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Abstract 
 

We propose to measure the atomic masses of a series of short-lived nuclides, 
including 70Ni, 122-130Cd, 134Sn, 138,140Xe, 207-210Hg, and 223-225Rn, that contribute to 
the investigation of the proton-neutron interaction and its role in nuclear structure. 
The high-precision mass measurements are planned for the Penning trap mass 
spectrometer ISOLTRAP that reaches the required precision of 10 keV in the 
nuclear mass determination. 
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Introduction and motivation: 
 
The structural evolution in atomic nuclei as a function of the neutron number N and the proton 
number Z can be largely understood as a result of proton-neutron (p-n) interactions. The p-n 
interaction also plays an important role for the development of configuration mixing, the 
onset of collectivity and ellipsoidal shapes in nuclei, single-particle energies and magic 
numbers, and the microscopic origins of quantum-phase-transitions in the geometrical shapes 
of atomic nuclei [1-3].  
 
The sum of all nucleonic interactions is reflected by the binding energies. While single 
differences of binding energies give separation energies, double differences of binding 
energies can isolate specific classes of interactions. One of them is the average interaction of 
the last two protons and the last two neutrons, δVpn, for even-even nuclei [4], which is given 
by the following double difference equation: 
 
     δVpn (Z,N)  =  ¼ [ {BE(Z,N) - BE(Z, N-2)} - {BE(Z-2, N) - BE(Z-2, N-2)} ], (1) 
 
where the binding energy BE is defined as:  
 
     BE(Z,N)  =  [(Nmn + Zmp – m(Z,N) ] c2. (2) 
 
Thus, to calculate δVpn values, the corresponding nuclear masses m(Z,N) are required.  
 
The first investigation on δVpn by J.-Y. Zhang et al. in 1988 [4] was extended after the latest 
Atomic-Mass Evaluation (AME) in 2003 [5] which allowed to calculate many more δVpn 
values [6,7]. These studies published in Phys. Rev. Lett. revealed a number of interesting 
results such as evidence for an empirical correlation between δVpn values and growth rates of 
collectivity [8], and intriguing patterns in specific regions of the nuclear chart.  
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Figure 1: Left: Empirical δVpn values for the 208Pb region. Red and blue colors emphasize changes in 
δVpn depending on the nl values in the proton and neutron orbits, respectively. The gray arrow shows 
the sudden jump at N=128 (based on Ref. 6). Right: Color coded δVpn values in a Z-N chart for the 
same nuclei as in the left-hand side figure (based on Ref. 6). 
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Figure 2: Empirical δVpn values for even-even (top) and for even-Z, odd-N nuclei (bottom) at N~50 
(based on Ref. 7). 
 
Calculations of δVpn using a simple zero-range δ–force [9] accounted for some of the 
experimental δVpn values in the rare earth region but do not work for the actinides [10]. 
However, the recent first large-scale microscopic nuclear density-functional theory (DFT) 
calculations of δVpn show nice agreement wit e overall data trends and even the detailed 

ehavior in certain mass regions [11]. These calculations are state-of-the-art and make 

 the vicinity of clos s of proton-neutron orbit 
ccupations, nlj, in the shell model. One example is given by the 208Pb region. Figure 1 (left) 
hows empirical δVpn values for this region. It is obvious that there are two trends for N ≤ 126 
uclei. One of them can be defined for nuclei with Z≤82, for which the δVpn values increase. 
his result is expected in terms of nlj arguments: A shell for normal parity orbits begins with 
igh j (angular momentum) and low n (principal quantum number) and ends with low j, high 
. Therefore, just below the Z=82 and N=126 closed shells, protons and neutrons are filling 
imilar nlj orbits, the overlap between proton and neutron orbits is large, and large δVpn values 
re expected. The opposite trend can be seen for nuclei with Z>82, which have decreasing 
Vpn values. Here, low δVpn values occur because the particles are filling dissimilar orbits. 
here is also a sudden increase just after N=126 in Fig. 1 (left), where protons and neutrons 
re added just above the Z=82 proton and N=126 neutron closed shells. Again, large δVpn 
alues are expected. 

h th
b
predictions for new masses whose measurements would both provide interesting tests of them 
in new regions and also help to pinpoint degrees of freedom where the interactions used in 
these calculations might be improved. 
 
In ed shells one can understand δVpn values in term
o
s
n
T
h
n
s
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As shown in Fig. 1 (left), there is no data just after 208Pb, i.e. there is no data for Z≤82 and 

>126. This region corresponds to lower right quadrant in Fig. 1 (right). Low δVpn values are 
xpected in terms of orbit filling (protons will fill just below a shell, while neutrons are above 
e N=126 shell). With the availability of more data (i.e. mass values), a sudden decrease at 
=128 for Z≤82 could be observed. At least, it is expected to see lower values than ~200 keV. 
o check this idea, new high-precision mass measurements in this region are required. One 
xample is δVpn (210Pb), for which the 210Pb, 208Pb, and 206Hg binding energies are already 
ell-known, but as reported in the latest AME, the mass of 208Hg is unknown. With a mass 
easurement of this nuclide it will be possible to calculate δVpn (210Pb), i.e. the very first δVpn 

value in the lower quadrant in Fig. 1 (right), and thus be able to check the predictions 
mentioned above. 

, especially for Zr and Mo, has an anomaly in the δVpn results, which we 
 

filling (fp = Z/32, fn= N/44), δVpn values are expected 
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The N=56 region
cannot understand in terms of orbit filling. A down trend is seen for Mo, while an increase is 
observed for Zr at N=56 (see Fig. 2 (top)). Since four binding energies are required to 
calculate one δVpn value, the anomaly can originate from any of these four. For even Z (or N) 
and odd N (or Z), there are similar spikes down and up for both Mo and Zr at N=55 (see 
Fig. 2 (bottom)). Since 94Zr and 96Zr are stable nuclei, their mass values are likely correct. 
Thus 95,97Zr are of interest for new mass measurements. For more information see Ref. [7]. 
 
Figure 3 shows another color coded graph for the region Z=50-82 and N=82-126. If protons 
and neutrons have a similar fractional 
and observed to be large along the diagonal line. Further away from the diagonal line, δVpn 
values should be lower. 158Sm is obviously anomalous in this sense: It has a low δVpn value 
yet it lies near the diagonal line. To check this value, the 158Sm, 156Sm, 156Nd, and 154Nd mass-
excess values are needed to a precision of at least 10 keV. Table 1 summarizes the known 
data and shows the need for further high-precision mass measurements.  
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

F  Empirical δVpn values at the major shells Z=50-82, N=82-126 with proton and neutron 
fractional filling values (fp and fn) (based on Ref. 6). 
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Table 1: Four mass excess values related to δVpn(158Sm). Mass excess taken from [5] 
 

Nucleus Mass excess (keV) Uncertainty (keV) 
158Sm -65210 80 
156Sm -69370 10 
156Nd -60530 200 
154Nd -65690 110 

 

ld be measured.  In 
ome cases, the ma δVpn value can be 
etermined. The aim is to find the first δVpn value in the lower right quadrant of Fig. 3, which 

can be addressed with a new mass measurem nt of 208Hg. Similar to the 208Pb region, the 
132Sn mass region needs additional and new measurements. For example, 132Cd is required to 
calculate δVpn(134Sn). Furthermore, existing mass values may be wrong, possibly in the Mo 
mass region. Finally, some masses need to be determined to resolve differences between DFT 
calculations [11] and the present experimental data with respect to nuclear structure, as in the 
case of 158Sm. 
 
Experimental setup and overview of nuclide  
 
Mass measurements for the δVpn study need to be performed with an uncertainty of about 10 
keV, which corresponds to a relative uncert nty of below δm/m=10-7 in the heavy mass 
region around A=200 for an individual nuclide mass. It can and has been provided so far only 
by Penning trap mass spectrometers like ISOL AP at ISOLDE/CERN [12].  
 
With ISOLTRAP over 300 exotic nuclides have already been investigated, meanwhile 
reaching regularly a relative mass accuracy o the order of δm/m=1·10-8 [13]. Nuclides with 
production rates as low as 100 ions/s and half- s can be addressed. The 
experimental setup and recent technical developments will be briefly introduced in the 
following: 

paration and purification of radioactive ion 
unches he 60-

keV ISO d quency 
quadrupole (RFQ),  a  1 inants that are still 
present after mass w or  magnets, can be 
removed in the first, ically shaped Penning trap: With a lotron excitation of the 
ion motion within a h  the ions o rest can be mass-selected, 
reaching a resolving r of up to 105. The isobarically pure ion bunch is then 
transferred to the hyperbolic precision Penning trap, where possible isomeric ions can be 
removed by application of a resonant dipolar rf excitation.  

 
Except for 156Sm, the nuclides of interest have large mass uncertainties. Thus it may be that 
δVpn(158Sm) = (250 ± 61) keV is wrong. DFT calculations [11] give ~320 keV, which is a 
reasonable value along the diagonal line in Fig. 3. The value should be checked by measuring 
the 154 Nd, 156Nd, and 158Sm masses. 
 
In summary, there are several reasons why particular δVpn values shou
s ss of the required nuclides is currently unknown and no 
d

e

s:

 
ai

TR

f 
lives well below 100m

 
SOLTRAP employs three ion traps for the preI

b  delivered by ISOLDE as well as for the measurement of the atomic mass. T
LDE ion beam is first stopped, coo ed, an  bunched in a linear radio-frel

which has
 s n 

n efficiency of up to
ith eit  GPS 

5%. Isobaric contam
 the HR separatorelectio her the S 

 cylindr
 buffer-gas environment,

n rf cyc
elium f inte
 powe  m/Δm=

 
The mass measurement principle is based on the very precise determination of the cyclotron 
frequency νc=qB/(2πm) of ions with mass m and charge q that are stored in a strong and 
homogeneous magnetic field B. With the time-of-flight cyclotron-resonance technique the 
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gain of radial energy in the Penning trap after a quadrupolar rf excitation is probed by 

es can be used more efficiently. In addition, nuclides with even lower production 
yclotron frequency determination was also 

e-separated oscillatory fields for the 

r electron impact ionization in front of the RFQ buncher in order to deliver not 

r 115Pd, which was measured for a 

eparation Penning trap. Further 

monitoring the change of the time of flight towards an external detector after axial ejection of 
the ions from the trap. The magnetic field strength is determined by measuring the cyclotron 
frequency of a reference ion with well-known mass. The mass of the ion of interest is finally 
deduced from the ratio of the two cyclotron frequencies. [14]  
 
Within the last year several technical improvements have been realized at ISOLTRAP: The 
efficiency was increased by a factor of three by implementing a new detector that uses a 
Channeltron with a conversion dynode [15]. With the new detection efficiency of above 90% 
almost true single ion counting is possible. This gives better control of ion contamination and 
eam timb

yields can be addressed. The precision of the c
proved by a factor of about three, using timim

quadrupolar rf excitation in the precision trap (so-called Ramsey technique) [16]. The new 
method has been thoroughly tested for stable nuclides and was successfully applied in two on-
line runs in 2006, when the masses of 38,39Ca and 26,27Al were measured with statistical 
uncertainties as low as 2·10-9 within a few hours.  
 
Closely related is the investigation of the temporal stability of the magnetic field strength. It 
was observed that the magnetic field strength, and thus the cyclotron frequency, depends on 
the temperature inside the warm bore of the magnet. A temperature regulation was installed in 
order stabilize the temperature to variations below +/-10mK. Finally, two new ion sources 
have been installed at ISOLTRAP: a new graphite oven with an additional gas cell including a 
ilament fof

only stable alkali ions but also stable ions of other elements including gaseous ions like 
helium, and a new carbon cluster ion source in front of the preparation Penning trap, in order 
to obtain carbon clusters as ideal reference masses. Both ion sources are in commissioning. 
 
Those radionuclides that are of interest for the δVpn study and which are accessible at 
ISOLTRAP are summarized in Table 2. In some cases a mass measurement can be scheduled 
and performed right away, while in other cases some target development is required. For 
nuclides with so far unmeasured production yields, further information is given below: 
 
116,118,120Pd: 
n the ISOLDE yield data base there is only a yield given foI

UCx target and surface ionization. For the more neutron-rich nuclides lower yields are 
expected due to a slow diffusion of Pd out of the target. With a (to be developed) RILIS 
scheme a significantly higher ionization efficiency would help to boost the yields. In this case 
only In isotopes would remain as isobaric background. Further yield and target tests are thus 
required. 
 
150Ce, 154,156Nd, 158,160Sm: 
For the Lanthanides the purity of the beam is likely a limiting factor. With ISOLTRAP a 
esolving power of more than 30000 can be achieved in the prr

yield measurements for a UCx target with a CF4 leak and possibly RILIS application for Nd 
and Sm are required.  
 
207-210Hg: 
For the nuclide 207Hg it is possible to use a standard molten Pb target with an MK3 ion 
source. More neutron-rich nuclides need to be produced with a UCx target, supplied with a 
quartz transfer line in order to remove or reduce the contamination due to Fr. A RILIS scheme 
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for Hg is available at ISOLDE. The yields are expected to be above 103 ions/s, i.e. sufficient 
for a mass determination.  
 
 
Table 2: Selection of radionuclides of interest (yields taken from the ISOLDE web page data base). 
For nuclides where no yield or target/ion source is given, some further information is mentioned in the 
text. 
 

δVpn nuclide Nuclide to be
measured  

Half-life  
T1/2

Target / 
ion source 

est. Yield 
(at/μC) 

72Zn, 74Zn 70Ni  6 s UCx / RILIS 1·104

84Se,86Se 82Ge  4.55 s UCx / HP 7·104

118Cd, 120Cd 116Pd  11.8 s   
120Cd, 122Cd 118Pd  1.9 s   
122Cd, 124Cd 120Pd  0.5 s   

125In, 126Sn, 122Cd, 124Cd 122Cd  5.24 s UCx / RILIS 3.5·107

125In, 126Sn, 128Sn, 124Cd, 126Cd 124Cd  1.25 s UCx / RILIS 7.7·106

128Sn, 130Sn, 126Cd 126Cd  0.52 s UCx / RILIS 8.9·105

130Sn, 132Sn 128Cd  0.28 s UCx / RILIS 1.3·105

132Sn, 134Sn 130Cd  162 ms UCx / RILIS 1·104

134Sn 134Sn  1.12 s UCx / HP+34S 1·105

138Xe, 142Ba 138Xe 14.1 m UCx / CP 5.7·108

142Ba 140Xe 13.6 s UCx / CP 3.5·108

152Nd 150Ce  4.0 s   
158Sm 154Nd 25.9 s   
158Sm 156Nd 5.5 s   
158Sm 158Sm 5.3 m   
162Gd 160Sm 9.6 s   
209Pb 207Hg  2.9 m   

210Pb, 211Pb, 212Pb 208Hg  ~ 42 m   
211Pb 209Hg  37 s   
212Pb 210Hg     
225Ra 223Rn  24.3 m UCx / CP 2.5·106

227Ra 224Rn  107 m UCx / CP 2.8·106

227Ra 225Rn  4.7 m UCx / CP 1.7·105

 
 
Beam time request: 
 

In Table 3 a list of nuclides is given, indicating which masses we would like to measure in 

and those for which further yield measurements and target tests are required (*). In some 
ases there is an overlap to a previous proposal for mass measurements or to a new proposal 

on trap-assisted spectroscopy, in   the f shi e 
remaining new cases we ask for 14 shifts of beam tim

 
 
 
 

the next two years that are relevant for the δVpn study. We have divided the list in two parts; 
those masses which we would like to address first, since they are readily available at ISOLDE 
(**) 
c

dicated by an asterisk at number o fts. For th
e. 
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Table 3: Overview of radionuclides, for which shifts are sted in this p osal. The nuclides are 
sepa espect to their availabili OLDE ifts marked with 
a  prop another new propos r the Rn 
isotopes can be merged into one beam tim

 

 reque rop
rated into two groups with r ty at IS . Beam-time sh

n asterisk overlap with a previous osal or al. The runs fo  Xe and 
e.  

Nuclides No. of shifts Available Target ion source 
2008-2009 dioac m sh: 4 ra 1 tive bea ifts 

82 ** x / HGe 3 UC  n conv. P 
134Sn 3 ** UCx / 34S HP 

138,14 3 ** UC0Xe 
x CP 

223-225 ** UCx CP Rn 5 
2008-2009: 7 radioactive beam shifts 

(part of new proposal on trap-assisted spectroscopy) 
207-21 * ** x / quartz RILIS 0Hg UC  

2007-2008: 10 radioactive beam shifts 
(already a d for p l P160) llocate roposa

70Ni * x / all graphite RILIS ** UC
122,124, d * *  / quartz / n conv. RILIS 126,128,130C * UCx

target tests required 
116,118,  * UC R120Pd x ILIS 

150Ce  * UCx / CF4  
154,15  * UCx / R6Nd CF4 ILIS 
158,160Sm * UCx / CF4 RILIS   
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