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Abstract. The Canadian Penning trap (CPT) mass spectrometer at the Argonne National Laboratory
makes precise mass measurements of nuclides with short half-lives. Since the previous ENAM conference,
many significant modifications to the apparatus were implemented to improve both the precision and
efficiency of measurement, and now more than 60 radioactive isotopes have been measured with half-lives
as short as one second and with a precision (Am/m) approaching 107%. The CPT mass measurement
program has concentrated so far on nuclides of importance to astrophysics. In particular, measurements
have been obtained of isotopes along the rp-process path, in which energy is released from a series of rapid
proton-capture reactions. An X-ray burst is one possible site for the rp-process mechanism which involves
the accretion of hydrogen and helium from one star onto the surface of its neutron star binary companion.
Mass measurements are required as key inputs to network calculations used to describe the rp-process
in terms of the abundances of the nuclides produced, the light-curve profile of the X-ray bursts, and the
energy produced. This paper will present the precise mass measurements made along the rp-process path
with particular emphasis on the “waiting-point” nuclides °®Se and %*Ge.

PACS. 21.10.Dr Binding energies and masses — 26.30.+k Nucleosynthesis in novae, supernovae, and other
explosive environments — 26.50.4+x Nuclear physics aspects of novae, supernovae, and other explosive

environments

1 Introduction

Since the previous ENAM conference [1], the masses of
more than 60 radioactive isotopes have been determined
with the Canadian Penning trap (CPT) mass spectrom-
eter at Argonne National Laboratory (ANL) [2,3,4,5].
Most of the isotopes studied were selected due to their
important role in astrophysical processes such as the rp-
process [6] discussed here.

A possible site for the rp-process is a binary star sys-
tem in which hydrogen and helium from a gas giant accrete
onto the surface of its neutron star companion. As mate-
rial accumulates onto the surface, the gravitational pres-
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sure can become sufficient to ignite nuclear burning of the
hydrogen and helium [7]. With accretion rates of ~ 1079
solar masses per year, the continuing increase in pressure
(and temperature) eventually results in a thermonuclear
runaway [8]. At this time, the creation of heavier elements
is realized through a series of rapid proton-capture reac-
tions. The resulting energy release is ultimately observed
as an X-ray burst [9] with a typical duration of 10-100
seconds.

During the thermonuclear runaway, the reaction path
is set by thousands of reaction rates, including those of
predominant proton-capture, photodisintegration, and
(-decay reactions. Nuclides along this path, where the
proton-capture reactions are hindered by photodisinte-
gration reactions, are termed “waiting-point” nuclides. At
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these nuclides, the rp-process stalls and cannot continue
until the destruction of the waiting-point nuclide, either
through its @ decay, or through the rapid capture of two
protons to bypass the impeding nucleus. The timescale
of the rp-process, or equivalently the light-curve profile
of X-ray bursts, depends largely upon the contribution of
the individual delays at each waiting-point nuclide. Since
these delays are dependent upon the reaction rates of the
nuclides involved, information about [(-decay half-lives
and energy levels which can be thermally populated
are necessary to assess the delay at each waiting-point
nuclide. Furthermore, since the photodisintegration rates
are exponentially dependent upon proton separation
energies [7], masses of waiting-point nuclides are critical.
Even a small uncertainty in the masses yields a large
uncertainty in the effective half-lives of, or delays at, the
waiting-point nuclides.

The potential waiting-point nuclides are the even
N = Z nuclei due to the predicted structure of the proton
drip-line. Since the delay each waiting-point nuclide con-
tributes to the timescale of the rp-process is at most equal
to its [-decay lifetime, the waiting-point nuclides which
could have the biggest influence are those at the begin-
ning of the N = Z chain, in particular *Ge and ®®Se [7].

2 Measurements

Precise mass measurements made with the CPT require
sufficient yields of low-energy ions with minimal contam-
ination. Since the objective of the CPT is to make mea-
surements of short-lived, rare isotopes, the injection sys-
tem must be efficient and quickly prepare the ion samples.
As a description of the CPT apparatus has been given pre-
viously [10,11], only a brief description is provided here.

Nuclides along the rp-process path were produced from
fusion-evaporation reactions between heavy-ion beams
from the ATLAS facility at ANL and a rotating target
wheel. From there, the high energy nuclides of interest
are collected and focussed into a gas cell [12] where they
are thermalized with 200 mbar of purified helium gas.
Within milliseconds, the nuclides are extracted from the
gas catcher, proceed through a differentially pumped ion
cooler [13], and enter an isotope separator [14] where con-
tamination is reduced. The ions are then transferred to a
linear radio-frequency quadrupole trap (RFQ trap) where
they are cooled with helium buffer gas and accumulated.
Once the precision Penning trap is ready for more ions, the
prepared bunch of pure, low-energy ions in the RFQ are
transferred to the precision Penning trap. The efficiency
of the entire system, from production to detection, is on
the order of 0.1%. Ions can be delivered to the precision
Penning trap within 100 milliseconds and with an energy
spread of ~ 1 eV.

Tons are confined in the Penning trap with a superpo-
sition of a magnetic and electric field [15]. Radial confine-
ment is provided by a 5.9 T homogeneous magnetic field
and axial confinement is achieved by a harmonic potential
created by applying appropriate voltages on the electrode
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structure of the Penning trap. The central, or ring, elec-
trode is divided into quadrants enabling the application of
an azimuthally symmetric time-varying quadrupole field.
In this manner [16,17], the trapped ions can be driven
resonantly at their cyclotron frequency:

qeB

We =", (1)
where the charge of the electron is indicated by e. Since the
cyclotron frequency depends only upon the magnetic field
strength B, the charge state ¢, and the mass m of the ion,
accurate and precise mass measurements can be made.
Furthermore, from eq. (1) and ref. [18], the precision in
the mass measurement can be shown to follow the relation

dw, ~ m 1 @)
geB tRF\/N’

with IV representing the total number of ions detected and
trr is the duration of the applied quadrupole field. There-
fore, under similar operating conditions, higher precision
is naturally obtained for lighter masses.

The effect of the excitation is determined by a time-of-
flight (TOF) method [19] in which a multichannel scaler
records the time it takes for the ions to reach a microchan-
nel plate detector (MCP) after ejection from the Penning
trap. Radial energy gained from the excitation is converted
into axial energy by the interaction of the magnetic mo-
ment of the ions with the magnetic field gradient outside
the Penning trap. If the trapped ions were resonantly ex-
cited at their cyclotron frequency, they reach the detector
sooner than ions not driven at their cyclotron frequency.
This technique is a destructive one; each measurement
cycle requires a new ion bunch. To determine the reso-
nant cyclotron frequency, each ion bunch is subjected to
a slightly different excitation frequency. After plotting the
average arrival time of the ions at the MCP detector as
a function of the excitation frequency, the cyclotron fre-
quency is obtained by determining the minimum in the
spectrum.

Determining the strength of the magnetic field is
achieved by periodically measuring the cyclotron fre-
quency of a well-known mass, myes. Assuming this ref-
erence mass and the unknown mass are subjected to the
same magnetic field, the mass of the unknown nuclide is
calculated by

We,re
m = (qqf> (’f> (mref - Qrefme) + qme , (3)

We

sm

m We

where m, represents the mass of the electron.

3 Results

The plotted curve in fig. 1 shows how the effective half-life
of 68Se, t1/2,eft> depends upon the proton-capture @) value,
@p, for typical conditions during an X-ray burst [2]. For
small @, values, the proton-capture rate is small in com-
parison with the photodisintegration rate of %°Br, and so
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Fig. 1. The effective half-life of %®Se as a function of the
proton-capture @ value for ®®Se. For the data points with a
two-name legend entry, the first name indicates the source of
the ®®Se mass (SPEG [20], CSS2 [21], or FMA [22]) and the
second name represents the source of the *Br mass (AME [23]
or HF [24]). Also shown is the upper limit for Q,(°®Se) as
determined by Pfaff et al. [25]. The curve demonstrates how
the effective half-life of °®Se depends upon the proton-capture
@ value and is not a fit to the data. It was calculated under
conditions typical for X-ray burst models.

the rp-process is stalled until the 3 decay of %®Se occurs.
For larger @, values, the increased likelihood of destruc-
tion of %8Se via proton-capture decreases the effective half-
life of %8Se since the rp-process can continue before the 3
decay of %¥Se takes place.

Along the plotted curve in fig. 1 are data points which
represent the ), values determined by various groups.
Since @Q,(%®Se) requires both the mass of ¥Se and that
of 99Br, the first name in each legend entry indicates the
source of the ®®Se mass, and the second name represents
the source of the %Br mass. As %°Br is proton unbound,
its short-lived nature prevents a precise measurement of
its mass. Instead, its mass is better estimated by Hartree-
Fock (HF) calculations [24]. Now if our mass determina-
tion of %®Se [2] is used in conjunction with HF calculations
for the mass of 59Br, the effective half-life of 53Se is be-
tween 29 and 34 s, and therefore 8Se provides a significant
delay during the rp-process.

As %4Ge has a 3-decay half-life of 64 s, its effective half-
life could potentially contribute a larger portion to the
total timescale of the rp-process. If we combine our mass
determination of 64Ge with the Hartree-Fock calculations
for %5 As [24], the effective half-life of 54Ge is then between
0.7 and 5.7 s. This would indicate 6Ge is a waiting-point
nuclide, but not as significant as %8Se.

The masses of nuclides along the rp-process path, es-
pecially in the vicinity of the proton-rich Ru, Rh, and
Pd nuclides, have not been measured precisely, if at all.
Our analysis to date [26] has resulted in the mass de-
terminations of 10 nuclides in this region. Our prelimi-
nary results are shown in fig. 2. Here, the differences be-
tween our measurements and the mass values from the
2003 atomic mass evaluation (AME) [23] are shown with
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Fig. 2. Mass measurements of proton-rich refractory metals
performed by the CPT. Plotted are the differences between
the preliminary CPT results and those from AME. The error
bars shown represent only the statistical uncertainty from the
CPT results (8 keV on average), with the lines indicating the
uncertainty in the masses from AME. In two cases, °°Tc and
91T¢, it is uncertain as to whether the ground or isomeric state
was measured.

the lines indicating the precision of the masses as quoted
in AME. Our measurements are plotted with statistical
error bars only. Excellent agreement exists between our
measurements and those in AME, but our results were
obtained with much better precision. For two nuclides,
99T¢ and ?'Tc, our measurements were performed with
resolution insufficient to resolve the isomers (with excita-
tion energies of 310(390) keV and 139.3(0.3) keV respec-
tively [23]) from the ground state, and so it is possible our
TOF spectra have a mixture of both. We intend to revisit
this region to measure more proton-rich nuclides closer to
the rp-process path with an increased resolving power to
discern the ground and isomeric states.

The rp-process path is thought to terminate in the
Sb, Sn, and Te region [27]. The Te isotopes are known
ground-state alpha emitters, so a cycle is established be-
tween the proton capture reactions into the Te isotopes
and the subsequent alpha emission of these isotopes. Un-
certainties in the masses of the nuclides in this region ul-
timately affect the resulting nuclide abundances. The pre-
liminary results [26] of our data for 10 nuclides in this
region are shown in fig. 3 where again the differences be-
tween our measurements and the AME values are plotted.
The lines show the uncertainties in the masses from AME.
Our measurements, with much better precision, mostly
agree with AME. For two cases, 1%4In and '%In, we could
not resolve the ground and known isomeric states (with
excitation energies 93.48(0.10) keV and 28.6(0.3) keV, re-
spectively [23]). We plan to revisit this region to resolve
this issue.

Mass measurements are also critical for the study of
novae, which are similar to X-ray bursts with the neutron
star substituted by a white dwarf. Novae outbursts lead
to the production of ?>Na which can be used as an ob-
servable of these events [28] by detecting the emission of
the 1.275 MeV ~-ray following its 8 decay. However, one
of the main uncertainties in the production of ?2Na, is the
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Fig. 3. Mass measurements of nuclides near the proposed end-
point of the rp-process. Plotted are the differences between the
preliminary CPT results and those from AME. The error bars
shown represent only the statistical uncertainty from the CPT
results (20 keV on average), with the lines indicating the uncer-
tainty in the masses from AME. In two cases, 1%¢In and °In,
it is uncertain as to whether the ground or isomeric state was
measured.

2INa(p,7y)?2Mg reaction rate [29] which leads to the impor-
tance of the 22Mg mass as 2'Na is already well known [23].
The current mass evaluation (AME) based the mass of
22Mg on two measurements published in 1974 [30,31].
However, a recent experiment at ISAC at TRIUMF [32],
which directly measured the energy of the resonance into
the astrophysically relevant 2% state, suggested that the
mass excess of 22Mg should shift down by about 6 keV
compared to AME assuming the energy of the 21 state
was correct. Since then, the mass excess of one of the ini-
tial mass measurements [30] has been lowered by 3 keV
to account for the change in the 150(p, )0 Q value [33]
tied to the original measurement [34]. Our precise mass
measurement [3], in agreement with a recent measurement
conducted by ISOLTRAP [35], only accounts for 3 keV of
the 6 keV shift suggested by ref. [32]. The remaining 3
keV discrepancy was removed following a more accurate
measurement of the 2% energy level [36]. All the recent
measurements now yield consistent results.

With respect to tests of the unitarity of the CKM ma-
trix, our mass of 22Mg provides for a corrected Ft value
of 3081(8) s, with the uncertainty now dominated by the
branching ratio.

4 Summary

Mass measurements are required to characterize X-ray
bursts in terms of the abundance of the elements pro-
duced, the energy released, and the timescale of the X-ray
burst. The timescale is influenced heavily by the individ-
ual delays of the waiting-point nuclides, especially that
of 68Se and %*Ge. Our mass measurements have shown
that the rp-process path is delayed at %*Ge, and more
significantly at ®®Se. To date, the masses of more than 60
nuclides have been measured with the CPT, including nu-
clides along the rp-process path where mass information is
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needed the most, namely the proton-rich refractory metals
and at the proposed termination of the rp-process path.
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