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Abstract We report on the precise mass measurements of
the °'Sr and ®°Y isotopes performed using the JYFLTRAP
double Penning trap mass spectrometer. The mass-excess
values from this work, ME(°!Sr) = —83645.5(13) keV and
ME(®Y) = —81226.4(10) keV, deviate by 6.5(52) keV
and —18(7) keV from the Atomic Mass Evaluation 2020
(AME20). In the case of ?!Sr the new result disagrees with
the ISOLTRAP value, while for *Y, it agrees with the older
JYFLTRAP value.

1 Introduction

The mass is one of the most fundamental properties of a
nucleus as it is a reflection of all the interactions between
the constituent nucleons. In addition, changes in mass trends
along an isotopic or isotonic chain can reveal information
about the structure of the ground states [1,2]. Masses are nec-
essary for accessing other experimental information, such as
the determination of log( f¢) values in S-decay spectroscopy
[3] or differences in charge radii in laser spectroscopy [4].
They also have an influence on astrophysical calculations,
for instance the r-process abundance predictions [5].

Because of the influence of masses on nuclear physics, a
review of available data, the Atomic Mass Evaluation (AME)
[6], is prepared periodically, most recently in 2020, where all
pieces of information which can be used for mass determina-
tion are summarized and critically evaluated. The AME also
points to discrepancies in the literature and, if needed, rejects
data points deemed unreliable.

There are several experimental approaches which enable
the extraction of atomic masses, see Ref. [7] for an overview.
The method which provides the best accuracy and resolv-
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ing power is the Penning-trap mass spectrometry [2,7,8].
With the recent advent of the phase-imaging ion-cyclotron-
resonance (PI-ICR) technique [9-11], the improvement in
resolving power is such that states as close as 10 keV can
now be separated [7,12].

Because of its high reliability, the rejection of the Penning-
trap measurements in favor of results from other experimen-
tal techniques is not common. Nevertheless, it is the case
for °!Sr and *Y [7]. While their masses were measured
with Penning traps using the Time-of-Flight Ion Cyclotron
Resonance (TOF-ICR) technique [13,14] at ISOLTRAP [15]
and JYFLTRAP [16], respectively, the reported values were
rejected from the AME and the results were labeled as >Well-
documented data, or data from regular reviewed journals,
which disagree with other well-documented values.’ [7].

Currently, the mass of 91Sris determined exclusively from
decay measurements [6], mostly the 8 decay of ?!Sr to °1Y
(81%) [17-19], with the remaining 12% from the g and
B-delayed-neutron studies of 91.92Rp [18-21]. At the same
time, the mass of *°Y is extracted about 88% from B decays
[6] (56% from Y —PZr [18], 32% from P Sr — Y [22])
and 12% from the %Zr(t, @)Y transfer reaction [6,23].
While B-decay studies are known to be unreliable, especially
for nuclei far from stability where measurements can suffer
from the pandemonium effect [24,25], for 91Sr and 97Y there
are several measurements agreeing with each other but dif-
fering from the Penning-trap values by 3.0 and 1.8 standard
deviations (o), respectively [7].

The neutron-rich nuclei in the A = 90 region are abun-
dantly produced in fission and, as a result, they contribute
to the decay heat generated in nuclear reactors [26]. In
addition, three reactions, 88Kr(oe, n)91 Sr, 91 Sr(c, n)94Zr and
9Y (a, n)?8Nb, were identified to play an important role in
the production of lighter heavy elements between Sr and
Ag in neutrino-driven, neutron-rich ejecta of core-collapse
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supernovae [27]. Thus, it is important to have reliable mass
values for the nuclei of interest.

To resolve the discrepancy in existing literature, in this
work we report on the results of the *'Sr and *>Y PI-ICR
mass measurements performed using the JYFLTRAP dou-
ble Penning trap mass spectrometer [28] at the Ion Guide
Isotope Separator On-Line (IGISOL) facility [29,30] in the
JYFL Accelerator Laboratory at the University of Jyviskyl4,
Finland.

2 Experimental method and results

The radioactive species were produced in a proton-induced
fission of a 15mg/cm? thick "%U target by impinging a
25-MeV primary proton beam delivered by the K130
cyclotron. The primary beam current was about 1 A to
produce °'Sr and about 5 pA for Y. The fission prod-
ucts were first stopped in a gas cell filled with helium gas
at a pressure of about 280 mbar from which they were
extracted following gas flow and guided to the high-vacuum
region of the mass separator using a sextupole ion guide [31].
Subsequently, the ions were accelerated to 30g kV energy.
The beam was separated with respect to their mass-over-
charge ratio by a 55° dipole magnet with a mass resolving
power of m/Am ~ 500 and injected into a radio-frequency
quadrupole cooler-buncher [32]. From there, the cooled and
bunched radioactive ion beam was finally delivered to the
JYFLTRAP double Penning trap [28].

AtJYFLTRAP, the ions were first cooled, purified and cen-
tered in the first (preparation) trap by using a mass-selective
buffer-gas cooling technique [33]. A mass resolving power
of m/Am > 10* was reached which enabled removal of
the vast majority of isobaric contaminants. They were subse-
quently transferred to the second (measurement) trap through
a 1.5-mm diameter diaphragm and, after about 600 us, the
purified ions of interest were transferred back to the purify-
ing trap for additional cooling. Finally, the singly-charged
ions of interest were sent to the measurement trap, where
their cyclotron frequency v. = ¢ B/(2mm) in the magnetic
field B was determined using the PI-ICR technique [9-11].In
this technique, the cyclotron frequency of an ion is obtained
from the angular difference o = o4 — o— between the
projections of the cyclotron (o) and magnetron («_ ) radial
in-trap motion images, see Fig. 1. They are measured on the
position-sensitive detector with respect to the trap center dur-
ing a phase accumulation time #,... In the present case, f;¢¢
was set to 627.4 ms for °! Sr while for *Y two measurements
were performed, with 694 and 713 ms accumulation times.

The magnetic field strength B was determined using 8Rb
reference ions (mass excess MEj = —82167.341(5) keV
[6]) produced by an offline surface ion source [34]. The
atomic mass M is determined from the cyclotron frequency
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Fig. 1 Projection of a the magnetron motion and b the cyclotron
motion of >Y* and the molecular contaminant 7Br'®O* ions onto the
position-sensitive detector obtained with the PI-ICR technique using a
phase accumulation time #,.. = 694 ms. The center spot is shown on
panel (a). The average excitation radius is indicated with the dashed
circle on panel (b). The center positions of the spots are indicated with
the dot symbol. The angular positions «— and a4 of the respective
magnetron and cyclotron phase projections are marked with an arc

ratior = vc ref /vc of the reference ion and the ion of interest:
M = (Mref —me)r +me, (D

where M,.r and m, are the atomic mass of the reference ion
the electron mass, respectively. As the binding energy of the
missing electron is of the order of a few eV, its contribution
was neglected.

The measurements of the ion of interest and the refer-
ence ion were done alternately to reduce systematic effects
due to magnetic field fluctuations. To assess the ion-ion
interactions in the measurement trap, the count-rate class
analysis [35] was performed for Y, however, no signifi-
cant dependency was observed. For °'Sr this analysis was
not statistically feasible, thus, the data was limited to one
detected ion per bunch. A mass-dependent uncertainty of
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Table 1 Frequency ratios r = V¢ ,.f/V. determined in this work
using the PI-ICR technique with a given accumulation time #,.. and
their corresponding mass-excess values (ME). In both cases $°Rb
(MEj;.. = —82167.341(5) keV [6]) was used as a reference ion. For
comparison, mass-excess values from AME20 (MEawmg) [6] and from
the Penning-trap measurements (MEyp) [15,16], which are recalcu-

lated using reported frequency ratios r and masses of reference iso-
topes from AME20 [6], are presented. In addition, differences between
this work and AME20 (Diff sapig = ME — MEsMmEg) and between this
work and Penning-trap measurements (Diffap = ME — MEy,p) are
also listed. Half-lives 7}/, and spin-parity assignments J™ of the mea-
sured species are taken from the literature [37]

Nuclide JT tace r = Vc,ref/vt‘

(ms)

T

ME
(keV)

MEaME
(keV)

Diffame
(keV)

MEtrap
(keV)

Diffirap
(keV)

9lsr
95Y

9.65(6) h
10.3(1) m

5/2+
1/2-

627.4
694,713

1.070643334(13)
1.117781933(13)

— 83645.5(13)
~ 81226.4(10)

—83652(5)
—81208(7)

6.5(52)
—18(7)

~83621(9)
~81225(6)

~25(9)
— 1.4(61)

ME(°1Sr) { a)
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-

Qpn(*?RD) 1
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Fig. 2 Differences of mass-related properties between this work
(red) and the literature (black) for a) °!Sr and b) *Y, defined as
Difference = This work — Literature. Mass-excess values of
91Sr and Y from AME20 [6] [ME(®'Sr), ME(®*Y)] and from
the previous Penning-trap measurements [ME(°'Sr) ISOLTRAP,
ME(®Y) JYFLTRAP] [15,16] are presented. The B-delayed-neutron
energy of 92Rb [Qﬁn(ngb)] is from Ref. [21], the B-decay ener-

§r/r = —2.35(81) x 1071%/u x (M,,y — M) and a residual
systematic uncertainty of 8r/r = 9 x 10~ were added to
the cyclotron frequency ratio [36]. In addition, the systematic
uncertainties due to the temporal magnetic field fluctuation
(§B/B = 2.01(25) x 1072 min~! x 8¢, where 81 is the time
between the measurements), the magnetron phase advance-
ment and the angle error were also included in the uncertainty
estimation [36].

A summary of experimental results as well as a compar-
ison with AME20 [6] and the rejected Penning-trap values
[15,16] is presented in Table 1. We note that the latter were
recalculated using the reported frequency ratios r and the
masses of the reference isotopes from AME20 [6]. In addi-
tion, a comparison between this work and input data used in
AME?20 is shown in Fig. 2.

The mass-excess value of °!Sr from this work,
ME = —83645.5(13) keV differs by 6.5(52) keV (1.30)
from the AME20 value [6] but it is four times more pre-
cise. At the same time it is —25(9) keV (2.70) away from
the ISOLTRAP result [15], indicating that the decision of
the AME20 evaluators to exclude this data point was cor-

gies of ?'Rb [Qs°'RD)], 21Sr [Qp(°'SD)], PSr [Qp(PS1)] and P Y
[Op (*>Y)] are from Refs. [17-20,22,38-40] and the Q value of the
9671 (¢, o) reaction [Q(°°Zr (¢, @)?°Y)] is from Ref. [23]. Blue bars for
Qﬂ(gle) indicate input values adjusted by the AME20 evaluators.
For Q5 (°'Rb) from [38], only the input value adjusted by the AME20
evaluators is shown

rect. The exact reason why this value is incorrect remains
unknown. However, we note that Ref. [15] is one of the ear-
lier publications from ISOLTRAP. At the time, the systematic
effects had not yet been studied in detail but published later in
Ref. [41]. In addition, the preparation trap consisted of a 0.7
T electromagnet and its limited resolving power could have
led to a presence of the ?'Rb contamination. This hypothesis
is supported by the fact that the ISOLTRAP value is shifted
towards heavier masses.

The updated Q g, (°2Rb) value from this work, 802(6) keV,
is closer to 785(15) keV reported in Ref. [21] compared to
808(8) keV from AME20 [6]. The new Qg(°'Rb) value,
5901(8) keV, is larger than the three results from the S-decay
studies taken into account in AME20: 5857(8) keV from
Ref. [18], 5850(20) keV from Ref. [19] and 5860(10) keV
from Ref. [20], see Fig. 2a. However, these data points were
adjusted by the evaluators [7], as indicated with blue bars
in Fig. 2a, to include the fact that the 94-keV state in °!Sr
is fed significantly stronger than the ground state in the S
decay of 91Rb [7,42]. A deviation between the results from
this work and the AME20-adjusted values might be related
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to the fact that the § feedings to the two low-lying states are
actually similar, as indicated by the recent total absorption
spectroscopy study [43]. We note that the Qg (°'Rb) value
from Ref. [38], 5760(40) keV, was notincluded in the AME20
evaluation due to a large uncertainty.

The updated Qg (°1Sr) value, 2705.8(22) keV, agrees very
well with the results of two B-decay studies, 2705(5) keV
reported in Ref. [18] and 2709(15) keV from Ref. [19]. How-
ever, it disagrees with 2684(4) keV and 2665(10) keV from
Refs. [17,39] by 4.8 and 4.00, respectively, see Fig. 2a. We
note that the uncertainty of the value reported in Ref. [17]
was increased by the AME20 evaluators from 4 to 10 keV
[7] while the result from Ref. [39] was rejected.

The mass-excess value of °°Y from this work,
ME = —81226.4(10) keV differs by —18(7) keV (2.60)
from AME20 [6]. However, it is in a perfect agreement with
the previous JYFLTRAP measurement performed using the
TOF-ICR technique and 9771 as a reference nucleus [16] and
it is four times more precise. During the measurement a sec-
ond cyclotron spot was observed, see Fig. 1. The extracted
mass-excess value, ME = —80804.9(12) keV, allowed us to
identify it as an isobaric molecular contamination of 7Br!®0
(MEj;, = —80805.1(10) keV [6]).

The updated Qg(*Sr) value, 6109(6) keV, is 27 keV
(2.30) larger than 6082(10) keV reported in Ref. [22]. By
discarding it, the consistency in the region can be restored.
This is justified since the authors of Ref. [22] state their
result “should be considered preliminary, until the detector
response is evaluated in detail’. We note that our Qg (>Sr)
value differs by more than 20 from 6052(25) keV reported
in Ref. [40], which was not taken into account in AME20
due to a large uncertainty [7]. The Qg (*3Y) value from
Ref. [18] (4445(9) keV) and the Q value of the °Zr(z, @)
reaction from Ref. [23] (8294(20) keV) agree relatively well
with the updated results from this work (4433.5(13) keV and
8312.4(10) keV, respectively), as can be seen in Fig. 2b.

3 Conclusions

Masses of ?!Srand Y were measured using the JYFLTRAP
double Penning trap. The extracted mass-excess value of
91Sr agrees with AME20 but it does not match the previous
ISOLTRAP measurement. For Y the mass-excess value dif-
fers by —18(7) keV from AME20 but it perfectly agrees with
the previous JYFLTRAP measurement. Our study shows an
importance of critical mass evaluation and cross checks of
different experimental results.
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