Eur. Phys. J. A (2012) 48: 97
DOI 10.1140/epja/i2012-12097-2

THE EUROPEAN
PHYSICAL JOURNAL A

Regular Article — Experimental Physics

Recoil-ion trapping for precision mass measurements

A. Herlert®, S. Van Gorp?, D. Beck®, K. Blaum®*, M. Breitenfeldt® ", R.B. Cakirli®, S. George*'4, U. Hager”°,
F. Herfurth®, A. Kellerbauer?, D. Lunney®, R. Savreux?, L. Schweikhard®, and C. Yazidjian®

CERN, Physics Department, 1211 Geneva 23, Switzerland

0w N D ks W N

Received: 22 March 2012 / Revised: 6 June 2012

K.U. Leuven, Instituut voor Kern- en Stralingsfysica, Celestijnenlaan 200 D, 3001 Leuven, Belgium
GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Planckstr. 1, 64291 Darmstadt, Germany
Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
Ernst-Moritz-Arndt-Universitét, Institut fiir Physik, 17487 Greifswald, Germany

Istanbul University, Department of Physics, 34134 Istanbul, Turkey

University of Jyvéaskyld, Department of Physics, P.O. Box 35 (YFL), 40014 Jyvéaskyla, Finland
CSNSM-IN2P3-CNRS, Université de Paris Sud, 91405 Orsay, France

Published online: 26 July 2012 — (© Societa Italiana di Fisica / Springer-Verlag 2012

Communicated by N. Alamanos

Abstract. For the first time masses of recoiling daughter ions have been measured that were held after
beta-decay in a buffer-gas—filled Penning trap. From the masses of the trapped beta-decaying manganese
ions %1% Mn™ and the daughter recoil-ions %' ®3Fe™ the Q values of %' %3Mn have been deduced with
absolute uncertainties of about 5keV. The observed yields of iron ions are compared to the results from
simulations, which confirm a recoil-ion trapping efficiency of about 50%.

1 Introduction

The region of neutron-rich nuclei around N = 40 has been
the subject of many investigations with the aim of shed-
ding light on the question how nuclear structure evolves
between the major neutron shells N = 28 and 50. Indeed,
data, e.g., on neutron-rich chromium [1,2], vanadium [3]
and iron isotopes [4-6] at N = 40 have shown a varia-
tion of the deformation and an increase of the collectiv-
ity near N = 40 [7]. The onset of collectivity is seen as
an indication supporting a new island of inversion [8] in
analogy to the one known at N = 20, e.g., for *>Mg [9].
Mass measurements on neutron-rich nickel, copper and
gallium isotopes showed no indication of a sub-shell be-
havior [10]. Nevertheless, data across N = 40 were still
missing, e.g., for neutron-rich manganese and iron iso-
topes, which would give further information on the mass
surface in that region.
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Penning trap mass spectrometry is presently the meth-
od of choice for high-precision mass determinations on sta-
ble as well as short-lived nuclei [11-19]. Numerous such
measurements have been performed at the ISOLDE fa-
cility [20] at CERN by use of the dual Penning trap
mass spectrometer ISOLTRAP [21]. ISOLTRAP has ac-
cess to a large variety of radioactive ion beams available at
ISOLDE. However, although more than 900 nuclides can
be delivered with yields sufficiently high for mass measure-
ments at ISOLTRAP, the production process with protons
impinging on thick targets and subsequent diffusion and
ionization leads to gaps in the chart of nuclides: Due to
their chemical and physical properties, the isotopes of cer-
tain elements are not released from the target and are
therefore not available. A particular example are the iron
isotopes which are required for the study of nuclear struc-
ture in the region around N = 40.

In order to circumvent the limits of radioisotope pro-
duction, Penning traps can be employed, which allow for
the storage of ions for extended times without significant
losses. This feature can be used to produce nuclides by
transmutation, e.g., nuclear 3 decay in the trap volume:
The short-lived ions are stored until they eventually decay.
The large axial trapping potential, the magnetic field, and
the damping effect of the buffer gas are enough to retain
the recoiling daughter-nuclide ions in the trap volume. The
feasibility of this approach has been shown in a prelimi-
nary study with 3"K* ions which 8% decayed into 3" Ar*
in the trap [22]. In the present work, this procedure was
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Table 1. Time structure of the experimental steps in the ion traps for standard operation and for in-trap decay.

Procedure Standard operation In-trap decay
Duration (ms) Element Duration (ms) Element
RFQ buncher and cooler
Accumulation 0.05-100 Mn 0.05-100 Mn
Cooling 8 Mn 8 Mn
Preparation Penning trap
Axial cooling 150 Mn, Fe 1000 Mn, Fe
Magnetron rf excitation 5 Mn, Fe 5 Mn, Fe
Quadrupolar rf excitation 100 Mn 100 Fe
Cooling of cyclotron motion 100 Mn 100 Fe
Precision Penning trap
Magnetron rf excitation 10 Mn 10 Fe
Dipolar rf excitation (cleaning) 50 Mn 50 Fe
Quadrupolar rf excitation 100-1200 Mn 100-1200 Fe

applied to the decay of neutron-rich manganese isotopes
into iron isotopes in order to gain access to these nuclides
for mass measurements for the first time at ISOLDE. In
addition, the observed iron yields are compared to ab ini-
tio simulations to provide more quantitative information
on the efficiency of the recoil-ion trapping in a buffer-gas-
filled Penning trap.

2 Experimental setup and procedure

The neutron-rich manganese ions studied in this work
were produced by impinging 1.4 GeV protons from the
Proton Synchrotron Booster at CERN on a uranium-
carbide target equipped with a tungsten cavity for se-
lective laser ionization [23]. The ISOLDE ion source was
operated at 30kV, and isobars were separated with the
general purpose mass separator GPS and afterwards sent
to the ISOLTRAP setup.

The ISOLTRAP mass spectrometer is described in de-
tail in [21]. Tt consists of a radiofrequency quadrupole
buncher and cooler (RFQ) [24] to prepare the 30 to 60keV
quasi-continuous beam from ISOLDE for subsequent trap-
ping, and two Penning traps for further mass purification
and high-precision mass measurements. In the first Pen-
ning trap [25] the ions of interest are selected by use of
mass-specific buffer-gas cooling [26]. As part of the ion
cooling process, the ions are initially kept in the trap for
150ms to axially center them before application of the
rf excitations. For the in-trap-decay scheme this duration
is increased to one second in order to allow the stored
manganese ions to decay in the trap. The most impor-
tant experimental steps and their durations are given in
table 1.

The method of recoil-ion trapping has already been de-
scribed in detail for the case of 31 decay [22]. In contrast,
the presently studied manganese isotopes decay by ([~
emission, i.e. the daughter nuclide will be doubly charged

Table 2. Half-life, spin and parity of ground and isomeric
states of manganese isotopes. Data taken from [27]. Note that
for ®>Mn the assignment of the ground and isomeric state is
not known (the energy difference between ground-state and
excited-state isomer is estimated as AE = 0(150) keV as de-
duced from systematic trends [28]).

Tsotope AE (keV) Half-life JT ‘
*6Mn 2.58h 3t
5"Mn 85.4s 5/2°
5$Mn 3.0s 1"

58m Mn 71.78 65.4s (4)*
59Mn 4.59s (5/2)~
50Mn 280 ms 1"

60m M 271.90 1.77s 4"
51Mn 670 ms (5/2)~

62/62m\p 671 ms (47)
62/62m N\ 92 ms (1t
53Mn 275 ms (5/27)

immediately after the decay rather than being neutral
(neglecting additional electron shake-off). For the present
studies, only the singly charged iron ions were selected by
tuning to the proper cyclotron frequency, i.e., those ions
that underwent charge-exchange reactions in the buffer-
gas environment as has been observed, e.g., in the case of
doubly charged xenon ions [29].

Since neither the masses of the neutron-rich manganese
isotopes nor those of the iron isotopes are well known, both
are of interest and can be accessed in one experimental run
using the in-trap-decay method. In order to have sufficient
decays of the parent ions on the experimental time scale
(half-lives below one second, see table 2), only the iron
isotopes 1 63Fe have been studied.
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Fig. 1. (Color online) Ton-cyclotron resonance of 'Fe™ ions.
The solid line is a fit of the theoretical line shape [30] to the
data points.

3 Results
3.1 Mass determination

The mass of an ion is determined via the ratio of its cy-
clotron frequency in a Penning trap to that of a refer-
ence ion with well-known mass. The cyclotron frequencies
ve = qB/(2mm) of 55 %3Mn* have been measured, where
B is the magnetic field strength in the Penning trap and
m and g are the mass and charge of the stored ion. After
recoil-ion trapping the 61 63Fet ions were transferred to
the precision Penning trap where their cyclotron frequen-
cies were determined. As an example, a cyclotron reso-
nance taken for 8'Fet is shown in fig. 1.

A summary of all measured frequency ratios r =v ey /
V. is given in table 3. The atomic mass m of the nuclide
of interest can be derived by

m = 1(Mpef — Me) + Me, (1)

with the atomic mass m,.s of the reference nuclide and
the electron mass m.. By convention not the atomic mass
but rather the mass excess M E is listed in the Atomic-
Mass Evaluation (AME) [31,32], which is defined as the
difference ME = m — A between the atomic mass (in
atomic mass units) and the mass number A, taking the
conversion factor 1u = 931494.0090(71) keV [31].
Cyclotron frequencies of the stable isotopes 'K and
85Rb as well as of 96°"Mn were taken as cross-checks.
For ®Rb a deviation by more than two standard devia-
tions from the literature mass value was obtained, which
is probably due to a non-optimal injection of ions much
heavier than the reference ions 3°K7 into the precision
trap. Although no deviation for the mass of the stable
41K isotope was observed, all uncertainties for the fre-
quency ratios given in table 3 were modified by adding
in quadrature 6 x 108 as an additional systematic un-
certainty. This brings the measured mass excess of 8>Rb
within one standard deviation of the literature value. Oth-
erwise, the analysis procedure followed the one described
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in [33]. Despite the additional systematic uncertainty, the
mass excess values obtained have total uncertainties be-
low 4keV except in the case of 53Fe, for which only one
resonance was recorded, resulting in a larger statistical
uncertainty.

3.2 Identification of isomers

In some cases long-lived isomers can be more strongly pop-
ulated in the production process than the ground state. All
such states studied in this work are given in table 2. Usu-
ally, with proton-induced fission, the high-spin isomeric
state is more strongly populated than the ground state
(see, e.g., [34,35] or [36] for far asymmetric fission). In the
case of °“Mn the spin assignment of the isomers is not
known and therefore a careful analysis is needed.

As an example, the cyclotron resonance of ®Mn™ is
plotted in fig. 2 for two different rf excitation durations.
While for a duration of T,y = 300 ms the two states are
not resolved, their presence can be inferred by compar-
ing single- and double-resonance fits. For T,y = 1200 ms
the cyclotron resonance shows the presence of the ground
state very clearly (see fig. 2(bottom)). This state has a
much lower abundance as compared to the isomeric state
at lower cyclotron frequency, i.e., at higher mass. Thus,
as only a few ions are present in the trap in each exper-
imental cycle, the amount of contaminating ground-state
ions is negligible and there is no significant influence on
the mass determination of the isomeric state.

While in the case of ®®*Mn both states were observed
and thus their relative abundance is known, the situation
for °Mn and %?Mn is more complicated. In both cases no
trace of a second state was observed in the time-of-flight
(ToF) spectra or cyclotron resonances. Especially in the
case of 52Mn the excitation energy of the isomer is not
known and therefore no suitable excitation duration can
be chosen in order to achieve separation. Furthermore,
in both cases the high-spin state is most probably more
strongly populated and delivered by ISOLDE, indepen-
dent of the respective half-lives and resulting losses due
to B decay.

In order to obtain additional information to help iden-
tify the ground or isomeric state, the data were analyzed
with respect to the absolute number of ions in the preci-
sion trap as a function of storage time. Note that the decay
loss of the parent ions can only be monitored by measuring
the number of remaining parent ions and not at the num-
ber of appearing daughter ions. The latter mostly leave
the trap due to the shallow trapping potential.

As an example, the absolute number of ions per cycle in
the precision trap is plotted as a function of the cyclotron
rf excitation duration for 2Mn™ in fig. 3(center), which is
the main contribution to the storage time in the precision
trap. The ion signal was integrated over the expected ToF
range of parent ions only (taking into account the shorter
ToF due to in-resonance quadrupolar rf excitation, see,
e.g., fig. 3(top) for *Mn™). Since the experimental time
was limited, only a few different excitation durations were
applied. The resulting values for the half-lives are shown
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Table 3. Frequency ratios measured between °87-59:60m61763\1y and 1763Fe and the reference ion *°K™ (mass of **K m =
39.96399848(21) u [32] with 1 u = 931494.0090(71) keV [31] and m. = 548579.9110(12) x 10~? u). Frequency ratios of stable alkali

ions as well as long-lived manganese ions °5"Mn* relative to

39K+

were measured as cross-checks. An additional systematic

uncertainty of 6 x 10~® has been added in quadrature to the uncertainty of the frequency ratios (for details see text). In addition
to the data measured in this work, frequency ratios from an earlier campaign (in 2003) are listed, for which only mass excess

values have been published so far.

Ion r ME.s, (keV) ME: (keV) [31] |
Data from 2006 (as published in [37])
S8mMntT 1.4870354024(735) —55755.4(2.7) —55840(30)
S Mn™ 1.5127070218(631) —55525.0(2.3) —55480(30)
60m Mt 1.5384502463(648) —52695.8(2.4) —52910(90)
S1Mn* 1.5641418011(653) —51741.8(2.4) —51560(230)
62/62mp\ [+ 1.5899051939(718) —48180.6(2.6) —48040(220)
53Mn™t 1.615606112(102) —46886.8(3.7) —46350(260)
Glpet 1.5639440154(729) —58920.2(2.7) —58921(20)
62 et 1.5896104560(773) —58877.8(2.8) —58901(14)
G3Fet 1.615365034(155) —55636.5(5.6) —55550(170)
Cross-check data from 2006 (as published in [37])
S6Mn T 1.4356730300(696) —56910.7(2.5) —56909.7(0.7)
S"Mn* 1.4613225062(714) —57484.0(2.6) —57486.8(1.8)
N 1.0512822800(609) —35558.6(2.2) —35559.07(0.19)
S5Rb 2.1792700552(686) —82165.0(2.5) —82167.331(0.011)
ISOLTRAP data from 2003®
S6Mnt 0.6587862217(182) —56910.3(1.4) —56909.7(0.7)
STMn™ 0.6705559418(275) —57486.4(2.2) —57486.8(1.8)

(®) Data from [38] taken with reference ion 3*Rb™. Only the mass excess was published in [39]. These data were included in the AME2003 mass

evaluation [31].

in fig. 3(bottom) together with the literature values for
the ground and isomeric states.

For 59Mn the half-life of the ground state is 0.280's [40]
while the excited-state isomer has a half-life of 1.77s. In
the case of %2Mn a short-lived isomeric state was identified
by Gaudefroy et al. [41] which has a half-life of 92 ms. An
assignment of the ground state was, however, not possible
and therefore it is not clear if the high- or the low-spin
state is the ground state. It is assumed in the following
that the longer-lived state is the ground state.

In all cases the half-lives determined are about a factor
of two smaller than the literature value of the longer-lived
state. Additional loss mechanisms cannot be excluded.
Furthermore, fluctuations in the ISOLDE ion production
may lead to systematic deviations in the measured abso-
lute ion numbers. Therefore, the half-lives obtained from
the decay loss in the measurement Penning trap are not
sufficient for unambiguous identification.

3.3 lon yields

As an additional check, the yield observed at ISOLTRAP
can be compared to the manganese yield as delivered

by ISOLDE using a resonance-ionization laser ion source
(RILIS) [42]. The measurement cycle had a fixed dura-
tion as shown in table 1 and therefore the measured yield
can be corrected for decay losses during the storage in the
various ion traps. The result is shown in fig. 4, where the
filled circles are the corrected yields of manganese ions
from the RFQ buncher and cooler and the empty dia-
monds indicate the ISOLDE yields as tabulated in the
yield data base (data from [42]) scaled by the stopping
and trapping efficiency of 0.5% of the ISOLTRAP RFQ.
The efficiency of 0.5% was determined by use of a stable-
ion beam from ISOLDE and application of the ISOLDE
beam gate for production of well-defined number of ions
entering the RFQ. The empty squares denote yield data
taken during the experimental run at the ISOLDE tape-
station system (also scaled by 0.5%). Up to mass number
A =59 a lower yield was observed as compared with the
expected (scaled) ISOLDE yield, which is most probably
due to a detuned ion transport. In addition, the first data
points (up to mass A = 59) were recorded during beam-
sharing mode of the GPS mass separator, i.e., ISOLTRAP
taking the central mass after the separator magnet and ad-
ditional lower-mass beam was deflected to a separate user
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Fig. 2. (Color online) Ton cyclotron resonances of **Mn™ for
excitation durations Ty = 300ms (top) and Ty = 1200 ms
(bottom). The solid and dashed lines are fits of the line
shape [30] to the data points. The dashed line shows a fit for
a single resonance (x2 = 1.6 and 1.5 for T,y = 300ms and
T,r = 1200 ms, respectively) while the solid line gives the re-
sult for two resonances within the frequency range (x2 = 1.0
and 1.1 for T,y = 300 ms and 75y = 1200 ms, respectively). The
ground state (gs) and isomeric state (is) are marked together
with the energy difference. See text for details.

for collections. After retuning of the ion transport (mea-
surements from A = 59 to 63) and running as the only
user, a satisfactory agreement of the measured ISOLDE
yield with the yield at ISOLTRAP can be seen. For the
more neutron-rich manganese isotopes the trend of the
observed yield follows the expected yield data.

In the case of A = 60,62 the observed yield was cor-
rected according to the shorter half-life of the respective
isomers (see table 2) and the resulting yield data are plot-
ted as empty circles in fig. 4. Clearly, the yields are much
higher than expected from the trend, especially in the case
of 92Mn, which, together with the deduced half-life data,
gives a strong indication that in the case of °Mn and
52Mn the longer-lived states have been observed in the
measurement trap, i.e. the isomeric state for 5°Mn.
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Fig. 3. (Color online) Top: ToF sgectrum of ®*Mn™ ions (accu-
mulation of several experimental cycles) measured at the final
detector after application of the quadrupolar rf excitation in
the precision trap. The dashed line separates the signal from
53Mn™ ions from the signal of daughter ions (and/or ionized
residual gas) after 3 decay. Center: Number of ®*Mn* ions
observed at the final ToF ion detector as a function of the du-
ration of the quadrupolar rf excitation in the precision Penning
trap. The solid line is a weighted fit of an exponential decay to
the data points. Bottom: Half-lives of %°"%3Mn as deduced from
exponential fits as shown in the top graph (filled circles). The
expected half-lives of the ground state (gs) and isomeric state
(is) are indicated by lines. In the case of **Mn the assignment
to either the ground state or the isomeric state is not clear.

For an estimate of the recoil-ion-trapping efficiency,
the initial yield of the precursor manganese ions is deter-
mined from the number of iron ions observed at the ToF
ion detector by correcting for the in-trap decay in the
preparation Penning trap as well as decay losses during
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Fig. 4. (Color online) Yield of manganese ions as measured
with the final ion detector at ISOLTRAP (filled circles). In
addition, the yield of manganese ions as expected from the
ISOLDE yield data base is shown (empty diamonds) together
with data points measured in the beginning of the run as a
target test (empty squares). A transport efficiency of 0.5% from
the ISOLDE ion source to the ToF ion detector of ISOLTRAP
is assumed to rescale the ISOLDE data. Data points denoted
by filled triangles give the manganese yield as deduced from
the observed iron yield measured at the ion detector. Data
points denoted by empty circles and triangles show the deduced
manganese yields if the shorter-lived isomers of %%%*Mn are
assumed.

the transport to the preparation trap. The resulting man-
ganese yields are plotted in fig. 4 (filled triangles).

4 Discussion
4.1 Q-values from mass measurements

The mass excess values determined in this work are com-
pared to the literature values as given in the 2003 Atomic-
Mass Evaluation (AME2003) [31]. The filled and empty
circles in fig. 5 denote the AME2003 data relative to the
ISOLTRAP values for the ground and isomeric states,
respectively. In general, there is good agreement for the
ground-state data within the uncertainties of the litera-
ture values. The new data mainly reduce the uncertainties
of the mass excess values.

For the manganese isotopes, a trend towards smaller
mass excess values is observed when going to more
neutron-rich isotopes. The literature value of %>Mn is devi-
ating by more than 500 keV, however, with an uncertainty
of 260keV. In the case of the isomeric states *®™Mn and
60m©\n, a deviation by the amount of the excitation energy
is observed, which possibly indicates an incorrect assign-
ment of levels in the results from previous $-decay experi-
ments that are included in the mass evaluation AME2003.
As energy differences are used to deduce the mass of the
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Fig. 5. Mass excess values from the Atomic-Mass Evaluation
2003 data [31] (filled and empty circles for ground and isomeric
states, respectively) relative to the values for manganese and
iron isotopes determined in this work (the error band is too nar-
row to be shown on this scale). The inset shows an additional
recent result for ®3Fe from the LEBIT Penning trap experi-
ment [43] (filled square) which is compared to the ISOLTRAP
value (empty triangle).

respective parent or daughter nuclide, incorrect level as-
signments may lead to systematic shifts. A thorough in-
vestigation is pursued in a separate publication which in-
cludes in addition to the data presented in table 3 also
new data on neutron-rich manganese isotopes up to 5Mn
and a full new mass evaluation [37]. The present work
concentrates on the recoil-ion trapping and its efficiency.

In the case of the iron isotopes, a recent result [43]
from the LEBIT Penning trap mass spectrometer has been
added for comparison as well (see the inset of fig. 5, filled
square). This shows the good agreement of the ISOL-
TRAP and LEBIT data for %3 Fe, confirming the accuracy
on the level of a few keV by independent experimental
data.

Since precise mass excess values are available for three
pairs of mother-daughter nuclei, measured in the same ex-
periment under the same conditions, the ()-values of the
manganese isotopes %1 %3Mn can be deduced as summa-
rized in table 4. These values will be used in the following
simulations of the in-trap decay of the manganese ions and
the recoil-ion trapping. Note that for the Q-values sub-keV
precision can be achieved if a dedicated experimental cycle
and measurement procedures are applied (see, e.g., [44—46]
and references therein). To this end the cyclotron frequen-
cies of the parent and daughter nuclide ions are measured
alternately without using a reference-mass measurement.
This will give a data set of a mass doublet with negligible
systematic shifts. The )-value is determined by the differ-
ence of the cyclotron frequencies and its uncertainty. This
measurement scheme was not applied in this work but is
in principle possible.

4.2 Efficiency of recoil-ion trapping and simulations

The observed yield of iron isotopes can be used as a mea-
sure of the recoil-ion trapping efficiency. As mentioned
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Table 4. Q-values as deduced from the experimental data and
resulting maximum recoil energies (as calculated from eq. (8))
of the daughter nuclei.

Nuclide  Qeap (keV)  Quir (keV) [32] Max. recoil
energy (eV)
51Mn T178(4) 7370(230) 518
52Mn 10697(4) 10860(220) 1086
53Mn 8750(7) 9190(310) 729

Table 5. Ratio of experimental manganese yields and fraction
of product ions trapped after in-trap decay of manganese iso-
topes in the Penning trap as simulated for two different charge
states z (see text for details). The branching ratios for the
case of additional v decays are discussed in the text. The ex-
perimental values of the manganese yields with and without
recoil-ion trapping are taken from fig. 4 to calculate the ratio.

Parent ion Product ion z=1 z=2
Ratio of experimental manganese yield
with/without recoil-ion trapping
S1Mn™ 6lpe™ 1.22(52)
52Mn* 62 et 0.51(22)
53Mn™ 63Fet 0.52(22)
B decay to gs (%)

*'Mn* Olpet 52.6 74.6
%2Mn* 02Fe”t 35.0 51.1
%3 Mn* 03 pe”t 43.6 63.2

3 decay and ~y decay to gs (%)
S'Mn* OlFet 53.9 76.3
%Mn* P2 Fe*t 38.7 56.0
53Mn " 63Fe* ™ 46.9 67.0

above, the initial manganese yield can be deduced and
compared to the yield as measured without recoil ion trap-
ping. The ratios of the averaged calculated and observed
manganese yields are given in table 5(top). In the case of
61Mn, the yields are about the same, while for >Mn and
63Mn the ratio is smaller at around 50%, most probably
due to losses of the recoil ions after 3 decay.

For a more quantitative approach, ab initio simula-
tions have been performed using the SIMBUCA simu-
lation package [47]. This code allows calculation of the
ion motion in a Penning trap. Furthermore, it utilizes the
GPU of a graphics card in order to speed up the calcu-
lation of the ion-ion interactions in a Penning trap and
thus enables the investigation of the properties of an ion
cloud of more than a thousand ions. The geometry of the
preparation Penning trap [25] and the applied potentials
as well as realistic buffer-gas collisions have been taken
into account.
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All nuclides investigated in the present work decay by
emission of a 8~ particle and an anti-electron neutrino,

42X — 5.Y + 87 + 1. (2)

The daughter nucleus has maximum recoil energy when
the anti-electron neutrino is at rest after decay. In this
case momentum conservation requires

Drecoil +DPe =0 (3)

for the sum of the momenta of the recoil nucleus and the
emitted electron. In the decay the energy @ is released,
which for p, = 0 is shared between the daughter nucleus
and the electron

Ek‘in,recoil + Ekin,e = Q (4)
Taking the relation
E = Eyn, +mc? (5)

between the total energy FE, the kinetic energy FEy;,, and
the rest mass energy Ey = mc?, together with the rela-
tivistic energy-momentum relation,

E2 _ p202 + m2647 (6)

one obtains the maximum recoil energy for the daughter
nucleus in case of 3~ decay:

Q2 + 2EO,EQ
2(Q + EO,recoil + EO,e)
Q* +2m.c*Q

pr— . 7
2(Q + 1\47“5001162 + mec2) ( )

Erecoil,max -

Due to the large mass of the recoil nucleus (M, eeoin >
me, Q) this can be approximated by

QQ + Qmecz)
2Mrecoil02

~

Erecoil,max ~ - E()' (8)

The maximum recoil energies for the cases studied in
this work are listed in table 4. Since the axial potential
wall of the preparation trap is about 100V at both ends,
a loss of ions due to the larger recoil energy can be ex-
pected. Aside from the recoil energy, also the angle of the
momentum of the recoil nucleus relative to the magnetic
field axis varies. This makes trapping of recoil ions pos-
sible even if the recoil energy is higher than the trapping
potential.

The distribution of recoil energies after 3 decay is de-
termined by the (-v angular correlation as described in
[48,49]. For unpolarized nuclei and with a Fierz interfer-
ence coefficient b = 0 this correlation can be written as

PPy cos(0,3), (9)

w(@p) =1 +aE5E

with the §-v angular correlation coefficient a, the total en-
ergies /g and E, of the emitted 3 particle and neutrino,
respectively, and 60, the angle between the momentum
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Fig. 6. Calculated recoil-energy probability distributions for
the daughter nuclides after 8 decay of 2 %3Mn. Data have been
normalized with respect to the area of P(E).

ps and p, of the 3 particle and the neutrino, respectively.
For pure Fermi decays a = 1 and for pure Gamow-Teller
transitions ¢ = —1/3. For the neutron-rich nuclides in
this work only a = —1/3 is considered since Fermi tran-
sitions in their §~ decay are energetically forbidden and
admixtures due to isospin breaking can be neglected. In
order to obtain the distribution of recoil energies, eq. (9) is
transformed into a distribution P(Eyecoir, E3) as described
in [49], followed by an integration over all S-particle ener-
gies Eg. The resulting distributions P(E}ecoi) (see fig. 6)
are used for the simulations. The shape of the distribution
is governed by the (-v angular correlation coefficient a =
—1/3 and the only major difference between isotopes is
the maximum recoil energy Fy, which is largest for 52Mn.
The stored manganese ions are expected to have an ini-
tial radial distribution with a FWHM of less than 2 mm (a
Gaussian distribution is assumed). The velocity distribu-
tion of the ions is determined by their recoil energy distri-
bution as mentioned above. Within the SIMBUCA simula-
tion, the initial position and initial momentum (due to the
recoil process) are randomly set according to the underly-
ing probability distributions. The angle of the recoiling ion
relative to the experiment axis is isotropically distributed.
The magnetic field strength was set to 4.7T, i.e. that of
the ISOLTRAP preparation Penning trap. All simulations
were performed for 100000 ions with one ion in the trap in
each cycle. Note that Coulomb interaction was tested in
the simulation but showed no effect on the resulting ion
loss for an initial distribution of ions within an FWHM
of 2mm and a total number of up to 500 ions stored at
once. Since less than 20 ions are typically stored in each
experimental cycle in the trap, the density of the ions was
not high enough for Coulomb interaction to play a role
and was therefore neglected in the following simulations.
The situation is different with respect to the charge
state of the recoil ions. After undergoing B~ decay, the
daughter nuclides are expected to be doubly charged un-
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Fig. 7. (Color online) Number of recoil ions 5*Fe*™ (top:
charge state z = 1, bottom: z = 2) lost in the region of
the bottom electrode of the preparation Penning trap after
in-trap decay of a total of 100000 **Mn™ ions. The number of
events is plotted as a function of the distance from the trap
axis (zr =y =0).

less other charge-changing reactions occur, e.g., electron
shake-off or charge exchange in the collision with atoms
or molecules present in the trap volume. The influence of
a sudden change of the charge state on the ion trajectory
in a Penning trap was studied in detail in [50]. The main
result of reducing the charge state from z = 2 to z = 1
is an increase of the radial orbit extension in the trap
by a factor of up to three, which can lead to ion loss. In
the present experiment, only singly charged iron ions were
taken into account and their cyclotron frequency applied
in the buffer-gas cooling procedure to re-center them in
the preparation trap. It is assumed that the majority of
daughter ions ends up in the z = +1 charge state. How-
ever, it is not known when the change from z = +2 to
z = +1 occurs. Therefore, the simulation was performed
for singly and doubly charged recoil ions, where the charge
state does not change throughout the duration of the sim-
ulation of the ion trajectory, starting after 5 decay until
the ion is either lost or brought back to the center of the
trap. Note that in the simulation the ions which hit the
electrodes are lost within less than 10 us after 8 decay.
As an example, fig. 7 shows the number of ions lost in
the region of the bottom electrode of the preparation trap
(hitting an electrode or leaving the trapping potential)
after a simulation of 100000 ions under experimental con-
ditions. The initial parameters were a FWHM of 2mm
and only (3 decay (no 7 decay, which will be discussed
below). The top and bottom graph give the results for



Eur. Phys. J. A (2012) 48: 97

phi (rad)

T

Energy (eV)

Fig. 8. (Color online) Number of ions lost as a function of
the recoil energy and the angle of the momentum vector of the
recoil ion directly after 8 decay (¢ = 0 and ¢ = 7 are in the
direction of the bottom and the top of the preparation Penning
trap, respectively).

singly and doubly charged recoil ions 6'Fe?*. The main
ion loss occurs at small angles while the general shape of
the distribution resembles a Gaussian, which is the initial
ion distribution in the trap. For the doubly charged ions
the distribution of ion loss is much more focused toward
the experiment axis, due to the effect of the better radial
storage in the homogeneous magnetic field.

In order to illustrate the influence of the recoil angle
and the recoil energy on the ion loss, fig. 8 shows the out-
come of another simulation: Above the threshold energy
(which is deduced from the endcap voltage 100V in the
present case) ion loss occurs which increases for larger an-
gles ¢ relative to the experiment axis. Thus, depending
on the (-v angular correlation coefficient a the ion loss
can be very different. Especially Fermi transitions (a = 1)
favor higher recoil energies and thus ion loss is more likely
to occur.

Concerning the radial ion loss, an additional simula-
tion was performed where the FWHM of the initial ion
distribution was varied. The result for the ion loss is shown
in fig. 9. While for small ion clouds almost no ion loss oc-
curs radially, it increases with increasing FWHM. The ion
loss in axial direction is shown in fig. 10 as a function of
the axial potential wall for ' Fe!*. Clearly, the ion loss de-
creases when the potential of the trap encaps approaches
the maximum recoil energy.

The fraction of ions that remain stored after in-trap
decay under the different conditions are listed in table 5.
As mentioned above, the ion loss for doubly-charged recoil
ions is suppressed and thus a larger fraction should remain
in the trap volume.

4.3 Additional ~ decay

After (8 decay, excited energy levels of the daughter nuclide
can be populated with subsequent emission of one or sev-
eral gammas at energies of the order of hundreds of keV to
several MeV. Therefore, the daughter nucleus experiences
a further two-body decay event, which leads to additional
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Fig. 9. Fraction of recoil ions 5*Fe** lost on the radial trap
electrodes of the preparation Penning trap after in-trap decay
as a function of the FWHM of the initial ion distribution (filled
circles: z = 1, empty circles: z = 2). The potential wall was set
to 100V as in the experiment.
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Fig. 10. Fraction of recoil ions ®*Fe' " lost axially as a function
of the potential applied to the outer Penning trap electrodes.

recoiling and a corresponding change of momentum of the
daughter ion. It is assumed that the v decay happens in-
stantaneously after the 8 decay. This is a valid assumption
since the maximum half-life of an excited state is nanosec-
onds while the ion has to travel more than 3 us before it
hits the wall of the Penning trap and is lost.

For the nuclides studied in this work, the level schemes
are shown in fig. 11. In the case of 6'Fe, the 8-decay feed-
ing to the different energy levels is known [27,51]. In the
other two cases recent experiments provided new data on
the level schemes [52, 53] and some of the levels with strong
[ feeding are marked with an arrow. If several gammas are
emitted sequentially, all the recoil effects have to be com-
bined, leading to a complicated shape of the recoil energy
spectrum. Since the branching is not always well known
and the uncertainty of the experimental data is too large
for a precise comparison, only single-y emission events af-
ter 8 decay are considered.

If E* is the excitation energy of the daughter nuclide
after 3 decay of the parent nuclide, energy and momentum
conservation requires

E* = Egp+ E,,
0 =pr+py,

(10)
(11)
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Fig. 11. Energy levels of ' %*Fe populated after 3 decay of ' 5*Mn. Data from [27,51-53).

with Er = (pr)?/(2M) with M the mass of the nuclide
and p, = E,/c. The recoil energy due to emission of a +y
is then given by
2
2Me? "
A transformation to the moving frame, i.e. the daughter
nuclide after initial 8 decay, can be performed using the

Er (12)

momentum conservation
PR = PR — D~y (13)
P = Pk + P2 — 2prpy cos(0), (14)

resulting in the final recoil energy of the daughter nuclide

, E2 2ERE?
Er=FEr+ SME cos(0) UE (15)

In case the « is emitted in the direction of the moving
daughter nuclide (0 = 0°) the kinetic energy is reduced. If
the v is emitted in the opposite direction (§ = 180°) the
daughter nuclide is accelerated to the maximum recoil en-
ergy. In the simulation, the angle 6 is randomly distributed
within the Monte Carlo approach.

Figure 12 shows the recoil-energy spectrum for %3Fe
where the v recoil is taken into account. For comparison,
the dashed line gives the recoil energy spectrum without
additional ~ decay, i.e. for ground-state to ground-state
transitions. The dotted line shows the result for § decay
only to the excited state at 357keV (without the subse-
quent 7 decay). The solid line gives the final result in-
cluding the ~ transition to the ground state. Since the
energy is much smaller than the § decay energy @, the
effect of the additional v recoil can only be seen at higher
recoil energies.

0.6

0.2 i

gs—357keV

0.0
0

400 600 800

recoil energy / eV
Fig. 12. Recoil energy distribution for the daughter nuclide
after 3 decay of %*Mn to the ground state of ®*Fe (dashed line),
to the excited state at 357 keV (dotted line), and to the excited
state at 357 keV with subsequent v decay to the ground state
(solid line). Data have been normalized with respect to the
area of P(E).

200

For the simulation of the in-trap decay including = re-
coil, the following approximations and considerations have
been made.

i) 6'Mn decay: 74% of the (-decay feeding goes to
the ground state of 1Fe, i.e. no v decay is involved [51].
About 7% is fed into the level at 207 keV and about 18%
into the level at 629keV. The v cascades from the latter
are not considered since the 629keV ~ transition to the
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ground state carries most of the relative intensity, i.e. in
the simulation a fraction of 18% performs a « decay to the
ground state at the respective energy of 629keV.

ii) 2Mn decay: As recently found [52], it is the 4T state
that 3 decays and therefore the decay to the 0 ground
state of 2Fe is strongly suppressed. The most intense (3
feeding goes into the 3633 keV level, the level at 2691 keV
and the levels at 2177keV and 2017 keV, respectively. All
but one decay proceed by ~ cascades to the 877keV level
and from there (with the highest relative intensity) by -y
decay to the ground state. Since a complex decay scheme
has to be considered, a rough estimate was performed tak-
ing into account only (-decay feeding to and subsequent
v decay from the 877keV level.

iii) %3Mn decay: The level scheme shown in fig. 11 is
the result of a recent experiment [53] at ISOLDE/CERN
and new data have been recorded but are not evaluated
vet [54]. The proposed scheme [53,54] shows a strong (3
feeding to three levels as marked with arrows. Most of the
v cascades end up in the 357keV level. In addition, the
1133 keV level decays directly to the ground state. For the
simulation 25% of v decay were taken from the 1133 keV
level and 75% from the 357 keV level with no g feeding to
the ground state.

The results from these simulations are listed in table 5.
Note that the simulation was performed only for singly
charged daughter nuclei. Comparing these values with the
ones for the case of 5 decay only, a slight increase of the
surviving fraction of daughter ions can be seen. Similarly,
an increase for doubly charged recoil ions can be expected.

4.4 Comparison to experimental results

The simulation results can now be compared to the ex-
perimental values, which are deduced from the yield mea-
surements shown in fig. 4. In the case of ' Mn no ion loss
is observed. There is, however, a large uncertainty due to
fluctuations in the production at ISOLDE in the case of
this experimental run (mainly a variation of the proton-
beam intensity and of the RILIS ionization). Neverthe-
less, in agreement with the simulation results, the largest
trapping efficiency is observed for ®'Fet. For %2Fe and
63Fe similar experimental results are obtained with about
50% recoil-ion-trapping efficiency, which agrees with the
simulation results within the uncertainties given by the
fluctuations of the beam intensity. Note that only singly
charged ions were observed in the experiment, i.e., the
production of doubly charged daughter ions —in order to
achieve better precision and higher resolving power [55]—
seems inefficient.

Thus, ab initio simulations confirm the experimental
findings, i.e. the possibility to store daughter ions after
B decay with efficiencies of about 50%. As shown by the
simulations, the efficiency of the trapping depends on var-
ious experimental parameters and the parameters of the 3
decay itself. First of all, the @-value defines the maximum
recoil energy which is directly linked to the axial poten-
tial wall of the Penning trap. In addition, the magnetic
field strength B influences the radial storage, i.e. radial
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ion loss after 3 decay is more likely for smaller B-values.
Similarly, if the ion cloud is not compressed in the trap
center after injection, radial ion loss may occur. Note that
the influence of the buffer-gas pressure was not studied in
this work.

5 Conclusion and outlook

The mass excess values of neutron-rich manganese and
iron isotopes have been determined by use of Penning trap
mass spectrometry. Isomers have been identified for ®Mn
and for 59Mn, where the experimental results indicate that
the isomeric states were more strongly populated and their
mass excess values measured in the present work. In the
case of 92Mn the longer-lived state was more strongly pop-
ulated and survived the ion preparation in the ISOLTRAP
setup for mass measurement. A direct assignment of the
ground state was not possible. For 617 %3Mn the Q-values
were deduced from the measured masses with an absolute
uncertainty of 4-7keV.

The iron isotopes 61 %3Fe were produced by recoil-
ion trapping in the buffer-gas-filled preparation trap of
ISOLTRAP. The ion yields of ab initio simulations agree
with the values observed in the experiment, showing a
storage of the recoil ions with a trapping efficiency of
about 50%, which is mainly influenced by the applied axial
trapping potential. The simulation showed a slight reduc-
tion of ion loss if v decay follows the initial 3 decay to an
excited level.

Although the recoil-ion trapping method is limited to
those nuclides which have both sufficient production yields
and also half-lives in a time window between few tens of
milliseconds and a few seconds (in order to obtain at least
one daughter ion per cycle), it has been shown to be ef-
ficient for the present investigation. It thus allows access
to nuclides which are presently otherwise not available.
Furthermore, by use of the simulations reported, experi-
mental campaigns can be optimized beforehand, i.e., by
selection of storage parameters maximizing the yield of
daughter nuclei.
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