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Abstract We report on the precise mass measurement of
the !73Hf isotope performed at the Ion Guide Isotope Sep-
arator On-Line facility using the JYFLTRAP double Pen-
ning trap mass spectrometer. The new mass-excess value,
ME = —55390.8(30) keV, is in agreement with the literature
while being nine times more precise. The newly determined
134¢ electron-capture Q value, Qgc = 1490.2(34) keV,
allows us to firmly reject the population of an excited state at
1578 keV in '3Lu and 11 transitions tentatively assigned
to the decay of '73Hf. Our refined mass value of !7>Hf
reduces mass-related uncertainties in the reaction rate of
74Hf(y, n)!73Hf. Thus, the rate for the main photodisin-
tegration destruction channel of the p nuclide '"#Hf in the
relevant temperature region for the y process is better con-
strained.

1 Introduction

The radioactive neutron-deficient %3Hf101 isotope (71,2
= 23.6(1) h [1]) was identified for the first time in 1951
[2]. Since then, its decay to I3 u was studied in several
experiments, see Ref. [3] and references therein. The current
knowledge of the '73Hf decay is based primarily on the two
most recent studies, reported by Funk et al. [4] and by Bren-
ner et al. [5]. In both of these works the radioactive isotope
of interest was produced by irradiating enriched Yb targets
(172.173¥b in Ref. [4] and '72YDb in Ref. [5]) with an « beam.
The isotope of interest was extracted by means of chemical
separation and the y-ray radiation following the decay was
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measured using Ge(Li) detectors. In addition, in Ref. [4] the
conversion electrons were detected using a Si(Li) detector.

At the time of '"Hf decay studies publication [4,5],
the electron-capture Q value (Qpc) estimated from the
systematics was 1600 keV [6]. Nonetheless, several y-ray
and conversion-electron transitions with an energy above
1.6 MeV were tentatively assigned to its decay [4,5]. To
resolve this disagreement Funk et al. assumed that the Q¢
value is 1900 keV [4]. On the other hand, Brenner et al. indi-
cated that they assigned weak high-energy y rays to the decay
of 17>Hf when these transitions could not be associated with
known impurities [5].

A mass measurement of !73Hf performed at the GSI
storage ring [7] and the resulting decrease of Qpc to
1469(28) keV [8] rendered the decay spectroscopy results
incompatible. In addition to the high-energy transitions, a
1578-keV excited state in '"3Lu proposed in the work by
Funk et al. [4], was also found to be inconsistent with the
new Qpc value. An independent evaluation of the 134
mass and, consequently, of the Q gc value would enable a
resolution of the aforementioned issues. Such a measure-
ment would allow us to unambiguously establish whether
the high-energy transitions were correctly assigned and ver-
ify the presence of the 1587-keV state.

In addition to the nuclear spectroscopy interest, the mass
of 73Hf is also of relevance for the astrophysical p pro-
cess, also known as the y process [9,10]. The process pro-
ceeds mainly via photodisintegration reactions and takes
place in thermonuclear and core-collapse supernovae, when
the shock wave passes through the O-Ne layer at typical
temperatures of around 1.5-4 GK. The y process produces
altogether 35 stable isotopes. The production of heavier p-
process isotopes, such as the long-lived radionuclide !74Hf
(Tijp = 2.04) x 101 y [1]), is very sensitive to tempera-
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ture [11]. This is due to the competition between two highly
temperature-dependent reactions, namely, (v, @) and (y, n).
As the level densities are high for such heavy isotopes, the
reaction rates are typically calculated using the statistical
Hauser-Feshbach (HF) approach [12]. Precise knowledge
of the corresponding ground-state properties of the target
nucleus and residual nuclei, such as masses, is needed for
the HF calculations [10].

In this work, we constrain the mass-related uncertainties
related to the '7#Hf(y, n)!7>Hf reaction via a high-precision
mass measurement of !73Hf at the JYFLTRAP double Pen-
ning trap. The results are discussed in the context of the
nuclear structure and the astrophysical y process.

2 Experimental method and results

The experiment was performed at the Ion Guide Isotope Sep-
arator On-Line (IGISOL) facility [13,14] at the University
of Jyviskyld, Finland. Both the !7*Hf isotope of interest
and the '73Yb reference-mass isotope, were produced in a
fusion-evaporation reaction of a 50-MeV « beam, delivered
by the K130 cyclotron with an average current of 1.1 puA,
and a 1.75 mg/cm?-thick "% Yb target mounted within the
light-ion ion guide. The reaction products were stopped in
a helium-filled gas cell operating at about 250 mbar. The
ions were subsequently extracted with gas flow and guided
to the high-vacuum region of the mass separator using a
sextupole ion guide [15], accelerated by a 30-kV potential
and mass-separated by a 55° dipole magnet. The continu-
ous beam was injected into the radio-frequency quadrupole
cooler-buncher [16] where it was cooled and bunched. From
there the radioactive ion beam was finally delivered to the
JYFLTRAP double Penning trap [17].

InJYFLTRAP, the singly-charged A = 173 ions were first
cooled, purified to contain only !3Yb, '73Lu and '73Hf, and
centered using a mass-selective buffer gas cooling technique
[18] in the first trap. After that, the ions were sent to the
second (measurement) trap where their charge-over-mass-
dependent (q/m) cyclotron frequency v, = ¢B/(2mm) in
a magnetic field B was measured by using a phase-imaging
ion cyclotron resonance (PI-ICR) technique [19-22].

Using the PI-ICR technique, the cyclotron frequency v,
of an ion is obtained from the phase differences between
its radial in-trap motions during a phase accumulation time
tsec (see Fig. 1). In the present case, t,. value was set
to 584 ms to avoid an overlap between the projections of
I3Hf (ion of interest), '73Lu (isobaric contaminant) and
I3Yb (reference mass). The final mass value for 7*Hf is
obtained by measuring a cyclotron frequency ratio between
IT3Hf and 173Yb. For the !73Yb reference, the mass excess
reported in the Atomic Mass Evaluation 2020 (AME20),
ME,;;, = —57551.234(11) keV [8] and based on the Pen-
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Fig. 1 Projection of the cyclotron motion of '7*Hf* and the isobaric
contaminants of '73Lu* and '73Yb* ions onto the position-sensitive
detector obtained with the PI-ICR technique using a phase accumulation
time t,.c = 584 ms. The total number of ions is 764 and the number of
ions per bunch has not been limited for this figure

ning trap measurement [23] was used. The measurements of
the ion of interest and the reference ion were alternated every
~5min to account for the temporal magnetic field fluctua-
tions.

The energy difference between !73Yb and !7>Hf isotopes,
AE, was calculated using the cyclotron frequency ratio
7 = V¢ ref [ Ve Of singly-charged ions of both species:

AE = (r = Dlmyef — m]c?, e

with m, and m,.; being the masses of a free electron and the
atomic mass of !7>Yb, respectively, and ¢ being the speed
of light in vacuum. The contribution from electron binding
energies are on the order of a few eV and have thus been
neglected. To reduce any systematic uncertainty due to ion-
ion interactions, the count rate was limited to one detected ion
per bunch. The systematic uncertainties due to the magnetron
phase advancement, the angle error and the temporal mag-
netic field fluctuation §B/B = 2.01(25) x 10~ 2 min~! x §¢
with 8¢ being the time between the measurements were taken
into account [22]. However, their effect (§r/r ~ 6 x 1079,
~2x 107 and ~ 2 x 10~ 1!, respectively) is much smaller
compared to the statistical uncertainty (8r/r ~ 2 x 1079%).
The experimental results are summarized in Table 1.
The calculated AE value and the deduced mass excess
of '3Hf (ME('3Hf) = ME('73Yb) + AE) are in agree-
ment with the literature (ME — ME;;;. = 21(28) keV), how-
ever, our result is nine times more precise. To obtain
Qrc(1Hf) = ME('3Hf) —ME('3Lu), the ME;;;. (1 ?Lu)
= —56881.0(16) keV was taken from AME20 [8] and it
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Table 1 A comparison of the energy difference between '7>Hf and
13Yb (AE), the mass excess of 7PHf (ME(!7*Hf)) and its electron-
capture Q value (Q £c (73HF)) between this work and AME20 [8]. The
cyclotron frequency ratio r = v rof /v determined in this work using
the PI-ICR technique is also reported

Quantity AME20 This work
F=Veref/Ve 1.000013411 (19)
AE (keV) 2139 (28) 2160.4 (30)
ME(173Hf) (keV) —55412 (28) —55390.8 (30)
Qrc(\PHS) (keV) 1469 (28) 1490.2 (34)

leads to Qg (!7>Hf) = 1490.2(34) keV. The updated value
agrees with the literature (1469(28) keV [8]), however, it is
eight times more precise.

The agreement between the mass measurements reported
in Ref. [7] and this work allows us to unambiguously reject
the hypothesis of the 1578-keV state being populated in the 8
decay of I3Hf, We can also remove seven transitions (1505,
1551.0, 1557.7, 1749, 1778.4, 1836 and 1897 keV) assigned
to the decay of I3Hf in Ref. [4] and four transitions (1512.5,
2043.0,2127.7 and 2613.1 keV) from Ref. [5]. We note that
there are two transitions at 1485.1 keV [4] and at 1488.9 keV
[5] which are within 20 of the updated Q g value, therefore,
they cannot be unambiguously removed or kept in the !73Hf
decay scheme.

There are several possible explanations why the afore-
mentioned transitions were incorrectly assigned to the decay
of '3Hf. All of them have a very low absolute intensity
I, < 10~3) which hindered the y — y coincidence anal-
ysis. The radioactive samples were prepared using chemi-
cal separation methods which are known to have a limited
reliability. As a result, transitions originating from different
species could also be observed. In addition, the low Qrc
value prevented the § — y coincidence analysis as the vast
majority of the decays underwent the electron capture chan-
nel [3]. This could result in an accidental assignment of the
background transitions to the decay scheme.

The more precise mass value of !73Hf is also relevant for
constraining the calculated photodisintegration reaction rate
on the p nuclide !7*Hf. Although the natural abundance of
the radionuclide 7#Hf is rather low, 0.16(1)%, it has been
shown that it can be used as a tracer to explore the distri-
bution of supernova material in the early solar system [24].
Constraining the photodisintegration reaction rates of !7*Hf
has an impact not only on the !7#Hf abundance but also on the
lighter p nuclide abundances as the process eventually pro-
ceedsto lighter elements via (y, p) and (y, «) reactions. Here
we constrain the 74Hf (y,n) IT3Hf reaction rate with the new,
more precise mass value of !73Hf (see Fig. 2). The astrophys-
ical reaction rates were calculated with the TALYS—1.96
code [25], using the default phenomenological level density
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Fig. 2 Astrophysical reaction rate ratio using the mass of !7>Hf deter-
mined in this work (JYFLTRAP) and the AME20 mass values for the
174Hf(y, n)! 7 Hf reaction as a function of temperature. The (y, n) is the
main photodisintegration destruction channel of !7*Hf down to temper-
atures of 2 GK

model based on the Fermi gas model and the local optical
model potential parametrization [25]. The masses of !> Hf
and !7*Hf were adopted from this work (JYFLTRAP) and
AME?20 [8] and varied up or down by 1o to obtain the max-
imum and minimum Q values for the reaction of interest.

The updated Q value for the 174Hf(y, n)73Hf reaction
resulted in a reaction rate decrease by up to 13% for the rele-
vant temperature region compared to the rate calculated with
the AME20 masses, see Fig.2. The (y, n) reaction is the main
photodisintegration destruction channel of !7#Hf for temper-
atures down to 2 GK below which the (y, o) starts to dom-
inate. The total photodisintegration reaction rate, however,
decreases significantly at those lower temperatures. Although
there are also many other uncertainties related to the reaction
rates and the p-nuclide abundances (see e.g. [26,27]), the
mass-related reaction rate uncertainties for the main destruc-
tion channel of the p nuclide ! 7#Hf were significantly reduced
in this work, e.g. from x14% to ~2.4% at 2.0 GK.

3 Conclusions

The mass of '73Hf was measured with high precision using
the PI-ICR method at the JYFLTRAP double Penning trap.
The result is in agreement with the literature data, however,
it is nine times more precise. The updated Qgc value of
I73Hf allowed us to exclude one excited state and 11 transi-
tions in the daughter nucleus '73Lu, previously assigned to
the decay '73Hf. The high-precision mass measurement also
constrained the calculated (y, n) photodisintegration rate on
the p nucleus 7#Hf.

@ Springer
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