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Ernshaw’s Theorem
S. Earnshaw, Trans. Cambridge Philos. Soc. 7, 97 (1842)

A collection of point charges cannot be maintained in a stable 
stationary equilibrium configuration solely by the electrostatic 
interaction of the charges.

Restatement of Gauss’ Law (for free space)

No local minima or maxima in free space (only saddle points).
Naively speaking → No electrostatic ion traps

⌅ · E ⇤ ⌅ · F = �⌅2� = 0
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Ernshaw’s theorem talks about stationary charges.
Moving charges in an electrostatic field actually “see” changing fields.
Trap design very similar to a resonant cavity for laser light.
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The potential Vs is divided linearly across the electrodes. An

additional grounded electrode ⇥A1⌅ closes the stack of elec-
trodes to reduce the electric fields outside the trap. Two ad-

ditional electrodes ⇥labeled Z1 and Z2⌅ act as focusing elec-
trodes, where Z1 is at a potential Vz and Z2 is grounded. As

such, these two electrodes, together with electrode E5, act as

an asymmetric Einzel lens. Thus, for a given geometry, the

ion trap is characterized by only two parameters, which are

the stopping and focusing potentials, Vs and Vz , respec-

tively. More technical details will be given in a forthcoming

publication ⌃8�.
The main question is to determine the values of Vs and

Vz for which the ions are trapped between the two mirrors. It

is well known that many principles of geometric optics can

be applied to ion optics. The above system is very much

based on the same principle as for an optical resonator made

of two equivalent mirrors. For an optical resonator working

with a Gaussian beam, the stability criterion is related to the

focusing properties of the mirrors ⌃9�:

0⇤⇥ 1⇤
L

2 f
� 2⇤1, ⇥1⌅

where f is the focal length of the two mirrors and L is the

effective distance between them. Equation ⇥1⌅ is equivalent
to

L

4
⇤ f⇤⇧ . ⇥2⌅

Thus, the stability condition ⇥for a beam close to the axis of

symmetry⌅ requires the focal length of the mirrors to be
larger than some critical portion of the trap length, a property

that is easy to fulfill with the above design. Also, the value of

the stopping potential has to be high enough to confine the

ions longitudinally, i.e., the condition qeVs�Ek has to be

fulfilled, where q is the charge of the ions and Ek is their

kinetic energy. The focal length of the electrostatic mirrors

of the trap was found as a function of the focusing potential

by computing particle trajectories using SIMION ⇥Ver. 6⌅ ⌃10�.
As an example, for a beam of 4-keV singly charged ions and

Vs⌅6.5 kV, the range of values for which Eq. ⇥2⌅ is valid
was found to be 3.13⇥Vz⇥3.5 kV for a beam diameter up to
3 mm ⇥more details will be given in a subsequent publication
⌃8�⌅. A few aspects of the above design merit particular at-

tention.

First, the trap is completely electrostatic, a feature that

seems prima facie in contradiction with the so-called

‘‘nontrapping’’ theorem ⇥the Earnshaw theorem ⌃11�⌅, which
forbids trapping of charged ions using purely static fields.

However, this is valid only if the kinetic energy of the ions is

zero. In the present case, the field is changing in the frame of

reference of the ions due to their kinetic energy.

Second, because the trap is electrostatic, the trapping is

only energy (Ek) and charge ⇥q⌅ dependent ⇥in fact, Ek/q⌅.
This is different from the high-energy storage ring devices,

where the magnetic rigidity of the dipole magnets limits the

maximum mass of the ions that can be stored at a given

energy. Furthermore, one can store simultaneously different

ions with the same Ek/q ratio, enabling the studies of ion-ion

collisions in the trap, or its use as a part of a mass spectro-

meter.

Third, the central part of the ion trap, which can be made

as short or long as needed ⌃see Eq. ⇥2⌅�, is field free: Because
the electrodes Z2 are grounded, this region is shielded from

the electrostatic fields of the mirrors and Einzel lenses. In

this region, the ions travel in straight lines with their injec-

tion energy. This is different from the Kingdon trap ⌃12�,
which is also an electrostatic trap, but where ions orbit

around a charged wire, always in the presence of an electro-

static field. The fact that the ions travel in straight lines in the

central region is very useful for experiments where merged-

or crossed-beams configurations are required.

The lifetimes of various stored ions were measured using

a microchannel plate detector located beyond the exit elec-

trodes of the ion trap ⇥see Fig. 1⌅. At a few keV, the most

FIG. 1. Schematic view of the ion trap. The ion beam is injected from the left, when the entrance electrodes are grounded. The three

electrodes E5, Z1, and Z2 form an asymmetric Einzel lens, which is used for focusing the ions. Neutral particles escaping the trap are

monitored by a microchannel plate detector downstream. The drawing is not to scale.
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Realized at the Weizmann Institute (Israel). Also used in a cryogenic 
setup in Heidelberg. And being built at LBL.
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Ion Behavior In the Trap
From simple arguments the width of the ion 
cloud in the trap should
increase as a function of the oscillation 
number (not all ion have the exact same 
energy). 

Wn = (W 2
0 + n2�T 2)1/2

D. Zajfman et al., J. Opt. Soc. Am. B20, 1028 (2003)
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When the period of oscillation of the ions in the trap
was measured, it appeared that, at V1 ! 4.75 kV, the
value of T was minimum and that, for voltages below this
value, dT/dv # 0.

To understand the importance of dispersion function
dT/dv for a system of many interacting particles moving
in the trap, we represent their motion in the trap as a
sphere of radius R0 with charge density !, together with a

Fig. 2. Signal observed with the pick-up electrode for an ini-
tially 170-ns wide bunch of Ar$ at 4.2 keV for four time intervals
after injection: (a) 0.2–0.22 ms, (b) 0.3–0.32, (c) 0.5–0.52, and
(d) 1–1.02 ms.

Fig. 3. Diffusion constant "T as a function of the voltage on the
last electrode of the mirrors.

Fig. 4. Signal observed with the pick-up electrode for an ini-
tially 170-ns wide bunch of Ar$ at 4.2 keV for four time intervals
after injection: (a) 0.5–0.52, (b) 15–15.02, (c) 50–50.02, and (d)
90–90.02 ms.

1030 J. Opt. Soc. Am. B/Vol. 20, No. 5 /May 2003 Zajfman et al.

Signal in pickup electrode for 
different times after injection.

D. Zajfman et al., J. Opt. Soc. Am. B20, 1028 (2003)

Using the pickup, it is possible to measure the 
detuning coefficient for different values of the 
(outer) electrode potential.
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Ar+ ions) dT/dν>0  
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If you were an accelerator physicist 
you would call this:

“Negative Mass Instability”
(And try to avoid it!)
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Trap selective in q/E. 
Different isotopes 
have a different 
oscillation frequency 
in the trap (f∝1/√m)
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Figure 3. Frequency spectrum obtained by fast Fourier transform of the pickup signal when a
bunch comprising two isotopes of singly charged xenon ions is injected into the trap. Only the
seventh harmonics are shown. The inset shows an enhanced view of the left peak.

approaches the values measured using the Fourier transform ion cyclotron resonance (FTICR)
technique [11], which is considered to be the most precise technique in general use available
today, but requires superconductor magnets to achieve high resolution. Additional studies
are needed to understand the limit of the mass separation: preliminary data show that, when
the mass difference between two species is very small, they tend to produce a single bunch
under the self-bunching conditions, a phenomenon known in FTICR as well, called peak
coalescence [11].
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Why does this work so well?

In time-of-flight spectroscopy mass is determined by the time it takes an 
ion of known energy to traverse a known distance.
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Since T∝L increasing the flight distance increases the resolution.
For E~4KeV the oscillation period for and ion of mass 40 in the ES trap 
is ~3!sec. For a trap lifetime of ~300msec that gives 105 oscillations.
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Since T∝L increasing the flight distance increases the resolution.
For E~4KeV the oscillation period for and ion of mass 40 in the ES trap 
is ~3!sec. For a trap lifetime of ~300msec that gives 105 oscillations.

The electrostatic trap is equivalent to a folded 
flight path of ~20km!
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39Ar
(269 yr)

19O
(26 sec)

11Be
(14 sec)

121Te
(19 days)18N

(622 msec)
70Cu
(4.5 sec)
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39Ar
(269 yr)

Ar(p, d) REACTIONS 1 17 

calculations. The excitation energies quoted in table 1 coincide within the errors with 
those previously measured with the exception of the 3.03 MeV state which may not 
be the 3.10 MeV state reported previously 5.13). 
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• Produced via 40Ar(p,d)39Ar 
with ~27 MeV protons.

• 40Ar pretty much the 
easiest stuff to get.

• Long lived - easy 
transport.

• 38,40Ar stable - perfect for 
calibration.

• All-in-all a good test case.
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calculations. The excitation energies quoted in table 1 coincide within the errors with 
those previously measured with the exception of the 3.03 MeV state which may not 
be the 3.10 MeV state reported previously 5.13). 
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• Produced via 40Ar(p,d)39Ar 
with ~27 MeV protons.

• 40Ar pretty much the 
easiest stuff to get.

• Long lived - easy 
transport.

• 38,40Ar stable - perfect for 
calibration.

• All-in-all a good test case.

What about 
superheavy 
elements?



So what is it good for? (2)
Mass Selection

Apply RF pulse at correct frequency 
to “kick out” bunches with incorrect 
oscillation frequency.
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SM Tests - βdecay

A SHORT DETOUR THROUGH THE 
STANDARD MODEL & BETA DECAY



The weak interaction
(Weak Isospin)
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The weak interaction
(at low energy)

Proceeds (as far as we know) via the V-A (vector - axial vector) interaction:

LLeptonic ⇥ GF

⇤
ue�µ

�
1� �5

⇥
v⇥̄ + h.c

⌅

Renormalized by the strong force for the hadronic case:

LHadronic ⇤ GF

⇤
N�µ

�
CV � CA�5

⇥
P + h.c

⌅

CV = 1, CA ⇥ 1.26
Interaction mediated by vector bosons (W±, Z0) - since intermediate bosons are heavy 
(M ~ 90 GeV) interaction approximated by 4-point contact interaction (for low energy).

But no apriori reason for this.

Most general form for β-decay amplitude:
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Nuclear β decay
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This is Standard Model
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This is Standard Model
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This is Not....

u d

e+
νe

W+R

u

d

e+

νe
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Right handed bosons
Scalar or Tensor 

Leptoquarks
C 6= C 0

CT 6= 0
CS 6= 0

• SUSY slepton 
flavor mixing.

• SUSY LR 
mixing.

• many more 
(with different 
C’s)...



β decay 101
Total decay rate (electron polarization not detected)
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Pure Fermi: a = 1

β + ν carry no AM → 
emitted in same direction 

(opposite helicities)

August 2008 Paul Vetter, LBNL

The Beta Neutrino Correlation
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Pure GT: a = -1/3

β + ν carry 1 unit AM → 
emitted in opposite 

directions (factor of 3 
from spin directions)

β decay 101
Total decay rate (electron polarization not detected)
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So... is β decay V-A?

 
 
Fig. FI-2.   The Scott diagram presents the sensitivity of the angular correlation coefficient to the different types 
of interactions as a function of the so-called Fermi fraction. This fraction measures the relative contributions of 
the Vector and Axial-vector interaction in a transition. 
 
 
 

Search for new sources of T (or CP) violation 
 

The violation of the CP symmetry observed in K- and B-meson decays is incorporated in 
the Standard Model by the quark mixing mechanism. This electro-weak CP-violation is too 
weak to explain the excess of baryons over anti-baryons observed in the universe. Assuming 
CPT invariance, this excess provides then a hint for the existence of a new unknown source of 
T-violation. The Standard Model predictions for T-violating effects originating from the 
quark mixing scheme for systems built up of u and d quarks are by more than 6 orders of 
magnitude lower than the experimental accuracies presently accessible. Because the standard 
contributions to time reversal violating observables are so strongly suppressed, any sign for 
the presence of time reversal violation at the present level of precision would be the signature 
of a new source of time reversal violation. Such sources are introduced by many scenarios of 
physics beyond the Standard Model. 
 

a) Triple correlations measurements 
In nuclear � decay, T-violating effects can be searched for by the presence of a possible 

imaginary part in the different couplings (V, A, S and T). Direct searches for time reversal 
violation in � decay require the measurement of terms including an odd number of spin and/or 
momentum vectors and are therefore rather difficult. Only two such correlations have been 
measured so far, driven by the D and R coefficients. The determination of D requires the 
measurement of the momenta of the � particle and of the neutrino emitted mutually 
perpendicular to the nuclear polarization. The determination of R needs the measurement of 
the transverse polarization of the � particles emitted perpendicularly to the nuclear 
polarization. Final-state effects, which might mimic a time reversal violating signal, are 
typically of the order of 10-4. 
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β decay 101
Possible observables in nuclei

Parameter Observable Sensitivity SM Prediction

a β-ν (recoil) correlation Tensor & Scalar terms 
1 for pure Fermi
-1/3 for pure GT
or combination

b
(Fierz term)
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β asymmetry for polarized 
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Tensor, ST/VA
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Limits on non-SM coupling

N. Severijns, M. Beck, and O. Naviliat-Cuncic, Rev. Mod. Phys. 78, 991 (2006) 
J. Sromki, AIP Conf Proc 338 (1995)

Very large model space.

Not spanned by collider experiments.

Current best limits not very stringent.

Naively  

so uncertainty to 0.01 probes new 
physics at ~ 1TeV!
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Note, 
this a

ssu
mes 

C’=C

World aβν Results

P. A. Vetter et al., Phys. Rev. C77, 035502 (2008)



Note, 
this a
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C’=C

Different isotopes 

probe different linear 

combinations

World aβν Results

P. A. Vetter et al., Phys. Rev. C77, 035502 (2008)



The Nuclear Landscape
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Neutron Halo Nuclei
Neutron Skin Measurements
Neutron Drip Line
Rare Decay Branches
EDM / APV Searches

Proton Halo Nuclei
Proton Skin / Dripline
Harder to get



Some Interesting Candidates
(Low Mass)

Mirror Decays
IsoMultiplet (CVC Test)

Pure Fermi
Pure GT



Anatomy of an Experiment
Produce Radioactive Atoms 

(Produce, Transport, Neutralize)

Trap
(MOT, Dipole, Ion, Electrostatic)

Wait...

Detect decay products (β, Ion)
(Scintillators, MCPs,...)

Analyze and compare to SM



Typical Experimental Schemes (Traps)

Magneto-Optical Traps (MOTs)

Trap neutral atoms by interaction 
of laser light with atomic 
electrons.

Trapped atoms form a localized, 
dilute system.
Can be (not easily) polarized.

Only atoms with appropriate 
energy levels may be trapped (laser 
accessible).
Recoiling decay products must be 
accelerated for detection.
Expensive, complicated setup 
(lasers).

“Standard” Ion Traps (Paul/Penning)

Trap ions by interaction of ion 
charge with electric (Paul) or 
magnetic (Penning) fields.

Localized, dilute system.
Any ion species is potentially 
trappable.

Recoiling decay products must be 
accelerated for detection or 
guided by magnetic field to 
spectrometer.
Expensive, complicated setup (RF, 
superconducting magnets).



The β-Decay EIBT Scheme

Trap moving ions in Electrostatic Ion Beam Trap.

Simple, cheap setup.
Easy to polarize (appropriate ions).
No need for acceleration of products - simple 
detection scheme.
Kinematic focusing.
Decay in field free region.

Moving system - position of decay harder to infer.
Large initial spatial extent (bunch).



!-Decay Studies
The General Idea

Electric Field Free Region

Trapping Electrodes

Energy Detection

Energy Detection

Ion
Detector

Position
Detector

• Recoil ion detected in MCP.
• " detected in position detectors.
• Need bunch position for full reconstruction (multiple scattering of " in 

detectors).
• Large solid angle + kinematic focussing ➞ detection efficiency > 50%.
• No need for electrostatic acceleration (ions at ~keV). Decay in field free 

region.



Some Simulation Results
" decay of 39Ca+ →39K+ + "+ + #
Kinetic energy of original ion 4.2KeV
Cuts require hits in only one MCP and only 
one SSD (no ambiguity)
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511 keV γ



Measuring a!"
Time-of-flight Technique 

(or, why is TOF related to aβν)

Positive correlation ➛ 
large recoil 

momentum ➛ low 
TOF

Negative correlation 
➛ low recoil 

momentum ➛ high 
TOF

39Ca, ~pi = 0
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39K, ~pf

~P
recoil

= ~p
�

+ ~p
⌫

���~P
recoil,0

��� = |~p
�,0|

=
p

(E0 + m
e

)2 �m2
e

E
recoil,0 =

q
P 2

recoil,0 + M2
A

�M
A

For 39Ca E0 ~ 6 MeV
Erecoil ~ 550 eV



Measuring a!"
Time-of-flight Technique

Lab

Rest
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TOF @nsD

a�⌫=0

a�⌫=1

Only recoil ion detection 
needed.
Generate templates from 
simulation and fit for real 
data (1-parameter fit).



Measuring a!"
Direct Measurement - Do we have enough observables?

Detector setup:
• Recoil ion - MCP (Position + Time).
• β - Silicon Strip/GEM + 

Scintillator (Position, Time, 
Energy).

Measured Quantities:
• β 4-vector: (Eβ, Pβ)lab.
• Recoil 3 vector - using timing 

from β: (Precoil)lab.
• Initial ion kinetic energy: βlab - 

Known from kinematic focusing.
• Recoil ion mass - from decay 

scheme.
• Decay position - from pickup.
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Measuring a!"
Direct Measurement - Do we have enough observables?

Detector setup:
• Recoil ion - MCP (Position + Time).
• β - Silicon Strip/GEM + 

Scintillator (Position, Time, 
Energy).

Measured Quantities:
• β 4-vector: (Eβ, Pβ)lab.
• Recoil 3 vector - using timing 

from β: (Precoil)lab.
• Initial ion kinetic energy: βlab - 

Known from kinematic focusing.
• Recoil ion mass - from decay 

scheme.
• Decay position - from pickup.
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But still need to 
correct for non-
uniform detection 
efficiency (position/
angle).

Accurate simulation of 
trap + detectors still 
needed.
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Statistical Aside
How does this stack up?

Compare with 21Na:
LBL 21Na experiment needed 3.6x106 decays (in 66h) to get 0.7% statistical 
uncertainty.
τ1/2(21Na) = 22.49 sec.

For the ES Trap:
Trap lifetime (measurement time) ~ 300 msec
Trap population = 104 ions
Duty factor: 1 injection / 3 sec (f = 0.1).
Detection Efficiency: ε = 0.3

R = 104
⇣
1� e�⌧trap/⌧1/2

⌘
· f · " ⇠ 66 sec�1

T3.6·106 ⇠ 15 h

}Conservative
Estimates



Polarization Dependent Observables
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• Requires polarization of initial sample.
• Measurement typically of position asymmetry.
• Usually flip field for systematic control.

But....

• Polarization requires magnetic field (hard in MOT/Ion 
Trap).

• Accurate control of polarization shifts?
• Position Asymmetry hard to measure. 



Polarization in !-Decay Studies
Neat trick

Electric Field Free Region

Scintillator

Scintillator

MCP

• Add on-axis magnetic field for Zeeman splitting.
• On-axis field does not effect the trajectories (V X B = 0).
• Polarize ions with circularly polarized lasers.
• Due to large doppler shift (high energy ions) ➞ two independent ion 

populations (parallel/anti-parallel).
• MCP hit is determined by direction of ion ➞ each MCP sees only one 

population.
• Need polarizable ions (usually singly ionized alkaline earth metals - which 

look like alkali metals when singly ionized).

B Field

σ+ (σ-) 

Field Coils

σ+ (σ-) 
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B Field
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Field Coils

Pretty much only possible in 
optical and ES traps
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   39Ca εεεε  Decay (859.6 ms)    1994Ha07,1984Ad01 (continued)   

   β+,ε  Data (continued)   

Eε E(level) Iβ+†‡ Iε‡ Log f t I(ε+β+)‡

   ( 6 5 3 2 . 6  1 9 )        0 . 0      9 9 . 9 2 1  3      0 . 0 7 6 8  8       3 . 6 3 2 6  1 0    9 9 . 9 9 7 5  2 7

 † From measured l imits of  γ–ray intensities.   
 ‡ For intensity per 100 decays,  multiply by 1.   
 § Existence of  this branch is questionable.   

   γ (39K)   

Eγ† E(level) Iγ‡ Comments

   1 1 3 0          3 9 4 4
   1 3 1 2          4 1 2 6
   1 5 7 3          4 0 9 5
   1 9 5 3          4 4 7 5
   2 5 2 2 . 2 5  2 6    2 5 2 2 . 3 4     0 . 0 0 2 5  3 Iγ :  from Iβ  feeding.  
   2 8 1 4          2 8 1 4
   3 0 1 9          3 0 1 9
   3 5 9 8          3 5 9 8
   3 8 8 3          3 8 8 3
   3 9 3 9          3 9 3 9
   4 0 8 2          4 0 8 2

 † Nominal values,  rounded to nearest keV, from 'adopted gammas' ,  except that E γ=2522.25 is from 1994Ha07.  
 ‡ For absolute intensity per 100 decays,  multiply by 1.   

3/2+ 0.0 859.6 ms

%ε+%β+=100

3
2

9
0Ca19

Q+(g.s. )=6532.619

3/2+ 0.0 3.63260.076899.921

1/2+ 2522.34 7.020.0000120.0025

7/2– 2814 >9.01u<0.00001<0.00035

3/2– 3019 >7.5<0.3<0.00033

9/2– 3598 >6.7<0.00001<0.00070

5/2– 3883 >6.7<0.00001<0.00039

3/2+ 3939 >6.7<0.00001<0.00030

11/2– 3944 >5.7<0.0001<0.0028

3/2– 4082 >6.5<0.00002<0.00033

1/2+ 4095 >6.5<0.00002<0.00034

7/2– 4126 >7.31u<0.00005<0.00031

(1/2,3/2)– 4475 >5.8<0.00006<0.00044

Log f tIεIβ+                           

  Decay Scheme  

Intensities:  I(γ+ce) per 100 parent decays
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EXAMPLE 39K

Mirror decay 3/2+ → 3/2+

Combination GF and F but calculable
Q = 6.532 MeV
#1/2=860 ms
For 4.2keV ~360GHz doppler shift ➛ 
720GHz separation.

Ion Trap Quantum Computing with Ca+ Ions 63

(8,9) and, with a different formulation, Milburn(10) proposed a scheme
for “hot” quantum gates, i.e., their procedures for gate operations do
not require ground state cooling of an ion string. Although successfully
applied to trapped Be+ ions,(11) with the trapping parameters currently
available, these gate procedures are not easily applicable to Ca+ ions.
Other gates based on ac Stark shifts have been suggested by Jonathan
et al.(12) and holonomic quantum gates (using geometric phases) have been
proposed by Duan et al.(13) A different CNOT-gate operation also based
on the ac Stark effect which does not require individual addressing and
ground state cooling has been realized with trapped Be+ ions.(14)

3. SPECTROSCOPY IN ION TRAPS

Ions are considered to be trapped in a harmonic potential with fre-
quency !z, interacting with the travelling wave of a single mode laser
tuned close to a transition that forms an effective two-level system.

Internal state detection of a trapped ion is achieved using the electron
shelving technique. For this, one of the internal states of the trapped atom
is selectively excited to a third short-lived state thereby scattering many
photons on that transition if the coupled internal state was occupied. If,
on the other hand, the atom’s electron resides in the uncoupled state of
the qubit (i.e., the electron is shelved in that state) then no photons are
scattered and thus the internal state can be detected with an efficiency of
nearly 100%.(15)

Figure 1 shows the relevant levels of the Ca+ ion which are populated
in the experiment. The qubit is implemented using the narrow quadrupole
transition at 729 nm, i.e., |g!=|S1/2! and |e!=|D5/2!. For optical cooling
and state detection, resonance fluorescence on the S1/2–P1/2 transition is

S1/2

P1/2

D3/2729nm

D5/2

P3/2

866nm

393nm

397nm

854nm

Fig. 1. Level scheme of 40Ca+. The qubit is implemented using the narrow quadrupole
transition. All states split up into the respective Zeeman sublevels.
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Translates to TOF 
on MCPs

?

39Ca! 39K + �+ + ⌫e



“High Energy” Chemistry (IV)
An experiment looking for a theorist

• Production of radioactive molecules/
dimer/clusters is fairly trivial (usually a 
side effect of the production of radioactive 
atoms/ions).

• Ionization of such molecules - also trivial.
• ES trap can easily trap molecules of 

hundreds of amu (also used for bio-
molecules).

• Radioactive decay dumps a lot of 
energy and momentum into the decay 
products.

• Time scale for decay/emission of 
shakeoff products is effectively 
instantaneous.

• Detect molecular decays in ES trap.
• Energy/Momentum sharing between decay products (electronic 

interaction timescales?).
• Angular correlation in decays (potential?).
• High detection efficiency.
• Mass resolution good enough for selection of different numbers of 

radioactive atoms in clusters 23Na4 � 21Na23Na3
4Na23

⇠ 2
92

23Na4 � 21Na2
23Na2

4Na23
⇠ 4

92

Trivial



Ion Source for Radioactive Isotopes − IRIS ECR

J. T. Burke1,2, S.J. Freedman1,2, C.M. Lyneis1,2, D. Wutte2

A compact electron cyclotron resonance ion source for
radioactive isotopes (IRIS ECR) has been developed for the
14O experiment at the 88" Cyclotron. The14O experiment is a
joint effort between the Nuclear Science Division’s Weak
Interaction Group and the 88−Inch Cyclotron ECR ion source
group. The initial goal of the experimentalists is to measure
14O half−life and the shape of the beta decay spectrum. The
70 second half−life of 14O requires producing the isotope on−
line at the 88" Cyclotron. The14O is generated in the form of
12C14O in a high temperature carbon aerogel target using a 20
MeV 3He+ beam from the LBNL 88" Cyclotron via the
reaction 12C(3He,n)14O. The 14O atoms are then separated
from the other radioactive isotopes produced in the target and
then implanted into a thin foil. The implanted target serves to
minimize the radiation background and maximize the signal
in the beta spectrometer by concentrating the14O into a 5mm
diameter spot. 

Fig. 1 The IRIS ECR and supporting hardware.

An 8 meter long stainless steel transfer line connects the the
target chamber to the IRIS ECR through a turbo molecular
pump, see figure 1. The gas coming from the turbo pump is
fed into the ion source and ionized, extracted at energies of
20 to 30 keV and mass separated by an analyzing magnet.

The ion source started operation in spring 1999 and
achieved a beam intensity of 3 x 105 14O+ ions/second.
Extensive developments on the production target were
made to increase extraction efficiency of the 14O. A
liquid nitrogen trap was installed between the ECR and
the turbo pump to minimize the gas load to the ion
source. An improved support gas injection system was
installed so that multiple support gases can be
introduced. A bias disk is used to stabilize the plasma. A
quartz liner in the plasma chamber is used to reduce the
hold−up time for oxygen and increase the overall
ionization efficiency. The extraction system was also
modified to ensure reliable operation at 30 kV.

Fig. 2 The plot above shows a typical run in blue and the peak
intensity run in red.
In May 2000 IRIS produced a mass separated beam of
14O1+ ions at an average intensity of 2 x 107 14O1+ ions
per second with a peak intensity of 3 x 107 14O1+ ions
per second, see figure 2. This is the highest14O intensity
achieved at any radioactive beam facility to date. The
physics program has begun with a measurement of the
14O lifetime in October 2001 and a test run for the CVC
experiment during December 2001 ( in these reports J.T.
Burke).
Footnotes
1 Physics Department University of California Berkeley
2 Nuclear Science Division Lawrence Berkeley National
Laboratory

• Berkeley IRIS source 
used for production 
of 14O.

• Now 
recommissioning for 
BEST.

Where are we now?
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Adding this
to beamline

Where are we now?
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Developing targets for 
35Ar and 18Ne

Where are we now?





Trap lifetime essentially 
determined by vacuum

Problem:
How do we get from 
10-7 Torr to 10-12 in a 

few meters  

Differential Pumping 
with a twist



Non Evaporable Getter (NEG)
• Ti alloy which when absorbs residual gasses in the vacuum (pretty much anything 

except noble gases).
• Originally developed as a “NEG pump” by SAES getters.

A page from the LHC playbook
Thin-film deposition of NEG in beamline

Developed magnetron sputtering system for NEG.
Designed to coat long, thin, tubes (in other 
words - differential pumping stages).

400G DI water cooled
magnet (axial field)

Tube being coated
Cathode wire inside tubes

(radial field) Oo
h..
. S
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y...
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Easily achieving speeds of
1-2 l sec-1 cm-2



Electrostatic Trap
NEG - Phase II

• Currently requires air core solenoid. 

• Water cooling (>1kW).

• Heavy magnet.

• High current power supply (~200A required).

• Working on replacement system using permanent 
magnets.

• High field Nd magnets.

• No cooling required.

• Light.

• Non-Uniform field, but probably uniform enough on 
and near axis.

• Clamshell design for easy installation.

• Measured 560G on axis!

• Achieving ~ the same deposition rate in a much simpler 
system.
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Future Studies
(Undergraduate/Graduate Projects/Theses)

• Production methods.
• Transverse/Longitudinal cooling of ion bunch:

• Laser cooling.
• Stochastic cooling.
• Light ion cooling.

• Detection Schemes:
• Initially image charge detection (pickup).
• Optical (laser).
• Single ion detection (Relevant for SHE)? SQUID?

• Ion beam polarization.
• Detector design for β - position + energy:

• SSD + Scintillator.
• Thick GEM + Scintillator.

• Detector design for recoil ion (should not interfere with 
bunch).

• Production schemes for rare ions.



Summary
• It is possible to circumvent Ernshaw’s theorem by 

electrostatic trapping of a moving bunch of ions.
• Trap design is extremely simple and cheap (much more so 

than conventional ion or optical traps).
• Trap design is almost a “black box” which can be easily 

transported to different experimental facilities.
• Many possible applications for such a trap exist:

• Mass spectrometry.
• Beyond SM searches.
• “High energy chemistry”.
• Many more not talked about (Chemistry / Biology / ...).

• Ongoing development at LBL.



BACKUP



β decay sensitive to helicity of W or W’ - colliders are not
Colliders insensitive to TRV


