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Chapter 6

Towards Single Ion Parity

Violation Measurement

In this chapter the principle of measurement of a parity violating vector like AC

Stark shift in the ground 7s 2S1/2 state Zeeman sub-levels of a single trapped

Ra+ is described. Here the experimental method and some underlying physics

are discussed. We start with an explanation on the coupling of states with some

mathematical treatment for matrix elements and Rabi oscillations. The AC Stark

shift is introduced thereafter which is followed by the principle of measurement of

AC Stark shift using radio frequency spectroscopy. We end with a current status

of the experiment in this direction.

6.1 Coupling of States

A two state coupling diagram that depicts two atomic levels |1〉 and |2〉 is shown

in Fig. 6.1 where the ground state |1〉 and the excited state |2〉 are coupled by

an interaction. The interaction is assumed to be near resonant with the atomic

energy level splitting ~ω0. The resonant field that is responsible for the interaction

Hamiltonian is oscillatory at ωL = ω0 + δ, where δ is the detuning. For simplicity

the spontaneous decay of the excited state is ignored.

An atomic Hamiltonian H0 can be considered which includes all of the internal

structures of the atom, e.g., electrostatic and fine structure energies, in order to

have just two eigenstates |1〉 and |2〉 for the ground state and the excited state

respectively. Using standard mathematical expressions [107,118] the Hamiltonian
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78 Towards Single Ion Parity Violation Measurement
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Fig. 6.1: A two level coupling diagram showing the ground state |1〉 and the
excited state |1〉 which are coupled by an interaction Ω = 1

~〈1|Hint|2〉. The in-
teraction is assumed to be near resonant with the atomic energy level splitting
~ω0. The resonant field that is responsible for the interaction Hamiltonian Hint is
oscillatory at ωL = ω0 + δ, where δ is the detuning.

can be written as

H0 = ~
∑
i=1,2

ωi|i〉〈i|, (6.1)

where ωi is the energy of the state i. The atomic Hamiltonian H0 is perturbed

by the comparatively small time varying interaction Hamiltonian Hint generated

in the laboratory. Hence the total Hamiltonian is H = H0 +Hint(t).

An atomic wavefunction can be written as a linear combination of orthogonal

eigenstates ϕk(~r),

ψ(~r, t) =
∑
k=1,2

ck(t)ϕk(~r)e
−iωkt. (6.2)

The time dependent Schrödinger equation is applied to see how it evolves in time,

Hψ(~r, t) = i~
∂

∂t
ψ(~r, t) (6.3)

[H0 +Hint(t)]
∑
k=1,2

ck(t)ϕk(~r)e
−iωkt = i~

∂

∂t

∑
k=1,2

ck(t)ϕk(~r)e
−iωkt. (6.4)

The diagonal terms of Hint(t) represent energy shifts and hence they can be

absorbed into H0 for now. Multiplying both sides by ϕj(~r) and integrating over

~r gives differential equations for the state amplitudes c1(t) and c2(t)

i~
d

dt
c1(t) = c2(t)〈1|Hint(t)|2〉e−iω0t (6.5)

i~
d

dt
c2(t) = c1(t)〈2|Hint(t)|1〉e+iω0t, (6.6)



6.1 Coupling of States 79

where the matrix elements introduced are defined as

〈i|Hint(t)|j〉 =

∫
ψ∗i (~r)Hint(t)ψj(~r)d

3~r. (6.7)

We now consider an interaction Hamiltonian Hint(t) due to coherent electric field

nearly resonant with this two state system

Hint(t) = −e ~E(~r, t) · ~r. (6.8)

Here e is the electronic charge. ~E(~r, t) is an oscillating electric field ~E cos(ωLt+
~k ·~r+φ). In terms of two complex exponentials, the oscillating electric filed may

be expressed as

~E(~r, t) =
~E

2

[
exp

(
+i[ωLt+ ~k · ~r + φ]

)
+ exp

(
−i[ωLt+ ~k · ~r + φ]

)]
. (6.9)

By choosing a constant phase φ=0, the interaction Hamiltonian becomes

Hint(t) = −e
~E

2

[
exp

(
+i[ωLt+ ~k · ~r]

)
+ exp

(
−i[ωLt+ ~k · ~r]

)]
· ~r. (6.10)

Expansion of the exponential yields,

Hint(t) = −e
~E

2

[
e+iωLt

(
1 + i~k · ~r + · · ·

)
+ e−iωLt

(
1− i~k · ~r + · · ·

)]
· ~r. (6.11)

Since atomic dimensions (a0 ≈ 0.5 nm) � wavelength of light (λ ≈ 500 nm),

according to the electric dipole approximation ~k · ~r ∼ a0/λ � 1 and hence
~k · ~r and its higher order terms may be neglected. With this approximation

1± i(~k · ~r) + · · · '1 which gives

Hint(t) =
∑
i,j

~
2

(
Ωi,je

−iωLt + Ω∗i,je
+iωLt

)
, (6.12)

where i and j both sum over the states |1〉 and |2〉. Ωij is called the Rabi

oscillation frequency and is given by

Ωi,j = − e
~
〈i| ~E · ~r|j〉 (6.13)

= − e
~

∫
ψ∗i (~r) ~E · ~rψj(~r)d3~r. (6.14)

An extensive mathematical treatment of the physics of Rabi oscillation can be

found in [45].
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Fig. 6.2: Illustration of Stark shift on a two level system. The ground state |1〉
and the excited state |2〉 are coupled by an off-resonant laser light. The direction of
energy shift is dependent on the direction of frequency detuning from the transition
resonance.

6.2 The AC Stark Shift

An ion in an intense laser light field gets a light-induced polarization (atomic

polarization) which interacts with the light field. The oscillating atomic polar-

ization follows the light electric field either in phase or out of phase resulting in a

decrease or increase of the energy level of a state. This shift in the energy of an

atomic state is referred to as the AC Stark shift or light shift. Using first order

perturbation theory and the mathematical treatment described in the previous

section, the energy shift can be expressed as

∆E1,2 =
~
2

(∓δ ±
√

Ω2 + δ2), (6.15)

where Ω is the Rabi oscillation frequency which scales linearly with the light

electric field strength and the atomic dipole matrix element 〈1|er|2〉, and δ is the

detuning of the laser frequency from the resonant frequency of the two states |1〉
and |2〉. An illustration of the AC Stark shift or light shift is shown in Fig. 6.2.

In the far off-resonance limit |δ| � Ω, and
√

Ω2 + δ2 ' δ(1 + 1
2

Ω2

δ2
). Hence the

energy sifts are

∆E1 = ~
Ω2

4δ
and ∆E2 = −~

Ω2

4δ
. (6.16)

As depicted in Fig. 6.2, the sign of the shift depends on the detuning of the

applied field from resonance. Using Ω from Eq. 6.14 and taking δ = E1−E2−~ωL,
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the AC Stark shift of the ground state energy can be written as

∆EStark
1 = ~

Ω2

4δ
=
e2

4~
|〈1| ~E · ~r|2〉|2

(E1 − E2 − ~ωL)
. (6.17)

When the laser frequency is far below the resonant frequency of the two states

(red detuning), the atomic polarization follows the light electric field in phase. In

this process the energy of the ground state (|1〉) is reduced. On the other hand,

when the laser frequency is far above the resonant frequency (blue detuning), the

atomic polarization follows the light electric field out of phase, thereby increasing

the ground state energy.

6.3 A Discussion of Original Proposal

6.3.1 The Principle of Measuring the AC Stark Shift

The principle of measurement of AC stark shift or light shift is illustrated in

Fig. 6.3. The physical location of a single trapped ion can be carefully engineered

in such a way that it is placed at the antinode of a standing wave of laser light

which is resonant with the 7s 2S1/2 - 6d 2D3/2 transition. The ion is simultaneously

placed at the node of another standing wave of laser light in the perpendicular

direction, which can be derived coherently from the same laser or from a different

laser at the same frequency. At the antinode the intensity of electric field ( ~E ′)

is maximum whereas at the node the gradient of electric field ( ~E ′′) is maximum.

The ion does not see the spatial electric field gradient due to ~E ′ and hence it

does not drive the electric quadrupole (E2) transition between the 7s 2S1/2 and

6d 2D3/2 states. However it only couples the two states via a parity violating

electric dipole (E1) transition. On the other hand the ion does see the spatial

electric field gradient due to ~E ′′. Hence it drives only the E2 transition and not

the E1 transition. Let’s denote the interaction Rabi frequencies of the E1 and

E2 transitions as Ω′ and Ω′′ respectively. The two intensities can interfere with

each other and add coherently to give

Ω = Ω′ + Ω′′. (6.18)

Light shifts are usually described in terms of the effective interaction [33] Ω†Ω

Ω†Ω = (Ω′ + Ω′′)†(Ω′ + Ω′′) (6.19)

= (Ω′† + Ω′′†)(Ω′ + Ω′′) (6.20)

= Ω′†Ω′ + (Ω′†Ω′′ + Ω′′†Ω′) + Ω′′†Ω′′. (6.21)
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Fig. 6.3: Illustration of the measurement principle of a parity violating light shift
in the 7s 2S1/2 state of a single trapped Ra+. The ion is placed at the antinode of a
standing wave of laser light which is resonant with the 7s 2S1/2 - 6d 2D3/2 transition.
This enables to drive the E1APV transition. The ion is simultaneously placed at
the node of an orthogonal standing wave of same frequency. This enables to drive
the E2 transition.

The first term has a quadratic dependence on the very small parity violating

E1 interaction. Since it is immeasurably small it may be neglected. The last

term has a quadratic dependence on the very large E2 interaction. This is a

purely electromagnetic term which is parity conserving. The two terms within

the parentheses describe the interference between the electromagnetic and weak

interactions. Neglecting the first term the experimental observable can be written

as

Ω†Ω ' (Ω′†Ω′′ + Ω′′†Ω′) + Ω′′†Ω′′. (6.22)

Due to an external magnetic field the 7s 2S1/2 state splits into two Zeeman

sub-levels. Due to the pure electromagnetic contribution (Ω′′†Ω′′) each Zeeman

sub-level undergoes a common energy shift. This is a scalar like AC Stark shift.
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The Zeeman splitting or the Larmor precession frequency remains unchanged in

this case. Due to the contribution from the interference of the weak and elec-

tromagnetic terms (Ω′†Ω′′ + Ω′′†Ω′) the Zeeman sub-levels undergo an additional

shift. This is a vector like AC Stark shift. This differential shift itself is the

signature of atomic parity violation.

6.3.2 Radio Frequency Spectroscopy

The differential light shift can be measured by performing radio frequency (RF)

spectroscopy [119]. A block diagram of the steps involved in RF spectroscopy is

shown in Fig. 6.4.
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Fig. 6.4: Principle of RF Spectroscopy. The six crucial steps involved are shown.
There is only one ion to be dealt with, but in some steps more than one ion is
shown. This is to distinguish between the possible states where the ion can be
found.

• State preparation: With linearly polarized cooling and repump laser beams

the ion is kept in the fluorescence cycle. The ion is then prepared in a
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definite m state. For example, by using a σ− polarized cooling laser beam

the m = −1/2 state can be decoupled and after a few cycles the ion will be

stuck in this state.

• Spin flip by RF transition: A RF transition is driven with a resonant RF

pulse. A successful RF transition can change the spin state of the ion from

m = −1/2 to m = +1/2.

• Probe of spin state by optical pumping : By applying a dim probe beam

which is a σ− polarized low intensity cooling laser beam, a state selective

optical pumping is made. If a spin flip was successful in the previous step,

the ion will be transferred to the 6d 2D3/2 state via the 7p 2P1/2 state. If

a spin flip did not take place the ion is stuck at the 7s 2S1/2(m = −1/2)

state.

• Shelving : If the ion is still stuck at the 7s 2S1/2(m = −1/2) state a shelving

laser beam is used to transfer the ion to the metastable 6d 2D5/2 state via

the 7p 2P3/2 state. Otherwise the ion will be at the metastable 6d 2D3/2 state

as a result of state selective optical pumping.

• Detection: In order to detect whether a shelving was successful or not, lin-

early polarized cooling and repump laser beams are turned on. If a shelving

was successful no fluorescence will be detected. If shelving was not success-

ful, the ion will be transferred from the 6d 2D3/2 state to the 7p 2P1/2 state

and fluorescence will be detected from the 7p 2P1/2 - 7s 2S1/2 transition.

• Deshelving : If the ion was shelved, a deshelving laser beam can be used

to bring the ion back to the ground 7s 2S1/2 state. In addition, linearly

polarized cooling and repump beams are applied to initiate the fluorescence

cycle.

With the sequence of procedures described above the shelving probability is mea-

sured for a particular RF pulse. To obtain good statistical resolution the shelving

probability is measured at different RF pulses and the RF resonance is mapped

out at which the shelving probability drops (Fig. 6.5). The measurements are also

repeated with and without the light shift laser. The difference in the resonant

frequency with and without the light shift laser determines the differential light

shift. The proof-of-principle of the light shift measurement in Ba+ has been es-

tablished by the research group of N. Fortson and elaborate details can be found

in [33,45].
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Fig. 6.5: Light shift in the 6s 2S1/2 Zeeman sub-levels in Ba+. The shelving
probability is plotted as a function of radio frequency. ωS is the resonant frequency
without the light shift laser and ωLSS is the resonant frequency with the light shift
laser. ∆S , the difference between these two resonant frequencies, is the differential
light shift. Adapted from [45].

6.4 Future Directions

A measurement of parity violation via a determination of the differential light

shift is the final goal of this experiment. In order to achieve this goal we need to

demonstrate and convince ourselves with our ability to trap a single radium ion

in a linear Paul trap. The experimental results reported so far in this work reveal

that the transitions are Doppler broadened and the line widths of the observed

transition are about 500 MHz (FWHM), whereas the natural linewidths of such

transitions are about 20 MHz. The parameters that are used to obtain those

results are certainly optimal for an experiment in a gas-filled RFQ. But laser

cooling of the trapped ions and eventually a single ion trapping require a much

better experimental environment, e.g., a linear Paul trap with precise fields and

absence of background gas. To realize this goal we have developed a dedicated

beam line which ends with a linear Paul trap. The experimental description

of this beam line has been given in section 4.2.3. The alignment of this newly
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Fig. 6.6: First optical signal of trapped 212Ra+ in a linear Paul trap at the end
of new beamline. The 6d 2D3/2 - 7p 2P1/2 transition is shown while the solid line
represents a fit with a Gaussian function to the data.

commissioned beam line has been optimized with an optical signal of Ba+ in

the linear Paul trap at the end of low energy beam line (Fig. 4.15). In order to

move a step further radium ions have been trapped in this trap and have been

detected optically. A typical optical signal of trapped Ra+ in this trap is shown

in Fig. 6.6. This signal has been obtained with neon as a buffer gas. The signal

size is comparatively lower than the signal sizes reported on the measurements

with RFQ. This is due to losses at different parts of the low energy beam line.

For example, the loss at the electrical mirror is about 50%. All such losses can

be minimized by better alignment of the entire beam line.

Nevertheless a parity violation experiment requires a single ion. So the pri-

mary goal at this point of time is to laser cool a single ion. A smaller ion trap has

been built to trap and laser cool a single ion. The trap is currently being tested

to trap and laser cool a single barium ion. The concept and the technology will

be replicated for the trapping and laser cooling of a single radium ion. A picture

of the prototype of this trap is shown in Fig. 6.7.
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Fig. 6.7: An ion trap to confine a single ion. It can be loaded from a collector
ion trap. It can also be loaded independently using a barium atomic beam and an
electron beam crossing at the center of the trap.

The trap has a tip spacing of 2.5 mm and an optical access of about 1 mm.

Currently the trap can be loaded with barium atoms from a barium ion source

(SAES Ba dispenser ST2/FR/12 FT2 10+10). The atoms are converted to ions at

the trap center using a commercial electron gun. Different systematic effects are

being studied to optimize trapping conditions. Eventually this trap will be used

in combination with a collector ion trap from which a few ions will be transported

to this trap. Laser cooling and single ion trapping of Ba+ is a well established

technique. Hence it is only a matter of doing it. Then the technique needs to

be adapted to Ra+. It is essential to study the systematic effects and to obtain

a good control over them and such studies require a lot of time. Based on the

present status of the experiment and based on what needs to be done in the near

future, a measurement of atomic parity violation in a trapped radium ion seems

within reach. A replica of this experimental setup can be used to realize a high

stability frequency standard [120].






