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Atom Nucleus
Charged current weak 
interactions, β-decay

new powerful 
techniques (atom traps)

rich selection of spin, 
isospin, half-life

Neutral current weak 
interactions

 APNC
 anapoles

tremendous accuracy 
of atomic methods 
(lasers, microwaves)
neutral (strong external 
fields)
traps, cooling

huge enhancement of 
effects (high Z, 
deformation) over 
elementary particles
rich selection of spin, 
isospin, Z, N, 
deformation

Permanent electric dipole 
moments
Lorentz-symmetry & CPT 
violation

accuracy selection of spin, Z, N

ISAC + actinide target: great place to study fundamental symmetries in 
heavy atoms
Atoms/nuclei provide access to fun. sym., should be viewed as 
complementary to high energy approaches

Some of most promising new candidates are heavy, radioactive systems (Rn, Fr)
Radioactive beam facilities are crucial

Demanding, long experiments → strong motivation for dedicated beam delivery
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nucl. spin independent interaction:
coherent  over all nucleons
HPNC mixes electronic s & p states

< n’s’ | HPNC | np >  ∝ Z3

Drive s → s E1 transition!

Cs: 6s → 7s osc. strength f ≈ 10-22

use interference:

f ∝ | APC + APNC |2
  ≈ APC2 + APC APNC cos φ

Atomic Parity Violation
Z-boson exchange between atomic electrons and the quarks in the nucleus
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nucl. spin dependent,
interaction only with 
valence nucleons E1065 Fr anapole

Orozco et al.
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Fig. 1. Nuclear spin dependent PNC processes; (a) stan-
dard model tree level VeAN Z exchange; (b) electron-nuclear
anapole interaction, PNC stems from vertex corrections due to
weak hadronic interactions; (c) combination of hyperfine inter-
action and Z exchange.

matrices, and κ1i and κnsd,i are constants of the inter-
action with i = p, n for a proton or a neutron and nsd

= nuclear spin dependent. The standard model tree level
values for these constants with κnsd,i = κ2i are

κ1p =
1

2
(1 − 4 sin2 θW ), κ1n = −

1

2
,

κ2p = −κ2n = κ2 = −
1

2
(1 − 4 sin2 θW )η, (2)

with sin2 θW ∼ 0.23 the Weinberg angle and η = 1.25. κ1i

(κ2i) represents the coupling between nucleon and electron
currents when the electron (nucleon) is the axial vector.

In an atom, the contribution from Eq. 1 for all the
nucleons must be added. For the nuclear spin independent
part (nsi), we obtain

Hnsi
PNC =

G√
2

QW

2
γ5 δ(r). (3)

This contribution is independent of the nuclear spin and
is proportional to the weak charge

QW = 2(κ1pZ + κ1nN), (4)

with N the number of neutrons. Because of the strong
cancellation in κ1p the standard model value for the weak
charge is almost equal to −N . The theoretical uncertainty
present in all the extractions of weak interaction parame-
ters from atomic PNC comes from the the calculation of
the matrix element γ5 as the experiment is not sensitive to
the weak charge itself but to the product as Eq. 3 states.

The second term of Eq. 1 is nuclear spin dependent
(nsd), and due to the pairing of nucleons, its contribu-
tion has a weaker dependence on Z. In a shell model de-
scription with a single valence nucleon of unpaired spin,
Flambaum and Murray obtained [18]

Hnsd
PNC =

G√
2

KI · α

I(I + 1)
κnsd,i δ(r), (5)

where K = (I + 1/2)(−1)I+1/2−l, l is the valence nucleon
orbital angular momentum, and I is the nuclear spin. The

terms proportional to the anomalous magnetic moment of
the nucleons and the electrons have been neglected.

The interaction constant is given by [18]

κnsd,i = κa,i −
K − 1/2

K
κ2,i +

I + 1

K
κQW

, (6)

with κ2,i given by Eq. 2 corresponding to the tree level ap-
proximation, and two corrections, the effective constant of
the anapole moment κa,i, and κQW

generated by the nu-
clear spin independent part of the electron-nucleon inter-
action together with the hyperfine interaction (see Fig. 1).
Flambaum and Murray show that [18]

κa,i =
9

10
gi

αµi

mpr̃0

A2/3,

κQW
= −

1

3
QW

αµN

mpr̃0A
A2/3, (7)

where α is the fine structure constant, µi and µN are the
magnetic moment of the external nucleon and of the nu-
cleus, respectively, in nuclear magnetons, r̃0 = 1.2 fm is
the nucleon radius, A = Z + N , and gi gives the strength
of the weak nucleon-nucleus potential with gp ∼ 4 for a
proton and 0.2 < gn < 1 for a neutron [17]. The interac-
tion is stronger in heavier atoms since both κa,i and κQW

scale as A2/3 (QW /A ∼ 1/2 in κQW
). The anapole mo-

ment is the dominant contribution to the interaction in
heavy atoms, for example in 209Fr, κa,p/κQW

≈15. As a
result, nuclear spin dependent atomic PNC in heavy atoms
is best suited to determine nuclear anapole moments by
correcting the measured value for the small, calculated
contributions from the κ2 and κQw

terms.
The anapole moment of a nucleus is a parity non-

conserving, time reversal conserving moment that arises
from weak interactions between the nucleons (see the re-
view by Haxton and Wieman [4]). It can be detected in
a PNC electron-nucleus interaction and reveals itself in
the spin dependent part of the PNC interaction. Wood et

al. [9,10] measured the anapole moment of 133Cs by ex-
tracting the dependence of atomic PNC on the hyperfine
energy levels involved, and consequently nuclear spin. The
measurement shows that atomic PNC is a unique probe
for neutral weak interactions inside the nucleus, which
otherwise remain hidden by much larger electromagnetic
charged currents [19].

The anapole moment is defined classically by (see ref-
erence [7])

a = −π

∫

d3r r2J(r), (8)

with J the electromagnetic current density. The anapole
moment in francium arises mainly from the weak interac-
tion between the valence nucleons and the core. It is possi-
ble to think of it as a weak radiative correction that is de-
tectable only with an electromagnetic interaction. Flam-
baum, Khriplovich, and Sushkov [3], by including weak in-
teractions between nucleons in their calculation of the nu-
clear current density, estimate the anapole moment from
Eq. 8 for a single valence nucleon to be

a =
1

e

G√
2

Kj

j(j + 1)
κa,i = Can

i j, (9)
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The nuclear-spin independent APNC Hamiltonian for a pointlike nucleus:

The "nuclear weak charge"
contains the weak interaction physics

Bouchiat, 1974
HPNC mixes s and p states < ns|Hnsi

PNC|n′ p >∝ Z3

< n′L ′|Hnsi
PNC|nL > = G√

2
Qw
2 < n′L ′|δ(r)#σ · #p|nL >

∝< n′L ′| d
dr |nL > |r=0 RnL ≈ r L Z L+1/2

⇒ at r = 0 only Rns , d
dr Rnp are finite
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|6s〉 = |6s + εp〉

|7s〉 = |7s + εp〉

Wood et al. 57

Table 2. Comparison of experimental parameters for the present work with

those for our previous measurement. Note that we have improved the PNC

signal-to-noise ratio by nearly a factor of 7.

Quantity 1988 1996

540 nm laser power density 200 kW/cm2 800 kW/cm2

Detection efficiency 25% ≈65%

Cavity waist, ωo 0.21 mm 0.41 mm

Volume = πω2
oL, L = 2 cm 0.0028 cm3 0.011 cm3

Resonant atomic density 1 x 108 cm−3 2.2 x 108 cm−3

Experimental duty factor < 30% ≈ 65%

#F = +1 6S–7S photocurrent 200 pA 200 nA

Signal/background 17 4

Electric field 1000 V/cm 450–950 V/cm

Magnetic field 74 G 6.4 G

6S–7S shot noise 28.5 ppm/
√

Hz 15 ppm/
√

Hz

6S–7S technical noise 22 ppm/
√

Hz <8 ppm/
√

Hz

BG, detector noise 27 ppm/
√

Hz <8 ppm/
√

Hz

Fractional PNC modulation 3.2 ppm 6–8 ppm

PNC signal/noise 0.07/
√

Hz 0.45/
√

Hz

7. Results and conclusion

After taking into account the appropriate calibrations and corrections as described in the previous two

sections, we obtain the results shown in Fig. 26 for our measurement of parity nonconservation on the

#F = ±1 transitions between the 6S and 7S states of cesium. From this data, our final results are

Im(E1PNC)

β
= −1.5576(77) mV/cm 6S F = 3 → 7S F ′ = 4

−1.6349(80) mV/cm 6S F = 4 → 7S F ′ = 3
(40)

Physically, the quantity Im(E1PNC)/β, which is 1.6 mV/cm for the system studied here, represents the

magnitude of an applied electric field that would produce a pure Stark-induced transition amplitude equal

to the pure PNC transition amplitude. The uncertainties are dominated by the statistical uncertainties

of 0.0078 and 0.0073 mV/cm, respectively.

The difference between these two results, due to the nuclear-spin-dependent contribution, is 0.077(11)

mV/cm. This is related to the nuclear anapole moment and provides information about parity violating

purely hadronic interactions. The appropriately weighted average,

Im(E1PNC)

βξ

(−QW

N

)
= (0.535) δLR(4, 3) + (0.465) δLR(3, 4)

= −1.5935(56) mV/cm (41)

where the weighting factors are the average of those derived in refs. 37–39, gives a nuclear-spin-

independent result of −1.5963(56) mV/cm.

Comparison of these results to those of our previous measurement [2] (Im(E1PNC)/β = −1.693(47)

and −1.513(49) mV/cm for the 4 → 3 and 3 → 4 transition, respectively) shows that our new results

not only agree with the old but are more precise by a factor of 6.5. A comparison of the parameters for

the 1998 and 1996 measurements is summarized in Table 2.

From the nuclear-spin-independent average for Im(E1PNC)/β, one can extract a value for the

weak charge of the nucleus, Qw, which provides a test of the standard model of electroweak unifi-

©1999 NRC Canada

The Boulder Cs Experiment 
(Wood, 1996)

| E1Stark   +  E1PNC |2LoSurdo
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Z-pole

current
future
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Weak Mixing Angle
Scale dependence in MS scheme including higher orders

0.6 % (0.38 % exp, 
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future expts. 
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on vertical scale

Young et al., PRL 2007: Dramatic 
recent progress from PV electron 
scattering for (C1u - C1d)

APNC uniquely provides the orthogonal 
constraint (C1u + C1d)

new theory
Derevianko

S. G. Porsev, K. Beloy, and A. 
Derevianko. PRL, 102,:181601, 2009.
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Implications on 'new physics' from the Boulder Cs experiment 
(adapted from D. Budker, WEIN 98)

Why is APNC so sensitive?

> 820 GeV
LHC, ILC: > 5 TeV (?)

S = -0.56(60)

APNC

Z
new physics

LEP log(energy) →cr
os

s 
se

ct
io

n 
→

> 256 GeV, >1200 GeV indir.

  S=-0.13 ± 0.1 (-0.08)
  T=-0.13 ± 0.11 (+0.09)

APNC can also constrain 
other scenarios, e.g. 
couplings to new light 
particles
(e.g. Bouchiat & Fayet 05)

1.4 TeV
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Why Cs ? Not particularly heavy...
It's the heaviest, stable 'simple atom'

from Pollock et al. 1992

atomic structure factor

nuclear structure factors

Precise experiments in Tl (and Bi, Pb) have been limited by their more 
complicated atomic structure!

Use francium (Z=87)
atomic structure (theory) understood at the same level as in Cs

APNC effect 18 x larger!

Problems:  (i)  no stable isotope
                  (ii) need to know neutron radius better than for Cs expt.

Answers: (i)  go to TRIUMF’s actinide target to get loads of Fr
                (ii) the upcoming PREX experiment at Jefferson Lab
                     will measure the neutron radius of 208Pb
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Lifetime of the 8s level

continuum

506 nm

Boulder Cs: massive atomic beam
(1013 s-1 cm-2)
key figure: 1010  6s-7s excitations /sec

A Francium APNC Experiment at TRIUMF

Fr trap:
excitation rate per atom: 30 s-1

but asymmetry 18x larger
APNC possible with 106 - 107 atoms! 
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A Fr APNC experiment at TRIUMF
• Actinide target will make ISAC the best place to pursue Fr physics such 

as NSI APNC
• data collection time (purely statistical, no duty factor)

• 106 trapped atoms, 1.0% APNC: 2.3 hours
• 107 trapped atoms, 0.1% APNC: 23 hours

➡ APNC work can start even with low current on ISAC target!
➡ But: most of the time needs to be spent on systematics. So 

realistically we are talking 100 days or more of beam, spread of 
more than a year!

• 1% neutron radius measurement in 208Pb with PREX would put a 0.2 % 
uncertainty on Qw in 212Fr  (Sil 2005)

• atomic theory similar to Cs (0.4 - 0.5 % uncertainty), so progress in this 
direction required to go beyond  Wood et al.

• can expect that all aspects improve over time (already happening: new 
Cs (alkali) APNC calculation by Derevianko et al.)
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Working our way down: Spectroscopy of the highly 
forbidden 7s → 8s transition (indispensable for APNC, but very interesting by itself)

• One of the faintest transitions observed in atoms (osc. 
strength in Cs about 10-13 in vacuum)

• M1 amplitude due to relativistic effect and hyperfine 
interaction, mech. for M1rel has been unclear for a long time

• “Most sensitive electromagnetic transition to the accuracy of 
the relativistic description of an atomic system” (Savukov et 
al, PRL 1999)

• So far, only measured in Cs (Gilbert 1983), in context of 
APNC measurements

• Wavelengths in Rb (497 nm) and Fr (506 nm) very similar 
⇒can use same equipment 
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Relativistic atomic structure

• Savukov et al: precise calculation of M1rel for all alkalis
• importance of negative-energy states, found large effect

I. M. Savukov, A. Derevianko, H. G. Berry, and W. R. Johnson, Phys. Rev. Lett. 83, 2914 (1999)

• Rb: cancellation of terms leads to very small M1rel

• Cs: 16% discrepancy between theory and experiment
• Fr: one term dominates
• data in all 3 elements could constrain different terms
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Importance of M1 in context of APNC

• M1rel is extremely valuable benchmark  for calculations of 
relativistic effects and radiative corrections in Fr

• M1hf is best way to determine tensor transition 
polarizability β 
• β hard to measure, but essential for APNC, which 

observes the quantity

• Measure E1stark-M1 interference

• M1hf part can be reliably calculated from the hyperfine 
structure, and hence used to get β

• E1stark-M1 interference has been biggest systematic error 
in Cs APNC measurements, need to understand it
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Pre-APNC Measurements with 7s → 8s

• Can (need to) measure α, β, M1rel, M1hf  

• Follow largely procedure developed over the years by the 
Boulder group

• Big difference: atom source

• Cs beam: up to 1015 s-1 cm-2

• relevant # for comparison with trap

                   2.2 × 106 atoms in interaction region
                   (about 10 × less in 1980s work)

• 106  to 107 atoms in the precision trap should be 
sufficient to do similar work (even 105 for α)
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All of these measurements are difficult, but let’s start 
with something ‘relatively easy’

• Can we do something in a ‘standard issue’ MOT, e.g. 
developed and debugged with hyperfine anomalies/isotope 
shifts ?

• I think so
• Scalar transition polarizability

• In Fr, for E > 20 V/cm,  “α-type” Stark amplitude dominates
• at kV/cm by far easiest to detect
• need electric field, but no need to flip it
• no need to lift m-degeneracy

• start with regular MOT,  B and E fields permanent
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“α-type” Stark Amplitude Measurement

• ΔF, Δm = 0
• Rα = 0.00034 × E2  per second and atom
• 3 kV/cm, 106 atoms, 200 mW laser focused to 1 mm ∅
⇒ 3 × 109  excitations per second

• cycling scheme, can get near 100% 7s → 8s photon det. eff.

7s1/2 

8s1/2 

7p1/2 
7p3/2 

F

F’

F
F’

(1)

(5)

(6)

(2)

(3)

(4)

506 nm

718 nm

β-type: same principle, but 30x smaller
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E1stark - M1 IF Measurement

• m - degeneracy needs to be lifted
• turn off MOT fields and turn on homogenous B field for 

a few msec (10- few 10 Gauss) → new exciting 
development:  AC MOT

• or: transfer into dipole trap

• choose e.g.  F = 11/2, m = 11/2 → F = 13/2, m = 13/2 transition
• E = 2 kV/cm   ⇒  M1 excitation rate  400 × weaker than 

E1, but IF term is only 20 × down
• asymmetry under reversals is then 20% !
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E1stark - M1 IF Measurement

• 1 % measurement of asymmetry required 0.2 % on the 
overall transition

• in the shot noise limit: need to detect 250 000 excitations
• 106 atoms, 10% duty factor in the trap: can be done in a 

fraction of a second

• By performing this measurement on the ΔF = ±1 
transitions and looking at the difference, can get M1hf

• In  Fr, roughly 10 × smaller than M1rel, so statistics on 
overall transition need to be at 0.02% level, takes 100 × 
longer (about 10 seconds)
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2008 2009 2010 2011 2012 2013 2014 2015

actinide target

HF anomaly
E 1010

anapole E 1065

7s-8s M1 optical APNC

anapole, o!-line preparation (Maryland)
Rb M1 (Manitoba)

• Canadian SAP plan: high priority for francium

• Hyperfine anomalies: study of nuclear properties, tune up Fr apparatus 
(E 1010 approved)

• Anapole measurement (E 1065 approved)

• 7s-8s Stark/M1: precursor to optical APNC (in preparation)

• Optical APNC (future EEC proposal)

• e-EDM: letter of intent by H. Gould (LBNL)

approved

approved

approved
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The FrPNC members participating in S1218
(in fairly arbitrary order):
  
G. Gwinner, C. de Oliveira* (Manitoba)
E. Gomez (San Luis Potosi, Mexico)
J.A. Behr, M.R. Pearson (TRIUMF)
L.A. Orozco, A. Perez Galvan*, D. Sheng* (Maryland)
D.G. Melconian (Texas A&M)
S. Aubin (William and Mary)

* Students

Winnipeg (“where all atoms are ultracold”)
but at least it is sunny and dry...

22Friday, June 5, 2009


