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Abstract. The masses of the nuclidé¥2°"Rn and?'®Ra were measured directly for the
first time with the Penning-trap mass spectrometer SHIPTRABSI| Darmstadt. The results
confirm the previously determined mass values. The masstaiées for?°Rn and?°Ra
were significantly reduced. The results are relevant foiiritestigation of the nuclear shell
structure betweeN = 82 andN = 126. As an indicator of structural changes the two-neutron
separation energie3,(Z, N) have been studied.

1 Introduction Here, we investigate the shell-structure evolution
along the Rn isotopic chain betwedh= 117 and

Nuclear masses give access to nuclear binding éd= 121.

ergies. High-precision mass measurements thus gfothe following, we report on the masses of the
vide valuable information on pressing questions ieutron-deficient®*Rn (N = 117 - 121) and
nuclear physicse.g. the formation of halo nuclei “*°Ra (N = 125), which were measured directly for
[1], the genera’[ion of hea\/y elements in the unme first time (See FI@ 1) Their mass values listed
verse [[2] B] or the nuclear structure of superheaif the Atomic-Mass Evaluation 2003 were deter-
elements([4.]5]. Penning traps are state-of-the-dRined via alpha-decay energies and the masses of
tools to direct|y measure atomic masses with re]heil' daughter nuclides that were directly measured
ative uncertainties of typically 18 [6, [7]. From by the ESR storage ring at GSI [8]. The proper-
such accurate mass values several characteristictigs of the investigated nuclei are of interest due to
dicators of nuclear structurefects like the two- their vicinity to the closed proton shell &=82.
neutron separation ener§y,(Z, N) can be derived. Furthermore, these nuclei are connected via alpha-
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Fig. 1: (color online) Excerpt of the nuclide chart illugtrey the nuclides discussed in this work high-
lighted in red. In addition, the dominant decay mode for eaatlide, a fraction of the nuclides investi-
gated by the ESR [8] (blue frame) and the closed proton anttareshells (black lines) are shown.

decay chains to nuclei up to uranium and, therdable 1: Nuclear properties [11,112] of the inves-
fore, their precise mass determination helps to infigated nuclei. The first column gives the nuclide.
prove the mass values of heavier elements. Whild1e second column is the excitation energy of
in the case of%Rn the mass of the long-lived ex-known isomeric stateKie,e followed by the half-
cited state was measured, for all other nuclides thiée T1/2 and the spin and parity". The spin parity
ground-state mass has been determined. Somevafues in brackets indicate tentative assignments.
the relevant nuclear properties of the ground states

and the known isomeric states of the investigateiNUclide | Bea /keV | Tia/ S J_”
nuclides are presented in Tafile 1. The results ate , . RN 0 44(2) (327)
compared to previously published values and ny- =, ,R" 362(5) | 269(5) (1327)
clear shell €ects are discussed using the obtainef X" 0 | 745(14) o
S, values. Rn 0 170(4) 52
Rn| 657105 | >10 (1324
208Rn 0 340(10) o*
207Rn 0 555(10) 5/2
) 20MmRn 8991(10)| 1845(9)10°° 132*
2 Experimental setup and methods 23R4 0 164(3) 12
21Ra 1770(7) | 2.15(7)103] (17/2+)

The investigations were performed with the Penning-

trap mass spectrometer SHIPTRAPL[4, 9] at

GSlDarmstadt. SHIPTRAP (see FIg. 2) is installeavith 96.9% enrichment of the isotop&Er

behind the velocity filter SHIP (Separator for Heavy826ug/cn?) was used to producé®Ra. In the sec-
lon reaction Products) [10]. ond experiment in April 2010, the same target was
In this work, the results of three measurement peiirradiated with &°Ar beam at an energy of

ods are discussed: In the first experiment in Augudt7 MeV/u for the formation 0f?%>-2%Rn. In the
2009,“8Ca projectiles were accelerated to an erhird experiment in October 2011, a beam°6i
ergy of 4.4 MeVu with the UNIversal Linear AC- of 4.55 Me\Ju was shot on a gadolinium target with
celerator (UNILAC) and reacted with a dysprosiun®7.8% enrichment of the isotop&Gd

target (47Qug/cn? with natural isotope abundances393ug/cn), for the production of%+2%Rn. The

to produce?®-297Rn. In addition, an erbium targetcorresponding reaction cross sections calculated with
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Fig. 2: Experimental setup of the SHIPTRAP apparztus [9].details see text.

the statistical-model code HIVAP (Heavy lon eVAReooled and accumulated in an RFQ buncher.
oration) [138] are listed in Tablg 2. To estimate the charge-state distribution of radon
and radium ions, the RF amplitudes of the extrac-
tion RFQ and the RFQ buncher were set such that
Table 2: Production cross sections calculated witne charge state at a time was able to pass both
HIVAP [13] for the nuclides investigated and thedevices|[15]. The number of transmitted ions was
reactions used for the present measurements. Té¢wunted with a micro-channel plate detector behind
cross sections given fd#Dy are the sum of the the
cross sections for all Dy isotopes multiplied withbuncher (see Fi@l 2). The ratio between singly and
their relative abundance in the target. The values éfoubly charged ions was 1.3 for the radon isotopes
brackets of reactions that have not been used aned 0.3 for radium, respectively. Thus, settings op-
included for comparison. The calculated reactiotimized for singly charged radon and doubly charged
cross sections are accurate within a factor of threeadium ions were used.
The ion bunches were injected into the tandem

Nuclide | Reaction cross sections in mbarn Penning-trap system placed in a 7-T superconduct-
®Ca+™Dy “Ar+'Er  *Ti+'®Gd | ing magnet. There, the charged particles were con-
zijn (0.01) 0.0002 | (0.000008)  fined in a homogeneous magnetic field and a
zosRn 10 2.3 2.3 quadrupolar electrostatic field. In the first (purifica-
ZOGR” 33 6.5 122 tion) trap an isobarically pure sample of ions was
207Rn 5.5 (0.6) 18 prepared by mass-selectiveffer-gas cooling [16].
Rn | 55 (0.004) | (0.02) After passing a pumping barrier [17] of 1.5mm in
- Ca+ "Er diameter and a length of 47 mm, the ions entered
Ra 10 the second trap where high-precision mass mea-

surements were performed by use of the Time-of-
Flight lon-Cyclotron-Resonance (ToF-ICR)
The evaporation residues were separated from tteehniquel[18]. The mass determination is based on
projectiles by the velocity filter SHIP_[10]. Mainly the measurement of the cyclotron frequency
radon isotopes, but also astatine and polonium (with 1
a 10% and 5% production rate of all radon isotopes, -4 B, (1)
respectively), entered the gas celll[14] through a ti- 2rm
tanium window of 3.Gum thickness. The ions werewhereq/mis the charge-to-mass ratio of the stored
slowed down and thermalized in high-purity heion. The magnetic-field strengBiwas determined
lium buffer gas at a pressure of 60 mbar. After pasby measuring the cyclotron frequency of a refer-
ing a Radio-Frequency-Quadrupole (RFQ) struence ion with well-known mass. With increasing
ture,i.e. the extraction RFQ, the ions were furthecyclotron-excitation timél ¢, the resolving power

Ve
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R increases according to the Fourier transform d¢fiations of the superconducting magnet were re-

the rectangular excitation function [19] as duced by an active stabilization of the bore tem-
perature and the pressure in the LHe cryostat of the
R~ veTexc. (2) solenoid. This resulted in a lower magnetic-field-

related uncertainty afg = 7.6 - 1071 /h [24]. The
The masses of the ioAS™27Rn" and*"*Re’* were mass-dependent)llJnchtairﬁM [25] v/vaé n]egligi-

measured with excitation timeé&,. between 0.6S ple compared to the statistical uncertainty of the
and 65s. As an example, a time-of-flight resonantfesent measurements
206 is di in Ei 1 : . .
of “Rn" is displayed in Figl 3. From a fit of the prom the cyclotron frequency of the ion of interest
ve and the cyclotron frequency of a reference ion
interpolated to the time of the measurement of the

e ion of interest e results the frequency ratip

1124 % % % } e [= Veref (3)
@ 108+ % . Ve
%, 104+ 4 for each measurementThe atomic masm of the
5 100, 1 nuclide is then determined for ions of charge state
e } zvia
= 96 .
s z
S o] ; M= ——(Mef — ZrefMe) + ZMe, (4)
Zref
88 N
: 10 A o A A wherer is the weighted average frequency raiig,
(v - 522170 Hz) / Hz is the electron mass amdler andzer are the atomic
mass and the charge state, respectively, of the ref-
Fig. 3: Time-of-flight ion-cyclotron-resonance oforcnee 1on.

500 2%Rn* ions with a cyclotron excitation time The statistical uncertaingyr; for the individual fre-

Texe = 0.6s. The solid line is a fit of the expecteaq
line shape to the data points [20].

uency ratia;j is given by

Ol stat = i \/(6Vc,ref/vc,ref)2 + (5Vc/Vc)2- (5)

resonance function_[20] to the data the cyclotropurthermore, the magnetic-field related uncertainty

frequencyy. is obtained with a statistical uncer-sg is added quadratically,

tainty 6vc. A count-rate class analysis [21] was per-

formed and the cyclotron frequency was extrapo-

lated to one detected ion per cycle, including the

detector ficiencies, to minimize systematic _ ) )

cyclotron-frequency shifts due to contaminant ion&nere4t is the time between two consecutive ref-

and ion-ion interactiori [19, 22]. erence measurements. The duration between two

The magnetic-field strength at the time of the me&ONnSecutive measurements is a few hours depend-

surement of the ion of interest was interpolated lif?9 ©n the productionrate of the ion of interest. The

early from reference-ion cyclotron-frequency medn_terr_\al uncertainty of the average frequency ratio

surements before and after that of the ion of id-iS given by

terest. Singly charget?*Cs" and?°®Pb* ions with

the massesn(*33Cs) = 132.905451933(24)u and P 1 7

m(2%8Pb) = 207.9766521(13)u_[23] were used as fint = yN1/6r2° (7)

reference ions. The non-linear magnetic-field fluc- ' '

tuations were considered by including a systematigye external uncertainty

uncertainty term. For the analysis of the data for

the 2009 experiment, a magnetic-field related un- J
Fext =

ori = \/(5ri2’stat + (6 - At - 17)2, (6)

SN 1/er2- (ri —r)?
(N-1)- 3N 1/6r?

certainty ofsg = 1.3-10°/h [9] was used. In the
second and third experiment, magnetic-field fluc-

(8)
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Table 3: Results of the mass measurements of the isotéfe®’Rn(Z=86) and
213RaEZ=88). The columns from left to right display the nuclide, tleéerence ion, the
number of the experimem;, and the number of resonances taken in thisNug. Nion
is the number of ions that have been collected for the iontef@st and e is the applied
excitation time. The last two columns show the measuredifsrqy ratior that includes
the systematic uncertaintfesind the corresponding atomic mass exddss, .

nuclide | reference| Niun | Nres | Nion | Texc/S r MEe,p / keV
Rnt | 2%8pp* 2 3 | 6281 | 24,6 | 0.976041188(144) | —5783(28)
2049Rn* 183ce 1 1 261 0.6 | 1.534862924(448) | —8050(55)
204Rn* 208ppy 2 1 | 1143 4 0.9808381913(452) -7961(9)

204Rn* 208ppyr 3 3 609 1 0.980837927(119) | —8012(23)
205Rn* 183Cs" 1 10 | 7075 | 0.6,1 | 1.542390116(379) | —7677(47)
205Rn¢ 208ppy 2 3 | 8560 | 1,2,4 | 0.9856477478(526) —7707(10)
205Rn* 208ppy 3 3 | 4873 1 0.9856478631(975) —7684(19)
205Rn* 3%Cer 3 1 | 2957 1 1.542390124(215) | —7676(27)
2062 183ce 1 6 | 3309| 0.6 | 1.549902464(113) | —9141(14)
206 208ppy 3 3 | 2993 1 0.9904486157(726) —9136(14)
207Rn* 183ce 1 9 | 4820| 0.6 | 1.557430335(210) | —8685(26)
AR | Bcs 1 3 | 1397 | 0.6 | 0.8013220900(456)  342(11)

aThe uncertainties of the frequency ratios are given withdtdigits to avoid any accumulation of
rounding errors that may enter the Atomic-Mass Evalua@#j.[

considers the scattering of the single frequency reesults are compared to the values of the Atomic-
tios. The larger of these two values was taken as tMass Evaluation 2003 [23] in Figl 4. The mass un-
uncertaintysr. Finally, a relative systematic uncer-certainties of the isotope8°Rn, 2°°Rn and?**Ra
tainty orsys = 4.5 - 108 [25] was added quadrati- were reduced. In the following, the nuclides are dis-
cally. The final uncertaintyry is thus given by  cussed in detail.

Sliotal = A/Or2 + (r - 8l gys)?. 9)

3 Results and discussion s - - s L

80 -

3.1 Frequency ratios and mass excess
values

404 -
The frequency ratios obtained in the three experi- ] T w } l i
ments are listed in Tablé 3. The relative mass uncer- 0 T
tainty was on average 7078, Instead of the masses = 0] ‘ + L

ME(SHIPTRAP)] / keV

mthemselves, often the mass excess values

-404 -

[ME(AME)

ME=m-A-u (10)

-60 -

—

T T T T T
203 206 213
"Rn 2Rn 2551 Rn 270 Ra

are given|[23], wherd\ is the atomic mass number
and the atomic mass unit

u = 931.494013(37) MeX? [2€]. The resulting , ,
mass-excess values of the nuclides investigated’d§- 4: Differences between the AME values
derived from the frequency ratios (TaBle 3) are listdd E(AME) (black points) and the measured mass-
in Table[3. For nuclides whose mass has been dXcess valueME(SHIPTRAP). The grey band in-
termined with diferent reference ions the dicates the uncertainties of the present results. For

weighted average for the mass excess is given. Théletailed discussion see text.
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204R n

The mass of this isotope was determined in all three

Table 4: Comparison between the mass-excessylpk (see TablEl3). In the performed experiments
ues of the AME MEave [23]) and the presenfhe mass-excess values -8050(55)keV, -7961(9) keV
experimental resultsMEey). The diferenced = and -8012(23)keV were obtained. A large scatter-
MEame — MEey, between the AME values and thgg between the experimental results is observed.

experimental results is shown in the fourth columfrhe final result is mainly determined by the fre-

guency ratio recorded in the second experiment with

';'(gﬁ"de MEawe /keV | MEep /keV | 4/KeV | 5p excitation time of 4 s, a considerably higher statis-
204 Rn —5798(24) —5783(28) —15(36) | tics than the other resonances and practically no
ZOSR” ~7984(15) —7969(15) -15(21) background. The resulting average mass-excess value
ZOGR” ~7710(50) ~7698(9) | —12(51) | of -7969(15) keV confirms the AME value of
207E” _gééi(;g) _gégg(ég) gi%g) -7984(15) keV based on alpha-gamma spectroscopy
! ~8631(26) ~8685(26) (37) | o 204Rn [27]28[ 20] and the directly measured mass
Ra 358(20) 342(11)] 16(23) of the daughter nuclide
200pg in the ESR8].
205Rn
203Rn

The mass of%Rn was also measured in all three

runs. The mass-excess values determined in all three
In addition to the ground state &FRn with a half- experiments are in good agreement with each other.
life of 44(2) s, there is an isomeric state with a halfThe mass excess was determined as -7698(9) keV.
life of 26.9(5) s. From decay spectroscopyl[11] th&his result is in good agreement with the AME
excitation energy is known to be 362(5)keV. Thivalue -7710(50)keV|[23]. The latter was derived
long-lived excited state has been tentatively assigffiedn alpha-decay spectroscopy|[27, 28, 31] and di-
a spin and parity of 122* [11], while the ground rect mass measurements of the daughter nuclide
state is tentatively assigned a spin and parity é¢'Po in the ESRI[8]. The ground state has a half-
3/2~ (a spin and parity of 2~ cannot be unam- life of 170(4)s and a spin and parity assigned as
biguously excluded). Based on their half-lives, botb/2- [11]. According to recent investigations [12],
states could have been present in our measuremehis isotope has an isomeric state with spin and par-
The measurements with a resolving power from ity of 13/2* at an excitation energy of 657.1(5) keV
1.10° to 3-10°, corresponding to excitation timeswith an estimated half-life of more than 10s. The
Texc from 2 s to 6, were suitable to resolve statesxcitation energy of the long-lived state was deter-
with excitation energy dierences higher than 150 keNhed via gamma-conversion-electron coincidence
A frequency range of 2 Hz that covers an energy imnneasurements. However, due to contaminations in
terval of approximately 750 keV was scanned. Howhe concerning gamma line this assignment is ten-
ever, only one resonance was found. tative. With typical cyclotron excitationtimes of 1 s
The measured mass excess of the isotdffen of the mass resolution of the Penning trap is about
ME=-5783(28) keV deviates from the AME value400 keV, which is sfficient to detect the presence
for the ground-state mass of -6160(24) keV by  of this isomer. The scanned frequency
-377(36)keV but agrees well with thdE of the range of 5Hz covers an energy interval of approx-
isomeric state of -5798(24) keV. Thus, we assunimately + 900 keV. However, no admixture of the
that in this particular fusion-evaporation reactioisomer to the ground state was detected.
the high-spin state was much stronger populatddhe discrepancy between the presence of the iso-
than the ground-state. The AME mass value waseric state irf°Rn and the ground-state in
determined via alpha-gamma-spectroscopy [27, 28°Rn could link to an overestimation of the half-
29,/130]. The decay chain is fixed by a direct madge of 2°°°™Rn in [12]. An isomeric state with a half-
measurement of the daughter nuclid&Po in the life in the range of milliseconds, and shorter, would
experimental storage ring ESR at GSI [8]. have been completely decayed when the measure-

ment cycle is finished, and thus only the ground-
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state would remain. Due to the unclear results B2 Two-Neutron Separation Energies

[12], an unambiguous correlation between thg13

state and the excitation energy of 657.1(5) keV cafhe two-neutron separation energy

not be made. An isomeric state with an excitation

energy higher than 900keV would not have beerSzn(Z. N) = [2my+m(Z, N-2)-m(Z, N)]-¢, (11)

observed in the present measurement. . .
wheremy is the neutron mass, is an often-used quan-

tity to probe the evolution of the nuclear structure.
TheS;, values show a smooth decrease as the neu-

206Rn

The measured mass exces$®BRn is 20000« . . .

-9139(10) keV. The mass-excess values of the first s

and the third experiments are in good agreement a0+ o\.;:jél\z%,,&\

with each other. The fierence between the mass- " e AT

excess values given in the AME and the SHIPTRAP 16000 '\'\-\:i:jf?:::\

result is 23(18) keV. The AME value is based on > e

alpha-decay chain [27.128,132] linked to a direct = ] .\4

mass measurement #¥Po [8]. B 000 - gggzgig \'\4,,

e

10000 - alL= -e

207 "

Rn 8000

T T T T
115 120 125 130
Neutron Number

The isotop€®’Rn has an isomeric state at an exci-

tation energy of 899.1(10)keV and a spin and pagig 5. (color online) The two-neutron separation
ity of 13/2" [11]. With a half-life of 184.5(9ks gnergiesS,, as a function of the neutron number
this isomer has decayed before it reaches the megr pp (black squares), Po (blue circles), Rn (red tri-
surement trap._Thus, we can conclude that only t'%\‘?]gles) and Ra isotopes (green triangles). The open
ground state with a spin and parity 925 has been gympols indicate th&,, determined from the ex-
investigated. The measured mass excess of erimental results of this work. Mass values from
-8685(26) keV deviates by 54(37) keV from the A AME 2003 were used for the calculation of
data. The AME input values [27.132,/33] have beefye 5, values if only one experimental result was

determined via alpha-gamma spectroscopy and ayaijable. For Ra the masses of isotopes Witk
direct mass measurement of the daughter nucligg 4 are not known.

203pg in the ESR|8].

tron shell is filled, here between the magic num-
213R4 bersN = 82 andN = 126 (see Fig.]5). At a shell

closure there is a steep decrease in $ig val-

ues due to the reduced binding for the first neu-
The isomeric state of this isotope (with a tentativeeon above the magic neutron number. B3g val-
spin-parity assignment of 12*or 17/27) has an ex- ues derived from the experimental results between
citation energy of 1770(7)keV and a half-life ofN = 114 andN = 126 including our work for the
2.15(5) ms. The cycle time of the whole measureeutron-deficient Rn isotopes follow this trend nicely.
ment is orders of magnitude longer. Thus, only th€his indicates that the deformation of the radon nu-
ground state was detected. Thé&elience between clei with four additional protons compared to Pb,
the mass excess determined in this work with the magic proton numbet = 82, is compara-
(342(11) keV) and the AME value (358(20) keV) isble to those of the Pb isotopes[36], which confirms
16(23) keV. The AME mass value 6FRa is based the results of previous investigations/[37].
on alpha-decay chains [34/35/4Po, whose massThe new experimental two-neutron separation en-
has been measured directly in the ESR [8]. ergies were compared to the values obtained from
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the liquid-drop model [38] with the cdicients of served behaviour of the two-neutron separation en-
the semi-empirical mass formula taken from [39] irergies.
the range betweeN = 114 andN = 125 (see Fig.

The liquid-drop model treats a nucleus as a drap Symmary

Precision mass measurementd%f2°’Rn and*°Ra
were performed with the Penning-trap mass spec-

22001 ' ' . 1 trometer SHIPTRAP. Overall, the AME values [23]

2000 e { based on nuclear decays agree with these first re-

1800 ~A- Rn(Z=86) P 1 sults of direct mass measurements. The uncertain-
> 1600 RS e " * | tiesin the mass-excess values of the isotopes
2 oo e o o | ?®Rn?*Rnand‘’Rawerereducedtoabout10keV.
£ 0] —a /.\./A /* 1 Furthermore, in the region & = 116 to 122, there
o] é\./'7° s gk 1 areindications for a proton-number dependent odd-
& oo ./ ,—wﬁ/ ] even staggering in excess of the description by the

600 A- liquid-drop model.
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