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Chapter 4

Experimental Methods and Tools

The development of a new type of experiment requires the building of state-of-

the-art methods and tools which exploits the progress in many different fields of

experimental physics. Here we present the development of the setup to produce,

trap, and spectroscopically study Ra+, guiding the path towards atomic parity

violation experiments on a single trapped ion. The principle of operation and the

underlying physics are discussed for each experimental tool that was developed

or shared with other TRIµP experiments [16,17].

4.1 Radium Isotope Production

Radium is radioactive in nature and most of the radium isotopes have a lifetime

shorter than a couple of weeks. Short-lived radium isotopes with different nuclear

spins are required to systematically investigate important physical properties such

as isotopes shifts, hyperfine structure intervals and lifetimes. In this section we

discuss the principle, the required experimental tools and the results of radium

production.

The radium isotopes are produced in nuclear reactions at typical center of

mass collision energies of 7-9 MeV/u. The high energetic reaction products are

guided and selected in a magnetic separator. At the end of the separator the high

energetic isotopes are converted into a low energy ion beam and are transported

electrostatically to the experiments. This section provides the details of this part

of the setup.
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Fig. 4.1: Operating diagram of AGOR cyclotron [90]. It shows the range of beam
energies as a function of charge-to-mass ratio of the beam particles.

4.1.1 The AGOR Cyclotron and Ra Production Target

Station

The superconducting cyclotron AGOR (Accelerator Groningen ORsay) which

was commissioned in 1996 [90] provides primary light and heavy ion beams to

produce radioactive particles for the TRIµP research program. The acceptance

range of charge-to-mass ratios for the cyclotron is shown in the operating diagram

(Fig. 4.1).

An Electron Cyclotron Resonance (ECR) source provides initial ions from

gaseous and metallic material. For the heavy ions, the charge-to-mass ratio de-

termines the maximum achievable energy and it can accelerate protons up to 190

MeV/u. Presently the AGOR cyclotron delivers 1 kW of beam power for ions of

interest for the TRIµP research program.

The radium isotopes are produced via fusion-evaporation reaction in inverse

kinematics mode [91]. The lead and carbon nuclei are fused to create a compound

nucleus which eventually evaporates some neutrons (n) to yield a residual radium
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nucleus. The nuclear reaction underlying the production mechanism is written

as
206Pb+12 C →(218−X) Ra+Xn. (4.1)

This technique is called inverse kinematics because the high energetic projectile

(Pb) is heavier than the target (C) and hence the residual nucleus has approxi-

mately the primary beam velocity and direction matching the acceptance of the

TRIµP double magnetic separator.

The optimum production cross section of radium isotopes in the mass re-

gion A ≤ 215 is yielded with 206/204Pb beam of 8-10.3 MeV/u from the AGOR

cyclotron. The high energy lead beam is bombarded on a diamond-like-carbon

(DLC) target of 4 mg/cm2 thickness, obtained from TRIUMF (Canada) or on a

pyrolytic graphite target, obtained from MINTEQ International Inc (USA). The

choice of the energy of primary beam depends on the cross section of 206/204Pb

beam and 12C target for optimum production of the radium isotope of interest.

The calculated cross sections from the PACE code [92] for the nuclear reaction

of 206/204Pb and 12C as a function of primary beam energy are shown in Fig. 4.2

and 4.3. For our experiments, the optimal charge state of the 206Pb beam for

the most stable operation and efficient production is 27+. For 204Pb beam the

optimal charge state is 28+.

The primary beam from the AGOR cyclotron consists of about 3 × 1010

particles/s at about 100 W beam power. At any given energy (Fig. 4.2 and 4.3)

this flux of particles is sufficient for the optimum production yield. The target

shows deterioration after about 200 hours of use at such beam intensity. Higher

beam intensities, when used for higher production yields, even results in the

destruction of the target. To enhance the life of the production target, a rotating

wheel was built on which the carbon foils are mounted. The target wheel is

rotated at a maximum frequency of 15 Hz. A primary beam intensity of about

2 × 1011 particles/s has been used for more than 1000 hours with this rotating

target. A picture of the target wheel is shown in Fig. 4.4.

4.1.2 Double Magnetic Separator

The radium isotopes are separated from the primary lead beam and other reaction

products, mostly from fission, in the TRIµP double magnetic separator [19,93,94].

It consists of two dipole sections. Each section has magnetic quadrupoles (Q) and

magnetic dipoles (D) in the configuration QQDDQQ. A schematic layout of the

separator is shown in Fig. 4.5.
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Fig. 4.2: Calculated cross section for 204Pb beam and 12C target. For the pro-
duction of a specific isotope, energy of primary beam is chosen at which the yield
would be maximum. The solid line in each case represents a trend line only and
not a fit.
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Fig. 4.3: Calculated cross section for 206Pb beam and 12C target. For the pro-
duction of a specific isotope, energy of primary beam is chosen at which the yield
would be maximum. The solid line in each case represents a trend line only and
not a fit.
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Fig. 4.4: Pyrolytic graphite target mounted on a rotating wheel. A trace of the
primary beam can be seen on the target. It arises from local heating. The bottom
right hand side shows a target ladder with auxiliary targets.

The magnetic quadrupoles focus the beam and the magnetic dipoles provide

bending of the beam. The first section creates a dispersion of particles with

different momentum-to-charge ratio according to their magnetic rigidity which is

defined as

Bρ =
P

q
' v

A

Z
. (4.2)

This allows the selection of particles with different magnetic rigidities at the

Intermediate Focal Plane (IFP) by a slit system which stop particles outside of

the desired rigidities. The second section is used to further separateand refocus

the secondary beam at the Final Focal Plane (FFP).

The radium isotopes are not fully stripped of their electrons after they leave

the target. The average charge state is 58+ with a typical width of 8 charge

state [19]. Thus the ions do not have the same rigidity and we can only select the

most intense charge states. The magnet settings of the separator for optimum

production yield are calculated using the LISE++ code [95].

Production of radium isotopes is confirmed at the FFP of the separator by

using a 80 µm thick aluminum catcher foil, mounted in front of a silicon detector.

The detector and the catcher foil are kept at an angle of 45◦ which stop the

primary beam and allow to detect the α particles from the decay of radium

isotopes.
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Fig. 4.5: Schematic diagram of the separator (not to scale) [91]. Q and D are
abbreviations for quadrupole and dipole respectively.

4.1.3 Thermal Ionizer

The energy of the secondary beam is too high (a few MeV/u) for our experiments

and they are decelerated to thermal velocity energies by stopping and extraction

from material. The basic principle of operation of the thermal ionizer can be

explained in five consecutive steps: stopping, diffusion, effusion, ionization, and

extraction [19, 96]. The TRIµP thermal ionizer consists of a stack of 0.75 µm

thick tungsten foils placed in a tungsten cavity. The schematic diagram of the

TRIµP thermal ionizer is shown in Fig. 4.6. The secondary particles at the

exit of separator are completely stopped by the tungsten foils inside a tungsten

cavity. The maximal thickness of the foils is chosen to stop the full energy

distribution of secondary particles at the exit of separator. For the experiments

reported here, a stack of 3 × 0.75 µm foils has been used. The particles move

to the surface of the foils by diffusion. Since the diffusion time to the surface

depends on (thickness)2, thin foils are needed. The thickness is as small as

the rolling manufacturing process allows. The diffusion process is enhanced by

heating the foils of the cavity to a very high temperature, about 2500 K. The

cavity is heated by electron bombardment from surrounding tungsten filaments.
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Fig. 4.6: Schematic diagram of the thermal ionizer (not to scale). It thermalizes
the radioactive ion beams (RIB) for TRIµP experiments. Adapted from [19].

At the surface of the foils the particles escape by effusion. They are ionized by

multiple collisions with the stopping foils and with the cavity walls. During this

process the charge state of the particles changes multiple times, i.e., a fraction

of the particles is neutral. The charged particles are dragged out of the tungsten

cavity by electrostatic extraction, using an electric field gradient formed by a DC

potential on the extraction electrode, as shown in Fig. 4.7.

The extracted particles are singly charged radium ions. Neutral radium iso-

topes inside the TI remain unextracted, but will diffuse out at a relatively lower

rate. Charge states higher than +1 are completely negligible, because of the dif-

ference in the work function of tungsten and the necessary ionization energy to

create higher charge states. Typical extraction efficiencies are about 8% [91] for

radium and about 50% for sodium [19]. An extensive treatment of the principle,

design, characterization of thermal ionizer can be found in [19].

An alternative approach was followed by other groups. They stop the reaction

products in noble gases, typically helium. A fraction of the isotopes remain in the

singly charged state and they can be extracted from the dense gas environment

by electric fields [97–99]. A drawback is the large ionization of the stopping gas
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Fig. 4.7: Calculation of electric potentials inside the TI cavity created by setting
the TI extraction electrode to -9.5 kV. Equipotential lines are shown for -0.1, -0.2,
-0.3, and -0.4 V. A schematic trajectory of an ion is shown in the plot. Adapted
from [19].

at high incoming beam intensities which leads to a decrease in efficiency in the

range of operation for the TRIµP facility.

The foils of the thermal ionizer contain traces of elements, such as cesium,

barium, sodium etc. Such alkali and alkaline-earth ions are an unavoidable part

of the output of thermal ionizer. This feature of the thermal ionizer is actually

advantageous for us. As discussed in chapter 3, Ba+ is a chemical homologue of

Ra+. We always carry out different diagnostic experiments with Ba+, including

but not limited to the alignment of beam line, optimization of the setting of ion

optics, trapping, and spectroscopy. In that context, the thermal ionizer serves as

an uninterrupted source of barium ions.

4.1.4 Wien Filter

Since the output of the thermal ionizer is not isotope selective, all other ions

are considered as contaminants for experiments with a specific atomic ion. To

eliminate these contaminants, a Wien filter is employed. A Wien filter selects
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charged particles according to the charge-to-mass ratio by orthogonal electric and

magnetic fields. Singly charged particles extracted from the thermal ionizer are

injected into the Wien filter system with their velocity (v) orthogonal to both the

electric field (E) and the magnetic field (B). Hence the particles will experience a

Lorentz force, F = e(E+ vB). Since there are particles of different isotopes with

different velocity classes, isotope selection is made by choosing a specific velocity

class which experience a zero transverse force, for which v = E/B. Such particles

will travel undeflected though the Wien filter. Particles experiencing a non-zero

force will be deflected from their original trajectory and will be lost. Ions of mass

m and kinetic energy T can pass the filter undeflected, for an electric field of

E =

√
2T

m
B. (4.3)

The Wien filter has a static magnetic field (∼ 200 mT) and a tunable electric

field. The length of the electrodes is 92 cm and the the length of the magnetic

field is 80 cm. The resolution of Wien filter is better than two mass units in the

region of 21Na [19]. The electric field for sodium and radium are 570 V and 180

V respectively.

4.1.5 Results of Radium Production Experiments

212,213,214Ra isotopes are produced using a primary 206Pb beam at an energy of

8.5 MeV/u. For the production of 209,210,211Ra isotope a 204Pb beam at an energy

of 10.3 MeV/u is employed. The radium isotopes are separated from the primary

beam and other reaction products online in the double magnetic separator. At

the final focal plane of the separator, the radium isotopes are stopped and re-

ionized to Ra+ in a thermal ionizer with a transmission efficiency of up to 8%.

The singly charged radium isotopes are extracted from the thermal ionizer by ap-

plying a negative electrostatic potential of several kV on the extraction electrodes

(Fig. 4.7).

The production of radium is quantitatively characterized measuring the ra-

dioactive decay. This is achieved by stopping the extracted ion beam from the

thermal ionizer on a 1.8 µm thick aluminum foil in front of a silicon detector. α

particles emitted from the stopped radium isotopes and their daughter nuclei are

observed. Isotopes are identified by the characteristic energy of the α-particles.

The characteristic energy spectrum of the α particles is shown in Fig. 4.8. The

silicon detector is calibrated using an α source which consists of three different
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α emitters with a well known energy (239Pu with Eα=5.244 MeV, 241Am with

Eα=5.637 MeV, 244Cm with Eα=5.901 MeV) [100].
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Fig. 4.8: Characteristic α-particle energy spectrum of radium observed after the
TI. The ions are deposited on a 1.8µm aluminum foil in front of a calibrated silicon
detector [91].

The production rate is estimated and the half lives of the produced isotopes are

extracted by studying the output of thermal ionizer in two different modes [91].

In one mode the primary beam from the cyclotron is continuously on, while the

extraction of ion beam from the thermal ionizer is cycled with 500 s extraction

on and 500 s extraction off. Hence the build-up and decay of the activity on

the aluminum foil depend only on the half-lives of the extracted isotopes. In the

other mode, extraction of ions form the thermal ionizer is continuously on, while

the primary beam from the cyclotron is chopped in a cycle with 500 s beam on

and 500 s beam off. Hence the half lives of the produced isotopes at the site of

measurement are influenced by the time the particles spend inside the thermal

ionizer. Therefore, in case of the beam on/off mode the output is expected to

be delayed as compared to the extraction on/off mode. The chopping time for

the primary beam and the cycling time for the extraction of thermal ionizer
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Table 4.1: Half lives and production rates for 212−214Ra [91].

Isotope Half lives Production rate
212Ra 12.5(1.0) s 800 ions/s
213Ra 162.0(1.7) s 2600 ions/s
214Ra 2.42(14) s 1000 ions/s

Table 4.2: Half lives for 209−211Ra isotopes.

Isotope Half lives
209Ra 4.6(1.5) s
210Ra 3.66(18) s
211Ra 12.61(5) s

are chosen to be 500 s in order to exceed the half lives of the radium isotopes.

The beam on/off and extraction on/off measurements are carried out at different

temperatures of the thermal ionizer foils. At low temperatures the output of the

thermal ionizer for beam on/off mode is found to be delayed compared to the

extraction on/off mode. The results are shown in Fig. 4.9. The results show that

high temperatures are needed to achieve a release time of the radium isotopes

from the thermal ionizer which is shorter than the timescale given by the lifetime

of the isotope.

The characteristic half lives of the radium isotopes and their production rate

are extracted by fitting the activity curve obtained from the extraction on/off

measurements by gating on the appropriate parts of the spectrum shown in

Fig. 4.8 and correcting for computer deadtime. The extraction on/off measure-

ments give a better reflection of half lives since the extraction on/off measurement

is independent of the delay time in case of beam on/off measurements which is

associated with the residence time inside the thermal ionizer [91, 101]. The ex-

traction on/off measurements are shown in Fig. 4.10. The extracted half lives

and the production rates are listed in Table 4.1.

The production of lighter radium isotopes 209,210,211Ra has also been verified

using the same technique as described for 212,213,214Ra. A typical activity curve

obtained by extraction on/off measurement is shown in Fig. 4.11. The half lives

of the lighter isotopes and their long-lived daughters are listed in Table 4.2. The

production yield of 209Ra is about a factor of 10 less compared to the production

yield of 213Ra because of the cross section.
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Fig. 4.9: Activity curves obtained by extraction on/off (blue markers) and primary
beam on/off (red markers) measurements at (a) T = 2290 K and (b) T = 2520
K [91]. A delay time related to the residence time inside the thermal ionizer can
be seen in (a).
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Fig. 4.10: Measured activity for (a) 214Ra+ (b) 213Ra+ (c) 212Ra+at T = 2430
K [91]. An exponential fit is applied to each data set. The fit results are shown by
solid red line. The dashed line in each case indicates the time when the extraction
from TI was switched off.
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Fig. 4.11: Measured activity for a mixture of three radium isotopes 209−211Ra+.
A fit of four exponential functions is applied to the data, one exponential function
for each of the three radium isotopes of interest and one exponential function for
the daughter isotope of 209Ra. The fit result is shown by the solid line. However
this fit is not unique and other daughters can be present. Using the optical signals
discussed later an estimate of production rates can be made (Table 7.1). The
dashed line indicates the time when the extraction from the TI was switched off.

4.2 Radium Ion Trapping and Spectroscopy

4.2.1 Trapping in a Radio Frequency Quadrupole

The segmented Radio Frequency Quadrupole (RFQ) is an extended version of a

linear Paul trap [102]. In Fig. 4.12 the schematic diagram of the TRIµP RFQ sys-

tem is shown, which was originally built to improve radioactive beam emittance

by cooling the ions with buffer gas, guiding them in a radial quadrupole field and

with the ability to store the ions and extract them in bunches [19]. It consists of

two mechanically identical sections. Each section has an entrance electrode with

an aperture, the four RF/DC electrodes with segmented structures, and an exit

electrode with an aperture. The apertures are needed for differential pumping

which provides a controlled difference in pressure between the two sections. The

first section (cooler) provides transverse cooling of the ions. Cooling is achieved
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Fig. 4.12: Schematic diagram of the RFQ (not to scale) [19]. It has two identical
sections. Each section has an entrance electrode with aperture, 4 electrodes each
with 30 segments, and an exit electrode with aperture.

Fig. 4.13: Schematic diagram of the RFQ. The trapping region is optional and it
has been enlarged here for better visibility. Ion trapping and laser spectroscopy is
realized in this part. The last part is a drift tube which enables extraction of the
trapped ions.
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by interactions of the ions with a buffer gas at about 1-2 × 10−2 mbar pressure

which is optimal for transverse cooling. A buffer gas with high ionization poten-

tial is chosen (e.g., He, Ne, or N2) to prevent charge-exchange processes. With

an RF voltage between opposite rods, DC voltage between the segmented elec-

trodes, and a small potential difference between the two sections of RFQ, the ions

are guided along the central axis up to the end of the second section (buncher).

The buncher works with a buffer gas at about 1-2 × 10−3 mbar pressure or even

lower. It can also be operated in trapping mode. The voltages of the last four

electrodes are chosen such that a potential well is created to store the ions. The

trapping region in the buncher section of RFQ is shown in Fig. 4.13. Discussion

of the physics of ion trapping can be found in Appendix A.

The Ra+ beam from the thermal ionizer is decelerated to 2.8 keV using an

electrostatic deceleration lens. The decelerated ion beam is injected into a gas

filled radio frequency quadrupole operated at a radio frequency of 500 kHz with

an RF amplitude of 190 V applied between the neighboring rods from which the

RF voltage is capacitively coupled to the opposite half-moon shaped electrodes.

The half-moon shaped electrodes are 10 mm in length and have a tip distance of

5 mm. The ions are cooled in the cooler stage with nitrogen (N2) or neon (Ne)

as a buffer gas at a pressure of about 1-2 × 10−2 mbar. The buffer gas atoms

(Ne) or molecules (N2) dissipate the large energy of the ions from the thermal

ionizer. The ions are guided to the buncher section which works at a lower gas

pressure of about 5-9 × 10−4 mbar. The ions are trapped at the end of RFQ with

an effective potential depth of 13 V and an axial potential depth of 10 V. This

configuration of axial potentials is found to be optimal for most efficient trapping

in a large trapping volume. The buffer gas enables to compress the trapped ion

cloud and also enhances the storage time. About 104 ions can be stored in the

trap. The storage time of the trapped ions is of the order of 100 s at a residual

gas pressure of 10−8 mbar. In presence of buffer gas the level lifetimes are found

to be influenced due to optical quenching and hyper(fine) structure mixing [103].

4.2.2 Spectroscopy of Trapped Radium in RFQ

We first demonstrate our ability to trap Ba+ and perform spectroscopy in the

RFQ which is indispensable for working towards Ra+. Using the thermal ionizer

as a barium ion source and operating the RFQ in trapping mode, Ba+ ions

are trapped as a cloud. Laser spectroscopy of trapped Ba+ is performed with

two lasers (Fig. 3.2). Frequency doubled light of wavelength 493 nm originating
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Fig. 4.14: 5d 2D3/2 - 6p 2P1/2 transition in Ba+. Two lasers, one at 493 nm and
the other at 650 nm, drive the pump and repump transitions, respectively.

from the second harmonic generation of light of wavelength 987 nm is used to

pump the ground 6s 2S1/2 state, thereby populating the excited 6p 2P1/2 state.

The frequency of this light is tuned to be on resonance to continuously pump

the ground state. From the 6p 2P1/2 state the ions decay to the metastable

5d 2D3/2 state with a branching ratio of about 1 in 5. Light of wavelength 650

nm is employed to repump the ions from the metastable state. The frequency of

this laser is scanned. A spectrum of the 5d 2D3/2 - 6p 2P1/2 transition in Ba+ is

shown in Fig. 4.14.

4.2.3 Trapping and Spectroscopy in a Linear Paul Trap

Trapping and spectroscopy of Ra+ in the RFQ described in sections 4.2.1 and 4.2.2

enables us to search for relevant transitions and crucial spectroscopic informa-

tion that is scarce in the literature. Moreover optical measurements of physical

properties such as hyperfine structures, isotope shifts and lifetimes are performed
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on the trapped radium ions in the RFQ. It is worthwhile to mention here that

the final goal of the experiment is to perform a precision measurement of atomic

parity violation in a single trapped radium ion. This requires trapping of radium

ions in linear Paul trap that is free of any background buffer gas. Since RFQ

is not an appropriate system to achieve this goal we follow a different approach

where the radium ion beam from the TI is injected into a pulsed drift tube (in-

stead of RFQ) from which the beam is further transported to a linear Paul trap

via a low energy beam line (LEBL) consisting of steering plates, Einzel lenses,

an electrical mirror, and another drift tube. A schematic view of the LEBL is

shown in Fig. 4.15. In the linear Paul trap at the end of LEBL, trapping of ions

is investigated without any buffer gas.

Description of LEBL

The LEBL allows to connect the TI and the ion and atom traps via a pulsed drift

tube. The drift tube, due to its pulsing capability, can replace the RFQ. The

pulsed drift tube enables transportation of an accelerated ion beam of several

keV. The drift tube is operated at a potential corresponding to the beam energy.

It can be switched on and off by a fast high voltage switch (Behlke HTS-81-03-

GSM Options DLC-ISO-HFS) which is equipped with water cooling and therefore

allows to achieve a maximum toggle frequency of 100 kHz over about a week of

operation. During the on period the ions can travel into the drift tube and during

the off period the ions can travel out of the drift tube without experiencing the

fringe field at the entrance and exit of the tube. The ions that are not in phase

with the on/off time sequence of the drift tube are lost. In the optimal situation

the on period of the drift tube allows to fill the tube completely. The duty cycle

of the drift tube (D) is defined as the ratio of on period (t) to the full period of

the pulse (τ) at the optimal situation

D =
t

τ
(4.4)

τ =
2l√

2T/M
, (4.5)

where l is the length of the drift tube, T is the kinetic energy of the accelerated

ion, and M is the mass of the ion.

The LEBL in our experiment consists of two pulsed drift tubes, two pairs of

bending plates, two Einzel lenses, an electrostatic mirror, and a linear Paul trap

at the end of beam line. A schematic view of the low energy beam line is shown in
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1. Drift Tube I
2. Einzel Lens I
3. Bending Plates I
4. Electrostatic Mirror
5. Bending Plates II
6. Einzel Lens II
7. Drift Tube II
8. Deceleration Electrode
9. Linear Paul Trap

Beam To MOT
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2

3

4

Beam From TI

Ion Trap

Fig. 4.15: Schematic view of low energy beam line (not to scale). Experimental
parts numbered from 1 to 3 were developed in the past for magneto optical trapping
of 21Na. Experimental parts numbered from 4 to 9 have been developed for the
trapping and spectroscopy of Ra+.

Fig. 4.15. The first drift tube after the TI is pulsed between −2.8 kV and 0 V at

a frequency of 22 kHz. For this tube a duty cycle of 45% is achieved for Ra+ at

2.8 keV energy with the length of the drift tube l=100 cm and with 1/τ=22

kHz. The second drift tube before the ion trap is pulsed between +2.8 keV and

-100 V at a frequency of 22 kHz. The loading and unloading timing sequence of

this second drift tube is a critical parameter which is carefully adjusted using a

synthesizer and a gate-delay generator module. The phase difference between the

pulsing of the two drift tubes requires careful adjustment according to the time

of flight of the ions from the first drift drift tube to the second drift tube. For

the second drift tube the on period is 22.4 µs and the full period of the pulse is
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Fig. 4.16: Pulsing sequence of drift tubes. The phase between the timing of
two drift tubes requires careful adjustment according to the time of flight of ions
between the two tubes. The on and off period of the drift tube are 23.6 µs and
22.4 µs respectively.

46 µs. The timing sequence is shown in Fig. 4.16.

The bending plates enable vertical and horizontal steering of beams. The

Einzel lenses enable focusing and defocusing the beam as necessary. An elec-

trostatic mirror is mounted on an adjustable translational stage. It bends the

beam trajectory by 90◦ for transporting them to the linear Paul trap. Without

this mirror, the beam can be transported to a magneto optical trap (MOT) of
21Na. At several positions of the beam line detectors like micro channel plates

(MCP) and silicon detectors are mounted on movable translational stages. Such

detectors enable beam diagnostics such as alignment, spot size of the ion beam,

and transport efficiency. For example, a silicon detector before and after the elec-

trostatic mirror determines the efficiency of the electrostatic mirror to be about
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Fig. 4.17: Schematic diagram of linear Paul trap with an overview of the optical
setup necessary for optical detection and spectroscopy. The electrodes with their
segmented structure is shown. The RF voltage is applied to the stainless steel rod
from which it is capacitively coupled to the half moon shaped copper electrodes.
The wavelengths are λ1= 468 nm, λ2= 1079 nm, and λ3= 708 nm.

50%. A linear Paul trap is placed at the end of the beam line.

A schematic drawing of the Paul trap is shown in Fig. 4.17. The geometry of

the trap electrodes is similar to that in the RFQ. The trap consists of 4 diago-

nally opposite rods made of stainless steels. Each rod contains 3 segmented half

moon shaped copper electrodes. DC voltages are directly applied to the copper

electrodes. The radio frequency voltages are applied to the stainless steel rods.

From these rods the RF voltage is capacitively coupled to the copper electrodes.

A thin insulating material between the rods and the electrodes is necessary to

prevent electrical breakthroughs as well as to provide higher capacitance. Kap-

ton, a polyamide foil, is used as an insulating material. Polyamide materials are

preferred for such purposes because of their stable electrical properties. Their

dielectric strength stays in the order of a few kV/mm and their electrical proper-

ties are preserved at higher temperatures (∼ 300◦ C). Hence this material is also

suitable for vacuum baking.

The alignment of this newly commissioned low energy beam line is critical for

trapping ions in the ion trap at the end of the beam line. This can be achieved
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Fig. 4.18: The left figure shows a scan of the voltage applied to the electrostatic
mirror. The right figure shows a scan of the voltage applied to the Einzel lens II.
MCP 3 is located after the linear Paul trap (Fig. 4.15). For both the figures an
error of ±5 V and ±0.5 kHz have been taken for the horizontal and vertical axes
respectively.
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Fig. 4.19: A scan of the voltage applied to the electrostatic mirror. The maximum
efficiency of 50% has been achieved by applying any voltage between 1700 volts
and 2200 volts. MCP 2 is located between the Einzel lens II and drift tube II
(Fig. 4.15).
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by optimization of the signal from a micro channel plate (MCP) mounted after

the trap and operated in counting mode. The voltages are applied using NIM HV

modules and the MCP signal is processed with a discriminator. Some examples

of the scans are shown in Figs. 4.18 and 4.19. The mirror is not sensitive between

1700 volts to 2200 volts when its performance is tested immediately after the ions

are bent around the corner. This is shown in Fig. 4.19. But the sensitivity around

2000 V as shown in Fig. 4.18 is due to the fact that the ions travel through many

lenses and apertures before the trap.

4.3 Lasers

Lasers at visible, near infrared and far infrared wavelengths are required to drive

the atomic transitions in Ra+ (Fig. 3.1). All the transitions can be accessed

with cost effective semiconductor laser diodes. The diode lasers are available

in commercially standardized packages of 5.6 mm and 9 mm diameter. Such

diode laser systems are user friendly for spectroscopy experiments due to smaller

size and operational simplicity [104, 105]. The laser systems, their frequency

stabilization, their intensities and spot sizes, the calibration of their frequencies,

and the optical layout for spectroscopy are described in this section. A list

of all the laser systems necessary for our experiments with the relevant atomic

transitions in Ba+ and Ra+ is given in Table 4.3.

4.3.1 Lasers for Ra+

The lasers for Ra+ are frequency stabilized in an external cavity diode laser

(ECDL) configuration or Littrow configuration [104,105] by providing frequency

selective optical feedback. Laser diodes can operate in a single longitudinal or

transverse mode. They are extremely sensitive to feedback of light which is within

its gain profile. This fact is exploited in ECDL where a grating provides frequency

selective optical feedback. A schematic drawing of the mechanical set up of the

Littrow configuration is shown in Fig. 4.20.

The external cavity consists of a diffraction grating that couples part of the

light into the laser through the end orifice of the diode. The grating angle is

set to reflect light for a particular wavelength in the direction of the incoming

light. This is the concept of Littrow configuration. The diffraction angle for

a grating in Littrow configuration satisfies the grating equation 2d sin θ = nλ,

where d is the groove spacing which is equal to (groove density)−1, θ is the angle
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Table 4.3: Laser systems for driving different optical transitions in Ba+ and Ra+.
The corresponding atomic level schemes are shown in Fig. 3.1 and 3.2. Wavelength
with an asterisk indicate that the laser system will be made operational in near
future.

Atomic Wavelength Transition Diode Laser & Power

System (nm) Manufacturer (mW)

Ra+ λ1=468 7s 2S1/2 - 7p 2P1/2 NDHA210APAE1 20

Nichia

Ra+ λ2=1079 6d 2D3/2 - 7p 2P1/2 LD-1080-0075-1 40

Toptica

Ra+ λ3=708 6d 2D3/2 - 7p 2P3/2 HL7001MG 40

Opnext

Ra+ λ=802* 6d 2D5/2 - 7p 2P3/2 QLD-810-100S 100

QPhotonics

Ra+ λ=828* 7s 2S1/2 - 6d 2D3/2 ELD83NPT50 60

Roithner Laser Technik

Ra+ λ=381* 7s 2S1/2 - 7p 2P3/2 NDHU110APAE3 20

Nichia

Ra+ λ=728* 7s 2S1/2 - 6d 2D5/2 - -

Ba+ λ1=493 6d 2D3/2 - 7p 2P3/2 L980P300J @ 987 nm 300

Freq. Doubled Thorlabs

Ba+ λ2=649 6d 2D3/2 - 7p 2P3/2 DL3147-060 5

Thorlabs

of incidence, n is the order of diffraction, and λ is the wavelength of the incident

light. The only wavelengths that satisfy this grating equation are reflected back

from the grating. The laser diode is forced to resonate at the wavelength that is

fed back from the grating and hence it oscillates at a frequency that is coupled

into it. By changing the angle θ, the emission frequency of the laser diode can

be altered. The 0th order diffraction is coupled out of the external resonator and

the −1st order diffraction is coupled into the laser diode. The criteria based on

which a grating is chosen are that the angle between incident beam and first

order diffraction angle should be close to 45◦, and the intensity that is coupled

back should lie between 20-30%. The efficiency of a grating depends on the total

number of illuminated grooves and the polarization of the incident light.
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Fig. 4.20: Schematic drawing of the mechanical set up of the external cavity diode
laser in Littrow configuration. More details can be found in [18].

ECDL configuration for the lasers of our experiment is achieved using home

built mounting systems (Fig. 4.20). The setup consists of a holder for the diode

laser, a holder for the collimation optics and an adjustable mount for the grating.

A temperature sensor (AD590) measures the temperature of the diode and a TEC

element under the laser diode acts as a heat sink. The diode laser is placed inside

its mount in such a way that the linear polarization is aligned vertically and hence

the narrow expansion of the beam lies in the vertical direction. The polarization

is orientated parallel to the grating lines. Afterwards the divergence of the diode

is corrected with an aspheric lens which is adjusted so that the output beam is

collimated. To align the grating the laser diode current is kept just below the

lasing threshold. The grating is placed on the holder and then by shining the

laser light on the grating different orders of diffraction are observed. It is fine

tuned with the help of two screws, one changes in the vertical plane and the other

changes in the horizontal plane. When the −1st order diffraction beam is coupled

back to the laser diode the brightness of the emission suddenly increases as a

result of the initiation of the lasing action. The threshold of the lasing action
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is decreased due to the optical feedback that is provided through the −1st order

diffraction. Optical feedback is optimized carefully with the internal photodiode

equipped with the laser diode. The whole setup is covered with a plastic box to

shield the laser diode from temperature drifts and this increases its stability.

The frequency of the lasers in ECDL configuration can be changed by altering

the operating current. The frequency can also be changed by altering the external

cavity. This can be achieved by changing the temperature of the laser and/or

by moving the PZT (piezo electric transducer) mounted grating by varying the

voltage applied to the PZT. This alters the angle of incidence (θ) and hence

the emission frequency of the laser changes. The PZT element has an extension

coefficient of 30(10) nm/V which is a measure of the rate of change of expansion

per unit voltage applied. The frequency stabilized laser systems in our experiment

have a long-term stability of about several hours. By altering the PZT-mounted

grating element together with the operating current, the frequency of the lasers

can be scanned over 10 GHz without any mode hop. The 468 nm laser diode

is set up with a holographic grating (3600 lines/mm from Edmund Optics) with

the angle of incidence at 58◦. The 1079 nm laser diode is also set up with

a holographic grating (1200 lines/mm from Edmund Optics) with the angle of

incidence at 76◦.

The cooling laser at wavelength λ1 drives the 7s 2S1/2 - 7p 2P1/2 transition,

thereby bringing the ions from ground 7s 2S1/2 state to excited 7p 2P1/2 state.

From the 7p 2P1/2 state the ions decay to the metastable 6d 2D3/2 state with

about 10% branching ratio. The repump laser at wavelength λ2 transfers the

ions back to the 7p 2P1/2 state. These two lasers are employed to demonstrate

trapping and optical detection of Ra+. We are in possession with all lasers for the

remaining atomic transitions in Ra+. They will be set up and made operational

in near future.

4.3.2 Lasers for Ba+

Two diode lasers are employed to drive the pump and repump transitions in Ba+.

One drives the cooling and fluorescence transition at 493 nm and excites the ions

from the ground 6s 2S1/2 state to the excited 6p 2P1/2 state from which they decay

to the metastable 5d 2D3/2 state. To repump the ions back to the 6p 2P1/2 state a

second laser at wavelength of 650 nm is needed. The repump transition is driven

with a commercially available diode laser at wavelength 649 nm. The 649 nm

laser diode is set up in Littrow configuration with a ruled grating (1800 lines/mm
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from Edmund Optics) for the angle of incidence at 35◦. As there is no laser diode

available that directly delivers light at wavelength 493 nm, a high power IR

laser diode emitting light at a wavelength of 980 nm is tuned to 987 nm and is

frequency doubled. The 980 nm laser diode is also setup in Littrow configuration

with a ruled grating (1200 lines/mm from Thorlabs) for the angle of incident at

36◦. Light at 987 nm is also available from a Ti:Sapphire laser system (Coherent

MBR-110) which is shared with another TRIµP experiment [17]. The Ti:Sapphire

laser is arranged in a bow-tie cavity and is specified with a linewidth of 500 kHz. It

operates in a wavelength region from 700-1000 nm. At the operating wavelength

987 nm it delivers 300 mW with a pump power of about 8 W. For frequency

doubling of the 987 nm light a linear (two mirror) cavity is employed where a

potassium niobate (KNbO3) crystal heated to about 75◦C causes second harmonic

generation and delivers light at 493 nm [106]. The doubling cavity consists of

two mirrors which are highly reflective for infrared (99.9% at 965 nm) and highly

transmissive for blue. The spacing between the two mirrors is 10 cm. The free

spectral range (FSR) and the finesse of the cavity are 1.740(2) GHz and 67(3)

respectively.

4.3.3 Overlap of Beams and Measurement of Spot Size

The diameter of the trapped ion cloud is about 1 mm. Hence the spot sizes

of the laser beams should be about 1 mm which ensures interaction of photons

with the entire ion cloud. Moreover the laser beams should be overlapped at the

site of ion cloud to ensure simultaneous interaction of both beams with the same

velocity class of ions in the cloud. To satisfy these requirements light from two

laser diodes at 468 nm wavelength is overlapped and transported to the ion trap

using a single mode optical fiber (460HP). Similarly light from a laser diode at

1079 nm wavelength is transported to the ion trap using a separate single mode

optical fiber (1060XP). The laser beams are overlapped using a dichroic mirror

just before the trap. The beams are then aligned axially through the trap to

minimize stray light. Spot sizes of the laser beams at the site of ion cloud are

measured using scanning slit optical beam profilers (BP109-UV and BP109-IR

from Thorlabs). At the trap center, typical spot sizes are ∼ 1 mm. Light from

the lasers for Ba+ is also transported together with the light at 468 nm in the

same fiber. Typical laser intensities at the trap center are 200 µW/mm2 (λ1) and

600 µW/mm2 (λ2).
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4.4 Spectroscopy

Laser spectroscopy is performed by driving optical transitions at wavelengths λ1

= 468 nm and λ2 = 1079 nm. The transitions are detected through fluorescence

at wavelength λ1 using a photomultiplier tube. The fluorescence light from the

ion cloud is collected with an imaging lens of focal length 30 mm placed inside

the vacuum and a low-pass filter with 80% transmission for wavelengths shorter

than 500 nm. A schematic diagram for laser spectroscopy is shown in Fig. 4.21.
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Fig. 4.21: Optical layout for trapping and laser spectroscopy. Repump laser
I is continuously locked to the wavelength meter. This is also cross-referenced
to the frequency comb and serves as a reference laser. Repump laser II is used
for spectroscopy. Both the pump lasers are used for spectroscopy and they are
monitored with a tellurium (Te2) molecular reference.

4.4.1 Absolute and Relative Frequency Calibration

A precise determination of atomic and nuclear properties like hyperfine structure

splittings and isotope shifts requires an accurate calibration of the frequency

axis. In order to determine the absolute frequency of an atomic transition it

needs to be compared to a line of known frequency. A conventional way to do

this is to compare the atomic transition to be calibrated with a known molecular
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Fig. 4.22: Principle behind frequency calibration. Part of the laser light needed
for spectroscopy is used for frequency calibration with Te2 and I2 reference lines,
etalon, wavelength meter and a frequency comb. Adapted from [107].

transition. Since molecules have many more lines compared to atoms there is

a high probability of finding a molecular line of known frequency close to the

frequency of interest. Tellurium (Te2) and iodine (I2) molecular lines are often

used as frequency references. Recently, the optical frequency comb has been

evolved to be a tool of interest for absolute frequency calibration. A Fabry-Perot

etalon can also be employed for relative calibration. The principle to calibrate

the frequency axes for our measurements is shown in Fig. 4.22.

The wavelengths of the lasers are monitored by two commercial wavelength

meters (WS6 VIS and WS6 IR from High Finesse-Ångstrom) with an absolute

frequency uncertainty of 50 MHz. This is achieved by calibrating them against

the molecular iodine I2 reference line R116(2-9)a15 [108] at νI2 = 419,686,834(3)

MHz employing saturated absorption spectroscopy [109].

The laser at wavelength 468 nm is stabilized to a fraction of the Doppler

broadened linewidth of about 500 MHz (FWHM). It is monitored with a tellurium
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absorption line 178 [110] at frequency 640.14652 THz through linear absorption

of light in a tellurium glass cell at 500 K. A typical tellurium absorption signal

is shown in Fig. 4.23.
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Fig. 4.23: Tellurium molecular absorption line 178 [110] at frequency 640.14652
THz through linear absorption of light in a tellurium glass cell at 500 K. This
line provides absolute frequency calibration of light at 468 nm. The 7s 2S1/2 -
7p 2P1/2 transition in 212Ra+ is 20 MHz below this line.

The frequency of the laser at 1079 nm is determined with the help of an

optical frequency comb. The latter is achieved by employing an auxiliary laser

at wavelength λ2, which is referenced against the frequency comb by a beatnote

fBeatComb = νaux − νnth , where νaux is the frequency of auxiliary laser and νnth is

the frequency of the nth comb line. The signal-to-noise ratio of the beatnote is

typically 40 dB with 1 MHz bandwidth. The frequency νLaser of the laser which

drives the 6d 2D3/2 - 7p 2P1/2 transition is determined by the beatnote frequency

fBeatLaser = νLaser − νaux with the auxiliary laser, yielding

νLaser = n× fREP + fCEO + fBeatComb + fBeatLaser. (4.6)

Here, n is the mode number, fREP = 250,041,000 Hz is the repetition rate and
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Fig. 4.24: Schematic drawing of optical arrangement for imaging the fluorescence
onto the photocathode of a photomultiplier tube. The fluorescence is transported
to the photomultiplier tube with a mirror and a pin-hole system with an aperture.
The aperture enables to discard unwanted scattered photons.

fCEO=20,000,000 Hz is the carrier-envelope-offset frequency of the comb. The

accuracy of the frequency comb is derived from a GPS stabilized Rb clock to be

better than 10−11 which is not limiting the precision of the results obtained in

this work. The sign of fBeatLaser is either positive or negative depending on the

detuning of the scanning laser with respect to the auxiliary laser. The coarse

determination of the frequency with the calibrated wavelength meter yields a

mode number n = 1111032. The uncertainty is only a fraction (0.2) of one mode

spacing due to the calibration accuracy of the wavelength meter. This results

in the frequency of the nth comb line νnth = 277,803,572.31(3) MHz, where the

uncertainty arises from the Rb clock.

4.4.2 Imaging System and Optical Detection

The fluorescence light at wavelength λ1 from the trapped ions is detected using a

photomultiplier tube (R7449 from Hamamatsu Corp.). A narrow band interfer-

ence filter FB470-10 or short-pass filter FES0500 (both from Thorlabs Inc.) can

be used in front of the photomultiplier tube to filter the fluorescence at wave-

length λ1, for which FB470-10 has a transmission of 50% and FES0500 has a

transmission of 80%. The short pass filter FES0500 can also filter fluorescence
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from Ba+ transition (493 nm) in addition to the fluorescence from Ra+ transi-

tion (468 nm). Hence we choose a FES0500 filter which enables us to perform

both diagnostics and actual measurements without disturbing the imaging and

detection system. A schematic drawing of imaging and optical detection system

is shown in Fig. 4.24. The imaging system consists of a plano-convex lens of focal

length f=30 mm, mounted inside the vacuum. It is at a distance of 30(5) mm

from the trap center and collects fluorescence from the trapped ions with a solid

angle Ω=0.4 sr.

4.5 Computer Control and Data Acquisition

Experimental data are taken with a data acquisition system based on the software

package ROOT [111] into which the measurement hardware is network integrated.

ROOT serves as an interface for experimental control. A program script running

in ROOT is used to start and stop acquisition runs and also to provide a sequence

of shutting laser beams after beginning a data run for normalization. Different

experimental parameters are controlled remotely from the data acquisition com-

puter. Such parameters include the currents in the dipole and the quadrupole

magnets of the separator, the voltages of the low energy beam line, the voltages

of the ion trap, the status of the laser shutters, the laser frequencies etc.




