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- Mass-Energy Equivalence

First stated by Einstein in1905:  E =mc

Binding energy:

EEE‘EJA] = I:‘E % [mr.: e me:} AL (ﬂ— E:Imﬂ_ M(E,ﬂj} 3 CE' i.\

=> Experimental verification in 1932 using
"Li+p — *He + *He

Accurate mass measurements yield information
of nuclear binding energies
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General

Physics & Physics

N, h/c, Emc2a
Chemistry A
e.g. bio-molecules dm/m ¢ 11010
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M(Q(i)TE)'?Z ;Em . Interaction
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physics Gy, m(n),n=n
Nucleosynthesis
r-, rp-process

dm/m ¢ 1.10°

dm/m < 3108
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pi-raybursts ——  ——

Prequisites for rp-process:
High Temperatures (>10? K)
Large proton flux

Binary system with compact neutron star
and extended donor star

BURSTS FROM 4U/MXB 1820~30

" 09-24 ke
Material from donor star (mainly hydrogen)
accumulates on surface of neutron star

—

w

=
-+

COUNTS /SEC

Immediate hydrogen burning causes helium ‘
build up on neutron star surface aM%

e

When helium surface reaches critical radius ”5001985 Augﬁ% o 2100 200 100

(~1m), 3 a— '2C triggers rp-process
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~——Waiting Points

Equilibrium between proton
catpure and photo disintegration

(p.v) < (v.p)

Lifetime ~ a-decay halflife
modified with two -proton capture

10
=> exponentially dependant

on Q value for proton capture "

0
g 10°

E

=

=
% 10°
10°
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gniiicredr Mass Models———=

Attempt at quantifying binding energy in
algebraic formula
Very non trivial: many-body problem which . _
: s Y
interacts through strong,weak and EM forces M e
1g :
! ‘ 1g9/5 10
5 i i g o 2pype 2
Liquid drop model with Bethe-Weizacker T — ;;jggz 6
' 1f —< ’
formula first sucessful model NP
. . 2 o Lo ]
Replaced by NSM to explain magic numbers etc.. M= 1k
Necessary to predict mass of nuclei far from e }ﬁ;jﬁ j
stability (r-Proccess!)
1s e 1812 2[2]
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Penning Trap

First built by H.G Demehlt im 1959

/
Strong, uniform magnetic field for radial ring\r ‘ |

s electrode
confinement

Weak, static electric quadrupole for axial
confinement

Dimensions of ion orbit ~ cm?3

Penning trap mass spectrometry reaches
accuraciesup to 9m/_ 1071t for stable nuclei.
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Motion in the Penning Trap

In magnetic field ions circulate with

the cyclotron frequency: qB

m i
7 m

Combined motion in magnetic and
electric field leads to three
independent eigenfrequencies:

cyclotron (+)

- Axial oscillation: w, =

- Reduced cyclotron: W, =
— W, T O_

- Magnetron frequency: b

Singly charged ion with mass 100 u
in B=6T field:

=> w_~1kHz w.~1MHz
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Nnaroyv and Eveitatinn 1
l1ILIYyYy QU LAVILULIVII

Energy of a single ion in the trap is given by:

! e
E = hoy(n,+ 1,’2] + hewy(n, + 1/2}— hw_(n_ + 1,’2} =
1] —_—— 0
Dipole excitation through external ny 2
radiofrequency field can be used to excite bn_
individual radial motions. modified axial  magnetron
cyclotron frequency frequency
frequency

Quadrupole excitation couples cyclotron and magnetron motion. If excitation
occurs with frequency «.s= . , magnetron motion can be converted
completely into cyclotron motion.

Magnetron excitation: p_ Cyclotron excitation: p

Sz

San
4
A
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_ Time of Flight Detection =

Quadrupolar excitation around . after
dipole excitation of magnetron motion

drift tube

After leaving the trap, ions accelerate in
the magnetic gradient: T

Ay E,. 9B
E=p-B=>F=— — — ®

Z
B ot
Be—— ion trap

Excitation within resonance leads to
higher radial energy and therefore shorter

flight time

2804

Various runs with different excitation
frequencies to scan for @,

260 4

240 1

Mean time of flight / us

Magnetic field calibrated using reference 220{ 39,

+

1011S 12 8 = 0 4 8 12

Frequency detuning / Hz
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Carbon Clusiters as Refference Masses —
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Imperfections in the Real Penning Trap

Electrical field imperfections caused by:
- Geometrical deviations of quadrupole alignment
- Fluctuation of static potential

Magnetic field instabilities caused by:
- Flux creep phenomenon in the superconducting coils
- Magnetization of ferro- or paramagnetic materials close to the magnet

- Temperature and pressure changes in the cooling reservoir of the magnet
=> % < 102 over1cm?® with stability of (8B/dt)-(1/B) < 107%/h

Misalignment of axis
=> Coupling of the eigenmotions

Ion-ion interactions
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Time -of -flight
Detector

Precision Penning Trap
mass measurement:
Cyclotron frequency
determination

Preparation Penning Trap
Cooling of ion beam
Cleaning of isobars
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'E:EEEE

RFQ-Cooler -Buncher
Beam preparation
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C. Thibault 31 mars 2004



Buffer Gas Cooling

Buffer gas acts as viscous drag force F= imv

Helium used due to high ionization potential

Damping results in:

- increased magnetron radius .

- decreased cyclotron radius .

Azimuthal quadrupolar exciation leads to
coupling of cyclotron/magnetron motion

=>r_ and 7 both decrease exponentially

+ quadrupolar excitation

Cooling is mass sensitive!

reetston-Measurements 18




g ottky Mass Spectrometry /

Relativistical, highly charged ions cirucalting in
storage ring with low velocity spread

Simultaneous storage of different ion species
possible (bandwidth ™/q +1% )

=> combined measurement of known and
unknown species

=> calibration!!

Revolution frequencies in storage ring directly
proportional to mass to charge ratio in SMS

SNe and Nuclear Masses: Mass Precision Measurements 19
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From the FRS

—~

Quadrupole- Hexapole-
Maximum velocity: v, o~ 0,7 triplet magnets
C ’
Residual pressure: P~ 10~ mbar Dipole magnet
Circumference: 108 m

J« Schottky pick-ups
Electron

! Gas-target
ol cooler

Frequency of ion circulation: 0,8 7 5 MHz

- Quadrupole-

Relative mass accuracy: «  dublet

ﬁm/m ~ D 1[}—?

RF-Accelerating Fast kicker
cavity magnet

]
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lectron cooling

Ion beam is aligned with a cold
electron over certain distance in
storage ring

Ions and electrons tend towards a
thermodynamical equilibrium
through coulomb interactions

Reduction in the root-mean-square
velocity of the ions

Can also be used in Penning trap
systems
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20 %
10%
01

Date 02.0ec.'93 Time 23 04: 30
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! |
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uncooled |
o S— PR PURN YR s, * P
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Schottky Mass Spectrometr
at GSk-Nuciear Masses and
“SN Abundances

njection

4 ions with
different m/q

, Septum

”_‘ [ Electron
Cooler

Y. Litvinov, GSI
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Schottky Mass Spectrometry

Sln(W )

m w “ “ | ||" “ L Fast Fourier Transform
frequenr:y

Y. Litvinov
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