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lon traps:
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dropping antimatter

David Lunney (with the ISOLTRAP & GBAR Collaborations)
CSNSM/IN2P3-CNRS, Université de Paris-Saclay, Orsay




Overview

@ Introduction
» Nuclear and Astrophysics: a little history
» How we measure masses and why
» Impact of Penning traps

@ Penning traps
» Basic principles
» How to prepare beams and weigh nuclides

@ (some) Physics results
» 827n — plumbing neutron stars
» >2Ca—anew magic neutron number

@ Gravitational Behavior of Antimatter at Rest (GBAR)
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‘ Nuclear chart
(as seen by a particle physicist!)
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HFB — Gogny: D1S (S. Hilaire et al.)
http://www-phynu.cea.fr/
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“magic” numbers

MARIA GOEFPERT MAYER

The shell model

Nobel Lecture, December 12, 1963
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My attention was then called to Elsasser’s papers written in 1933 In the vear
1948 much more was known about properties of nuclei than was available to
Elsasser. The magic numbers not only stood up in the new data, but they ap-
peared more clearly than before, in all kinds of nuclear processes. It was no
longer possible to consider them as due to purely accidental coincidences.




mass measurements: scale

s atmosphere: 60 km Pairing: 400 keV

Shell gap:
3-4 MeV (~10-°)

N

sropause || % Binding Energy
z A=100: ~1GeV
""""""""""" . (about 1% total)

Altitude

'sradius: 6000 km

A =100 nucleus
~100 GeV/c?



‘ Mass measurements: Al: tﬂ

motivation

nuclear structure:
shells, shapes, pairs, halos

precision: 10°to 108

weak interaction: nuclear astrophysics:
CVC and SM tests nucleosynthesis, netron stars
neutrino physics — orientation of mass models

precision: 108 to 107 precision: 10°to 10/



‘ Mass spectrometry: a long tradition

F.W.Aston (~1920°'s): 212 isotopes discovered A. Eddington (~1920)
Packing fraction Stellar combustion

E = mc?

Firing the stellar furnace; KgeEs
and resolving questions
C . about the age of the sun
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‘ Where has the magic gone?
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‘ (New) magic number N = 32 | )rrar(
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From the “eleven greatest unanswered questions”:

3. How were the heavy elements from iron to uranium made?

rapid neutron-capture (r) process:
Burbidge, Burbidge, Fowler and Hoyle, Rev. Mod. Phys. (1957)
Arnould, Goriely, Takahashi, Physics Reports (2007)

S. Woosley and T. Janka, D. Price and S. Rosswog,
Nature Physics (2005) Science (2006)




binding energy / nucleon (MeV)

An imprint of
nuclear physics
on nature:

abundance (%)

magic number
abundance peaks
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Techniques &‘I&

Indirect Direct PRODUCTION
(mass spectrometry) SCHEME
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‘ Mass measurements worldwide




e Isotope Ring (RIKEN)
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Complementarity

@ Penning traps at radioactive ion-beam facilities

MLLTRAP JYFLTRAP LEBIT
LMU NSCL

ISOLTRAP TITAN SHIPTRAP
CERN TRIUMF GSI

Production

ISOL X X

Fusion- X X
evaporation

IGISOL X
Fragmentation X

Spontaneous
Fission

Neutron-induced
fission

@ Traps in planning or for other purposes
» THeTRAP, FSU-TRAP, SMILETRAP Il (Shanghai-EBIT)
> HITRAP, PENTATRAP, MATS, Lanzhou-TRAP, RIKEN-TRAP
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lon traps: the 1989 Nobel Prize

Physica Scripta Vol. T59, 87-92, 1995

“That I May Know the Inmost Force that Binds the
World and Guides its Course”

Hans Dehmelt
Department of Physics, FM-15, University of Washington, Seattle, WA 98195, U.S.A.

Abstract: This talk touches upon the following subjects: Geothe’s Faust, the
magic of Democratus’ “a.TopoV”, ... seeing an atom with my eyes, bringing
an electron to rest, ... and the cosmon, the simplest thing that ever was.
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Penning trap JTRan(

@ Charged particle stored by superposition of strong
homogeneous magnetic field in z direction and weak,
electrostatic potential for axial confinement

» Frequency measurement
Long storage times
Single-ion sensitivity

YV V V

High precision

@ Frequency measurement: eigenmotion in the trap can
be used to determine mass

Vo=V, +v. :i&B
27z.mM

L. S. Brown and G. Gabrielse , Rev. Mod. Phys. 58, 233 (1986)
H. Dehmelt: 1989 Nobel Prize in Physics




ISOLTRAP operation JTRan(
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Preparing an lon Ensemble )rrar(

M. Mukherjee et al., Eur. Phys. J A 35, 1 (2008)
F. Herfurth et al., NIM A 469, 254 (2001)
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‘ Purification and Preparation )mae(
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‘ Measurement Possibilities )rrar(
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‘ Physics with ISOLTRAP 2004-201 Jzzas(

residual interaction 194Hg/Au
’
magic numbers 202ply /7|
weak interaction
nucleosynthesis 110 _
Nuclear structure Cd,Pd BRERsiRcATes /
halo nuclei m— 82 omiln - .
O Tt T :
126
WH”" 8. . AR
30-8&
28 50 p Examples:
20 . . * discovery of new nuclides, 22°Radon, 233Francium
°Ca * critical-point boundary for NQPT near A=100 from 2627Kr
A e provide experimental data for shell structure investigation
20 * 827n is important for modelling of the crust of neutron stars
8 Neidherr et al., Phys. Rev. Lett. 102, 112501 (2009)  132Sn: Dworschak et al., Phys. Rev. Lett. (2008)

NEULTONS  \.imi et al., Phys. Rev. Lett. 105, 032502 (2010) 2B0v decay: Fink et al. Phys. Rev. Lett. (2012)
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Where does the r

process happen?!
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Composition of the cold outer crust
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Ejection of the outer erust material: enrichment of nuclei up to A~130!

S. Goriely, N. Chamel, H.-T. Janka, J.M. Pearson, A&A (2011)



A NEUTRON STAR: SURFACE and INTERIOR
. : "uiss - "St.ti" .1
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Matter | A B B RS I Meutron
» Al 4l l Superfluid

«——— ATMOSPHERE
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CRUST
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J. M. Lattimer and M. Prakash, Science 304, 536 (2004)
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The matter in the outermost layer, or "crust,” of a neutron star (the remnant of a supernova) is believed to host a variety of phases
in which dense regions of nucleans are filled with vaids of lower density. The presence of the phases, euphemistically referred to
as "nuclear pasta” because of their resemblance to the shapes of lasagna, gnocchi, and spaghetti, may affect the emission of
neutrinos, the primary mechanism by which the neutran star cools. In Physical Review &, Claudio Dorso of the University of
Buenos Aires, Argentina, and calleagues report that a set of topological and geametric descriptors can accurately identify each
pasta phase predicted by dynamical simulations, a labeling scheme that could be used to directly map the shape of a pasta
phase to its effect on neutring emission and neutron star cooling.

Darso ef al classify a particular pasta phase by defining its volume, area, mean curvature, and its Euler characteristic—a number
that represents the phase's topology. Although pasta phases have long been studied theoretically, the authors' calculations are
zome of the first to use a classical molecular dynamics model that is consistent with low- to medium-energy nuclear reactions,
Moreover, they make no initial assumptions about the phase structure, which should help clanfy the balance of forces and
parameters that lead to the formation of each phase. — Jdoseph Kapusta
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A core-collapse supernova is the last stage of life of a massive star. In the dying star, matter is compressed to densities exceeding
the density of atomic nuclel and exposed to extreme temperatures and pressures. |t has been proposed that, at a certain stage of
the collapse, matter self-organizes into what is known as "nuclear pasta,” a collection of bizarre structures, such as rods, slabs,
and cylindrical and spherical holes (bubbles), which may constitute 10-20% of the inner core of the collapsing star.

» Astrophysics
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Wiriting in Phisical Review Letters, Helena Pais and Jirina Stone develop a fully selfconsistent microscopic theory that describes
the formation of nuclear pasta as the density increases. Their model predicts all the structures identified in previous studies, and
finds evidence for a never-before-seen formation with a "cross-rod” shape.

Related Articles
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‘ Neutron-Star density profile

 neutrons..

E hyperons...

; quarks?
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J.M. Pearson, S. Goriely and N. Chamel, PRC 83 (2011)



‘ Calculating the NS-crust composition

Within the WS cell approximation, the composition in complete thermodynamic
equilibrium can be determined by minimizing the Gibbs energy of the WS cell at
a giVEIl pressure (Baym et al. 1971; Hilf et al. 1974; Haensel et al. 1994, Ruster et al. 2006)

G oan(ZA)=WN(Z,A)+W (Zny)+[e (Zn,)+P]/ny

* W (Z,A): total energy of the nucleus (including rest mass of nucleons)
* W, (Z n,): Body-centered cubic lattice energy per cell

* ¢ (Zn_): mean electron energy density

e P=P_(Z.n_)+P;(Zny): Total pressure

* ;- number density of nuclei;

J.M. Pearson, S. Goriely and N. Chamel, PRC 83 (2011)




‘ Gibbs free energy & nuclear binding energy

HFB-19
AG <0.01 MeV_f
0.01=AG<0.03 |

100150
N

Fig. 3. Distribution of the Gibbs free energy per nucleon at 7 = 0 and
o = 3.7 x 10" g/cm?®. AG corresponds to the difference of the free
energy per nucleon with respect to the minimum value obtained at this

S. Goriely, N. Chamel, H.-T. Janka, J.M. Pearson, A&A 531, A78 (2011)




‘ Plumbing... E;I;(ISEI\(;VAL

Depth profile of a neutron star LETTERSW

using experimental masses,

. !_ibm?ﬂrm::“l':ﬁ':i'i':;ﬁfr;i:ﬁhﬁ._nu.l s Articles published week ending 25 JANUARY 2013
models & equation of state
_________________ m !
Solve (relativistic) Tolman- y The—N j—*Fe
Oppenheimer-Volkov equations: : - =
62 - ~__ B2
64Ni — [ =1 s4Ni
66 = = -— 66
BﬁKr -_Em __BEKr
. p m
dpP G IM(r) + 4nrP P(r)/cEHE(r) + P(r)} =
N !
dr r{rc? — 2GM(r)} uge - 1t g
w
- ==
with Z
“2Ge— |- o B 2Ge
dM 10km 200m|
- 4;r8|[r}r2,-’c“1. > ””zn_x—m — sz
dr b : TN 9
‘ Ez/z:n - :— Cu
in which & denotes the total energy density, VT S SR N
mass (in the outer crust, & = pc?) and M is tl i %Ru—8 1 o
1:'4M0 - m R Mo
1??Zr'_";— ;'.-,/ 1227,
E 12447 1 .N :, 121y
J.M. Pearson, S. Goriely, and : EBSr_: 3 -
: . _——122Sr
N. Chamel, PRC 83 (2011) L B

HFB-19 | HFB-21

RN WOIf et al Published by S
Phys. Rev. Lett. (2013)  American Physical Society, %ﬁ?&’. Volume 110. Number 4



‘ Mass measurements... of neutron stars!

MPA1 MSO
AP3 PAL1
ENG
2 AP4 MS2
514-223(
SQM3 MS1
J1903+0327 FSU
PALG GM3 g

9 10 11 12 13 14 15

Radius (km)
P.B. Demorest et al. Nature (2010)
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lon traps:
drilling neutron stars &

dropping antimatter

The GBAR Experiment (CERN AD-7)



Gravitational Behavior of Antimatter at Rest

Goal: measure g for (first) WEP test using antimatter

CPT Symmetric Situation Not:

Apple Anti-Apple Anti-Apple

u
A. Knecht, LEAP (2013)

GBAR (AD-7; SPSC-P-342): P. Perez, spokesperson; SPP/IRFU-Saclay; Collaboration:
CSNSM-Orsay; ETH-Zurich; RIKEN; U. Swansea; U. Mainz; LKB/ENS-UPMC; NCBJ-Otvosk;
LPI-Moscow; Uppsala U.; Tokyo U.; U. Tokyo; ILL-Grenoble; IPCMS-Strasbourg



Antimatter and Gravity

measure g for (first) WEP test using antimatter

Goal:
“easier” manipulation of H* (Walz & Hansch, 2004)

Method:

p + Ps — H + e

+ Ps —» H + e

Ll




GBAR Schematic
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GBAR antiproton decelerator

100 keV
41t mm mrad

ﬁ

pulsed drift tube
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Decelerator test-bench in Orsay

—

-

;,1! i)

=&

Proportion de particules en fonction de la tension
appliquée sur le tube
a différentes tensions accélératrice Ua

Courant détecté en fonction de la tension appliquée
surle tube
a différentes tensions d'accélération

ortion de particules
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Tension sur le tube (V)

Tension appliquée sur le tube (V)

——Ua=0kV —Ua=1kVv -Ua=3kV —Ua=5kv




e*/Ps demonstrator in Saclay

slow et . 4.3 MeV /200 Hz/2.5 ps/120 pA
—_—— 3 106 slow e*/s

swith first W mesh moderator

*Penning trap on beam line

(from RIKEN)

= — . ——

Penning

P. Grandemange, CSNSM
U. Paris-Sud, Ph.D. (2013)

s L
E o e, == ——
g [ \\' ‘:]
=2 - A
?_200 N
4001
600
-800 ; e* beam - Bunching
B REF 100
L 1000 ; E Before trap 74
— 1 After trap @ -1600V 40
12001
Ll T I R TR SRS
0 5 10 15 20

time (us)

A new scheme to accumulate positrons in a Penning-Malmberg trap with a Linac-based pulsed source,
ational Workshop on Non-Neutral Plasmas, 27-30 August 2012, Greifswald (Germany);
Proc. (2013) in print.



new e? line for Ps and materials research

< Dlpm @ TkeV 4,

L. Liszkay et al. (2012)




Calculation of H* production

Reaction 1 Reaction 2 p + Ps — H + e
K"“/f_—_ﬁﬁﬁ“““-—_,___ Ps|3d) 1D!‘5 t*t H + Ps — HA' + e~
w}acﬁdj 1
; _\_\-\_\_--\_\__\_"“-\—\_._ : ‘II'.. i'-..“
Exp. val. Ps(1s) 10" 4 \ T Ps(1s)
Mermison ef &l PRL 78 ] . T H(1s)
Pslsy ] . Teal
H@2s)to (5g) __o----TTTTTTTTTTTIT e ]
dokd S
“r” — : ~ PS{SC’}
. o _H(1s)
J'II Psi3d) 1 -
IJ H':‘S-:I ________ 10 _E
56 10 _ 15 20 25 30 107 — T T o 1
) E (keV) 01 56 10 15 20 25 30
b E_(keV)
p (K€
Production of excited H from p Production of H* from H(1s)

Laser: 410 nm; 1-mJ, 50-ns pulse = 30% Ps(3d) available
Realisation in progress with LKB (thesis work of P. Comini)

P. Comini and P-A. Hervieux, H and H+ production cross sections for the GBAR experiment,
Proc. 16th Int. Conf. Positron Annihilation, 19-24 August 2012, Bristol, UK (2013) in print



Detection setup

T=10nK AE=1 peV

H atoms
in Paul trap
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AD Hall with ELENA (and GBAR)




present GBAR layout




Other tasks (workpackages...)

Conceptual Design Report & MoU in progress

Work Package Institutes H& H Swansea. IRFU, LKB

Faste” NCBIJ. IRFU o' cooling Mainz, LKB. ILL

Slow e IRFU. Swansea, TUS Detector ETHZ. IRFU. Mainz

¢” accumulation RIKEN. IRFU. CSNSM Theory IPCMS. LKB. Lebedev, Uppsala
Positronium LKB. IRFU. ETHZ Slow control, DAQ IRFU. all

Antiproton deceleration CSNSM. IRFU. LKB. Tokyo Quantum States ILL.LKB

... et si il y avait LPNHE?!
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GBAR Timeline

of Intent Research Board ELENA
AD-7

Proposal

SPSC-P-342
GBAR off-line GBAR GBAR on-line Run?
pment commissioning installation commissioning

ELENA ELENA
installation commissioning




Proposition pour une participation
a 'expérience AEGIS/AD-6
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Principe : E+(Ps)* —>ﬁ* + e

I
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The AEglS collaboration (~50 )
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Conclusion

®

P.

Penning trap: versatile tool that achieves the ultimate
(state-of-the-art) performance

20-year legacy in mass spectrometry of exotic nuclides
Recent (exciting) results in nuclear physics, astrophysics

Reaches to other fields involving fundamental physics;
i.e. antimatter: ALPHA/ATRAP and soon AEgIS/GBAR
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GBAR Collaboration
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