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B p-defined isochronous mass spectrometry: An approach for high-precision mass
measurements of short-lived nuclei
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A technique for broadband high-precision mass measurements of short-lived exotic nuclides is reported. It
is based on the isochronous mass spectrometry (IMS) and realizes simultaneous determinations of revolution
time and velocity of short-lived stored ions at the cooler storage ring CSRe in Lanzhou. The technique, named
the Bp-defined IMS or Bp-IMS, boosts the efficiency, sensitivity, and accuracy of mass measurements, and is
applied here to measure masses of neutron-deficient f p-shell nuclides. In a single accelerator setting, masses
of “Cr, Fe, and *Ni are determined with relative uncertainties of (5-6)x10~%, thereby improving the input
data for testing the unitarity of the Cabibbo-Kobayashi-Maskawa quark mixing matrix. This is the technique of
choice for future high-precision measurements of the most rarely produced shortest-lived nuclides.
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The mass or equivalently the binding energy of an atomic
nucleus is a fundamental property which reflects all the inter-
actions between constituent nucleons. Thanks to more than
one century of efforts, masses of about 2550 nuclides [1]
have been measured, greatly advancing our knowledge of
nuclear structure and astrophysics, as well as of fundamen-
tal interactions and symmetries [2-6]. The challenge today
is to determine—preferably with high precision—masses of
exotic nuclei with very short lifetimes and tiny production
rates, which are needed for the investigation of a plethora
of basic physics problems [4-6]. For example, studies of
superallowed 0t — 0% nuclear B decays [7] are decisive
for testing the unitarity of the Cabibbo-Kobayashi-Maskawa
quark mixing matrix, which requires precision f decay en-
ergies deduced as the mass differences of the corresponding
nuclides. In the latest survey [7], the majority of decay en-
ergies were obtained from Penning trap (PT) measurements,
while the heaviest T, = (N — Z)/2 = —1 superallowed 07 —
0" B emitters 46Cr, OFe, and *Ni could as yet be only
measured by using the simplest form of isochronous mass
spectrometry (IMS) in a heavy-ion storage ring [8].
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Measurement techniques capable of obtaining the pre-
cise mass from a single, inevitably short-lived, particle are
required. PT mass spectrometry is widely considered to de-
liver the most precise nuclear masses. Indeed, PTs produced
a wealth of important results [4-6]. However, in its appli-
cation, a certain restricting threshold exists concerning the
half-lives and/or production rates of the investigated nuclides.
In recent years, the multireflection time-of-flight spectrom-
eters (MR-TOF) have emerged as powerful instruments to
study nuclei with short half-lives and low production rates
[9-11]. Nevertheless, in addition to the measurement time
itself, applying these devices requires preparation steps, like
cooling and bunching of low-energy radioactive species [6].
At high energies, mass spectrometers coupled directly to
in-flight separators need essentially no time for ion prepa-
ration. Here, magnetic-rigidity time-of-flight (Bo-TOF) mass
spectrometry, implemented at radioactive ion beamlines, has
produced masses of nuclides furthest away from the stabil-
ity valley [12,13], albeit with modest precision. However,
the isochronous mass spectrometry (IMS) [14,15], based on
heavy-ion storage rings [16,17], can achieve a much higher
precision and sensitivity [18,19].

In the conventional IMS, a time-of-flight (TOF) detector is
employed to measure revolution times, 7', of the stored ions.
A direct relation between m/q and T is established by using
the nuclides with well-known masses as calibrants, under the
assumption that the revolution times of the stored ions are

©2022 American Physical Society


https://orcid.org/0000-0003-2408-8089
https://orcid.org/0000-0002-6126-1728
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.106.L051301&domain=pdf&date_stamp=2022-11-01
https://doi.org/10.1103/PhysRevC.106.L051301

M. WANG et al.

PHYSICAL REVIEW C 106, L051301 (2022)

Injection Electron Cooler

|

CSRe

MCP Carbon foil

4| Digital ‘_,,H_.
TOF2 Oscilloscope TOF1

FIG. 1. Schematic view of CSRe with the arrangement of two
TOF detectors.

independent of their velocity or Bp spreads. This indepen-
dence is realized by the isochronous ion-optical setting of the
ring requiring that the Lorentz factor y of stored ions is equal
to the transition energy of the ring y; [14]. A major deficiency
of the conventional IMS is that the high resolving power can
only be achieved in a limited range of m/q values, which is
termed the good isochronicity region or isochronicity window
[20]. Due to a fixed Bp acceptance of the ring, the majority
of stored ion species have y # y;, and the mass resolutions of
nuclides with larger or smaller m/q values deteriorate rapidly.

In this Letter we present a new technique, termed the
Bp-defined IMS or Bp-IMS, for broadband high-precision
mass measurements. It is characterized by the velocity mea-
surements of stored ions in addition to the revolution times
[21,22]. In a limiting case of just a single event, the mass-
to-charge ratio, m/q, can be determined with unprecedented
precision of about 5 keV. Therefore, this new technique is
optimal for future high-precision mass measurements of the
rarest short-lived nuclides. The power of the Bp-IMS is
demonstrated here through the mass measurements of a series
of neutron-deficient f p-shell nuclides, and the masses of *°Cr,
30Fe, and *Ni are reported with further improved precision.

The experiment was performed at the accelerator complex
at the Institute of Modern Physics (IMP) in Lanzhou, China.
The nuclides of interest were produced by fragmenting the
440 MeV /u ¥Ni'** primary beam with intensity of 8 x 107
particles/spill on 15 mm thick °Be target. They were selected
with the in-flight fragment separator RIBLL2 (second Radi-
active Isotope Beam Line in Lanzhou) [23,24]. Every 25 s, a
cocktail beam including the nuclides of interest was injected
into and stored in CSRe (experimental Cooler Storage Ring).
Figure 1 presents the schematic view of CSRe, which was
tuned into the isochronous mode with y; = 1.365 [25]. The
RIBLL2-CSRe system was set to a fixed central magnetic
rigidity of Bp = 5.471 Tm. The whole Bp acceptance is about
+0.2%. At the employed relativistic energies, the produced
fragments were fully stripped of bound electrons.

Stored ions with identical Bp values move on the same
mean orbits in the storage ring. For an ion with mass-to-charge

ratio m/q and velocity v, one can write

2 2 2 2
m 1 1 T 1
q v Ve C Ve

where C is the orbit length, T the revolution time, and v, the
speed of light in vacuum. According to Eq. (1), m/q values
can be determined if the quantities (Bp, v) or equivalently
(Bp, T, C) are measured.

Two identical TOF detectors were installed 18 m apart
in one of the straight sections of CSRe [26]. Each detector
consists of a thin carbon foil (¢40 mm, 18 j1g/cm? thick) and
a set of microchannel plates (MCP) [27]. When an ion passed
through the carbon foil, secondary electrons were released
from the foil surface and guided to MCP. Fast timing signals
from the two MCPs were recorded by an oscilloscope at a
sampling rate of 50 GHz. The duration of each measurement
was merely 400 ps.

For each ion circulating in the ring, two time sequences
were extracted from the recorded signals [28]. The ions
stored for more than 230 pus were used in data analysis.
The revolution times and velocities of stored ions were de-
duced simultaneously following the procedures described in
Refs. [28,29]. The relative precision of velocities is at the level
of (2.2-7.2) x 107> [28].

On average, ~15 ions were stored in one injection. Among
them were also nuclides with well-known masses [30], which
were used for calibration. Unambiguous particle identification
in the measured revolution time spectrum was made [29,31].
For each nuclide (i) with a well-known mass, its (Bp )éxp and
Céxp values were deduced by using the measured Te’;(p and
vi,, values. The correlated dataset, {(Bp)Ly,, Cly, ), Was used
to obtain the Bp(C) function which characterizes the motion
of all ions in this particular optical setting of the ring. The
magnetic fields of CSRe were not perfectly constant during
the experiment, leading to an up-and-down shift of the Bp(C)
curve at a level of ~5 x 1073 To correct for the influences
of magnetic-field drifts, the Bp value of every ion in each
individual injection was scaled to a reference field with a
scaling factor determined using the experimental information
of well-known mass nuclides in this injection. All ions with
well-known masses (mass uncertainties smaller than 5 keV)
and with more than 100 recorded events were used to correct
for the field drifts and to construct the Bp(C) function. Once
the Bp(C) function is established, which is a universal cali-
bration curve for mass determination, all m/q values of stored
ions, including the ions of interest, were obtained straightfor-
wardly via Eq. (1). Readers are referred to Ref. [32] for more
technical details.

The newly determined masses are compared with literature
values in Fig. 2. The black filled squares represent the nuclides
that were used to derive the Bp(C) function. Although they are
the references in the mass determination, their m/g values can
be redetermined. For this purpose, each of them was assumed
to be unknown and was calculated from the remaining refer-
ence masses. A normalized x, = 0.74 for the redetermined
reference masses indicates that the quoted errors are conser-
vative and no additional systematic errors are needed.
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FIG. 2. Left: Comparison of the redetermined masses with literature values, where the black symbols are reference nuclides and the red
ones are nuclides of interest. The grey shadow represents the mass uncertainties in the AME2020 [30]. Right: Comparison of the newly

determined masses with the literature ones (see legend).

Masses of a series of neutron-deficient nuclides were de-
termined and are listed in Table I. Since the previous masses
obtained by using the conventional IMS at CSRe [18] have
already been included into AME2016 [37] and AME2020 [1],
the present results are compared directly to older CSRe results
and to the available recent PT data for **¢™v [33], 32" Co
[34], °Cu [35], and ' Fe [36].

The results from this work are in excellent agreement with
our earlier results [18], see Table I. The reliability of our
previous CSRe results is mainly owing to the restriction of
the Bp acceptance. The absolute mass precision achieved here
ranges from 2.6 to 16 keV thus improving most of the previous
results. The gain in mass precision is mainly due to the higher
mass resolving power in a wide m/g range. For example,
the present mass precision of 3'Fe is nearly the same as that
obtained in the previous work [18] although this nuclide is
6 ns further away from the isochronous window and has 7
times lower statistics in this work.

To demonstrate the power of the Bp-IMS as compared
to the conventional IMS, we transformed the m/g spectrum

into a new revolution time spectrum, 7Ty, at a fixed magnetic
rigidity, (Bp)sx = 5.4758 Tm, and a fixed orbit length, Cgx =
128.86 m, according to

—_— /;@):(L)Z
Y B2\ ¢ ve)

For example, scatter plots of Tuy, and Tgx versus Ceyp for
24 A113* jons are shown in Fig. 3. It is obvious that the two
states in 2*Al, separated by the mass difference of 425.8(1)
keV [38], cannot be resolved in the Ty, spectrum, while the
two peaks can clearly be separated in the Tjx spectrum.

The standard deviations of the T peaks derived from the
corresponding spectra are shown in Fig. 4. The standard de-
viations, o7, of the T peaks in the original Ttx, spectrum
have a parabolic dependence versus m/q. o approaches min-
imum at approximately 2 ps only for a limited number of
nuclides (isochronicity window). In the spectrum obtained
with the new Bp-IMS technique o7 = 0.5 ps is achieved in
the isochronicity window, corresponding to the mass resolving

@)

TABLE I. The numbers of identified ions (V) and mass excess (ME) values obtained in this work and the earlier CSRe experiment [18].
Recent PT results for ¢y [33], 32" Co [34], **Cu [35], *'Fe [36] and AME2016 for **Ti [37] are included as well.

This work Earlier CSRe
Atom N ME (keV) N ME (keV) AMEcsre (keV) ME;; (keV) MEcsre — MEp (ke V)
Yoy 601 —23800.4(7.1) 64 —23827(20) —26(21) —23804.9(8.0) [33] —4.5(11)
g —23534.3(7.3) 75 —23541(19) —6(20) —23537(5.5) [33] —2.7(9.1)
“Cr 745 —29477.2(2.6) 195 —29471(11) 6(11)
“Mn 685 —29290.4(2.9) 198 —29299(7) —9(8)
NFe 782 —34475.8(2.9) 342 —34477(6) —1(7)
2Co 845 —34352.6(5.5) 194 —34361(8) —38(10) —34331.6(6.6) [34] 21(9)
2mCo —33973.0(10.6) 129 —33974(10) —2(15) —33958(11) [34] 15(15)
*Ni 1254 —39285.4(2.7) 688 —39278.3(4.0) 7(5)
%Cu 294 —38622.6(6.0) 64 —38643(15) —21(16) —38626.7(7.1) [35] —3.9(9.3)
By 757 —29302.2(4.2) 920 —29306(9) —4(10) —29321(7) [37] 19(8)
Slpe 108 —40201.9(15.9) 760 —40198(14) 421) —40189.2(1.4) [36] 13(16)
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FIG. 3. Scatter plots of T¢y, and Tgy versus Ceyp for 24 A1+ jons (see text for details).

power of 3.3 x 10° (FWHM). At the edges of the spectrum, a
mass resolving power of 1.3 x 10° (FWHM) can be achieved,
improved by a factor of about 8 compared to the conventional
method. We emphasize that this was done without reducing
the Bp acceptance of either the ring or the transfer line. The
right scale in Fig. 4 shows the corresponding absolute m/q
precision. It is emphasized that the m/g precision of 5 keV
can be obtained for just a single stored ion.

Our new mass results are in excellent agreement with the
recent LEBIT PT measurements for ¢V [33] and *°Cu [35],
and have a comparable precision. We note that the LEBIT
measurements were performed one species at a time [33,35],
in contrast to just a single setting for all results in this work.

The newly determined mass value of 32¢Co is in good
agreement with our earlier value [18,19], while there is a
deviation with respect to the JYFLTRAP PT result [34]. With
our mass for %Co the proton separation energy, which is
of interest for rp process [36], is modified to SP(SZCO) =
1452(6) keV.
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FIG. 4. Standard deviations of the TOF peaks (left scale) derived
from the original revolution time spectrum (black filled squares), and
from the newly constructed spectrum (blue circles). The correspond-
ing absolute accuracies of mass-to-charge ratios are given on the
right scale.

The relative precision of (5-6)x10~% has been reached
for *Cr, **Mn, PFe, and >*Ni nuclides, making them the

heaviest T, = —1 nuclei for which the masses are known with
such high precision. Especially, 460y, SFe, and >*Ni are the
heaviest 7, = —1 superallowed 07 — 01 B emitters used to

calculate the V,; element of the Cabibbo-Kobayashi-Maskawa
quark mixing matrix, which should be unitary in the standard
model [7]. By using our new mass results and the masses
of the corresponding B-decay daughter nuclides [30], the 8
decay energies Q¢ have been obtained. In combination with
the existing experimental data on the half-lives and branching
ratios [7,39], the corrected Ft values were determined for
46(Cr, 3Fe, and >*Ni, see Table II. The uncertainties stemming
from the Qg values are now one order of magnitude smaller
than those from other contributions, such as half-lives and
branching ratios. Although the present uncertainties are still
much larger than for other superallowed 0t — 0" 8 decays
[7], the new data are essential for tests of the theoretical
corrections employed in Refs. [7,40] by comparing the Ft
values of the decays presented in Table II with those of their
mirror superallowed decays. Higher-precision measurements
of the half-lives and especially the branching ratios are needed
in order to satisfy the requirements for a stringent test of the
standard model.

In summary, dramatically improved isochronous mass
spectrometry, the Bp-IMS, has been pioneered at the exper-
imental cooler-storage ring CSRe. Owing to simultaneous
measurement of the revolution time and velocity of every
stored short-lived ion, the sensitivity and precision of the
mass measurements were significantly increased. The time
sequences from the two TOF detectors are unique for each

TABLE II. The determined superallowed Qg¢ values, statistical
rate function f in comparison with the data from the latest survey
[7], and the corrected values F't.

Fermi transition Qg (keV) f fin[7] Ft(s)

Cr — oy 7598.7(2.6) 10647(20) 10685(74) 3130(100)
NFe — Mn  8151.02.9) 15067(39) 15060(60) 3120(71)
#Ni — *Co 8724.7(2.7) 21042(35) 21137(57) 3063(50)
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ion. Only a few tens of signals are sufficient for unambiguous
ion identification. This unparalleled property of the Bp-IMS
makes it, in principle, a background free technique. The over-
all measurement time is shorter than 1 ms, thus indicating
that all B-decaying nuclei can be studied without lifetime
restrictions. The high mass resolving power was achieved over
the whole Bp acceptance of the storage ring, meaning that a
large range of m/q values can be covered in a single machine
setting. An uncertainty band as small as ~5 keV was obtained.
This is a remarkable achievement, indicating that storage of
a single short-lived (7> 2 100 us) ion is now sufficient for
its mass determination with ~5¢ keV precision. The Bp-IMS
is thus the ideally suited technique for high-precision mass
measurements of the most exotic nuclides, which have the
shortest half-lives and tiniest production yields.

The first experimental results obtained by using the Bp-
IMS are reported here. Masses of 46Cr, 0Fe, and **Ni were
measured with relative mass precision of (5-6)x 1078, The
achieved mass precision is comparable to that reported for
short-lived nuclei by Penning trap spectrometers. The present
measurements are for the heaviest 7, = —1 nuclei for which
the masses are known with such a high precision. New data
were used to improve Ft values that may be utilized for testing
the standard model.

The merits of the Bp-IMS, namely high resolving power,
ultimate sensitivity, short measurement time, broadband, and

background-free, make it the technique of choice for fu-
ture storage ring mass spectrometry. The Bp-IMS will be
implemented at the Spectrometer Ring (SRing) [41] of
the high-intensity Heavy-lon Accelerator Facility (HIAF)
[42,43], which is under construction in China. It will also
be used within the ILIMA project [44,45] at the future FAIR
facility in Germany [46,47], where two TOF detectors will be
installed in a straight section of the Collector Ring CR [48,49].
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