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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: 
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  ≈ APC2 + APC APNC cos φ
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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 NSI APV Hamiltonian for a pointlike nucleus

The "nuclear weak charge” Qw 
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 ⌅|⌃(r)⇧⌥ · ⇧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

for 
offline 

ref
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The Weinberg angle … does not do APV justice
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Why are low-energy experiments such as APV relatively sensitive to new 
physics at higher energy scales? My poor-man’s explanation:

APV

Z
new physics

LEP log(energy) →cr
os

s 
se

ct
io

n 
→

Parity violation from dark bosons [Davoudiasl PRD 89, 095006 (2014)] 



|6s� = |6s + �p�

|7s� = |7s + �p�

| E1Stark  +M1 +  E1PNC |2

Good news: An outstanding experiment in Cs (Wood, 1996)
Bad news:   The Cs experiment has been towering
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Antypas et al.   
arXiv:1804.05747

First demonstration of  
dependence of nuclear  
weak charge on # of 
neutrons.

weak amplitude 
relative to Stark 
induced amplitude 

Experimental accuracy ≈ 0.5% in each 
isotope! Boulder Cs: 0.35% 
But at this point, atomic theory not 
established at this level.

Finally, new stuff is happening! Mainz/Berkeley group



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

Problem:  no stable isotope 
              

Vancouver 

Pacific Spirit Forest 

TRIUMF

ISAC



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! 

We measured 7p3/2 

photo-ionization rate



Faraday Cup 

alpha detector
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Fr ions

from

ISAC

once cooled and trapped,

Fr atoms get pushed to the 

science chamber 

science
MOT
beams

Capture 
MOT

Y foil down,

receiving 

Fr ions

Y foil releasing Fr

anti-Helmholtz coils

3 pairs of

counter-prop.

laser beams

trapped atoms

push   beam

The Francium Trapping Facility at TRIUMF/ISAC
part 1: online capture trap 



Fr atoms from capture 
MOT enter herescience


MOT

beams

506 nm

light

power

buildup

cavity

electric field plates

optical pumping

beams

Science chamber

Science chamber

transparent field plates 

operate APV experiment 
inside MOT 

UHV-compatible 
power buildup cavity 
(1000x) 



D1 isotope shifts in a string of light francium isotopes

Collister et al., Phys Rev A 90, 052502 (2014) and A 92, 019902(E) (2015)

Benchmarks 
state-of-the-art 
atomic theory
in Fr by Safranova 
and others.



Hyperfine anomaly in light francium isotopes

Zhang et al., Phys Rev Lett 115, 042501 (2015)

Reconfirms that in 
terms of nuclear 
structure, 208-213
are “good” nuclei 
for APNC/
anapoles



Francium 7p3/2 photoionization — Collister et al. 2017, Can J Phys
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built	ultra-stable	(10-10	level)	
reference	cavity	for	7s-8s	spectr. first	francium	7s	–	8s	spectroscopy	

King	plot	
isotope	shifts	of		7s-8s		vs.	7s-7p1/2	
sensitive	probe	of		electron		
wavefunction	inside	nucleus

system	now	ready	for	
7s-8s	spectroscopy	campaign	
towards	APNC

Phys. Rev. A 97, 042507 (2018)
M, Kalita et al.
with ab-initio theory by Dzuba, 
Flambaum, Safronova
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not “standalone” osc. strengths

The next steps

• 7s-8s Stark spectroscopy is now ready to start

• Over 3 years, expect to work our way down towards 
detecting the APV amplitude



A Fr APNC experiment at TRIUMF

• 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 

➡But: most of the time needs to be spent on 
systematics.  

•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, 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 calculations, Porsev 
2009, Dzuba 2012)



A curiosity in francium: The nuclear charge radius is not 
experimentally known

also case in Po, At, Rn, Ra, Ac …

Can now do ab-initio calculations of 2s - 2p (x-ray and 
VUV) transitions in Li-like heavy elements to determine 
nuclear charge radius to 0.01 fm. 
A. Senchuk, PhD Manitoba, publication in preparation 

Currently no EBIT at radioactive beam facility that can 
charge-breed them. 

However, Na-like ions might offer an initial path 
Gillaspy et al. PRA 87, 062503 (2013)  
NIST-MSU-Clemson-Manitoba collab. 



Photo:
M. Kossin

Alt-Fact: This is the glow of a million 
francium atoms 

Manitoba: A. DeHart, T. Hucko, M. Kossin, A. 
Senchuk, GG, R. Collister 

TRIUMF: J. Behr, A. Gorelov, M. Kalita, M. Pearson, 
M. Tandecki 

L. Orozco, J. Zhang (Maryland), S. Aubin (William & 
Mary), E. Gomez (San Luis Potosi)



parity violation in lead parity violation in francium
neutron skin

standard model

1 -  f(r)

C. J. Horowitz, S. J. Pollock, P. A. Souder and R. Michaels, PRC 63  025501 (2001)


