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Laser Spectroscopy as a precision tool 

for fundamental and nuclear physics

Laser trapping of radioactive neutral isotopes

Perspectives (and proposals?)



INTRODUCTIONINTRODUCTION



List of atomic observables for nuclear studiesList of atomic observables for nuclear studies
→→    Hyperfine structureHyperfine structure

C=F (F+1)−J (J+1)− I (I+1)

A=
μ IBe(0)

JI
B=qeQS ⟨

∂2V

∂ z2 ⟩



List of atomic observables for nuclear studiesList of atomic observables for nuclear studies
→→    Hyperfine anomaliesHyperfine anomalies

A=A point(1+ϵBR)(1+ϵBW )



List of atomic observables for nuclear studiesList of atomic observables for nuclear studies

→→    Isotope shiftIsotope shift
→→    Mean square nuclear charge radiiMean square nuclear charge radii

→→    Quadrupole deformation parameterQuadrupole deformation parameter



List of atomic observables for nuclear studiesList of atomic observables for nuclear studies



List of atomic observables for nuclear studiesList of atomic observables for nuclear studies



RADIOACTIVE ATOM TRAPPINGRADIOACTIVE ATOM TRAPPING



Atom trap featuresAtom trap features



WWhy to trap radioactive atomshy to trap radioactive atoms??

 DECAY

A) Because it is a way of studying nuclear physics and 
fundamental processes by atomic physics tools 

B) Because it becomes possible to perform spectroscopy 
on rare species

➞ ATOMIC PARITY NON CONSERVATION
STANDARD MODEL CHECK



Trapped radioactive isotopesTrapped radioactive isotopes

“The Fr experiment at CYRC. 
Sendai is now going on, and 
last year. we finally observe 
the Fr-MOT at last, although 
the estimated number of Fr 
atoms was still limited 
compared with your 
experiment at LNL. “



ATOMIC PARITY NON ATOMIC PARITY NON 
CONSERVATIONCONSERVATION



RELEVANT ELECTRON - HADRON PROCESSES
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p is the momentum transfer
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Atomic parity violationAtomic parity violation



Different transition probabilities for two mirror - image experiments

ALR=
P L−PR

P L+P R

≃ 2Re
AW
odd

Aem

α 2(
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e−

M Z 0
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2

∼ 10−15

The amplitude AW contains a part that is odd under space reflection 
and  gives rise to a left - right asymmetry ALR by interference with Aem.
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Atomic parity violationAtomic parity violation



Completely hopeless? No!

There are  2 factors of enhancement:

A. The so - called Z3 law

• For valence electrons belonging to penetrating orbitals, 
the orbitals are deformed in the vicinity of the nucleus, 
where electrons “see” a Coulomb potential generated 
by a charge Ze. The orbital radius is given by a0/Z, in such 
a way that p2 is enhanced by Z2. 

• The various nucleons add for their contributions 
coherently: the number of nucleons grows as Z

Atomic parity violationAtomic parity violation



B.  The second source comes from the possibility of exciting 
highly forbidden transitions like 

nS1/2 � (n+1)S1/2 
in alkalis. The electromagnetic selection rules strictly forbid 
the electric dipole transition; dipole magnetic transitions 
M1 are allowed by the symmetry, not by the change in radial 
number.

The weak interaction associated with the boson exchange 
breaks this rule and gives rise to a parity violating electric 
dipole amplitude E(PV)

1: 

M 1≈4×10
−5 μB

c

E1

PV

≈10
−11

ea0

Atomic parity violationAtomic parity violation



Nuclear parameters deducible by laser spectroscopyNuclear parameters deducible by laser spectroscopy

→→    Nuclear anapole momentNuclear anapole moment
→→    Weak chargeWeak charge

With the permission of B. Sahoo



APV Cs APV Cs measurementsmeasurements

C.S.Wood et al., 

Science 275(1997)1759

To obtain an observable that is first order in the APNC amplitude, it 
is possible to apply a dc electric field E that also mixes S and P 
states. This field gives rise to a “Stark induced” E1 transition 
amplitude that is typically 105 times larger than APNC and can 
interfere with it.



APV Yb APV Yb measurementsmeasurements



Atomic parity violation roadmapAtomic parity violation roadmap



““Towards” APV measurementTowards” APV measurement

preliminary measurement
of the ratios

 1M1/M1
hf:

in the MOT cloud
to “calibrate” APV



Expected signal to noise ratioExpected signal to noise ratio



THE LNL EXPERIMENTTHE LNL EXPERIMENT



Fr has no stable isotopes

The longest lifetime is 22min

There is at most a tea spoon of 
francium in the whole Earth at any 
given time

210Fr → 3.2 min

 ⇒ continuos production and trapping
 for further studies is necessary

(Bad) facts about francium(Bad) facts about francium



(Interesting) facts about francium(Interesting) facts about francium
spectroscopically poorly known

“simple” electronic structure
several isotopes suitable for trapping
enhanced P and T violations (Z=87)



The The “traprad”“traprad”//“francium”/“francium”/“wade”“wade”   experiment experiment

L.N.L.

Fr production
197Au+180 → xn+215-xFr

Fr+ (and Rb+) 
transport 
at 3 keV

Eur Phys J ST 150 389 (2007)



The MOT cellThe MOT cell


Au 
= 5.1 eV


Y 

= 3.1 eV

 I
Fr

 = 4.1 eV



Francium trappingFrancium trapping

220 atoms 450 atoms

930 atoms

1100 atoms

560 atoms



accumulation in the cold yttrium and fast release 
by suddenly switching on the heating of neutraliser

up to 10000 atoms

Francium trappingFrancium trapping



  

Other Fr isotopes (209, 211)Other Fr isotopes (209, 211)



PRECISION MEASUREMENTS PRECISION MEASUREMENTS 
ON THE FRANCIUM LEVELSON THE FRANCIUM LEVELS  



Precision measurementsPrecision measurements

We compare the frequency of 2 lasers We compare the frequency of 2 lasers 
transmitted by a confocal FP cavitytransmitted by a confocal FP cavity

(finesse 200, FSR 2 GHz) .....(finesse 200, FSR 2 GHz) .....

....Measuring the beat signal ....Measuring the beat signal 
with a frequency meter with a frequency meter 

(accuracy better than 300 kHz) (accuracy better than 300 kHz) 



Precision measurementsPrecision measurements
Secondary frequency standard: Rb 5S – 5DSecondary frequency standard: Rb 5S – 5D

5/25/2 2 photon transition 2 photon transition

(@ 778 nm) measured with 8 kHz accuracy(@ 778 nm) measured with 8 kHz accuracy



DETECTION OF LINES BY DETECTION OF LINES BY 
CHANGE IN TRAPPED ATOM CHANGE IN TRAPPED ATOM 

NUMBERSNUMBERS



Detection results (Rb)Detection results (Rb)

Measurement Science and Technology's 
Outstanding Paper awards for 2013

http://iopscience.iop.org/0957-0233/25/7/070201



Detection results (Rb)Detection results (Rb)



Detection results (Fr)Detection results (Fr)



Detection results (Fr)Detection results (Fr)



  

OPTIMIZATION OF TRAPPED OPTIMIZATION OF TRAPPED 
ATOM NUMBERSATOM NUMBERS



  

LIAD for MOTsLIAD for MOTs

S.N.Atutov et al. Phys.Rev. A 67, 053401 (2003)
“Usual” MOT loading

LIAD MOT loading

F'= 4
F' = 3
F' = 2F' = 1

780.24 nm

5P3/2

5S1/2

F = 3

F = 2

Repumping Laser

Cooling &Trapping Laser



Rb MOT loading from YttriumRb MOT loading from Yttrium



Fr LIAD MOT loading from YttriumFr LIAD MOT loading from Yttrium



Fr MOT loading from PDMSFr MOT loading from PDMS



Room temperature neutralizer trap!Room temperature neutralizer trap!



PERSPECTIVESPERSPECTIVES



 ENERGY LEVEL DETERMINATION 

 LIFETIMES MEASUREMENTS

 COLLISIONAL STUDIES

 DIMER FORMATION 

1. New spectroscopic measurements1. New spectroscopic measurements



2. Gamma Ray Laser proposal2. Gamma Ray Laser proposal



2. Gamma Ray Laser proposal2. Gamma Ray Laser proposal



  

surface ionization mechanism

laser ionization mechanism

electron impact ionization mechanism

3. Lasers at SPES3. Lasers at SPES
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3. Lasers at SPES3. Lasers at SPES



Journal of 
Instrumentation, 
11 C09001 (2016)

3. Lasers at SPES3. Lasers at SPES



4. Collinear laser spectroscopy proposal4. Collinear laser spectroscopy proposal



4. Collinear laser spectroscopy proposal4. Collinear laser spectroscopy proposal



SPES laser groupSPES laser group



Thank you very much Thank you very much 
for the patience!for the patience!

(SPES lasers after national elections)(SPES lasers after national elections)
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