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Precision mass measurements of very short-lived, neutron-rich Na isotopes
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Mass measurements of high precision have been performed on sodium isotopes’®id tsing a new
technique of radio-frequency excitation of ion trajectories in a homogeneous magnetic field. This method,
especially suited to very short-lived nuclides, has allowed us to significantly reduce the uncertainty in mass of
the most exotic Na isotopes: a relative error of 807 was achieved fof®Na having a half-life of only 30.5
ms and % 107 for the weakly produced’Na. Verifying and minimizing binding energy uncertainties in this
region of the nuclear chart is important for clarification of a long-standing problem concerning the strength of
the N=20 magic shell closure. These results are the fruit of the commissioning of the new experimental
programmisTRAL.
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[. INTRODUCTION cause a downturn &= 21. This phenomenon was attributed
to nuclear deformation effects and has since been the subject
The atomic mass is a global property that reflects the ne®f intense study. Not only have further mass measurements
result of all interactions at work in the atom. Information Peen made to map the shores of this curious is|8rd], but
concerning nuclear structure can be derived from examina2th€r types of complementary measurements have been

tion of the binding energies of various nuclear configurationsrlnade to learn more abou; its topography. Early efforts using
aser spectroscopy of Na isotodéd revealed an increase in
over the so-called mass surfadg.

) . mean-square-charge radiush\at 18, consistent with the on-

One way the mass surface can be defined is by the Wasey of deformations-spectroscopy studid®—11] revealed
neutron separation energy,, the difference in binding en-  mgre details of the nuclear level structure, notably a low-
ergy (BE) between two isotopes BE(N) and BEZ,N |ying 2* excited state in thé2Mg daughter, confirmed by a
—2), versusN. The S,, surface has a general trend of lin- complementary Coulomb dissociation technique that also
early decreasing separation energy with neutron number; therovided a quadrupole deformation parameter viaBHE2)
more neutrons in the nucleus, the less they are bound. Deransition probability valug¢12]. More recent measurements
viations from this behavior point to manifestations of nuclearof the quadrupole moments éf~3!Na via 8-NMR and op-
structure, one of the most striking examples of which is sheltical polarization have confirmed that strong deformation is
structure. indeed present13,14].

Of questions pertinent to nuclear structure raised by Consequently, considerable theoretical effort has been
masses, shell effects are perhaps the most fundamentabncentrated on this phenomenon including calculations us-
Magic nucleon numbers offer pillars of nuclear stability buting Hartree-FocK 15,16, the shell mode[17-21], and the
it seems that these pillars may be eroded in regions where thelativistic mean field22,23. Early shell model calculations
ratio of neutrons to protons becomes excessive. performed by Chung and WildentHdl7] failed to reproduce

The so-called “island of inversion” was first discovered the deformation thought responsible for the inversion phe-
by Thibaultet al. in 1975[2] when the comportment &,, nomenon due to the restrictextl space used whereas later
values in sodium showed an abnormal upturiNat19 and  calculations using a more extended basis did succeed
above, where a normally stabilizing shell closure would[18,19. Interestingly enough, the original mean-field compu-

tation of Campiet al. [15] that reproduced deformation of
30Na did so by restoring rotational invariance, something not

*Email address: lunney@csnsm.in2p3.fr done in a more recent mean-field calculation®aflg [16]

TAlso at IAP, Bucharest, Romania. which is consequently found to be spherical.
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0556-2813/2001/65)/05431112)/$20.00 64 054311-1 ©2001 The American Physical Society



D. LUNNEY et al. PHYSICAL REVIEW C 64 054311

gent test for the various theoretical approaches. Modern exX36,37. The Orsay version originally concentrated on the
perimental techniques using intermediate energy exotieneasurement of the antiproton mass but was also designed
beams created either by projectile fragmentation or by théor mass measurements of exotic nuclifi@d8,39. MISTRAL
ISOL technique 24] are being employed to glean more ex- is currently installed at the ISOLDE mass separator facility
perimental data in this and other regiotier example the at CERN[40]. ISOLDE furnishes low energ60 keV), high
N=28 shell closure[25,26)). In the mean time, great quality beams of radioactive nuclides produced by spallation,
progress has also been made in the field of mass spectrorfission and/or fragmentation of thick targets bombarded by a
etry (see, e.g., Ref[27]). The MISTRAL experiment(Mass 1 GeV pulsed proton beam. With thesTRAL spectrometer,
measurements at ISOLDE using a transmission and radiofrehe mass is determined via the cyclotron frequeficpf an
quency spectrometer on-linedescribed in this paper, is one ion of chargeg, massm, rotating in the magnetic field
such exampleMISTRAL has enabled us to return to the origin
of this interesting physics problem by examining, with un- B
precedented accuracy, the neutron separation energies of the C:q__
exotic nuclides constituting the island of inversion. 2mm

Masses can be determined a variety of ways, notably in
the form of differences resulting from th@ value of a ra-
dioactive decay29] or nuclear reaction30]. While decay
measurements can be quite accurate, one must be careful to The lay-out ofMISTRAL is shown in Fig. 1. The spectrom-
have complete knowledge of the level scheme in order t&ter consists mainly of a homogeneous magnetic field. The
correctly determine the ground state and feedings and also i6n beam is transported through the stray field of the magnet
link the resulting mass difference value to a known mas$ind focused onto the entrance slit. Given a slight downward
value, sometimes very far away. deflection, the ions follow a two-turn helicoidal trajectory

Methods that are complementary—and not prone to cutFig. 1, inset centgrwhereupon they are extracted from the
mulative error—are based on mass spectrometry via time-ofmagnetic field and transportédsing elements that are sym-
flight or cyclotron frequency measurements. Presently thergnetric to the injectionto a secondary electron multiplier for
are several such experimental programs dedicated to treounting. The transmission of the spectrométarough the
measurement of masses of radioactive ions by mass spefeur 0.4 mmx5 mm slits that precisely define the nominal
trometry (for reviews, see, Ref$24,27,2§). trajectory is about 0.5% using the surface ionization refer-

Relatively new on the scen®liSTRAL at ISOLDE uses ence source but can be lower than 0.01% using ISOLDE ion
the radio-frequency excitation of the kinetic energy of an ionsources.
beam in a homogeneous magnetic field in order to determine With an orbit diameter of 1000 mm and an entrance slit
the ion cyclotron frequency and hence, the massTRAL is  Size of 0.4 mm, a mass resolving power of 2500 is obtained.
capable of high precisiofabout 0.5 ppmand at the same In order to obtain the high resolution needed for precision
time (given sufficient productioncan measure very short measurements, a radio-frequency modulation of the longitu-
lived nuclides since the measurement is made by recordinginal kinetic energy is effected using two symmetric elec-
the transmission of the ion beam at its full transport energyrode structuresFig. 1, inset righk located at the one-half
(60 keV). The half-life limitation corresponds, not to the and three-half turn positions inside the magnetic field. This
short flight time through the apparat@about 5Q:s) but way the ions make one cyclotron orbit between the two
rather the diffusion time of the radioactive species from themodulations. The radio-frequency voltage is applied to the
ISOLDE thick-target matrix(some ms for the fastest ele- common, central modulator electrode and the resulting tra-
ments. jectories are all isochronous. Depending on the phase of this

Thus MISTRAL brings a unique combination of fast mea- voltage when the ions cross the gaps, the resulting longitu-
surement time and high precision. This compares to the timedinal acceleration produces a larger or smaller cyclotron ra-
of-flight technique of SPEG and TOF4-7,24 (high sensi- dius than that of the nominal trajectory. The ions are trans-
tivity and fast measurement timethe Penning trap mitted through the 0.4 mm exit slit when the net effect of the
spectrometer ISOLTRAPR31] (high sensitivity and high pre- two modulations is zero. This happens when the radio-
cision), and the Experimental Storage Ring @sI [32,33 frequency voltage is an integer-plus-one-half multiple of the
(high sensitivity and now, fast measurement time due to &yclotron frequency:
new isochronous mode of ring operatif3¥]).

This paper will describe the first results @fiSTRAL,
masses of the isotopes 3*Na measured with a precision
almost ten times better than ever befgB88|. The spectrom-

eter is also described in some detail and the results discuss@gich means that during the second modulation the ions feel
in light of the shell quenching problem as well as compari-gyacily the opposite of what they felt during the first. The ion
sons to previous measurements. signal recorded over a wide radio-frequency scan shows nar-
row, transmission peaks that are evenly spaced at the cyclo-
tron frequency(Fig. 1, inset left. The resolving poweR

MISTRAL is a radio-frequency, transmission spectrometer=m/Am will depend on the harmonic numbeythe exit slit
based on the principle conceived and later realized by Smitkizew, and the modulation amplitude,,,:

@

A. Static, mass-separation mode

1
n+§ fc (2)

fii=

II. DESCRIPTION OF THE MISTRAL SPECTROMETER
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FIG. 1. Layout of themisTRAL spectrometefoverhead view The ion beamgcoming from the right are injected either from the
ISOLDE beamline(at 60 ke\j or from a reference ion sourdgariable energy Inset(centej shows an isometric view of the trajectory
envelope with the 0.4 mm injection slit followed by the first modulator at one-half turn, an opening to accommodate the modulated-ion
trajectories at one turn, the second modulator at three-half turns, and then the exit slitrigh$eshows the modulator electrode structure,
the geometry of which is selected for a given mass raegge, 26<A<70). Inset(left) shows a transmitted®K ion signal as a function of
radio frequency spanning three harmonic numiat®out 3400. The mass resolution varies from 50 000 to 100 000 over the operational
frequency range of 250—500 MHz but can exceed 100 000 by applying a higher radio-frequency voltage.

m sufficient accuracy. There is at present no technique with
R=2mn—". (3)  which an absolute mass value may be measured directly with
sufficient accuracy since this would require an extremely ac-
A resolving power of 18, for a 60 keV?Na ion beam Curate measurement of the magnetic field directly along the
having a cyclotron frequency of about 225 kHz, requires dOn trajectory. _ _
2.5 mm increase in the trajectory diametabout 350 V of The unknown mass is transmitted through the spectrom-
modulator voltageand can already be achieved with a har-€ter alternately with a reference mass—without changing the
monic of only 1500, corresponding to a radio frequency ofmagnetic field. Comparing masses in this way requires
about 340 MHz. Details on the calculation of the resolvingchanging the transport energy of the reference beam and
power are given by Coet al. [41]. The wings of the trans- therefore the voltages of all electrostatic elements in the
mitted ion signal can be completely suppressed by using thePectromete(two quadrupole triplets, eight pairs of steering
“phase definition slit,” located between the entrance and exif?!ates, and two cylindrical benders plus the injection switch-
slits, to eliminate modulated ion trajectories with large radialyard bender These comparisons are done in rapid succes-
excursions. The resulting peak shape is approximately triarsion (secondsin order to eI|m_|nate error contrlputlpns due to
gular[41,42). The phase-definition slit has a maximum open-the mean- and long-term drifts of the magnetic field.

ing of 5 mm and is reduced according to the radio-frequency Since the modulator matching system is tuned for a given
power usedsee Sec. Il D and Fig.)3 frequency range, it is necessary to find the harmonic num-

The modulator was designed to deliver up to approxi-0ersn, andn, of the referencen, and unknowrm, masses
mately 500 V peak-to-peak over the frequency range of 25¢hat correspond to approximately the same frequelney,
to 500 MHz. A matching system using a quarter-wave transWithin the tuning pass bandThe measurement af is thus
former was designed with a variable length piston for tuningobtained from the relation
and having a—3 dB bandwidth of about 2 MHZwhich L
corresponds to about eight harmonics of GéNa ion). A 1 fo (et 3)
kw amplifier, fed by a direct synthesizer with a frequency mX_f_ o, Mo )

- 10 . . o x(ne+3)
precision of 10", was custom built for this application as
well as a radio-frequency circulator that transmits all the in-
cident power to the modulator and sends any reflected powayhere f, and f, are the unknown and reference frequency

into a dissipative load in order to protect the amplifier. peak centroids, determined by a triangula(gi¢ge Sec. Il D,
The harmonic numbers obey the relation

B. Dynamic, mass-measurement mode

MISTRAL relies on the concurrent measurement gfen- n= 2mmf _ E )

erally stable reference nuclide whose mass is known with gB 2
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Since they are integers 2000, a 10 accuracy is sufficient I
for m and B to determine them exactly. Even for unknown 40t 2’Na

27/ -
nuclides,m is always predicted with at least such an accu- L (N =2443) (n = 2444)
racy. To measur®, a NMR probe is used. However, since

reading is corrected by recording peaks at several neighbor
ing harmonics and measuring directly their spadiRiy. 1,
left insed. The resulting correction is-2x 104,

this probe cannot be positioned on the nominal trajectory, the g *

counts
n
o
® 1
——
[ e S
——
e

C. Control system and data acquisition 0r

The experiment is controlled by a microprocessor work- I ' + .
ing under a real-time kernel connected to a Sun/Unix work- 0 —m—'—m'—'—'—'m“—
station. After maximizing the transmission using the beam 509970 509990 510010 510030
transport electrostatic elements and the magnetic field, the . frequency (kHz)
data acquisition mode is selected and frequency scan initi L
ated. For stable nuclides, we make continuous scans of th
radio frequency. Between scans, the beam transport elemel
voltages are switched in proportion to the masses. Making
frequent reference mass scans eliminates frequency shift
due to the long term drift of the magnetic field, and allows
averaging over the short term.

In the case of short-lived nuclidggas well as elements
with very rapid release times from the target matrix, such as
Na) there is insufficient time to scan the entire required fre-
guency range after the impact of the proton pulse. In this
case, a special acquisition mode is ugedlled, appropri-
ately, point-by-point For each radioactive beam pulse, the
ion transmission signal is recorded for only one radio- - 27Al
frequency point(determined randomjyand the peak is re- I (stable)
constructed at the end. This mode not only allows one to 50
increase statistics in the peak but for each point, the time
dependence of the transmission can also be reconstructe:
This offers an excellent way of identifying isobars. An ex-
ample is given in Fig. 2(top) for the isobaric doublet o5 | ¥
2INa-?Al. Since we count the ions in the beam that have s
been separated with very high resolution, we can produce
very clean release curves as shown in Figniddle). The I
stable Al peak is easily recognized by its constant release ir 0 L L L
Fig. 2 (bottom. 0 500 1000 1500 2000

Furthermore, in case of variations in the ISOLDE produc- time (ms)
tion from pulse to pulse, it is possible to record the ion signal ) _ )
with the rf alternately on and off so that not just the intensity F!G- 2. lon signal as a function of radio frequency for-27
but the true transmission is measured in order to correctlyhoWing the two isobaric contributions of Al and Neop). The
normalize the peak. However, this procedure, used in run N@€2KS aré well resolved but in cases where identification might be a
1 (see Sec. I, was found to be not really necessary. problem We can examine the.t'me. projection (.)f each peak which

At ISOLDE, the protons are grouped into a supercycle of ¢ ¢S €ither a fast release time indicating (Naddile) or a con-

12 pulses of up to 1013 protons every 1.2 sec. The selec- stant signal with time indicated the stable Al isolfaottom).

tion of these pulses coming to ISOLDE is variable, usuallyprocedure consists of iterating a least-squares adjustment of

between 6 and 8 but with no particular regularity. When ; e . . :
measuring the short-lived nuclides, we synchronize the ext—he measured yield¥;(;) using a triangula{41] function

periment on this supercycle making a reference scan eac(ﬁ(f‘) depending on three parameters:
time. We have found this sufficient to correct for the mag-
netic field drifts. g(f)=Yn

20 |

counts

10 |

0 ——t——————— L

counts
-
—-
.
-
—.—
-
—-
.
—.—
—
P
——
—-—

L fm|>, ©
fu
D. Data analysis wheref ., is the adjusted value of intereg}, is the frequency
The primary aim of the data analysis is to determine theeWHM and Y, is the maximum yieldFig. 3).
frequency corresponding to the maximum of transmission Wings, if not already suppressed by the phase-definition
which is the center of symmetry of the peak. The fittingslit, are eliminated by selecting a restricted area of the peak.
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i narrow phase- 479740 479760 479780
300 definition slit frequency (kHz)
250;" ] FIG. 4. Reconstructed peak féPNa (T,,=48 ms). This mea-
500 C surement is a sum of 25 series of @dndon) frequency steps each
2 E E recorded after the impact of one proton pulse on the ISOLDE target.
3 1502_ ] The center frequency is derived from a triangular fit and corre-
© C sponds to harmonic number 2421 of the cyclotron frequency in the
100 ] 0.3868 T field. The mass resolution is about 25 @8&duced to
C favor transmission
50 b : E carbide was combined with a thermionic source which deliv-
o b L . i s ered relatively pure, singly ionized, radioactive alkali beams.
480160 480180 480200 480220 480240  The masses measured were ™Na and ?’Al. An example
frequency (kHz) of a recorded mass peak is shown in Fig. 4 faxa.

_ _ _ During run No. 1, the high voltage of theiSTRAL source
FIG. 3. Example of triangular fits of a transmitteMg  was limited toV<60 kV, constraining the reference mass to
ISOLDE mass peak performetbp) without phase limitation and  he heavier than the measured one. The reason is that, for a
(bottom with a phase limitation that completely eliminates the given magnetic field, the produchxV is fixed, andV is
wings. The resolving powers aftop) 19 600 andbottom 28900  5ays equal to 60 kV for the measured mass from ISOLDE.
using only a moderate radio-frequency voltage. Hence,*K was the reference mass in all cases except those

. . . . where ?°Na from the reference source was to be compared to
The weight given to each point takes into account not onlyzg,Na from ISOLDE. During run No. 2, this limitation was

Lheeeztzté?gfriigg:j agig;g;;:gh;?rm fluctuations which havg, . me and bot*Na and* could be used as references
' for each mass from ISOLDE.
2 — 2
oY) =(evY) ™+ Yi, ™ A. Calibration procedure
a?(f;)=(egf)?, (8) A comparison of the measured values to the ones taken
from the AME'95 evaluation[1] for well-known masses re-
where ey reflects the unstatistical fluctuations of the refer-vealed a dependency on the mass differenge-m, be-
ence ion source intensity or of the ISOLDE producti@n  tween theviSTRAL reference mass, and the ISOLDE mea-
not normalized by a scan without RBnd e reflects the  sured massn, (Fig. 5). A calibration was thus necessary.
short term fluctuations of the magnetic field. Typicaky; The relative mass difference between a measured value,
~0.05 andeg~5x10"". m, and the tabulated one?, is given by
This fitting procedure provides the frequency raigp
=f,/f, which is then converted into an atomic mass ratio
Rn=m,/m, using relation (4) and taking into account
the electron mass and the relativistic correction for the ion

velocity. Note that theame'9s value is used im\, for convenience,
since it only plays the role of a fulcrum and does not influ-
IIl. RESULTS ence the final mass excess.
As the magnetic field is not sufficiently homogeneous
The data presented in this paper were recorded during twover the entire volume seen by the ion beam, the nonzero
runs: run No. 1 in July 1998, and run No. 2 in Novembervalue of AJ***is attributed to an imperfect superposition of
1998. In both runs, the ISOLDE target made of uraniumthe m, and them, trajectories. This apparently linear devia-

0

AMmeas_ My — My
x 0
mX
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FIG. 5. Plot of the relative mass differenc&§°*, for the well-
known masses, with respect to the mass tale'9s, versus the
mass jump , —m,). The continuous lines represent the fits of the
linear calibration function for each run.

tion has two possible components: an insufficient overlap
between the ISOLDE beam and th&sTRAL reference
source beam positions which would produce a constdlif®

PHYSICAL REVIEW C 64 054311

calibrated voltage changes that are necessary for transmis-
sion of the two beams of differing masses through the same
magnetic field and which would produd€®?%(m, —m,).

This reasoning is based on measurements of the residual field
gradient of the magnetic field. While higher order compo-
nents are present, the linear gradients represent the largest
contribution[43]. We have therefore adopted as a calibration
function

AP®*=a(m,—m,) +b. (9)

In order to check the validity of this calibration and to
determinea andb, we selected as “calibrants” the precisely
known masse$3~?™Na and?’Al. A straight line was fitted to
the corresponding\{***values. To these points we add an
additional calibration derived from the measurements of an
unknown mass using the two reference massé®Na and
3%. Two such measurements performed under exactly the

same experimental conditions, yield
ATER3K) — AT 23Na) =[ (39— x) — (23— x) ]a= 16a.

Taking into account the adjusted value fofrom the first set
of calibrants, these values contributed to the averaggd®
corresponding tan,—m,=16. The process was iterated to
derive the final values foa and b and for their standard
deviations.

While trying to fit the calibration function, it appeared
thatb was fairly constant in the range of some 10 On the
contrary,a changed every time a tuning of the injection op-
tics of the ISOLDE omISTRAL beams was necessary. There-
fore, each of the two runs was divided into subsets corre-
sponding to beam optics settings: 1a, 1b, 2a, 2b, 2¢, and 2d
(see Table)l

The complete set of measured relative mass differences
and calibrations for both runs is present@d chronological
orden in Table I. The values oA }'*®**for each mass are given
using the corresponding referencésNa in column 3 and
3% in column 4. The errors given in Table | are statistical
plus the intensity and magnetic field fluctuation err(gse
Sec. I D.

In the fitting procedure of the calibration, it appeared that
the x? values were much too largep to y?=20), revealing
the existence of a systematic error. A good consistency was
obtained by adding quadratically a systematic uncertainty of
5% 10 ' to each measurement. The resulting calibrations for
runs No. 1b, 2a, 2b, 2c, and 2d are shown in Fig. 5, and the
corresponding values for the calibration parameteasd b
are reported in Table II.

In the case of run No. 1a, onl§’Al was available as a
calibrant. Thereforel) was assumed to have the value deter-
mined in run No. 1b. In the case of run No. 2d, due to the
lack of calibrant masses, the calibration was determined us-
ing the evaluated masses féiNa and ?®Na as obtained in

and (i) a different injection angle caused by inadequatelySec. IV A.

054311-6



PRECISION MASS MEASUREMENTS OF VERY SHORT. . PHYSICAL REVIEW C 64 054311

TABLE |. Experimental results, expressed as relative mass dif- TABLE Il. Calibration parameters used for each of the measure-
ferencesA®®, in chronological order. In column 2, the mention ment periods, after consideration of the systematic error of 5
“calib.” indicates a calibrant mass in a given run subset; an asterisk< 10~ 7 (see text In column 4, the correlation coefficients between
indicates tha?’Na could not be measured because it was not sufthe fitted parameters andb are given. They values of the calibra-
ficiently mass separated froRTAl. In columns 3—4 are tha™® tion fits are given in column 5.
measured values and their statistical plus fluctuations errors be=

tween parentheses. Run Slope Offset Correl.  x
(ax10") (bx10%)
AT 107
Nuclide Ref.2Na Ref. 3% No. la 6.4(0.6
No. 1b 7.4(0.4) 1.4(5.0 —0.86 0.3
run No. la No. 2a 0.82(0.38 —-4.9(3.5 —0.55 0.4
Z7Al calib. 78.0(0.5 No. 2b 2.69(0.23 ~-56(24  -062 10
*/Na 103.0(1.2 No. 2c ~057(0.18  —-2.6(21) -069 05
*Na 91.2(4.5 No. 2d -1.7(1.8 —2.7(4.8 +0.70 04
run No. 1b
2Na 95.5(7.0) _ _
264 100.0(0.5) C. Isobaric comparisons
Na calib. 103.50.6) The comparison of the results for two isobars produced by
2Na calib. 113.7(0.6) ISOLDE, obtained in two successive measurements, lead to
23Na calib. 1.5(0.5) 119.5(0.7) null values fora and b parameterdsame beam, no mass
30Na ~13.2(9.7) jump) as in the case of the isobaric doubféNa-’Al. Four
run No. 2a measurements were made using this doufdet of which
2Na calib. ~3.9(2.4) does not appear in Table | due to lack of calibration data
25Na calib. ~7.1(1.3 4.9(3.0 The results are given in Table IV. In this case adding a 2
268 11.8(1.3 28.0(2.0) X107 systematic uncertainty provided consistency for the
run No. 2b four values f=1).
#Na calib.  —5.6(1.9 38.1(2.1) _
%Na  calb. —13.3(1L9 36.8(1.0 D. Final results
*°Na —7.7(19 43.7(2.6 The measured\ ™" values obtained for each nuclide in
Al calb.  -14.5(1.9 17.8(1.0) Table Ill have been averaged. In Table V, the results con-
“Na * —241.0(25  —201.0(24 cerning the calibrant masses are listed. As displayed in col-
%Na 33.0(9.1) umn 4, the agreement with threue'es mass table is excel-
BNa calib. —3.6(1.6) lent, confirming the validity of the method used and of the
run No. 2¢ chosen calibration relation.
2Na 25.2(6.0) 1.9(8.1) In Table VI, the results concerning the masses measured
2Na calib.  —1.5(1.3 ~-7.1(1.4 by MISTRAL are reported.
29\ a 26.1(6.2) -0.1(6.3 The last line of Table VI shows that the determination of
26Na 20.1(1.0 12.1(1.0 the 2’Na mass by “isobaric comparison” is indeed more pre-
28N calib. —2.8(15 ~8.3(1.9 cise, by a factor of almost 3, than the “standard method.”
23\a calib. —2.6(15) ~8.0(1.4) The values obtained through the two methods agree very
26\ 21.3(1.5 10.3(1.5) well, but the three megsuremgnts qsed in the “stan(_jard
24Nja calib. —41(13 ~15.2(1.4) method” are also used in 'the |§obar|c doublet evaluation.
2INa 23.1(2.2) 17.2(1.4) Therefore the_ two results_ given in Table \_/I féfNa should
27 calib. 2.1(1.0 ~10.9(1.1) not be considered as independent. Since _the “stand_ard
run No. 2d method_” was more thor(_)ughly_ checked, only its result will
2 calib 32(0.6 be retained for further dlscussmn:
2Na calib. 18‘ %0 '8) The agreement between the different measurements from
2oNa calib- 20'4(6'0) runs Nos. 1 and 2 is quite reasonable. _The overall dispersion
20 ' B of the measurements compared to their mean values, shown
Na —77.6(9.0 in Fig. 6, is quite good, corresponding 16=0.94.
B. Results after calibration IV. DISCUSSION OF THE RESULTS
The values ofA7***have been corrected using the cali- A. Evaluation
bration The MISTRAL results are compared in Fig. 7 to the ac-
ACOT=AMEES_ 5 (M —m,)—b. (10) qepEed mass values fron_1 the 1995 “Atomic Mass Evalua-
tion” (AmME'95) [1]. There is a very good agreement for the
The resulting values are presented in Table IIl. precisely known masses 6f~2Na and ?’Al. The average
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TABLE Ill. Experimental results, after correction using the cali- ~ TABLE IV. Measured values oA[®*x 10" obtained for?Na
bration, expressed as relative mass differencf. In column 2,  and ?’Al both coming from the same source. Their difference gives
“calib” indicates a calibrant mass. directly the true value oA, for 2’Na using no calibration. The first

measurement was not included in Table | due to lack of calibration
A" 107 data. The errors indicated between parentheses are statistical plus
Nuclide Ref. Na Ref. 3K fluctuations ones. A systematic error 0k20™ 7 is added quadrati-
cally) to each of the?’Na— 27Al results.
run No. la
ZTAl calib. —0.2(10.3 Run Reference  ?Na 27p| 2INa—2"Al
2Na 24.8(10.2
28Na 19.4(10.7 No. 1 3K 96.2 (5.0 69.8(2.0 26.4(5.5
run No. 1b No. 1a 3% 103.0(1.2  78.0(1.2 25.0(1.3
29Na 20.1(9.0 No. 2¢ ZNa 23.1(2.2) 2.1(1.0 21.0(2.4
26Na 2.4(5.7) No. 2¢ 3% 17.2(1.4 —10.9(1.1) 28.1(1.8
BNa calib. -15(.9
z:Na calib. 1.35.9 measurements for this nuclidBig. 6) are all higher, with an
Na calib. 0.17.1) —0.3(6.0 average difference of 407 keV.
*Na —81.2(11.2 A new mass evaluation would consider, among the six
run No. 2a publications determining the mass #Na (see Fig. 8 only
*Na calib. 1.0(6.6) two significant datdthe insignificant ones are those with 10
BNa calib. —-0.6(6.5 -1.7(7.4 times less weight than the combinationadf other accepted
%Na 19.2(6.7) 22.2(6.9 data, followingAME'93 [44], p. 200: (i) the (t,3He) reaction
run No. 2b energy of Flynn and Garref45] yielding a mass excess
28Na calib. 0.0(5.7) 1.9(6.1) value of —7411.721.5 u nucleon for ?®Na and (ii) the
Na calib. —2.5(6.0 5.9(5.7) MISTRAL one giving—7366.76.8) u nucleon, where the error
26Ng 5.7(6.) 15.4(6.1) bar has been multiplied by thevalue(see Table V). These
27 calib 1.5(6.1) ~7.9(5.6 two data are in disagreement, with=2.0 for their average.
28\ 9.9(10.6 However, such an average is adopted, without scaling,by
23\a calib. 2.0(5.9) following the policies of the mass evaluatiph|, and yields
run No. 2¢ for ?®Na a mass value of 7370.86.5) u nucleon. This value
28\a 25.0(8.3 10.8(9.7) has been used in the calibration of run No.(&e Sec. Ill A
232 calib. 1.1(5.6) 46(5.6) \t/)vhere onfe of tr:je two measurements of the mas¥dé has
29 een performed.
ZGEZ ;iggg% 282'.21(?5'_2‘)1) The result for the mass of'Na is 63 keV higher than in
25 . the 1995 mass table. The latter value was mainly determined
Na calib. -1.3(5.7) 2.3(5.7 35Ma( 180 17F fi dat
2N calib. 0.05.6 37(5.6 from the average of tw _g( ,~'F) reaction energy data
260, 222(5.8 203(5.5 [48,49. The mass we derive agrees perfectly with the mea-
24Na calib - 2'1 (5' 5 _4‘ 0 (5' 5 surement of Flfleld_at al.[48], but strongly dls_agrees with the
2Na : 23l4(6 '1) - .6(5.5) result of the Munich groug49]. Examination of the two
. _ AL OO papers shows that the former has 50 times higher statistics
Al calib. 2457 -15(4 and a more correct peak shape. Therefore its agreement with
run No. 223d _ the present result gives confidence in our mass*fbia.
Na - calb. —0.5(7.0 The MISTRAL masses for®Na and?’Na are in agreement
Na calib 16.5(6.4) with—but much more precise than—the1e'95 ones. Our
*Na calib 14.6(10.2 knowledge for these masses is thus improved by a factor
*Na —86.8(14.2 five. For both masses we are left with only one significant

datum: the one from the present work. This value®&fa

standard deviatiortdifference in masses divided by the ex- has been used in the calibration of run No. @ge Sec.
perimental uncertainjyfor these four reference masses islMA).
extremely good(0.52 showing that the quoted precisions TABLE V. Averaged relative deviations from theve'es mass

: —7
(rang_lng from 2 to 9<10 for _the_measure_d masseare table for the calibrant nuclide@ is the number of measurements
certainly not overestimated. This gives confidence to the es-

timated systematic errors and to the calibration of the ob-

H corr \/
served frequency shifts, even though their origin is not yet Nuclide i, X ATx10
fully understood. Furthermore, the masses®6f*'Na were BNa 9 0.3 1.5(1.9)
measured during two separate data taking periods yielding 2Na 3 0.5 -1.7(3.3
consistent results. Na 5 0.6 0.7(2.6)

The MISTRAL measurement for thé°Na mass differs sig- 27| 5 0.7 —1.4(2.7

nificantly from theame'95 value. In fact, the nine individual
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TABLE VI. MISTRAL new measurements. In columns 4, 5: relativi?") and absolute m,=m,
- mS) deviations from theme’9s mass table. In column 6: finalISTRAL mass excesses. To be conservative,
the uncertainty in this last column, which expresses our final values, has been multipjieit liye case of

26Na.

Nuclide n X ASX 107 ém, (u nucleon Mass excesgu nucleon
%Na 9 1.3 16.7(2.0) 43 (5) —7367(7)

2Na 3 0.3 25.1(3.8 68 (11) —5922(11)

%Na 4 0.8 17.24.8 48 (14) —1062(14)

Na 3 1.0 17.54.9 51 (14) 2861(14)

3%Na 2 0.3 —83.3(8.9 —250(27) 8976(27)
Isobaric method

2Na 4 1.0 25.21.5 68 (4) —5922(4)

Finally, the mass we derive fot’Na strongly disagrees tions of Campiet al. [15], where strong deformation, stabi-
with the mass table. A closer examination locates the disized by rotational energy, was considered, and the shell
agreementsee Fig. 9 to only one experiment7] in which  model work of Warburton, Becker, and Browh9], “mod-
the mass of*Na was derived from a time-of-flighffOF)  ern,” microscopic methodse.g., Refs[51,52) have yet to
measurement at LAMPF. This datum, given with a higherproduce calculations for odd-nuclides. An exception is the
precision than all the older ones, weighed dominantly in thevork of Caurieret al. [21], and very recently, a complete
AME'95 adjustment. One can notice in Fig. 9 that this discrep-mass table based on Hartree-Fock BCS constructed by Gori-
ant result superseded an earlier TOF measurement of they, Tondeur, and Pearsds0]. This shortcoming, and the
same groud4] which is also at strong variance with our fact that microscopic models, for all their intense computing
result, but in the opposite direction. In the most recent ofpower requirements, have done only a moderate job in cal-
these two publications, Zhoet al. [7] explained the contra- culating the total binding energy, has promoted the develop-
dictory results by an isobaric contamination®8Ka by Mg ment of mass models and mass formulas based on either
in the earlier work. Figure 9 shows that tleSTRAL result  approximations, e.g., the extended Thomas-Fermi Strutinski
agrees nicely with all other data, but is at least one order ointegral (ETFS)) [53] or macroscopic-microscopic formula-

magnitude more precise. tions, e.g., the finite-range droplet modERDM) [54], that
adjust their(sometimes numerougparameters to measured
B. Comparison to mass models masses.

The resultingmisTRAL mass of *Na confirms and even
slightly enhances the overbinding of Na isotopehlat19 as
shown in Fig. 10. This tendency contradicts even midre
=20 being a magic number Zt=11 as it is at higheZ [see
the Z=15 (P) and Z=16 (S) curves in Fig. 10 and rein-

The list of microscopic binding energy predictions is
fairly restrained. Apart from the early Hartree-Fock calcula-

n [
'E 7.5 3 T 1 forces the strength of the deformation startingNat 19. The
= 5 E |9 |e9 higher binding energy measured in this work pulls the mass
tT ! (e T | surface closer to the Hartree-Fock predictions of both Campi
S 2.5 — * Lot o
N [ ] 150
OF-11 1T =1 -arf1 1Tl "1 - E *Na
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FIG. 6. Comparison of the individual measurements, for all the  FIG. 7. TheMISTRAL results compared to thevees for 27Al

masses determined in this work, with their mean vaffata, full and for the sodium isotopes from=23 to 30. The zero line rep-
circles; ?’Na, open squares’®™Na, full triangles;>°Na, open dia- resents the values from the mass table and the two continuous sym-
monds; and®Na, full squares. metrical lines represent the table uncertainties.
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wJ 50 L (this work) = I HF (15) \ AME95 [1]
2 X N AV 7 AV 7 = ol
L I -
I IUANE. SN Sl AME 95 11 500 -
8 O :Xi\!i NN \\;\\\% T|\1b |t-\7-; U‘?: : .......... L)
: boy [ AMEOS (1] N N e
2 _so | (G Mo ; |
o r Ban72 [45] 0 b MISTRAD o YA SMI21F
2 r (Qrmwn)[“’el : A_.—-'A~~___K,a’<s°l ....... Q'..
—-100 ¢ Thibault 75 Losme2zny P
r (mass spec.) 21 L *
- -500 |-
-150 I Y AP0

FIG. 8. Comparison of the results of all experiments in which L 3
the mass of°Na has been determined. The dashed area represent —1000 - Ysm
the 1o limit of the AME'95 value[1], based on the four data repre-
sented by full symbols which were obtained Keft to right) r
("Li, "Be) reaction energy46]; 8 end-point energy47]; (t,°He) _ I I I T I ST I S
reaction energy45]; mass spectrometry?2] by the Orsay group at 150014 15 16 17 18 19 20 21 22
CERN; and by rf mass spectrometthis work). Neutron number

FIG. 10. Two-neutron separation energi®g plotted as a func-

et al. [15] and HFBCS-1[50]. The shell model predictions tion of neutron number for the neutron-rich sodium isotopés (
[21] on the other hand, miss the effectNit 19 and predict =_11): MISTRAL measuremeni[(sfil_led squarep the_AME'95 [1] (filled
the onset of deformation one neutron further. This is perhapg!rdes’ Hartree-Fock predictions of Campst al. [15] (open

. . . circles, the very recent Hartree-Fock mass table HFBCS-1 of Go-
due to the uncertainty, mentioned in Rgf1], of whether the riely, Tondeur, and Pearsdis0] (open squarés and shell model

'”truqer orbits responsible for th|§ Sh_e” “opening” effect a_re predictions of Caurieet al.[21] (open triangles To illustrate the

dominated by P-2h or 4p-4h excitations. The latter possi- fine structure of these curves, the following empirical functiomof

blity was not explored in their work due to the great increaseand Z has been subtracted= — 330N + 100N Z+ 700Z + 39800.

this incurs in valence space and hence, computation requiréhe lines corresponding =15, phosphoru¢P) andZ=16, sul-

ments. fur (S) from the ame'95 [1] are included to show the tendency
observed wher&l =20 can still be considered magic.

V. CONCLUSION

—~ 750 ¢ —
T =00 %m@:iug)s[z] s S We have presented results for the masses of neutron-rich
= c Bet}az 83 Orr 91 Na isotopes using a new technology for mass measurements
© 230 F (Q,) 131 (Tof) (61 that is especially suitable for very short-lived species. These
o 0 Fe-resprrscpisonssiongieie s snas Lo AME 95 (1] mass measurements, exploiting a radio-frequency modula-
E _r50 b cioiio Vv e tion technique, are accurate to the precision that was origi-
[ - MISTRAL nally aimed for: 14 keV, or %10 7 for the shortest-lived
o 7200 (this work) measured nuclide?®Na (30.5 m3. The method also has a
2 =750 | Vieira 86 reasonable sensitivity limit of about 1@ons per pulse de-
e 1000 - (Tof) (41 livered by the on-line mass separator ISOLDE at CERN.
= 8 = The results represent the most accurate measurements to
—1250 ¢ [*No (T2 = 48 ms) | date for the short-lived nuclide$® *Na which lie in the
—1500 so-called “island of inversion” around thB=20 shell clo-
B sure. The measurements not only confirm the previous values

FIG. 9. Comparison of the results of all experiments in which but even show an enhancement of the binding energy which

the mass of°Na has been determined. The dashed area represer&grthgr”argues for the erosion of the normally stabilizing
the 1o limit of the AME'95 value, based on the four data represented Magic” number shell effect. _ o

by full symbols. The two data with open symbols were superseded 1h€Se results are the first fruit of the commissioning of
by more recent measurements of the same groups. The measufB€ MISTRAL program at ISOLDE. Efforts are currently un-
ments represented here were obtainedleft to right) mass spec- derway to eliminate the systematic error using a set of cur-
trometry [2] and 8 end-point energy[3] by the Orsay group at rentshims to correct for the measured magnetic field residual
CERN; four time-of-flight(TOF) measurements by two groups at gradientd43]. We are also developing a device consisting of
LAMPF [4], GANIL [5], GANIL [6], and LAMPF[7]; and by rf  a gas-filled quadrupole ion guid85] in order to reduce the
mass spectrometrithis work). incident beam emittance and increase the sensitivity of the
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A. Coc and R. Fergeau. We would like to thank D.
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