High-Accuracy Mass Determination of
Neutron-Rich Rubidium and Strontium
Isotopes

H. Raimbault-Hartmann®', G. Audi®, D. Beck®, G. Bollen 2,
M. de Saint Simon ", H.-J. Kluge ¢, M. Konig®?, R.B. Moore",
S. Schwarz 4, G. Savard ®*, J. Szerypo&?®, and
the ISOLDE Collaboration ®

aCERN, CH-1211 Geneva 23, Switzerland
b CSNSM (IN2P3-CNRS & UPS), Batiment 108, F-91405 Orsay Campus, France
¢GSI, Postfach 110552, D-64220 Darmstadt, Germany

d National Superconducting Cyclotron Laboratory, Michigan State University, East
Lansing, MI 48823, USA

¢ Institut fiir Physik, Johannes Gutenberg-Universitdt, D-55099 Mainz, Germany
f Foster Radiation Laboratory, McGill University, Montreal, H3A 2B1, Canada

& Institute of Experimental Physics, Warsaw University, PL-00-681 Warsaw,
Poland

PACS number: 21.10.Dr, 27.60.+j, 32.10.Bi, 07.75.+h

Abstract

The Penning trap mass spectrometer ISOLTRAP, installed at the on-line isotope
separator ISOLDE at CERN, has been used to measure atomic masses of 88:8%:90m,91,92,93.94p},
and 91,92:93,94.95Gy  Using a resolving power of R ~ 1 million a mass accuracy of typ-
ically 10 keV was achieved for all nuclides. Discrepancies with older data are ana-
lyzed and discussed, leading to corrections to those data. Together with the present
ISOLTRAP data these corrected data have been used in the 1995 mass adjustment.
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1 Introduction

Precision mass measurements of unstable neutron-rich nuclei contribute to a
better understanding of the evolution of nuclear binding as one departs from
the line of beta stability towards more and more exotic systems. Direct mass
measurements in long isotopic chains are of particular importance for a strin-
gent test of model predictions of masses, which for neutron-rich isotopes are
of great importance for the modelling of the nuclear astrophysical r-process.
Furthermore accurate data in such chains can give a firm anchorage for mass
links to other isotopes by Q-values and they can test the reliability of using 3-
decay chains for the determination of masses very far away from stability. The
measurements on neutron-rich strontium and rubidium isotopes reported here
are the most precise measurements in this region. They were carried out with
the Penning trap mass spectrometer ISOLTRAP installed at the on-line mass
separator facilty ISOLDE at CERN. These were the first mass measurements
performed after the move of ISOLTRAP from the shut-down ISOLDE-II fa-
cility to the new PS-Booster-ISOLDE. The experimental results presented in
this paper have already been included in the 1995 mass evaluation.

2 Experimental setup and procedures

A very detailed description of the spectrometer as it was used for the measure-
ments reported here is given in [1]. It should be noted that in the meantime
the spectrometer has been considerably improved, as discussed in [2,3].

The version of the ISOLTRAP setup used in this work consisted of two main
sections, the heart of each being a Penning trap. The task of the first Penning
trap, situated in a 0.7 T electromagnet was the preparation of cooled low-
energy ion bunches. The second part, a high-precision Penning trap in a 6T
superconducting magnet, was employed for the actual mass measurement via
a cyclotron frequency determination.

A mass measurement started with the collection of radioactive ions delivered
by the ISOLDE on-line mass separator. The ions were implanted into a rhe-
nium foil placed at the entrance of the first Penning trap. Then the foil was
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turned and heated by a pulsed current. In this way the radioactive atoms were
released and surface-ionized. The resulting ions were trapped and cooled by
collisions with a buffer gas. Simultaneously the ion motion was centered in
the trap by a mass selective cooling technique based on radiofrequency ex-
citation [4,5]. The ions were then ejected from the trap and transferred to
the second trap. Here the ion pulse was captured in flight. Possible isobaric
contaminations were removed by applying a strong dipole electric RF field
at the (reduced) cyclotron frequency of the unwanted ions. Subsequently the
motion of the ions of interest was driven by an azimuthal quadrupole RF field
at an excitation frequency close to their cyclotron frequency. For the detec-
tion of the cyclotron resonance a time-of-flight technique was used. For this,
the ions were ejected axially out of the trap and allowed to drift through the
inhomogeneous part of the magnetic field where radial energy is converted
into axial energy. Finally, their time of flight from the trap to the detector
was observed. This cycle was repeated with different excitation frequencies,
scanning the expected resonance frequency.

The determination of the mean time of flight as a function of the applied
frequency yields a resonance curve with a minimum at the ions cyclotron
frequency

vo=——"'B (1)

where ¢/m is the charge to mass ratio of the ions and B the magnetic field
strength. An example of such a cyclotron resonance is depicted in Fig. 1 for
the case of %Sr. A Gaussian is fitted to the resonance curve. The width of
the resonance is Av.(FWHM) ~ 1.0 Hz, corresponding to Am(FWHM) ~
92keV. With a cyclotron frequency of v. ~ 1 MHz this width leads to a
resolving power of R ~ 1 million. The statistical error for the center frequency
is typically of the order of dv, =0.03 Hz for 10* detected ions, corresponding
to dv./v. ~ 5-1078. A fit by the true theoretical line shape having small side
bands [4] instead by the Gaussian does not change the value of the center
frequency of the resonance but improves slightly the statistical accuracy. In
view of the larger estimated systematic error of 1-10~7 (see below), a fit by a
Gaussian is regarded as sufficient.

The magnetic field has to be known to the same accuracy or better in order
to use eq. (1) to convert the measured frequencies into mass values. It can
be determined by frequently measuring the cyclotron frequency of a reference
nuclide. For the measurements reported here 3°Rb was used as reference. In
this way the uncertainty due to a possible drift of the magnetic field of the
superconducting magnet was kept well below 1- 107",

Finally, for each nuclide under investigation the ratio of the cyclotron frequen-



cies 7 = vf/v, and its statistical error o, g4, is calculated. To account for
the sum of systematic errors due to an incomplete correction of magnetic field
drifts and possible mass dependent effects that arise in an on-line experiment,
an estimated systematic error of 1-1077 is added quadratically to the error of
the averaged frequency ratio [1].

The frequency ratio r and its total error o, is the final direct result of an
ISOLTRAP mass comparison. It can be converted into an atomic mass value
m by multiplying the frequency ratio with the atomic mass of the reference
nuclide m,.¢ and taking into account the electron mass m. by

m =1 (Mpef —Me) + M, (2)

with the statistical uncertainty

01%1 = (r- Umﬂ“ef)2 + ((Mypep — me) - UT)Q . (3)

Given the low ion velocity in the trap no relativistic correction is necessary.
The contribution of the binding energy of the electron is small compared to
the total error of the present measurements and therefore neglected.

3 Measurements

The measurements were carried out at the PS-Booster ISOLDE facility. Ra-
dioactive ions were produced by 1 GeV protons impinging on a heated niobium
foil target. A tungsten surface ionizer was used to ionize the radioactive alkali
and earth alkali isotopes produced in the nuclear reaction. The mass separated
60-keV beam was then transported to the ISOLTRAP setup and implanted
in the collection foil.

In the cases of 888%90mIIRY apnd 91:92.93.9495GQy 4 collection time of Tooy= 9 s
to 24 s was sufficient to obtain between 1 and 5 resonance curves, each taking
typically 90 s. Only in the cases of the shorter-lived isotopes %293%Rb one
single collection could not yield a full resonance curve. Therefore the following
procedure was chosen: after one collection lasting about three half-lives, the
cycle was repeated several times with the same RF excitation frequency. Then
a new collection was made to perform the next series of cycles with a slightly
different frequency. After the measurements for one nuclide were achieved, the
collection foil was heated for typically 5 to 10 min at the maximum electrical
current of I = 20 A to clean it from the residual ions.

The reference ¥ Rb was delivered from a test ions source integrated in ISOLTRAP.
A cyclotron frequency measurement of this nuclide was performed every 1.5



to 2 h in order to monitor possible slow drifts of the magnetic field caused by
temperature fluctuations in the laboratory.

3.1 Isobars and Isomers

Penning trap mass measurements require rather clean ion samples for the
cyclotron frequency determination. The reason is that Coulomb interaction
between unlike ion species can cause undesired frequency shifts [6]. Therefore,
during the measurements, care was taken to remove isobaric contaminations
present in the ISOLDE ion beam. For the measurements on rubidium isotopes
the ionizer of the ISOLDE ion source was kept at a low temperature in order to
suppress the ionization of strontium atoms. In the case of the measurements on
strontium isotopes their longer half-life compared to the rubidium isobars was
used to let the latter decay away before the actual measurement was started.
Furthermore, residual contaminating ions were removed in the precision trap
by strong dipole excitation of their cyclotron frequency. In order to trace the
presence of unremoved isobars and of long-lived isomers all resonances were
carefully checked with respect to their expected linewidth and lineshape. The
few cases which raised doubts about the purity of the ion sample showed up
were excluded from our results.

In the case of “Rb very reliable shapes of the cyclotron resonances were ob-
served but a first on-line analysis resulted in a mass of the nucleus which was
95(13) keV less bound than the known literature value. Half-life measurements
proved that the measured species corresponded more closely to the isomer
%mRb (E=106.9 keV, T;/»=258 s) than to the ground state (T;,=153 s).
Therefore the measured mass was assigned to this isomeric state.

3.2 Test of mass-dependent systematic errors

A possible source for systematic errors in mass measurement with Penning
traps are calibration errors. They can for example be due to imperfections
of the Penning trap. Since the data reported here are the first measurements
of ISOLTRAP after its move to the PS-Booster ISOLDE a calibration check
was performed. For this the resonance frequencies of '*3Cs and ??°Ra were
measured during the run. These nuclides were chosen for two reasons: their
masses were quite precisely known and measuring the frequency ratio of two
nuclides with a large mass difference represents a sensitive test for mass de-
pendent systematic errors. The mass excess of 133Cs derived from the mea-
sured frequencies is ME®®(133Cs) = -88085(13) keV to be compared to the
value given in the 1995 mass tables MEAME®S(133Cg) = —88075.7(3.0) keV or
to the recent high precision value based on a Penning trap measurement at



MIT [7], MEMIT(133Cs) = —88070.960(0.022) keV ¢. For a mass difference of
93 u, this result corresponds to a deviation of Am/m ~ 7-107%, respectively
Am/m ~ 1-1077. The largest mass difference in the present mass doublets
is only 10 u. Hence, a possible mass-dependent systematic error is well within
the estimate of dm/m = 1-10~7 for the overall systematic error of ISOLTRAP.
Recent systematic measurements with ISOLTRAP on carbon-cluster ions of
largely different size confirm these findings [9].

4 Frequency ratios

Table 1 compiles the ratios of the cyclotron frequencies of the investigated and
the reference nuclides. The two uncertainty values given are the statistical error
and the total error which includes the estimated systematic error of 1-1077.
It can be seen that the statistical uncertainty is close to 1-1078, therefore the
total error is fully determined by the conservative estimate for the systematic
error.

5 Mass values

From the frequency ratios given in Table 1, mass values given in column 3
of Table 2 are readily derived by use of eq. (2), using for the reference **Rb
a mass value based on work at MIT [7]. The MIT result expressed as mass
excess is MEMT(3Rb) = —82167.33(0.01) keV (see footnote on *3Cs). This
value agrees very well but is more than an order of magnitude more precise
than the 1995 mass table value MEAME9 (85Rb) = —82167.7(2.3) keV [10]. In
the cases of “Rb the ground state mass has been derived from the measured
frequency ratio for “"Rb and the known excitation energy of this isomer. For
comparison the results of the 1993 mass evaluation [11], in which Penning
trap data had not yet been available, are given in column 4 of Table 2. The
ISOLTRAP data have been used for the most recent mass update of 1995 [10].
These values are listed in column 5.

It is interesting to compare the directly obtained Penning trap mass values
with the 1993 evaluation [11]. The upper parts of Figures 2 and 3 show the
difference between the 1993 mass values (points with error bars) and the Pen-
ning trap data (zero line with error band) for the rubidium and strontium
isotopic chains. In 8 of the 12 cases the 1993 adjusted values are not within

6 This value has been obtained by a mass evaluation where the result from [7] was
included. A energy mass conversion factor of 931494.0090(0.0071) keV /u was used

8.



the present experimental uncertainties. The origin of these contradictions is
expected to be older erroneous input data of the 1993 mass table. This was
investigated as discussed in the next section.

5.1 Mass adjustments with the ISOLTRAP data

As in previous works the ISOLTRAP data were used as input data for a
global mass adjustments similar to the one performed by Audi and Wapstra
for preparing the mass tables. None of the data presented here were included
in the 1993 mass evaluation, all of them have been taken into account in the
1995 update.

In order to be used as input data for the mass tables the measured frequency
ratios have to be recast into linear mass relations following a procedure out-
lined in detail in [12]. The result are mass differences as given in Table 3.
The adjusted values given in column 3 are identical to those in the 1995 mass
evaluation. The only exception is the value for “°Rb. At the time of comple-
tion of the 1995 mass adjustment it was still not excluded that in the case
of 2"Rb measurement a weak ground state mixture was present. Therefore,
the error was increased from 9 keV to 14 keV. In the meantime the off-line
analysis was carefully repeated and gave no indication for any contamination.
For this reason, the original error of 9 keV should be used in any future mass
evaluation.

In the course of a first intermediate mass adjustment with the ISOLTRAP
data a number of discrepancies were found. All publications and data, which
contribute to the masses of one of the concerned nuclei were carefully studied.
Several doubtful data were identified [13] and corrected in collaboration with
the authors of the mass tables:

e The Qg-values [14,15] of the **Rb decay were re-evaluated. It was taken into
account that the measured end point energy does not correspond to a pure
feeding of the ground state of ?!Sr, but to a mixed decay [16] of less than
6% to the ground state and 24% to the 93.64 keV level. Our measurement
of Y1Sr and 'Rb masses allows to derive the average mixture of the lines
in the 3-decay to “!Sr to be at an excitation energy of 39 & 11 keV in fair
agreement with the reported feedings in [16].

e The Qs-values for the **Rb decay in [17] and [18] was based on an incomplete
decay scheme. In the case of [17] it was possible to correct the Qg-value from
10304 keV to 10322 keV [13]. In [18] however no correction could be applied.
In this case an additional error of 100 keV was added to the original one,
resulting in a new total error of 140 keV.

e Due to inconsistencies in error handling a number of uncertainties of Qg-



values had to be corrected in [17]. The applied corrections are summarized
in table 4.

e The consistency factor CF [11] of mass doublet measurements [19] performed
with a prism mass spectrometer in St. Petersburg was increased from 1.5 to
4. Hints were found [10,13] that these measurements suffer from a calibration
error.

e The consistency factor CF of mass triplet measurements performed at [ISOLDE
[20,21] was increased from 1.5 to 2.5. The correlation in the systematic errors
was underestimated for long chains of measurements.

The result of the 1995 mass evaluation which takes these corrections into
account is given in column 5 of table 2 and visualized in the lower parts of
Figures 2 and 3. The consistency of the data has been significantly improved
but is still not perfect. This indicates that other erroneous data have still to
be identified and that more precise measurements in this region are highly
desirable.

6 Conclusions

The measurements reported here were the first measurements carried out with
the ISOLTRAP spectrometer at the new ISOLDE facility after its move to the
PS-Booster accelerator at CERN. Due to their high accuracy of better than
10 keV, these results have considerably improved our knowledge of masses of
neutron-rich nuclides in the midshell region between Z=28 and Z=50. In the
meantime many more measurements have been carried out with ISOLTRAP
[22,12,23-27] and the spectrometer has been subject of improvements with
respect to its applicability and sensitivity [2,3]. A new highlight of measure-
ments in the rubidium isotopic chain was the determination of the mass of
™Rb which has a halflife of only T}/, = 65 ms [27]. Furthermore, the masses
of "7Sr were determined recently [28]. Including the earlier measurements
on proton-rich rubidium isotopes [29], ISOLTRAP has determined accurate
masses in two long isotopic chains, reaching from “Rb to “*Rb and from “Sr
to %Sr.
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Figure captions
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Figure 1: Cyclotron resonance curve for *>Sr. The solid curve shows a fit by
a Gaussian (see text).
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Table 1: Cyclotron frequency ratios r = v,.¢/v for Rb and Sr ions relative
to the cyclotron frequency of ®*Rb. The investigated nuclides are listed in
the first column. In column 2 the measured frequency ratios are given. The
uncertainties in column 3 are the statistical ones. The total error given in
column 4 includes the maximum estimated systematic error of 1-107".

Nuclide  Frequency Ratio © = Vyes /v

88Rb 1.035325454  (10)  (104)
89Rb 1.047113687  (16)  (105)
9OmRb  1.058921783  (14) (107)
91Rb 1.070717843  (34) (112)
92Rb 1.082532565  (19)  (110)
93Rb 1.094336825  (25) (112)
94Rb 1.106165066  (19) (112)
918y 1.070643641  (31) (112)
928y 1.082430179 (13)  (109)
938r 1.094242341  (27) (113)
948y 1.106035126  (18) (112)
958y 1117859282  (14) (113)
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Table 2: Mass excesses as determined by ISOLTRAP. Column 3 lists mass
values obtained by combining the frequency ratios given in Table 1 with the
value MEMIT = -82167.33(0.01) keV (based on [7]) for the mass excess of the
reference ®Rb. In the case of “*Rb where the isomer was studied, the known
isomeric energy of 106.90 keV was subtracted. The data are compared to the
mass values listed in the 1993 mass tables (without any Penning trap data)
[11] and those of 1995 (with all Penning trap data) [10]. The half-lives are
taken from Ref. [30]. The last column gives the sum of influences IF' of the
Penning trap measurements in the determination of the mass value of the
corresponding nuclide in the 1995 atomic mass evaluation [10]. It should be
noted that in a new evaluation that includes the MIT result for ®Rb, the
influence of ISOLTRAP for this isotope would no longer be significant.

Isotope T2 Mass Excess [ keV ] IF [%)]

(from [30]) this exp. 1993 adj.[11] 1995 adj.[10] [10]
88Rb 17.78 m -82607 (8) —82602 (4) -82606  (4) 21
89Rb 15.15m -81719 (8) -81703 (7) -81711 (6) 41
9ORb 158 s -79366 (8) -79351 (8) -79355  (8) 35
91Rb 58.4s 77752 (9) 77788 (8) 77748  (8) 70
92Rb 4.492s 74769 (9) 74814  (10) 74775 (7) 56
93Rb 5.84s 72613 (9) 72702  (12) 72626  (8) 61
94Rb 2.702s 68561 (9) 68530  (14) 68551  (9) 7
918r 9.63h 83621 (9) 83649 (1) -83639  (6) 44
928r 2.71h -82867 (9) 82920  (11) -82875  (7) 58
938r 7.423 m -80086 (9) 80162  (14) 80088  (8) 64
94Gr 75.3s -78838 (9) -78837  (7) 78842  (7) 58
958r 23.90 s -75109 (9) -75159  (13) -75117  (8) 62
85Rb stable reference  -82164.8 (2.5) -82167.7 (2.3 15
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Table 3: Results of the conversion from cyclotron frequency ratios given in
Table 1 into linear relations for mass adjustment. The equations representing
the ISOLTRAP data are listed in the first column, where the symbol for the
nuclides refer to their mass. The second column gives the experimental values
for these relations in pu. Their adjusted values in the least squares fit in the
1995 Atomic Mass Evaluation [10] are given in the third column. In column 4
the relative deviations v/s between measured and adjusted values are given as
their differences v divided by the uncertainty s of the experimental value. The
last column gives the significance S [31] of the present data in the adjustment.
The largest part of this significance influences the investigated nuclide; the
rest, summing up to 15%, do influence the final value of the reference mass
%Rb (see Table 2). The distribution of the v/s is a normal one with 2 out of
12 beyond 1o and only one beyond 2o.

linear relation exp. value [pu] adj. value [pu]  v/s S
88Rb—1.035 - ®*Rb 2615 (9) 2617 (4) 0.2 24%
89Rb—1.047 - °Rb 4628 (9) 4636 (6) 0.9 43%
PRb-1.059 - 8°Rb 8211 (9) 8224 (8)® 0.9¢ 37%°
SRb-1.071 - %°Rb 11003 (10) 11008 (8) 05  71%
2Rb—1.082 - °Rb 15176 (9) 15169 (7) 0.7 57%
93Rb—1.094 - 8°Rb 18549 (10) 18535 (8) 1.4 62%
9%4Rb—1.106 - %°Rb 23958 (10) 23968 (9) 1.0 78%
918r —1.071 - ®Rb 4702 (9) 4683 (6) 2.1 4%
928r —1.082 - °Rb 6482 (9) 6474 (7) -0.9  59%
98r —1.094 - °Rb 10526 (10) 10525 (8) 0.1 65%
94Sr —1.106 - ®*Rb 12924 (10) 12921 (8) -0.3  60%

%8r —1.118 - 8°Rb 17987 (10) 17978 (8) -0.9  65%
a)Adjusted value, significance and deviation v/s for “°Rb as in the 1995
adjustment where an uncertainty of 14 keV was considered. With this uncertainty
now reduced to 9 keV (see section 5.1), the “°Rb significance is strongly increased,

and its v/s decreased.
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Table 4: Corrections applied to Qg data in [13] and in the 1995 mass adjust-
ment. Column 1 give the concerned (3-decays. The published Q-values with
their former uncertainties are listed in column 2. The new assigned values and
uncertainties are given in column 3 (bold type highlights changes).

reaction Qs corrected Qg

(keV) Ref. (keV)
SRb(G7)%Sr  5318(4)  [17] 5318(9)
ORO(B7)®Sr  4510(8)  [17] 4510(9)
SRb(B7)*Sr  585T(8)  [17] 5857(13)
NGr(3)Y  2704(3)  [17] 2704(8)
MRb(B7)™Sr  10304(30) [17]  10322(100)
MRb(F7)™Sr  10353(100) [18] 10353(140)
MUSr(57)MY 3512(5)  [17] 3512(10)
Ny (B7)MZr 4920(5)  [17] 4920(9)
VY (3)%Zr  4445(5)  [17] 4445(9)
BSr(B7)%Y  5413(20)  [17] 5413(22)
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