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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

Non Electrostatic:	

Time varying (“Paul trap”, MOT) & Magnetic fields (“Penning trap”).	

Electronic correction.



But what about moving ions...
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. Our setups exist at WI and LBL.





Bent Trap 
@ WI

Construction 
@ LBL

Andrew Wong (undergrad) 
 @ Berkeley



Potential Contours

Simulated Ion 
Trajectories in Trap



FT Spectroscopy

Trap selective in q/E. 
Different isotopes 
have a different 
oscillation frequency 
in the trap. 
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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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Resolution limited by 
lifetime (number of 
oscillations).	

Lifetime in turn limited 
only by vacuum.

FT Spectroscopy



The β-Decay EIBT Scheme

Trap moving ions in Electrostatic Ion Beam Trap. 
!

Simple, cheap setup. 
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).



β-Decay Studies 
The General Idea

Electric Field Free Region

Trapping Electrodes

Energy Detection

Energy Detection

Ion	

Detector

Position	

Detector

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

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

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

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

region.

1e6 events gives 0.6% stat. uncertainty



WIRED 
Weizmann  Institute Radioactive Electrostatic Device 

Experimental scheme 

NG 

30o magnet 
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deflectors Chopper 
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WIRED  - beta  decay of 6He 

A) High energy (14 MeV) neutrons from a d+t NG hit a hot BeO target; 6He nuclei are produced.  
B) 6He atroms are transferred to an EBIT where they get ionized, accumulated, 
     and bunched and guided  
C) The ion bunch is injected into the EIBT for beta-decay studies. 
D) Data acquisition: signals from detectors are processed, recorded, and analyzed. 
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“In- House”  Research!   
R&D steps at the WI 
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WIRED  - beta  decay of 6He 

E. Trap Chamber 

¾ Trap chamber arrived with most parts (MDC). 
¾ Trap electrodes ready by 24/8 (WIS) 
¾ HV power suppliers & fast switches were  
     also ordered  
¾ existing vacuum equipment (cryo\turbo pumps) 

Pressure~10-10 Torr 

MCP electron detector 

173mm 

trap 
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Where are we now @ WI?
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Neutron Generator

D + T → n + 4He   En = 14.2 MeV, 


Production rate ~1010 n/s 

Supplied and commissioned at WI
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Furnace + BeO Target

The 14 MeV neutrons hit a hot 
(1500K) BeO target, as a result , 
6He nuclei are produced via the 
(n,α) reaction.


Porous BeO 80 mm x 2 mm  
discs delivered and stored
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Buncher /Accumulator

EBIT - DREBIT (Dresden, Germany)

Neutral 6He enter the EBIT, ionized, 
accumulated  and bunched.

Custom made for efficient 6He injection

Waiting at WI for commissioning 
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Trap

Stable isotopes trapped	

Detectors: 	

MCP’s	

Plastic Scintillator with multiple 
photomultipliers	


Electronics – ADC, TDC,…	
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LAPS



LAPS Calibration Maps



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

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

region.



Production Tests - 23Ne

23Ne production and transport 
demonstrated.	

Currently replacing heating 
element to increase yield.



Production Tests - 23Ne

New production chamber 
containing evaporation source 
heater + crucible installed over 
the last week.	

Should allow us to melt the 
NaCl.	

First run planned for next week.



LBL setup almost identical.	

Using silicon tracker for beta 
detection/tracking.	

Based on STAR HFT Tracker.	

Program led by Yuan Mei.



New, (very) high current p/d accelerator (5mA/up to 40MeV) under 
construction at SOREQ. 

Neutron production also possible with Liquid-Li (for eg., but under 
construction). 

Currently running d beams on LiF target (SARAF/WI) for neutron 
beam production (very similar energy to NG).

SARAF



SARAF Projected Yields



SARAF Projected Yields





SARAF Phase-I Target Area
~2MEuro project approved by IAEA + Support from Pazy 
Foundation.	

Construction of dedicated beam line, 2 production targets, and 4 
experimental areas.	

Experimental areas for: Laser lab, EIBT, Neutron activation, 
Positron production.	

Target date - labs open end of 2015.

Existing	

Beamline



SARAF Phase-I Target Area
~2MEuro project approved by IAEA + Support from Pazy 
Foundation.	

Construction of dedicated beam line, 2 production targets, and 4 
experimental areas.	

Experimental areas for: Laser lab, EIBT, Neutron activation, 
Positron production.	

Target date - labs open end of 2015.



SARAF Phase-I Target Area

Production area:	

2 production targets 
(LiLiT + Replaceable)

Lab Areas:	

Electrostatic trap	

MOT Trap	

Activation measurements	

Slow positron beam



Polarization Dependent Observables
d�

dE�d⇥�d⇥⇥
⌅ �

⇧
1 + a

⇣pe · ⇣p⇥

EeE⇥
+ b

m

Ee
+ c

⇤
1
3

⇣pe · ⇣p⇥

EeE⇥
� (⇣pe ·⇣j)(⇣p⇥ ·⇣j)

EeE⇥

⌅

⇤
J(J + 1)� 3 < ( ⇣J ·⇣j)2 >

J(2J � 1)

⌅
+

< ⇣J >

J
·
�
A

⇣pe

Ee
+ B

⇣p⇥

E⇥
+ D

⇣pe ⇤ ⇣p⇥

EeE⇥

⇥⌃

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



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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9K20–17  3

1
9
9K20–17NUCLEAR DATA SHEETS

   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!
τ1/2=860 ms!
For 4.2keV ~360GHz doppler shift ➛ 
720GHz separation.
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(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 νz, 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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“High Energy” Chemistry 
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



Future Studies 
(Undergraduate/Graduate Projects/Theses)

• Production methods.	

!

• Transverse/Longitudinal cooling of ion bunch.	

!
• Detection Schemes.	

!
• Ion beam polarization.	

!
• Detector designs.



4 Slides about atom traps….



Ne Atop Trap Setup @ HUJI 
NeAT Facility

Stable isotope trap complete (once laser fixed…).	

Science chamber being designed.	

New source installed and tested.	

Rare neon production tested.
Isotope shift 
experiment being set 
up. 
Moving to new lab 
@SARAF end of 
2015.



Stable isotope trap complete (once laser fixed…).	

Science chamber being designed.	

New source installed and tested.	

Rare neon production tested.
Isotope shift 
experiment being set 
up. 
Moving to new lab 
@SARAF end of 
2015.

Ben Ohayon and GR, JINST 8, P02016 (2013) 
B. Ohayon, Y. Shalibo, and GR, In preparation

Ne Atop Trap Setup @ HUJI 
NeAT Facility







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.!
• Ongoing development at LBL/WI.!
• On track for 6He measurements (and possibly 23Ne/19Ne).!
• New facility/labs planned for end of 2015 w/very high 

yields.

Graduate/postdoc positions available!!!
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