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Masses of ''2Sn projectile fragments were measured employing isochronous mass spectrometry at the Cooler
Storage Ring in Lanzhou. Different from the previous data analysis method, relying on the arithmetic mean
revolution times of the stored fragments, we introduce an exponentially modified Gaussian function to describe
the asymmetric peak shapes. This new approach enables us to properly deconvolute the overlapping peaks of
stored ions and to accurately determine their masses. The mass excesses of '°*Sn and the low-lying 1/2~ isomers
in Mo, °'Ru, and *>Pd were directly measured for the first time, and the masses of ®As, *Br, 7Kr, Sr, and
81y were redetermined with higher precision comparable to that of Penning-trap mass spectrometry. Based on the
new mass value of '®Sn, the previously unknown masses of 1%Sb, 19 Te, 19, 11'Xe, and !'>Cs were obtained
indirectly by using the literature proton and/or o decay energies. Systematic trends of the excitation energies
of the J* = 1/27 isomers in the N = 47, 49 isotones are well reproduced by the state-of-the-art shell model

calculations with the tensor forces included.
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I. INTRODUCTION

The mass of an atomic nucleus is a fundamental quantity
reflecting all the interactions acting among constituent nucle-
ons. Nuclear masses are extensively used to study nuclear
properties including, but not limited to, nuclear forces, evo-
lution of shapes, separation energies, reaction rates, and so on
[1]. Furthermore, the masses of long-lived isomers are of high
interest in nuclear structure [2,3] and nuclear astrophysics
[4-8].

Tremendous efforts have been made to directly measure
nuclear masses using different techniques, such as time-of-
flight magnetic-rigidity (TOF-Bp) mass measurement method
[9], Penning-trap mass spectrometry (PTMS) [10], multire-
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flection TOF mass spectrometry (MR-TOF-MS) [11], and
storage-ring based isochronous mass spectrometry (IMS) [12]
and Schottky mass spectrometry (SMS) [13]. As of today,
the mass measurements are pushed to exotic nuclei with ex-
tremely low production yields and short half-lives. In this
context, isochronous mass spectrometry (IMS), established
in ESR/GSI [14], CSRe/IMP [15], and R3/RIKEN [16], has
been proven to be a powerful tool for mass measurements
of such very exotic nuclei. Using this technique, numerous
high-precision mass data [16-22] have been provided in the
last years.

Up to date, most of the precise mass measurements of
neutron-deficient nuclei in the upper fp shell below A = 100
mainly rely on the Penning-trap results, giving important mass
data for studies in nuclear structure and nuclear astrophysics
[23-25]. However such Penning-trap mass measurements are
restricted by the stopping, extraction, and excitation proce-
dures [26], which limit the short-lived nuclei and isomers to be

©2023 American Physical Society
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FIG. 1. Layout of RIBLL2 and CSRe machines at IMP, Lanzhou
[34]. The locations of the TOF detector and the slit are indicated.
The TOF detector is shown schematically in the insert [17]. Major
components are labelled. For further details see text.

collected and measured. Recently, MR-TOF-MS has become
available for mass measurements of the isomers in this region,
and new mass data have been obtained using this technique
[27,28].

An IMS mass measurement of ''>Sn projectile fragments
was performed in CSRe/IMP, and some of neutron-deficient
nuclei in the mass region of A ~ 70-100 were observed to be
in both ground and isomeric states. The mass value of a 1/2~
isomer in '°'In obtained from this experiment has shed light
on the shell evolution due to tensor force [29]. Previous data
analyses used the arithmetic mean revolution times to deter-
mine the nuclear masses of ion species [29,30]. However, the
time peaks were found to be asymmetric. It is thus difficult to
deconvolute accurately the overlapping peaks corresponding
either to the same ion species in ground and isomeric states, or
to different ions with nearly identical mass-to-charge ratios. In
this work, a skewed nonGaussian function, i.e., the exponen-
tially modified Gaussian (EMG) function [31,32], is adopted
to analyze the revolution time peaks for mass determinations.

The experiment and new data analysis are described in
Sec. IT where the validation of the method is justified by the
precise redetermination of mass values of reference nuclei. In
Sec. III, new mass values are reported focusing on the masses
of the low-lying isomers. The energy systematics of the J™ =
1/2~ isomers is also investigated in this section with help of
state-of-the-art shell model calculations, and importance of
the tensor force is emphasized. The conclusion and outlook
are given in Sec. IV. Some results from this experiment have
already been reported in Refs. [29,30].

II. EXPERIMENT AND DATA ANALYSIS
A. Measurement

The IMS experiment using the ''>Sn primary beam was
performed at the HIRFL-CSR accelerator complex [33] at

TABLE I. The settings of the experiment.

Primary beam 112gp35+

Energy 400.88 MeV /u
Intensity 8x 107 particles per spill
Bp (Magnetic rigidity) 5.3347 Tm

AB/B* 5.5x107*

Slit® Yes

Ap/p (FWHM)* 9x107*

y: of CSRe 1.302

“The instability of magnetic field during the experiment [35].

®A 50-mm-wide slit in the dispersive plane of CSRe was used to
reduce the momentum acceptance.

“The estimated momentum acceptance [35].

the Institute of Modern Physics (IMP) in Lanzhou, China. A
layout of the second Radioactive Ion Beam Line at Lanzhou
(RIBLL2) and the experimental Cooler Storage Ring (CSRe)
is presented in Fig. 1. Experimental settings are listed in
Table I.

Primary beam of ''>Sn*>* ions was accumulated and ac-
celerated to a relativistic energy of about 400.88 MeV/u
by the main Cooler Storage Ring (CSRm). Every 25 s, the
beam was fast-extracted and focused onto a 10 mm thick
beryllium target at the entrance of RIBLL2. Neutron-deficient
nuclei of interest were produced via projectile fragmenta-
tion of !'2Sn*>*. The majority of fragments emerged from
the target were fully ionized bare nuclei. They were sepa-
rated in flight with RIBLL2 and injected into CSRe, which
has a circumference of 128.8 m. CSRe was tuned into the
isochronous ion-optical mode with the transition energy of
¥ = 1.302. The magnetic rigidity of the RIBLL2 and CSRe
were determined to make the 7. = 3/2 '°'In*** ions fulfill the
isochronous condition of y = y;, where y is the relativistic
Lorenz factor. The required energy of the primary beam was
determined with LISE++ simulation [36] and optimized in
the experiment to achieve the maximum yield of '“'In**
ions. To improve the mass resolving power, a 50-mm-wide
slit was installed in the dispersive plane [37] to reduce the
Bp acceptance. The resultant Bp (momentum) acceptance was
about 9x 10~* (FWHM).

To measure the revolution times of the stored ions, a
TOF detector was utilized. It is equipped with a carbon foil
(thickness ~19 pg/cm?, diameter ~40 mm) and a set of mul-
tichannel plates (MCP) [38] (see Fig. 1). When an ion passed
through the carbon foil, secondary electrons were released and
guided isochronously to MCP by perpendicularly arranged
electric (E) and magnetic (B) fields. The timing signals from
the anode were directly fed without amplification into a fast
digital oscilloscope with sampling rate of 40 GHz. The record-
ing time was 200 us for each injection of fresh ions into
CSRe. Each revolving particle caused a train of timing signals
recorded by the detector, which was then used to determine its
revolution time, 7. Revolution times of all stored ions were
extracted according to the procedures described in detail in
Refs. [39,40].

Instability of power supplies of the CSRe magnets led to
magnetic field fluctuations on the order of AB/B ~ 107*.

35+
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FIG. 2. Accumulated revolution time spectra after correction for magnetic field instability. The black, red, blue, violet, and green peaks

represent the nuclei with 7, = 1/2, 1, 3/2, 2, and 5/2 respectively. The indices

respectively.

This instability resulted in a dramatic variation of T up to
~100 ps [35], which was larger than the T difference of some
neighboring peaks. This complicated the particle identifica-
tion and seriously deteriorated the mass resolving power. To
solve this problem, particle identification and 7 correction
methods on an injection-by-injection basis had been devel-
oped [35].

In the present analysis, the method described in Ref. [35]
was adopted. The T correction procedure for the reference
ions with well known masses has been slightly modified: the
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ion species is actually determined by
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where y is the Lorentz factor of the ion, y; the transition point
of the ring, n the so-called phase-slip factor [14], and §(Bp)
the spread of magnetic rigidities of the ions stored in the ring.
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data only from other reference ions in the same injection. In someric mass directly measurec for the irst time .y
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In the previous IMS mass measurements, peak shapes of
the T distributions were considered to be symmetric [19].
However, the relative revolution time variation of a specific

FIG. 3. Nuclei studied in the experiment reported here.
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From Eq. (1), one sees that the T" peak shape is affected by
both the Bp distribution and 5 (or equivalently, y and y;). In
fact, the asymmetric peak shapes are commonly encountered
due to the following factors:

(i) The Bp distribution could be asymmetric. This is be-
cause the nuclei of interest are produced in nuclear
reaction and thus inevitably have large Bp spreads
after the production target. With a limited magnetic
rigidity (Bp) acceptance of the machine, only a nar-
row cut from this broad distribution is injected into
the ring. If a Bp distribution for one ion species is cut
at its edge, the resultant Bp distribution in the ring
will be asymmetric. Moreover, as the magnetic fields
of CSRe are not stable during the experiment, the
resultant peak shapes will be further distorted when
the field instabilities are corrected [35].

(i1) n is not constant. This is partly because y; is orbit
dependent [41,42], due to the effects of the higher
order magnetic fields [43]. Furthermore, even in an
ideal condition that y; is absolutely constant, n still
varies with y within the Bp acceptance. This means
that the time peaks in the IMS are intrinsically asym-
metric.

(iii)) The ions with different Z will experience different
energy losses when passing through the carbon foil
of the TOF detector. Such energy losses could mod-
ify the shapes of the original Bp distributions of the
stored ions.

To quantitate the asymmetry of 7 peaks, the skewness
parameter [44] defined as

skewness = mT;z 2)
m,
is adopted, where m,=1%" (I;—T) and m;=
}IZLL(T[ —T)? are the second and third moments of the
distribution, respectively, and 7 is the arithmetic mean value
of n individual 7; values. The positive/negative skewness
indicates a right-skewed/left-skewed distribution.

Figure 4 shows the skewnesses of the well-separated T
peaks in Fig. 2. The nuclei with different isospin projec-
tions, T, = (N — Z)/2, are marked with different colors. As
expected, most of the peaks are not symmetric and the skew-
nesses of the peaks for nuclei with a given 7, gradually evolve.
One can see that, although most of the peaks are right skewed,
some heavier nuclei with 7, = 1/2, T, = 1, and T, = 3/2 have
skewness below or close to zero. Indeed, the simulation using
LISE++ [36] shows that the Bp (momentum) distributions of
these heavier nuclei are different from the lighter ones.

C. Resolved peaks

To well describe the skewed peak shape and extract the
mean value, the so-called EMG function [31,32] is used:

ho |m 1/0\> nw—T
AT == Ee"l’[z(?> = }

1 fo u-T
X erfc|:ﬁ<; + pu )j| (3)

1 5 T T T T T T T T T
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FIG. 4. Systematics of skewness parameters for the well-
resolved single peaks. The symbols in different colors correspond to
nuclei with different 7,. The skewnesses of OlgdlmRy, 87887m\o, and
52852mMn (open symbols) are obtained by the fitting parameters of
the overlapping peaks. Some heavier nuclei with skewnesses below
or close to zero are enclosed by a dotted line. *"Pd represents a
long-lived high-spin isomer (J™ = 21/2%) with excitation energy of
1875 keV [23,45].

LR}

Here, the signs “+” and “—” are used for peaks with pos-
itive and negative skewness, respectively. h, o, and p are
the amplitude, the standard deviation, and the centroid of
the unmodified Gaussian distribution, respectively. 7 is the
relaxation time parameter of the exponent, and erfc(x) =
Jiﬁ fx * ¢~ dt is the complementary error function. The mean

value and standard deviation of the distribution are expressed
as [46]

ur=wm=xt and oy =+o?+ 12, 4)

and the skewness is given [46] by

273

skewness = im. (®)]

The well-separated single peaks were fitted by Eq. (3)
according to their skewness as shown in Fig. 4. For the
apparently right-skewed peaks, the right-skewed EMG func-
tions were used in the fitting. While for the time peaks with
skewness close to zero, such as the ones enclosed in the box
in Fig. 4, three functions of right-skewed EMG, left-skewed
EMG, and the well known Gaussian type, were used to fit
the peaks. In general, the T parameter was not converged
if the right-skewed EMG function was used to fit the peaks
with negative skewness, and vice versa. Therefore, we used
the right-skewed/left-skewed EMG function to fit the peaks
with positive/negative skewness. The determined mean rev-
olution times were the same within the error bars, as those
using the Gaussian function. However, the fit with Gaussian
function usually gave a larger x2, value. Therefore, to keep
consistency, the skewed EMG functions were used to fit all
the well-resolved peaks in the subsequent analysis. We note

014304-4
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FIG. 5. Examples of fits to the left-skewed (*’Cd) and right-
skewed (®As) peaks. x2, is the reduced x-square value of the fit.

that the mean revolution times obtained from such analysis
are the same as the arithmetic mean values.

Examples of left-skewed and right-skewed peaks are
shown in Fig. 5 together with the fit results indicated by red
solid lines. The determination of the bin width follows the
Freedman-Diaconis rule [47].

The obtained o and t parameters for the single peaks con-
taining more than 300 counts are displayed in Fig. 6, where a
clear systematics is established with smooth variation of o and
T with changing T. The o and t were fitted by an empirical
function

a\’ 1 2
Y(T)= |:(1— (7) —E>CTj| +d?, 6)

where Y represents o or 7, and a, b, ¢, and d are free parame-
ters. The fit curves are shown as red solid lines in Fig. 6. The
fitted o or t values using Eq. (6) are in fact the mathematical
expectations of these two parameters, and they were used
as fixed parameters to fit the single peaks which have small
counting statistics. Based on 7 extracted from the peak fits,

20T 3

1.5 )

c (ps)

0.51

15T 3

t(ps)

0 M M
664 668 672 676 680
Revolution time T (ns)

FIG. 6. The EMG function parameters o and t obtained from the
fits applied to well-resolved peaks. The o and 7 obtained from four
left-skewed peaks (**Mo, 78Sr, *Cd, and *>"Pd from left to right) are
marked in red symbols. The red solid curves show the fit results of o
and t based on Eq. (6).

the m/q(ur) calibration was performed by using a third order
polynomial function

m/q(ur) = ap + arpr + axpd + aspi, 7)

where m/q is the mass-to-charge ratio of the ion species, and
a; (i=0,1,2,3) are free parameters to be determined from
the fit. In total, 51 well-resolved peaks of nuclei with mass
uncertainties of less than 10 keV in the latest Atomic Mass
Evaluation (AME20) [48] (see Fig. 7 for details on these nu-
clei) were used in the fitting procedures via Eq. (7). Note that
more precise mass values of %>Zr and 3*Nb from JYFLTRAP
[49] instead of our previous reported values [30] were adopted
in AME20. The obtained a; (i = 0, 1, 2, 3) parameters were
then used for the mass determination.

To check the reliability of the analysis, the 51 nuclear
masses have been redetermined individually by using the
other 50 nuclei as calibrants. The redetermined mass excess
values (MEyp) were utilized to calculate the normalized Y,

Ne

1 Z [ME.,p,; — MEAwmE20,i1?
N,

®)

2 2
i—1 Oexp.i T OAME20,i

with N, being the number of nuclei, and MEawmg» the mass
excess values in AME20.

The ME differences between MEc, and MEamgzo for
those nuclei are shown in Fig. 7. The differences are divided
into two groups.

Figure 7(a) shows the results of 43 lighter nuclei with
positive skewness. x, = 0.98 is within the expected range
of 1 £1//2N, =1=x0.11 (N, = 43) at 1o confidence level,
indicating that no additional systematic error has to be consid-
ered for these nuclei.

Figure 7(b) presents the heavier nuclei withA > 78, T, = 1
and A > 95, T, = 3/2. Most of them have negative skewness
as shown in the dashed box in Fig. 4. Different from Fig. 7(a),
all the redetermined ME values shown in Fig. 7(b) are un-
derestimated compared to the ME values in AME20, with a
weighted mean deviation of —18 keV and yx, = 1.8, which is
beyond the expected range of 1 £ 1//2N, = 1£0.25 (N, =
8). In order to force x, =1, a systematic error of oy =
19 keV has been added to these ME values. It is noted that
the mass calibration was governed by the lighter nuclei, thus
the —18 keV deviation stems most probably from different
shapes of Bp distributions of heavier nuclei compared to those
of lighter ones. In principle, such deviation may gradually
change with A, which was not clearly observed in our data
due to large mass uncertainties.

It is worth mentioning that the redetermined ME values
of 87r, 3Nb, and “’Ru shown in Fig. 7(b) are consistent
with our previous results [30], where the masses were directly
determined by using arithmetic mean revolution times. The
systematic deviations of 8Zr, 3¥Nb and *°Ru were pointed out
by the authors of Ref. [49] based on their mass measurements
using the JYFLTRAP Penning-trap spectrometer. Based on
the present analyses, such systematic deviations could be due
to the different shapes of Bp distributions of light and heavy
nuclei. Figure 8 displays the selected MEey, — MEamE20 val-
ues from Fig. 7(a) for nuclei with our redetermined mass
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FIG. 7. The mass excess (ME) differences between this experiment (ME.,) and AME20 (ME mg0) for all the reference nuclei used in the
mass calibration. The error bars show the uncertainty of ME, and the gray band shows the uncertainty of MEsmg20. The ¥, values are noted.

See text for the difference between (a) and (b).

uncertainties of less than 4 keV. The projection of the mass
differences is shown on the right side of the figure. There
seems to be an underestimation for the heavier nuclei, such as
027n, %°Ge, and * As with T, = 1. Such deviations are smaller
for the T, = 3/2 chain, e.g., 637n, %°Ga, and "’Rb, which
belong to the same T, nuclei of interest in this work. Overall,
the calculated x, = 1.08 shows that the obtained high mass
precision in Fig. 8 is justified even at an uncertainty level as
low as a few keV.

In summary, by using the EMG function to fit the well-
resolved peaks, the fit parameters ¢ and T were determined
and their variations with 7" were empirically established. The
expected o and t values determined by Eq. (6) were used in
deconvoluting the overlapping peaks. From the fitting proce-
dure, we also extracted the T values which were utilized for
precise mass determination. The systematic deviation of —18
keV and the systematic error of 19 keV were obtained for
the heavier nuclei withA > 78, 7. = 1and A > 95, T, = 3/2.
The extent of such deviation may depend on the specific ex-
perimental conditions. In the following mass determinations
of such heavy nuclei of interest, the mass values are shifted
by 18 keV and an extra systematic error of 19 keV is added
quadratically to the uncertainties.
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FIG. 8. Same as Fig. 7, but for nuclei with ME.,, uncertainties
less than 4 keV.

D. Overlapping peaks

Nine examples of overlapping peaks are presented in
Fig. 9. For the top five cases, the masses of ground and
isomeric states are precisely known [28,50]. For the bottom
four cases with T, = 3/2, the masses of all ground states are
known [50], but the existence or the excitation energies of the
low-lying isomers are not certain. In this work, the low-lying
isomers in *Pd, **Rh, and %Mo are reported for the first
time.

The analyses of the overlapping peaks were performed by
employing left-skewed and right-skewed EMG functions as
well as Gaussian function. We used the expected o and 7
parameters according to Eq. (6) in the EMG functions. For
Gaussian functions, the standard deviation parameters were
fixed as ~/o2 + 12,

The x2, value obtained in the fitting was taken as criteria
to select a proper function among the three in deconvoluting
the overlapping peaks. It was found that the right-skewed
EMG function is the best for fitting the overlapping peaks of
52852m\ [, 87887\, and 2'¢°1"Ru. For examples, when the
Gaussian functions are used to fit these overlapping peaks, the
X2, values are as large as 3—12, and the obtained T values
deviate by maximum 3o from the right-skewed EMG fitting.
The fit results using right-skewed EMG function are shown
in Fig. 9 together with the skewnesses of the deconvoluted
individual peaks. The obtained skewnesses for 528.52m\Ip,
87687mMo, and *1$°1"Ru are presented in Fig. 4 to illustrate
the systematic variation. One can see that these skewness
values are large, especially for %$52"Mn. The large positive
skewness indicates that the right-skewed EMG function is
appropriate to deconvolute these overlapping peaks.

For overlapping peaks of #%%7Sc, ™Kr and ¥Ar,
93g,93mRh, 95g’95de, 97g,97mAg, and 101g,101mln, the fits us-
ing left-skewed, right-skewed EMG functions, and Gaussian
functions yielded compatible x2,; and 7 values. In Fig. 9,
we show the adopted fit results under the condition that
the x2, value is minimum among the three fitting func-
tions. The calculated skewness of each component is also
shown. The absolute skewnesses are generally small, indicat-
ing that these individual peak shapes are actually not far from
symmetric.
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FIG. 9. The overlapping peaks of *&4mSc, 2252mMp, #Kr and 3 Ar, 77297 Ag, 101e.10Im]y 87e8TmpNfg OledlmRy 93e93mRh and %5&95mPpd,
The nuclei (isomers) shown in the top five panels have known mass values. The red curve represents an associated fitting result with double
EMG functions. The black and green curves represent the corresponding deconvolution of the overlapping peaks. To show details of the tail, a
logarithmic coordinate of counts is used. The x2; value of the fitting and the skewness of the deconvoluted individual peak are also noted.

Here, we note that there is no strong evidence that the peak
of *3¢93mRh contains multiple components. Nevertheless, the
low-lying 1/2~ state was predicted [51], and this state could
be an isomer as systematically observed in the neighboring
isotopes 9L95Rh [52,53] and isotones °! Tc [54], 95Ag [55]. We
also tried to fit the peak with two EMG functions in order to
obtain the excitation energy of the hypothetical 1/2~ isomer.
The result is regarded here as a recommended value.

After fitting the overlapping peaks, the mean revolution
times of both components were determined. Then the mass
values were obtained utilizing the 51 well-resolved peaks
mentioned in the previous subsection for calibration. To
check the validity of the deconvolution of the overlapping
peaks, the redetermined MEs of some ground states and
isomers were compared with the literature values in Fig. 10,
where a nice agreement is observed for nuclei from 3’ Ar to
12Ru (T, = 3/2). For the heavier T, = 3/2 nuclei from *>Pd
through '°'In, and also including **Rh, an upshift of 18 keV
and a systematic error of 19 keV have been applied, giving
reasonable agreement with literature values.

It is worth mentioning that the ground-state masses of
8Mo, °'Ru, *Rh, and *>Pd are in good agreement with the
literature values (see the red filled squares in Fig. 10), provid-
ing a strong support for the reliability of the newly obtained
mass values of their isomers.

III. NEW MASSES AND DISCUSSIONS

Table II presents the new mass excesses from this work
together with literature values and some relevant information.
The masses of ®°As, 7*Br, ’Kr, 7Sr, and 3!y are obtained
with an improved precision comparable to that of the Penning-
trap mass spectrometry, and the mass excesses of '©Sn
and the low-lying 1/27 isomers in 8Mo, °'Ru, and Pd are

directly measured for the first time. The 1/2 isomer in *Rh
is proposed. The measured excitation energies of the isomers
are given in the last column of Table II.

A. “As, Br, Kr, ”Sr, and 'Y

Our analysis yielded high precision ME values of the
T, = 3/2 nuclei ®As, PBr, PKr, 7Sr, and 3'Y. All these
nuclei have well-separated and right-skewed time peaks in the

4BSC

52Mn 74Kr 91gRu 95gpd* 97mAg* 101m|n*
T T T T T T

(]
o
T

N A O
o O O
—T——TT
1 1 1

MEexp — MElit (keV)
o
.
ot
’
g

e
-

HEH
A
l

YAr ®"Sc *"Mn ““Mo °*Rh" “Ag" "'In‘

FIG. 10. ME differences between this experiment ME,,; and the
literature value MEy;, taken from AME20 [48] and NUBASE2020
[50] (except for ME;; of '°!¢19" [ which are taken from Ref. [28]).
The error bars show the ME,,, uncertainties while the gray band
illustrates the MEj;; uncertainty. The ME,,, value of the nuclei noted
by “*” have been shifted up by 18(19) keV.
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TABLE II. Summary of the results obtained from fitting to the single peaks and to the overlapping peaks with the expected o and t values
defined by Eq. (6). For the overlapping peaks, the number of counts of the isomeric/ground state corresponds to the integral area of each
deconvoluted component, and the o7 and skewness are calculated according to Eqgs. (4) and (5). The isomer ratio is the number of counts
corresponding to the isomeric state relative to the total number of counts for this nuclide. A ME is the ME difference between this work
(ME_y,) and the literature value (ME};) in AME20 and NUBASE2020 [48,50]. The last column lists the measured excitation energies of the

isomers, where applicable.

Counts or(ps) Skewness Isomer ratio(%) ME,,,(keV) MEj; (ke V) A ME (keV) Ex(keV)
“As 6145 1.31(1) 0.44(3) - —63136.8(29) —63116(22)* —21(22) -
Br 5287 1.09(1) 0.53(3) - —63622.9(27)° —63645.8(67) 23(7) -
Kr 5319 1.02(1) 0.58(3) - —64324.6(26) —64323.6(81) —1.0(85) -
Sr 4011 0.84(1) 0.78(4) - —65474.7(26) —65479.7(74) 5.0(79) -
Sly 2865 0.79(1) 0.50(5) - —65720.7(28) —65712.9(54) —7.8(61) -
1035n 23(6) 0.78 -0.18 - —67138(68)~4 —67092(100)#° —46(121) -
87¢Mo 1957(44)  0.65 043 - —66883.0(33) —66884.8(29) 1.8(44) -
87 Mo 103(10) 0.65 0.43 5.0(5) —66573(30) - - 310(30)
9lsRu 135737)  0.63 0.33 - —68241.0(59) —68239.8(22) —1.2(63) -
olmRu 70(8) 0.63 0.33 4.9(6) —67809(30) —68580(500) 771(501) 432(31)
93sRh 1081(33)  0.64 —0.28 - —69006(20)¢ —69011.8(26) 6(20) -
93mRh 69(8) 0.64 —0.28 6.0(7) —68739(44)%f - - 267(48)
9%pd 521(23) 0.66 —0.25 - —69967(20)¢ —69965.9(30) —1(20) -
95mpq 35(6) 0.66 —0.25 6.3(11) —69163(33)¢ - - 804(39)

?Adopted from Ref. [56].

®Corresponding mainly to the 5/2~ isomer at an excitation energy of 26.9 keV. See text for details.
“The peak is fitted by left-skewed EMG function with o and t parameters fixed as the expected values.

dME values are shifted up by 18 keV.
¢Extrapolated ME value in AME20.
fRecommended values, see text for details.

revolution time spectrum of Fig. 2. A comparison of our ME
values with the literature ones is presented in Fig. 11.

The mass of % As was indirectly measured via the endpoint
energy of B decay of ®As and ®Se [57,58]. The average
ME value was —63110(30) keV [48]. Recently, the mass of
% As was directly measured by the MR-TOF-MS at the FRS
Ion Cather at GSI to be —63116(22) keV [56]. Our newly-
measured ME value of —63136.8(29) keV is in agreement

30 T T T T T

N
o
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T
—m—
1 "

MEexp — MElit (keV)
o
Y
l

[N
o
T T T
=
1

T,=3/2
-30 1 1 1 1 1
69AS 7aBr 75Kr 798r a1Y

FIG. 11. ME differences between this experiment (ME,,;) and
the literature values (ME;,) from Ref. [56] for ®As, and from
AME20 for 7Br, *Kr, ”Sr, and ®'Y. The error bar shows the ME,
uncertainty while the gray band shows the MEy;, uncertainty.

with both values, but the precision is improved by almost
an order of magnitude. The masses of K, "°Sr, and 8'y
were measured by Penning-trap mass spectrometry [59-61].
Our remeasured ME values are in good agreement with these
measurements.

The mass of ”*Br was measured by several methods, such
as the measurement of mass ratio of *Br and "*Br at the Chalk
River On-Line Isotope Separator [62], the measurement of
the B-decay end-point energy at the Wright Nuclear Structure
Laboratory [63], the isochronous mass measurements at the
ESR [64], the Penning-trap as well as the MR-TOF mass
measurements at ISOLTRAP [65,66]. Among those measure-
ments, the Penning-trap mass measurement gives the smallest
uncertainty of 7 keV and makes the largest contribution to the
AME20 value of ME = —63646(7) keV.

In this work, the ME value of 7’Br is determined to be
—63622.9(27) keV, which is more precise but deviates by
more than 30 from the AME20 value, as shown in Fig. 11.
This discrepancy can be interpreted if the existence of an
isomer in ’Br is assumed.

In fact, most of the *Br primary fragments produced in
the projectile fragmentation of !'2Sn are in highly excited
states, and they mainly decay to the low-lying 5/2 state at
E, = 26.9 keV [67]. For the neutral atom, this state de-excites
to the 1/27 ground state via the E2 y + IC (internal conver-
sion) transition. However, the ions stored in CSRe are fully
stripped at relativistic energies, and thus the IC decay path is
completely blocked. Such cases were extensively studied in
the storage ring ESR [68,69]. Consequently, the 7*Br ions at
E, =26.9 keV level have a longer lifetime in CSRe. Indeed,
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FIG. 12. The peak of "’Br fitted by the right-skewed EMG func-
tion with the expected o and t parameters according to Eq. (6).

the lifetime of the E, = 26.9 keV level was estimated to be
1.4 us < v < 9.1 us [70]. The conversion coefficient for such
a low-energy transition was calculated to be 103.6 [71], lead-
ing to a partial y-decay lifetime of 146 us < v < 952 pus. So
the bare Br ions in the E, = 26.9 keV state have a lifetime
long enough to be measured in CSRe. The time peak of 7*Br
may thus correspond to the mixture of both, the ground and
the £, = 26.9 keV excited, states.

Our measured ME is 23(7)-keV larger than the ground-
state ME value of 7>Br recommended in AME20, indicating
that, if our hypothesis is correct, the "’Br ions at E, =
26.9 keV significantly contribute to the time peak of "*Br
shown in Fig. 12. Indeed, the skewness value of 0.53(3) well
follows the systematics shown in Fig. 4, and a single peak
fitting with expected o and t values gives a x2, = 1.18, indi-
cating that right-skewed EMG function can well describe the
peak shape. As the ground state and the isomer are too close
to be resolved, a simple estimate using the literature mass
values yields 85(27)% and 15(27)% contributions from the
E, =269 keV level and the ground state, respectively. Our
measurement validates that the 5/27 level at E, = 26.9 keV is
indeed an isomer with a half-life in the order of microseconds.

B. Sn

Combining the measured Qgc value (7.64 + 0.07 MeV
[72]) and the mass of '®*In, the ME of '%3Sn was reported to be
—66970(70) keV in the AME16 [73]. However, this ME value
was not adopted in AME20 since it breaks the smoothness of
the mass surface in this region. Instead, an estimated ME value
of —67090(100) keV was recommended [48]. In the present
work, the mass of 1%Sn is directly measured for the first time,
and the determined ME value of —67138(68) keV is in good
agreement with the extrapolated value in AME20. It is worth
noting that the new mass value of '°*Sn supports strongly the
zigzag pattern of A3, (Z, N) presented in Fig. 3(b) of Ref. [28].

TABLE III. ME values derived using the new ME of '®Sn from
this work. # indicates an extrapolated ME value in AME20 [48].

MEexp(keV) MEame20(keV)
1045 —59340(70) —59300(100)#
107 Te —60700(70) —60660(100)#
108 —52820(70) —52770(100)#
e —54570(90) —54520(120)#
2¢s —46460(90) —46420(120)#

Based on the ME value of '>Sn measured in this work, as
well as the literature values of Q, (for 1081y and Q,, (for 'Y Te,
1081 111%e and ''2Cs) from Ref. [48], the mass excesses of
1048, 107Te, 1081, 111Xe, and ''Cs are derived and given in
Table III. Note that these mentioned Q values were precisely
measured and reported in Refs. [74-77].

C. ™Mo, °*'"Ru, **"Rh, and **"Pd

The masses of the ground states of Mo, *'Ru, **Rh, and
%Pd were precisely measured by Penning-trap mass spec-
trometry such as CPT, SHIPTRAP, and (or) JYFLTRAP with
mass precision of a few keV [23-25,78]. These mass values
were adopted in AME20 [48]. Our mass values agree well
with AME20 as shown in Fig. 10.

All these nuclei are expected to have low-lying 1/27 iso-
mers. The low-lying 1/2~ isomer in 9'Ru with a half-life of
7.6 s has been observed in the measurement of S-delayed
protons of 9lmRu [79], while those in ¥ Mo, **Rh, and *°Pd
have not been found in spectroscopy experiments to date.
Therefore, the low-lying isomers discovered in this work are
assigned as 1/27.

In the Penning-trap mass measurements, these low-spin
states were not observed probably because either the low-spin
states are less favorably produced in the employed nuclear
reactions, or their half-lives are too short to be detected.
Here we note, that typically singly charged ions were used in
these measurements. In the projectile fragmentation reaction,
a sizable population of low-spin isomers is expected [80], and
the fast measurement using the present IMS technique allows
observation of such isomers.

The ME values of the isomeric states in Mo and **Rh
are determined in this work to be —66573(30) keV and
—68739(44) keV, yielding the excitation energies of 310(30)
keV and 267(48) keV, respectively. The ME of the 1/2~
low-lying isomer in *>Pd is measured to be —69163(33) keV,
yielding an excitation energy of 804(39) keV. We note that this
is now the lowest excited state known in *Pd [67].

Previously, the lower limit of Qgc — Q) value deduced
from the B-delayed proton decay of *'Ru to “°Mo was
4.3 MeV [79]. Combining the well-known mass of Mo, the
ME of °"Ru was evaluated to be —68580(500) keV [50].
Based on the ground-state mass of °'Ru precisely measured by
JYFLTRAP and SHIPTRAP [23] and CPT [24], the excitation
energy of the isomer was reported to be —340(500) keV in
NUBASE2020 [50].
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FIG. 13. Excitation energies of the 1/2~ isomers in odd-Z Tc,
Rh, and Ag isotopes as a function of N. The filled red circle is the
recommended excitation energy of the 1/2~ isomer in **Rh. The
solid lines are to guide the eye.

In the present experiment, the ME of the 1/2~ isomer in
°IRu is directly measured to be —67809(30) keV, which is
771(501) keV less bound than the evaluated value [50]. The
excitation energy of °'""Ru is thus determined to be 432(31)
keV. This value is an order of magnitude more precise than
the NUBASE2020 value.

The systematics of excitation energies of the 1/27 iso-
mers are shown in Figs. 13 and 14. One sees that the newly
determined excitation energies of the 1/2~ isomers in *°Pd,
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FIG. 14. Excitation energies of the 1/2~ isomers in the nuclei
with N or Z close to 50 (left axis), and effective single-particle
energies (ESPEs) of vlgy,, relative to v2p;, as a function of Z
for N =47, 49 isotones from the shell model calculation (right
axis). The excitation energies measured in this work are indicated
by filled red symbols. The extrapolated excitation energies following
the systematics are indicated by open red symbols. The excitation
energies obtained from the shell model calculation are denoted by
solid lines (see text for details). The dotted/dashed lines show the
ESPE results without/with the tensor forces included in the shell
model calculation.

%3Rh, 8"Mo, and ! Ru fit well into the systematics, which also

supports our recommended mass excess of the 1/2~ isomer in
93 Rh

D. E,(1/27) systematics and impact of tensor forces
on shell gap evolution

The ground states of odd-A nuclei close tothe N = Z = 50
shell closure are typically in 1g9/> configuration with J* =
9/2%.If a nucleon (neutron or proton) is promoted from 2p; 2
into 1gg/, orbit, a low-lying 21’172 hole state with J* = 1/2~
is formed. Such states are systematically observed as long-
lived isomers in this region because of the slow 1/27 —
9/2+ M4 transition. Therefore, the new isomers in *>Pd, *'Ru,
and %Mo identified in the present work are assigned as the
1/27 neutron-hole states, and the isomer in BRh is assigned
as the 1/27 proton-hole state.

Figure 14 shows the excitation energy systematics of the
1/27 neutron-hole states, E,(1/27). The red filled symbols
indicate the newly measured values. Regular behavior is ob-
served, and thus the E,(1/27) values are extrapolated to
neighboring nuclei (red open symbols) where no experimen-
tal information is available. One sees that E,(1/27) is the
smallest for the N =45 isotones and increases if a pair
of neutrons is added within an isotopic chain. Similarly,
E,(1/27) increases gradually by adding a pair of protons
within an isotonic chain. Considering the neutron-hole char-
acter of the J© = 1/27 states, the excitation energies of such
isomers are directly related to the pi/-go,» shell gap, i.e.,
the energy difference between the v2p;,; and v1gg,, neutron
orbits. Therefore the systematics in Fig. 14 illustrates the gap
evolution.

It is well known that the monopole part of the proton-
neutron (p-n) interaction plays a decisive role in the shell
evolution [81,82]. Apart from the central component of the
interaction which is always attractive, the tensor force is
attractive only if protons occupy the spin-up (j =1+ 1/2)
single particle orbits and neutrons occupy the spin-down (j' =
" — 1/2) orbits, or vice versa. The tensor force is repulsive
when both protons and neutrons simultaneously occupy either
spin-down or spin-up orbits. Such character of the tensor
force leads to the relative shifts of single particle orbits when
protons or neutrons are added to nuclei. For example, the
emergence of the new magic number at N = 34 has been
interpreted based on this scenario of the tensor interactions
[83].

In the present case, the systematics shown in Fig. 14 can
be qualitatively understood in a similar way. Adding pro-
ton/neutron pairs to the mwlgg,/vige, orbit increases the
repulsive tensor force between the protons and neutrons in the
1892 single particle orbits. This results in a larger gap between
the v2py> and the v1gy,, neutron orbits. Consequently, the
E.(1/27) of neutron-hole states increases with Z/N within an
isotonic/isotopic chain.

To get more insight into the microscopic origin of the
P1/2-89/2 neutron shell gap evolution and the impact of the
tensor force in this region, dedicated shell-model calculations
were performed using the KSHELL code [84] with the state-
of-the-art monopole-based universal interaction Vyy plus a
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spin-orbit force from M3Y (Vmu + LS) [85,86]. The V\y inter-
action consists of a Gaussian central force and a tensor force
[86] and has been successfully applied to describe the shell
structure of exotic nuclei in various regions [81,82,87-89]. In
our calculations, the model space for both valence protons and
neutrons consists of 1fs,2, 2p3/2, 2p1,2, and 1g9,» orbitals, and
35Ni is taken as an inert core. The single-particle energies were
tuned such to give a consistent E,(1/27) value for observed
odd-A systems near '°°Sn. The calculated excitation energies
of the 1/27 isomers well reproduce the experiment and are
shown in Fig. 14 as solid lines.

Also shown in Fig. 14 are the vlgy,, neutron effective
single-particle energies (ESPEs) relative to v2py/, as a func-
tion of Z for N =47 and 49 isotones (see the dotted and
dashed lines). By disabling the tensor forces (dotted lines), the
theoretical pj/2-g9/> neutron shell gap decreases with Z. The
overall effect of the tensor forces mentioned above makes the
D1/2-89/2 neutron shell gap to increase, if more proton pairs
are added (dashed lines). This trend is consistent with the sys-
tematic variation of E,(1/27) shown in Fig. 14. We note, that
many-body correlations beyond the simplified single-particle
scheme also contribute to the E,(1/27) variations.

IV. CONCLUSIONS

Isochronous mass measurements of relativistic ''?Sn pro-
jectile fragments have been performed at CSRe in Lanzhou.
An exponentially modified Gaussian function was introduced
to describe the skewed revolution time distributions of stored
ions and to deconvolute the overlapping time peaks. Accu-
rate mean revolution times were extracted and used for mass
determinations. The mass excesses of the low-lying 1/27
isomers were directly measured in 8 Mo, °'Ru, and °Pd and
recommended in **Rh. Improved masses of ®°As, "*Br, 7K,
7Sr, and 'Y were obtained achieving a precision comparable
to that of Penning-trap mass spectrometry. Further, the mass
of '%Sn was directly measured which enabled the indirect
determination of the previously unknown masses of '%4Sb,
107, 1081 11Xe and ''>Cs by using the experimental proton
and/or o decay energies. Systematic trends of the excitation

energies of the J* = 1/27 isomers in N = 47 and 49 isotones
were investigated by utilizing the state-of-the-art shell model
calculations. It was found that the inclusion of the tensor force
is crucial to reproduce the systematic trends of E,(1/27) as a
function of Z.

It has been found that for measured nuclei with 7, = 1 and
3/2, some nuclear masses are systematically underestimated
and require an appropriate correction. This is motivated by
the fact that most of the peaks used for the mass calibration
may have different Bp (momentum) distributions. To avoid
such deviations, a new technique, the so-called Bp-defined
IMS [90], will be employed in the future IMS measurements.
Using this new technique, both the revolution time and ve-
locity will be simultaneously measured for each individual
ions [91]. Subsequently, the experimental revolution time can
be corrected to the one for a chosen magnetic rigidity or
equivalently orbit length. As a result, the mass deviations due
to the possible different Bp distributions are expected to be
negligible.
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