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Follow-up of project IS640



Determination of nuclear quadrupole moments

Methods for long-lived (stable) nuclei:

Atomic spectroscopy

Molecular spectroscopy

Muonic / pionic spectroscopy

Methods for short-lived (excited) states:

PAC / PAD spectroscopy in solids

Moessbauer spectroscopy in solids

Level mixing spectroscopy in solids

ν𝑄 = 𝑒𝑄𝑉𝑧𝑧/ℎExperimentally measured:                                                         Problem:

Vzz (EFG) has to come from theory!

1-2%                Theoretical accuracy                          10-20%

Link via NMR to get Vzz in solids (for stable isotopes with I > 1/2)

but

impossible for several elements:

«missing link peoblem»



The “missing link” cases of nuclear quadrupole moments
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What we have done in IS640:

• Measure the quadrupole interaction in some free Cd 
(and Hg) molecules in the gas state by PAC

• Basic idea: In a linear molecule the EFG (Vzz
mol) is along 

the molecular axis 

• The rotation axis J is always perpendicular to the 
molecular axis

• The EFG along J is then, independent of J:

Vzz
rot = -1/2 Vzz

mol

• For large J the quantization should be fully along J, 
leading to a splitting frequency independent of J !



Quantum mechanics

• No J:    Ĥ = 𝑒𝑄𝑉𝑧𝑧 {
3𝑰

𝑧
2−𝐼 𝐼+1

4𝐼 2𝐼−1
}

• 𝑅 𝑡 = 𝑎0 + a1 cos(𝑤0𝑡) + a2 cos(2𝑤0𝑡) + a3 cos(3𝑤0𝑡)

• 𝑤0 =
6
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ℎ
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• With J: Ĥ = 𝑒𝑄𝑉𝑧𝑧 {
3 𝑰.𝑱 2+1.5 𝑰.𝑱 −𝐽 𝐽+1 𝐼 𝐼+1

𝐽 2𝐽−1 2𝐼 2𝐼−1
}

• Casimir formula (1933)





Calibrating the Pb quadrupole moments

Q of PAC statePresent status:

Q from some 20 PAD / LEMS 

experiments and

Vzz from some 25 PAC 

measurements in solids 

Solution:

Measure  ν𝑄 for some 

simple Pb molecules 

(PbTe,…) and apply 

quantum chemistry 

methods for Vzz

Problems:

high temperatures needed

sample production

counting statistics

higher state spin



Typical example demonstrating need for accurate Q calibration

The i13/2
-n states in Pb isotopes

Q

[efm2]

Shell model

Chong Qi 2016



The proven technique

The new high temperature technique

50nm sample (PbTe,…) on

minute (2x6mm) quartz slide

Restriction for 

torch sealing

Sliding oven for

outgassing

Quartz tube

Pushing rod

ISOLDE

beam







Test case 1: Non-linear molecule 204PbCl2

Special interest: Testing possible application to more cases,

Checking complex treatment of perturbation function  

Difficulty: Absence of periodic structure,

Obtaining sufficient statistical accuracy



Test case 2: Weakly bound molecule 111CdSe

Special interest: Checking quantum chemistry calculation for small EFG,

Testing new sample production method

Difficulty: High measuring temperature, low molecule stability



Test case 3: Molecular ion 117InI2
+

Special interest: Checking use for b- produced ionized molecules,

Extending applications to further cases (Sn «missing link»?)

Difficulty: High expected interaction frequency,

Treatment of beta-recoil in analysis



IS640 completion 1: Measuring 111Cd-dimethyl molecule

Special interest: Measuring EFG shift for weakly interacting molecules in 

solid, checking our published estimate

Measuring quasi-linear molecule

Difficulty: Sample production via chemistry, high interaction frequency



IS640 completion 2: Measuring 199Hg-dibromide molecule

Special interest:

Obtain 2nd case (after HgCl2)

for shift of EFG in molecular

solid

Testing DFT calculations

Difficulty:

Sample production for volatile 

molecule by first formation of

metal deposit and then

reaction with Br2



Summary

We plan further PAC experiments on free molecules 

Primary goal: A precision value for Q of the 4+ state 
in 204Pb

Test of novel applications of the technique:

to non-linear molecules (204PbCl2)

to unstable molecules (111CdSe)

to charged molecules (117InI2
+)

Complete IS640 studies of Cd and Hg cases:

Cd-dimethyl

Hg-dibromide



Required 

isotope

Implanted 

beam

Probe 

element

Type of 

experiment

Intensity 

[at/μC]

Target /  Ion 

source

Atoms per 

sample
nº of   shifts

204mPb 

(67 min)

204mPb 204Pb γ-γ PAC 108 UCx/

RILIS

2 x 1010 1 x 4

111mCd 

(48 min)

111mCd 111Cd γ-γ PAC 109 Molten Sn/

VADIS

2 x 1010 2 x 1

Beam Time Request

199mHg 

(43 min)

199mHg 199Hg γ-γ PAC 109 Molten Pb/

VADIS

2 x 1010 1 x 1

117Cd 

(150 min)

117Ag 117In γ-γ PAC 108 UCx/

RILIS

5 x 1010 1 x 1



Slides for discussion



Problems with previous calibration of Q via B(E2)

1. Assuming pure wavefunctions for 12+ and 10+

2. Accuracy of t1/2

3. Correction for branch feeding






