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Abstract

This thesis evaluates the suitability of Thorium(Th) ions for optical spectroscopie

measurements in a Paul trap. A 232Th sarnple, placed near the ring electrode, is

evaporated with a Nd:YAG laser pulse and then selectively ionized bya synchronized

dye laser pulse. Ions created inside the trap follow stable orbits and are cooled by

hydrogen buffer gas.

The stability and trapping efficiency for the ions are examined at vanous trap

operating conditions. The motion of the ions in the trap is studied with particular

attention to volume occupied by the ions in the phase space. With the trap operating

at optimum conditions for stability and spectral resolution, laser-induced fluorescence

measurements at selected rf phase angles are applied to five optical transitions of Th

ions. Results indieate that two transitions are most suitable for spectroscopie studies

and 60-80 ions are required to produce a spectrum with signal-to-background ratio

of 1:1.
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Résumé

Cette thèse évalue la possibilité d'étudier le thorium (Th) par spectroscopie optique

à l'intérieure d'un piège 'Paul. Un échantillon de 232Th, placé près de rélectrode

annulaire, est évaporé avec une impulsion laser Nd:YAG et sélectivement ionnisé par

une impulsion synchrone de laser à colorant. Les ions crées à l'intérieure de la trappe

suivent des orbites stables et sont refroidies par un gaz tampon d'hydrogène.

La stabilité et l'éfficacité de collection des ions sont examinées sous plusieures

conditions d'opérations. Le mouvement des ions dans la trappe est étudié en por

tant une attention particulière au volume d'espace de phase qu'ils occupent. Aux

conditions optimales de stabilités et de résolution spectroscopique, des mesures de

fluorescence induite par laser sont effectuées à certains angles de phase rf sur cinq

transitions optiques différentes des ions de Th. Les résultats indiquent que deux des

transitions sont adéquates pour l'étude par spectroscopie et que 60-80 ions sont requis

pour produire un spectre ayant un rapport signal:bruit-de-fond de 1: 1.
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Chapter 1

Introduction

Atomic spectroscopy has played an important role in nudear physics since its be

ginnings. Because the nucleus is an inseparable part of an atomic system~ much

information about nuclei can he obtained by studying the atomic system. Through

high-resolution atomic spectroscopy, valuable and important nudear structure pa

rameters can be measured indirectly.

During the past twenty years, one of the active areas of research in nuclear physics

has been the measurement of hyperfine structure(hfs) and isotope shifts( IS) over a

long chain of isotopes for certain elements. Hyperfine structure gives us information

on nuclear spins, the nuc1ear magnetic dipole and electric quadrupole moments. Iso

tope shifts are very useful for measuring the change in charge radii of nuclear ground

states.

\Vith the introduction of laser techniques in the early 1960'5, unstable nudides

have become much more accessible for study. Especially after tunable dye lasers

of high monochromaticity and high intensity were developed in the early 1970~s~

measurements of nuclear structure parameters have been greatly advanced through

application of high precision laser spectroscopy.

Presently, about 500 isotopes of more than 30 elements have already been investi

gated in long isotopie chains by laser methods. Reviews of the developments in laser

1
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spectroscopie studies of hfs and IS of radioactive isotopes can be found in [lJ [2J [3] [4].

Systematic variations of nuclear charge radii have been compiled in [5]. In many cases,

laser spectroscopy measurements are the only ways that can be used to determine

these quantities for short-lived nuclei.

Most of the measurements referred to ahove were carried out using a collinear laser

method at ISOLDE, CERN [6] [7] [8]. In collinear laser spectroscopy, a fast ion beam

from ISOLDE interacts with a superposed laser beam, allowing laser spectroscopie

studies of isotopes far off stability. This method is sensitive and versatile, and weIl

suited for studying shart-lived isotopes.

For the isotopes far which it is difficult to produce an ion bearn with sufficient in

tensity, the collinear laser technique cannot he employed. For sorne of these isotopes,

other laser spectroscapy methods have been developed. Among them, on-line reso

nance ionization spectroscopy(RIS) has been applied in Saint Petersburg to a large

number of radioactive rare-earth isotopes [9]. Another method invalves the use of

RIS of laser desorbed radioactive samples ta study the radioactive" daughter" nuclei

from nuclear decay. The sensitivity of this method is comparable ta the collinear

method and was applied to the studies of radioactive isotopes of the noble metals Au

and Pt by several groups [10, Il]. Foster Radiation Lab at ~Icgill participated in this

work [10J.

Because sorne isotopes can not be easily produced in isotope separators, a more

suitable and sensitive method was developed. This is laser spectroscapy ernploying

a radio-frequency quadrupole ion trap (RFQ trap or Paul trap). The RFQ trap was

invented in 1958 by Paul [12]. Using a relatively weak confining electric field, the

Paul trap enables us ta store charged particles for extended periods within an isolated

and limited space. Only a small number of trapped ions is needed for a measurement.

Even detection of a single confined ion has been dernonstrated [13].

Although laser spectroscopie studies have been performed in traps since early

1977 [14], such measurements on radioactive isotopes were not implemented until

2
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1988. A group from Germany first introduced Th isotopes into a Paul trap by

evaporating sorne samples on a tantalum wire and ionizing them by an electron

beam [15, 16, 17]. Ions then were probed by incident laser beams. For the Th ions,

sub-Doppler resolution was obtained by using a two step excitation scheme [17]. A

drawback of this approach is that electron beam ionization is non-selective and many

kinds of contaminant ions can be produced and trapped at the same time due to

the poor mass selectivity of the Paul trap. Therefore, in previous work of our lab

at McGill University, WenZheng Zhao developed a more selective system employing

a Paul trap for laser spectroscopie studies of radioactive elements [18, 19, 20]. This

system incorporates a new method for ion production and accumulation inside the

trap. ANd:YAG laser is used ta desorb a target material and subsequently the RIS

process is employed to selectively ionize atoms of a specifie element directly inside the

trap. Both ion-ejection time-of-flight detection and laser-induced fluorescence( LIF)

measurement have been incorporated in the setup.

With a spectral resolution of 1 GHz, hfs of 177Hf and 179Hf were studied exper

imental1yand the IS of the radioactive 172 Hf was also measured in Zhao's work [18J.

He was able to detect a 172 Hf resonant peak corresponding ta only 20 trapped ions.

His work demonstrated the usefulness of the Paul trap of our experimental system and

encouraged us to pursue further studies of other previously inaccessible radioactive

isotopes.

The isotope 229Th is particularly interesting because it has been suggested that

the first excited metastable state in 229Th, which should have J1r =3/2+, may be

found within 3.5±1 eV of the 5/2+ ground state [21, 22J. The existence of an excited

nuclear state at such a low energy, especially one that is connected to the ground state

via an Ml transition, presents an opportunity to investigate a variety of interesting

phenomena related to the interaction of the nucleus with its electronic environment.

Although the predicted low energy metastable state of 229Th has provoked exten

sive studies in recent years [23, 24, 25], so far there is no direct experimental evidence

3
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for the existence of this metastahle level. With an excitation energy helow that of the

most loosely bound atomic electron in thorium, and its unknown lifetime, the decay

of the excited state may not he able to proceed via an internaI conversion process.

If the 229Th ions produced from 233U alpha decay can he caught in a trap, it is con

ceivahle that we can measure and identify the hyperfine structure of the Low energy

isomer(J1r=3/2+)by cornparing it with the known hyperfine structure of the ground

state(J7r=5/2+). Furthermore, as outlined hy sorne Russian researchers [25], it could

be possible to induce nuclear excitation from a resonant electronic state excited by a

laser. The low energy level isomers could be populated first and the delayed photons

from de-excitation of the M-state could then he observed. Since production of the

isotope 229Th is difficult, and the lifetime of the low energy isomer is unknown, to

prepare for such an proposed experiment, a high sensitivity experiment and detection

system and high resolution laser spectroscopy are needed.

This work represents a feasibility study for this experiment and is based on Wen

zheng's Hf work in this labo We did a series of experiments using a 232Th source,

covering three areas: A study of the stability of the trapped ions under various op

erating conditions and the efficiency of production and trapping; evaluation of the

effects of various trap operating parameters on spectral resolution; and the evaluation

of sensitivity, resolution of different optical excitations and detection schemes.

In this thesis, the experimental setup will be described in Chapter 2. Experimental

results and discussions make up Chapters 3,4,5 and a summary and conclusion farm

Chapter 6.
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Chapter 2

Experimental 8etup

In this chapter, the experimentaI setup is described. First, a general layout of the

experimentaI system is given, then the detailed descriptions of each individual com

ponent are presented.

< 2.1 Layout of the experimental apparatus

(

The general setup of our experiments is shown in Figure 2.1.

The RFQ trap(PauI trap) is placed inside an ultra-high vacuum(below 10-8 Pa)

chamber. It is made up of three electrodes in which various holes are drilled for the

passage of laser beams, ion extraction and photon detection. A sample material is

put into a target holder which is positioned near the bottom hole of a central ring

electrode. Laser pulses from a Nd:YAG laser pass through the top hole and vaporize

the sample materials into the trap center. Synchronized RIS dye laser pulses pass

through a horizontal hole on the ring electrode and hit the vapor cloud in order ta

selectively ionize a chosen element. Sorne d.c. and RF voltages are applied to these

electrodes, and with the resulting electric field inside the trap, certain kinds of ions

will follow various stable trajectories and remain inside the trap for a long time.

5
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CW Dye Laser

Pulsed Dye Laser

TSP

1 Nd:YAG Laser

Einzel Lens

~
m

101
( 101

PM
0 ~

TMP Us + Vocosnt

Fast HV Switch
U2

U,

(

Figure 2.1: Experimental Setup: S:Target with sample: PtvI: Photomultiplier: 0:

Nlicro-channel Plate Detector: TSP: Titaninum Sublimation Pump; Tj\!IP: Turbo

molecular Punlp: L: Optical lenses. The RIS and cw laser beams are perpendicular

to the YAG beanl and pass thrùugh the horizontal pair of holes
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On one side of the ion trap (shawn on the left sicle of the trap in Figure 2.1), the

ion extraction and detection system is attached. Trapped ions can be extracted by

applying a negative pulse to the extraction electrode. The ions are then focused byan

Einzellens, and hit the Micro-Channel Plate (lVICP) detector (D in figure 2.1). The

signal from the MCP detector can he displayed on a scope to reveal a time-of-flight

(TOF) spectrum of the ions stored in the trap. This gives us information about the

mass distribution and the number of the trapped ions.

On the other side of the trap there are optical lenses and filters as weU as a

photomultiplier (PlVI on Figure 2.1) for fluorescence detection. A cw dye laser beam

passing through the horizontal hales in the ring electrode can be used to probe the

trapped ions. By scanning the cw dye laser wavelength across a resonance transition,

the laser-induced fluorescence (LIF) spectrum of the trapped ions can be obtained.

The trap is assembled inside an ultra-high vacuum chamber. This chamber is

made of stainless steel and is bakeable to 400°C. A computerized digital data acqui

sition system stores fluorescence data and permits us to see the LIF spectrum on the

computer screen. With the stored data, we can do further measurement, analysis and

calculation of the nuclear properties we are interested in, such as hyperfine structures

and isotope shifts.

In the following sections, each indjvidual part of the setup will be described in

detai1.

2.2 RFQ or Paul Trap

Figure 2.2 shows the configuration of the RFQ trap used in the setup. It is made

of stainless steel and consists of three electrodes of hyperbolic shape: a ring elec

trode with a central radius ra of 20.3 mm and two endcap electrodes with an endcap

separation spacing of 28.7 mm( v2ro).

The extraction endcap on which an extraction pulse is applied has a hole with a

7
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Figure 2.2: Schematic diagram of the RFQ trap

diameter of 10 mm. For the fluorescence photon collection, a 26 mm hole is drilled

in the other endcap. These holes are covered with a conducting mesh to preserve

the hyperbolic shape of the electrodes. Four holes of 6.4 mm diameter are located

symmetrically around the central axis on the sicle of the ring electrode. They allow

laser beams from different directions to pass through the center.

Target material on a graphite substrate is put into the recessed end of a stainless

steel machine serew and the screw is positioned near the inner edge of the bottom

hole on the ring eleetrode.

To operate the RFQ trap, an appropriate radio-frequency voltage Va with angular

frequeney n combined \Vith a de bias Uo is applied to the ring eleetrode as shown( Uo

8



is the bias voltage voltage between the ring and the endcaps, and UO=U3-U2 ). The

effective voltage at the center of the trap( the kinetic energy of the extracted ions)

is ((}2+l/3)/2. Figure 2.3 is a schematic diagram for all the voltage supplied to the

trap.

Uzo--------r--------__.-,
Ut O'------ ~,0

HV SWitch

U,
O-------~------4 __

( 1o
1

RF Power ---.......-....1

SUDpty

RF' Monitor ~~
Signol

T
Ground~

(

Figure 2.3: The RFQ trap driving circuit diagram

In our system. the dc bias [Jo can be adjusted from 0 to 40 V. The target holder

is biased to the same voltage as U3 (usually SODV). The extraction voltage U l applied

9
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to the extraction electrode will he described later in section 2.:3.

2.3 Ion Extraction and Detection System

After the ions are trapped. they are e),.1>ected to move with stable trajectories and

remain inside the trap unless their trajectories are perturbed by collisions. we want

to detect them by extracting the ions out to a micro-channel plate detector and figure

out the mass distribution and ion numbers inside the trap. For these purposes. the

ion extraction system and time of fiight set-up are used.

\\nen a negative pulse is applied to the extraction endcap. the ions inside the

trap are accelerated towards the extraction endcap. Passing through the mesh hale

in the endcap. the ions are accelerated by the electric field towards the Einzel Lens.

:\fter being focused by the Einzel Lens. the ions finally drift to the nlicro-channel

plate detector. which is made of two micro-channel plates mounted in parallel. A high

voltage(around 1.·5 k\·) is applied to the micro-channel plate detector. Half of this

\·oltage is across each micro-channel plate. The typical gain of the 2-plate detector is

about 106
• Ions of different masses reach the micro-channel plate detector at different

times. The signal from the micro-channel detector goes through a prearnplifier before

entering a digital storage scope to form a time-of-fiight{ TOf) spectrum.

By knowing the distance between the trap center and the detector (-!Ocm). the

magnitudes and positions of the peaks in the TOf spectrum yield information on

the mass distribution of the ions in the trap. The area under each peak can gi\"e

the number of ions of each mass trapped inside the trap. Figure 2-4 shows a typical

TOf spectrum obtained from ejected Thorium ions. The ions were extracted after

remaining inside the trap about :30 seconds. From the mass distribution in time

we deduce that the two peaks correspond to Th+ and ThO+ ions respecti\"ely. The

typical spectrum resolution (~f/..l~I) is about 60. This resolution is limited by our

short time-of-fiight drift chamber.

10
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Figure 2.-1: A typical Tü F spectrum of ejected Thorium ions

A time delay unit is used to control how long to accumulate and store the ions

and when to extract them. To extract the trapped ions. the delay unit initiates an

ejection pulse. which triggers a high voltage switch and produces a negative pulse

on the extraction endcap. For the best time-of-flight spectrum. the ejection timing

is carefully optimized relative to the RF phase because the interaction between the

extraction and RF fields inside the trap affects the time-of-fiight spectrum [26].

2.4 Optical Detection

After the ions are trapped. the stored Ions cao he optically excited by a probing

laser. The resonances are detected by monitoring the spontaneous emission following

the absorption. Two silica lenses make up the photon collection system inside the

vacuum chamber. One is a planoeonvex lens of 40 mm in diameter with a [oeus of
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f 50 mm. The other is a symmetry-convex lens of 50 mm in diameter with f 75

mm. The optical components are shown in Figure 2-5. The first lens was put as close

as possible to the trap center in order to get a large solid angle (6%) for efficient

collection. The light collected by the lens system is focused on the photocathode of

a photomultiplier. The photomultiplier is placed outside of the vacuum chamber. on

the other sicle of the sapphire chamber window. about 200 mm away from the trap

center.

PM

4

+1
Vacuum, Window

1,

t
Filters

Figure 2..5: Fluorescence photon collection system inside the trap

Two different kinds of photü-multipliers are used to detect the fluorescent light

in the experiments. One is an ReA 8850 and the other is an RCA C313D4. For the

laser induced fluorescent detection~ the signal to background ratio is an important

concern. 50 efforts were made to suppress the background count and increase the

photon counting signal.

The ReA 88.50 photomultiplier was used to observe excitation schemes producing

12



fluorescence in the range of 250-600 nm. The ReA 31034 has a much greater sensitiv

ity in the near infrared and longer visible range but has the disadvantage that it must

be cooled to reduce the dark current. Figure 2-6 compares the two photomultiplier

photocathode spectral response characteristics.

ReA C31034 Photomultiplier .
100 c--r--r:::::C=:::I:==:I==:r-Ll

ReA 8850 Photomultiplier
100 .---- -="T""""-~-_~

- ..-..

~ ~e e- '-'
~ >.

:.E 10 == 10:ë :c'r;; ';jc c0 0

( c.. c..CIl CIlq) Q,)
~ ~
q) lU"0 "00 0..c .c- -t':2 cu
U g0- -0 0.c .cQ.. Q..

1 1
200 300 400 500 600 200300400500600700800900

Wavelength(nm) Wavelength(nm)

Figure 2.6: The response characteristics of two different photomultipliers

(

The photocathode of the RCA 8850 photomultiplier is 4.5 mm in diameter. Typi

cally, a voltage of about 1600V is applied between the anode and the photocathode.

The dark current counting rate under these conditions is about 180 cps.

The ReA :310:34 is an Il-stage photomultiplier. It has a small GaAs:Cs-O photo

cathode (10mmx4mrn), ultraviolet-transmitting glass windows, and an in-Line copper

13



beryllium dynode structure. This photomultiplier is designed for use at low temper

atures (-20°C)). Cooling reduces the dark CUITent to an acceptable value in order ta

fully exploit the performance capabilities of the tube. The cooling of the photomul

tiplier tube is accomplished by Peltier elements and water circulation.

In addition to the collection lenses assembled inside the trap, two elements were

added inside the ReA 31034 photomultiplier cavity. One is an aspheric glass con

denser lens of 50 mm in diameter with a focus length of 20 mm. The other is a

flat glass window. This alignment helps to further focus the light to hit the smal1

photocathode window.

Because the ReA C31034 photomultiplier is 50 sensitive, many efforts were made

to reduce the background counts. Several filters and a hot mirror were combined

in different ways to sufficiently suppress the scattered light from the laser and other

sources so only the fluorescence is detected by the photomultiplier.

( 2.5 Ultra-High Vacuum System

(

The ultra-high vacuum system includes the vacuum chamber and two pumps.

The vacuum chamber has two six-sided 8" vacuum crosses sealed with Con

fiat Banges. The whole chamber is pumped by a turbo-molecular pump (Balzers

TPU180H) with a pumping speed of 180 Lis. A mechanical pump (Balzers DUOl..SA)

serves as a backing pump. The uitimate pressure of the system can reach 10-8 Pa.

In order to improve the vacuum to provide adequate storage times for the trapped

ions, we employed two heat sources to desorb surface contaminants from the trap

and the reservoir of the chamber. Inside the chamber, there are 4 300-Watt halogen

lamps installed for baking. Sometimes these lamps are also used to il1uminate the

inner chamber for alignment purposes. Outside the chamber, five .500-Watt heating

tapes are wound around the vacuum chamber and covered with aluminum foil to

reduce radiation losses.
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A mini-titanium baIl from Varian installed inside on one side of the vacuum cham

ber is often used to effectively purify the residual reactive gases. When the titanium

baIl is heated at a high current of 45A, the titanium atoms of the heated ball sub

limate out and form a fresh Ti coating on the inner wall of the chamber [27]. This

coating reacts with the impurity molecules which coUide with the wall and make sta

ble compounds which stick to the wall. This type of pumping is partiaUy effective

in clearing contaminants which react with active trapped ions. The titanium ball is

also used as an inside heating source by operating it at a comparatively low current

(30A) in order to avoid tao much sublimation of titanium. The heating elements are

controlled by variacs.

A needle valve allows us to regulate the pressure of a buffer gas ( research grade

hydrogen with purity 99.9995%) inside the chamber when necessary. The buffer gas

has two main purposes: collisional cooling of the trapped ions and optical quenching

of ion metastable states to ground states.

To start baking, low voltage is applied ta heat the tapes and halogen lamps and

ta let the system warm up gradually for a while. Then the voltages are increased

ta reach a temperature of 200°C to bake overnight. Usually, when the system is

baked at the full temperature, hydrogen buffer gas is leaked into the chamber with

a pressure of 10-3 Pa because it has been found to accelerate the out-gassing of the

system [18]. After overnight baking and cooling for more than 30 hours, the whole

vacuum chamber can reach the pressure 10-8 Pa. At this time, the titanium ball is

used again at high current(45A) for 30-60 minutes to form a fresh titanium coating on

the inner wall of the chamber. The coating remains effective for a long time because

the chamber base pressure is very low.
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2.6 Laser System

(

(

Five different kinds of lasers have been used in the experimental setup including a

Nd:YAG laser, an excimer laser, a pulsed dye laser, an Ar+ laser and a cw ring

dye laser. A Nd:YAG laser is used as a desorption laser to evaporate atoms from

the sample source. Then a pulsed dye laser pumped by an excimer laser is used to

resonantly ionize the atoms. While the ions are in the RFQ trap, the probing beam

from a cw ring dye laser pumped by an Ar+ laser excites the confined ions. Then the

emitted fluorescence of various transitions can be detected.

The Nd: YAG laser used for vaporizing the sample is JI{ Lasers System 2000. It

has a output wavelength of 1064 nm. This laser produces a pulse of about 10 ns

width. The pulsed beam goes through a polarizer and several prisms to a lens to be

focused on the target surface. The adjustable polarizer is used to attenuate the YAG

laser pulse output energy. The lens is mounted above the vacuum chamber sapphire

window to focus the laser beam onto the sample in order to produce a high efficiency

desorption. A video camera is mounted along the optical axis above the focus lens

in order to monitor the position and area of the laser spot on the target substrate.

The pulsed dye laser (Lambda FL2002) is pumped by a XeCI excimer laser

(Lambda EMG 201MSC). The pulse energy of the pump laser reached up to 260 mJ

at a wavelength of 30S nm. The pulsed dye laser can be tuned through a wavelength

range of 332-970 nm by using different dyes. By employing a frequency-doubling

crystal (SHG), the tuning range can be extended into the ultraviolet(UV). The dye

used in our experiments is Coumarin 540A, which has a range of 513-612nm.

For the pulsed dye laser, the measured conversion efficiency is about 3-5%. After

the doubling crystal, the laser radiation light obtained is up to 10-20 mJ / pulse. The

estimated ionization efficiency is about 15%. The pulsed laser beam (green and UV)

is refiected by two prisms through the chamber sapphire window, hi ts the cloud of

atoms and exits through the opposite window.
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A master trigger signal goes to the Nd:YAG flash lamp with a repetition rate

adjustable from O.5Hz to 10Hz. There is an 8-20 J.lS delay between the Nd:YAG Q

switch pulse and pulsed dye laser trigger signal to allow the vaporized atoms produced

by the VAG laser time to reach the trap center for resonant ionization. This delay

is controlIed by the master trigger generator. The master trigger generator also ean

synehronize the output triggers to the trap RF phase. This permits the study of

the relationship between phase and trapping and extraction efficiency described in

Chapter 4. Two delayed synchronized outputs are sent to trigger the Nd:YAG Q

switch and the excimer laser.

Figure 2.7: cw tunable dye laser with an intra-eavity frequeney doubler

For the excitation of Th ions for transitions in the UV and visible region, two

different cw ring dye lasers are used. They are pumped by a Coherent Innova CR-12

Ar+ laser with an output alI-line power of 8-11W. For the lines in the UV range,

the Coherent CR-699-21 ring dye laser (Figure 2.7) which contains an intra-cavity

frequency doubler is used. The second harmonie ~eneration is efficient because of
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the high fundamental laser power density inside the ring dye laser cavity. In the

experiments, to keep the LiI03-SHG-crystal dry (the crystal is hygroscopie), a dry

nitrogen gas stream surrounds the unit permanently. For that purpose, a heater was

built to boilliquid nitrogen to produce a flow of N2 gas. The UV beam produced by

the crystal is separated by prisms from the fundamental laser beam inside the laser

cavity. Usually, the output power of the fundamentallaser light is about 1..5-2.5 mW,

and the UV output is about 1 mW. For our work, DCM dye is used to produce the

required wavelength laser radiation. Using DCM dye and the LiI03 doubling crystal

provides a UV tuning range of 318-350 nm.

Another cw ring dye laser without an intra-cavity SHG crystal is used at a wave

length of 584 nm. The dye mixture used is Rhodamine-6G, which is prepared by

dissolving one gram of powdered dye in 50 ml reagent methanol and then adding

this mixture to about 6.50 ml of Ethylene Glycol. This R6G dye covers a wavelength

range of 560-657 nm, and its peak is at 575 nm. The input pump power for this ring

dye laser is about 6W-9W. Normally, up to 400 mW laser radiation output power at

wavelength 584 nro can be obtained.

For driving the scanning of the cw laser, A DAC controlled by computer gives a

stepped dc voltage (+.5V to -5V). Usually, the scan step is set at 125 ms. A series of

thumb wheels on the laser electronic control box contraIs the size of the wavelength

scan. In order to calibrate the laser scanning range and check the laser performance,

a confocal etalon (150MHz FSR) and a spectrum analyzer (1500MHz FSR) are used.

2.7 Data Acquisition and Electronics

Figure 2.8 shows a schematic diagram of the data acquisition system in the setup.

The de-excitation fluorescence photon signal collected from the photomultiplier

(PM) passes a preamplifier and a fast amplifier. Theo the signal goes ta a discrimi

nator. After the discriminator, the photon couot output is sent to a CAMAC counter
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Figure 2.8: Schematic diagram for data acquisition system

module controlled by a PC-486 computer and displayed on the screen.

RF phase-locked coincidence counting can be added by gating the counter with a

RF synchronized inhibit signals(shown in Figure 2.9). The phase-Iocked coincidence

counting improves both spectral rcsolution and signal-to-background ratio for reasons
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described more fully in Chapter 4.
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Figure 2.9: Coincidence gating

The data acquisition program used in the experiments sets the cw laser scan rate

and the number of scans to he recorded. It stores each individual scan and the SUffi

of a series of scans. The saved traces rnay be retrieved to be reviewed later. The

data are also accessible for further analysis. An ADe module is also connected to

the computer to record the interference pattern from the confocal etalon. At each

step the ADC output and photon counts are displayed on the screen so the precise

spectral resolution can be measured.

2.8 Overall Experimental Procedure

The typical procedure of our experiments starts with putting the sample materials

inside the trap chamber. The source on a graphite substrate is put into the recessed

end of a machine screw. The screw is positioned near the bottom hole in the ring
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electrode of the trap. The vacuum chamber which contains the trap is then sealed

and baked for about 30 hours to get a high vacuum system.

To produce ions from the source, first a Nd:YAG laser beam is used ta hit the

sampIe material and evaporate neutral atoms from the target substrate. At this

stage, we usually look at the position and size of the desorption laser spot on the

target through a video camera, and then adjust the beam to achieve a satisfactory

desorption result. When the Nd:YAG laser is properly adjusted~ a cloud of source

atoms is injected into the trap cavity. The RIS pulsed laser beams then interact with

the cloud of atoms to resonantly ionize the selected atoms. \Vith proper buffer gas

pressure, The ions will condense in the center of the trap and be stored there under

the RF field provided by the trap circuit.

To detect the trapped ions, we can either do a time of flight measurement or a

LIF measurement. By applying a negative pulse to the extraction endcap, the ions

inside the trap can be extracted out ta a micro-channel plate detector, producing

a time of flight spectrum on a digital storage cope. Through TüF measurements,

the mass distribution, the quantity, and the storage time of the trapped ions can be

obtained directly.

The ions inside the trap can be stored and detected by a probing laser ta complete

a LIF measurement. The cw laser light optically excites the ions. The de-excitation

fluorescence photon signal is collected by the optical lens inside the trap and is de

tected by a photomultiplier. SignaIs from the photomultiplier are amplified. sent to

a discriminator and counted with a counter with a phase-locked coincidence gate.

Then the signal spectrum measured is shown on the computer screen and stored in

the computer memory.
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Chapter 3

Stability Study of the Present Ion

Trap System

To improve our understanding of the operating parameters of the trap system and to

study their effects on the trapping ability. stability and the dy"namics of the trapped

ions. a systematic study of the effects of varying trap RF frequency and amplitude

\Vas carried out.

In this chapter. l will first give a general theoretical background and then present

my experimental results.

3.1 RFQ trap operation principle and its stability

diagrams

The ion trap involved in our experiments is an RFQ trap or Paul trap. Tb produce

the required three-dimensional rotationally symmetric quadrupole field. the electrode

structure illustrated in Figure 2.2 is used.

In the ion trap structure~ the two - end-caps- and the ring electrode have cross

sections in the rz plane which are complementary hyperbolas with a ratio of v"2 in
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the semi-axes (roI zo). Usually, the end-caps of the RFQ trap are grounded, and only

a single potential 4»0 needs to he applied to the ring as shown in Figure 2.2. This

potential is

4»0 = u + V cos fU (3.1 )

where U is a direct dc voltage, V is the zero to peak amplitude of the RF voltage

and O(=2ii f) is the angular frequency of the RF voltage. The potential at any

position(x,y,z)can he represented as [28]

(3.2)

(

The equations of motion of an ion in the trap are given hy rnx=eEr and sa on. These

are derived as

z- (2e/mr02)(U + V cos nt)z = 0

;: + (e/mro2)(U + V cos f2t)r = 0

If we define trapping parameters as:

-SeU -4eU
a;: = -2a r = mr02(")2 -

H mZ5fP

(-

4e\/ 2eli
q - -')q - -

:: - - r - mro2fP mzo2fP

ç = nt
2

we can see, hoth(3.3) and (3.4) reduce ta the general form:
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where il represents either r or z. Equations(3.3) and (3.4) are of the Mathieu type

and eqn.( 3.8) is the wIathieu equation in its canonical form. Solutions to the Nlathieu

equation can be expressed by

')0

u( ç) = aeJL~ L C2ne2in~ + a'e-JLf.
n=-·X) n=-·:K)

(

(

where Q and Q' are integration constants depending on the initial conditions: that is

LlO. lio and ça. The constants C2n and J1. depend on the values of a and q and not

on the initial conditions [28. :29]. There are two types of solutions ta (:3.9) and they

depend on the nature of J.l. The stable trajectories of ions come from solutions where

f-l=id is pure imaginary and 3 is not a whole number. Because J.l depands only on a

and q. the conditions for stability can be represented on an a-q diagram or stability

diagram. Figure :3.1 shows a ~-rathieu stability diagram for the RFQ ion trap.

Figure :3.1: A ~Iathieu stability diagram for the RFQ ion trap

:24



(

From the above diagram, the stability regions defining the a,q values correspond

ing to the solutions of the Mathieu equation which are stable in the z direction are

labeled z-stable in the figure, and the regions corresponding to solutions which are

stable in the r direction are labeled r-stable. Because az=-2ar and qz=-2qr,the size

of the r-stable region is twice the size of z-stable region. The region of simultaneous

stability comprises the intersection of these two regions. Ions stay in the ion trap

only if they are stable in both rand z directions simultaneously.

The stability diagram in Figure 3.2 is an expanded view of part of Figure 3.1,

and is usually employed in actual ion trapping. It is used to analyze the nature of

the ion trajectories for any applied voltages U and V by determining (3: and 13r, and

considering the motion in the r,z directions independently. The lines are contours

of constant 13. The stable region is bounded by the limiting values Pr.: =0,1 and

contains the (a,q) area in which J.l is purely imaginary.

ActuaIly, this stability diagrarn can be considered as the outline for stable ion trap

operation. For fixed values of ra, w, U and V, aIl ions of the same mie have the same

a and q values and the same (a,q) point in the diagram. If the operating point( a,q) is

within the stable region (0 < I3r,: < 1), the ions will then follow a stable orbite There

is thus a wide range of (a,q) conditions where ions formed within the quadrupole ion

trap might be expected to have stable trajectories and remain trapped in the trap

indefinitely unless their trajectories are perturbed by collisions.

The complete solution of (3.9) for ion position in the stable region can be expressed

as [28]

00 00

u(ç) = A L C2n cos(2n + f3u)ç + B L C2n sin(2n + f3u)ç (3.10)
n=-oo n=-oo

(

The ion trajectory consists of fundamental oscillations(macro-motion) of frequency

Wa and a number of higher-order components of frequency Whf'

The fundamental frequency of the macro ion motion is
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Figure 3.2: The expanded view of the Mathieu stability diagram employed in actual

trapping in three dimensions
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Wo = --,(n = 0)
2

and the high-frequency oscillating terms are

Wh! == (n + ~U)n, (n == 1,2... )

where u stands for either r or z direction. For j3 :::; DA,

(:3.11)

(3.12)

(:3.13)

Thus the parameters a, q, and j3 are related to the characteristic frequencies making

up the ion trajectory. For low values of f3 (i.e.I3=O to ~OA), the amplitudes of high

frequency oscillating terms in the ion trajectory are small compared with those at

fundamentaI frequency [28}. In this case, we can neglect the high-frequency oscil1ating

terms, so the ion trajectory for low {3 cao be described as

(
u( t) ~ Acoswu.ot + Bsinwu.ot

This satisfies the equation

(:3.14)

(:3.15)

(

cflu 2
dt 2 + wu,oU = 0

vVe cao see this equation actually describes a simple harmonic oscillation along the

u-axis. This means we can consider that these ions are fol1owing a simple harmonie

motion when ,B is low. Examples of calculated ion trajectories are given in Figure

4.1.

3.2 Pseudopotentiai WeIl of the Trap

For a single ion trapped in a Paul trap, the j3 oscillation can be thought of as an

oscillation in a pseudopotential weIl cI»P'" which cornes from both the static potential
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( from the dc voltage and the average effect of the RF voltage. In fact the pseudopo..

tential weIl doesn't exist until an ion is actually held in a stable trajectory within the

trap.

We may calculate the pseudopotential ~ps [30, 31]. For a trap operating with

both dc and RF voltages, the potential ~ps(x, y, z) at a point x, y, and:; is

m n 2 q,.2 2 2
~ps(x,y,z) = ?(?) (a,. +? )(x +y )

...e ... ..
m n

+?(? )2( -2a,. + 2qr2)z2 + constant
...e ..

r2 :;2
= D"-2 + DZ - 2 + constant

ro Zo

(3.16)

(:3.17)

D,. and Dz represent the pseudopotential weIl depth in the radial and axial d~rec

tions respectively and their equations are:

(
2 {"\ 2

D = mro (::)2( q,.)
,. .) ? a,. + .)...e.. ...

(3.18)

(:J.19)

(

The pseudopotential well depth concept is useful. One can visualize the trapped

ions motion like the motion of particles in a real potential weIl. In section :3.4, we

looked a correlation between pseudopotential well depth and trapping efficiency as

refiected in number of ions trapped.

3.3 Experimental procedure of trapping stability

and efficiency tests

In the study of trapping stability, the trap is operated with an (a,q) value which

lies within the stable area(O < (3,.,z < 1) of the stability diagram(Figure :3.2) so the

ions can be confinpd inside the trap with stable trajectories. As we discussed in
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section 3.1, the (a,q) value is determined by the physical operating parameters of the

ion trap. For our present system, ra = 20.3mm, and the trapped ion is 232Th: i.e.

m=232 amu. The adjustable parameters are RF voltage, frequency and DC voltage.

By varying these parameters, a and q values change so the trap can be operated at

different positions on the stability diagram.

Besides stability, efliciency is also important. The stable (a,q) values need to be

searched to find the best trapping conditions to trap rnany ions. A series of experi

ments were done to test our present ion trap and find the best operating conditions

by varying the adjustable operating parameters: RF frequency and voltage.

Before the trapping experiments, factors which may affect the creation of the ions,

such as laser desorption intensity and timing, and the wavelength and energy of the

resonant ionization are optimized. In general, ions are accumulated in the trap by

repeating the desorption and RIS laser pulses ten times to minimize laser shot to

shot variation in producing and trapping of the desired ions. A hydrogen buffer gas

pressure of 10-3 Pa is used to cool the ions produced, and the ions are stored for about

10 seconds before they are extracted. The measured TOF spectrum is monitored by

a ~[CP detector. Through the area under the mass peak of TOF spectrum which

corresponds the 232Th, the number of Th ions trapped is determined. The number

of ions trapped and stored at different RF frequencies and voltages is an important

indication of trap operating conditions. Through these measurements, the trapping

efficiency, stability and working range of our trap system can be determined and the

best operating parameters can be deduced.

3.4 Ions trapped as a function of RF voltage at

fixed frequency

The first experiment we did was to measure the number of ions trapped at different

RF voltages while the frequency was kept at a constant value and no dc bias was
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applied. Figure 3.3 shows a typical result obtained at f =150 kHz.
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Figure 3.3: Ion number vs RF voltage at /=150 kHz

(

The voltage range covered is from 135V to 390V which corresponds ta q= values

from 0.:30 ta 0.88. The results show that there is a low voltage threshold (~'lo1.l.') below

which very few ions are being trapped. Above this point the number of ions trapped

increases dramatically. There is also an upper voltage threshold (Vhigh ) above which

the number of trapped ions drop suddenly. These lower and upper voltage thresholds

correspond to q= values of 0.43 and 0.79 respectively. The a-q stability diagram in

Figure 3.2 suggests that one can expect stable ion orbits between qz=O and q==O.90

with a:=O. Our results indicate that the practical range of qz is smaller than this.

This is probably due ta the imperfect shape hales in the electrodes and mechanical
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/r! (kHz) Vlow (V) q;;,low Vhigh (V) qz,high

1.50 190 0.43 350 0.79

160 200 DAO :370 0.7:3

170 200 0.35 400 0.70

180 260 0.41

190 280 0.:39

200 310 0.39

210 290 0.33

220 :330 0.35

230 330 0.32

Table :3.1: Results Table

alignment.

Similar experiments were done at RF frequencies from 150 kHz to 2:30 kHz in 10

kHz steps. For each RF frequency, we recorded a plot similar to Figure 3.4. The

RF voltage ranges are recorded and shown in table 3.1. For />180kHz. we didn~t

obtain a high voltage cutoff point for each frequency. because the operating voltage

lies outside the limit of the RF amplifier.

The results of table 3.1 show that for each frequency~ the qz.low values and the

qz,high values change little. It reveals that as long as we keep the operating condition

within the stated qz region, the trapping is stable and efficient.

The pseudopotential well-depth values of the low threshold points at different

frequencies in table 3.1 are calculated and listed in table :3.2. The calculation results

reveal that those low cutoff points have roughly the same well-depth value. This

suggests that a minimum weIl depth potential is neccessary to efficiently trap ions at

any RF frequency.

At /=180 kHz, we have also examined the effect of the De voltage from OV ta 25V
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150 0043 2.5

160 DAO 2.5

170 0.35 2.2

180 DAI 3.3

190 0.39 :3.4

200 0.:39 :l.S

210 0.:3:3 :3.1

220 0.3.5 :3.5

230 0.:32 :3.:3

Table :3.2: D= values for lo\\" cutoff points

while q= was kept at a constant value. Increasing the DC voltage means that the value

of a in the stability diagram (Figure 3.2) moves lower toward a higher 3 direction.

The results show that varying a value does affect the low cutoff voltage point. The

best trapping trend rno\:"es to\\·ard higher DC \"oltage.. but the total rnaximUlll ion

number trapped remains the same.

3.5 Trapping efficiency vs fRF with constant q:;

\Vith a constant q value. the trapping efficiency at different frequencY(!RF) and

amplitude was also investigated. Figure:3.4 is a plot of ion numbers vs operating

frequency at q= = DAO. It indicates that at each frequency. the number of ions

trapped is relatively constant. There is a slightly better trapping (more total ions)

toward higher frequency.

The result can be explained if related to the trap pseudopotential well-depth. :\t

the same q value~ the weIl depths at lower frequencies are shallower than the weIl
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Figure :3.4: Ion number vs operating frequency at q:=OAO

depths at higher frequencies.

3.6 The storage time of trapped ions and chemical

reaction inside trap

Trapping efficiency also includes how long the trap can confine the ions inside the

trap. The storage time of trapped ions is very important for laser spectroscopy.

An ion trapped will remain inside the trap unless its trajectory is disturbed. There

are several factors which affect the motion of ions inside the trap. Among thern. the

two main factors are collisions and chemical reactions.

An ion ~s collision with other particles can scatter it to a different trajectory.

Collisions with the light atoms of a buffer gas usually take energy away and cause an

ion to condense towards the center of the trap. But if the buffer gas pressure is too
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high, the confinement is destroyed and the ions will diffuse from the trap. Collisions

with heavy partic1es, and particularly coulomb collisions with other ions. are likely

ta scatter the ions out of the trap.

Not all the ions confined inside the trap can be detected with Laser-induced fluo

rescence. Ions which have chemically combined with contaminants in the trap have

a changed electronic energy Level structure, so the ions are no longer excited by the

original ion resonant laser wavelength. There is also a problem of metastable states.

Sorne atornic/ionic electron systems have low-Iying states from \vhich transitions ta

the ground state are forbidden. If an excitation scheme has decay channels to the

rnetastable states, then continued excitation from the ground state will populate

those metastable states and deplete the ground state. ~Ietastable states can't de

cay by spontaneous fluorescence but can be quenched by collision with buffer gas

molecules.

In our experiments, Hydrogen buffer gas was used for quenching the Th ions to the

ground state and cooling the ions ta keep them in the center of the trap. Experiment

results showed that without buffer gas, the trap couldn't hoId many ions. and most

of the ions escaped from the trap. The storage time of Th was only a hundred

seconds. \Vith buffer gas. the storage time of Th increased to about 10 minutes and

the maximum number of ions accumulated \vas about 5000.

Figure :J •.5 shows typical time-of-flight spectra of trapped Th and Th oxide ions.

vVe obtained these spectra after storing ions for :30 seconds and 5 minutes respectively.

\Ve can see the conversion of two different masses. The first Tüf spectrum shows only

two different masses which are Th+ and ThO+. After ions were stored 5 minutes. the

TOF spectrum shows three different mass peaks. The shifts in TOF of the extracted

peaks suggest the peaks result from a chemical conversion from Th+ ta ThO+ and

from T hO+ to T h02 + ions.
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Figure :3..j: TOF measurement shows the Th and Th oxide conversion. (a): Ions

extrac:ted a:ter storing inside the trap about 30 seconds (b): Ions extracted after

stored inside the trap about 5 minutes
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There are two possible sources of the oxygen with which the thorium combines.

There is oxygen which cornes from outgassing of the chamber and trap elements and

there is sorne residual oxygen in the hydrogen buffer gas. In order to reduce the

outgassing we baked the system and ran the titanium sublimation pump as described

in section 2.5. As for the buffer gas, we tried to find the lowest pressure which would

give good capture and retention of the ions in the trap while introducing as little

contaminant oxygen as possible. The storage time can be improved to 10 minutes or

longer, which enable us to measure linewidths and relative trapping and confinement

efficiencies.

3.7 Conclusion

vVe have found that for our trapping system, over a quite wide range of RF frequency

and voltage, ions can be trapped stably and efficiently. Adding a DC voltage on

the ring electrode moves the operating point towards higher f3, and extends the lower

cutoff RF voltage value. We also found that Th can react easily with oxygen inside the

trap to form ThO+ and Th02 +. After storing Th ions inside the trap for 10 mintues,

around 50 percent of ions converted into ThO+ and ThOt. Comparing with storage

time of approximately one hour for Hf experiments in this lab, the storage time of

Th + inside the trap is not as long as we expected.
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Chapter 4

Trapped Ion Motion and Phase

Space Dynamics

When ions interact with incident laser beam in a Paul trap, the resonances in their

absorption spectra are broadened due ta the motion of the ions under the influence

of the confining rf field. The non-relatistic Doppler shift nv due to the motion of an

ion is given by

(4.1 )

(

Where v is the mean velocity of the ions and c is the velocity of light. Under normal

operating conditions, the trapped ions may have an average kinetic energy of 0.2 eV.

This will correspond to a Doppler broadening of 2.1 GHz with a typical wavelength

of 322.8 nm.

One way to reduce this Doppler broadening effect is to limit the observation of the

LIF photon to a particular phase of the applied RF field. This can be accomplished

by using phase-locked detection.

In this chapter, the basic principles of trapped particle dynamics and phase space

are presented, and a possible approach for reducing Doppler broadening are discussed.

The experimental methods and results are described and discussed, and the minimum
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( temperature of the ion cloud is deduced.

4.1 Particle Dynamics and Ion trajectories as a

function of time

Classical physics tells us that if we know the initial position and velocity of a particle

and the forces acting on it, we can calculate its future position and velocity. In cases

like that of a particle in a parabolic potential weIl f = -kx, it is possible to solve

the equation of motion and find equations which describe the particle's position and

velocityas a function of time.

From F=-kx, we have

(

(

d?x
m-=-kx

dt 2

If we assume x has the form Cewt then

which gives

kw2 = __
m

or

"( k ) 1w=±z - 2"
m

This tells us that

k 1
X = xocos(-)2"t

m

where Xo is the value of x at t=O.

38

(4.2)

(4.:3)

(4.4)

(4.5)

(4.6)



( For ions trapped inside a Paul trap, the equation of motion is a form of the

Mathieu equation described in chapter 3. This equation does not have simple closed

solutions. However, we can numerically integrate the ion equations of motion pre

sented in section 3.1 and plot out ion trajectories as a function of time.

In order to plot the trajectories in physical and phase space, we use a 4th or

der Runge-Kutta routine and integrate the equation of single ion motion (3.3)(:3.4)

derived directly from a 1-dimensional quadrupole electric field as presented below:

Start with E being a restoring field linear with x:

(

(

E(x) = -2kx

Since the field is the negative gradient of the potential,

q; = -/E(x)dx = kx2 + C

In :3 dimensions,

q; = k 1x 2 + k2y2 + k3 z 2 + C

If \12q; = 0, then k1 +k2 + k3 = 0; We choose k 1 = k2 = -k3 /2, then

as

4>r=ro = va cos wt + Ua, Z = 0

and

<P = 0, x = y = 0, z = roiVi

at x = Ta and y = z = 0

VQcoswt + Ua = kT~ + C

at Z = Ta / V2 and x = y = 0

o= -kT~ + C
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(4.12)
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(

so

the equation of motion is

which leads to

and

c = kr~

k = va cos wt + Ua
')r2... a

Er = _ r(\IO coswt + Ua)
r 2
a

E. = 2z(VQ cos wt + Ua)
. ro 2

cf2r Va cos wt + Ua
- = -er---~--
dt2 nnra

d2z \10 coswt +Ua- - ·)e-dt2 -... .w ---m-r-a--

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(

which are the ion equations of motion presented as equations(3.3)(3.4) in Chapter :3.

In the simulation, the initial velocity of the ion is assumed to be zero. An RF cycle

is divided into 100 points. This determines the size of the time step taken.

Figure 4.1a shows the trajectory of a particle in a static parabolic potential weIl.

Figures 4.1 band 4.1c present the ion trajectories for different values of rf voltage

and frequency and d.c. bias. The particle in the parabolic well executes simple

harmonie motion and the trajectory is sinusoidal. We plotted the ion motion along

the r-axis sinee in our experimental work we are probing ions along the r-direetion.

At .Br=0.15, the ion trajectory is similar to that of the particle undergoing simple

harmonie motion shawn in Figure 4.1a, but sorne ripples are superimposed on the

simple harmonie motion. At .Br=0.85, although there is still sorne periodic structure,
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the trajectory is significantly distorted compared to the trajectory at ,8,.=0.15. The

ion motion seems irregular at the high {3,. value.

To relate these single-partic1e trajectories to the phase-Iocked detection which

reduces the Doppler hroadening, it is helpful to consider the two-dimensional action

diagrams which are projections of the 6-dimensional phase space volume occupied

by the trapped ions. In order to understand the action diagrams, we need to first

understand what is phase-space and what we mean by phase-space volume here.

4.2 Phase space and phase trajectories for trapped
.
Ions

Phase space is a six-dimensional space defined hy combining the ordinary 3-dimensional

spatial space and the 3-dimensional momentum space together. A particle can he

represented as a point in phase space by position and momentum coordinates at any

particlar time.

If the motion of a partic1e in three orthogonal directions x ~y, and z can be con

sidered independently of one another (i.e. the motions in the three coordinates

are decoupled), the phase space can he separated into three phase planes,(x,x'),

(y,y'), and (z,z') where x'=dx/dt, y'=dy/dt, and z'=dz/dt. Those phase-planes are

called two-dimensional phase-space action diagrams plotting momentum vs displace

ment [28, 29].

For particles in a quadrupole field, the force is proportional to the displacement

from the origine The motion that results from application of a steady force is simple

harmonic. The trajectory of a particle undergoing simple harmonic motion in a phase

plane is an ellipse centered on the origin and with its axes aligned with the momentum

and displacement axes. Figure 4.2a shows such a simple phase space trajectory. The

phase space volume specifies the volume occupied by the phase trajectory.

In a Paul trap, if the effect of the RF micro-motion is neglected, the ion oscillates
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with simple harmonie motion whieh is a simple phase spaee trajeetory just like the

trajeetory shown in Figure 4.2a. But~ when the RF frequency micro-motion is in

cluded, the simple elliptical phase space diagram is distorted [32]. From a numerieaI

integration calculation, the phase trajeetories for ions inside the trap are plotted for

two different f3r values in Figure 4.2b and 4.2c.

At first glance. the phase trajectories shawn in figures 4.2b and 4.2c. reveal no

simple structure. However if we only look at points at specifie rf phase intervals.

indicated with different symbols for different phase angles in figures 4.2b and 4.2c.

elliptical patterns begin to emerge. In figures 4.2b and 4.2c we see that the single

partic1e trajectory crosses a particular ellipse at various points at a given rf phase

angle but that at that given rf phase angle it \,,·ill always be found on the corresponding

ellipse. These ellipses are drawn without the interposing trajectory points in figure

4.3a and 4.:3b.

(
4.3 Variation of phase space ellipses with different

rf phase angle and trap operating parameters

(

Figure 4.3 plots out the simulation results of the family of phase space ellipses for ion

motion in the r direction at the operating points 3 r =O.15 and 3 r =O.85 demonstrating

the variation of shapes and orientation of the ellipse with the change of the RF phase.

In figure 4.3~ the x-axis stands for distance from the trap center in the r direction

and the y-axis is the velocity in the r direction. It can be seen that under different Br

values the extension of the phase diagram along the vertical axis, which indicates the

velocity spread of an ion cloud in the radial direetion~ changes with the RF phase.

In general, at each plot, at 00 RF phase, the ion motion along the radial direction

reaches a minimum. This suggests that laser spectroscopie measurements gated at

0° phase can be used to improve the spectral resolution.

We further see that the shape of the ellipses not only varies according to the rf
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phase angle but also varies for different trap operating parameters. Choosing a very

low f3 value and a very high f3 value within the trapping stable range discussed in

Chapter 3, the trap phase-space ellipses at 0° ,90° and 180° at ,Br=0.15, and .Br=0.85

are quite different.

At f3r=0.15, the shape of the trap phase-space at different RF phases (0°, 90°,

180° ) remains similar. The extension of the 0° phase-space ellipse along the velocity

axis in the radial direction shows a smaller velocity spread compared to the 90° and

180° phase ellipses. Between the 0° and 1800 ellipses, there is little difference in the

velocity spread.

At f3r=0.85, the shape of the ellipses are distorted dramatically, and the extension

of the distorted ellipses along the velocity axis varies with RF phase. The 0° phase

space ellipse still exhibits the minimum velocity spread, but the shape of the ellipse is

elongated, and the velocity spread is reduced compared to the ellipse of 00 at ,Br=0.15.

For the 1800 phase-space ellipse, the velocity spread increases about 4 times compared

to the spread of 0° phase.

If we look at the ellipse corresponding to 0° rf phase in the family of ellipses

generated from the trajectory calculated from Pr=0.85 (Figure 4.3b) we see that no

ions within 6mm of the center of the trap will have velocities greater than 300m/s

at times near the crest of the rf signal. Returning to figure 4.1c we see that these

points are points at which the rf field is causing the particle ta change direction and

so its radial velocity is nearly zero. The difference between the velocity spread on

different rf phase ellipses is not nearly as great for the family of ellipses corresponding

to .Br=0.15, although it is clear that the minimum velocity spread corresponds to rf

phase=O. It follows that observation around this point in time will yield the minimum

Doppler broadening and that it should be possible to get the smal1est Line width by

operating the trap with parameters such that /3r is large.
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4.4 ~v Versus RF Phase Angle Measurement

(
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Through the above phase space calculation, we know that the velocity spread of the

ion cloud and also their Doppler linewidth ~l/ vary with the RF phase. This variation

of the spectral linewidth can he measured hy phase-selective LIF de-excitation.

To start the measurement, after the ions are loaded, the tunable cw laser beam

is modulated to excite the ions at a particular RF phase during a time period which

is about 300 ns(much shorter than the RF cycle period). Meanwhile, the de-exciting

fluorescence photons from those ions are recorded by RF phase-Iocked coincidence

counting.

In the study, sample 232Th was used. At a given RF phase, the LIF spectrum was

obtained by scanning the probing uv laser wavelength across the resonance frequency

which is 322.8 nm. Since the even-even Th isotope gives a single resonance peak and

the laser linewidth is negligible, the spectral linewidth corresponds to the velocity

spread of the ion cloud in the trap. Figure 4.4 records the narrowest 232T h lines we

measured at operating point a=O, qz=0.495 with agate width of 170ns covering about

20 degrees of rf cycle centered around 0° phase. Operating under these conditions

we ohserved fluorescence resonance which fit well \Vith a Gaussian of the full width

at half maximum(FWHJ\lI) of 720 MHz.

The spectral linewidths at different phases were also measured. The result is

shown in Figure 4.5. From the spectra presented we can see the change of the

linewidth with the RF phase. The FWHM data showing linewidth variations at

different phases is compiled and demonstrated in Figure 4.6a. These experimental

width variations can be compared to the theoretical calculation results from the

phase-space diagrams shown in Figure 4.6b. In general, the experimental results

shown in Figure 4.6a agree well with the calculation from phase-space dynamics.

The experiments qualitatively reproduce the 0° phase minimum linewidth result and

the slight variation of ~v at 00 and 1800 phase. These results follow the trend
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suggested by the calculation curve. However. the experimental data at 900 and 2,00

rf phase regioll showed n1l1ch larger velocity spread than that of the simulation. This

is probably because we didn"t consider the interaction of ions with each other in our

calculatiol1. At 900 and 2700 rf phase region. the ions inside the trap ha\'e higher

velocity and therefore more interaction between ions would occur.

(
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Figure 4.5: A group of laser spectra at different RF phase angles measured by phase

selective LIF. The Trapping condition is az = 0, qz = 0.495. (a) ta (r) correspond

the RF phase angle from 00 ta 3400 where each has 20° difference. The variation of

the spectrum Iinewidth is due ta the variation of the velocity spread of the ions along

the radial direction.
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( 4.5 ~v Versus RF phase angle at different f3r value
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From the simulation, one can expect that if we go to higher f3r, at 00 phase the

linewidth should decrease and 1800 pha..c:;e it should increase. It is tempting to try to

run experiments at higher f3r.

From our normal operating point, we reached a lower /3r and a higher /3r. The

linewidths of the spectra were then measured by phase-selective coincidence counting

at 00 and 1800 phases at low .Br=0.15 and .Br = 0.35 respectively. At f3r=0.15, at

0°, the Hnewidth is 770 MHz, at 1800
, The linewidth is 870 MHz. There is about

100 MHz difference between these two phases. At .Br=0.35, the linewidth at 0 phase

is 720 MHz, while the Hne width at 1800 phase is 1 GHz. There is about 300 MHz

difference.

From this result, we can see that indeed at 0° the linewidth decreased when the

!3r value varied from 0.15 to 0.35, and at 1800 it increased. However, for our trap

system, at higher .Br, the number of ions trapped inside the trap is fewer. Running

at higher .Br does improve the spectral resolution, but it decreases the efliciency of

the trapping. We were unable to operate the trap at higher rf voltages, so we were

unable to operate trap at much higher f3r. Further research is needed to explore the

situation at higher !3r.

However, thermodynamic considerations suggest that it is unlikely we could gain

much even if we could move to a higher f3r regime.

4.6 Ion Temperature

Our numerical integrations show the trajectories of single ions under the influence

of the rf quadrupole fields. The action diagrams show that the possible positions

and velocities of particles at particular phase points in the rf cycle faIl on ellipses.

At high f3r and 00 rf phase the spread of possible velocities for ions with a given

maximum displacement from the center of the trap can be very small (Figure4.3b).
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( If the ions did not interact, it would he reasonable to assume that many ions could

be packed into the trap at various points along the action ellipse or inside it, and that

a measurement of the velocity spread by Doppler broadening of a narrow resonance

line would show a narrow Hne.

However, both the buffer gas and the coulomb interaction of the ions with eaeh

other would tend to perturb the trajectories ealculated for non-interacting particles.

ft is important to distinguish random thermal motion from the more or less coherent

motion of the ions under the influence of the trapping fields. Random thermal motion

should prevent the trapped ions from exhibiting a linewidth narrower that that of

a population of ions with a Maxwell-Boltzmann velocity distribution and a specifie

temperature. Because the ions are cooled by interaction with a buffer gas, it is

generally aceepted that ions in the trap are in thermal equilibrium with the buffer

(

gas.

When a particle velocity distribution reaches a thermal equilibriurn, it ean he

described by a Gaussian for any one of the canonical coordinates [:33J.

(4.22)

(4.23)

with
(kT

u( vr ) = V-:;;;
where kT is the average thermal energy with ion temperature T and The full width

at half maximum of such a velocity distribution is [34]

~l/ ~v- = 2vln2-
l/ C

(4.24)

(

where v is the mean velocity of ions. As we measured a linewidth of 720 NIHz by LIF

measurement at 0° phase, with ..\=322.8 nm, the minimum temperature of trapped

ions deduced from equation (4.23) and (4.24) is T=330 K and kT=0.028 eV. This ion

temperature is very close to room temperature. It is unlikely that we would be able
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to improve much on this result by going to a higher f3r. Compared with Wenzheng's

previous Hf result of T=450K [18], the Th ion temperature is sounded low. This

is due to the different RF driving frequency used. Wenzheng's normal operating RF

frequency was at 400 kHz while ours was at 200 kHz. According to Wenzheng [18],

with the RF driving frequency 250 kHz, he measured a 900 MHz linewidth of 1ï8 Hf

which corresponds to a kT less than 0.031 eV. This is consistent with our result.

4.7 Conclusion

We reduced the Doppler broadening of the spectral lines of trapped ions by counting

photons for a period of time which is short compared to the length of an rf cycle

and synchronize the gate with the rf phase. This process is better understood by

relating the ion motion with phase space volume occupied by the trapped ions. Both

calculation and experimental results show that the velocity spread of the ion cloud

and their Doppler linewidth vary with the RF phase and the best linewidth(ï20 NIHz)

is achieved with phase-selective detection at 00 phase. The minimum ion temperature

correspond to this linewidth is 330 K. Operating the trap at different f3r value affects

the Doppler linewidth. The simulation results showed a trend to run the trap at

relatively high f3r, however, for our present system, running the trap at higher 13r

sacrificed the efficiency of the trapping. In addition, the ion temperature calculation

suggested that we wouldn 't reduce much more on linewidth even if we could run at

a higher f3r.
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Chapter 5

Optimizing Detection of LIF from

Th Ions

Since our main goal is to evaluate the feasibility of studying 229Th in our present

system and the radioactive 229Th source is only available in ng to pg amounts, the

experiment requires a high sensitivity. In addition to rnaximizing production, capture

and storage of Th ions, we also need to optimize excitation and detection.

Detection sensitivity is determined by several factors. Among these are the type of

optical detector used, the excitation scheme employed, and the optical alignment. vVe

observed several transitions of ThIl using 232Th with two different photomultipliers.

In this chapter, after an introductory description of the properties of Th and a short

review of previous Th work, the Th ion production process is described. Five different

ThIl excitation schemes are examined, and the experimental results are compared

with regard to signal to background ratio and spectral sensitivity.
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tope Research Review
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Thorium is a silvery-white metal and belongs to the actinide series of elements. Hs

electronic configuration is [RnJ 7s2 6d2. It has an ionization potential of 6.9.5eV and

the melting point is 2023.2K. Thorium is a radioactive element. 232Th has the longest

half-life(1.4xIO lO y) among Th isotopes.

Thorium is in the Ra-Th region(220<A<230) in which experimental results show

an unusual feature in the structure of nuclei [35, 36, 37J. A cornmon feature observed

in the usual isotopie variation of the mean-square charge radii is the so-called odd

even staggering: the radius of an odd-N isotope is slightly smaller than the average

radius for twoeven-N neighbors. However, for the nuclei between A= 220 and 226 (Fr,

Ra, etc), experiments show an inversion of the normal odd-even staggering. Theorists

ascribe this feature to an intrinsic octupole deformation of the nucleus [:38, :39. 40J.

Since the thorium isotopes lie in this mass region, they are of considerable interest.

In the past, measurements of the optical isotope shift and the hyperfine splitting

for a few thorium isotopes have been performed using discharge larnps and Fourier

transform spectrorneters or grating spectrographs [41,42, 43J [44J [45. 46J. \Vith these

methods, the isotope shifts between 230Th and 232Th [41, 42, 43] and between 229Th

and 232Th [44], as \Vell as the hyperfine splittings for 229Th have been determined for

several optical transitions [45, 46]. From the analysis of the 230Th_232Th isotope shift

data, the change of the mean square charge radius between theses two isotopes has

been evaluated [47, 48].

NIore detailed and extended information on unstable Th isotopes has been ob

tained by using high-resolution and highly sensitive laser spectroscopie methods. In

1988, Th isotopes were measured first by laser spectroscopy on stored ions in a Paul

trap by a group from Germany [16]. In arder to fill Th ions into the trap, they coated

sorne dry Th nitrate solution on a tantalum wire which was mounted inside the trap,
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and heated the wire to a high temperature(about 2000K). The evaporated material

was then ionized by an electron beam. The stored Th ions were optically excited

by light from tunable cw lasers; two different excitation schemes were applied in

their experiments [16, 17]. \Vith single step excitation, the ThIl transition(..\=.58:J.9

nm) from the ground state to the state at 17122 cm- l is induced. The excitation

was observed by detection of the fluorescence of the spontaneous transition into the

metastable state at 1.522 cm -1. From this scheme. the F\VH~I value achie\'ed was

1 to 1.6 GHz. For the two step excitation method, two overlapping and counter

propagating laser beams excited the subsequent transitions ThIl 0 -)- 17122 cm- l at

..\=.583.9 nrn and 17122 cm- l
-)- 34.544 cm- l at ..\=573.8 nm. The combined exci

tation was monitored by detection of the fluorescence of the transitions at ..\=3:32.6

nm. :J.58.9nm, and 367.3 nm. leading into the states around 6000 cm-l. \Vith the

two step excitation. the resolution obtained was about :3·50~lHz. and the sensitivity

of the method is improved compared with the sensitivity of one step excitation. and

sample sizes of only 10 pg were required for the experiment [17],

From the above experiments, isotope shifts and hyperfine splittings in optical

transitions for atomic ions of the Th isotopes 22ïTh to230Th and 232Th were measured,

The hyperfine splitting for 2
29Th for :J electronic levels was also determined. From the

Th isotope shift data. changes of the mean square charge radii were determined. The

German group therefore concluded that for Th nuclei the transition to an inverted

staggering and the possible onset of octupole deformation do not occur in the same

way as for Fr and Ra [16].

In addition, as discussed in the introduction, Th is particularly interesting to us

because it has been predicted that there exists a first excited state of isotope 229Th.

\Vith J':: =3/2+ within 3.5±l.O eV of the 5/2+ ground state [22]. \Vith the splitting

of only a fe\\" eV, it becomes very attractive for study of the resonance interaction

between the nucleus and the electronic shell.

This lowenergy metastable level of 229Th cao be populated by Q decay of 233C.
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Careful measurement of the energies of subsequent..., rays resulted in this excitation

energy [21]. However~ The existence of this metastable level has not yet been directly

observed in any experiment. \Vith an excitation energy below that of the most loosely

bound atomic electron in thorium~ the decay of the excited state may not be able

to proceed via internai conversion process, but it might excite transitions between

bound atomic levels. It is challenging ta excite the electron cloud of Th using direct

laser excitation. If we can trap the recoil 229Th from 233U 0 decay in the Paul trap.

we cao measure the optical hyperfine structures of the low energy isomer and the

ground state, thus confirming the existence of such as isomer.

5.2 Th Ion Production Process

In order to fill the trap \Vith thorium ions. a ~d:YAG laser bearn( l.06pm) is used to

e\"aporate neutral 232Th atoms from the target substrate. then the desorbed atoms can

he resonantly ionized and trapped. Generally the laser desorption process depends on

the laser intensity and the target surface conditions. \Ve want the desorbed material

to he in the neutral atomic form~ 50 the YAG beam size and intensity are carefully

adjusted to avoid the production of contaminant ions and to ma-ximize the yield of

neutral Th atoms.

The desorption laser intensity can he adjusted by changing the laser pulse energy.

laser repetition rate and its focu5ing condition. In general. a repetition rate of 2-6

Hz was used. Laser pulse energy was about 1 mJ per pulse. A lens with focallength

of 30cm placed outside the vacuum chamber produced a weIl focused laser spot with

a diameter of 1-1.5 mm for desorption.

After the neutral atoms are produced by the 'YAG beam. \Ve use laser resonant

ionization to selectively ionize the neutral atoms of Th into Th ions. In Resonance

Ionization Spectroscopy(RIS). atoms of a specifie element are brought up by one or

a series of resonant transitions to a high-Iying excited state from which they can be
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ionized by further excitation to a IeveI beyond the the ionization limite The excitation

between the discrete states is easily saturated because of the high excitation cross

sections~ typically around lO-14cm2. But the final ionization step is usually from a

discrete state to continuum transition, which has a much smaller cross-section. A

high laser pulse energy for the final step is usually needed to enhance the ionization

efficiency [49].

(

- , 46844.27 cm-1

35829.45 cm-1

Oern -1

Sd27s2(J=3!2)

(

Figure 5.1: The RIS scheme of Th

The RIS scheme of Th that we used is shown in Figure .j.1. To produce Th

ions through the RIS process, a pulsed dye laser (with dye C540A) pumped by an

excimer laser is used. A uv laser pulse with wavelength 279.1 nm after frequency

doubling is for the first excitation step from E=O cm-1 ta E=35829.45 cm-l. The

green fundamental beam of about lOmJ to 20mJ per pulse is used for the second

ionization step. The ionization level of ThIl has been determined as 46844.27 cm- l
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by double-resonance, field ionization spectroscopy.

From Chapter 4, we know that an ion produced in the trap will remain inside the

trap if the ion is produced with a position and velocity that faH on a stable phase

space trajectory. From the discussion in Chapter 3, it is known that collisions and

chemical reactions are the main factors which affect the storage time of ions.

ln the present case, with proper buffer gas cooling, our LIF measurements can

only be conducted for about 15 minutes before most of the Th ions are converted into

ThO+ ions. Therefore, after a series of repeated scans was completed, fresh ions were

reloaded again for the next series of scan. This procedure means that data obtained

with different samples can cause sorne fluctuations in the deduced results.

5.3 Laser Spectroscopy Measurements

5.3.1 LIF Detection Procedure

After the 232Th ions have been loaded into the trap, the stored Th ions are optically

excited by light from tunable cw dye lasers. This is accomplished by sending the

probing cw beam through the holes on the ring electrode of the trap and hitted the

ion clouds. The LIF is detected by monitoring the spontaneous emission fol1owing

the induced excitation. In these experiments, the photomultiplier detects not only

the fluorescence photons from de-exciting but also photons from the incident cw light

and other visible background. A cornmon problern we faced in the experiments is

how ta reduce the background counts and improve the signal-to-background ratio of

the photon-counting detection. The background counts are mainly from two sources:

Photomultiplier dark current and scattered photons from the probing beam. The

photomultiplier dark current is mainly due ta therrnionic emission [34]. To minimize

the dark current counts, the signal pulses pass through a pulse height discriminator.

The discrirninator threshold level is carefully adjusted to suppress the clark current
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without affecting the fluorescence count rate.

Once the dark CUITent counts are minimized, the main source of background is

from pump laser photons which reach the detector. Scattered light from the laser

beam is then reduced by carefully aiming the laser, collimating the incident beam,

and using apertures and lenses and a light dump after the beam passes through the

chamher. In addition, proper filters are placed in front of the photomultiplier to

discriminate against scattered laser light and other background luminescence.

Ta detect the resonance, the probing bearn wavelength is scanned over the reso

nance while the PM output rate is recored on the computer. Each scan takes about

1 minute and usually 10 scans are taken at each measurement. The modulator for

the laser beam and the phase-Iocked coincidence requirement were then added, and

fine tuned to optimize the single-to-background ratio of the resonance.

In the present work, we have carried out the measurements for five excitation

transition in Th+. These are tabulated in Table 5.1.
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Table 5.1: ThoriUJll Lines Detected and Detection Results

~

0>
~

No Àlaser Production lexcitation Àdecay Idecay PM Energy Levels Filters Background S/B ratio

ln nm lnethod 111 nnl used in Cl1l- 1 used Counts(cps) (Maximum)

1 343.6 A 770 362.6 390 1 29095.5-1521.9 WG360+UG5 1500 12

2 327 A 110 348.3 130 1 30564.57-1859.94 WG345+UG5 350 8

3 322.8 A 110 372.2 340 1 30972.16-4113.36 WG360,WG345,UG5 300 25

372.6 220 30972.16-4146.6

*343.4 980 30972.16-1860

4 291.2 B 90 355.9 530 1 34330.5-6244 WG345 300 10

365.8 420 34330.5-7001

5 583.9 C 10 640.86 19 1 ') 17121.6-1521.9 F640,RG610,RG630 20 65,...

*768.6 21 17121.6-4113.36

A: Inter-cavity Frequency Doubling I1lethod B: External Frequency Doubling Inethod C: Fundamentallaser nlethod

1: ReA 8850 PhotOlTIultiplier 2: ReA 31034 Photomultipliel'

*: Lines we were unable to observe, but round in the c0l11piled ThIl transition tables
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5.3.2 Experimental Results

Table 5.1 summaries the experimental results. In the table, line l represents the

case where the wavelength of the pumped laser (Àlaser) is 343.6 nm, representing

the transition from the ground state to the state 29095..5 cm- l
. The laser beam

is produced by using intercavity frequency doubling method (indicated as method

A in column 3 of the table). The de-excitation was observed by the detection of

the fluorescence of the spontaneous transition to the metastable state at 1521.9 cm- l

(shown in Energy levels column of the table). This subsequent de-excitation transition

corresponds to the decay wavelengh of 362.6 nm (Àdecay)' Judging from the relative

intensities of these transitons (lexcitation and Idecay), about 30 percent of the decay

proceed photons with the emmission of 362.2 nm. Filters WG360 and UG.5 are

used to reject the scattered pump laser and background light. The detection is

accomplished using the photomultiplier ReA 8850 (shown as PM l in column 7).

For this transition, although we measured high signal counts (18,000 cps), the high

background encounted resulted in a signal-to-background ratio (SIN ratio in the

table) of 12 only. This is probably because the WG360 fi1ter is not suficient to reject

the primary laser scattered light.

For the excitation transition of 327 nm (line2), the same laser production method

and detection photomultiplier were used. The excitation was monitored by detection

of the fluorescence of the transition at À=348.3 om which corresponded to the ini

tial and final energy levels of 30564.57 cm- 1 and 1859.94 cm- l respectively. Filter

WG345 and UG5 were used to block the scattered laser and background light. The

background counts we measured was 350 cps and the best signal-to-background ratio

obtained was 8. The background couots are much less than that of Hne 1 but the

signal counts are even lower, only 2800 cps.

For Hne 3, Àlaser =322.8 nm, two de-excitation channels were observed at À=372.2

nm and .\=372.6 nm. We obtained 300 background counts and a good signal-ta

background ratio of 25 representing a peak signal of 7500 cps. Filters WG345 and
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WC360 were more suitful to detect this line than Hne 1 and 2. In addition, the

doubling crystal operating range and the DCM dye range are also more favorable for

the production of this laser beam.

For tine 4 at 291.2 nm, we used an external crystal to double the probing wave

length. Using filter WC 345, we were able to suppress the primary laser at '\=291.2

nm sufficently and transmit as much as possible the subsequent fluorescence at

'\=355.9 nm and ,\= 365.8 nm. The intensities of this de-excitation transition in

dicates almost 90 percent of the decay proceed photons. This would represent a

very favorable Hne for the detection of the Th ions. However, We measured 300 cps

background connts and only obtained a signal-to-background ratio of 10. Although

the background counts rate is acceptable, the resulting SIN ratio is stilliow. This is

mainly due to the low UV intensity after the doubling crystal, and it was difficult to

control the probing laser power and stability.

Working with the visible line pumped at 583.9nm had the advantage that there

was no doubling crystal involved so laser alignrnent was easier and the available

power of the fundamentallaser was much greater. We measured this line twice, once

with an RCA8850 photomultiplier and once with an RCA31034 photomultiplier. The

quantum efficiency of the RCA8850 faIls rapidly for longer wavelengths; at 640nm, it

is only 1 percent. The quantum efficiency of the RCA31034 remains high up to the

near IR and is about 18 percent at 640nm. Along with filters RG610 and RG630, we

used filter F640 to detect this visible tine. This F640 filter has a high transmission

rate (73 percent) at 641 nm and a narrow width of 10 nm. The background counts

from scattered Hght were further suppressed by the combination of these filters. vVe

measured a very low background counts, 20cps and a good signal-to-background ratio

of 65. However, the absolute signal counting rate of 1300 cps is somewhat low.

Considering aIl the results and factors above, two Hnes are favorable to us. One

is the UV Hne pumped at 322.8nm. The other is the visible tine pumped at 583.9nm.
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5.3.3 Discussion

From these compiled data, for the de-excitation to 372.2 and 372.6 nm pumped at

322.8 nm (line3), the background count rate is 300 cps and the signal count rate is

7500 cps. From the TOF signal this spectrum represents 2000 ions inside the trap.

We measure 3.75 fluorescence counts per ion per second. So a signal-to-background

ratio of 1:1 could be obtained with 80 ions trapped inside the trap.

For the decay detected at 640.86nm which is pumped at 583.9 nm (Hne .5), back

ground counts are low, only about 20 cps. With the signal-to-background ratio of 65~

the signal counts are 1300 cps. Considering about 3500 Th ions contributed to this

spectrum, we measured 0.37 fluorescence counts per ion per second. This means if we

want to have a signal-ro-hackground ratio of 1:1, 60 ions are required. The extremely

low fluorescence counts per ion per second of this line means that in the experiments

longer counting time is needed to overcome this problem, so in a practical sense~ if

we can only store the ions inside the trap for a few minutes, the spectral sensitivity

will he very limited by statistical fluctuation of the data obtained.

According to Wenzheng's Hf work in this lab, he deduced that 10 ions of isotope

liS Hf yielded a signal-to-background ratio of 1:1. Compared with 6 fluorescence

counts per ion per second he measured, using the same photomultiplier, in UV range,

for line pumped at 322.8 nm, we measured about 4 fluorescence counts per ion per

second and the backgournd counts are 4 times higher. This is due to the filtering

and alignment. We need to search better filters to further suppress the backgound of

line :3. Furthermore, for the line 5, with the cooled photomultiplier RCA :31034, we

only measured 0.37 fluorescence counts per ion per second. Juging from the detection

quantum efficiency of different photomultipliers used at the observed wavelengths, we

should be able to measure 2-3 fluorescence counts per ion per second for line 5. One

of the reason for the low counts rate is that the quantum efficiency of the detection of

line 5 is low. 'vVe have many filters in the way which cuts down the background but

also cuts clown the overall efficiency of the detection. In addition, because this cooled
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photomultiplier has a narrower detection window, it is possible that the collection

beam is not weIl focused onto the photocathode. We can further improve the focusing

condition of the lens in front of the photocathode of the photomultiplier 50 that we

can have a higher photon collection efficiency and increase the counts rate of line .5.

The above ions signal-to-background ratios are based on the measurements of

232Th. 232Th is a even isotope and has nuclear spin 1=0 so that the levels are unsplit

and no hyperfine structure is present. For this isotope, we therefore observe a single

spectral Hne. If we observe even-odd isotopes, there is hyperfine structure distribu

tion. The spectral lines will spread out and the strength of each spectral line will be

less, therefore, more ions are required in the experiment.

Along with the narrow linewidth (720 MHz) achieved by phase-selective LIF at

zero phase, the overall spectral sensitivity of our LIF measurements indicates that

trapping more than a hundred 229Th ions would be sufficient ta carry out the proposed

229Th experiment. Furthermore, the overall sensitivity can be improved by increasing

the Th storage time. A through dean-up of the trap assembly would be neccessary

before the 229Th source is put inside the trap, and baking the chamber afterwords at

higher temperature would also make sorne progress on storage time.

Considering the proposed 229T h experiments, one approach is to use 229Th source

extracted from 233U. We can use our ion injection system and put the 229Th into

the trap. After baking the trap chamber, the 229Th can be desorbed and ionized by

the laser pulses. If the low energy isomer is still there, through LIF detection, we

should see the hyperfine struture which is different from that of the 229Th ground

state. However, such a process is very long. ft can take a couple of days preparation

before we carry out the experiment. If the lifetime of the low energy isomer is shorter

than that, we can not detect the isomer in this way. It would be much better if we

can get the recoil 229Th from 233U direct 0 decay. We can do the experiments in a

shorter time through recoil method. The available 233U source is a continuous decay

source and can produce thousands of fresh 229Th atoms every second. If we can put
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the 229Th ions produced inside the trap, we should be able to carry out the proposed

experiments. However, since the 229T h atoms obtained from a decay have a energy

of 70 KeV, and the trap has a very limited size demension, it is hard to slow ions

down and confine them inside the trap. The next challenge in our lab is to find an

efficient way to transport the ions into the trap.
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Chapter 6

Summaryand Conclusion

In this work. a series of experiments were done to explore the possibility of studying

229Th in our present system. The sample we used is pure metallic 232Th. which is

placed near the inner surface of the ring electrode of our Paul trap system. The

production of Th ions is accomplished by using the desorption Iaser(~d:YAG laser)

beam and the synchronized RIS pulse laser beam. The Th ions trapped in a Paul trap

can he confined inside the trap for a period of time. while the ions can he extracted

out and their mass spectrum and the numher of ions determined hy time-of-fiight

detection. or the tunable ew la...'er beam can be used to probe ions. And LIF is

monitored for spectroscopie measurements.

First. the stability of the trapped ions and the trapping efficieney ha\"e been

in\"estigated under \-arious operating conditions for our Paul trap. Through TOF

measurement. the RF frequency and voltage were \-aried over a wide range to see their

effeets on the number of trapped ion inside the trap. ft has been found that at each

RF frequency~ there is an operating region of voltage amplitude which corresponds to

a region in the stability diagram in which we can obtain stable and efficient trapping

condition. \Ve found no advantages to operating at any specifie frequeney which were

not related to our equipment limitations.

Further studies have been done on evaluation of the effeets of \-arious trap op-
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erating parameters and RF phase on spectral resolution. By gating the window of

observation and synchronizing the gate with the RF phase, the Doppler broadening

due to the ion motion is reduced and spectra with a 720 MHz resolution in UV range

were obtained. The understanding of this process is improved by studying the phase

space trajectories of ions inside the trap. Both simulations and experiments were

done to study the variation of the resolution (corresponding to velocity spread of ion

motion) produced by changing the RF phase. The results showed that the ion motion

along the r direction reaches its minimum at zero RF phase. Studies also show that

by increasing f3r, we can further improve the spectral resolution at 0 phase. However,

thermodynamics considerations suggest that there is a limit to the improvements that

can be realized.

~Ioreover, a detailed study has been carried out in order to evaluate the sensitivity

and the resolution of different optical excitation and detection schemes. Through

studying five different ThIl transitions in the UV and visible ranges~ two lines have

been selected as favorable candidates for the proposed 229Th detection. One is the

Uv' line pumped at 322.8 nm and the other is the visible line pumped at .jS:3.9 nm.

It is concluded that 60-80 trapped ions cao yield a 1:1 signal-to-background ratio

spectrum from these two detection schemes. There is reason to believe the sensitivity

of the cooled photomultiplier can be further improved by alignment.

In conclusion, this thesis covers three aspects of feasibility studies of detecting

229Th by laser spectroscopy in our Paul trap system. Our results give us confidence

to undertake the proposed experiments on 229T h in future work.
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