
C
ER

N
-I

N
TC

-2
02

4-
05

4
/

IN
TC

-P
-5

50
-A

D
D

-1
02

/1
0/

20
24

1 

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH 

Addendum to the ISOLDE and Neutron Time-of-Flight Committee 
 
 

Nuclear moments of excited states in neutron-rich Sn isotopes 
studied by on-line PAC (IS673) 

                                                                                        [Submission date] 
 

 
H. Haas1,2, G. Georgiev3, J.G. Correia4,2, J. Röder1,2, J. Schell5,2, H. Masenda6, H.P. 
Gunnlaugsson7, I.C.J. Yap5, T.T. Dang5, R. Santos8, A. Andreyev9, D.L. Balabanski10, Y.Y. 
Cheng11, K. Chrysalidis2, V. Fedosseev2, L.M. Fraile12, Y. Ichikawa13, A. Kusoglu14, D.C. 
Lupascu5, T.J. Mertzimekis15, A.E. Stuchbery16, H. Ueno17, S.G. Wilkins2, D.T. Yordanov3 
 
1Dept. of Physics and CICECO, University of Aveiro, Portugal; 2CERN, 1211 Geneva-23, Switzerland; 
3IJC Lab, CNRS-IN2P3, Université Paris-Saclay, Orsay, France; 4C2TN, Instituto Superior Técnico, 
Universidade de Lisboa, Portugal; 5Institute for Materials Science and Center for Nanointegration 
Duisburg-Essen (CENIDE), University of Duisburg-Essen, Germany; 6Univ. of Witwatersrand, South 
Africa; 7Science Institute, University of Iceland, Iceland; 8FMF, Universität Freiburg, Germany; 
9University of York, UK; 10ELI-NP, Bucharest, Romania; 11Dept. of Physics and Astronomy, Shanghai 
Jiao Tong University, Shanghai, China; 12Complutense University, Madrid, Spain 13Dept. of Physics, 
Kyushu University, Japan; 14University of Istanbul, Turkey; 15Univ. of Athens, Greece; 16Dept. of 
Nuclear Physics, RSP, The Australian National University, Canberra, Australia;  17RIKEN Nishina 
Center, Japan; 
 

 
Spokespersons: H. Haas (heinz.haas@cern.ch) 
G. Georgiev (Georgi.Georgiev@csnsm.in2p3.fr) 

Contact person: J. Schell (juliana.schell@cern.ch) 

 

Abstract: In the project IS673 we employ the Perturbed Angular Correlation (PAC) 
technique for measuring nuclear moments of excited states in neutron-rich Sn nuclei. In 
the two runs performed to date we have concentrated on the 5- states in 116Sn to 120Sn by 
off-line PAC from decay of long-lived Sb sources and 122Sn to 128Sn from short-lived In 
isotopes by on-line PAC. 
Though a large amount of new information has been obtained, analysis of the existing data 
has shown that a new series of off-line measurements could much improve the precision 
of the magnetic and quadrupolar moments. We therefore propose a further run using the 
Sb isotopes, partly with improved experimental facilities 
In addition, we plan to apply the Mössbauer technique using 119Sb to augment our data. 
This will also lead to a more reliable nuclear quadrupole moment for the 3/2+ state of 
119Sn and solid-state information on the technologically important system Sb in graphite. 
 
Summary of requested shifts: 6+1 shifts 
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Motivation 

The overall motivation for the ongoing project IS673 has been detailed in the original 
project proposal [1] and shall not be reproduced here. Instead, we concentrate on the 
results obtained to date and the possibility to improve the results for the nuclear 
moments, both quadrupolar and magnetic, of the 5- states in 116,118,120Sn that form the 
basis for the studies of the more neutron-rich Sn isotopes with the on-line PAC 
technique. A short summary of our existing experimental results from the first two 
experimental runs concentrating mostly on the 5- states of predominantly (h11/2s1/2) 
configuration will be presented first. The first, off-line run, October 2021, was 
performed with Sn nuclei in decay of 116,118,120Sb isotopes with reasonably long half-
lives. For the study of the heavier Sn isotopes in a second run, June 2023, the short half-
life of the necessary 122,124,119In isotopes required the use of an on-line PAC setup, 
practically forbidding sample annealing preceding the measurement. 

The still lacking possible full precision for the nuclear moments obtained will here be 
documented and a series of experiments proposed to get still more precise and fully 
reliable values. 

Summary of experiments performed (source and state half-life, Tm, Tann and result) 

Parent 

isotope 

T1/2 T1/2i 

[ns] 
I host TM 

[°C] 

TA 

[°C] 

Q 
[MHz] 

L 

[MHz] 
116mSb 1 h 320 5-- Zn SC RT as imp --  

    Zn SC  350 --  
    Fe foil  650  4.63(4) 

118mSb 5.1 h 22 5-- Zn SC RT as imp <50(15)>  

    Zn SC  300 45(3)  
    graphite RT as imp <157(4)>  
    graphite  450 177(2)  

    Fe foil  as imp  <4.2(2)> 
    Fe foil  600  4.17(10) 

    Fe foil  600  4.07(6)ap 
120Sb 6 d 6 5-- graphite RT as imp <40(10)>  
119In 144 s 18 3/2+ Zn foil RT as imp 34.5(8)  

122mIn 11 s 8 5-- graphite RT as imp <90(20)>  

    Fe foil    <5.0(15)> 
124mIn 3.7 s 520 5-- Zn SC RT as imp 51.2(2)  

    Cd SC   32.5(4)  
    Fe    4.88(6) 

Measurements are done from decay of parent isotopes Sb or In on Sn excited state “i”  
RT= Room Temperature, ap = applied external magnetic field (polarization) 

 

Quadrupole interaction results 

The quadrupole moment (Q) of the 5- isomeric state has been determined in a series of 
Perturbed Angular Distribution (PAD) measurements of various high spin states in Sn 
isotopes [2] using Cd at high temperature as matrix, applying the then known B(E2) 
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value [3]. With the later somewhat changed B(E2) value [4] one calculates Q=.304(8) b. 
This number will serve as reference for all the other states. For this purpose, the 
quadrupole interaction frequencies (Q) must be measured in the identical matrix (and 
temperature). Zn being known to be the simple metal matrix with the highest Q, this 
was our original choice. A direct measurement, unfortunately, was not successful, 
partially from run time limitations and the also the difficulty in proper annealing of Sb. 
The necessary Q may be obtained, however, from the electric field gradient (efg) ratio 
between Zn and Cd determined from on-line PAC of the 5- state in 124Sn following In 
implantation, see Fig 1. 

 

Fig 1: Results for 124InZnSC and 124InCdSC                  Fig 2: Effect of annealing on 118SbGraphite  

 

118Sn(5-): The PAC measurements for implanted 118mSb in Zn single crystals all show a 
similar G(t) decrease in the time range of 10 to 50ns as expected. The actual shape, 
however, depends somewhat on the annealing conditions used. The fitted perturbation 
function for the most trustworthy case has been analysed and a preliminary value of Q 
obtained. For implantation into graphite, where the highest, but not unique, Q was 
observed, the PAC spectra are presented in Fig 2. Clearly, the annealing at 450C has 
produced a practically unique site with a high interaction frequency. This observation had 
not really been expected and primarily triggered the present proposed new off-line 
experiment series. 

120Sn(5-): After implantation into graphite, and also following the identical annealing, 
only the initial decrease of the perturbation function can be observed. Since, however, 
the exact functional form of G(t) is known, a relatively precise ratio of Q relative to 118Sn 
can be obtained. 

122Sn(5-): For technical reasons, the experiments had to be performed at room 
temperature in graphite and obviously no annealing following the In implantation was 
possible. Not having a better possibility at present, the observed perturbation was fitted 
with the one observed for 118Sn following Sb implantation, leading to a considerably 
smaller Q. A more reliable quantitative description would require that the functional 
form to be expected under these conditions. This would first have to be studied 
following In implantation for a case where Q is known. The corresponding experiment 
using 118Sn produced from In has been suggested in our original proposal. It is, however, 
technically quite demanding and could not be included in the first on-line PAC run. 
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124Sn(5-): For this isomeric state the on-line PAC technique has resulted in very precise 
results, also partly because the observed state half-life is practically twice as large as the 
one given in the literature. The perturbations measured for RT implantation of 124In in 
Zn and Cd, shown in Fig 3, demonstrate that no attenuation is present and very precise 
interaction frequencies have been obtained. From the ratio of the two one obtains a 
reliable Q value for the case of 116Sn in Zn at RT, practically only limited by the 
corresponding number in Cd.  

119Sn(3/2+): In order to demonstrate the use of on-line PAC for implantations into Zn at 
RT, a measurement of Q was also performed following implantation of 119mIn. The fitted 
frequency is in full agreement with the previously obtained value from ISOLDE 
Mössbauer data [5]. 

Magnetic interaction results 

116Sn(5-): On implantation into iron foil and annealing the observed R(t) had the 
expected shape of a magnetic interaction experienced by about 70 % of the nuclei (see 
Fig 3) in the known magnetic hyperfine field [6] obtained from 119Sn Mössbauer 
spectroscopy. As the extracted magnetic moment agrees with the one from PAD 
experiments in an external magnet [3], one has to conclude that between 116Sn(5-) and 
119Sn(½+) no appreciable hyperfine anomaly exists. 

 

Fig 3: Results for 116SbFeann and 124InFe 

118Sn(5-): Since measurements in a nonpolarized iron sample did not allow a precision 
magnetic interaction due to the relatively short nuclear state half-life, an experiment in a 
polarizing magnet was performed using a 5-detector PAC setup. A clear pattern was 
observed with this configuration that shows only the expected precession at two L.   

122Sn(5-): Though the quite short state half-life limits the obtainable accuracy, a fit to the 
functional form obtained for RT implantation of 124In into iron (Fig 3) can be considered 
as reliable. 

124Sn(5-): The on-line PAC measurement after 124In implantation into iron, shown in Fig 
3, allows a precision determination of the magnetic moment, assuming that the effective 
hyperfine field is identical to the one acting in an annealed foil after Sb implantation, as 
observed in the off-line measurement for 116Sn(5-). 
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Summary of nuclear moment results 

The values for the nuclear moments obtained from the two runs of IS673 are presented 
in Fig 4, where they are also compared to previous results. Tentative values applying 
additivity relations with the corresponding nuclear moments of the neighbouring odd-A 
Sn isotopes [7] can qualitatively explain the observed positive trend (red lines) for the 
quadrupole moments. Only a minor discrepancy is noted for the moment ratio between 
mass 116 and 118. The tentatively seen negative trend in the data for the magnetic 
moments, however, goes against an equivalent treatment. 

 

Fig 4: Compilation of present results 

The major problems of the present data are accurate numbers for the 116Sn to 118Sn 
quadrupole moment ratio and the RT value of the 116Sn nQ, both being related to our 
failure in obtaining precision data from implantations into Zn. The absence of accurate 
values for the 118Sn and 120Sn magnetic moments and the missing understanding of the 
unpredicted trend from mass 116 to124 is also troubling. 

In order to address these problems and improve the accuracy of several cases, we here 
propose a series of new off-line PAC measurements and new off-line Mössbauer 
experiments using implantation of 4 different Sb isotopes. These would be performed 
employing a variety of experimental facilities existing at ISOLDE in a run lasting 2 days. 
In addition, we plan two measurements as participants of a run of the ISOLDE on-line 
Mössbauer project using In beam, taking about 8 hours. 

Proposed new off-line PAC and Mössbauer measurements 

These experiments with Sb isotopes implanted into the solids will require annealing of 
the samples prior to the PAC measurement. As the necessary procedures are now mostly 
known from our previous run, we here propose 8 new measurements with: 

a) Measuring Q for 116Sn(5-) in graphite 

We have a precise value of Q for mass 118 measured in graphite. A spectrum for 116Sb, 
annealed in a way identical to the one found for 118Sb, will fix the somewhat imprecise 
ratio Q(118) to Q(116) mentioned above.  Unfortunately, this experiment is the most 
difficult of the ones suggested here. It could require the use of up to 16 samples to obtain 
the necessary statistical reliability. 

b) Measuring Q for 116Sn(5-) in Cd 
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Since all nuclear quadrupole moments determined in project IS673 at present depend 
on the available PAD data for the quadrupole frequencies for 116Sn(5-) in Cd at higher 
temperatures, extrapolated to RT. A direct measure of this quantity would remove the 
inherent inaccuracy [8][9]. For this reason, we propose to measure the corresponding 
frequency directly after implantation of 116Sb followed by a moderate annealing 
procedure. Though a direct proof of this is still missing, from general experience a 
successful annealing should be much more likely in Cd than in Zn. 

c) Remeasuring Q for 118Sn(5-) in Zn 

In our initial project the use of Zn, where the highest value for simple metals was 
expected optimal for a consistent determination of the Q(118) to Q(116) ratio was 
expected. Since somewhat inconsistent results were obtained, we now propose to 
determine this value in Cd, assuming the Cd implantations in experiment b) (above) are 
successful. Even without a positive output from experiment a) a more consistent value 
for this number would be important. The samples and annealing procedures would 
obviously have to be fully identical to these used in b). 

d) Measuring an accurate magnetic moment for 118Sn(5-) in liquid 

In principle the measurement of a magnetic moment in a high magnetic field externally 
applied is the most reliable PAC method, in particular when liquid sources can be used. 
At ISOLDE a facility has been constructed with a field of 8.5 T, practically identical to the 
one acting in our measurement of this moment in polarized iron, where a spectrum of 
high statistical accuracy could be obtained. We now propose such a measurement in 
liquid Ga (or water) using the MULTIPAC [10] facility.   

e) Studying L for 118Sn(5-) in Gd 

Observing the magnetic precession in the known [11] strong hyperfine field for Sn in Gd 
should be another approach to determine a precise value for m, assuming a successful 
annealing procedure can be found. 

f) Measuring the magnetic moment for 120Sn(5-) in Gd 

A precise value for  of 5- in 120Sn can only be hoped for if the previous tests e) with 
118Sb implantation into Gd have been successful, even though such a PAC measurement 
can be performed with unprecedented statistical relevance. A measurement as d) would 
be a possible alternative, but necessarily less precise due to the much smaller half-life to 
magnetic field ratio. 

g) Mössbauer measurement for 119Sn(3/2+) in graphite after Sb implantation 

The Mössbauer spectrum for 119Sb implanted graphite, annealed in the same way as the 
corresponding mass 116 (or 118) PAC spectrum, (Simulation below) will directly deliver 
the ratio of the corresponding quadrupole moments to the one of 119Sn(3/2+), with an 
accuracy considerably greater than the one available to date. Thus, Q for the Mössbauer 
state will be determined in a completely different way. Our previous approach along a 
similar path in the analysis of a very early ISOLDE experiment [5] had determined Q = 
.109 b, much different from the one accepted at present [12], .132(1) b [13]. In addition, 
a study of the annealing behaviour of the graphite-Sb system, of possible technological 
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interest for the efficiency of Li batteries [14], could easily be done within such a 
Mössbauer study. 

h) Mössbauer spectrum for 119Sn(3/2+) in iron after Sb implantation 

A precise measurement of the effective hyperfine field distribution as function of 
annealing procedure for Sb implanted into Fe is proposed, a system that has already 
been roughly studied with Mössbauer spectroscopy earlier [15]. The results will 
complement our existing 116Sn PAC measurement and its interpretation. 

Proposed on-line Mössbauer measurements 

i) Mössbauer spectrum for 119Sn(3/2+) in iron after In implantation 

This measurement will directly allow a study of the magnetic hyperfine field distribution 
acting at Sn following implantation as In at room temperature, which might be different 
from the one known to act in annealed samples, used in our present analysis. This might 
possibly explain the inconsistency of the magnetic moment for 124Sn(5-) determined from 
our on-line PAC measurement with theoretical expectations. 

j) Mössbauer spectrum for 119Sn(3/2+) in graphite after In implantation 

The measurement of the efg distribution following on-line implantation of 119In, to be 
studied by Mössbauer spectroscopy, will help to interpret existing data of the first on-
line PAC experiment of IS673, but also in preparing future such studies. Due to the 
presence of isomer shift effects in the data, however, it cannot fully replace the difficult 
measurement of this effect using on-line PAC in 118In decay as suggested in the original 
proposal. 

Summary of requested implantations and proposed measurements  
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Details for the Technical Advisory Committee 

3.1 General information 

Describe the setup which will be used for the measurement. If necessary, copy the list for 
each setup used. 

⊠ Permanent ISOLDE setup: Moessbauer and digital PAC spectrometers 

 ⊠ To be used without any modification 

☐  To be modified: Short description of required modifications. 

☐ Travelling setup (Contact the ISOLDE physics coordinator with details.) 

☐ Existing setup, used previously at ISOLDE: Specify name and IS-number(s) 

☐ Existing setup, not yet used at ISOLDE: Short description 

 ☐ New setup: Short description 

3.2 Beam production 

For any inquiries related to this matter, reach out to the target team and/or RILIS (please 

do not wait until the last minute!). For Letters of Intent focusing on element (or isotope) 
specific beam development, this section can be filled in more loosely. 

• Requested beams: 

Isotope Production yield in focal 

point of the separator (/µC) 

Minimum required rate 

at experiment (pps) 

t1/2 

116mSb 

118mSb 

120Sb 

119Sb 

119In 

5 107 

108 

2 108 

2 108 

2 108 

2 106 

108 

2 107 

2 107 

2 107 

1h 

5h 

120Sb 

119Sb 

119In  

• Full reference of yield information: IS673 and standard Mo ssbauer runs 

• Target - ion source combination: UC/RILIS 

• RILIS? yes 

☐ Special requirements: (isomer selectivity, LIST, PI-LIST, laser scanning, laser 

shutter access, etc.) 
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• Additional features? 

☐ Neutron converter: (for isotopes 1, 2 but not for isotope 3.) 

☐ Other: (quartz transfer line, gas leak for molecular beams, prototype target, 

etc.) 

• Expected contaminants: Isotopes and yields 

 

• Acceptable level of contaminants: (Not much sensitive to stable contaminants ) 

• Can the experiment accept molecular beams? 

• Are there any potential synergies (same element/isotope) with other proposals and 
LOIs that you are aware of? All Mo ssbauer projects 

3.3 HIE-ISOLDE 

For any inquiries related to this matter, reach out to the ISOLDE machine supervisors 
(please do not wait until the last minute!). 

• HIE ISOLDE Energy: (MeV/u); (exact energy or acceptable energy range) 

⊠ Precise energy determination required 

☐ Requires stable beam from REX-EBIS for calibration/setup? Isotope? 

• REX-EBIS timing 

 ⊠ Slow extraction 

 ☐ Other timing requests 

• Which beam diagnostics are available in the setup? 

• What is the vacuum level achievable in your setup? 

3.4 Shift breakdown 

The beam request only includes the shifts requiring radioactive beam, but, for practical 
purposes, an overview of all the shifts is requested here. Don’t forget to include: 

• Isotopes/isomers for which the yield need to be determined: None 
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• Shifts requiring stable beam (indicate which isotopes, if important) for setup, 
calibration, etc. Also include if stable beam from the REX-EBIS is required. No 

An example can be found below, please adapt to your needs. Copy the table if the beam 
time request is split over several runs. 

Summary of requested shifts: 

With protons Requested shifts 

Data taking, 116mSb  ) 

Data taking, 118mSb  ) 

Data taking, 120Sb     ) 

Data taking, 119Sb     ) 

 

Data taking, 119In      

6 in total 

 

 

1 

Without protons 0 

  

 

3.5 Health, Safety and Environmental aspects 

3.5.1 Radiation Protection  

• If radioactive sources are required: 

– Standard sealed gamma test samples 

– Na22, 133Ba 

– Activity? 

– Sealed 

• For collections: 

– Number of samples: up to 36 

– Activity/atoms implanted per sample: typically 1010 at/sample 

– Post-collection activities? (annealing in noble gas or vacuum.) 

3.5.2 Only for traveling setups 

• Design and manufacturing  

⊠ Consists of standard equipment supplied by a manufacturer  
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☐ CERN/collaboration responsible for the design and/or manufacturing 

 

• Describe the hazards generated by the experiment: 

Domain Hazards/Hazardous Activities  Description 

Mechanical Safety 

Pressure ☐ [pressure] [bar], 

[volume][l] 

Vacuum ☐ In small tubes 

Machine tools ☐  

Mechanical energy (moving parts) ☐  

Hot/Cold surfaces ☐ In small furnaces 

Cryogenic Safety Cryogenic fluid ☐ [fluid] [m3] 

 

Electrical Safety 
Electrical equipment and installations ☐ [voltage] [V], [current] [A] 

High Voltage equipment ☐ [voltage] [V] 

Chemical Safety CMR (carcinogens, mutagens and toxic 

to reproduction) 
☐ [fluid], [quantity] 

Toxic/Irritant ☐ [fluid], [quantity] 

Corrosive ☐ [fluid], [quantity] 

Oxidizing ☐ [fluid], [quantity] 

Flammable/Potentially explosive 
atmospheres ☐ [fluid], [quantity] 

Dangerous for the environment ☐ [fluid], [quantity] 

Non-ionizing 

radiation Safety 

Laser ☐ [laser], [class] 

UV light ☐  

Magnetic field ☐ magnetic field [8.5T] 

Workplace Excessive noise ☐  

Working outside normal working hours ☐  

Working at height (climbing platforms, 

etc.) 
☐ 

 

Outdoor activities ☐  

Fire Safety 

Ignition sources ☐  

Combustible Materials ☐  
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Hot Work (e.g. welding, grinding) ☐  

Other hazards    

 


