VOLUME 82, NUMBER 9 PHYSICAL REVIEW LETTERS 1 MRcH 1999

Precise Atomic Mass Values neal¥?Sn: The Resolution of a Puzzle
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The total 3~ decay energies of 14 nuclides in the vicinity 87Sn have been measured using high
resolution spectroscopic methods. The present results derived for the atomic masses in this region are
significantly more precise than the previously accepted values, and differ significantly from these in
some cases. The precision of the new mass values surpasses that expected from the systems currently
proposed for direct mass measurements of nuclei far from stability. The present results resolve a
recently observed and highly puzzling discrepancy between the experimental mass valueSZ8rthe
region and theoretical systematics. [S0031-9007(99)08609-3]

PACS numbers: 21.10.Dr, 21.60.Cs, 23.20.Lv, 27.60.+]j

The mass data in the vicinity of doubly closed shellsdual purpose of understanding the inconsistency between
(DCS) for nucleons give highly valuable structure infor- experimental data and a seemingly well-founded empirical
mation. This has a particular significance for the far-from-systematics, and to establish a very firm basis for tests of
stability regions where new phenomena may arise due tthe increasingly more accurate full scale shell model cal-
low binding energies. Precise binding energies, derivedulations in this neutron rich region.
from the atomic masses, are also of critical importance We have therefore undertaken a major reinvestigation
for the modeling of the astrophysicalprocess, especially of the total 3-decay energiesdz values) in the isobaric
in the regions bordering the doubly closed shell nuclei ofchains involving'*?Sn and the neare®f = 82 isotones.
78Ni and 132Sn. Consequently, it was of particular con- The atomic masses of far-from-stability nuclides are ob-
cern that the accepted masses of the neutron¥ich 82  tained by adding th@ s energies to the known mass values
isotones in the vicinity of32Sn have been recently ques- of nuclides closer to the stability line. This standard pro-
tioned [1] on the grounds of a “serious inconsistency” withcedure was used in our previous study [2] of the mass data
predictions based on a shell model reduction techniquenear!3>Sn. We note that the values derived that way de-
The authors compare a mass “windoW” calculated us- pend critically on the accuracy of the accepted mass data on
ing a specific combination of th&y = 82 ground state nuclei closer to the stability line, as well as on the correct-
masses, to the value & extracted via a simple formula ness of existing decay scheme information. A substantial
involving the experimental excited state energie$tTe  part of the present work was devoted e -coincidence
and'®1. A significant difference of almost 500 keV has measurements in order to verify some of the decay schemes
been noted [1] betweely = —3570 keV from level spec- of importance to the)z determinations. The investiga-
troscopy andW = —3080 (150) keV from the N = 82  tion has covered several nuclides placed relatively close
masses [2]. Since such a comparison gives an agreemednt the stability line, which have been studied earlier but
to within a few keV for theV = 126 isotopes at’®Pb, the  perhaps with insufficient precision for the requirements
authors conclude [1] that th¥ = 82 mass values could of the present work. In particular, some of these decays
be inaccurate by considerably more than the estimated ewere studied only on a single occasion in a relatively
rors. However, this particular conclusion was later chal-distant past when the experimental techniques or equip-
lenged in the first theoretical work [3] employing a realistic ment were not sufficiently refined. Thgy-coincidence
effective interaction for shell model calculations of the experiment also provided a means for a critical examina-
N = 82 isotones. The authors of Ref. [3] claim that sometion of the possibley-ray impurities in the spectra pro-
approximations used in the derivationWf as well as con- jected from gates selected in ti measurements. That
figuration admixtures in the states involved, can have groved to be of vital importance in one of the cases stud-
significant influence on the values obtained from the shelled. Another important factor in the current investigation
model reduction method. Other theoretical argumentshas been the use of a high resolution Si(Li) detector for
presented later in the present paper, suggest that the reery accurate measurements of low-eneggfransitions.
duction method cannot in all cases yield a precise agree- The method employed for th@; determination was
ment with the experimental mass data, but nevertheless 8y-coincidence spectroscopy, where the end-point ener-
should be applicable to thé = 82 andN = 126 nuclides gies of selecte@3 transitions were measured using solid
of interest in the comparisons of Zhaegal. [1]. Quite  state spectrometers. The key ingredient in the data analysis
clearly, there is an obvious need for an experimental clarifiis a transformation of the observed pulse-height distribu-
cation of the mass data in close vicinity ¥Sn for the tion to theB energy spectrum. A precise knowledge of the
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spectrometer response to monoenergetic electrons of dibutions from theBy-coincidence matrix. These spectra
ferent energies is absolutely necessary in order to provideere subsequently transformed into tBeenergy spec-
highly accurate end-point energies. Two detectors havga by using the empirical response functions, and then
been used. The response of the HPGe spectrometer egnnverted into Fermi-Kurie distributions for the end-point
ployed in most of our far-from-stability end-point measure-energy determinations by a least squares fit method (see
ments at*2Sn [2] was carefully determined with the BILL Fig. 1). Whenever possible, results from several different
electron spectrometer [4] (previously in operation at ILL in y-ray gates have been averaged to yield the finalalue.
Grenoble) which provided monoenergetic electrons in the The analysis of theyy-coincidence data served to
energy range 1-8 MeV. The HPGe spectrometer is parexamine the purity ofy-ray peaks selected as gates jr
ticularly suitable in the case of relatively highenergies, energy spectra. Severe problems were found in the case
well exceeding 1 MeV. The measurementstransi- of the 34| decay, where the 1136.2 keY ray used as
tions having energies below about 2 MeV (which includedan important gate in the previoudg analysis [2] was
a few cases with a high totalg decay energy, but having found to be a doublet, while the other gates included
intense low-energy8 branches) were all performed using
a high resolution Si(Li) diode. The response of this spec- 40
trometer was determined using conversion electrons from ] 135
thin sources of*’Cs and®”’Bi. Since the thickness of the Beta spectrum of  Xe
Si(Li) diode was 2 mm, the upper range 8f end-point 30 peg ygate : 250 keV
energies measured with this spectrometer was restricted to
about 2 MeV. As in the previou@g determinations [2],
the spectrometers were operated at modest counting rates
to reduce pulse pile-up effects, and the electronic system
included active pile-up rejection circuitry.

The current reinvestigation of th@gz energies was per-
formed for the decays of Sn, Sb, Te, I, and Xe in the
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mass rangd = 131-135. All nuclides were obtained as 0 . . 900 00 0000 0
mass separated fission products at the OSIRIS ISOL fa- ¢:2 0.4 0.6 0.8 1,0 1.2
cility [5] at Studsvik, Sweden. The low-energy radioac- i 134

tive ion beam was collected on a thin movable tape which III 13 Beta spectrum of I

was used, when necessary, to remove the long-lived daugh- 6
ter products. The Si(Li) detector was placed inside the
vacuum chamber facing the beam deposition spot at an
angle of about 45to the surface of the tape. The HPGe ¥ 47
B spectrometer, on the other hand, was separated from the™ I
vacuum by the foils of 0.08 mm Al and 0.25 mm Be. The
energy loss for electrons crossing these foils has been mea-
sured as a function of the electron energy with an uncer-
tainty of less than about 5 to 10 keV, dependingonthe | == ®j3 33
electron energy. This uncertainty is in fact one of the main 0,0 05 1,0 15
contributions to the total uncertainty of tieend-point en-
ergies for the electron energies up to about 4—6 MeV. At 801 g
higher energies, the total uncertainty is larger due to an
incomplete knowledge of the response function, and be-
comes about 30 keV at an electron energy of 10 MeV. The x
HPGe detector was energy calibratechbyays from stan- w
dard sources, including the 6.129 MeV line'fO. The 401
Si(Li) detector was calibrated on-line using known conver-

sion electron lines in the fission product nuclei, and also  , |
off-line using a?"’Bi source placed at the location of the

beam spot. A possible uncertainty from a distortion of the =
Si(Li) spectra, due to coincidence summing g8 article T e ol om0 ozs | oso
event with events from conversion electrons or x rays, was Energy (MeV)

investigated by a computer simulation. The maximum dis-

tortion of the end-point energies was found to be less thaﬁ:eG'Sil('u)Fdegg'C't'ét‘g% dpg’;té%rﬁyesne‘fer%%; ;g;gtg.gg’feef}g?ﬁ n
3 keVin all cases of interest here. and'*Te. The solid lines indicate fits to the data. The listed

The data analysis was performed by gating individualncertainties for thgg end-point energyE) and theQ value
v rays and projecting (background subtractgd)distri-  (Q) are only statistical ones.
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strong true-coincidence summing effects from a cascadfr unstable nuclei. Although not applicable to very short-
of lower lying transitions. The previous data [2], takenlived (T}, less than about0' s) nuclides, the method
with a 5 mm thick Si(Li) detector, could not be recoveredcould possibly lead to even further improvement of some
for reexamination by a different choice of-ray gates. of the mass data covered in Table II.
Consequently, new measurements were performed usingWe can now return to the issue of ti®; puzzle at
the 2 mm Si(Li) placed at different distances from tfd ~ the N = 82 isotones [1] and examine the mass relations
source. The new data provide conclusive evidence that faxpressed as mass “windows” by Zhatal. One should
some gating transitions, and at a solid angle exceeding point out that, although these authors employ a diagonal
few percent, the true-coincidence summingparticles  shell model approach to relate the excitation energy of
and Compton events does distort fhenergy spectrum by the fully aligned and practically purergi/2 15/2" state
shifting it towards higher energies. The fact that Comptorto the energies of simpler configurations involving zero,
events, rather than photoevents, were involved made thene, or twow g7/, particles, they do not perform a shell
sum spectra practically indistinguishable from those due tonodel calculation of the state energies'ifiTe. Instead,
pureg particles. The final analysis of th@ decay energy they adopt a suitably weighted average ofélperimental
of 13| (see Table | and Fig. 2) was performed using theenergies of the#tg7/,) 4* and6™ states of this nucleus,
data taken at a solid angle of less than about 3%, wheri@ place of the corresponding differences of pair matrix
the summing contribution was negligible. elements, which automatically include the bulk of the two-
The newp-decay energies and mass excess values iparticle correlations. However, such a procedure is not
the 132Sn region are summarized in Table Il. The reportedgenerally applicable since it does not take into account
energies were measured with the Si(Li) diode, which proother admixtures. For example, #’Pb there is a large
vided results consistent with those from the HPGe specadmixture of the two-particle one-hol8; ® jis 2} 2+
trometer, but with higher accuracy. We report new resultgonfiguration to thegy/» single-particle state caused by
on eight nuclides studied previously by us [2] and onthe non-spin-flip matrix element ofjis/ || Y3 Il g9/2)-
six nuclides placed closer to the stability line. New
values are also reported for the decays'din, '3In, 134

134Sh, and'34Sn, not studied here, but subject to sig- ,. 53| 0

nificant shifts in the mass excess values. The notable|™ "~
discrepancy with the previous value f8f1 can be under- '
stood from the preceding discussion. Another significant
discrepancy was found for the decay energy’éTe (see L |, & 3360
Fig. 1), for which only one measurement was previously [
made [6].
The precision in the new mass excess values has been 3950, 4. FTEEEFE 2867
strongly improved and is now of the order 6fn/m ~ S
3 X 107 even for the most exotity = 82 isotone consid-  —2:2%w 31501 i Sg§p 28
ered here!3'In. The uncertainties are thus about a factor [~ 4= s S TTFe 2200
of 2 lower than those expected [8] from direct mass mea- |—12-» 2 T Y = 2322
surements using a rf spectrometer. Consequently, the re 5+ Y EXTY 2221226
sults listed in Table Il provide benchmark values which can 3+ v * 1919
be used for future comparison with the results from direct 3
mass spectrometry on very exotic nuclides. The highly '—12.3%, 4% Y - Yy v Vilvera
interesting recent developments of the Penning trap tech- 2t S Y 1613
nology allow [9] for a precision oBm/m ~ 3 X 1078,
corresponding to a few keV nedr= 132, to be attained
TABLE I. End-point energies and the tot@l-decay energy 2+ 1 ! Y 847
values(Qg) measured for individual-ray-gatedg spectra in
134]. The final Q4 value deduced fol**l is given in Table II.
Gating y-ray End-point energy 0Op
(keV) (keV) (keV) os Y 0
1806 1407 (21 4060 (21
1040 1407 525; 4060 E25§ 13%%e stable
1741 1479 (22) 4067 (22)
974 1454 (14) 4042 (14) FIG. 2. A partial decay scheme of'l. Open circles label
857 1458 (13) 4046 (13) thosey transitions which were selected as gates for projecting
235 1480 (29) 4068 (29) B energy spectra subsequently used to extract the end-point

energies.
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TABLE II.

ExperimentalQz energies and deduced mass excess (ME) values from this work

compared to the atomic mass compilation of Ref. [7]. The DME value represents an observed
difference between the ME value deduced in this work and the one given in Ref. [7].

Qs (MeV) ME (MeV) ME (MeV) DME
Nuclide this work this work Ref. [7] (keV)

1351 7/2% 2.627 (6} —83.793 (8) —83.788 (23) 5
135xe 3/2% 1.167 (5} —86.420 (6) —86.436 (10) —-16
B5cs7/2% —87.587 (3)
34gn ot 7.370 (90¥ —66.799 (101) —66.640 (100) 159
1345ph 0~ 8.390 (45¥ —74.169 (46) —74.010 (50) 159
3410 0t 1.513 (7} —82.559 (11) —82.400 (30) 159
134] 4+ 4.052 (8)2 —84.072 (8) —83.949 (15) 123
B4xe 0F —88.124 (1)
1335n(7/27) 7.990 (259 —70.961 (38) —70.970 (80) -9
1335p (7/27%) 4.002 (7¥ —178.951 (28) —178.960 (80) -9
133Te (3/27%) 2.942 (24¥ —82.953 (27) —82.960 (80) -7
1331 7/2% 1.757 (4} —85.895 (12) —85.878 (26) 17
133%e 3/2+ 0.424 (11} —87.652 (11) —87.648 (4) 4
133Ccs7/2% —88.076 (3)
13210 (77) 14.135 (60% —62.442 (65) —62.490 (70) —48
132gn ot 3.115 (10¥ —76.577 (24) —76.621 (26) —44
1325h (47) 5.491 (20¥ —79.692 (22) —79.724 (23) -32
132Te 0F 0.517 (4% —85.183 (8) —85.210 (11) —27
132] 4+ 3.580 (7} —85.700 (7) —85.703 (11) -3
B2xe 0F —89.280 (1)
Bln (9/2%) 9.174 (22§ —68.149 (37) —68.220 (80) -71
131gn (3/27%) 4.688 (14y —177.323 (30) —177.390 (70) —67
BISp (7/27) 3.200 (26¥ —82.011 (26) —82.020 (70) -9
BlTe3/2% —85.211 (2)

&rom this work, measured with the Si(Li) detector.
®From Ref. [2], measured with the HPGe detector.
‘Average of the results from this work [using a Si(Li) detector] and Ref. [2].
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