4...,  if the object has the necessary spin ≥1

•  General current for a spin-1/2 fermion:  

  Multipole   P-even, T-even   P-odd, T-odd     P-odd,T-even    P-even,T-odd

     CJ
M                 even J≥0          odd J≥1               x                      x

     MJ
M                  odd J≥1         even J≥2               x                      x

     EJ
M                        x                   x                 odd J≥1          even J≥2

    

N̄(p�)
�

F1�µ + F2⇥µ�q� +
a(q2)
M2

(⇥qqµ � q2�µ)�5 + d(q2)⇥µ�q��5

⇥
N(p)

�p�|jem
µ |p⇥ =

      Charge     Magnetic                  Anapole                   Electric Dipole

•  General classification of electromagnetic moments:

    The edm is the C1 moment:  additional P-odd,T-odd moments include
    the C3, C5.... and M2, M4...,  if the object has the necessary spin ≥1

•  General current for a spin-1/2 fermion:  

  Multipole   P-even, T-even   P-odd, T-odd     P-odd,T-even    P-even,T-odd

     CJ
M                 even J≥0          odd J≥1               x                      x

     MJ
M                  odd J≥1         even J≥2               x                      x

     EJ
M                        x                   x                 odd J≥1          even J≥2

    

N̄(p�)
�

F1�µ + F2⇥µ�q� +
a(q2)
M2

(⇥qqµ � q2�µ)�5 + d(q2)⇥µ�q��5

⇥
N(p)

�p�|jem
µ |p⇥ =

      Charge     Magnetic                  Anapole                   Electric Dipole

hp|Jem
µ |pi =

h i

h i

h i

  C0           M1                     E1                           C1



In a nucleus, J is not restricted to 1/2 as it is for an isolated electron or neutron  

giving rise to a larger set of P- and T-odd nuclear moments, not just the edm:

•  General classification of electromagnetic moments:

    The edm is the C1 moment:  additional P-odd,T-odd moments include
    the C3, C5.... and M2, M4...,  if the object has the necessary spin ≥1

•  General current for a spin-1/2 fermion:  

  Multipole   P-even, T-even   P-odd, T-odd     P-odd,T-even    P-even,T-odd

     CJ
M                 even J≥0          odd J≥1               x                      x

     MJ
M                  odd J≥1         even J≥2               x                      x

     EJ
M                        x                   x                 odd J≥1          even J≥2

    

N̄(p�)
�

F1�µ + F2⇥µ�q� +
a(q2)
M2

(⇥qqµ � q2�µ)�5 + d(q2)⇥µ�q��5

⇥
N(p)
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III.  Electric Dipole Moments

Interaction energy of a particle or composite system when placed in an electric field

                                               un
                

         spin will precess around applied field
         d is defined as the edm:  units of e-cm

most often studied in neutral objects:  neutron, neutral atoms/molecules (electrons, proton/neutron)
but also with ion traps and storage rings

•  Permanent electric dipole moments of an elementary particle or
   composite system requires time-reversal  and parity violation:

   By the CPT theorem, a nonzero T-violating edm implies CP violation

•  Two important motivations for edm searches
     ◊ CP-odd phases show up generically in the standard model and
         its extensions:  the SM contains two, the QCD θ parameter and
         the CKM phase in the quark mixing matrix
     ◊ the need for sufficient CP violation to account for baryogenesis --
         which appears to require beyond-the-SM sources

Electric Dipole Moments and CP Violation*

�s

�E
�E(t⇥ �t)⇥ �E

⇤ Hedm ⇥ �Hedm

Hedm = d �E · �s
�s(t⇥ �t)⇥ ��s

*See talks by Tim Chupp, Christian Plonka-Spehr,  Wolfgang Korsch, Stephan Paul, 
  V. V. Federov, and Yury Sobolev 

Under reversal of T:

Under mirror reflection:

               is P-odd and T-odd
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Experiments:   

e/p/n edm experiments break into three general categories
      —neutron or electron beam/trap/fountain edm experiments
      —paramagnetic (unpaired electrons) atoms or molecules with sensitivity to the electron edm
      —diamagnetic atoms (electrons paired, nonzero nuclear spin) with sensitivity to
                p and n edm and to CPNC nuclear interactions

Example of the last: Seattle groups’s 199Hg experiment

7

199Hg vapor cells

– Number of  199Hg atoms: 1014

– Leakage currents at 10 kV: 0.5 – 1 pA

– N2 + CO buffer gas (500 Torr)

– Paraffin wall coating

– Spin relaxation time:  100 – 200 sec

6
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403020100-10-20

Frequency (GHz)

Absorption scan at 254 nm 

61S0! 63P1

F=1/2

F=3/2

Isotope

Nuclear spin

Nat. abundance

Enriched 199Hg

•  vapor cell restricts one to systems with electronic spin 0

•  Schiff shielding of nucleus, where edm resides ⇒ finite nuclear size

•  current limits on Hg (<2.1 ×10-28 ecm) and n (<2.9 ×10-26 ecm) compable

•  newest experiment now in blind analysis:  expected result (  ± 2) 10-29 ecm
⇒ significant improvement

(Heckel's workshop presentation)

Sensitive to changes in atomic level differences of < 10-24 eV



ACME ThO electron edm experiment

valence
electron

tremendous  gain is obtained from the extreme internal 
fields found in polar molecules

              volts/cm in the lab  vs.

               volts/cm in ThO⇠ 1011

From Doyle, KITP Workshop

⇠ 103



Electron edm:  measured by the ACME experiment in which the spin precession is measured
    in a cold beam of ThO molecules                                               V. Andreev et al., Nature 562, 355 (2018)

Neutron edm:  precession of polarized cold neutrons from the PSI cold neutron source
                                                                                            C. Abel et al., Phys. Rev. Lett. 124, 081803 ( 2020) 

Nuclear edm:  199Hg vapor cell             B. Graner, Y. Chen, E. G. Lindahl, B. R. Heckel PRL 116, 161601 (2016)

One can define a “discovery window” as the range between current bounds and the SM prediction

Experiments

• e/p/n edm experiments break into three general categories
◊ neutron edm experiments
◊ paramagnetic (unpaired electrons) atoms or molecules with

sensitivity to the electron edm
◊ diamagnetic atoms (electrons paired, nonzero nuclear spin) with

sensitivity to the p and n edm and to CPNC nuclear interactions

• Key limits, done in neutral systems, in units e cm

     Particle edm limit system         SM prediction*

          p 7.9 × 10-25       Hg vapor cell            10-31

          n 2.9 × 10-26        ultracold n 10-31

       199Hg 3.1 × 10-29       Hg vapor cell          10-33

          e �.7 × 10-29        atomic Tl3 10-38

*CKM phase

1.8 x 10-26

1.9 x 10-25 

7.4 x 10-30

discovery
window



These experiments are probing the low-energy  manifestation of physics that originates 
beyond the stadard model edm flow chart

Fundamental CP-violating Phases

dq, dq, θ de
∼

NN interaction

n edm

Schiff moment

edms of Hg, Ra
(diamagnetic)

edms of Tl,...
(paragmagnetic)

(based on a slide by Flambaum)From Ramsey-Musolf



Sketch of the QCD θ parameter example 

Generates a low-energy CP-odd coupling to the nucleon*

which happens in this case to be isoscalar - the isovector coupling arises in relative order                                                                                   
                                                                                                                 
 * Crewther, Di Vecchia, Veneziano, Witten, Phys. Lett. 88B (1979) 123 and 91B (1980) 487

Meson-based treatments
Simonius M. Phys. Lett. B 58:147{151 (1975)
Haxton WC, Henley EM. Phys. Rev. Lett. 51:1937 (1983)
Gudkov VP, He XG, McKellar BHJ. Phys. Rev. C47:2365{2368 (1993)
Towner IS, Hayes AC. Phys. Rev. C49:2391{2397 (1994)
Liu CP, Timmermans RGE. Phys. Rev. C70:055501 (2004)

EFT
Mereghetti E, Hockings WH, van Kolck U. Annals Phys. 325:2363{2409 (2010)
Maekawa C, Mereghetti E, de Vries J, van Kolck U. Nucl.Phys. A872:117{160 (2011)
de Vries J, Mereghetti E, Timmermans RGE, van Kolck U. Annals Phys. 338:50{96 (2013)
Bsaisou J, Hanhart C, Liebig S, Meissner UG, Nogga A, Wirzba A. Eur. Phys. J. A49:31 (2013)
Bsaisou J, de Vries J, Hanhart C, Liebig S, Meissner UG, et al. JHEP 03:104 (2015), [Erratum: JHEP05,083(2015)]
Bsaisou J, Mei ner UG, Nogga A, Wirzba A. Annals Phys. 359:317{370 (2015)
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A nucleon edm is generated  (maximizing charge separation)

              

which fixes the one-body electromagnetic current operator

multipoles:

contributes:                                                  via polarization        via unperturbed wf
                                                         

hp0|J (1)
µ |pi = eŪ(p0)


F1�

µ + F2�
µ⌫ q⌫
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�
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•  Expect one-body edm to be dominated by pion loops, as the lightest
   meson allows the greatest charge separation

  
   Unnatural size of θ  ⇒   the strong CP problem

•  Apparent that the scale 

   so interaction energy depends on the voltage drop across nucleus 
   (with fields of 105 v/m typical)
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C1

It also generates a CP- and P-violating NN interaction that generates a nuclear contribution to 
the edm

                                                                               CP- and P- admixture in the nuclear wave function 

                                                   

Also pion-range two-body currents that prove numerically to less important numerically,
but are demanded by current conservation.  This includes those associated with a three-pion
CP-violating vertex arising at order 
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199Hg vapor cells

– Number of  199Hg atoms: 1014

– Leakage currents at 10 kV: 0.5 – 1 pA

– N2 + CO buffer gas (500 Torr)

– Paraffin wall coating

– Spin relaxation time:  100 – 200 sec
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F=1/2

F=3/2

Isotope

Nuclear spin

Nat. abundance

Enriched 199Hg

•  vapor cell restricts one to systems with electronic spin 0

•  Schiff shielding of nucleus, where edm resides ⇒ finite nuclear size

•  current limits on Hg (<2.1 ×10-28 ecm) and n (<2.9 ×10-26 ecm) compable

•  newest experiment now in blind analysis:  expected result (  ± 2) 10-29 ecm
⇒ significant improvement

(Heckel's workshop presentation)

Simple example: generation of a nuclear edm

•  Example of the QCD θ parameter -- one of two sources of SM CPNC

•  Induces a scalar CPNC πNN coupling, the leading ln (M/mπ) 
   contribution determined by current algebra
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Nuclear edm:

e.g., a case like 199Hg

jN = 1/2:      C1
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A nucleon edm is generated  (maximizing charge separation)

              

which fixes the one-body electromagnetic current operator

multipoles:

contributes:                                                  via polarization        via unperturbed wf
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These ingredients generate the various contributions to a nuclear edm 

                                                         

W W
ee

e
-

e
-

W

n

p

n

p

decay forbidden: e, anti- e orthogonal

neutrinoless  !! -decay forbidden: 
neutrino, antineutrino orthogonal
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199Hg vapor cells

– Number of  199Hg atoms: 1014

– Leakage currents at 10 kV: 0.5 – 1 pA

– N2 + CO buffer gas (500 Torr)

– Paraffin wall coating

– Spin relaxation time:  100 – 200 sec
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Enriched 199Hg

•  vapor cell restricts one to systems with electronic spin 0

•  Schiff shielding of nucleus, where edm resides ⇒ finite nuclear size

•  current limits on Hg (<2.1 ×10-28 ecm) and n (<2.9 ×10-26 ecm) compable

•  newest experiment now in blind analysis:  expected result (  ± 2) 10-29 ecm
⇒ significant improvement

(Heckel's workshop presentation)

Simple example: generation of a nuclear edm

•  Example of the QCD θ parameter -- one of two sources of SM CPNC

•  Induces a scalar CPNC πNN coupling, the leading ln (M/mπ) 
   contribution determined by current algebra
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Which contribution dominates in a typical nucleus like 199Hg?

The simplest argument one would make — edms are about charge separation — would
argue that the nuclear polarization would dominate:  the CP-odd NN interaction
creates a mean field that distorts the nuclear orbital of the valence nucleon carrying
the nuclear spin, producing a charge separation over the entire nucleus.

                                                                     use closure:  

So nuclei appear to be favorably places look for edms, especially given the intrinsic
precision of experiments like those don of 199Hg
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199Hg vapor cells

– Number of  199Hg atoms: 1014

– Leakage currents at 10 kV: 0.5 – 1 pA

– N2 + CO buffer gas (500 Torr)

– Paraffin wall coating

– Spin relaxation time:  100 – 200 sec
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Enriched 199Hg

•  vapor cell restricts one to systems with electronic spin 0

•  Schiff shielding of nucleus, where edm resides ⇒ finite nuclear size

•  current limits on Hg (<2.1 ×10-28 ecm) and n (<2.9 ×10-26 ecm) compable

•  newest experiment now in blind analysis:  expected result (  ± 2) 10-29 ecm
⇒ significant improvement

(Heckel's workshop presentation)

Simple example: generation of a nuclear edm

•  Example of the QCD θ parameter -- one of two sources of SM CPNC

•  Induces a scalar CPNC πNN coupling, the leading ln (M/mπ) 
   contribution determined by current algebra
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Nuclear edm:

e.g., a case like 199Hg

jN = 1/2:      C1
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So nuclear edms are typically larger than nucleon edms



The familiar Schiff theorem:  Classsically
  To probe an edm, one must create an electric field at the nucleus
  The 199Hg atom is neutral: under an applied field, the charge center of the atom is static            
  But the charged nucleus thus experiences no acceleration
  This must mean that the field at the nucleus is zero

Schiff: the interaction energy of a neutral atom with a point nucleus at its center is zero in
           first order in the nuclear edm

Quantum mechanically atomic electron-hole excitation
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– Leakage currents at 10 kV: 0.5 – 1 pA
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The familiar Schiff theorem:  Classsically
  To probe an edm, one must create an electric field at the nucleus
  The 199Hg atom is neutral: under an applied field, the charge center of the atom is static            
  But the charged nucleus thus experiences no acceleration
  This must mean that the field at the nucleus is zero

Schiff: the interaction energy of a neutral atom with a point nucleus at its center is zero in
           first order in the nuclear edm

Quantum mechanically atomic electron-hole excitation
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Enriched 199Hg

•  vapor cell restricts one to systems with electronic spin 0

•  Schiff shielding of nucleus, where edm resides ⇒ finite nuclear size

•  current limits on Hg (<2.1 ×10-28 ecm) and n (<2.9 ×10-26 ecm) compable

•  newest experiment now in blind analysis:  expected result (  ± 2) 10-29 ecm
⇒ significant improvement

(Heckel's workshop presentation)

Simple example: generation of a nuclear edm

•  Example of the QCD θ parameter -- one of two sources of SM CPNC

•  Induces a scalar CPNC πNN coupling, the leading ln (M/mπ) 
   contribution determined by current algebra
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nuclear edm   =   1-body   +   polarization   +   exchange current
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e.g., a case like 199Hg
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⇠ 0

introduce nuclear finite size:
calculate electron penetration

⇠ 10Z2 (RN/RA)
2 ⇠ 10�3
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Back-of-the-envelope sensitivity estimates for 199Hg

Consequently the experimental bound                                             yields

  

which can be compared to the free-neutron limit

In fact, a detailed microscopic calculation of the 199Hg Schiff moment (the penetration 
contribution) yields an anomalously small value, leading to
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neutron limit

Dmitriev and Sen’kov, Phys. Rev. Lett. 91, 212303 (2003) 



IV.  Need some mechanism for nuclear enhancement in order to move well beyond        sensitivities  

   In studies of PNC, nuclear enhancements have been found of size 105-106

    There come about because of accidental energy degeneracies in combination with nuclear               
effects that enhance symmetry-forbidden amplitudes relative to symmetry-allowed ones
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IV.  Need some mechanism for nuclear enhancement in order to move well beyond        sensitivities  

   In studies of PNC, nuclear enhancements have been found of size 105-106

    There come about because of accidental energy degeneracies in combination with nuclear               
effects that enhance symmetry-forbidden amplitudes relative to symmetry-allowed ones

 apart from one exception, the results are disappointing 
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IV.  Need some mechanism for nuclear enhancement in order to move well beyond        sensitivities  

   In studies of PNC, nuclear enhancements have been found of size 105-106

    There come about because of accidental energy degeneracies in combination with nuclear               
effects that enhance symmetry-forbidden amplitudes relative to symmetry-allowed ones

 three of the cases involve actinides
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The best case from that early search seemed exotic — 229Pa — with a lifetime
No isotope source adequate to do a 199Hg-style vapor-cell experiment 

And curious:  the energy degeneracy was extreme (220 eV) and simultaneously the E1 
coupling of the parity doublet reasonably strong.   Is this an accident, or is it physics?

familiar story of rotational symmetry-breaking and restoration in nuclei
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⌧1/2 ⇠ 1.5 d

  mid-shell nuclei have multiple angular momenta
    shells available to valence nucleons
  under small deformations some of these orbits 

    gain energy due to their interactions with the
    quadrupole mean field generated by the core
  rotational symmetry spontaneously broken
  restored through collective rotation — 

    low-energy modes because the entire nucleus 
    participates



•  One kind of  T-odd enhancement comes from collective nuclear motion 

2

unable (obviously) to examine the effects of short-range
NN correlations.

We briefly review some definitions and ideas. The
Schiff moment is given by

S ≡ ⟨Ψ0|Ŝz|Ψ0⟩ =
∑

i̸=0

⟨Ψ0|Ŝz|Ψi⟩⟨Ψi|V̂PT |Ψ0⟩

E0 − Ei
+ c.c.,

(1)
where |Ψ0⟩ is the member of the ground-state multiplet
with Jz = J = 1/2 (positive parity), the sum is over

excited states, and Ŝz is the operator

Ŝz = e
10

∑

p

(

r2
p − 5

3
r2
ch

)

zp, (2)

with the sum here over protons, and r2
ch the mean-square

charge radius. The operator V̂PT in Eq. (1) is the T- (and
parity-) violating nucleon-nucleon interaction mediated
by the pion [7, 15]:

V̂PT (r1 − r2) = −
g m2

π

8πmN

{

(σ1 − σ2) · (r1 − r2)
[

ḡ0 τ⃗1 · τ⃗2 −
ḡ1

2
(τ1z + τ2z) + ḡ2(3τ1zτ2z − τ⃗1 · τ⃗2)

]

(3)

−
ḡ1

2
(σ1 + σ2) · (r1 − r2) (τ1z − τ2z)

}exp(−mπ|r1 − r2|)

mπ|r1 − r2|2

[

1 +
1

mπ|r1 − r2|

]

,

where arrows denote isovector operators, τz is +1 for neu-
trons, mN is the nucleon mass, and (in this equation
only) we use the convention h̄ = c = 1. The ḡ’s are the
unknown isoscalar, isovector, and isotensor T-violating
pion-nucleon coupling constants, and g is the usual strong
πNN coupling constant.

The asymmetric shape of 225Ra implies parity dou-
bling (see e.g. Ref. [16]), i.e. the existence of a very low-
energy |1/2−⟩ state, in this case 55 keV [17] above the
ground state |Ψ0⟩ ≡ |1/2+⟩, that dominates the sum in
Eq. (1) because of the corresponding small denominator.
With the approximation that the shape deformation is
rigid, the ground state and its negative-parity partner in
octupole-deformed nucleus are projections onto good par-
ity and angular momentum of the same “intrinsic state”
(see Fig. 1), which represents the wave function of the nu-
cleus in its own body-fixed frame with the total angular
momentum aligned along the symmetry axis. Equation
(1) then reduces to [3]

S ≈ −
2

3
⟨Ŝz⟩

⟨V̂PT ⟩

(55 keV)
, (4)

where the brackets indicate expectation values in the in-
trinsic state. Using Eq. (3) for V̂PT , we can express the
dependence of the Schiff moment on the undetermined
T-violating πNN vertices as

S = a0 g ḡ0 + a1 g ḡ1 + a2 g ḡ2 . (5)

The coefficients ai, which are the result of the calculation,
have units e fm3.

The octupole deformation enhances ⟨Ŝz⟩, the first fac-
tor in Eq. (4), making it collective, robust, and straight-
forward to calculate with an error of a factor of two or
less. The interaction expectation value ⟨V̂PT ⟩ is harder
to estimate because it is sensitive to the nuclear spin

FIG. 1: (color online). Shape of the microscopically calcu-
lated [13] mass distribution in 225Ra, represented here by the
surface of a uniform body that has the same multipole mo-
ments Qλ0 for λ=0. . . 4 as our calculated density.

distribution, which depends on delicate correlations near
the Fermi surface. Our calculation allows the breaking
of Kramers degeneracy in the intrinsic frame and, conse-
quently, spin polarization.

To evaluate ⟨V̂PT ⟩ we constructed a new version of the
code HFODD (v2.14e) [18, 19]. The code uses a triax-
ial harmonic-oscillator basis and Gaussian integration to
solve self-consistent mean-field equations for zero-range
Skyrme interactions. Evaluating matrix elements of the
finite-range interaction (3) is much harder numerically,
but efficient techniques have already been developed [20]
for Gaussian interactions, which are separable in three
Cartesian directions. The spatial dependence in Eq. (3) is
different, the derivative of a Yukawa function, and we also
include short-range correlations between nucleons (which
the mean-field does not capture) by multiplying the in-

From Dobaczewski and Engel

Familiar quadrupole case: deformed 
intrinsic state breaks spherical
symmetry, which is restored by the
 “Goldstone” mode of rotations

Octupole deformation: deformed
intrinsic state and its parity 
reflection can be combined 

Deformation violates T and P : 
symmetry restored by collective 
motion, yielding parity doublets

Motivation for 225Ra measurement:  mixing of nearly degenerate states

•  One kind of  T-odd enhancement comes from collective nuclear motion 
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unable (obviously) to examine the effects of short-range
NN correlations.

We briefly review some definitions and ideas. The
Schiff moment is given by

S ≡ ⟨Ψ0|Ŝz|Ψ0⟩ =
∑

i̸=0

⟨Ψ0|Ŝz|Ψi⟩⟨Ψi|V̂PT |Ψ0⟩

E0 − Ei
+ c.c.,

(1)
where |Ψ0⟩ is the member of the ground-state multiplet
with Jz = J = 1/2 (positive parity), the sum is over

excited states, and Ŝz is the operator

Ŝz =
e
10

∑

p
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r
2
p −

5
3r

2
ch

)

zp, (2)

with the sum here over protons, and r
2
ch the mean-square

charge radius. The operator V̂PT in Eq. (1) is the T- (and
parity-) violating nucleon-nucleon interaction mediated
by the pion [7, 15]:

V̂PT (r1 − r2) = −
g m

2
π

8πmN

{

(σ1 − σ2) · (r1 − r2)
[

ḡ0 τ⃗1 · τ⃗2 −
ḡ1

2
(τ1z + τ2z) + ḡ2(3τ1zτ2z − τ⃗1 · τ⃗2)

]

(3)

−
ḡ1

2
(σ1 + σ2) · (r1 − r2) (τ1z − τ2z)

}

exp(−mπ|r1 − r2|)

mπ|r1 − r2|2

[

1 +
1

mπ|r1 − r2|

]

,

where arrows denote isovector operators, τz is +1 for neu-
trons, mN is the nucleon mass, and (in this equation
only) we use the convention h̄ = c = 1. The ḡ’s are the
unknown isoscalar, isovector, and isotensor T-violating
pion-nucleon coupling constants, and g is the usual strong
πNN coupling constant.

The asymmetric shape of
225

Ra implies parity dou-
bling (see e.g. Ref. [16]), i.e. the existence of a very low-
energy |1/2

−
⟩ state, in this case 55 keV [17] above the

ground state |Ψ0⟩ ≡ |1/2
+
⟩, that dominates the sum in

Eq. (1) because of the corresponding small denominator.
With the approximation that the shape deformation is
rigid, the ground state and its negative-parity partner in
octupole-deformed nucleus are projections onto good par-
ity and angular momentum of the same “intrinsic state”
(see Fig. 1), which represents the wave function of the nu-
cleus in its own body-fixed frame with the total angular
momentum aligned along the symmetry axis. Equation
(1) then reduces to [3]

S ≈ −
2

3
⟨Ŝz⟩

⟨V̂PT ⟩

(55 keV)
, (4)

where the brackets indicate expectation values in the in-
trinsic state. Using Eq. (3) for V̂PT , we can express the
dependence of the Schiff moment on the undetermined
T-violating πNN vertices as

S = a0 g ḡ0 + a1 g ḡ1 + a2 g ḡ2 . (5)

The coefficients ai, which are the result of the calculation,
have units e fm
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.

The octupole deformation enhances ⟨Ŝz⟩, the first fac-
tor in Eq. (4), making it collective, robust, and straight-
forward to calculate with an error of a factor of two or
less. The interaction expectation value ⟨V̂PT ⟩ is harder
to estimate because it is sensitive to the nuclear spin

FIG. 1: (color online). Shape of the microscopically calcu-
lated [13] mass distribution in

225
Ra, represented here by the

surface of a uniform body that has the same multipole mo-
ments Qλ0 for λ=0. . . 4 as our calculated density.

distribution, which depends on delicate correlations near
the Fermi surface. Our calculation allows the breaking
of Kramers degeneracy in the intrinsic frame and, conse-
quently, spin polarization.

To evaluate ⟨V̂PT ⟩ we constructed a new version of the
code HFODD (v2.14e) [18, 19]. The code uses a triax-
ial harmonic-oscillator basis and Gaussian integration to
solve self-consistent mean-field equations for zero-range
Skyrme interactions. Evaluating matrix elements of the
finite-range interaction (3) is much harder numerically,
but efficient techniques have already been developed [20]
for Gaussian interactions, which are separable in three
Cartesian directions. The spatial dependence in Eq. (3) is
different, the derivative of a Yukawa function, and we also
include short-range correlations between nucleons (which
the mean-field does not capture) by multiplying the in-
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octuple deformation                                                                    two modes
parity restoration                                                                         even and odd under parity

Octupole-deformed nuclei are characterized by
  closely spaced parity doublets
  coupled by strong C1 and C3 matrix elements  (correlated with large Schiff moments)         

•  One kind of  T-odd enhancement comes from collective nuclear motion 

2

unable (obviously) to examine the effects of short-range
NN correlations.

We briefly review some definitions and ideas. The
Schiff moment is given by

S ≡ ⟨Ψ0|Ŝz|Ψ0⟩ =
∑

i̸=0

⟨Ψ0|Ŝz|Ψi⟩⟨Ψi|V̂PT |Ψ0⟩

E0 − Ei
+ c.c.,

(1)
where |Ψ0⟩ is the member of the ground-state multiplet
with Jz = J = 1/2 (positive parity), the sum is over

excited states, and Ŝz is the operator

Ŝz = e
10

∑

p

(

r2
p − 5

3
r2
ch

)

zp, (2)

with the sum here over protons, and r2
ch the mean-square

charge radius. The operator V̂PT in Eq. (1) is the T- (and
parity-) violating nucleon-nucleon interaction mediated
by the pion [7, 15]:

V̂PT (r1 − r2) = −
g m2

π

8πmN

{

(σ1 − σ2) · (r1 − r2)
[

ḡ0 τ⃗1 · τ⃗2 −
ḡ1

2
(τ1z + τ2z) + ḡ2(3τ1zτ2z − τ⃗1 · τ⃗2)

]

(3)

−
ḡ1

2
(σ1 + σ2) · (r1 − r2) (τ1z − τ2z)

}exp(−mπ|r1 − r2|)

mπ|r1 − r2|2

[

1 +
1

mπ|r1 − r2|

]

,

where arrows denote isovector operators, τz is +1 for neu-
trons, mN is the nucleon mass, and (in this equation
only) we use the convention h̄ = c = 1. The ḡ’s are the
unknown isoscalar, isovector, and isotensor T-violating
pion-nucleon coupling constants, and g is the usual strong
πNN coupling constant.

The asymmetric shape of 225Ra implies parity dou-
bling (see e.g. Ref. [16]), i.e. the existence of a very low-
energy |1/2−⟩ state, in this case 55 keV [17] above the
ground state |Ψ0⟩ ≡ |1/2+⟩, that dominates the sum in
Eq. (1) because of the corresponding small denominator.
With the approximation that the shape deformation is
rigid, the ground state and its negative-parity partner in
octupole-deformed nucleus are projections onto good par-
ity and angular momentum of the same “intrinsic state”
(see Fig. 1), which represents the wave function of the nu-
cleus in its own body-fixed frame with the total angular
momentum aligned along the symmetry axis. Equation
(1) then reduces to [3]

S ≈ −
2

3
⟨Ŝz⟩

⟨V̂PT ⟩

(55 keV)
, (4)

where the brackets indicate expectation values in the in-
trinsic state. Using Eq. (3) for V̂PT , we can express the
dependence of the Schiff moment on the undetermined
T-violating πNN vertices as

S = a0 g ḡ0 + a1 g ḡ1 + a2 g ḡ2 . (5)

The coefficients ai, which are the result of the calculation,
have units e fm3.

The octupole deformation enhances ⟨Ŝz⟩, the first fac-
tor in Eq. (4), making it collective, robust, and straight-
forward to calculate with an error of a factor of two or
less. The interaction expectation value ⟨V̂PT ⟩ is harder
to estimate because it is sensitive to the nuclear spin

FIG. 1: (color online). Shape of the microscopically calcu-
lated [13] mass distribution in 225Ra, represented here by the
surface of a uniform body that has the same multipole mo-
ments Qλ0 for λ=0. . . 4 as our calculated density.

distribution, which depends on delicate correlations near
the Fermi surface. Our calculation allows the breaking
of Kramers degeneracy in the intrinsic frame and, conse-
quently, spin polarization.

To evaluate ⟨V̂PT ⟩ we constructed a new version of the
code HFODD (v2.14e) [18, 19]. The code uses a triax-
ial harmonic-oscillator basis and Gaussian integration to
solve self-consistent mean-field equations for zero-range
Skyrme interactions. Evaluating matrix elements of the
finite-range interaction (3) is much harder numerically,
but efficient techniques have already been developed [20]
for Gaussian interactions, which are separable in three
Cartesian directions. The spatial dependence in Eq. (3) is
different, the derivative of a Yukawa function, and we also
include short-range correlations between nucleons (which
the mean-field does not capture) by multiplying the in-
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unable (obviously) to examine the effects of short-range
NN correlations.

We briefly review some definitions and ideas. The
Schiff moment is given by

S ≡ ⟨Ψ0|Ŝz|Ψ0⟩ =
∑

i̸=0

⟨Ψ0|Ŝz|Ψi⟩⟨Ψi|V̂PT |Ψ0⟩
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ḡ1

2
(σ1 + σ2) · (r1 − r2) (τ1z − τ2z)

}

exp(−mπ|r1 − r2|)

mπ|r1 − r2|2

[

1 +
1

mπ|r1 − r2|

]

,

where arrows denote isovector operators, τz is +1 for neu-
trons, mN is the nucleon mass, and (in this equation
only) we use the convention h̄ = c = 1. The ḡ’s are the
unknown isoscalar, isovector, and isotensor T-violating
pion-nucleon coupling constants, and g is the usual strong
πNN coupling constant.
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225
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⟩ state, in this case 55 keV [17] above the

ground state |Ψ0⟩ ≡ |1/2
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⟩, that dominates the sum in

Eq. (1) because of the corresponding small denominator.
With the approximation that the shape deformation is
rigid, the ground state and its negative-parity partner in
octupole-deformed nucleus are projections onto good par-
ity and angular momentum of the same “intrinsic state”
(see Fig. 1), which represents the wave function of the nu-
cleus in its own body-fixed frame with the total angular
momentum aligned along the symmetry axis. Equation
(1) then reduces to [3]

S ≈ −
2

3
⟨Ŝz⟩

⟨V̂PT ⟩

(55 keV)
, (4)

where the brackets indicate expectation values in the in-
trinsic state. Using Eq. (3) for V̂PT , we can express the
dependence of the Schiff moment on the undetermined
T-violating πNN vertices as

S = a0 g ḡ0 + a1 g ḡ1 + a2 g ḡ2 . (5)

The coefficients ai, which are the result of the calculation,
have units e fm

3
.

The octupole deformation enhances ⟨Ŝz⟩, the first fac-
tor in Eq. (4), making it collective, robust, and straight-
forward to calculate with an error of a factor of two or
less. The interaction expectation value ⟨V̂PT ⟩ is harder
to estimate because it is sensitive to the nuclear spin

FIG. 1: (color online). Shape of the microscopically calcu-
lated [13] mass distribution in

225
Ra, represented here by the

surface of a uniform body that has the same multipole mo-
ments Qλ0 for λ=0. . . 4 as our calculated density.

distribution, which depends on delicate correlations near
the Fermi surface. Our calculation allows the breaking
of Kramers degeneracy in the intrinsic frame and, conse-
quently, spin polarization.

To evaluate ⟨V̂PT ⟩ we constructed a new version of the
code HFODD (v2.14e) [18, 19]. The code uses a triax-
ial harmonic-oscillator basis and Gaussian integration to
solve self-consistent mean-field equations for zero-range
Skyrme interactions. Evaluating matrix elements of the
finite-range interaction (3) is much harder numerically,
but efficient techniques have already been developed [20]
for Gaussian interactions, which are separable in three
Cartesian directions. The spatial dependence in Eq. (3) is
different, the derivative of a Yukawa function, and we also
include short-range correlations between nucleons (which
the mean-field does not capture) by multiplying the in-
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measured value of the 224Ra octupole moment, with its
width and that of the error bar on top of it representing
experimental uncertainty. The slanted line in Fig. 2(a) and
band in Fig. 2(b) represent, respectively, the correlation and
total uncertainty [34] of the Schiff moment. The uncertainty
is smaller near the middle of the figure, where the
calculated moments have more impact.
Figure 2(a) contains, in addition to the items already

discussed, the results of a quantitative analysis in black. We
use linear regression to determine the coefficients a and b
in the relation S10 ¼ aþ b ×Q3

0ð224RaÞ. The Supplemental
Material [34] for this manuscript provides more details. For
225Ra, the propagated intrinsic Schiff moment and its
uncertainty at the experimental intrinsic octupole moment
Q3

0ð224RaÞ ¼ 940ð30Þ is S0 ¼ 26.6ð1.9Þ e fm3. The theo-
retical uncertainty of 1.6 e fm3 is larger than that from
experiment, which is 1.1 e fm3.
It is now clear that the observed correlation between the

calculated intrinsic Schiff moment in 225Ra and octupole
moment in 224Ra allows us to greatly reduce systematic
uncertainties stemming from nuclear functionals. Figure 3(a)
shows predictions for the intrinsic Schiff moments of 221Rn,
223Rn, 223Fr, 225Ra, and 229Pa from the experimental octupole
moments of 224Ra [15], 226Ra [38], and 220Rn [15]. A similar
analysis, shown in Fig. 3(b), allows us to predict values of
octupole moments in these odd nuclei. Numerical values for
all these intrinsic moments are collected in the Supplemental
Material [34]. The discrepancies that remain among pre-
dictions reflect systematic uncertainty that our analysis has
not removed.
To obtain an independent estimate of systematic uncer-

tainties in the intrinsic Schiff moment of 225Ra, we employ
the full covariance matrix of the UNEDF0 functional model
parameters [29]. This gives an intrinsic Schiff moment in
225Ra of S10 ¼ 32.7ð1.9Þ e fm3 and an octupole moment in
224Ra of Q3

0 ¼ 1.17ð10Þ × 1000 e fm3 [cf. the error bars in
Fig. 2(b)]. It also yields a very strong correlation coefficient
of 0.908 between the two moments. The relatively large
uncertainty in Q3

0 means that only a modest increase in the
UNEDF0 penalty function is required to alter the coupling
constants so that the calculated Q3

0 agrees with experiment.

The strong correlation between the octupole and Schiff
moments then means that the Schiff moment would
probably slide closer to our propagated value of
26.6 e fm3. This hypothetical result, however, can only
be verified by a full refit of UNEDF0 with the experimental
value of Q3

0 in 224Ra included in the penalty function.
So far all our focus has been on the intrinsic Schiff

moment, which, as we have noted, is only one of the two
ingredients in the laboratory Schiff moment (3); the other is
the intrinsic matrix element of V̂PT. Can we use measured
octupole moments to constrain it as well? Figure 4 shows
the variation of coefficients a0, a1, a2, b1, and b2, Eq. (5),
(In Refs. [16,39] the signs of coefficients a0, a1, and a2
were inverted.) in 225Ra with the octupole moment in 224Ra.
Apart from b2, there is a clear correlation that allows for a
meaningful extrapolation to the measured value; a larger
scatter of points induces a larger extrapolation error for b2.
The analysis becomes more complicated, however, when

we include measured octupole moments from other iso-
topes. The correlation between a given octupole moment
and the coefficients ai, bi still exists, but the use of two
different octupole moments to constrain the coefficients can
lead to quite different values. This situation is unlike that
depicted by Fig. 3, and suggests the presence of significant
systematic error in the calculations of the intrinsic matrix
element of V̂PT.
The figures in our Supplemental Material [34] show that

the correlation between an octupole moment in one nucleus
and a laboratory Schiff moment in another is better if the
two nuclei are very close together in Z and N. We therefore
use only the octupole moment of 220Ra in computing the
coefficients ai and bi in 221Rn and 223Rn, and only the
moments of 224Ra and 226Ra when computing the coef-
ficients in 223Fr, 225Ra, and 229Pa. As Table I shows, we still
end up with a sizable uncertainty in the coefficients, even
with these restrictions. The numbers in italics there are
consistent with zero, and only those in boldface are
determined with a precision of 25% or better. In 225Ra,
our central values for a1 and a2 are slightly smaller than in
our earlier computation [16], while a0 is consistent with
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FIG. 4. Coefficients a0, a1, and a2 (a) and b1 and b2 (b), Eq. (5),
corresponding to the finite and zero-range terms of V̂PT, Eq. (4),
determined in 225Ra for six Skyrme functionals and propagated to
the experimental value of the octupole moment in 224Ra.
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There is a similar phenomenon now identified in a set of heavy nuclei that include 229Pa 

octuple deformation                                                                    two modes
parity restoration                                                                         even and odd under parity

Octupole-deformed nuclei are characterized by
  closely spaced parity doublets
  coupled by strong C1 and C3 matrix elements  (correlated with large Schiff moments)         

•  One kind of  T-odd enhancement comes from collective nuclear motion 

2

unable (obviously) to examine the effects of short-range
NN correlations.

We briefly review some definitions and ideas. The
Schiff moment is given by

S ≡ ⟨Ψ0|Ŝz|Ψ0⟩ =
∑

i̸=0

⟨Ψ0|Ŝz|Ψi⟩⟨Ψi|V̂PT |Ψ0⟩

E0 − Ei
+ c.c.,

(1)
where |Ψ0⟩ is the member of the ground-state multiplet
with Jz = J = 1/2 (positive parity), the sum is over

excited states, and Ŝz is the operator

Ŝz = e
10

∑

p

(

r2
p − 5

3
r2
ch

)

zp, (2)

with the sum here over protons, and r2
ch the mean-square

charge radius. The operator V̂PT in Eq. (1) is the T- (and
parity-) violating nucleon-nucleon interaction mediated
by the pion [7, 15]:

V̂PT (r1 − r2) = −
g m2

π

8πmN

{

(σ1 − σ2) · (r1 − r2)
[

ḡ0 τ⃗1 · τ⃗2 −
ḡ1

2
(τ1z + τ2z) + ḡ2(3τ1zτ2z − τ⃗1 · τ⃗2)

]

(3)

−
ḡ1

2
(σ1 + σ2) · (r1 − r2) (τ1z − τ2z)

}exp(−mπ|r1 − r2|)

mπ|r1 − r2|2

[

1 +
1

mπ|r1 − r2|

]

,

where arrows denote isovector operators, τz is +1 for neu-
trons, mN is the nucleon mass, and (in this equation
only) we use the convention h̄ = c = 1. The ḡ’s are the
unknown isoscalar, isovector, and isotensor T-violating
pion-nucleon coupling constants, and g is the usual strong
πNN coupling constant.

The asymmetric shape of 225Ra implies parity dou-
bling (see e.g. Ref. [16]), i.e. the existence of a very low-
energy |1/2−⟩ state, in this case 55 keV [17] above the
ground state |Ψ0⟩ ≡ |1/2+⟩, that dominates the sum in
Eq. (1) because of the corresponding small denominator.
With the approximation that the shape deformation is
rigid, the ground state and its negative-parity partner in
octupole-deformed nucleus are projections onto good par-
ity and angular momentum of the same “intrinsic state”
(see Fig. 1), which represents the wave function of the nu-
cleus in its own body-fixed frame with the total angular
momentum aligned along the symmetry axis. Equation
(1) then reduces to [3]

S ≈ −
2

3
⟨Ŝz⟩

⟨V̂PT ⟩

(55 keV)
, (4)

where the brackets indicate expectation values in the in-
trinsic state. Using Eq. (3) for V̂PT , we can express the
dependence of the Schiff moment on the undetermined
T-violating πNN vertices as

S = a0 g ḡ0 + a1 g ḡ1 + a2 g ḡ2 . (5)

The coefficients ai, which are the result of the calculation,
have units e fm3.

The octupole deformation enhances ⟨Ŝz⟩, the first fac-
tor in Eq. (4), making it collective, robust, and straight-
forward to calculate with an error of a factor of two or
less. The interaction expectation value ⟨V̂PT ⟩ is harder
to estimate because it is sensitive to the nuclear spin

FIG. 1: (color online). Shape of the microscopically calcu-
lated [13] mass distribution in 225Ra, represented here by the
surface of a uniform body that has the same multipole mo-
ments Qλ0 for λ=0. . . 4 as our calculated density.

distribution, which depends on delicate correlations near
the Fermi surface. Our calculation allows the breaking
of Kramers degeneracy in the intrinsic frame and, conse-
quently, spin polarization.

To evaluate ⟨V̂PT ⟩ we constructed a new version of the
code HFODD (v2.14e) [18, 19]. The code uses a triax-
ial harmonic-oscillator basis and Gaussian integration to
solve self-consistent mean-field equations for zero-range
Skyrme interactions. Evaluating matrix elements of the
finite-range interaction (3) is much harder numerically,
but efficient techniques have already been developed [20]
for Gaussian interactions, which are separable in three
Cartesian directions. The spatial dependence in Eq. (3) is
different, the derivative of a Yukawa function, and we also
include short-range correlations between nucleons (which
the mean-field does not capture) by multiplying the in-
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unable (obviously) to examine the effects of short-range
NN correlations.

We briefly review some definitions and ideas. The
Schiff moment is given by

S ≡ ⟨Ψ0|Ŝz|Ψ0⟩ =
∑

i̸=0

⟨Ψ0|Ŝz|Ψi⟩⟨Ψi|V̂PT |Ψ0⟩

E0 − Ei
+ c.c.,

(1)
where |Ψ0⟩ is the member of the ground-state multiplet
with Jz = J = 1/2 (positive parity), the sum is over
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parity-) violating nucleon-nucleon interaction mediated
by the pion [7, 15]:
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exp(−mπ|r1 − r2|)
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[
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,

where arrows denote isovector operators, τz is +1 for neu-
trons, mN is the nucleon mass, and (in this equation
only) we use the convention h̄ = c = 1. The ḡ’s are the
unknown isoscalar, isovector, and isotensor T-violating
pion-nucleon coupling constants, and g is the usual strong
πNN coupling constant.

The asymmetric shape of
225

Ra implies parity dou-
bling (see e.g. Ref. [16]), i.e. the existence of a very low-
energy |1/2

−
⟩ state, in this case 55 keV [17] above the

ground state |Ψ0⟩ ≡ |1/2
+
⟩, that dominates the sum in

Eq. (1) because of the corresponding small denominator.
With the approximation that the shape deformation is
rigid, the ground state and its negative-parity partner in
octupole-deformed nucleus are projections onto good par-
ity and angular momentum of the same “intrinsic state”
(see Fig. 1), which represents the wave function of the nu-
cleus in its own body-fixed frame with the total angular
momentum aligned along the symmetry axis. Equation
(1) then reduces to [3]

S ≈ −
2

3
⟨Ŝz⟩

⟨V̂PT ⟩

(55 keV)
, (4)

where the brackets indicate expectation values in the in-
trinsic state. Using Eq. (3) for V̂PT , we can express the
dependence of the Schiff moment on the undetermined
T-violating πNN vertices as

S = a0 g ḡ0 + a1 g ḡ1 + a2 g ḡ2 . (5)

The coefficients ai, which are the result of the calculation,
have units e fm

3
.

The octupole deformation enhances ⟨Ŝz⟩, the first fac-
tor in Eq. (4), making it collective, robust, and straight-
forward to calculate with an error of a factor of two or
less. The interaction expectation value ⟨V̂PT ⟩ is harder
to estimate because it is sensitive to the nuclear spin

FIG. 1: (color online). Shape of the microscopically calcu-
lated [13] mass distribution in

225
Ra, represented here by the

surface of a uniform body that has the same multipole mo-
ments Qλ0 for λ=0. . . 4 as our calculated density.

distribution, which depends on delicate correlations near
the Fermi surface. Our calculation allows the breaking
of Kramers degeneracy in the intrinsic frame and, conse-
quently, spin polarization.

To evaluate ⟨V̂PT ⟩ we constructed a new version of the
code HFODD (v2.14e) [18, 19]. The code uses a triax-
ial harmonic-oscillator basis and Gaussian integration to
solve self-consistent mean-field equations for zero-range
Skyrme interactions. Evaluating matrix elements of the
finite-range interaction (3) is much harder numerically,
but efficient techniques have already been developed [20]
for Gaussian interactions, which are separable in three
Cartesian directions. The spatial dependence in Eq. (3) is
different, the derivative of a Yukawa function, and we also
include short-range correlations between nucleons (which
the mean-field does not capture) by multiplying the in-
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measured value of the 224Ra octupole moment, with its
width and that of the error bar on top of it representing
experimental uncertainty. The slanted line in Fig. 2(a) and
band in Fig. 2(b) represent, respectively, the correlation and
total uncertainty [34] of the Schiff moment. The uncertainty
is smaller near the middle of the figure, where the
calculated moments have more impact.
Figure 2(a) contains, in addition to the items already

discussed, the results of a quantitative analysis in black. We
use linear regression to determine the coefficients a and b
in the relation S10 ¼ aþ b ×Q3

0ð224RaÞ. The Supplemental
Material [34] for this manuscript provides more details. For
225Ra, the propagated intrinsic Schiff moment and its
uncertainty at the experimental intrinsic octupole moment
Q3

0ð224RaÞ ¼ 940ð30Þ is S0 ¼ 26.6ð1.9Þ e fm3. The theo-
retical uncertainty of 1.6 e fm3 is larger than that from
experiment, which is 1.1 e fm3.
It is now clear that the observed correlation between the

calculated intrinsic Schiff moment in 225Ra and octupole
moment in 224Ra allows us to greatly reduce systematic
uncertainties stemming from nuclear functionals. Figure 3(a)
shows predictions for the intrinsic Schiff moments of 221Rn,
223Rn, 223Fr, 225Ra, and 229Pa from the experimental octupole
moments of 224Ra [15], 226Ra [38], and 220Rn [15]. A similar
analysis, shown in Fig. 3(b), allows us to predict values of
octupole moments in these odd nuclei. Numerical values for
all these intrinsic moments are collected in the Supplemental
Material [34]. The discrepancies that remain among pre-
dictions reflect systematic uncertainty that our analysis has
not removed.
To obtain an independent estimate of systematic uncer-

tainties in the intrinsic Schiff moment of 225Ra, we employ
the full covariance matrix of the UNEDF0 functional model
parameters [29]. This gives an intrinsic Schiff moment in
225Ra of S10 ¼ 32.7ð1.9Þ e fm3 and an octupole moment in
224Ra of Q3

0 ¼ 1.17ð10Þ × 1000 e fm3 [cf. the error bars in
Fig. 2(b)]. It also yields a very strong correlation coefficient
of 0.908 between the two moments. The relatively large
uncertainty in Q3

0 means that only a modest increase in the
UNEDF0 penalty function is required to alter the coupling
constants so that the calculated Q3

0 agrees with experiment.

The strong correlation between the octupole and Schiff
moments then means that the Schiff moment would
probably slide closer to our propagated value of
26.6 e fm3. This hypothetical result, however, can only
be verified by a full refit of UNEDF0 with the experimental
value of Q3

0 in 224Ra included in the penalty function.
So far all our focus has been on the intrinsic Schiff

moment, which, as we have noted, is only one of the two
ingredients in the laboratory Schiff moment (3); the other is
the intrinsic matrix element of V̂PT. Can we use measured
octupole moments to constrain it as well? Figure 4 shows
the variation of coefficients a0, a1, a2, b1, and b2, Eq. (5),
(In Refs. [16,39] the signs of coefficients a0, a1, and a2
were inverted.) in 225Ra with the octupole moment in 224Ra.
Apart from b2, there is a clear correlation that allows for a
meaningful extrapolation to the measured value; a larger
scatter of points induces a larger extrapolation error for b2.
The analysis becomes more complicated, however, when

we include measured octupole moments from other iso-
topes. The correlation between a given octupole moment
and the coefficients ai, bi still exists, but the use of two
different octupole moments to constrain the coefficients can
lead to quite different values. This situation is unlike that
depicted by Fig. 3, and suggests the presence of significant
systematic error in the calculations of the intrinsic matrix
element of V̂PT.
The figures in our Supplemental Material [34] show that

the correlation between an octupole moment in one nucleus
and a laboratory Schiff moment in another is better if the
two nuclei are very close together in Z and N. We therefore
use only the octupole moment of 220Ra in computing the
coefficients ai and bi in 221Rn and 223Rn, and only the
moments of 224Ra and 226Ra when computing the coef-
ficients in 223Fr, 225Ra, and 229Pa. As Table I shows, we still
end up with a sizable uncertainty in the coefficients, even
with these restrictions. The numbers in italics there are
consistent with zero, and only those in boldface are
determined with a precision of 25% or better. In 225Ra,
our central values for a1 and a2 are slightly smaller than in
our earlier computation [16], while a0 is consistent with
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FIG. 4. Coefficients a0, a1, and a2 (a) and b1 and b2 (b), Eq. (5),
corresponding to the finite and zero-range terms of V̂PT, Eq. (4),
determined in 225Ra for six Skyrme functionals and propagated to
the experimental value of the octupole moment in 224Ra.
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(this is the nuclear amplitude -
does not include energy denominator)
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Is it feasible to do edm experiments with rare isotopes?

   A precedent was recently established:  225Ra    

   

   Doublet separation  55 keV vs 200 eV in 229Pa, Schiff moment somewhat smaller than in
     229Pa:    predicted enhancement over 199Hg is            , but falls short of 229Pa by     

   Argonne experiment made use of an existing 225Ra source:  3mCi and 6mCi shipments
     from the Isotope Development Center, ORNL

   Low vapor pressure ruled out a vapor-cell measurement (the 199Hg technique)

   Instead, Ra was a laser cooled and trapped

   The limit achieved was                                                 — entirely statistically limited 

   Projected sensitivity of                     contingent on 104 increase in the available 225Ra
     (surpassing 199Hg in sensitivity)
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FIG. 1. A diagram of the experimental apparatus with important sections labeled. Atoms exit the ⇡500� C oven through a
narrow nozzle where they are transversely cooled and collimated, longitudinally slowed, and trapped in a 3D MOT using laser
light at 714 nm. One out of every 106 atoms exiting the oven is trapped in the MOT. The MOT is overlapped with the focus
of at 50 W 1550 nm laser which forms an ODT. The focusing lens for the ODT is translated by ⇡1 m to transfer the atoms
between copper electrodes in the center of a glass tube with a vacuum below 10�11 torr. We start with ⇡10,000 225Ra atoms
in the MOT and trap ⇡1,000 atoms between the electrodes. After the atoms Larmor precess for 20 s in a B-field along ẑ we
detect ⇡500 atoms. An E-field of 65 kV/cm is applied either parallel or anti-parallel to the B-field during spin precession.

The heart of the oven assembly is a titanium crucible,
in which we place the radium-coated foil and barium.
Atoms enter the vacuum chamber through a nozzle with
a cylindrical opening that is 8.3 cm long and 0.15 cm
in diameter. The back side of the crucible attaches to
a vacuum flange via a stainless steel tube that is perfo-
rated to reduce heat conductance to the vacuum cham-
ber. Two radiative heaters made from tungsten filament
coil surround the crucible and nozzle. We heat the oven
to between 400� C and 520� C. During an EDM measure-
ment, the 225Ra flux degrades due to oven depletion and
radioactive decay. We gradually increase the oven tem-
perature to maintain a constant 225Ra flux. Once the
oven approaches 520� C we notice a decrease in the trap
lifetime and further increases in the oven temperature do
not result in a useful increase in atom flux. Three layers
of in-vacuum passive heat shields surround the heaters in-
side a fourth layer of heat shielding that is water-cooled.

Transverse cooling [20] of the atomic beam is achieved
using 150 mW of near-resonant 714 nm laser light that
is expanded to a ⇡2 cm beam diameter (1/e2) and split
into two orthogonal beams propagating at near normal

incidence to the atomic beam propagation direction (x̂).
The beams make multiple bounces between two pairs of
2.5 cm by 18 cm mirrors to increase their interaction time
with atoms and improve collimation by slightly decreas-
ing their angle with respect to the atomic beam normal
after each reflection. Each dimension individually gives
a gain of ⇡9 in the MOT loading rate and they combine
to give a total gain of ⇡80.

Before we can capture atoms in a MOT, it is necessary
to slow their longitudinal velocity. We use a Zeeman
slower [21] operating on the red transition. The magni-
tude of deceleration is determined by the lifetime of the
laser-excited state, or equivalently, the line-width of the
transition. The lifetime of the red transition limits our
0.9 m slowing region to a capture velocity of 60 m/s. This
velocity class represents only 0.5% of the atoms exiting
our oven for a typical operating temperature of 500� C.

Slowed atoms are trapped in a MOT which combines
three orthogonal pairs of circularly polarized, counter-
propagating laser beams with a quadrupole B-field to cre-
ate a trapping potential. We operate the MOT in three
“phases” which are distinguished by the intensity and de-

M. Bishof et al., Phys. Rev. C94, 025501 (2016)



FRIB isotope harvesting program
238U beam program will yield large productions of 225Ra, 229Pa, 221Rn, 223Rn

The productions of both 225Ra and 229Pa are both favorable, 229Pa particularly so

If harvesting can be done daily, the available number of atoms of 229Pa available for trapping would 
be about 50 times that of 225Ra 

Ra 225 15	d EDM EDM 238U 4.9E+00 mCi/wk

Ac 225 10	d medicine generator	for	213Bi,	or	direct	alpha	therapy 238U 4.4E+01 mCi/wk

Ac 227 21.7	y medicine impurity	in	225Ac	/	parent	to	227Th 238U 3.4E-02 mCi/wk

Th 227 18.7	d medicine generator	for	223Ra 238U 6.4E+01 mCi/wk

Th 228 1.9	y medicine generator	212Pb/212Bi 238U 8.1E+00 mCi/wk

Pa 229 1.5	d EDM EDM 238U 3.9E+02 mCi/d
Th 229 7.9	ky medicine,	EDM nuclear	clock,	225Ra	parent,	225Ac	parent 238U 2.0E-03 mCi/wk

Isotope Harvesting at FRIB, G. W. Severin, editor

Future plan is to obtain the needed 225Ra from the FRIB  238U beam harvesting program

But what stands out in the yields is that of 229Pa — 500 times greater than that of  225Ra

Harvesting under standard conditions is daily



The strange case of  229Pa

Nuclear scale            atomic scale

The CP-odd component of the ground state is entirely 
dominated by the parity doublet mixing

edms are proportional to the Schiff moment, the quantity 
obtained after treating screening

Difference in the center-of-mass vs. charge radius:  
challenging to compute reliably
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The strange case of  229Pa

Nuclear scale            atomic scale

The CP-odd component of the ground state is entirely 
dominated by the parity doublet mixing

edms are proportional to the Schiff moment, the quantity 
obtained after treating screening

There is another electromagnetic observable involving
the same two states: atomic-scale energy release
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This two-level Schiff screening of the static moment
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199Hg vapor cells

– Number of  199Hg atoms: 1014

– Leakage currents at 10 kV: 0.5 – 1 pA

– N2 + CO buffer gas (500 Torr)

– Paraffin wall coating

– Spin relaxation time:  100 – 200 sec

6

5

4

3

2

1

0

ln
(I

0
 /

 I
T
)

403020100-10-20

Frequency (GHz)

Absorption scan at 254 nm 

61S0! 63P1

F=1/2

F=3/2

Isotope

Nuclear spin

Nat. abundance

Enriched 199Hg

•  vapor cell restricts one to systems with electronic spin 0

•  Schiff shielding of nucleus, where edm resides ⇒ finite nuclear size

•  current limits on Hg (<2.1 ×10-28 ecm) and n (<2.9 ×10-26 ecm) compable

•  newest experiment now in blind analysis:  expected result (  ± 2) 10-29 ecm
⇒ significant improvement

(Heckel's workshop presentation)

Simple example: generation of a nuclear edm

•  Example of the QCD θ parameter -- one of two sources of SM CPNC

•  Induces a scalar CPNC πNN coupling, the leading ln (M/mπ) 
   contribution determined by current algebra
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Nuclear edm:

e.g., a case like 199Hg

jN = 1/2:      C1
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–Number of  199Hg atoms: 1014

–Leakage currents at 10 kV: 0.5 – 1 pA

–N2 + CO buffer gas (500 Torr)

–Paraffin wall coating

–Spin relaxation time:  100 – 200 sec
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is related to the IC conversion involving the transition

Because the energy release is small of the scale of the inverse atomic size, the IC rate should
also be screened in 229Pa and  effectively measures the Schiff moment 

Amusing: nuclear E1s are always accompanied by atomic E1s of equal but opposite “strength” 
— they are normally invisible at nuclear wavelengths

                                                                                                          Leon and Seki, late 1970s
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199Hg vapor cells

– Number of  199Hg atoms: 1014

– Leakage currents at 10 kV: 0.5 – 1 pA

– N2 + CO buffer gas (500 Torr)

– Paraffin wall coating

– Spin relaxation time:  100 – 200 sec
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•  vapor cell restricts one to systems with electronic spin 0

•  Schiff shielding of nucleus, where edm resides ⇒ finite nuclear size

•  current limits on Hg (<2.1 ×10-28 ecm) and n (<2.9 ×10-26 ecm) compable

•  newest experiment now in blind analysis:  expected result (  ± 2) 10-29 ecm
⇒ significant improvement

(Heckel's workshop presentation)

Simple example: generation of a nuclear edm

•  Example of the QCD θ parameter -- one of two sources of SM CPNC

•  Induces a scalar CPNC πNN coupling, the leading ln (M/mπ) 
   contribution determined by current algebra
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�NN=⌅⇥·N̄⌅⇤(i�5g�NN+ḡ�NN)N|̄g�NN|�0.027|̄�|

WW
e e

e
-

e
-

W

n

p

n

p

decayforbidden:e,anti-eorthogonal

neutrinoless  !! -decay forbidden: 
neutrino, antineutrino orthogonal

=
WW

e e

e
-

e
-

W

n

p

n

p

decayforbidden:e,anti-eorthogonal

neutrinoless  !! -decay forbidden: 
neutrino, antineutrino orthogonal

+ 

WW
e e

e
-

e
-

W

n

p

n

p

decayforbidden:e,anti-eorthogonal

neutrinoless  !! -decay forbidden: 
neutrino, antineutrino orthogonal

WW
e e

e
-

e
-

W

n

p

n

p

decayforbidden:e,anti-eorthogonal

neutrinoless  !! -decay forbidden: 
neutrino, antineutrino orthogonal

+
WW

e e

e
-

e
-

W

n

p

n

p

decayforbidden:e,anti-eorthogonal

neutrinoless  !! -decay forbidden: 
neutrino, antineutrino orthogonal

WW
e e

e
-

e
-

W

n

p

n

p

decayforbidden:e,anti-eorthogonal

neutrinoless  !! -decay forbidden: 
neutrino, antineutrino orthogonal

nuclear edm   =   1-body   +   polarization   +   exchange current

Nuclear edm:

e.g., a case like 199Hg

jN = 1/2:      C1

<latexit sha1_base64="MyhOCkGUo1aKAMPkELdswzowCdE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoM5OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY1+Z++wmV5rF8MJME/YgOJQ85o8ZKjat+seSW3QXIOvEyUoIM9X7xqzeIWRqhNExQrbuemxh/SpXhTOCs0Es1JpSN6RC7lkoaofani0Nn5MIqAxLGypY0ZKH+npjSSOtJFNjOiJqRXvXm4n9eNzXhnT/lMkkNSrZcFKaCmJjMvyYDrpAZMbGEMsXtrYSNqKLM2GwKNgRv9eV10rouezflSqNSqtayOPJwBudwCR7cQhXuoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A3TAjLk=</latexit>

+

 

7

199Hg vapor cells

–Number of  199Hg atoms: 1014

–Leakage currents at 10 kV: 0.5 – 1 pA

–N2 + CO buffer gas (500 Torr)

–Paraffin wall coating

–Spin relaxation time:  100 – 200 sec
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•  Schiff shielding of nucleus, where edm resides ⇒ finite nuclear size

•  current limits on Hg (<2.1 ×10-28 ecm) and n (<2.9 ×10-26 ecm) compable

•  newest experiment now in blind analysis:  expected result (  ± 2) 10-29 ecm
⇒ significant improvement

(Heckel's workshop presentation)

Simple example: generation of a nuclear edm

•  Example of the QCD θ parameter -- one of two sources of SM CPNC

•  Induces a scalar CPNC πNN coupling, the leading ln (M/mπ) 
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The IC rate has been calculated with a Los Alamos IC code that gives the user the options of
Hartree-Fock with/without RPA corrections

The reduction in the amplitude when the RPA was turned on varied from factors of 7-14, 
depending on the detailed description of the valence atomic orbitals
         - what was measured by Ahmad et al was not the C1, but the screened C1 

This implies an exceptionally strong ground-state C1 to go with the exceptional energy
denominator    —   thus a case where both sources of enhancement seem to operate,
perhaps for the same underlying reason 



Concluding comments

   The success with 225Ra, the extraordinary 229Pa energy denominator, FRIB isotope production,              
    the predict C1 and M2 enhancements of 2000-12000 make 229Pa intriguing as an edm
    target
             - LRP discussions…

  A pre-proposal was endorsed by PAC-2 at FRIB to begin a program on 229Pa,  focused on first 
verifying the doublet and re-measuring the IC rate (A. Yerby et al.)

             - will create a 239U beam, EC source of 229Pa for experiments

  The trapping and laser cooling then has to be demonstrated, and is a crucial hurdle
             - alternatively, optical crystals: Jaideep Singh, Hyper. Int. 240 (2019) 29

  The unique coupling of nuclear  and atomic scales in this problem intriguing, and I’m not at          
all certain we have fully understood the associated physics

  


