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Ø Heavy,	multivalence	elements	are	good	testbeds	for	
testing	fundamental	particle	physics	interactions	à
effects	scale	as	~Z3.		à Atomic	theory	is	challenging!

Ø Previous	work	with	Group	IIIA	In		and	Tl	tested	ab	
initio	multi-valence	wavefunction	models	(Majumder	
+	Safronova group	collaborations).

Ø New	focus	is	on	Group	IV	Pb	(two	existing	precise	
PNC	experimental	results).	Improved	atomic	theory,	
but	requires	new,	accurate	experimental	
benchmarks…
Ø Comprehensive	isotope	shift	(re)measurements
Ø Polarizability	measurements
Ø Transition	amplitude	measurements

High-Precision Measurements of Atomic Structure in Pb and Other Multi-Valence Systems
John	H.	Lacy	,	Russell	Blakey	‘23,	Abby	Kinney	‘24,
Charles	Yang	‘24,	Robin	Wang	’24,	and	P.	K.	Majumder

Department	of	Physics,	Williams	College,	Williamstown,	MA	01267	USABackground

Pb	energy	levels	(group	IV)

Precise	measurements	of	E1	amplitudes	using	(thermally)	excited	states

Future	Work

Ø Majumder	group	+	Safronova	group:
	  High-precision measurement and ab initio calculation of the 
(6s26p2 ) 3P0 → 3P2 electric-quadrupole-transition amplitude in 208Pb
	 D.M.	Maser	et	al.,		Phys.	Rev.	A	100,	052506	(2019).

Work	supported	by
NSF	grant	#1912369

Towards	Lead	Scalar	Polarizability	Measurements	in	an	Atomic	Beam
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Two-laser	Faraday	Rotation	setup	for
Transition	amplitude	measurements
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Atomic beam
detected!

Transverse ABU Spectroscopy
with “chopped” 1279 + 368 nm laser

Ø  M1 amplitude 
precisely calculable, 
à ‘normalization’ 

~ 1050 oC

Indium ABU / 
polarizability results:
2013,  2016,  2018 Lead in molybdenum crucible

Broadband	Faraday	Rotation	Spectroscopy	(from	UV	→ IR)

v Similar TA ratio measurements in Pb, Tl, Ba using forbidden & excited-state E1 transitions

v Complete ongoing transition isotope shift and hyperfine structure measurements in Pb
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SAMPLE DATA (~1 min)
• One set of field-on / field-off scans for each  
•  Angle independently calibrated

v Evacuated Furnace
v Quartz cell embedded in SS 

tube + endcaps
v 3-zone heating elements for 

‘uniformity’
v 3 S-type TC’s (± 1.5o K) + 

SR630 reader

v à overall Temp 
variance/accuracy: ~  ±1 oK

v à ~ 0.5% contribution to 
overall uncertainty

ECDL (UV diode) in sealed box
Operating at -8C à 368.3 nm
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1279 nm:
4.8 µR/ Hz

368 nm:
3.7 µR/ Hz

𝑉 𝜆 = 368	𝑛𝑚
𝑉 𝜆 = 1279	𝑛𝑚
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Optical rotation: 𝚽𝐏𝐛 =
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Line shape Cerium fluoride crystal modulator

CeF3 crystal
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TRANSMISSION 
“2f” demodulated lock-in signal

FARADAY ROTATION
“1f/2f (Bon) – 1f/2f (Boff)”

Experimental details / systematics exploration

v Accessible temperature range:  700 – 850 C 
(order of mag in density)

v Can extract <E1> from either Transmission or 
Faraday signal

v Extensive line shape modeling / fitting (fix 
Doppler, B-field, fit for Lorentz)

v Remove Faraday/angle background with 
‘field-off’ scans

v Calibrated FP cavities for frequency axis 
determination

v Similar experiment with 406 nm E1 transition

Sample temperature
/Boltzmann factor

TC 1 TC 2 TC 3

1279 nm (locked) 368 nm (scan)

Verdet constant ratio accurately measured

20 cm 
Quartz Pb cell

𝝁𝐫𝐚𝐝 level noise

Preliminary data in 
agreement with theory!

Zeeman shift
2𝛿𝜈

2019	 𝐸2 amplitude	result Quantity (rel. to 
vapor cell @ 

800 °C)

Vapor 
cell in 

furnace

Atomic beam (@ 1050°C)

Peak absorption
cross section

s0 s0  ×10	(Doppler	narrowing)

3P1 
number density

n0 n0 ×	50	(M1	pre − pumping)
	 ×	10	(thermal/Boltzmann)
×	10!"	(Geometrical	loss)

Interaction 
length

! !"" ×	0.2	(atomic	beam	width)

Optical depth 1 𝟎. 𝟏

Ø Quadratic	Stark	shift: Δ𝐸 = − C
D
𝛼0𝓔D

Ø Scalar	polarizability,	𝛼0,	calculable	
given	atomic	wavefunctions	→
measurements	of	𝛼0 serve	as	
excellent	benchmark	test	of	theories.

Ø Expected	shift	of	~	50	MHz	for	
3P1→ (6p7s)	3P0 E1	transition	with	
	 𝓔	≈	20	kV/cm	- easily	resolvable		
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CeF3 unit cell

v New choice of Faraday rotator: CeF3
v Operates: 300	nm → 10	µm  
v Large Verdet constant improves S/N
v µRadian resolution from UV to IR!
v Very sensitive to crystal orientation

Lock-in signals:
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𝐼 𝜈 ,	Transmission spectrum 𝜙"# 𝜈 ,	Faraday rotation 𝜙$, modulation 
amplitude

Proportional to 
Verdet constant, 

𝑽(𝝀)

Enabled by accurate frequency 
calibration – sub-MHz level
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500 Hz, ~ 100G (AC)
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heaters (3 pairs)

208Pb cell TGG or CeF3

Unshifted – BLACK
Shifted  (20 kV/cm)– RED 

Pb-207a
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𝐼E ≈ 𝐼 𝜈 [2𝜙FG 𝜈 𝜙H cos 2𝜋𝑓𝑡 +
𝜙HD

2 cos(2𝜋(2𝑓) 𝑡) + ⋯ ]

Accounts for 
Doppler broadening
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Alonso-Medina,
 (2001) 
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Prelim data
750-830 °C

Detection method


