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General concepts — binding energy; the mass unit; resolution; precision; accuracy

b weak interaction — superallowed beta decay and the CKM matrix
c astrophysics — stellar nucleosynthesis







High resolution mass spectrographs
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the atomic mass
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nuclear structure nuclear astrophysics
(shells, shapes, halos) (decay mode, reaction)
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rapid proton-capture (rp) process
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MASS EXCESS (MeV)
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S (MeV)

Nucleon pairing
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nuclear structure from the mass surface
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nuclear structure from the mass surface

shell opening and magic number migration

of shell gap (MeV)
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one-neutron separation energy (MeV)
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two-neutron separation energy (MeV)
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drip line phenomena - small binding energies
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Superlarge nuclides Simple, illustrative approach
(Hansen and Jonson, 1987)
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Microscopic correction
FRDM (1982)

Superheavy Elements
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S (MeV)

Nucleon pairing
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mass measurements:
what you want - what you need
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relative precision
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BRIEF COMMUNICATIONS

WORLD YEAR OF PHYSICS

A direct test of E=mc?

One of the most striking predictions of Ein-
stein’s special theory of relativity is also per-
haps the best known formula in all of science:
E =m¢". If this equation were found to be even
slightly incorrect, the impact would be enor-
mous — given the degree to which special
relativity is woven into the theoretical fabric of
modern physics and into everyday applica

tions such as global positioning systems. Here
we test this mass—energy relationship directly
by combining very accurate measurements of
atomic-mass difference, Am, and of y-ray
wavelengths to determine F, the nuclear bind-
ing energy, for isotopes of silicon and sulphur.
Finsteins relationship is separately confirmed

in two tests, which yield a combined result of
1—Amc*/E=(—1.4%4.4) X 1077, indicating
that it holds to a level of at least 0.00004%. To
our knowledge, this is the most precise direct
test of the famous equation yet described.

Cur direct test is based on the prediction
that when a nucleus captures a neutron and
emits a y-ray, the mass difference Am between
the initial (including unbound neutron) and
final nuclear states, multiplied by ¢* (where cis
the speed oflight), should equal the energy of
the emitted ~-rav(s), as determined from
Plancl’s relation = hf (where Iz is Plancl’s
constant and f is frequency).

The total energy of the y-rays emitted as

NATURE|Vol 438|22/29 December 2005

undergoing this nuclear reaction, the com-
parison is expressed in terms of measured
quantities as

AME =(M[*X] —M[**'X] + M[D] — M[H])¢&
=10’N,h(fy,, —fp) molaMU kg™ (1)

where the Avogadro constant N, relates the
measured mass M[X] in unified atomic mass
units (AMU) to its mass in kilograms m[X].
We made comparisons for **'X="Si and
A+ =S, The mass of the neutron M[n] is
determined from the masses' of hydrogen M[H]
and deuterium M[D] combined with f;, the
frequency of the y-ray corresponding to the
deuteron binding energy”. The molar Planck
constant is N i = 3.990312716(27) X 107" J s
mol ™', numbers in parentheses indicate uncer-
tainty on the last digits. This figure has been
independently confirmed at about the 5 10™*
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Penning trap.

Because the diffraction angle for a 5-MeV




Motivation from “fundamental” physics —

NATURE 2589—26/5/2004 —VBICKNELL—104661 1

metrology:

the kilogram: 28Si atomic mass standard
and other fundamental constants
(what If they vary with time?!)

.............................. Jos;

A precision measurement of i
the mass of the top quark of

D@ Collaboration*
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Top quark mass (QeV/cd)

Figure 4 Determination of the mass of the top quark using the maximum-likelihood
corresponds to a mass of 180.1 GeV/e?, which is the new DO measurement of M;
+3.6 GeWe* statistical uncertainty of the fit.

NATURE | doi: 10,1038 /naturel2 589 | www.nature.com/nature



What does a relative uncertainty of 10- mean?

contact lenses?



mass measurements:
what you want - what you need
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Production (and separation) techniques for exotic nuclides

Isotope Separation Fragmentation In-Flight
On-Line (ISOL) Separation (FIFS)
GeVprotons _ )
MeV heavy ions driver oL BeviL
neutrons / electrons vy
ionizer target mg/cm?
g/cm?
Diffusion: Straggling:
release time separator phase space
and chemistry
10-100 keV 0.1-1 GeV
good beam quality short lived / unbound
(charge-breeding) deceleration

post-acceleration or stopping



worldwide radioactive ion beam facilities

ISOL thick-target facilities

MASS MEASUREMENTS
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In-flight separation facilities
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Technigques ZH:AL

Indirect Direct PRODUCTION

(energy) (mass spectrometry) SCHEME
reactions: time of flight: _
A(a,b)B z
Q = My+ M,- M- Mg | | TOF = (m/q) (L/Bp) 5
decays: cyclotron frequency: g
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Mass separator
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high resolution necessary but not sufficient for high precision
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Opportunistic mass measurements at the Holifield
Radioactive lon Beam Facility

P.A. Hausladen™*, J.R. Beene®, A. Galindo-Uribarri®, Y. Larochelle ?, I.F. Liang?,
P.E. Mueller®, D. Shapira®. D.W. Stracener?, J. Thomas*®, R.L.. Varner®, H. Wollmk?
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accurate precise

...but not ...but not
precise accurate

high precision necessary but not sufficient for high accuracy



Mass measurements by reactions

missing mass from reaction A(a,b)B

1 bound states
FESONAnCes — of nyclide B
> of nuclide B
"D ground
c
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Somewhat limited but
Imperative for unbound



masses of unbound nuclides using MAYA at GANIL
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C.-E. Demonchy Ph.D. (2003)



Mass measurements by Beta decay: Q; =M, ..n — Maaugrier

GZ /Mif/2 /

s PP(ECEY FZE)

P(p) dp =

detected Betag
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Mass measurements by alpha and proton decay

Decay of 16?Ir

C.N. Davids et al., Hyp. Int. 132 (2001) 133

166



reactions and decays
(so-called ‘indirect’ techniques)

Reactions: masse:

s of unbound nuclides

15F: W. A. Peters
11N: V. Guimaraes
250: W. Mittig et &
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Q-values)
Z = 114/116: Oganessian et a (2004)
135 C (2004)

130Ey-pdecay: C.N. Davids et al., PRC (2004)
233Am o, decay: M. Sakama et al., PRC (2004)
265Bh ¢ decay: Z.G. Gan et al., EPJA (2004)
130Cd B decay: I. Dillmann et al., PRL (2003)

Mass values for the most exotic species
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mass measurement programs at GANIL

SPEG
time-of-flight
+ magnetic rigidity | £
m=qBpT/L

Resolving power: 104

extremely sensitive 16 18 20 22 24 26 28 30 32
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B. Jurado, H. Savajols et al., PLB (2007) ‘
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F. Sarazin et al., 1999
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NATIONAL SUPERCONDUCTING CYCLOTRON LABORATORY
AT MICHIGAN STATE UNIVERSITY
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mass measurement programs at GANIL
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mass measurement programs at GANIL

CIME (SPIRAL)
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mass measurement programs at GSl

Relativistic

Heavy lon Beam
Production
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Experimental Storage Ring:
Am/m =y Af/f + (v — y%) Aviv

Schottky Mode
Very precise
but cooling slow

Isochronous Mode

very fast
but not so precise




mass measurement programs at Gl
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Nuclear Physics Iin Storage Rings

Mass Measurements and Decay Studies in the ESR
Reaction studies in the ESR

Yuri A. Litvinov

Arbeitstreffen Kernphysik, Schleching
22 February 2007

Mass
matters |
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Broad-band Schottky Frequency Spectra

Intensity / arb. units
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Electron cooling of fast ion beams (CRYRING at MSI, Stockholm)



IMS: Time-of-Flight Spectra

Nuclei with half-lives as short as 20
microseconds are accessible

About 13% in mass-over-charge range
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Measured Mass Surface

Masses of more than 1100
Nuclides were measured
Mass accuracy:
SMS 1.5:107upto 4 -10°8
IMS ~1 -10°6

a

Mass surface covered
with the time-resolved

Schottky Mass
Spectrometry

82

r-process
Results: ~ 350 new masses oo path
In addition more than
300 improved mass values
50
rp-process
Mass surface covered
with Isochronous Mass
Spectrometry
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Present Knowledge of Atomic Masses

[l stable nuclei o °
B nuclides with known masses _--'
G.Agdi et a_\I., Nucl. Phys. A729 (2003) 3
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Yu. Litvinov, Ph.D. (2003):

~ 600 species in the ring
466 masses measured
(117 calibration masses)
139 masses from links
200 improved masses

S, / MeV
L o amn w s o @ o~ o

Yu. Novikov et al.,
Nucl Phys A (2002)

Mass Number

Yu. Litvinov
et al., (2005)

IMS
J. Stadlmann (Ph.D
and _
Phys. Lett. B.Ffl

(2004) B VS 2002

2 e M. Matos, Ph.D
O (2004)

i g
n" mass is input parameter for halo models

75 new mass Values 2 140 150 180 170 180 190 200 210 220 230 2;10

X

SMS 2002
E. Kaza, Ph.D
(2004)



E MISIRALS A new binding energy for the 11Li halo "@
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23% higher than currently used to adjust models...

C. Bachelet, Ph.D. thesis (2004)



Quadrupole / -\

Doublet
COLETTE
Paul tra
MISTRAL P ISOLDE
Beam
Reference
Source
00 Alburger 78 -
T' MISTRAL 2005
g 12 _

= L; | Detector Be (T1/2 =21 ms)

*D.E. Alburger et al. Phys. Rev. C 18, 2727 (1978) _—
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hyperbolic
Penning trap:
precision mass
measurement

cylindrical
Penning trap:

isobar separa-
tion & cooling

Gas-filled RF-Paul trap:

’ universal beam
continuous :
60 keV _>:E collector

ISOLDE beam o /’%




Penning Trap

o, = qB/2m ®, SHM W, =0, +0.

mass independent in a quadrupole field
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Nucleosynthesis in neutrino heated matter: The
vp-process and the r-process

G. Martinez-Pinedo*, A. Keli¢, K. Langanke, K.-H. Schmidt
Gezellschalt fiir Schwerionenforzchung,

D-34201 Darmstadt, Germany

E-mail- g.martinezagsi.de

D. Mocelj, C. Frahlich, F.-K. Thielemann, 1. Panov, T. Rauscher, M. Liebendorfer
Department of Plysics and Assrononyy, University of Basel

Elingelbergsivasse §2, CH-4056 Basel, Switzerland

N. T. Zinner

Institure for Physics and Astvomomy, University of Arhus,
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B. Pfeiffer
Institute for Nuclear Chemisry, University of Mainz
Fritz-Smassmann-Weg 2, D-33128 Mainz, Germany

R. Buras and H.-Th. Janka
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Indirect Direct PRODUCTION
(mass spectrometry) SCHEME
reactions: time of flight: -
A(a,b)B SPEG/CSS2, GANIL 2
Q=M,+ M- My-Mg| | ESR, GSI o
gascell|l (3| |2
RFQ | [E| |8
decays: cyclotron frequency: C
A—>B+a ISOLTRAP, ISOLDE ISOES |
Q,=Mz— My MISTRAL, ISOLDE (keV)

‘the best of both worlds’
> CPT at ANL



Canadian Penning Trap (CPT) facility at ANL

tronsfer reaction turokle
L products  degroder

T FF gos cooler
J___,,-f_f

hidniched beam spectrograph
—=Reniilvg trap
ATLAS: bebm —p

o 0 Y O %
— Laser lon source



Before there were Bac Itstmt Bm_.
Before the other Elys 1191
Danny, Jordan, Jo nnie ald Jnn] changed the rules...

NEWKILS ON THE
hat ISOLTRAP hath wrought”




JYFLTRAP at the IGISOL facility in Jyvaskyla
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J ,

JYFLTRAP masses from IGISOL:

ISOLDE elements V. Kolhinen, NIMB (2004) & Ph.D.
S. Rinta-Antila et al., PRC (2004)
H A. Jokinen, ENAMO04 (2004) He
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SHIPTRAP facility at GSI

ISOL facility for transuranium nuclides

Nuclear Physics
ior  Chemistry
Atomic Physics
Mass Measurements
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92Mo (°8Ni,xpyn) *4'Ho
—  new masses for 4’Ho, 147148Er (~10-°)
(M. Bloch et al., ENAMO04) - Ana Martin!




Low Energy Beam & lon Trap (LEBIT) facility at NSCL/MSU

gas stopping station RFQ ion trap
1 for cooling
and bunching

fjg T 0 &“QQ *
#1‘:-:;* ] .. xk
;Tnm e % 9.4T Penning trap
> 5 keV beam transport system for precision
A1900 and test ion source mass measurements

G. Bollen EMIS/ENAM proceedings



Let’s pause and catch our breath...
How do all these (different?) programs compare?

Are they really different?
Are they complementary?

(no one facility has enough beam time...
...or students to analyze the data!)



comparison of current (direct) mass measurement programs

SPEG ESR MISTRAL ISOLTRAP
resolution 104 106 10° 107
precision 10-°- 10 1-5 x 107 3-6 x 107 1-5 x 108
sensitivity 10-Y/s 1 103/s 10%/s
half-life 1 us 10s 1ms 50 ms
applicability A<T70 universal universal universal
(ISOLDE) (ISOLDE)
forte exotic species life-times short T,, highest
& accuracy accuracy
Achilles heel | ss-isomers calibration Sys. error meas. time
future better timing Isochronous cooler ICR
CIME mode — s detection




relative uncertainty
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Reviews of Modern Physics, 75 (2003) 1021



relative uncertainty
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ENAMO4 Proc., Eur. Phys. J. A, 25 (2005) 3



relative uncertainty
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relative uncertainty
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relative uncertainty
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Other Penning traps

- CPT (ANL)
LEBIT (MSU)
- JYFLTRAP




General concepts — binding energy; the mass unit; resolution; precision; accuracy

b weak interaction — superallowed beta decay and the CKM matrix
c astrophysics — stellar nucleosynthesis




