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Abstract

A Paul trap has becn constructcd for laser sP"ctroscopie studi,'s ,,f th,· isotope

shifts (15) and hypcrfine structur,'S (hfs) of radioacti\",' isotop,·,. \Vith a sampi,'

placed ncar the inner surface of the ring clcctrode. the target atoms are ,·\"aporal.<'d hy

a Nd:YAG laser pulse. and then sclectivcly ionized inside the trap by a synchroniz"d

dye laser pulse through resonance ionization spectroscopy (RIS). :\ l'\\' bl'am from

a ring dye laser is used to probe the ions. and laser-induced fluorescence (LIF) is

monitored .for spectroscc>pic measurements. The stored ions can also be analyzed by

the ion-ejection tillle-of-f1ight spectrum. \Vith an ultra-high vacuum base pn.'SSllrc.

Hf ion storage times of oné hour can be readily achieved by introdllcing H~ as a butfer

gas. Il. is demonstrated that with a very dilute sample, Hf iop.s can be accumulat.ed

in the trap through successive heating and RIS pulses. Through LIr' measllremenls.

both the ion cooling time and the dependenc~of the mean ion kinetic energy on the

RF phase and trap operating conditions have becn stlldied. A phase-locked connling

technique has becn applied to improve the spectroscopic resollition. The hfs of mm
and 179Hfwith the transition a 2D3/2 -:: 'IF~/2 p. = 340 nm) in Hm has been studied

with a resolution of about 1 GHz, and their hfs .4 and B constants have becn dedllced.

The 15 of the radioactive 172Hf has becn carried out with a saml'le containing i x 1011

172Hf atoms. Based on the observation of the laser-induced formation of Hm, a

new spectroscopic method capable of selectively suppressing the ion population of

a particular contaminant isotope has becn developed to enhance the 172Hf signal

to-noise ratio. Deduced changes of mean-square nuclear charge radii in Hf, together

with the existing data in the literature, are discussed and compared with theoretical

variations obtained from Finite-Range Droplet Model calculations.
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Résumé

1: Il pii'ge de Paul a été construit pour étudier les déplacements isotopiques et la

structure hyperfine d'isotopes (shf) radioactifs. Les atomes cibles sont évapcr6 par

un laser pulsé Nd:YAG à partir d'un échantillon placé près de la surface interne àe

l'électrode annulaire et sont ensuite ionisés selectivement par un laser pulsé synchrone

par spectroscopie à ionisation résonante (SIR). Un laser en boucle à colorant et

à faisceau continu est utilisé pour étudier les ions, la fluorescence induite par le

laser (FIL) est utilisée pour les mesures spectroscopiques. Les ions enmagasinnés

peuvent aussi être analysés par leur spectre de temps de vol par éjection d'ions. Le

système est installé dans une ch=bre à ultra haut vide. Les ions HF peuvent être

facilement capturés pour plus d'une heure en utilisant de l'Hz comme gaz tampon. Il

est démontré 'lu 'avec un échantillon dilué, les ions HF peuvent être accumulés dans

le piège par réchauffement et impulsions SIR successifs. Le temps de refroidissement

des ions ainsi que l'influence de la phase RF et des conditions d'::.pération du piège

sur l'énergie cinétique moyenne ont été étudié par FIL. Une technique de comptage

en phase a été utilisée pour améliorer la résolution spectroscopique. La shf du 177Hfet

du 179Hfpour les transitions azD3/ z - z 4F~iz (>. =340 nm) du Hm a été étudié avec

une résolution d'environ 1 GHz et leurs constantes de shf A et B ont été déduites.

L'étude du DI de l'isotope radioactif l7:!Hfa été conduite sur un échantillon de ï x 1011

l7:!Hf atomes. Sur la base de l'observation de la formation de HfH par induction

laser, une nouvelle méthode spectroscopique capable de diminuer selectivement la

population d'un isotope contaminant particulier a été developpée pour améliorer le

rapport signal sur bruit du l7:!Hf. Les changements déduits du rayon carré moyen du

Hf, combinné avec la littérature existante, sont discutés et comparé avec les variations

théoriques du modèle à goutelette à rayon d'action limité.
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Claim of Originality

1. Built a unique RFQ (or Paul) trap for laser sp,'ct.roscopic st ndi,'s ,,1' hyp,'rlin,'

structures (hfs) and isotope shifts (15) of radioact.ive js",-op"s. with t.h,' n,'w

[eature of element-selective ion injection, i. e. cnly ions of on,' particnlar clement.

can be loaded into the trap. In addition. coupling the \aser-illdllccd fillon'S.;rollce

measurement and the ion-ejection time-of-fiight det.cction in the same sdnp h'L<

seld.:>m blen secn in the literature.

2. Achieved accumulation of ions of a specific element in the RFQ trap from

a weak source. This makes it possible to investigate radioactive isotopes of

various elements.

3. Inves+.igated kinematics of confined ions in an RFQ trap by LIF and achieved

the following new results. (1). The ion cooling time has been directly measured.

No or little experimental work has becn reported on this snbjecl. The ion

cooling time measurement has also becn suggested to be a means to stndy ion

molecule collisions. (2). Systematic studies have becn carried out to investigate

the RF phase-dependence of the ion momentum spread. The studics snggest

that the statistical temperature of an ion cloud, defined by the ion motion

at zero RF phase, be relatively constant and slightly higher than the room

temperature. However the RF micro-motion of the ions depends strongly on

the trap operating conditions. The results are useful to clarify the definition

of "ion temperature" currently used in the literature. (3). The effect of space

charge on the ion kinematics at different RF phases has been studied. It was

found that space charge will modify the shape of the phase-space diagram at

different RF phases. The momentum spread at zero RF phase is relatively

constant, but the mean kinetic energy of the ions increases with increasing the

number of ions trapped.

4. Extracted hfs A and B constants of hafnium isotopes 17'7Hf and 179Hf for the

transition 5d6s2(a 2D) (J =3/2) - 5d6s(a 3D)6p (z 4FO) (J =5/2) in Hm.
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:\0 hfs result in HI 1 has becn reported before. The extracted electromagnetic

fields at the nucleus provide new atomic data which can be used for the future

lI""L'l,rCment. of nuclear momc'nts of radioactive Hf isotopes through hfs studies

of t.he same t.ransition.

5. Successfully measured radioactive '72Hf with only 20 ions inside the trap. The

IS bctween J72I-1fand 178Hfhas been deduced reliably. The deduced J < r 2 >'72.178

has updated a previous measured value, revealing a smooth change of nuclear

charge radii in Hf isotopes. Previously, a change of the deformation at l7.tHf

had bcen inferred.

6. Developed an isotope-selective suppression technique based on our observation

of the laser-induccd chemical formation of HfI-I ions 'lue to collisions between

I-12 buffer gas and Hf ions in an excited metastable state. This new spectroscopic

method has been successfully applied to the measurement of 172Hf. Also the

Hm has been found to be :tble to dissociate with the irradiation oflaser beams.

iv
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Chapter 1

Introduction

Sincc the first laser was built in the early 1960's, laser applications in various fields

have grown very rapidly. Especially after tunable dye lasers of high monochromatic

ity and high intensity were developed in the early 19ïO's, spectroscopic studies of

atomic transitions started a new era, capable of providing very high precision mea

surements. Such progress has enabled the laser to play a very important role in

nuclear physics studies during the past twenty years. As the nucleus is an insepa

rable part of an atomie system, much information about nuclei cao be obtained by

studying the atomic system. One of the very active fields of research is to measure

hyperfine structure (hfs) and isotope shifts (IS) over a long chain of isotopes for

certain elements. Such measurements are very useful for studies of the systematic

variations of the ground state nuclear structures, and dIe able to give us information

about nuclear magnetic and electric moments, nuclear spin and nuclear shapes, all

of which are key input parameters for nuclear-model calculations.

So far, about 500 isotopes of more than 30 elements have been investigated

in long isotopic chains. Review of the development in laser spectroscopie studies of

hfs and IS of radioactive isotopes cao be found in references [1, 2, 3] and systematic

variations of nuclear charge radii have been compiled in [4]. Most of the e.'\-periments

were carried out at ISOLDE, CERN using collinear laser spectroscopy, a method

independ~tlyproposed by Kaufman and Wing [5, 6] in 19ï6. ISOLDE cao deliver

many kinds of mass separated short-lived isotopes with adequate intensity for laser

spectroscopic studies. In collinear laser spectroscopy, a fast ion beam, or its neutral-

1
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ized atom beam from ISOLDE. interacts with a superposed laser heam. all,)win~ las,'r

spectroscopie studies of isotopes far off stability. Furthermore. tlll' Yl'locity hunchin~

effect can greatly reducc the Doppler width [IJ. and the rdativdy long interact.ion

time compared with that in atomic heam laser spectroscopy l'an ,'nhanCl' th,' de

tection sensitivity. Besides collinear laser spectroscopy. on-line resonance ionization

spectroscopy (RIS) has been applied in Saint Petersburg to a large number of radioac·

tive rare-earth isotopes li]. However for those clements which can not he produccd

as ion beams of adequate intensities, different methods must be devcloped. On" of

the approaches to overcome the difficulty is through RIS of laser desorbed radioac

tive sarnples to study the ~daughter~ nuclei from nuclear decay. Such a method has

been applied to the studies of the radioactive isotopes of the noble metals Au and

Pt performed by McGill University and the University of Mainz [8. 9J. This method

still requires an adequate isotopic bearn of the ~mother~ nuclei.

At present, there l'l'main many elements which have not bcen invcstigated by

laser spectroscopy in a long isotopie chain. The problems we are raced with rail into

three categories. First il is very difficult to study light elements for various l'casons

[10]. Second, refractol'Y elements l'an not be easily produced in isotope separator.

This makes it hard to do systematic studies over that region. Third, transuranium

elements constitute another unexplored interesting region due to low production rate.

For studies of the nuclides produced at low rates, or from refractory elements, laser

spectroscopy employing a radio-frequency quadrupole (RFQ or Paul) ion trap could

be mol'C suitable. The RFQ trap was invented in 1958 by Paul [11]. It is a convcnient

and useful device capable of storing charged particles for extendcd periods within an

bolated space, using a relatively weak confining electric field. This unique charac

teristic allows a wide range of applications in various scientific fields. In particular,

since these confu::ed ions cao interact continuously with an externally applied elec

tromagnetic field sucb as that of a laser bearn or an RF source, the Paul trap offers

an environment for experiments that require extreme precision or sensitivity. With

its inherent sensitivity, only a small number of trapped ions is needed for a measure

ment. Detection of a single confined ion has been demonstrated [12], and very precise
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frequency measurements of atomic transitions have been performed [13, 14, 1.5J. A

survey of work in the field of the physics of trapped ions can be found in [16, 1iJ.

Although laser spectroscopie studies have been performed in traps since carly

19ii [18], such measurements on radioactive isotopes have not been started until

recently. The first candidates have been radioactive Hf and Th isotopes [19, 20J. In

these works, the isotopes were introduced into a Paul trap by evaporating the samples

on a tantalum wir~ and ionizing them by an electron bearn. The ions were stored

for an extended period of time in the trap and probed by an incident laser beam or

beams. For the Th ions, sub-Doppler resolution was obtained by using a two-step

excitation seheme. A drawback of this approach is that eleetron beam ionization is

non-selective and many kinds of contaminant ions can be produced and trapped at

the same time due to a poor mass selectivity of the Paul trap. With a weak source,

it could be difficult to inject a suffieient number of ions of interest into the trap for

spectroscopie measurements.

In this work, our goal was to devclop a system employing an RFQ trap for

laser spectroscopie studies of radioactive elements. First of aIl, a new method for ion

production and accumulation inside the trap has been introduced. A Nd:YAG laser is

used to desorb the target material and subsequently the RIS process is employed to

selectively ionize atoms of a specifie clement directly inside a trap. Both ion-ejection

time-of-flight detection and laser-induced fluorescence (LIF) measurement have been

incorporated in the setup. The whole system must be maintained in an ultra-high

vacuum system in order to have a long ion storage time.

Our ion injection method was first tested as an efficient way to load Mg+ ions

from the impurities of CaC03 in our carly experiment [21]. Later with improved

storage time of trapped ions, it was proved that with successive laser pulses, ions of

interest ca.n be accumulated inside trap from a weak or dilute source. In principle,

this new ion injection method would make it possible to perform laser spectroscopie

studies of many un-investigated isotopes including both refra.ctory and transuranium

clements.

In most laser spectroscopie work, the spectral resolution in RFQ traps is lim-
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ited by Doppler broadening due to the ion motion under the dri\"ing RF lit'!d. 'l'hi,

problem can be partly sol\"ed by a modulated laser beam n,cd by Rink cl ai. to

excite the ions at a certain RF phase to impro\"e the spectral rt'$olution [Hl]. In

our work, a simple way to suppress the spectral linewidth by a coincident count.ing

technique has been implemented and compared to the laser modulation method. In

the course of improving optical resolution, many studies have bccn donc to under

stand the trapped ion kinematics. The ion cooling time with a buITer gas ha.< b<'t'n

measured. The space charge eITect at different RF phases has bren observed by the

phase-selective LIF method. And systematic studies of the spectral linewidth reveal

sorne important properties of the ion motion inside the trap.

Several factors were considered when Hf was chosen as a candidate in my

research. Hafnium, as a refractory element, is a weil deformed eiement, lying in

a very interesting mass region for nuclear physics studies. In particular, a unique

isomer 17SHf"'2 (T1/ 2 =31 y) with high nuclear spin 1=16 is very interesting for

nuclear studies. Recently a lot of efforts have been made to study this isomer [22, 23]

in our collaboration. In the production of 17SHf"'2, sorne other Hf radioactive isotopes

were also produced. Through international collaboration, it was possible for us to

get radioactive Hf sarnples to test our setup. Furthermore, there were no published

results measuring 177'Hf and 17'9Hf hyperfine splitting in Hf ionic states. Sorne new

estimates of the electromagnetic field at the nucleus through hfs studies could be

expected from our work.

In our experiment, stable Hfisotopes were studied first, including the hfs studies

of mHf and 17'9Hf of the transition a203/ 2 - =4Fs/2 (>. = 340 nm) in Hm. Then

a sample containing 7 x 1011 atoms of radioactive isotope 172Hf was used to further

prove the feasibility of our setup for radioactive isotope studies. In addition, during

our laser spectroscopie studies, it \Vas very interesting to have observed a laser

induced chemical process leading to the formation ofHfH. Based on this fact, selective

suppression of contaminant stable Hfisotopes was developed and successfully applied

in the measurement of 172Hf to enhance the weak 172Hf signal.

In this thesis the experimenta! setup will be described in Chapter 2, followed
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by three chapters on the development of the experimental methods and sorne new

results conccrning spectroscopie techniques and trapped ion kinematics. Chapter 3

is "bout the general operation of the system; Chapter 4 the development of the

isotope-selective suppression method; Chapter 5 the Doppler width reduction. Start

ing from Chapter 6, three consecutive chapters will present the results about hfs

of 177Hf and l~~Hf isotopes; the measurement of radioactive I72Hf isotope and the

resultant changes of nuclear charge radii in Hf. The thesis ends \Vith the conclusions

in Chapter 9. Appendix A gives sorne parameters in the Finite-Range Droplet Model

for calculating mean-square nuclear charge radii.
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Chapter 2

Experimental Apparatus

In this chapter our experirnental setup is discussed. After sorne knowledge of RFQ

traps, the layout of the experirnent setup followed by detailed description about each

individual unit will be presented.

2.1 Introduction to RFQ Traps

A quadrupole field is characterized by its linear dependence on the co-ordinate po

sition. In the Cartesian co-ordinates x, V and z

(2.1)

where >., 0' and Î are weighting constants, Eo is a position-independent factor which

may be a function of time, and i, i and k are the unit vectors in the x, y and z

directions, respectively. The field is subject to the restraints irnposed by Laplace's

equation

•

V'·E=O

so that

In a quadrupole ion trap,

>. =0', Î =-2>'

The potential 4> can be expressed by

1 2 2 2)4>=--Eo>'(x +v -2z
2

6
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• In order to produee sueh a field, the quadfU:,ole ion trap deviee eonsists of three

eleetrodes of three-dimension-rotationa.l symmetry, illustrated in Fig. 2.1. The two

Endcap
electrode

Central ring
electrode

r.

------1-------_
... -------.. - ......... ,

Ua + Va cos nt

Endcap
electrode

• Figure 2.1: An RFQ trap.

"end-ca.ps" and the ring eleetrode have cross-sections in the rz plane which are

eomplementa.ry hyperbola.e. Typica.lly (but not necessarily), r5 =2z5, in which 2zo is

the separation a.long the z-axis between the two endeap eleetrodes. A Paul or RFQ

trap opera.tes under pure eleetrie radio-frequeney quadrupole field. Frequently, it is

eonvenient to opera.te the RFQ trap with the end-ca.ps grounded, so that only a

single potentia.l U(t) need be applied to the ring (see Fig 2.1)

U(t) =Uo+ Vaeosnt (2.6)

where n is the angular frequency of the RF voltage, Uo is the de voltage, and Va

is the amplitude of the RF voltage. Thus the potentia.l in the tra.p eould be more

properly represented a.s

• -1. _ U(t)(x2 + y2 - 2z2) U(t)
'+' - 2r5 + -2- (2.7)
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• The equations of motion arc gi\'en by 111.( = <'1:..... and so on. l'halls

(') s)_..
(:!.!l)

Defining trapping paramet.ers

(:!.lll)

(:!.I 1)

and

q
_ _ ')q _ 4cV;' _ 2c\";'

.: - - r - "("\') - -.-::"-=n-::"771rüa- 1n=llU"

and expressing time in terms of the paramcter ~ where ~ = 0.1/2. hoth ,·qllat.iolls of

motion reduce to the general furm

where u represents either r or =.
These equations are of Mathieu type and an understanding of quadrupole ion

trap demands sorne knowledge of the propertics of the Mathieu equation. Simple

analytical expressions for the solutions of this equation are not. available. Solutious

to the equation can be expressed in the form

•
â-u
d~2 + (au - 2qucos2~)u = 0

00 00

u(ç) =ae..e L C2ne2i»e +a'e-..e L C2nc-2in(

n=-oo n=-oo

(2.12)

(2.1:1)

•

The parameters a and a' depend on the initial conditions, C2n and iL independent

of these conditions but depend only on au and qu [24, 25]. The term iL is referred to

as the characteristic exponent and its value determines the type of the solution to

the Mathieu equation. There are two type of solutions, one stable and one unstable.

The stable trajectories of ions come from solutions where iL = ;(3 is purely imaginary

and {3 is not a whole number.

Fig. 2.2 shows a stability diagram in the a.-q. plane of the Mathieu equation

for simultaneous confinement of ions in the r and =directions. The lines are contours

of constant {3; the stable region is bounded by the limiting values {3••• = 1, 0 and

contains the (au, qu) area in which iL is purely imaginary. There is thus a wide range

8
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Figure 2.2: Mathieu stability diagram in three dimensions.

of au and q" conditions where ions formed within the quadrupole ion trap might

be expected to have stable trajectories and remain trapped indefinitely unless their

trajectories are perturbed by collisions.

In the stable region, ion trajectories may be expressed as a linear combination

of sine and cosine elliptic series

00 00

u(~) =.4 L C2ncos(2n + {3,,)~ + B L C2nsin(2n + {3,,)~
n=-oo

(2.14)

For small au and q", the the amplitudes of higher-frequency components are small

compared with those at the fundamental (n=O) frequency Wo

w..,o ={3,,(nj2), (2.15)

The high-frequency oscillating terms in the ion trajectory may therefore be neglected

if {3" is small, and the resulting ion trajectory may be written simply as

• u(t) ::::: Acosw..,ot+ Bsinw..,ot

9
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• \\'e can see that it satisfies the equation

d~ll, :!

d
Ol.,.. ....·uoll=Û

1- .
(:!.lj')

The above two equations describe simple harmonk oscillal.ion along th,' Il-axis. a

trajectory followed by a l'article subject to a potcntial that varies quadrati<'ally

with u. For a single ion trapped in a Paul trap. the approximate cxp,'ri"nced lidd

can be derived from a pseudopotential. <1>0. which com,,,, from the static l'0t.cntial

from both de voltage and average effect of the RF voltage. We may calculate the

pseudopotential. <1>0 [26, 27]

• in which

and

) ~ (f!)2 (a + q;) (x2 + y2)<l>o(x. Y" = = r2e 2 2

m (f!)2 ••+ 2e 2 (-2ar+2q;)=- +constant

• •r- =..
- Dr. +Do. +constant

rii =ii

mr5 (f!)2 ( q;)Dr = -- - ar +-
2e 2 2

(2.18)

(2.19)

(2.20)

(2.21 )

•

Dr and D: represent the pseudopotential weIl depth in the radial and a.xial directions,

respectively.

2.2 Experimental Setup

2.2.1 Apparatus Layant

The general e.'l:perimentallayout is schematically shown in Fig. 2.3. The trap is placed

inside an ultra-high vacuum ch.a.mber. In the trap electrodes, holes have bcen drilled

for laser beams to pass through as weil as for ion ejection and photon collection.

A sample target is placed close to the inner edge of the bottom hole in the ring

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

sample material into the trap center. Synchronized RIS laser pulses pass through the

10



• Nd:YAG Laser

TSP

CWOye Laser

Pulsed Dye Laser

~o PM

~~--o U3 + Va cosat

IO""01-----..l...---<) U2

Einzel Lens

~
m

IDI
101 ~0

l,
TMP

• Fast HV Switch U,

Figure 2.3: Schematic diagram of the experimental set up, S: Target with sample;
D: Micro-channel Plate Detector; PM: Photomultiplier; TSP: Titanium Sublimation
Pump; TMP: Turbo-molecular Pump; L: Opticallenses. The RIS and cw laser beams
are perpendicular to the YAG beam and pass through the horizontal pair of holes.

•

horizontal holes on the ring electrode and selectively ionize a chosen element. Due to

the electric potential applied to the electrodes, ions within a certain charge-to-mass

ratio range will follow various stable trajectories and be trapped.

On one side of the ion trap, there is an ion-ejection timë-of-fiight detection

system. Trapped ions can be extracted by applying a negative pulse on the extraction

electrode. They are focused by an Einzellens before hitting the micro-channel plate

(MCP) detector. The time-of-fiight spectrum registered gives information about the

mass distribution of the trapped ions. On the other side of the trap, there are lenses

and optical filters as weil as a photomultiplier for fluorescence detection. A cw dye

11



• laser beam, passing through the horizont'\! holes. can be use<! to probe the trapped

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

induced fluorescence spectrum of the trapped ions can be obtained. \Vith sufficient

spectral resolution, it is possible to measure hyperfine structures and isotope shifts.

The whole vacuum chamber is made of stainless steel. which is bakcable to

400·C. The system is pumped by a turbo-molecular pump (TMP), supplementcd by

a titanium sublimation pump (TSP). The base pressure is better than 5 x lO-s Pa

after one day bakeout at 200·C. The system can a1so a1low to feed c1ean buffer gas

into the chamber.

In the following sections, a detailed description of different parts in our setup

will be given.

•
2.2.2 The RFQ Trap

The RFQ trap and its electronic driving circuit are iIIustrate<! in Fig. 2.4. The trap

u.o-- -;::::ç;----: j
HV Sw;tch

u, 0>----------+00

"""l.Ju'o- --. r--,

Ground -=-

Figure 2.4: Trap assernbly and its electronic driving circuit diagram.

RF Monitor -+-+
Signol

RF Power ~--7--~

SlJpply

400

•
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consists of three main clectrodes of hyperbolic shape: a central ring of radius ra =

20.:l mm and two end-caps separated by 2=0 = 28.ï mm (ra = J2 =0)' On the

ring electrode, four holes of 6.4 mm diameter are bored along the radial directions

perpendicular to each other to let the laser beams pass through. Holes are also bored

along the axial direction in the end-caps. For the ion extraction, a hole 10 mm in

diameter is drilled in the center of one of the endcaps. For the fluorescence photon

collection, a large solid angle is necessary. A hole 26 mm in diameter is drilled on the

other endcap. These holes in the endcaps are then covered by stainless steel mesh to

preserve the hyperbolic shape of the electrodes.

The trap assembly is normally floated about 900 V above ground potential to

facilitate the ion-ejection time-of-flight detection. For such a purpose, three different

de outputs Uh Uz and U3 are produced through a series of resistance dividers by

using a dc power supply. To operate the RFQ trap, a suitable radio-frequency voltage

Va cosnt as weIl as a de bias Ua = U3 - Uz need to be applied to the ring electrode,

where RF voltage is coupied \Vith the de voltage U3 through a capacitor. Ua can be

adjusted to be either positive or negative, which together with the RF amplitude Va

wiII determine the trap parameters a. and q. given by eqn. (2.10) and eqn. (2.11).

Here U1 is only used for ion e.'I:traetion, deseribed in section 2.2.5. In the system,

the e!ectronic components are placed outside the vacuum chamber. AIl three trap

electrodes of the ion trap are separately eonnected to ultrahigh vacuum feedthroughs

using stainless steel wires.

TypicaIly, the trap is operated at an RF voltage with a peak amplitude Va of

440 V at frequency of 400 kHz and a de offset voltage of 15 volts. This gives a trap

pseudopotential weIl depth of about 13 eV for the a.'Ciai motion and 18 eV for the

radial motion for hafnium ions. The schematie diagram for the RF voltage supply

is also shown in Fig. 2.4. The output from the RF power amplifier (EIN 325LA

50W150n) is eoupled to a transformer with a ferrite core to produce the RF voltage

needed. On the primary side there is onIy one tum. 64 tums have been wound on

the secondary side. An RF signal after the first tum in the secondary side is used to

monitor the RF voltage and phase.
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It should be mentioned that the circuit on the secondary side of the transforlll,'r

is an Le resonant circuit. The inductance L comes from tIlt' transformer coil. Th,'

capacitor e is from the trap itsclf as weil as the coaxial cable connecting the out.put

of the transformer and the ring electrod.. In resonance th,' l'quivalent illlpedance

reaches a ma.ximum. resulting in a high gain for the output voltage of t.he transformer.

The length of the coa.xial cable has bccn chosen so that. the rt'Sonance frequl'ncy is

around 400 kHz.

In Fig. 2.4 the target holder is also shown. The sampie is located very close to

the inner surface of the ring electrode and is maintained at ground potential. This

arrangement prevents unwanted ions produccd by laser desorption from ent.ering t.he

trap.

2.2.3 Ultra-High Vacuum System

Fig. 2.5 shows the vacuum system. The main vacuum chamber consists of two 6-way

S" (20.3 cm) crosses sealed with Confiat Ranges. The chamber is pumped by a turbo

moIecular pump (Balzers TPUIS0H) with a pumping spced 180 Lis backed by a

mechanical pump (Leybold-Heraeus DI6A). From the manufacturer's specifications,

the ultimate pressure of this pump can reach below 1 x 10-8 Pa.

In addition, a Mini titanium bail from Varian is installed in the vacuum system

to effectively pump the residual reactive gases. When the titanium bail is heated

at a high e1ectric current (about 45 A), the sublimated titanium atoms coat the

surface of the inner wall of the vacuum chamber. When the active molecules in the

chamber collide with this fresh titanium coating, they react with the titanium and the

produced compounds stick to the wall [28]. At room temperature, a typical pumping

speed per square centimeter of titanium sublimation surface for O2 is 10 Lis. In our

design the net pumping speed for active gases is over 1000 Lis, considering that

the usable speed is reàuced by the conductance between the pumping area and the

location of the work.

The stainless steel buffer gas inlet lines are also shown in Fig 2.5. A research

grade hydrogen with purity (99.9995%) is used in our experiment as the buffer gas.
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Figure 2.5: Vacuum pumping and buffer gas feeding system. 1. FT for MCP; 2. FT
for T5P; 3. FT for internallamps; 4. FT for thermal couple; 5. VP for Nd:YAG
laser; 6. VP for RIS laser and cw laser; 7. VP for photon collection; 8. FT for trap;
9. TMP; 10. TC gauge; 11. MP; 12. FT for RGA; 13. Vacuum Gauge, where FT =
feedthroughs and VP =viewport.
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The chamber can be pumped al! the way up to the high pressure gas regulator val\'<'

by the turbo-molecular pump. with valve VII closed. To introduce tilt' buffer gas.

valve VS is closed and the buffer gas can fccd through the nccdlt' vain' V2. The

buffer gas line is also used to purge dry llitrogen when the system llt'eds to ht' shut

down.

Inside the vacuum chamber. ail the metal picccs arc made of staink-ss stccl and

the insulators are made of machinable ceramic. The material of ti:c optical Icnses

used is fused silica. When screws are used 1.0 fil' different components. blind holcs

have been avoided. Al! the parts in this system including viewports arc bakeahle t.o

450 Co. The turbo-molecular pump can be baked 1.0 100°C with the supplied heat.

jacket. In fact the turbo-molecular pump itself is a weak point for bakcout. The rotor

temperature should not e.xceed 200°C due 1.0 radiation from the vacuum chamber

during the bakeout. Before the system was assembled, ail the pieccs were cleaned

with acetone and alcohoI. Then most of them were preheated in the air al. 2i5 C·

for about 10 hours 1.0 reduce the outgassing of the stainless steel surfaces [2S].

The system can be baked both outside and inside. The outside baking employs

heating tapes. Five 500-Watt heating tapes are wrapped onto aluminum shcct which

is directly put onto the outside of the vacuum chamber in order that the heating en

ergy may be more uniforrnly distributed. Another sheet of aluminum foil is wrapped

outside 1.0 cover the heating tapes 1.0 reduce the heat radiation loss. The applied

voltage 1.0 the heating tapes is adjusted by a Variac. Inside the vacuum chamber,

four 300-Watt halogen lamps have been installed. The lamps serve not only as an

inside heating source, but also as a light source 1.0 illuminate the target. The voltage

applied 1.0 the lamps is also adjustable. Another inside heating source is the tita

nium ball, which can be set al. a stand-by condition during the bakeout with only an

infinitesimal sublimation of titanium.

Pumping down the system starts with turning on the turbo-molecular pump

and mechanical pump simultaneously. When the turbo-molecular pump accelerates

1.0 the normal speed, the pressure is about 2x10-3 Pa. The system is gradually heated

and is kept al. 200 oC for bakeout. Baking the system with a hydrogen pressure of
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10-3 Pa has found to accelerate the outgassing of the system. When the system

reachcs 200 oC, the hydrogen buffer gas can be fed into the vacuum chamber. After

about 12 hours, heating is removed and at the same time the hydrogen feeding is

stopped. The system will have a pressure below 5x10-8 Pa after about four-hour

cooling down. When the base pressure has been achieved, the titanium sublimation

pump can be applied with an electric current of 45 Amp for about 30 min to produce

a fresh coating of titanium on the surrounding inner surface of the vacuum chamber.

This coating will remain active for many hours, since our base pressure is so low.

When the system was first baked without introducing any buffer gas, a residual

gas analyze~ showed that the main residual gases inside the system were H2, H20,

CO, and sorne CO2 • These are typical outgases from a stainless steel surface [28].

2.2.4 Laser System

There are severallasers in our setup. A Nd:YAG laser is used as a desorption laser

to evaporate the sample materials. Subsequently a pulsed dye laser pumped by an

Excimer laser is used to resonantly ionize the atoms of interest with high efliciency.

The probing beam from a cw ring dye laser pumped by an Ar+ lase~ e.xcites the

confined ions and yields a LIF measurement.

JK Lasers System 2000 Nd:YAG laser provides the heating source to vaporize

the target material. The laser produces an infrared (1.06 pm) pulse of about 10 ns. A

rotatable polarizer is mounted outside the laser to attenuate the laser pulse energy.

After focusing with a suitable lens, the laser beam passes through the top vacuum

sapphire viewport and hits the target material. A video camera is mounted to monitor

the position of the laser spot on the target substrate.

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

(Lambda EMG201MSC). The pulse energy of the pump laser cao be as high as

400 mJ with wavelength 308 Dm. Using various dyes, the pulsed dye laser cao produce

coherent laser radiation at any wavelength from 340 Dm to near-infrared with pulse

energy of a rew times 10 mJ. The tuning range cao be extended into the ultraviolet

(uv) by using freqUE'.ncy doubling crystals, with a conversion efliciency about 10%.
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The size of the laser beam is about 3 mm in diameter when it reaches the trap

system. Two sapphire viewports are used for laser beams to enter into and exit from

the system.

Since the Nd:YAG laser desorbed atoms take time to reach the trap center

for laser photoionization, the trigger of the e:'Ccimer laser should be delayed for a

suitable time interva1 after the Nd:YAG Q-switch pulse. A master trigger generator

plus four-channel delay unit has been built for our experiment to control the lasers

as weil as ion ejection. Ail the output triggers are synchronized to the RF signal to

permit study of RF phase-sensitive process. In our setup, a master trigger goes to

the Nd:YAG flash lamp and its repetition rate can be adjusted from 0.5 Hz to 10

Hz. Two delayed synchronized outputs are sent to trigger the Nd:YAG Q-switch and

the e."Ccimer laser.

The Coherent CR-699-21 ring dye laser is pumped by a Coherent Innova CR-12

Ar+ ion laser. In laser spectroscopic measurement of the confined ions in the trap, the

ionic transition is investigated. Therefore, cw uv laser radiation produced through

second harmonic generation (SHG) is often required. Internai frequency doubling

can enhance the SHG efficiency because of higher fundamental laser power density

inside the ring dye laser cavity. Fig. 2.6 schematically shows the cw laser diagram

ThIn TIlIc:k
Elalon Elalon

HIgh-

Ill",libagont
FiIIer High

Rollodor

• Figure 2.6: A ew laser schematic diagram with an intra-cavity frequeney doubler.

including the intra-cavity frequeney doubler. The uv laser beam produeed from the
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freqllency doubler reflccts from the beam splitter. and can further be separated from

the rcrnaining fllndamcntallaser light by prisms.

For our Hf experiments. cw uv laser radiation with wavclength of :340 nm is

nccded. This radiation is produced using a DC1'\'I dye and LiI03 doubling crystal. The

dye recipe used is prepared with the following procedures: (1) dilute 1.0 gram DCM

in 400 ml Benzyl Akohol; (2) mix 500 ml ethylene glycol with 200 ml glycerol; (3)

add 350 ml of the dye mixture into the ethylene glycol mixture; (4) circulate the dye

mixture in the dye module utility. ln the first three steps, the solution needs to be

mixed very weil with an ultra-sonic agitator in order to achieve a good performance

of the ring dye laser. Use of DCM laser dye with the LiI03 doubling crystal provides

a tuning range from 318 nm to 3.50 nm with output uv power about 4 mW. The

typical size of the laser beam at our trap system is about 2 mm in diameter.

An LM 0202 laser modulator makes it possible to produce laser pulses syn

chronized with the RF phase in order to investigate the phase-locked e.'i:citation. '1'0

modulate the laser light to excite the ions within a very short interva! (100 ns) at a

specific RF phase, a fast HV switch synchronized with the RF signal is used.

2.2.5 Ion Extraction and Detection System

For observation of the ions inside the trap, ion ejection from the trap and time-of

flight detection has been designed in our system. This provides a convenient way to

examine the mass distributions inside the trap.

As discussed before, the trap assembly is fir-ated about 900 V above ground

potential. When a negative pulse is applied to the extraction endcap, the ions inside

the trap are accelerated toward the e.'i:traction endcap. Passing through the mesh hole

in the endcap, they further acce1erate under the e1ectric field between the ground

plate and the endcap (see Fig. 2.3). Afterward the ions are focused by the Einzel

Lens and drift toward the micro-channel plate detector. The distance between the

trap center and the detector is about 40 cm. Ions with different masses will reach the

rnicro-channel plate at different times, yie1ding a time-of-fIight spectrum. The signal

from the detector goes through il- preamplifier (x10) and the output is recorded by
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Figure 2.Î: Typical time-of-flight spectrum of ejected hafnium ions.

Two micro-channel plates are stacked in the detector. In the mechanical design,

the plates are held in place by three cerarnic rods on the sides together with two metal

plates on the both ends. Typically U = 1.5 kV is applied to the detector, and half

of this voltage is across each micro-channel plate. The typical gain of the detector is

about 106 • A single ion produces a short pulse (less than 10 ns) with an area about

20 pYs. Thus the number of ions trapped can be estimated from the area of the

ejected time-of-flight signais.

A time delay unit is used to control the time interva1 between the ion injection

and ion extraction. The end of this time interva1 initiates a phase-Iocked ejection

pulse, which triggers a high voltage switch and produces a negative pulse on the

endcap. The ejection timing with respect to the RF phase is found to greatly affect

the time-of-flight spectrum due to the interaction between the extraction and RF

fields inside the trap [29]. Therefore, the timing of the phase-Iocked ejection trigger

pulse should be first adjusted to optimize the time-of-flight spectrum.

Fig. 2.7 is a typical time-of-flight spectrum. It is a hafnium ion signal extracted
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after the ions have stayed in the trap for 1 second. The typica! spectrum resolution

(!YI/ ::'1'1'1) is about 60, which is good enough for our purpose. This medium resolution

is jimited by the fact that our time-of-f1ight drift zone is very short. In addition, the

initial ion cloud has a certain distribution in space, resulting in an initial energy

spread in the extraeted ions.

2.2.6 Laser-Induced Fluorescence Counting and Data Ac
quisition

The LIF deteetion is the core of the setup, since the final goal is to study the isotope

shifts and hyperfine structures from the LIF spectrum. For fluorescence detection,

signal to background ratio is always important. This has been kept in mind in de

signing the fluorescent collection system-to increase the photon counting signal and

suppress the background count.

An ReA 8850 photon:.ultiplier (PM) is uscd to deteet the fluorescent light.

The PM is placed outside the ultrahigh vacuum chamber, 200 mm away from the

trap center. The photocathode of this photomultiplier is 45 mm in diameter. Two

synthetic fused silica lenses make up the photon collection system. One is a piano

conve.x lens of 40 mm in diameter with focal length f= 50 mm and the other is

symmetry-conve.x lens of 50 mm in diameter with f = ï5 mm (at wavelength 546.1

nm). The optical components have been drawn to scale in Fig. 2.8. In the design, the

first lens is put as close as possible to the trap center, resulting in a solid angle of 6%.

The position of the second lens has been optimized through computation, so that

photomultiplier cathode cao receive ail that passes through the first lens, emitted

from the trap central region with 6 mm in size.

The background usualIy comes from two sources. One is the scattering light

from the laser beam, and the other is due to the photomultiplier dark current. Typi

cally a voltage of about 1.6 kV is applied between the anode and the photocathode.

The dark current counting rate of the photomultiplier is about 180 cps.

In our Hf work, cw uv radiation at 340 nm is used to excite the transition

5d6s2 (a 2D) (J = 3/2) - 5d6s(a 3D)6p (= 4FO) (J = 5/2) in RIIl. The optical

21



• PM
Cathode

Vacuum
Window

l.o

~
1 ! "\

{\
•·• - - 1-- f-•

~\./ IV t....25+1
• 70 Filtars

1: 165
204

1

~l

Trap L,
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excitation scheme for HflI has l.een given in Fig. 2.9. There are two strong photon

de-e.'Cciting channels from the z 4Fo level to the two metastable states 5d 6s~ (a ~D)

(J =5/2) and 5~(a3F)6s (a 4 F) (J =3/2) with wavelengths of 380 nm and 388 nm

respectively. Hydrogen buffer gas can effectively quench these metastable states back

to the ground state, so that the excitation cycle can be repeated. A lilter from Oriel

Corp. (Filter 59463) is used to suppress the scattering photons from the incident cw

uv light. A UG5 filter suppresses aIl the visible background. The filter transmission

efficiency curves are given in Fig. 2.10.

A schematic diagram of the data acquisition system is shown in Fig. 2.11. In

the LIF measurement, the wavemeter can read the laser wavelength to an accuracy of

0.01 cm- l • A confocal etalon (150 MHz) and spectrum analyzer (1500 MHz) are used

to check the laser performance and calibrate the laser scanning range. The cw uv

beam is guided into the trap center to probe the trapped ions. The laser modulator

permits phase-Iocked excitation as discussed in section 2.2.4

The de-excitation fluorescence photon signal from the photomultiplier passes

a preamplifier and a fast amplifier. The output is then sent to a discriminator. The

photon count output is send to a CAMAC counter model. RF synchronized inhibit

22



•
A)aser
=34Onm

-mW

Sd6s( a 3D)6p (: 'F")(J=SI2)

Adeteetion
38Onm. 388mn

Sd2( a 3F)6s (a 'F)(J=3I2)

=~==+=Sd6s2(a 20) (J=SI2)

•
Sd6s2 (a 20) (J=3I2)

Figure 2.9: Laser e.'Ccitation scheme in HfII.

1.0-r------------------,

0.4

0.8

al
C)

~ 0.6

E
li)

c

~

"Oriel Falier
59463

0.2

600500300 400
Wavelength (nml

O.O+........--~--.L--rL--- ...----l
200

•
Figure 2.10: Transmission efficiency curves of optical filters.

23



•
ON Laser

uv

Red Confocal
Inlerfen>meter

Spectrum Wavemeter
Analyzer

Burl.RC45

Modulator ...n.n..n.n..

HV

•
Inhiblt
Gate

Photon
Count

Disaiminator

PM

Amplifier

DAC Counter AOC

CAMAC PC -486 Computer

•
Figure 2.11: Schematic diagram for laser spectroscopie measurement with trapped
ions.

24



•

•

•

signais allow phasc-locked coincidence counting measurements. The CAMAC system

is controlled by a PC-486 computer. Besides the counter module, the computer also

controls an ADC and a DAC module. The DAC output gives a stepped dc voltage

to drive the scanning of the cw laser. Betwecn each step, there is a time delay, which

is usually set to be 12.5 ms. This delay time can be changed when necded. The ADC

module is used for recording the interference patterns from the confocai etaIon, which

provides a calibration curve for the scanning range. At each step the ADC output

and photon counts are displayed on the screcn. The laser scan can be repeated many

times. The photon counts and the ADC data for each scan are stored as a file. The

program aIso records the sum of ail the individuai scans.
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Chapter 3

Ion Storage and Detection

In the previous chapter, the features of the experimental apparatus have bccn pr,-~

sented. The internai ion production through Nd:YAG and RIS pulses is expected

to efficiently load the ions of interest into the trap. Then the trappcd ions can be

detected by either ion ejection timc-of-flight spectrum or LIF measurement. ln this

chapter, the performance of the system from the ion injection to ion uetection will be

examined. Sorne interesting results inc1uding ion accumulation and buffer gas cooling

will be presented.

3.1 Ion Production

3.1.1 Nd:YAG Desorption

In our ion injection scheme, a Nd:YAG laser beam (1.06 /lm) is used to evaporate

neutral Hf atoms out of the target substrate, then the desorbed atoms can be reso

nantly ionized and trapped. Generally the laser desorption process depends on the

laser intensity on the target substrate. At high laser intensity (~ 109 W/cm2), micro

plasmas are created and a large part of the material taken out of the surface is ion

ized. At a slightly lower laser flux (106 W/cm2 _108 W/cm2), the desorbed material

is mostly in the neutral atomic or molecular form. In our studies, the goal of laser

desorption is to get as many neutral Hf atoms out of a target substrate as possible

while avoiding direct produced contaminant ions.

In the experiment, three different kinds of targets have been used, such as

metallic hafnium foil, HfO2 powders and trace quantities of Hf~L. (lower to 1012
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rnolecules). It is trivial to dcsorb Hf atoms out of a metallic foil. In the other two

cases the samplcs arc deposited on a substrate. Sincc hafnium is a refractory element,

it requircs a rclativcly high laser intensity to efficiently desorb neutral Hf atoms from

the samples deposited on the substrate. However the threshold for the ion production

from the target substrate itself is generally lower. Therefore the substrate material

needs to be chosen so that it has a high threshold for plasma production. In our

experiments we have tried stainless steel and graphite substrates. It has been found

that the threshold for plasma production is much higher for graphite than for stainless

steel. In the studies of dilute Hf samples, graphite substrates were always used.

Even though the graphite substrate has a higher threshold, it has been found

the threshold for producing carbon c1uster ions is still lower than that for efficient

neutral hafnium desorption. In order to increase the laser power to vaporize the Hf

atoms ana repel the directly produced contaminant ions away from the trap, the

target substrate is kept at ground potential while the trap assembly is fioated about

900 V above the ground.

Two methods are used in the e.\.-periment to e.'l:amine whether the Nd:YAG

laser power is at a suitable level. One way is to check the RF monitor signal. If

tao many background ions are produced by laser desorption, the RF voltage will be

distorted due to a big change of the effective load in the RF circuit. The otlier way

is to monitor the micro-channel plate signals just after the Nd:YAG pulse. A burst

of signal will appear when the trapping condition is killed. To maxirnize the Hf atom

desorption, the Nd:YAG laser power need to be kept just below the threshold above

which the trapping condition cao not maint3.in.

The desorption laser intensity cao be adjusted by directly changing the laser

pulsed energy, laser repetition rate or focusing condition. The output power of the

Nd:YAG laser cao be adjusted by varying the discharge voltage displayed in the

laser control panel. In addition, the rotatable polarizer cao be used to attenuate the

infrared Nd:YAG laser pulse energy. It has been found that the focusing condition of

the laser beam is very critical. A wealdy focused desorption laser beam on the target

cao allow more laser power to be used while keeping the same threshold. In this way
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more neutral Hf atoms can be desorbed out of the targ<:t substrate. But it is very

hard to monitor the Nd:YAG laser spot on the targct \Vith the \Veak focusing. \\'hen

working \Vith a radioactive sampie. we nccd to kno\V \Vhere the laser hits the tal'gct to

avoid destroying the sample before any measurement can be done. A compromiscd

focusing condition has been used in our experiments to deal with the radioactivc

172Hf sampIe.

3.1.2 Resonance Ionization

Resonance ionization spectroscopy is a very sensitive and selective photoionization

method [30, 31, 32]. ln RIS, atoms from a specific element are brought IIp by one

or a series of resonant transitions to a high-lying excited state from which they can

be ionized by further excitation to a level beyond the ionization limit. The excita

tion between the discrete states is easily saturated because of the high excitation

cross-section around 10-1.\ cm2• But the final ionization step is a discrete state to

continuum transition, which has a much smaller cross-section l'ven in the most fa

vorable cases where we can tune the ionizing laser to arrive at an allto-ionizing state

in the continuum. Higher laser pulse energy of the final step is usually needed to

enhance the ionization efficiency.

The RIS scheme of Hf is shown in Fig. 3.1. To produce Hf ions through the

RIS process, the pulsed dye laser (with dye LC5400) pumped by the excimer laser is

used. A uv laser pulse with wavelength 271 nm after the frequency doubling is for the

first excitation step a 3F2 ( E =0 cm-1) - Z SPI (E =36949.29 cm-I). The green

fundamental beam of about 10 mJ per pulse is used as the second ionization step. The

ionization level of Hf! has been determined as 5504i.9(3) cm-I by double-resonance,

field ionization spectroscopy [33]. Our RIS laser beams excite the Hf atom only 3i6

cm-1 above the ionization threshold, which is the free-electron energy E. after the

resonance ionization. From [34], it is known that the photoionization cross-section is

inversely proportional to the square root of the free-electron energy

(3.1)
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Figure 3.1: Hf resonance ionization scheme used in the experiment.

where m. is the electron mass. From eqn (3.1), it can be expected that the ionization

efliciency is high since the final continuous state is just above the ionization limit.

In the laser desorption and RIS, after the neutral atoms are desorbed out of

the target, some will move into the trap. A delay between the RIS laser and the YAG

laser pulses is necessary to allow the atoms to travel from the target substrate to the

trap center. By adjusting the delay time and monitoring the output from the MCP

detector, the maximum ion production was found to correspond to a delay of about

25 ilS between the triggers of the excimer laser and Nd:YAG Q-switch.

From the manufacturer's specifications, the pulsed dye laser linewidth is about

6 GHz. Therefore, the frequency doubled uv light will have a linewidth of 12 GHz.

Furthermore, the resonance excitation transition can be broadened by the strong

laser power. With the uv pulse energy 0.5 mJ, the resonance width is found as wide

as 0-01 nm (40 GHz), which will cover the transition frequencies of different Hf
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• isotopes. \Vhen dealing with a radioactiw Hf isotope. wc don't nl'cd 1.0 worry ahout.

the isotope shift for RIS. On the other hand. this could bc a drawhack of our ion

injection method. since it l'an select clements of inter,-",t, but not distinguish bctwcen

isotopes.

3.2 Ion Storage Time and Chemical Reaction
sicle the Trap

.
In-

•

•

In our approach, the ions are created inside the trap along the RIS laser beam path

with weil defined thermal velocities. These ions occupy only a small phasc-space

volume, and will be trapped with a high efficiency. Sincc the ions arc produccd only

via the element selective RIS process, a cloud of pure Hf ions can be expccted to

be stored inside the trap. Ideally, an ion pursuing a stable orbit within the trap will

continue to do so indefinitely. However, in an actual system an ion is expected to suifer

collisions with other ions and neutral background particles in the trap. In this \York.

factors affecting the ion lifetime have been studied and sorne mensures have becn

taken to assure a long storage time, which can make it possible to accumulate ions

from a weak source. In the experiment, time-of-f1ight detection is used to investigatc

the storage time. After the ions were loaded into the trap, they were allowed to stay

in the trap for a certain time. Then ejected time-of-f1ight spectra gave us information

about the mass distribution of ions inside the trap.

To achieve long storage time, an ultra-high vacuum system in the chamber

is essential to reduce ion-molecule collisions. Before a thorough bakcout process,

our system couId achieve a base pressure of 10-6 Pa. Under these conditions, the

Hf ion storage time was less than one minute. The time-of-f1ight spectrum showed

that within this period, most of the Hf ions were converted into heavier molecular

ions, presumably Hf0, HfOH and HfO2 ions, through ion-molecule collisions inside

the trap. This chemica\ reactive process is very common for many clements. We

have found similar reactions for elements such as Th, Ba and Ta ions, though Cs

ions, because of their noble gas configuration, are much less reactive and can remain

unchanged for a much longer time.
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• After the vacuum system was baked out thoroughly at 200·C, a base pressure of

less than .5 x 10-8 Pa was readily obtained. At the base pressure, time-of-fiight spectra

obtained after more than one hour of storage time showed predominantly pure Hf

ions. with only small contaminant of Hf0 and HfOH ions. However the number of

ions trapped decreases with time. Fig. 3.2 gives us the ion signais versus the time
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Figure :3.2: Ejected Hr+ ion intensity after certain storage time. Each time it started
from a fully loaded trap. The measurement was done at the base pressure less than
5 x 10-8 Pa.

interval between the ion loading and ion e.xtraction. It is found that the uumber of

ions in the trap decays with a fast time constant or = 14 min followed by a slow

component longer than or =4 hours. This indicates that without buffer gas cooling,

the ions may be lost from the trap due to interactions with residual gas molecules as

weil as the RF heating effect. The fast decay can be e.'l:plained by an "evaporating

cooling~ process [35], in which the most energetic ions are lost from the trap and the

kinetic energy of the remaining ion cloud decreases.

For ion cooling purposes, any light gas, such as H2 and He, would do the job.

However hydrogen as a diatomic molecule is aise very effective to quench the low-
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energy metastable states for laser spectroscopie measurements. Therefore hydrogt'n is

used as a buffer gas in our experiment. When first introduced with a prt'ssurt' of 10-:1

Pa. the hydrogen buffer gas was found to accelerate the conversion of Hr+- iuto ht',wit·r

molecular ions, limiting the storage time of pure Hr+- to minutes. The RGA shows a

big increase of the content of IhO. CO. CO2 • Efforts to purify the fœding hydrogt'I\

gas made little improvement. The increase of contaminants can be explained by t.ht'

faet that the hydrogen gas can desorb sorne gases from the inner walls of tht' vacuum

chamber. With this clue we have found an efficient way to clean the vacuum chamber

by baking the vacuum chamber under a hydrogen pressure of about 10-3 Pa. The

trap storage time can be further improved by operating the Ti sublimation pump,

and by switching off all vacuum gauges. After the above procedures. l.he residual gas

contents were greatly suppresscd. However we have found that while a trap operated

with hydrogen buffer gas can store ions for several days, chemical proccsscs caused by

ion-molecule collisions stilllimit the effective Hf ion half-life to about one hour with

our present setup. Fig. 3.3 shows typical time-of-flight speetra after a short time (ls)

and a long time (40 min) of ion storage. It indicates that while ions arc staying in

the trap sorne of the Hf ions will be convertcd into heavier moleculcs duc to chemical

reactions of Hf with the residual reactive gases in the vacuum chamber. It shonld

be mentioned that the effective storage time of Hr+- in the trap is not improvcd if

helium is used as the buffer gas.

3.3 Ion Accumulation

In studies of radioactive isotopes, the sample provided is often very dilute. With cach

ion production sequence of Nd:YAG desorption followed by RIS pulses, the number

of ions produccd cao be very low. It would be very useful if ions could be accumulatcd

in the trap from repeatcd laser pulses. With hydrogen buffer gas (10-3 Pa) to cool

the ions produccd, the phase-space volume of trappcd ions cao be rcduccd in a few

tens of milliseconds through buffer gas collisions (sec section 3.4). Therefore the ions

produced from subsequent laser pulses should be trapped uotil ail the phase space

volume has been oecupied. In our previous work [21], we have suggested that this
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Figure 3.3: Time-of-flight spectra of ejected ions, (a): after stored in the trap for
1 s, (b): after stored in the trap for 40 minutes. The hydrogen buffer gas pressure is
10-3 Pa. The time-of-flight spectrum after long ion storage shows that some of Hf
ions have converted to heavier molecules due to chemical reactions of Hf ions with
residual reactive gases in the vacuum chamber.

ion injection method should be applicable to a very weak source.

Ion accumulation from a weak source has been tried. Optical detection of the

trapped ions, as a non-destructive method, has been used to monitor the ion ac

cumulation process. For LIF detection of Hf ions, the optical excitation scheme as

shown in Fig. 2.9 is used. The cw laser beam needs first to be tuned at 340 nm, cor

responding to the ionic transition a 2D (J = 3/2) - z 4Fo (J = 5/2) of one of the Hf

isotopes, for example, 118Hf. The LIF photons are detected by the photomultiplier.

A dilute source ms prepared by putting a drop of methanol solution contain

ing about 1014 HfC4 molecules onto a graphite substrate surface, which is 6 mm in

diameter. By using repeated Nd:YAG desorption and RIS pulses, the ion accumula

tion from successive shots is demonstrated in Fig. 3.4. The LIF from the ions inside

the trap \Vas continuously monitored while the ions were produced by heating and
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Figure 3.4: The laser-induced fluorescence versus the ion accumulation time. The
Nd:YAG laser and the pulsed dye laser operated at a repetition rate of 2 Hz. The
buffer gas pressure was 9 x 10-1 Pa.

RIS laser shots. The experimental data indicate that the number of ions trapped

first increases with the number of shots and gradually reaches a saturation lever.

With the sample described above, the saturated level corresponds to a few 104 ions.

However with more dilute samples (1012), the maximum number of ions that can

be accumulated in the trap is often much lower. This is not surprising, since in the

accumulation process a burst of neutral particles produced by each hea.ting pulse

is delivered towards the center of the trap; this can destabilize the stored Hf ions

through collisions. The eventual maximum number of accumulated ions is therefore

govemed by the relative ion production and ion lea.ka.ge rate.

•
3.4 Buffer Gas Cooling Time

Light gases are often used as a buffer gas to cool down the ions in the ion trap.

Reduction of the ion energy by a factor of three could be a.chieved [36). However,

little or no experimenta1 work has been reported measuring buffer gas cooling time.
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• In this work, efforts have been made to measure the ion cooling time. Such studies can

provide val uable information to understand the ion cooling mechanism, and would

be useful for dcsigning and operating Paul trap-related transportation and collection

systems. In addition, the measurement of ion cooling time can also help to study

ion-molecule collisions.

ln the experiment, the Hf ions are created instantaneously along the RIS laser

beam path. Their initial trajectories occupy a large spatial volume of the trap, and

through collisions with the buffer gas molecules, the ions are cooled and subsequently

migrate towards the center of the trap. We have experimentally measured this cooling

time. With the cw dye laser tuned to the resonant wavelength and probing only the

center of the trap, the increase of the LIF counting rate after the RIS pulse has been

monitored. The increase of the LIF counting rate after a RIS pulse has the form

where 7 can be interpreted as the ion cooling time. A typical counting rate variation

with hydrogen pressure at 4.2 x 10-3 Pa is shown in Fig. 3.5(a). The cooling time

thus deduced at different buffer gas pressures is shown in Fig. 3.5(b), indicating an

inverse proportionality with the buffer ga.s pressure. This suggests that the cooling

rate (7-1) varies linearly with the buffer ga.s density, thus the collision frequency.

As discussed in [3i], prior to equilibrium, the overall effect of collisions with light

buffer gases is to lower the mean kinetic energy of the ions, and the RF heating effect

during the initial cooling process will be small. Assuming that the fractional energy

loss per collision is determined by the mass ratio m(H2)/m(Hf) [3S, 39], the cooling

rate cao be approximated by

•
l-exp(-t/,r) (3.2)

(3.3)

•
where R is the collision rate, nb is the buffer ga.s density, v is the mean relative velocity

between ions and molecules and q is the collision cross section. From Fig. 3.5(b), we

can see that at a hydrogen pressure of 5 x 10-3 Pa the cooling time is about 50 ms,

resulting in a collision rate R of liSO/s. Nowa collision cross section of Hf!" ions

relative to hydrogen molecules cao be estimated. Hydrogen molecules at 300 K have
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(b). Ion cooling times at different buffer gas pressures.

Figure 3.5: Ion cooling times at different buffer gas pressures•
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a rnean velocity of 1.8 x 105 cm/s and a density nb of 1.2 x 1012 /cm3• The effective

trap depth of our present system is 13 eV. Before cooling. Hr+ ions should have an

energy of 1.:1 eV [:16] and a velocity of the order of 105 cm/s. Since the hydrogen

velocity is bigger than the veloeity of Hf+ ions. the mean relative velocity does not

vary rnuch during the cooling down process and t' is assumed to be 2x 105 cm/s.

The experimental results thus yield a cross section q of 8x10-15 cm2• This value

can be compared with the calculated classicai ion-molecule collision cross section of

hydrogen gas relative to Ba+, which is i x 10-15 cm2 [40].

3.5 Sllmmary

It has been found that chemical reactions between hafnium ions and residuai gas

molecules is an important factor limiting ion storage times. In our setup, hafnium

ion storage times of longer than one hour have been achieved. It is long enough for the

ion accumulation and the spectroscopie measurement. With repeated Nd:YAG laser

desorption and RIS laser pulses, the ions of interest can be successfully accumulated

inside the trap from a dilute source. This is a big step toward laser spectroscopie

studies of radioactive isotopes. Furthermore, the buffer gas cooling times in the trap

has been measured for the first time. This is an important parameter for the studies

of kinematics of the trapped ions.
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Chapter 4

Laser-Induced Chemical Reaction
and Isotope-Selective Suppression

While continuously monitoring LIF of the conlined Hf ions with the cw uv Jaser. it

was found that the photon counting rate suffered from a fast decay much shorter than

the ion storage time in the trap. In this chapter, we will present. our experimcntal

observations and our deduction that this decay is due to optical1y induccd chcmical

reaction of Hf ions with hydrogen buffer gas molecules to form HfH+. This cau

result in a decrease of pure Hf ions inside the trap available for laser spectroscopie

measurements. It has aIso been found that the Hm molecules can be dissociatcd by

uv laser irradiation. Based on these observations, an isotope-selectivc suppression

method has been developed, which can be used to enhance weak signaIs in laser

sp~troscopic measurements.

4.1 Optical Pumping-Induced HfH+ Formation

During laser spectroscopie measurement with the trapped ions, a laser beam is con

tinuously interacting with the ion cloud. It is different from the laser spectroscopy

of atom beams or ion beams, in which the interaction time is qui te short and fresh

species are continuously being supplied for interaction with the lasér beams. Here the

fresh species refer to those atoms or ions which are susceptible for laser excitations.

In the ion trap, long interaction between laser light and the confined ions can change

the population distribution dramatically, even if there is a very weak branch which
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(:;trI -t.rap- the Hf+ in sorne forms of metastable statcs. Therefore. optica! pumping

dfect in t.he t.rap could become an important aspect. In this work wc have observed

a chemical reaction channel to form HfI-I+ when the hafnium ions are continuo:!sly

irradiated by rcsonance probing cw uv beam. This light-induced chemical process

can have a strong influence on the LIF signais observed from the trapped Hf ions.

4.1.1 Experiment Evidence for HfH Formation

Using LIF to observe the ion accumulation has been presented in section 2.2.6. In

principal. wc can aIso observe the storage time of Hr+ ions in the trap by monitoring

the LIF continuously. This provides a nondestructive method to see how the number

of ions of interest are changing with the time. Such measurements have been carried

out and some interesting phenomena related to a laser-induced chemicai process have

been observed.

In the experiment, an enriched 17'SHf02 sample was used. After 17'SHr+ Ions

were loaded into the trap, the cw uv light was switched on to continuously excite

those Hr+ ions. The LIF counts were recorded and Fig. 4.1 displays a typicai result,

indicating a fast drop in the first few minutes (. = l.i min) followed by a slow

component (. =52 min). The slow decay is related to th" ion storage time which is

limited by the chemicai reactions of Hr+ ions with the residuai gas contaminants as

discussed in section 3.2. The nature of the fast decay is not immediately apparent.

Additionai experiments were then carried out.

First when monitoring the LIF counting rate in the fast decay region, instead

of continuous irradiation, the cw laser light was blocked for certain periods of time.

The counting rate does not drop during the period the cw laser light is blocked as

shown in Fig. 4.2. From this, one cao conc1ude that the decrease in the signal is

opticai pumping related. On the other hand, the laser light \Vas blocked during the

slow decreasing period. The LIF counting rate continues to decrease, as shown in

Fig. 4.3. If the fast decay of the LIF signal is due to the ions pumped to some long

lived metastable states in Hf+, a certain amount of ions in those states should he

quenched back to the ground state by collisions \Vith hydrogen buffer gas during the
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Figure 4.1: Typical fluorescence decay with a continuous resonance uv excitation.

period of the blockage of cw uv bea.m. The absence of quenching through collision

implies that the effect is not due to a long-lived metastable state in Hr+.

These observations strongly suggest that this fast drop in LIF signal he due to

the conversion of Hf'" to other kinds of molecular ions induced by laser excitation.

The time-of-flight spectra of the extracted ions, with and without undergoing laser

excitation, were then obtained and are shown in Fig. 4.4. The upper trace is from the

trapped Hf ions which were produced in the trap and left in there without undergoing

excitation by .À = 340 nm. The leading peak is due to Hf ions, and the second peak

is corresponding to hafnium oxides as discussed in section 3.2. The lower trace of
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Figure 4.2: Effect of blocking the probing uv laser beam during the fast decay of the
de-exciting :B.uorescence.
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Figure 4.3: Effect of blocking the probing uv laser beam during the slow decay of the
de-exciting :B.uorescence.
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• Fig. 4.4 is from a sample of ions which kept in the trap for the same time (3 min) but

excited resonantly when inside the trap. After three-minute resonant uv irradiation.

the centroid of the mass peak corresponding to that of Hf+ has actually shifted by

about one atomic mass unit to the heavier side as demonstrated in Fig. 4.4. It is

•

r ........
HfO+

Ht
HfOH+

r
HfO+

HfOH+

VHIH+

1 1 1 1

13.5 14.0 14.5 15.0
T1me-of·Flight (Ils)

15.5 16.0

•

Figure 4.4: Time-of·fIight spectra of ejected ions, with (the lower trace) and with
out (the upper trace) undergoing optical pumping. After three-minute resonance uv
irradiation, Hf ions cl)nvert into heavier HfH ions.

the formation of HfH+ molecules with laser excitation that is responsible for the loss

of the pure Hf+ when the ions are continuously irradiated by resonance cw probing

light. This continuous excitation results in a fair amount of HfH ions staying in the

trap.

4.1.2 Estimation of the Chemical Reaction Rate

If the formation of Hm ions is a non-reversible process, one would cxpect the LIF to

drop to zero with the fast decay time constant. However as shown in Fig. 4.1, the LIF
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• signaIs drop rapidly and reach a a non-zero level after a few minutes with the resonant

uv irradiation. This suggests that in the LIF measurements, there must be a process

involving HfH molecular dissociation. In our previous experiment (Fig. 4.3), it seems

that collisions with the buirer gas has no e11ect on the dissociation of the Molecules.

Naturally we would expect that cw probing laser beam could induce HfH molecular

dissociation. This can be tested by detuning the cw laser off the resonance frequency.

In the experiment, the Hf!" ions were first irradiated by resonant excitation. When

the fluorescence counting rate reached a steady level, the cw uv laser light was de

tuned off the resonance frequency, and a few minutes later, returned back in its

resonance frequency. The LIF counting rate variation is shown in Fig. 4.5. It can be
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Figure 4.5: Demonstration of HI'H Molecule dissociation induced by detuned cw uv
laser beam.

•
seen that after the non-resonant uv irradiation, an increase of fluorescence signaIs

was actually observed. This is due to the optically induced dissociation of the HfH+

Molecules. It is this non-resonant photon dissociation coupled with the laser-induced
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chemical reaction to form HfH that results in a non-zero level in the decay of LIF

signal~. The process can be schematically shown in Fig. 4.6

•
5d6s(a 3D)6p (z 4P) (J=512)
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Figure 4.6: Diagram illustrating laser-induced chemical formation of HfH and its
dissociation.

After excitation to the 5d6s(a3D)6p state, the Hf ions d~cite mainly to the

ground state and the lower lying metastable states 5d6s2 (a 2D) (J = 5/2) and

5d2(a 3F)6s (a 4F) (J = 3/2). The ions in these metastable states can be quenched

by H2 collisions. As an alternative, the collisions with the H2 molecules can also lead

to the formation of a HfH molecule, a process described by

At the same time, the cw probing uv irradiation can non-resonantly dissociate the

HfH+• HfH+ + hv -+ m+ +H
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• The formation rate of Hm a~ weil as the molecular dissociation rate can be estimated

from t.he t.ime dependencc of tbe fluorescence signal (sce Fig. -1.1), which is propor

t.ional to t.he number of pure Hf ions in the trap. Let N(t) represent the number of

ions in tbe trap at time t, and À pumping rate to form HfH, u the cw uv photon

dissociation rate. Tben

dN = -NÀdt + (N(O) - N)udt (-1.3)

The first term on the right side of eqn. (-1.3) accounts for the ion loss due to HfH

formation and the second term is due to possible dissociation of HfH by the cw-uv

light used for excitation. Since our storage times for the ions in the trap without

laser excitation is in the order of one hour, No as the number of ions in the trap at

t=O, is assumed to be constant during the fast c1ecay. Thus

From a fit of cqn.(-1.4) to the experimental data., À and u can be found À = 0.0088 S-I

and u = 0.00086 S-I. This result implies that laser-induced dissociation is one order

of magnitude less important than laser-induced formation of HfH+.

The HfH formation rate is much smaller than the collisional quenching rate

from the metastable states to the Hf ground state, as will be shown in the fol1owing.

The quenching rate can be estimated from the fluorescence photon yield at a fixed

time. Typically 10 photons per second per ion are detected when saturating the

optical transition from the Hf ground state. With an estimated detection efliciency

of 1%, this translates into 1000 photons emitted per second per ion in the trap.

Since between subsequent emissions the ions have to be quenched, a lower limit for

the quenching rate of Hf by H2 in the order of T-1 = 1000 S-I is found. This yields

a ratio R =1/(T>') ::::: 105
•

•
N(t) = u N(O) + ÀN(O) ,,-(.\+")1

À+u À+u
(4.-1)

•
4.2 Laser-Induced Molecular Dissociation

The incident cw uv laser light in fact has two efi'ects on the ions. One is to resonantly

excite the ions from the ground state to the c.'Ccited state. The other process is that it
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• non-resonantly interacts with HfH ions through photon chemical process to dissociate

them to Hf" again. To further illustrate the optical dissociation, the pulsed dye laser

pulses were used to dissociate the HfH+ molecular ions. The result is show in Fig. 4.7.
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Figure 4.7: Observed strong HfH molecule dissociation induced by plÙSed laser beams.

•

After the :B.uorescence counting rate dropped to the steady level, the excimer

laser was switched on and the pulsed uv beam alone passed through the center of the

trap, as was originally set for the resonance ionization of Hf atoms. The LIF counting

rate gradually increased when the pulsed uv light was shining on the ion cloud. Then

the pulsed uv beam was switched off and the LIF signais started to drop again due

to optical pumping. When both the uv and green fundamental pulses were used, the

LIF increased very fast then reached the saturation level. The photon dissociation

rate with the pulsed laser system is latge enough to overcome the efi'ect of the cw

laser-induced HfH formation. The full :B.uorescence signal could he restored through
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th" interaction of Hf1I ions with the pulsed dye laser beams. We can say that the

ions have been totally recuperated by using the combined uv plus green pulsed laser

Iwarns. On the other hand, when using green light alone the photon dissociation

erfect is hardly to be seen. Further experimentation shows that the dissociation from

the pulsed laser beams is not a rcsonancc process. The dissociation rate is constant

over a wide range of laser wavelength (Iarger than 10 nm).

There could be a possibility that the optical quenching effect is buffer gas

dependent. To examine this, the ions were first pumped to form HfH molecular ions.

Before applying the pulsed laser to recuperate Hf ions, the inlet valve of hydrogen

buffer gas was switehed off. The vacuum pressure went down to the base pressure

in a few seconds. Wc started to send the RIS laser pulses to dissociate the HfH

lIlolecules. After Hf ions has assumed to be regenerated, the buffer gas was put back

to the chamber again. Subsequent measurement showed that the ions were indeed

rejuvenated as in the case with hydrogen buffer gas in. This clarified that the photon

dissociation induced by the pulsed laser light is independent of the presence of the

H~ buffer gas.

4.3 Isotope-Selective Suppression Technique

As shown above, laser-induced chemical reaction ean convert pure Hf!" ions into

Hn-I+. At first glance, this secms to be a drawback for laser spectroscopie mea

surement. In fact this is not a serious problem, since the laser waveiength is aiways

scanning across the resonance. When the laser wavelength is tuned off the resonance,

the non-resonance uv laser light will dissociate the HfH+, which has formed during

the time laser is staying in resonance with the trapped Hf ions.

More important is that we cao benefit from this laser-indu~ed chemical process.

Since only the isotope which is in resonance with the cw uv laser light cao be affected

by continuous optical pumping, tbis cao allow us to seleetively suppress the LIF

contribution ofa partieular isotope by converting those Hf!" ions into HfH+ molecules.

In laser spectroscopie studies of confined ions in a Paul trap, since the trap has a poor

mass selectivity, the ions of a large range of mass cao be trapped simultaneously.
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• Although RIS has been used to sdecti\'cly ionizl' particnlar dl'nlt'Ill. t.he dilfefl'nt

isotopes in the saml'le l'an still be ionized simuIt.aneonsly and Ill' t.rappe,!. Th,' sI",ct. ra

obtained with ions of different isotopes oftl'n show their mixed cont.ribut.ions du,' t.o

possible hyperfine splittings. The spectrum of a low abulldancl' Hf isotope <"<Juld

be masked by the hyperfine lines of other Hf isotopes with high abundann's as

demonstrated in FigA.8(a). where a weak spectral line from nmss :h is lying dose

Al
Az

Al .

Al Az

i_
VI Vz V3 VI Vz V3• (a) (b)

Figure 4.8: A schematic diagram demonstrating an isotope-se!ective suppression
method. (a). The spectral lines from isotopes AI and A2• The weak line from ih
is mixed with one of the hfs lines from AI, (b). The spectral lines after suppression
of hfs lines from AI with optical pumping at 1/1 or 1/2, indicating that the weak signal
from .'1'1 is enhanced.

•

to one of the strong hfs lines of mass AI, In this case, suppressing the contribution

from mass .41 would enhance the weak signal from A2• Experimentally we found that

the populations in hyperfine levels are very weil in thermal equilibrium through the

buffer gas collisions. Optical pumping one of the hyperfine leve1s resulted in a uniform

decrease of aIl the hyperfine components of a particular isotope. Therefore, by tuning

the laser at either 1/1 or 1/2 transition for a few mi~utes, the unwanted Hf isotope AI

will eonvert into HfH+ ions. Subsequent spectroscopie measurement will show that

the contribution from the isotope Al will have been greatly suppressed. Thercfore, the

weak signaIs cau get enhanced (see Fig.4.8(b»). This technique, which cau be cal1ed
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the isotop<.~selectivesuppression method, has been applied to laser spectroscopie

studies of radioactive isotope 1.2HL The weak 1.2Hf signal has been enhanced after

selective suppression of the contributions from the contaminant isotopes l7'Hf and

""Hf given in section j,2.2.

Besides the application in Hf, the isotope selective suppression method is quite

possibic to be applied to other e1ements in laser spectroscopie studies using a Paul

trap, as long as an optically induced population "trapping~ can be found. For ex

ample, a fast decay of LIF counting rate due to laser resonance irradiation has been

reported in ytterbium [41, 42]. The process is considered to be associated with a

long-lived metastable state in Yb+. This can allow the selective suppression method

to be applicd to Yb+ spectroscopie studies by optically pumping the unwanted Yb

isotopes into the long-lived metastable state.
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Chapter 5

Trapped Ion Kinetic Motion and
Doppler Width Reduction

In trapped ion laser spectroscopy, the Doppler width ~I/ reslIlting from t.he kinetic

motion of the ions is governed by

where v is the mean velocity of the ions and c is the light speed. '1'0 IInderstand

the ion motion inside the trap and reduce the Doppler linewidth, a pha,;c-sclective

laser spectroscopic method has been used in our studies. The spectral linewidths at

different RF phases can yield information about the variation of the mean vclocity

of the ions with the change of the RF phase. In this work, systemalic studies of ion

kinematics have been done with LIF measurements at difrerent lmp operat.ing condi

tions. The right choice of operating condition improves the spectroscopic resolulion

and allows the measurement of the hfs and isotope shifts of ions confined in " Paul

trap. '1'0 begin with, sorne knowledge about RF phase-space dynamics is presented.

•
~vlvo ex 'vlc (5.1 )

•

5.1 RF Phase-Space Dynamics

The basic theory of the RFQ trap, given in section 2.1, has dcscribed ion motion

under the driving RF field. It tells us that initial position and vclocity for a single

ion determine a fixed trajectory governed by the Mathieu equation. However, when

there are many ions inside the trap, the ion motion can be best described by RF

phase-space dynamics.
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• l'ha.s,~span: dynamics can allow us to study thc variations of the characteristic

'Illantities--position and vclocity- with the passage of time. The so-called phase

space is a six-dimcnsional spacc (r, v). In Cartesian coordinates. the motion in three

orthogonal directions x, y. and =may be considered independently of one al.o~her.

The phas~~spaCl' can be treated as three separate phase-planes (x, x). (Y. if). and

(=. z). It is a very important property that if a group of particles at a certain time

/, is bounded in phase space by boundary Cio at time 12 • Cl wiII have transformed

to a boundary C2 which will bound the same group of particles. Therefore we only

need to study how a boundary in phase space transforms with the time.

It is known that when an ion enters the trap at an initial RF phase ço (ç =
fl.to/2 as uscd in eqn. (2.12)) with certain value of u and Ü. then at phases during

subsequent cycles given by

its position and velocity (including the initial condition) wiII lie on the same ellipse in

phase-space. Therefore, if such an ion spent an infinite time in the RFQ trap. values

of u and ü measured at specifie phase angle ç during each cycle would eventually

form an ellipse in phase space [24, 25]. This provides a direct way to find the ellipse

boundary at different RF phases. The equation of such an ellipse in u, ü space can

he expressed as

•
ç = Ço + krr. k=1.2.3.···

where e is given by

and

area of ellipse
$=

(5.3)

(5.4)

(5.5)

•
.4.. B and r are time-dependent quantities. From the diagram shown in Fig. 5.1, we

can see r and B are related to the ma.'Ômum velocity and displacement, respectiveIy.

The quantity e, however, is independent of time. That means that the phase-space

volume or area occupied by a group of particles is conserved. This is the result of

an important la\\" concerning phase-space boundaries and is a consequence of the
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• Figure 5.1: Phase-space ellipse showing critical dimensions.

application of Liouville's theorem to the motion of a particle in phase space. The

boundary ellipse is sometimes called an acceptance ellipse or emittance ellipse.

One way to calculate A, B and r is by using matrix techniques. If an ion is

moving within the quadrupole field with a displacernent u(t1) and a corresponding

velocity ù(td at an initial time th the new displacernent u(t2) and velocity Ù(t2) at

a later time t2 can be determined by using the state transition matrix thus

It has been shown that for the RF quadrupole field A, B, and r pararneters are

related to the matrix M for the complete cycle by the expression [24, 25]

M(~ +11" ~) = ( cos{311" +.Asin{311" BSin{3-:r.) (5.i)
o ,0 _ r sm{311" cos{311" - Asm{311"

For any (initial) RF phase, the ellipse pararneters can be determined from the ele

ments l'ni; of the matrix M. Thus• B= m12

sin1l"{3
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• and

-m:Hr=-
sinii,B

Il = Jar-l

(5.9)

(5.10)

•

in accordance with eqn. (.5..5).

Here, ;3 represents the constant relating the secular frequency of ionic oscilla

tion "'0 to the driving frequency !1 of the applied RF voltage (;3 = û.·o/(!1/2), see

eqn. (2.15)). The matrix M for the complete cycle also contains information on the

nature of ion motion. The trace of the matrix is given by mu + m:l2 =2cosrr;3. For

stable trajectories (real ;3), the trace of the matrix M must lie between -2 and 2.

To calculate the state transition matrix in a complete cycle, several approaches

are possible. In this work, the piecewise-constant or staircase approximation method

has been applied to calculate M(rr + ~o, ~o). In this approach the applied waveform

is divided into a large number of narrow rectangular steps of equal length. Over a

certain time period, 111[ may be represented as the product of ail such matrices over

subintervals within that period. For example,

(5.11)

(5.12)

•

Thus the matrix for the complete RF cycle can be obtained from the product of the

matrices for fractions of the RF cycle. Now let's come back to see how to calculate

the matrices for the narrow rectangular steps.

The general equation ofion motion inside trap has been given earlier in eqn. (2.12).

In our approximation during the period ~1 to ~2, the equation can be represented as

d'lu •
dç- +hiu = 0

or
d'lu •
~-~=O ~>O ~13)

The position and velocity (du/dç) at the end of this period are tlten given by

(
u) _ (COS[h1(~-~-1)1 {sin[h1(~2-~d]}/h1) (u) -M(ç t) (u)
il - -h1sin[h1(~2-~dl cos[h1(~-~1)1 il - 2,'>1 il

& ~ ~

(5.14)
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• corresponding to the former case, or

(u) _(COSh[h2(6-~-1)l{Sinh[h2(~2-~tl]}/hl) (u) _M(e Ç) (u)
Ü <_ - h2sinh [h2(6 - ~tll cosh [h2(~2 - ~Ill ü < -, 2, 1 Il <

~ ...1 ...1

(5.15)

corresponding to the solution from eqn. (5.13). It will then be possible to calculate

the state transition matrix M(", + eo, ça) using a staircase approximation. In the

calculation, the -;ycle has been divided into 20000 rectangular steps. The fa.mily

of phase-space ellipses for ion motion in r directions at the work point a. = 0

and q= = 0.3i4 is shown in Fig. 5.2, demonstrating the V"dI"iation of the shape and

0.8
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•
Figure 5.2: A group of phase-space ellipses at different RF phase angles. The trapping
condition is a= = 0 and q= = 0.3i4.

•

orientation of the ellipse with the change of the RF phase while keeping a constant

a.rea.. It can be seen that the size of the phase dia.gram along the r axis, which

indicates the velocity sprea.d of an ion cloud at the radial direction, changes with

che RF phase. At zero RF phase, the ion motion along the radial direction rea.ches

a minimum. This suggests that laser spectroscopie measurement at zero RF pha.se

can be used to improve the spectra.l resolution.
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• 5.2 !:lvr Versus the RF Phase Angle

•

•

Phas(.~spacc dynamics suggests that the velocity spread of the ion cloud, and their

spectrallinewidth ~v. due to ion Doppler motion vary with the RF phase. This vari

ation of the spectrallinewidth cao be measured by phase-selective LIF de-excitation.

To carry out the measurement, the cw uv laser bcam is modulated to excite the ions

at a particular RF phase during a period (100 ns) much shorter than the RF cy

cle. Meanwhile, the de-exciting fluorescence photons from those ions are recorded by

RF phase-locked coincidence eounting. This technique will be referred to as Phase

Selective LIF.

ln the study, an enriched 178Hf02 sample was used. At each RF phase, the

L1F spectrum was obtained by scanning the probing uv laser wavelength across

the resonance frequency with À = :340 nm. Sinee the even-even Hf isotope gives a

single resonance peak and the laser linewidth is ncgligible, the ~pectral linewidth

corresponds to the velocity spread of the ion cloud in the trap. In Fig. 5.3, the

spcctra obtained at various RF phases are shown. The spectrallinewidths at various

phase angles have been derived and plotted in Fig. 5.4. Systematie measurements

have been done al two trap operating conditions. One corresponds to a de bias of

zero volts and the other with a de bias of 28 V. The same number of ions was kept

inside the trap for both measurements. From this, one cao clearly see the variation

of the linewidth with the RF phase, with minima oecuring at phase 0 and ;r.

These e.,perimental width variations cao be compared to the theoretical results

from the phase-space diagrams. Fig. 5.5 shows the caleulated ver at different RF

phase, where e for zero dc voltage is set to be l, while for 28 V de voltage e is set

to be 0.65 to normalize the aVr of zero RF phase. The ell:perimental results shown

in Fig. 5.4 agree very well with the calculations from phase-space dynamics. It is

interesting to note that the caleulation indicates different aVr at 0 and ;r phase

angles, and these are reprodue""," in the actual m~urements.Further discussion of

the change of kinetie energy at different de voltage and the pseudopotential mode!

cao be found in section 5.5.1.
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Figure 5.3: A group of laser spectra at different RF phase angles measured by phase
selective LIF. The trapping condition is a: =0 and q: =0.374. The variation of the
spectrum linewidth is due to the variation of the velocity spread of the ions along
the radial direction.
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Figure 5.5: Calculated velocity spread in the phase-space ellipse ..Jëf against RF
phase angles. The two curves correspond to (a. =0, q= =0.374) and (a= =-0.048,
q= = 0.374), respectively•
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• 5.3 D:.Vr Dependence on the Number of Ions

•

•

The phase-space calculation carried out in section 5.1 is in an ideal situation. wllt're

the ion motion is on!y considered to be governed by a pure RF qUildrupole field. ln il

practical trap, a buffer gas is often used to cool the ions, as discussed in section 3..1.

The RF motion can result in indirect heating due to the interactions it causes. snch as

interactions with the background residual gas. There are also Coulomb interactions

between the ions themselves. So far there is no theoretical model which accuratc!y

includes ail these interactions in studies of ion trap kinematics.

With phase-selective LIF, one can measure b.vr at each individua! RF phase

with different trap operating conditions. In particular, the variation of b.vr versus

the number of ions in the trap can provide valuable information about the Coulomb

interaction between the trapped ions. The spectral linewidth with respect to the

number of ions was measured at zero, 70/2 and 70 RF phases by phasc-sc!ective LlF.

(The effect at RF phase 370/2 is the sarne as at RF phase 70/2). In the measurement,

the trap was operating at an RF frequency of 400 kHz with trapping pararneters

a: =0 and q: =0.374. A certain number of ions was first loaded into the trap with

desorption and RIS laser pulses. The ion load was controlled by adjusting laser power

and the nurnber of iaser shots. LIF spectra were then acquired at the threc different

RF phases. Afterward, the ions were ejected to the MCP detector to measure the

number of ions. The resultant spectrallinewidth versus the number of ions is plotted

in Fig. 5.6. Two different features are revealed in the diagrarn. The b.vr measured by

phase-seIective laser spectroscopy at RF phase angle 70/2 very much depends on the

number of ions trapped, indicating that the tlv., or the mean velocity of the ions,

increases with N. However, the tlvr measured at RF phase 0 and 70 show only a very

slight increase with increasing N.

Due to Coulomb interactions, the size of the ion cloud would become larger

when more ions are in the trap. If the phase-space diagrams kept the sarne shapes,

the veIocity spread at any RF phase shouId also show an increase proportional to

the size of ion cloud. The reIativeIy constant veIocity spread observed at zero RF

phase implies that not only the phase-eIlipse volume but also its eccentricity changes
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• trapped ions. The trapping parameters are (a==O, q==O.374). The measurements
have been done at RF phase angles 0, 71:/2 and 71:.

•

with the number of ions. At zero RF phase, with more ions inside the trap, the

phase-space diagram should become elongated in space, resulting in little change of

the velocity spread. These changes of the phase ellipses are illustrated in Fig. 5.7.

Following the elongated phase ellipse at zero RF phase, as the RF phase changes,

the phase-space ellipse changes its orientation and eccentricity. At RF phase 71:/2 and

371:/2 , the phase-space diagrams show a bigger velocity spread.

Let's have a look at the space charge interaction qualitatively. For simplicity,

only the motion along the r direction is considered. Given a uniform charge distribu

tion, the ions within the ion cloud will experience a force proportional to r measured

from the trap center, which tries to cancel the restoring force induced by the volt

age at the ring electrode. Such a dependence is characteristic of a 1-dimensional

quadrupole field (see section 2.1). Therefore the space charge affect on the ion mo

tion along r diM:tion is equivalent to a negative dc voltage _U,' added to the ring
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Figure 5.7: Phase-space ellipses at two different numbers of trapped ions. At zero
phase angle, a large number of ions is described by a more elongated ellipse. The
pictures illus:rate that while the velocity spread at zero and 11' does not change much
with respect to the variation of the number of ions, the velocity spread at the phase
11'/2 and 311'/2 can vary greatly.

electrode. The more ions inside the trap, the bigger the U', which could cause a

bigger change of the phase-space diagram.

It has been generally accepted that when more ions are in the trap, the mean

kinetic energy of the ions will increase [29, 43, 44]. This is consistent with our mea

surements. From Fig. 5.6, it can be deduced that the tl.vr of the complete RF cycle

will increase with the number of ions, since linewidth tl.vr at RF phase 11'/2 and

311'/2 strongly depends on the number of ions trapped. However, previous studies

provide no information about the velocity dependence on N at different RF phases.

Our e.'Cperiment results are the first to provide an exaIIiple of the modification of

the phase-space volu:ne due to the space charge effect. It would be interesting to

compare our experimental results with calculations with Coulomb force included.

5.4 Ion Temperature Discussion

It has generally been accepted that ion motion in the trap is in a thermal equilibrium,

in which the heating and the cooling are balanced. Although the ion temperature

concept is used often in the literature to describe ion motion in a trap, different

definitions of temperature have resulted in a wide variation in both theoretical and
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• experimental values reported. Values ranging from room temperature te over 1 e'i

limier similar operaLing condition have been proposed. A review of works on ion

temperature can be found in [29].

Iffliinder and Werth [18] were the first to report optical observation of an ion

cloud in a Paul trap under laser illumination. A temperature of about 1 eV for Ba+

ions in the trap with a potentia! well depth of 10 eV was deduced from an observed

linewidth. Herc the temperature in fact refers the mean kinetic energy of the ions.

Previous measurements indicated that this energy is related to the pseudopotential

well depth by the empirical expression [36]

< Ekin >= (0.11 ± O.Ol)eD (5.16)

•
which is obtained at ultra-high vacuum conditions. Here D is the lower value of Dr

and D:. With buffer gas cooling, a further reduction of the ion kinetic energy by a

factor of threc can be achieved [36]. Therefore, if the ions are cooled with buffer gas,

the mean kinetic energy of the ions can be approximated by

< Ek-in >= eD/30 (5.1i)

A more recent and more appropriate approach deais with the ion temperature

as a statistica1 quantity. According to Blatt et al. [45], a collection of ions is in

thermal equilibrium at a specifie temperature of simple harmonic macro-motion in a

pseudopotential weil, upon which is added an RF micro-motion. The coherent micro

motion does not contribute to the ion temperature but only to the mean kmetic

energy. When the particle macro-motion distribution reaches a thermal equilibrium,

it can be e.xpressed by a Gaussian for any one of the canonica1 coordinates [46].

(5.18)

with

•
(kT

0'(v",) =V-:;;; (5.19)

where kT is the average thermal energy with ion temperature T. This distribution

will actually result after a large number of interactions between a large number of
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l'articles when the interactions randomly distribut.t' a Il)(<'d total amoun!. or t'ner~·.

In this modeL the RF micro-motion will distort the phast~space dlil'st' and chan!\t'

the kinetic energy of ions insidt:' a tral" This superiml'osed oscillat.ion is in pha.«'

\Vith the RF voltage applied 1.0 the trap.

Phase-sclective LIF l'l'ovides an easy way to lind the statistical tellll't'ral.ure or

the ions in the trap. As shown in Fig. 5.'1. the linewidth al. differenl. RF pha.«'

varies due to the coherent RF micro-motion. At zero RF pha.<e. the RF lIlÏt'ro

motion effect is at a minimum. What remains is the thermal motion. In thi, way the

thermal motion can be isolated from the RF micro-motion. The Gaussiau vt'!ocit.y

distribution measured at zero RF phase reflects t.his statistical nat.ure and can be

used to determine the ion temperature.

The full width at half ma.,ima (FWHM) revealed by LlF measurements at zero

RF phase is found weil fixed at about 1 GHz even if the number or ions varies over

a large range. With >. = 340 nm, the ion temperature T deduced from eqn. (5.19)

and eqn. (5.1) is 450K and kT = 0.038 eV. It is very close to l'oom temperat.ul'c

T = 293 K with kT = 0.025 eV. The slightly higher value (about 0.013 eV above

room temperature 0.025 eV) could be due to the RF heating effcct. ln onl' ultra

clean vacuum system, the RF motion should be only slightly modified in phase

and amplitude from collisions with the light buffer gas lh molecules, rcsulting in

a relatively small RF heating. It is found that over a wide range of trap operating

condition, the statistical ion temperature is always relatively fixed and slightly higher

than that of the buffer gas.

The 1 GHz spectral resolution obtained is very close to the Doppler width at

the room temperature (0.8 GHz). It should be emphasized that the ion temperd.ture

should not be confused with the mean kinetic energy. Without phase-selective de

tection, about 3 GHz spectral linewidth is observed, which corresponds to a mean

kinetic energy of 0.3 eV.
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• 5.5 Other Factors Affecting Ion Motion in the Trap

•

•

Our pha,c-sc!ective L1F spectroscopie setup gives us a unique and powerfu! too!

for the study of trapped ion kinematics. Although we fclt it un!i!œ!y that we could

irnprove our spectral rcsolution much bclow the 1 GHz produced by our initial phase

sdective LIF rneasurernents, we undertook a systematic study of the measured effects

oi varying sorne of the trapping pararneters under our control, such as operating volt

ages, RF frequency and buffer gas pressure, in order to improve our understanding

of trapped ion behavior. In many cases the relationship between the trapping pa

rameters and the ion dynamics has never before been experimentally mea.,ured.

The mea.,urements have been done two ways. One is just the conventionallaser

spectroscopie method, in which a cw laser beam is sent into the trap center and the

fluorescence counts from the full RF cycle are recorded (referred to as full cycle LIF

method). The other method is phase-sclective coincident counting gated at zero RF

phase with a cw probing laser beam.

5.5.1 De Voltage

Fluorescence linewidths were measured. The number of ions was kept constant. The

spectral full widths at half ma.'CÏmum have been compiled and plotted versus the

dc bias voltage in Fig. 5.8. The data points represented by an open circle are the

results from full cycle LIF, and the data points represented by a solid circle are from

phase-selective coincident counting at zero RF phase. The linewidths ca1culated from

eqn.(5.1i) are also shown in the diagram. The spectrallinewidth measured by full

cycle LIF decreases with the increase of the dc bias voltage. On the other hand,

the spectral linewidth measured by phase-selective coincidence counting at zero RF

phase changes very little with the respect to the dc voltage variation.

The result from zero RF phase can be e:q)lained as a small variation of the

statistica1 temperature, which is slightly higher than the room temperature. The

variation of the linewidth from the full cycle LIF is due to the RF micro-motion at

different operation conditions. This can be compared with the prediction based on

the pseudopotential well depth. The e.'\-perimental result from full cycle LIF mea-
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surements roughly follows the variation of the weil depth D, which is the lower value

of Dr and D=.

5.5.2 RF Voltage

Similar measurements have been done while changing the RF voltage. In the mea

surement, the number of trapped ions was kept constant. The resultant spectral full

widths at half maximum are shown in Fig. 5.9. Again the results from full phase

LIF are represented by an open circle, and the ones from the coincidence counting

at zero RF phase are marked by a solid circle. The smooth curves are derived from

the prediction based on the pseudopotential weil depth. With the increase of the

RF amplitude, the spectrallinewidth measured by the full cycle laser spectroscopy

increases, indicating an increase of the mea.n kinetic energy of the ions. Qualita.

tively, the changes of the mea.n kinetic energy are consistent with the variation in
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Figure 5.9: Spectrum linewidth versus RF voltage. The solid circles are obtained by
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Figure 5.10: Spectrum linewidth versus RF èriving frequency. The solid circles are
obtabed by coincidence counting at zero RF phase. The open circles are from full
cycle LIF. The curves represent predictions based on the potential well depth.

65



•

•

•

the pselldopotential weil dl'pt h.

On the other hand. with increasing RF voltage it is noticl'd that thl' linl'witith

for the phasl~selectivecoïncident cOllnting at zero phase has only a very small in

crease.

5.5.3 RF Frequency (Constant G= and g=)

Laser spectroscopic measllrements have bcen done at different RF freqllencies. RF

amplitude and dl' bias were also adjllsted in order to kcep thl' same trapping param

eters a; and q;. At each frequency. the trap was filled to the ma:l:imllm load and the

spectra were measured by full cycle LIP as weil as phase-selective coincident cOllnting

at zero RF phase. The results have been plotted in Fig. 5.10. The linewidth basl...l

on the potential weil depth is also shown by cllrves in the diagram.

The result from full cycle LIF (open circle) indicates the averag<''<1 velocity

spread of the ions is decreasing with the decrease of the driving RF frequency. This

l'an be understood by the change of the pseudopotential welt depth, which is pro

portional to nz as shown iu eqn. 2.20 and eqn. 2.21. Our result is consistent with

that in [4ï]. The result from the phase-selective measurement (solid circle) shows

that the spectral resolution by phase-selective measurement at zero RF ph...,e l'an

be improved by using a lower driving RF frequency. Typically our trap is operating

at 400 kHz and the spectral resolution is about 1 GHz. With the RF driving Ire

quency 250 kHz, we l'an get less than 900 MHz spectral full width at half m;w,;ima,

which corresponds to a statistical temperature kT less than 0.0:31 l'V, only 0.006 l'V

above the Nom temperature. These results l'an explain the slightly worse rcs<'lution

of 1.4 GH.~ obtained by Rink et al [19], where an RF driving frequency of 600 KHz

was used.

5.5.4 Buffer Gas Pressure

The effects of buffer gas pressure variations are very hard to analyze independently.

The difliculty is that when the buffer gas pressure is too high, the optical pumping

inducecl-chemical process becomes severe due to higher collision rate, which leads
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to a decrease of the number of pure Hf+ ions (see section 4.1). Another factor as

mentioned before is that the high buffer ga.s pre.:Jure could lea.d to an increase of the

resiàual gas content, which could accelerate the oxidation of Hf+ ions, limiting the

pure Hf+ ion storage time. On the other hand, low buffer gas pressnre could reduces

quenching of metastable states, and could also affect ion cooling effects.

Here we just give the fea.tures with the increa.se of the buffer ga.s pressure. In

Fig. 5.11 the spectrallinewidth versus the buffer ga.s H2 pressure is displayed. The

spectral linewidth of the full cycle LIF spectrum decreases with the increase of the

buffer ga.s pressure and the linewidth of the pha.se-selective spectrum changes little,

the same way that zero RF phase is insensitive compared with other phases. The

chang.~ of the linewidth cao be explained by the buffer gas cooling effect. Within

the pressure range studied, the higher buffer ga.s pressure would have a better ion

cooling effect.

The typica.l buffer ga.s pressure in our experiment is about 10-3 Pa., which is

high enough to meet our requirements both for the collisional quenching and for the

ion cooling. Also at this pressure, the chemica.l process loses are tolera.ble.
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Figure 5.11: Spectrum linewidth versus.buffer ga.s H2 pressure. The solid circles are
obtained·by coincidence counting a.t zero RF phase. The open circles are from full
cycle LIF.
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• 5.6 Laser Power Effects

•

•

In the de\'elopment of the phase-selecti\'e LIF method. al. tirsl. the coincidence ,'ollnt

ing technique without laser modulation was applied in this work. lt is a ,om','nit'nt

way 1.0 gel. the fluorescence photons al. a particie RF phase. Espl'Cially. at zero RF

phase a narrow Doppler width (about 1 GHz) can be obtained. Howe\'er. thl' con

tinuous excitation can lead 1.0 a strong optical pumping effect in Hf+.

In our laser excitation scheme of Hr+, foI!owing the optical excitation from

the ground state. an ion can de-excite 1.0 the metastable states. Thl' ion al. these

states need 1.0 be quenched by buffer gas collisions, so that a new excitation can be

resumed. Therefore the photon counting rate depends on both the excitation rate

and the collisional quenching rate. When the laser saturatt.-s the optical excitation

frora the ground state, the photon counting rate will be limited by the quenching

rate, which becomes the ma.'dmum counting rate one can expect.

In case of cw laser excitation, spectra al. different RF phases were measured

with 17SHf ions in the trap by the coincidence counting technique. In Fig. 5.12 a

group of measurements is shown. Unlike the result shown in Fig. 5.:3, sorne of the

spectra yield double peaks. At the phase angle close 1.0 70/2 and 370/2, the spectra

show a great suppression of the signais in the resonance transition, and the linewidths

become much bigger. II. would seem that the ion moti·.n in the trap is dominated

by inward and outward motions, which produce the double peaks. In fact this is

completelyall optical pumping related process, since the double peaks can disappear

either by employing laser modulation al. a similar laser power or with cw excitation

al. a much lower laser power (less than 0.1 mW). Qualitatively the appearance of the

suppression of the photon counts al. the resonance frequency (see Fig. 5.12) can he

explained by collision quenching rate-lirnited saturation. The photon counts al. the

resonance frequency are from ions with velocities close 1.0 zero near the center of the

trap. These ions have less chance 1.0 move away from the trap center due 1.0 their small

kinetic energy, and therefore continuously experience the optical excitation in the fuI!

RF cycle. For these ions the effective excitation rate is higher than the quenching

rate. At higher laser power the rniddle portion of the spectra is thus suppressed,
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Figure 5.12: A group of LIF spectra at different RF phase angles measured by l'hase
selective coincidence counting. The trapping condition is a==O and q==O.3i4. The
variation of the spectrum linewidth is due to the variation of the velocity spread
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laser-induced saturation effect.
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• resulting in two humps in the spectrum.

The laser power saturation effect can be further illustrated by full cycle LIF

measurements. During the e.\':periment, the same number of ions was kept in the trap.

The spectral linewidth versus laser power is displayed in Fig. 5.13 as open circles.

The spectral linewidth is increasing with the increase of the laser power showing a
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Figure 5.13: Spectrallinewidth versus c\v uv probing laser power. The measurements
were done by full cycle LIF method as weil as coincidence counting at zero RF phase.

•

saturation effect. The linewidth from the spectra at zero RF phase is also shown,

which does not change much \Vith the incre~eof the laser power. However, due to the

quenching rate-limited saturation effect, the tIF counting rate is actually reduced

by a factor of two at high laser power (1 mW), compared with the one employing

phase-locked laser excitation.

It should be emphasized that this kind of saturation effect is not the conven

tional laser power broaciening of an individual transition. It is actually due to the

collisional quenching rate-limited process. If laser spectroscopic studies are carried

on a two-level system, such kind of saturation effect will disappear. In our Hf!" ex

periment, laser modulation can reduce this optical pumping related saturation effect

by eliminating unnecessary optical pumping. In addition it can reduce the chemical
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Isotope l,suHf 1""Hf! "'Hf '''Hf 1""Hf l ""Hf
:"atural Abuudance ('70) 1 .}- .} 11:3.i·1 12i.1 18.6 1 .5.2 ! 0.16.).).-

Table 5.1: :\atural abundanccs of hafnium isotopes.

forlllatiou of HnI.

5.7 Application to Laser Spectroscopie Studies of
Hf isotopes

As discussed in previous sections, phase-selective spectroscopie method at zero RF

pha:;e by using cw la:;er modulation together with coincidence counting can greatly

improve t.he spectroscopie resolution. A spectral resolution of 1 GHz (FWHM) can

be obtained. This width corresponds to a slightly higher temperature than the room

temperature. It is found that this spectral resolution is relatively fixed when the

trapping parameters are changing.

It should be mentioned that phase-selective LIF can also improve the signal to

background ratio. The typical background counting rate due 1.0 the cw uv incident

bcam is about 1000 cps. With the coincident gate width of 150 ns, the background

counting rate can be reduced 1.0 60 cps. On the other hand, the LIF counting rate

obtained by using phase-selective LIF at zero RF phase is typically reduced only by

a factor of 4 compared with the full cycle laser spectroscopy. Il. has been found that

about 10 ions of 178Hf isotope in the trap can yield a signal-to-noise ratio 1:1.

Phase-selective laser spectroscopy makes il. possible 1.0 investigate the hyperfine

structure and isotope shifts of Hf!" ions confined in the trap. First, laser spectroscopie

measurements were carried out using a stable hafnium metallic sample, containing

several stable Hf isotopes with natural abundances as tabulated in Table 5.1. The

resultant spectrum is shown in Fig. 5.14, where the peaks of 178Hf and 180Hf are weil

resolved. However the hyperfine structures of 177Hf and 179Hf mix with eac!l other

and bury the contribution from low abundance 1.6Hf. Further studies were needed

to understand the hyperfine structures of both 177Hf and 179Hf.
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Figure 5.14: Laser spectra obtained from a stable Hf sample.

In summary of the previous chapters, the high sensitivity of the laser spec

troscopy together with 1 GHz (FWHM) optica1 resolution, coupled with the ability

to accumulate ions of interest from a weak source make it possible to carry out laser

spectroscopie studies of both stable and radioactive isotopes. Starting with the next

Chapter, we wiil concentrate on studies of hyperfine structures and isotope shifts in

hafnium isotopes.
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Chapter 6

Hyperfine Structures in HflI

In this chapter, after a brief discussion of the basic theory of hyperfine structures,

we will go into the measurement and analysis of the hfs of l"I-If and !79Hf. l he hfs

A, B factors of ml-If and 179Hf for the two energy levels a 2D3 / 2 and ='lF~/2 in HfII

have been first deduced by a curve fitting, together with determining the centroids

of the hyperfine transitions. From the .4., B values, H(O) and < cp::(O) > produced

by the eIcctrons at the nucleus have bccn deduced with the known nuclear moments.

In addition, our analysis method is found to he very useful to extract weak signals

buried under the hyperfine structures of !"Hf and 179Hf.

6.1 Hyperfine Structure

The hyperfine structure (HFS) is due to the interaction betwccn the electrons and

the nucleus with fini te size. Because of the small ratio of nuclear to atomie ra·

dius, it converges very rapidly with powers of this ratio. Thus, besides the leading

clcctric-monopole interaction, only the magnetic·dipole and an electric-quadrupole

int.eractions are of practical importance. Nuclei with non-vanishing magnetic mo

ment J.ll and electric quadrupole moment Q undergo an additional interaction with

the electron sheU [34]

W = W" + WQ = -IL· H(O) + -6
1L: QO{J 88

2

;
o{J r o r{J

where 0' and {3 can be x, y or =representing the Cartesian coordinates fi.,ed in

space. Here H and cp are respectively the intensity of the magnetic field and the
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• e1ectrostatic potential created by the electrons at the nudl'us. Th,' in! "ra,"! ;\1I1 (li.l)

leads to a splitting of a 1('w"} wit.h anglliar mOlllent.\1t11 J inll) a tllltubcr ,,)f nHll pOIH'nt.s

each of \\"hich corresponds to a definite "alue of the total angu\ar 1ll\>tlH'ntlllll \lf the

atom F.

F=I+J

This splitting is called hyperfine splitting.

6.1.1 Nuclear Magnetic Moments

t· ")l '.-

The magnetic moment of a nuclcon is made up of tll<' orbital alld "pin lllagnel.Ïl"

moments

(lU)

•
It is customary to express the magnetic moments of nllclei in nllc\ear Illagnl'tolls.

i. e. in the units J1.N = ehj(2mpc) where mp is the mass of the proton.

The mean value of IL in a nuclear state \Vith a given vaille of nuc\ear spin l is

directed along J, therefore < IL > can be exprcssed in terms of l

< IL > =gI1 (6.'1)

The factor gr is called the gyromagnetic ratio. Magnetic moment of the nucb,s is

usuall~' understood to be the ma.ximum projection of the magnetic moment in the

direction of a field

J1.r =gr l

6.1.2 Quadrupole Moments

(6.5)

The elcctric quadrupole moments Q"f3 are the next important clectromagnetic prop

erty of a nucleus. In nuclear physics, the operator of the quadrupole moments is the

sum over all the protons of the nucleus and is usually eXj>ressed as

The magnitude of the quadrupole moment is given by the mean value of the compo

nent Q== in the state II, M =1 >. This magnitude is denoted as•
(6.6)

(6.7)
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• where Î represent.s t.he spacia! dependence of a part.icular nuclear st.ate. This quadrupole

IlIorllellt. cali also 1", called t.he spect.roscopic quadrupole moment. Q.•.

III mali)' c;~'es. illt.rinsic quadrupole moment. Qo is used. which is det.ermined in

a system of coordinates fixed on the nucleus. The quantities Q.• and Qo are connected

in the followi ng way

(6.S)

From eqn. (6.8), il. can he scen that the spectroscopic quadrupole moments only exist

for nuclei with spin 1 ~ 1.

6.1.3 Hyperfine Splitting

The first term in eqn. (6.1) is due 1.0 the interaction hetween the nuclear magnetic

moment and the c!ectron shell. The mean value of H in astate with a given value

of J is directed along J and so

• and

where

W~ = -91 1· aJ = ~.4{F2 - J2 - P}

< "(JIFMIW~h'JIFM >= ~A{F(F+ 1) -1(/ +1) - J(J + ln

A = f.lIH(O)/(/J)

(6.9)

(6.10)

(6.11)

is the magnetic dipole coupling constant, H(O) is the magnetic field produced by the

c!ectrons at the site of the nucleus.

The hyperfine splitting from the second term in eqn. (6.1) can be found by

averaging over

(6.12)

and

• where

JlF!YIIW 1 JIF!YI = BiK(K + 1) - /(/ + l)J(J + 1)
< "( . Q "( 1 > 2(2/ _ 1)(2J - 1)/J

K = F(F+ 1) -/(I +1) - J(J + 1)

ï5

(6.13)

(6.14)



• and B is the electric-quadrupole coupling coastant

B =cQ.• < ,0'::(0) > (lU;;)

Berl' < ,:>::(0) > is the c1ectric-field gradient produced hy tll" e!ec!l'Ons at the sit"

of the nucleus.

Thus the full expression for thc hyperfine splitting of a IC\'l'1 has th,' fortn [.I~l

Hl(F) = 4Ft) B~h"(I\+ 1) -lU + I)J(J + 1)
. \ - + 2(21 -1)(2.1 - I)U

and a hyperfine transition frequency from F to F' can be written

Vi = Vc +W(F') - I-F(F)

(li.16)

(lUi)

(l'.18)
•

•

where IF' - FI ::; 1. Vc is the center of gravity of the corresponding transition.

The relative line strength of an c1ectric di pole transition betwecn the hyperfine

structure components of two different ;.1 and ;'.1' is determined by the expression

in terms of 6j-symbols [34]

R(lJF-+IJ'F') = (2F+ 1)(2F' + l){ 1., ,~ ~}

The numerical values of the relative hfs intensities, for 1 and .1 bctw<'Cn 1/2 ami !l/"!.,

are tabulated in [48].

6.1.4 Extracting Nuclear Moments from A and B Factors

From the hyperfine spectrum the A and B factors can be extracted, which contains

the information about the nuclear moments as weil as fI(O) and < ",::(0) > produced

by electrons at the nucleus. After the A, B factors have been found, 1/(0) and

< "",(0) > need to be determined before one can determine the nuclear moments.

On the other hand, if the nuclear moments of a particular isotope have becn measured

by a method oth..: than laser spectroscopy, fI(O) and < "",(0) > can then he deduced

from eqns (6.1 1.) and eqn (6.15), respectiveIy. Since H(O) and < "",(0) > are the

sarne for ail th,~ isotopes, the following relations can be found for different isotopes

i and j from eqn (6.11) and eqn (6.15),

i6



•
and

B;JQ.i = Bj/Q.j

(6.19)

(6.20)

(6.21 )

•

Il should be noted that eqn (6.19) is only valid when the differential -hyperfine

anomaly" between the two isotopes can be neglected. The treatment given for the

magnetic interaction in section 6.1.:3 is only valid for the ideal case of a point nucleus.

For an extended nucleus, we rewrite the hyperfine constant A in eqn (6.11) as [49J

H(O) H(O)
.'1= /lIIT(l - <5)(1 - e) ::::: /lIIT(l - <5 - e)

The first correction <5 takes account of the e.'Ctended charge distribution of the nucleus

which changes the e1ectronic wave-function. Th1s is known as the Breit-Rosenthal

effect. The second correction e is due to the finite distribution of magnetic moment

over the volume of the nucleus and is known as the Bohr-Weisskopf effect. The

differential -hypcrfine anomaly" between the two isotopes is defined as

(6.22)

Since H(O) is the same for different isotopes, from eqn. (6.21) we can form the ratio

A; = /luIj (1 _ ~;j) (6.23)
.4j /lljI;

~ij is usually less than 1% and it often vanishes within the experimentallimits of

error, although <5 and ê can be as high as a few percent [48]. In the ground state 3F2

of HIT. 177~179 (~F2)= -2.4(2.2)x10-3 [50,51].

6.2 HFS Spectra in liiHf and 1i9Hf

6.2.1 Nuclear Moments of lï7Hf and li9Hf

For I77Hf and 179Hf, quite a few hfs measurements have been reported in atomic

transitions [50,51,52,53]. The nuclear moments of I77Hfand 179Hfhave been deduced

in previous works. The accepted values [54] are• /l}77 =+.;935(6) /lN /l}79 =-.6409(13) /lN[50J

ii

(6.24)



•

•

•

and

Q17" +'1 -<J'l("'l) [ [--]::' = .. ,...). ) a':l

Büttgenbach cl al, measured the magnetic moments using th,· atomic [",am magnl'l il'

resonancc method (ABMR) [50]. In their \Vork. hyperfine const.ants .'1. H of t.[ll'

ground state of Hf! have bcen determined \Vith accuracies [",\,(.•.1' t.h ...n .[ :-; lll-';,

Then the gr factors \Vere dctermined by llIeasuring the resomUlet' fre'lu<'nci.·s 1'1

and li:! of t\Vo different transitions at the same magndic field. ln [50J. th.· "['·l't.ric

quadrupole moments \Vere also deduccd from the theoretical exprt·ssiou for B. Sinn'

the electrostatic field gradient produccd by electrons is difIicult 1.0 comput..· prec;sdy

in a multi-electron system, the Qobtained in this \Vay has a large unccrtainty (10%).

although the B factor has been determined very precisely.

The quadrupole moments given above in eqn (6.25) \Vere dct.ermilwd by mea

suring the quadrupole hyperfine-splitting enelgies of muonic AI x-rays [551. In muonic

atoms the electrostatic field gradient at the nucleus is produced by a siugle muon

(the electronic contribution is negligibly small) and l'an be precisdy calculated. Thns

the deduced quadrupole moments have better accuracies. Ground-state quadrupole

moments deduced from muonic X-ray analysis are often used in combinaticn \Vith

electron-atom measurements to calibrate the electronic field gradient at the nucleus.

6.2.2 HFS Spectra of lii,lï9Hf with a 2D3/ 2-Z 4Fs/2 in HffI

No hfs results have been reported in Hf ionic transitions prior to this \Vork. QUI'

studies in 177Hf and 179Hf measure the hfs for the ground state a 20,,/2 and the

excited state .:;4F~/2 in HfII, providing new atomic data about fI(O) and < 'f::(U) >

with the known nuclear moments. From our data we l'an dcduce the centroids of

the hyperfine transitions, which l'an be used to extract the isotope shift for the

transition investigated. Furthermore, the deduced fI(O) and < 'T'•• (O) > will be useful

for our future studies of the nuclear moments of radioactive Hf isotopes through hfs

measurements.

The spins of the nuclear ground states of 177Hf and 179Hf arc ;/2, 9/2 1'<'

spectively. With the optical transiti"n a 2D3/ 2-= 4F~/2 in Hm, there should be 1.2
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l''m 1
1."11 r

Symbol F'-F R F' -F R
(/ l---~ ~3.1 2··-~~ :I:U
b 1 2--~: 1 ~3.1 Il ., ., .)- -

.)---.) -~). ,
c 1 ~-:3 15.·1 :) --·1 21.0
d :I--~ 11.5 .\- - :1 11.0

" :3-3 3:1.6 ·1-'1 :)'7.~

J :3-4 8.6 ·1-5 11.2

9 4-:3 :31.; 5-·1 :1l.1
Il 4-1 :34.2 5-5 38.1
1 4-5 :3.2 5-6 4.0

J -5-1 60.9 6--5 60.6
k .5--5 23.6 6-6 26.0
l 6--5 100.0 ;-6 100.0

Table 6.1: HFS components and their thcorctical rclativc intensitics or mllr and
'
79Hf of the transition a 203/ 2- =.IF;/2 in HO!.

hyperfine spectrallines for each of these two isotopes. Table 6.1 gives att t.he hypcrfine

components and their thcoretical relative intensities for cledric di pole transit.ions.

In the experiment, 1.0 obtain the hfs of l"Hf and 179Hr, enriched "'Hr02 an{l

1.9Hf02 samples \Vere tried separately. "'Hf, or 179Hf ions \Vere first. loadcd int.o t.he

trap, followed by the scanning of the C\V uv laser frequency. Phase-scledive laser exci

tation together \Vith coincident counting techniques \Vere used toobt.ain t.he spedra.

The hafnium spectra of the ionic transition obtained are shown in Fig. 6.\ (Cl) and

Fig.6.2(a), respectively. The spectrum resolution of about. l GHz is found adequate

1.0 resolve most of the hyperfine components of "'Hf. Oeduced hfs components are

also shown in Fig. 6.1 and Fig. 6.2. The detailed analysis witt be discnssed in t.he

next section.

6.3 Analysis of 1ïï,1ï9Hf Hyperfine Structures

In this work, nonlinear curve fitting as a general method has bccn appli"ld 1.0 analyze

the l"Hfand I79Hfspectra. First of ail, five unknown parameters nccd 1.0 be extracted

in eqn (6.1ï). Those are A and B of the ground state, A' and B' of the excited state

ï9
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(a). The hyperfine spectrum of l77'Hf corresponding to"the transition 5d6s2 (a 2D)
(J = 3/2) - 5d6s(a 3D)6p (z 4FO) (J = 5/2). The experimental data points and
the fitted curve are displayed in the diagram. The contributions of the contaminant
Hf isotopes 180Hf, 178Hf and 176Hf have been found from the curve fitting and are
indicated in the upper trace. The vertical bars represent the deduced hfs !ines with
the theoretical relative intensities.

(b). Hfs sp!itting schemes of l77'Hf.

Figure 6.1: Hyperfine spectrum of l77'Hf.
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(a). The hyperfine spectrum of 179Hf corresponding to the transition 5d6s2 (a 2D)
(J = 3/2) - 5d6s(a 3D)6p (z 4fO) (J = 5/2). The experimental data points and the
fitted curve are displayed in the diagratn. The contributions of the contaminant Hf
isotopes 180Hf a.tld 17SHf have been found from the curve fitting a.tld are indicated by
the upper trace. The vertical bars represent the deduced hfs lines with the theoretical
relative intensities.

(b). Hfs splitting schemes of 179Hf.

Figure 6.2: Hyperfine spectrum of 179Hf.
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• "nd 1.1", sp"ctral centroid v,. With assumed trial "alues of .-\. B .-l'. B' as we1l as

v" "n 12 byperfine transition frequencics Vi can be calclliated from eqn (6.17). The

line shape of a single peak can be very we1l represented by a Gaussian profile. The

trial frequencies arc then broadened with a common linewidth-related parameter r.
l\ reconstructed hfs spectrum could be generated from these 12 Gaussian functions

with appropriate amplitudes for each 'of the hyperfine components. This spectral

profile can be exprcssed as

1" (
F(v) = ~ Pk. exp (6.26)

•

where Vi is the ith hyperfine peak position, k. is the corresponding relative amplitude,

P the amplitude for normalization and Cb the background counts. Therefore for hfs

analysis, at least S unknown parameters need to be found from the curve fitting.

Those are .1., B, .4', B', Ve , P, Cb and r.
ln the actual fitting, both the optical pumping effect and neighboring Hf isotope

contaminants need to be considered. Although phase-locked excitation has been used

to reduce the optical pumping effect, the measured amplitudes of different hfs lines

still differ from the relative intensities given in the Table 6.1. To the first order

approximation, the line intensities can be modified as

ki =R;(1 - a(vi - Vmin)) (6.27)

•

where R; is the relative intensity found in Table 6.1 and factor a accounts for the

deviation from R; due to optical pumping, whieb adds one more parameter in the

curve fitting.

Impurities in the enriched hafnium isotopes also affect the measured spectra.

Since the neighboring even-mass isotopes, sucb as 17'8Hf, 1soHf and 176Hf, have no hfs

splitting, the contribution from smaii impurities can be comparable to sorne weak

hyperfine lines in 177Hf and 179Hf. This means that sorne more Gaussian functions

with trial intensities and peak positions have to be added into the spectral profile

F(v) to yield a converged fitting. The program PAW (Physical Analysis Workstation)

has been used for the fitting.

S2
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In the parameter fitt ing of the hyperfinl' "pl'ctrlllll "f 17711 f. 1;; paraml't l'r"

arc put in the fitting line profile inclnding "il' more paran1l'tl'rs 1"7';. 1"7". l''''''.

V'7';. V'7S and ViSO representing the trial contribution from 17';1If. 17sllf and ,s"lIf

contaminants. A successfu! fitting to the 512 el'perimental data takl':' ah'lIIt 1 hum

CPV time on a Digital VAX station·4000·60 machine. :\11 t.hl' '7711f linl':' plus t.11l'

trial m;Hf. 17sHf and l$OHf gi\"e us the fined cur\"e in Fig. 6.I(a). In the diap;ram

the upper trace shows the contaminant contribution from e\"l'n-A isotopl':'. From tl1l'

parametric fitting. hyperfine coefficients as weil as the centroids for isotope '77H f ha\'<'

been deduced. The results for the hyperfine constants arc listed in Table 6.2. And the

isotope shift between 177Hf and 17SHf is given in Fig. 6.1(a). The unœrtaintics in tll<'

el'tracted value!' are l'rom the statistical errors, as weil as the laser calibration ,'l'l'ors

(0.:3%). The deduced hyperfine lines with theoretical intensitics arc represented by

vertical bars in Fig. 6.1(a). The hyperfine splitting of the energy le\·c1s involved is

given in Fig. 6.1(b).

The 179Hfspectrum has also been analyzed. The rcsult is displayed in Fig. 6.2(a).

Again, the contributi<>n l'rom the even-A isotopes has been plotted as the upper trace.

It should be pointed out that the contribution from 176Hf (natural abundance 5.2%)

has not been considered. Because it is 3 amu away from 179 Hf, its contribution is

negligible. The e.'\,1;racted A, B factors for 179Hf are also listed in Table 6.2 and the

isotope shift between t77Hf and 17'8Hf is given in Fig. 6.2(a). The deduced hyperfinc

lines with theoretical intensities are represented by vertical bars in Fig. 6.2(a). The

hyperfine splitting of the energy lcvels involvcd are given in Fig. 6.2(b).

6.4 Results and Discussions

Successful curve-fitting has been carried out in the analysis of the spectra of t77Hf

and 179Hf, which is complicated by the moderate spectral rcsolution, thc mixing of

neighboring isotope contaminant signals and the optical pumping cffcet. In thc curvc

fitting, all the experimental data are used. Therefore prccise A and B values cau be

expccted. The accuracies of ail the extracted A, B, A' and B' factors arc better than

2.5%. In particular the extracted A', B' values of t77Hf in the excited state have
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• ~Iagnetic Quadrupole Mean ~Iean

ALomic hyperfine hyperfine magnetic e1cctric
L',vd nla.",:-- coefficient coefficient field fidd

A R JJ(O) < '7'==(0) >
(amu) (~lHz) (MHz) (Tesla) (V1m2

)

5<16.'" 1ii 28. i(O.:~) 165i(8) 24.9(3) 2.04(3) x la""
(a 203 / 2 ) li9 -1 i.5(0.9) 1928(21 ) 24.2(1.3) 2.11(4) x 1022

5<168(a 30)6p Iii 85:~(3) -648(6) 1235(5) -8.00(12) X 10"1
(_"f" ) 1i9 -.540(2) -i28(li) 124:3(i) - i.96(25) X 1021

..., 5/2

Table 6.2: Hypcrfine coefficients and electro-magnctic field parameters H(O) and
< 'P::(O) > at the nucleus.

•

•

accuracies of 0.4% and 1% respectively, which can be used for the future analysis of

the nuclear moments of radioactive hafnium isotopes through hfs studies.

From the known nuclear magnetic dipole and electro-quadrupole moments,

H(O) and < 'P::(O) > can be calculated according to eqn (6.11) and eqn (6.15)

(omittil1g the 8 and e corrections), providing new atomic dat.. for the two energy

levels a 203/2 and :: 'IF~/2 in Hm. AlI these results are summarized in Table 6.2. The

good agreement between the two isotopes for the deduced H(O) and < 'P::(O) >,

through independent fitting, lends credence to our hfs analysis.

It can be seen from Table 6.2 that the magnetic field at the nucleus produced

by the electrons is quite different between the e:I:cited state and the ground state.

The H(O) produced by the e:'i:cited state is about 50 times bigger than that produced

by the ground state, resulting in a big hyperfine spIittings in the excited state. This

can be understood by the their electron configurations. In the ground state, the

contribution is mainly from the d electron, since the two equivalent s eIectrons have

thcir spins paired. In the e.,cited state, all three electrons including an s electron

can contribute. Generally the nuclear magnetic fields for s electron are considerably

bigger than p and d electrons, since s electron is more likely to be close to the nucleus.

The gradients of the electric fields < 'P==(O) > created at the nucleus by the electrons

are similar for the two states. In fact, the spherically syrnmetric charge distribution

of the s clectron will not contribute to < 'P==(O) >.
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• The H(O) and < .,:,,(0) > from th,' ground ~ta1<' d,,!~ "Iectrou can h" ,"timal,'"

~emi-empirical1yu~ing the formula gi\"l'n by [.ISJ

.) . 1 1
-1 -J - .< .,:::(0) >= k, c')' 1 1 R,(/ . .I)

-J + < 1- > l·t' "S))._~

(li.2!)

•

where k;1 = 4:0$0 and Rr(/.j) is a relativistic correction tabulated iu [.IS] with 1.2·1

for a d3/~ e1ectron. The value r-3 can be obtained from the tiue structure 'plitt.iug

JI-Vo = :3050.9 cm- I [56] by

1 JIV"
-:;-- = k- 1-:-;;-:-:--C"':":':-::--:-:-,.,...,::-:-
< r3 > m 2/lW +1/2)2; I1r (/. Z;)

where k;;,t =/l0/4:o, /lB is the Bohr magneton, Zi is the effective nuclear charge sœn

by the e1ectron while inside the e1ectric core and Hr(l, Zi) is a rc1ativistic correction

of 1.03 [48]. It has been found empirical1y [5i] that for an s-orbit Zi = Z. for a

p-orbit Z; = Z - 4 while for a d-orbit, Zi = Z - Il. From thcse values, we obtain

< <,'::(0) >= 1.60 X 1022\f/m2• The calculated < <,'::(0) > is very close to the value

measured from our experiment. About the magnetic fic1d, omitting the <5 corrections,

the formula can be ('.'I:pressed by [48]

(6.30)

•

where Fr (j, Zi) is another relativistic correction with a value 1.08 [48J in our case.

From the calculation, it is found H(O) = 108 T. This is about 4 times bigger than the

e"..perimental result. However, this simple estimation can give us the correct order of

the magnitude about H(O) and < <,'::(0) > of the ground state.

Finally it should be emphasized that the curve fitting is a very powerful method

to unravel the complex spectrum. It allows very weak signals to be extracted. This

fact has been demonstrated in the analysis of 1l7Hf, where very wcak signal from

176Hf isotope has been successfully deduced. This is very important in the studies

of radioactive isotopes, where the dilute radioactive source is often contaminated

with stable hafnium isotopes. Further application of curve fitting has been used in

the analysis of spectra containing a wcak signal from the radioactive isotope 172Hf,

which will be presented in the next chapter.
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Chapter 7

Radioactive 172Hf Measurement

III this chapter the radioactive isotope mHfmeasurement is àescribed. The feasibility

of our setup to study radioactive isotopes has becn demonstrated. The mHf ions can

be accumulated inside the trap from a weak radioactive source. The overall efliciellcy

of ion injection into the trap from the radioactive sample has becn estimated to be

better than 10-7. For laser spectroscopic studies, with 20 ions of 172Hf confined in

the trap, precise measurement of isotope shift betwecn mHf and 17SHf has becn

performed. In the experiment, it has becn found that the radioactive sample used

cOlltailled strong stable Hf contaminants. An isotope-selective suppression technique

has becn used to further improve t.he spectrum of 172Hf.

7.1 li2Hf Sample

7.1.1 Production and Preparation

Radioactive isotope 172Hf has a half life of 1.87 years. The sampIe used in the ex

periment \Vas prepared at Institut de Physique Nucléaire, Orsay, France. The 172Hf

was produced during production of the high spin isomer 178HF2 (T1/ 2 = 31 years,

I~ = 16+). The reaction 176Yb(a, 2n) \Vas chosen to produce 178HF2 [58]. A Yb20 3

target with 176Yb 96% enrichment \Vas used, and the incident a particle energy

\Vas 35 MeV. During those production runs, micro-weight quantities of 178HF2 were

produced. At the same time, severa! other hafnium isotopes including 172Hfwere pro

duced from (a, zn) reactions on the contaminant Yb isotopes. Chemical separation

of hafnium isotopes from the bulk of the reaction products was carried out by selec-
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Photon :\1,,01 lit l' l'hot 011 :\l''l,llIll'
EnNgy IlItellsity Ellergy Intl'Ilsity
(keV) (%) (kl'V) ('" )l,·

6.ï53 1.9±.ï ï.·lll 1~.5± 1.5
ï.650 ·l6±16 ~.5 10 1~.~)± \.li
8.8:34 -IHlï 9.~·15 :1.0 ±O.:I
10.248 ï±:1 :) L15-l :12.1 ±2.2
2:3.99 20.3±1.l 52.:189 5ï±·1

52.96.5 :3:3±6 5~1.3I(i 18.0± 1.2
54.0ïO .5ï±II 61.229 -Ui±OA
61.219 18±4 ï8.ï92 II.O±(J.·I
63.200 4.9±1.0 90.66.5 .5.1 ±O.:l
6ï.35 5.3±.6
81.ï5 4.52±.2:3

Table ï.1: Photon energies and relative intensities from dccays of 17~Hf alld 17~LII.

tive chromatographie extraction. Then ll1a~s separation was perforrncd and dirrcrcllt

hafnium radioactive isotopes were coIIected on Cu foils of high purity (99.99%). For

our experiment, the Cu foil containing t72Hf was dissolved in nitric acid and the

172Hf fraction was extracted and deposited on a graphite substrate within an area of

3 mm in diameter. The prepared sampie was then transported 1.0 Mont.real for our

measurements.

7.1.2 Radioactivity of the Sample

172Hf decays to 172Lu through e!ectron capture. 172Lu is also a radioactive isotope,

decaying again through e!ectron capture, to stable isotope 172Yb with a half life of

6.ïO d. After the fabrication of the 172Hf sample, the activity of 172Lu was gradually

increasing. At the time when we carried out our measurement one month later, the

radioactivity of 172Hf and 172Lu were almost l'quaI. These decay processes rcsult in

the l'missions of many "Y rays and X-rays. Law energy photon l'missions (Iess than 100
è--

keV), together with their intensities are listed in Table ï.1 [59]. Tran'Sitions whose

absolute intensities below 1% are not shown.
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• ANal scintillator detector is used to detect the 'Y radiation. Fig. i.l shows a

'Y spectrum of the source used for the spectroscopie measurement. The area of the

o 20
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•

Figure 7.1: 'Y spectrum of 172Hf measured by a Na! scintillator detector.

peaks around 55 keV has been used to estimate the absoIute activity of the source.

The number of the I72Hf could be found from the following formula

N = Ne X T1/2 X 100
In2fied 1

where Ne is the area counts and T1/2 correspondîng to the half life of 172Hf, fi the solid

angle of the detector from the radioactive source, ed the efficiency of the detector,

and 1 is the tota! absolute intensity of 100 disintegrations with photon energies

mainly 52.965 keV, 54.070 keV, 61.219 keV in I72Hf as well as 51.354 keV, 52.389

keV and 59.316 keV in 172Lu. An 241Am source has been used for the calibration

of the~t:~tClrefficiency and its energy response. In this way, the number of I72Hf

atoms in the radioactive source wae estimated to be 7 X 1011•
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• 7.2 1i2Hf Spectrum Measurement

•

•

7.2.1 Experimental Procedures

By using our ion injection mcthod. any hafnium isotopes in tl\l' targ<'l su!>sl.rai.<' will

be desorbed and ionized by the laser pulses, :\s sel'n befor.'. odd-mass sta!>I,' isotop,·s

"'Hf and 1'9Hf are of very complex hfs. which could CO\'er weak signaIs of inter..st

if the quantity of stable contaminants is larger than that of ra<!ioacti\"<' isotop,·s,

Before the I<2Hf measurement. the trap had been use<! 1.0 study stabl" hafuium for

a long time. In order 1.0 gel. l'id of the contaminants of stable hafniulll insi<!,' 1.11<'

system, the trap assembly had been thoroughly c1eaned with an acid mixt.ure before

the radioactive 172Hf sample was put in the experimental setup. The acid solut.ion

was prepared with the following proportions: 1 liter nitric acid al. 54% concent.rat.ion

and 100 c. c. hydrofluoric acid al. t>5% concentration diluted into 9 liters water. Onr

trap e1ectrodes had bcen sitting in the acid for about 10 hours 1.0 gel. l'id of the sl.ahle

hafnium contaminants. After the trap was reinstalled in the system, with the normal

ion loading procedure, the Hf ion accumulation from a pure graphite substrate was

not scen.

To perform laser spectroscopie study on the radioactive 172Hf, the graphite

substrate containing 172Hf isotope was then placed on the target holder. Before the

ion injection, each aspect which would affect the ion accumulation had bcen checked

carefully, such as the operation of the trap, the buirer gas pressure, the laser beam

alignments and RIS laser wavelength. During the ion accumulation with repeated

desorption and RIS laser pulses, the Nd:VAG power was set just beIow the threshoH

for stable operation described in section 3.1.1, in order 1.0 maximize Hf ion production

and 1.0 avoid destroying the radioactive target. The accumulation time was usually

about 5 minutes with laser repetition rate of 3 Hz.

After the ions have bcen loaded into the trap, phase-selective LIF al. zero RF

phase was applied. The modulated cw laser was scanning through the resonance

transition with >. =340 nm. Each scan took about 1 min, and 10 scans were added

up together 1.0 give a spectrum from the radioactive hafnium sarnple (Fig. 7.2). The
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•

SI)('("1. l'II Il 1 fr<J1I1 s1.a\,h· hafuiulIl wit.h nat.ural abundéLBces is a1so shown in Fig. 7.2

rc,r ('('llIpilrisoll. Il. GtII 1><' Sf'c'II that. the radioactive 1'2Hf sarnple cont.ains strong

(,(>IItalll ilIallts fWllI stable Il f isotopes. The signal of 17'Hfis found to lie near sornc hfs

COlllpollellts of stable 17711f and 17"I-If isotopes. The enhanced 17fiI-If in ti](' spcctrum

is d"e 1.0 the faet that '7'tlf 11<1'; been added 1.0 the radioactive sampie during the

cll(~Jnical sep;trat.ioll.

After the spectroscopie measurements, the ions were extracted by applying a

lIegative pulse at the end-cap c1ectrode for ion extraction. The timc-of-flight spectrum

illdieated that about 1000 Hf ions with few contaminants had been confined in the

trap. From the composition of the LIF spectrum as shown in Fig. ï.2, it can be

cstimated that 2% of the trapped ions \Vere lnHf. Therefore, the 172Hf peak in the

laser spectrum \Vas the contribution from about 20 ions.

7.2.2 Application ofIsotope-Selective Suppression Technique

The LIF sigllal from radioactive 1'2Hr is partially masked by sorne of the hfs Hnes of

stable isotopcs "'Hf and 1'9Hf. However it \Vas possible to reduce the contributions

from "'I-If and I09Hf by an isotope-selective suppression method (see section 4.3). In

the cxperiment, the incident C\V uv laser light \Vas !irst tuned to the strongest hfs line

of 1091-lf, then of I70Hf for a fe\V minutes, to selectively convert the 177Hf and 1'9Hf

ions into Hf}I+. After\Vards, The LIF measurement was carried out. Fig. ï.3 displays

the spectrum after suppressing the signais from the contaminant isotopes l"Hf and

100Hf. This time a distinct 172Hf peak is shown in the diagram. The contributions

from the contaminant isotope» l"Hf and 100Hf have been suppressed by a factor of

4. The residuai contribution from the contaminant isotopes l"Hf and 179Hf is due

to the prcsence of the non-resonance photon dissociation induced by the uv probing

laser beam. In fact the contaminant contribution was gradually building up during

the ten-scan laser spectroscopie measurements.
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Figure 7.2: LIF spectra obtained with (a) a stable Hf sample and (b) a radioactive
172Hf sample. Curve (b) has been shifted upwards and its zero level is indicated by
the dotted line. The enhanced contribution of 176Hf in (b) is due to the fact that
176Hf has been added to the radioactive sample during the chemical separation.

a

20

- 177.17"HI ::::.----:==

lT8Ht
178H1 ~

1eoHf

~

10 15
OI1saI Frequency (GHz)

5

• 3500

3000

2500

2000
~

'E
"0<.;>

1500

1000

500

0
0

•

•

2500-

2000-

~

1500-'E
"8

1000- 117\ul
500- J- e

0 1 1 1 1

0 5 10 15 20

OI1saI Frequency (GHz)

Figure 7.3: LIF spectra obtained with radioactive 172Hf sample after suppression of
the contaminant stable isotopes of 177Hf and 179Hf.
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• 7.3 Result and Discussions

•

•

7.3.1 1ï2Hf Spectrum Analysis

From tl", spectra containing the contribution of 172Hf, one should be able to gct

the sigual positions for the radioactive isotope 1nl-lf as well as the centroids for the

stable isotopes 17l;-lsoHr. An analysis using curve fitting has been donc on both of

the spectra, with one obtained before, and the other after selective suppression of the

contaminant signais of the stable isotopes 177Hf and 179Hf. A fitting spectral profile

cali be constructed, which contains all the contributions from the isotopes mentioned

above. The .4 and B factors for the ground state and the excited state of 177Hf and

179I-1f are fixed parameters as given in Chapter 6. The converged fitting curves have

becn plotted against the experimental data shown in Fig. i.4 and Fig. i.5. The IS

between InHfand 17sI-lfhas been derived from both spectra. Even though in Fig. i.4,

the 1nHfsignal is mixed with sorne of the hyperfine components from 177Hfand 179Hf,

the deduced centroid of radioactive isotope 172Hf is found to be consistent with the

one extract.ed from the spectrum in Fig. i.5. This shows that with knowledge of

the hyperfine structures of 177Hf and 179Hf we can accurately cxtract the weak 172Hf

signal mixed with sorne of the hyperfine lines of the stable hafnium contaminants.

7.3.2 Sensitivity of Overall System

As stated before, our laser spectroscopie measurement was based on about 20 ions of

172Hf isotope. Even though there is about 50 times as much stable Hf contamination

in the 172Hf spectrum, we can still eJ>,."tract the IS very precisely. Considering that

contributions from 177Hf and 179Hf couId be suppressed about 4 times, therefore even

if the number of 172Hf ions (20 ions) were reduced by 4 times, we shouId still be able

to e.'(tract the 172Hf peak by applying the isotope-selective suppression method.

The amount of 172Hf can be measured through i detection. This has aIIowed us

to estimate the overaII efliciency of our system, i. e. the ion loading efliciency from

the target sample to the ions trapped. After the laser spectroscopie measurements

of 172Hf, it was found that less than 3% of the original activity was lost from the
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Figure 7.4: Resultant radioactive 172Hf signal in the spectrum which has strong con
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sampie, During t.he course of t.he measurements, the sampIe has been subjected 1.0

t.he production process for about 100 times. The O\'erall efficiency for transferring

Hf atoms from the targct sampIe 1.0 ions stored in the trap can be estimated 1.0 be

bctter than 10-'. Considering the solid angle subtended by the RIS laser beams al.

the laser dcsorption point, this overall efficiency is quite consistent with the general

ionization cfficiency achieved by applying the RIS method 1.0 laser desorbed samples

[60J.

Our successful measurement of 172Hf shows that using RFQ traps for laser

spectroscopic studics is particularly useful when only a very limited quantil.y of

specific material is available. However the amount of stable isotope contaminants in

the sampIe could still be a limitation. In particular, stable isotope contaminants can

give rise 1.0 more difficulties for the hfs measurement of radioactive hafnium isotopes.

In addition 1.0 the isotope-selective suppression method, one possible remedy is 1.0 use

ion injection and accumulations from an external source. A mass-selective injection

mechanism would allow the isotope of interest be loaded into the trJ.p, and would

avoid the '1ecessity for the production of pure mass separated target samples.
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Chapter 8

The isotope shifts of transition a 2D3/2 - ='IF~/2 in Hm are compiled in thi~ chap

ter. And the nuclear parameters have been extracted from the isotope shifts. The

estimated changes in mean-square nuclear charge radii Îlave bcen compared with

the calculations based on the Finite-Range Droplet Mode!. Before going i~lto the

experimental results, sorne basic theory of isotope shifts is briefly discussed.

• 8.1 Isotope Shifts

Optical transition frequencies change slightly with respect to different isotopes. This

variation is due to the change of the nuclear mass mA and the nuclear charge dis·

tribution. The isotope shift ovfA' of a spectral line betwcen two isotopes with mass

number .4 and .4' is made of a mass shift (MS) ol1,fJs and a field shift (FS) 01/t./1~

[61]
. AA' A' A < AA' AA'ov,- = v - v = 01" MS + 01" F~1 I,', oJ

(8.1)

8.1.1 The Mass Shift

The Hamiltonian of the atomic system contains the following term

(8.3)

(8.2)1 " 2?A'(LJPk)
_m k

where Pk is the momentum of the electron. The mass shift can be given by the

following average value•
95



• The mass shift depends on the operator Llm P1Pm. This operator can be split into

two part.s: LI P/ and LI;tm PIPm•which arc related 1.0 the so-called normal mass shift

and specifie mass shift., respectively. The normal mass shift oVr~~:~fS can be calculated

unambiguously as

AA' A' - A Vi .4' - .4
OVi,NMS = Mi,NMS AA' = :-:::::7-:----:--:-:-1836.1 AA'

(8.4)

where I/i = cl>' is the optical transition frequency. As 1.0 the specifie mass shift,

it is relevant 1.0 the correlation between any two electrons, leading 1.0 a collective

retroaction onto the nuclear motion,

Ovf,I' A' - .4
i,SMS = Mi,SMS AA'

which has the same A dependence as the normal mass effect.

(8.5)

•
8.1.2 The Field Shift

Th" influence of tb~ finite e.'i:tension of the nuclear charge distribution on the elec

tronic binding energy is usually called the field shift. Generally the expression for

the field shift is the fol!owing

JvfA' - F:(Z)>.AA'[6? f··']Î,FS-' -, ~ (8.6)

where >.AA' is the so-called nuclear pararneter approximately equal 1.0 <5 < r 2 >AA',

and Fi is a purely electronic factor, proportional 1.0 the change of the total nonre1a

tivistic electron density .6.1tf;(O)lr al. the point nucleus.

Fi =E;f(Z) = ll'ag.6.Itf;(O)Ir f(Z)
Z

(8.7)

•

where ao is Bohr radius, f( Z) is the factor accounting for the re1ativistic correction

1.0 Ei and for the modification of the e1ectronic wave function due 1.0 the finite nuclear

charge distribution. The f(Z) was taken from the theoretical isotope shift constant

C:n1~ for a uniforrnly charged nuclear sphere of radius R = 1.2A1/3 fin by Babushkin

[64]. Later Zimmerman et al. have reevaluated the the constant for the isotope pair

.4, A+2 [65, 66], which has been used 1.0 evaluate the f(Z) tabulated in [63].
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• For the very heav)" clements we can no longer c1aim the clectronic wavc function

to be constant over the nuclear \·olume. It is necessary to el'pand the nuclear factor

into a power series of radial moments which replace J < r~ >..1..1' by ,\..\..1'.

(~.8)

(~.!J)

The coefficients Ci have been calculated using rclativistic clectron wavcfunctions and

tabulated [66, 69], and J{ is close to unity and calculable [68].

8.1.3 General Procedures to Extract )."\.'\'

The total IS cao be written by

From a nuclear physics point of v;~w we are interested in getting the field shifts,

which cao be obtained by subtracting the mass shifts. Since Mi,NMS is a known

quantity, the problem becomes to eva1uate the Mi,SMS constant. If the SMS has

been determined for one Une in which the FS does not vanish, then for ail other lines

SMS and FS cao be derived by means of a King plot. For two different transitions,

1 and 2, it follows from the above equation that

•
< ..lA' ( '" ) .4' - A F. \ A l'
oV;- = lV'i,NMS + Mi,SMS AA' + 'i" ' . (8.10)

AA' ..lA' FI AA' ~A' ) FI
A' _ A 0/11 = F

2
At- _ A 0 2 + (MI,NMS +MI,SMS - (M2,NMS +M 2,sMs) F

2
'

(8.11)

<:.~~ ovfA', A~~~ovfA') can be plotted for alI pairs AA' where data points form a

straight line with slope FI / F2 and intersection (MI,NMS + MI,SMS) - (M2,NMS +
M 2,SMS)~ on the y-axis. Thus the ratio of field shifts and the difference of mass

shift factors cao be extraeted separately from the King plot. It is very eommon to

make eomparison of optical with electronie X-ray shifts, or Muonie X-Ray shifts.

For sorne particular transitions, the specifie mass shift cao also be estimated

by the following [63]

• AA' ..lA'OVs'Ms = (0.3 ± 0.9)ovNMS
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• r A,I' _ (0 0 ± 0 -) r A,I'
OVSMS -. ..) OVNMS for ns2 - nsnp transitions (S.13)

As long as the field shifts have been determined, the e!ectronic factor Ei must

be round, before nuclear parameters can be extracted. For a transition involving the

jump of an ns clectron, a common approach is to evaluate the clectronic factor of

the outer ns clectron as weil as a so-called scrcening ratio.

(S.14)

where the scrcening ratio accounts for the rhanges in the scrcening of the inner s

e1ectron shells in the transition.

x = .6.1?,&(O)lUI,p(O)I~. (S.15)

(8.16)
•

•

A good estimate of the scrcening factor can be obtained using Hartree-Fock or Dirac

Fock methods. The En. may be estimated experimentally from the strength of the

Fermi contact field Bno(O) = 21l0IlBI,p(0)1~/3 or from the semi-empirical Landé

Goudsmit-Fermi-Segrè (LGFS) formula [48]

1,p(OW =_l_ZiZ~dn.
no ;ra5 n~ dn

where n. is the effective quantum number, eZ. is the effective nuclear charge outside

of the atomic core, eZi is the effective nuclear charge inside the atornic core and n is

the principal quantum number. Both methods produce consistent and reliable values

(±5%).

8.2 Extracting 8 < r 2 >AA' from IS in HfII

8.2.1 Measured Isotope Shifts in HfII

From the spectrum of the sample containing radioactive isotope 172Hf, shown in

Fig. i.4, the signal centroids for the radioactive isotope 172Hf as well as the stable

isotopes 176-180Hf have been deterrnined. In addition, The isotope shifts 8V l77,l7S

and âV l79.17S have also been obtained from analysis. of 177Hf and 179Hf spectra with

enriched HfO2 samples (sec Fig. 6.1 and Fig. 6.2). The isotope shifts deduced have
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•

•

been compiled in Table S.l. The uncertainty of 15 consists of two parts: (1) 'l'hl'

statistical uncertainty of the peak center. (2) the uncertainty from the fn'quelley

calibration of the interferometer spectrum (0.3%).

In order 1.0 calculate the field shift which is related 1.0 the nuekar paramett'l's.

the mass shifts must first be determined. The normal mass shifts have been cakulated

according 1.0 eqn (S.4), and are also tabulated in Table S.l. The determination of the

specifie mass shifts as weil as the electric factors leading 1.0 fJ < r 2 >".-1' will be given

in the following sections.

8.2.2 King Plot Results

King plots have been used in previous studies of hafnium isotope shifts [52, 53],

;n which S2_Sp transitions with nearly zero specifie mass shifts (eqn S.13) have

been used as reference transitions. In our work, King plots of our transition against

two previously studied Hf atomic transitions are shown in Fig. S.l. ln the dia-

gram (~8v"·178 ~8vA.178) are plotted. The normal mass shifts in 81.',1.178
, liS-A l 'liS-A 2

have been taken away. The uncertainties of the corresponding points are also shown.

The straight line is a least-squares fit taking account of the experimental errors in

both axes. From the slope of the straight line and the intersection we can deduce the

specifie mass shift as weil as the e1ectronic factor E;. The results have been compiled

in Table 8.2. The E; and MSMS values obtained from the two different King plots

agree very weil. However, the uncertainties of these values appear large, mainly due

1.0 the uncertainty in our isotope shift measurernents.

8.2.3 Absolute ÀAA' and ê < r 2 >AA'

Since the transition being investigated is of the ns2-nsnp type, the specifie mass

shifts can be regarded 1.0 be zero with an uncertainty of half the normal mass shifts .

(see eqn (8.13)), which falls within the erraI' limits given from the King plots tabu

lated in Table 8.2. Since the uncertainty of the theoretical prediction is mueh smaller,

il. is therefore used 1.0 evaluate the specifie mass shifts. The field shifts in Table 8.1

are obtained after deducting the specifie mass shifts in this way.
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Figure 8.1: King plot of our experimental data against the results from two other
transition lines (a) <Ps2 a 3F3-<Psp z5G~inHfl (b) <Ps2 a 3P2-ds2p Zlp~ in Hfl.
In the diagram (~&,A,l78 ~8z-A,1 ) are plotted. The normal mass shifts in, 178-A 1 , 178-A 2

8vt·178 have been left out.

100



• Besides the estimates from the King plots. the dectric factor Ei could also 1",

calculated by the product of an electron factor and a screen factor E; = \ 1:'".•. The E,;.•

can becn determined from the Hm spectrum rcsult prl'Sl'nted by Finckh and Stt"lld"1

[70]. In their \Vork, n~/Z;,(dna/dn) = 1.59±0.03 \Vas gi\'en for (5eP 6.<) cOlliigllr<ltiou.

Wc can evaluate the 1t!'(0)1~, in 5eP 6s by using the Gouldsmit-Fl'rmi-Segrê formula

in eqn (S.16). wher-:- for s clectrons. Zi = Z. Furthermore. from t'qu (S.l:I). \Vt" gt'\.

Z~dna
E6 - --- - 0 63('»)., - n~ dn -. ... (S.17)

•

In [il, 72], Aufmuth et al. calculated the modified total e\ectrou dcnsities D =

4rrll,b(OW al. the nucleus in Hm and Hf! by means of the Hartrcc-Fock method. TIlt'

values nccded 1.0 evaluate the screening factor X are given in Table S.:3. The \ can

thus be estimated

with an uncertainty of 5 % from f::>.D [il]. The electronic factor E3-IO can therefore

be determined 1.0 be

E340 = XE60 = -0.63(5) (S.19)

•

This is in agreement with that deduced from the King plot.

With the above parameter E:wo in eqn (S.19) and nuc1ear factor f( Z)=39.90S

GHz/fm2 [63], the absolute values of the nuc1ear parameter ,\A.178 can be calculated.

By taking the K value in eqn (S.9), which is 0.95 for hafnium [68], the a< r 2 >178,A

are obtained. Both ,\17S,A and a< r 2 >17S,A are also tabulated in Table 8.1. Our

results for a< r 2 >A,I7S are very close 1.0 those results measured by using different

optical transitions [19, 52, 53]. The changes in mean-square nuc1ear charge radii

a< r2 > relative 1.0 I7SHf from our work have been plotted in Fig. 8.2. The results

of 174Hf and IS2Hf from the work of [52] are also displayed in Fig. 8.2.
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Figure 8.2: Changes of mean square charge radii in Hf isotopes. The estimates from
the finite-range droplet mode! with static deformation parameters are plotted for
comparison. Results for spherical nuclei are also shown.

102



• SVA ..I ' S -1-1' SV..\.-l' l..tA' t5 < r:.! >..t.-\' <') .., r:.! ...... AA'
V.,":\/S FS .. ...... -- /.It.

A A' (MHz) (~IHz) (MHz) (imZ) (fmZ)

1-') li8 -5414(:39) 94.2 -5508(86) 0.218(1"1) 0.229( 15) O.242( IG) [1 ~ll.-
li6 li8 -1509(18) :30.i -15:39(:34) O.OGI (·1) O.OG"I(5) O.OG:3('I) [52]
Iii li8 -1044(40) 1.5.2 -1059(48) 0.042(·1 ) 0.044(4) 0.0"li(2) [52}
li8 li9 -658(39) 15.1 -6i3(46) 0.02i(3) 0.028(:3) 0.02i(2) [52]
li8 180 -1 ii6(19) 30.0 -1806(34) O.Oil (5) 0.OiG(5) 0.Oi5(·I) [52]

Table 8.1: Isotope shifts and nuclear paramctcrs. (~v ..I.·\' = Sv..I ' - Sv·l •

Table 8.2: The specifie mass shift coefficients and the e\cctronic factors dctcrmincd
by King plots.

E1,\ (nm) 1 ivls~r~ (MHz) 1Transitions , - •
Ref. [52] â-sz a 3F3-â-sp =5Gg in Hf! 590.3 -1.8(5) x 10" -0.094( 10)

This work dsz a zD3/ z-dsp ="F~JZ in Hrrr 340 -3(4) x 10" 0.53( 10)

Ref. [52] â-sz a 3 Pz-dszp = lp~ in Hf! 5i1.9 -4.i(1.1) x ros 0.55(6)

This work dsz a zD3/ z-dsp ="F~,z in Hm 340 -4(4) x 106 0.5:3(10)

•
8.3 Discussions

8.3.1 Comparisons with Finite-Range Drop1et Mode1 Calcu
1ations

•

The droplet mode! seeks to describe average nuclear properties and can be uscd

to compare experimentally measured changes of mean-square nuclear charge radii.

The latest and the most refined droplet-model approach published is the finite-range

droplet model (FROM) [73], combining the droplet model [74, 75] with the folding

model surface and Coulomb-energy integrals from the finite-range model [76, 77]. In

addition, the finite-range droplet model contains a new exponential term with two

new adjustable parameters Î and C. This leads to the substantially improved results

obtained in the finite-range droplet mode! relative to the earlier drop!c:t mode!. In

its 1988 version, FROM fits 1593 mass-data points with an rms error of 0.769 MeV,

with 25 parameters being used. Recently. Buchinger et al. have examined the FROM
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E(",,,-I) Composition (%) D (au
3

)"
3

D"" (au )
0 "16 ,2 (8') 8) ,')â-6~ (1:3.6) ,,):36.0.)(.... ....

29405 5rP6p (Il.!) 5d6~6p (89.2) ·12i.2

5â-6~ 108..3

., Plus an additional constant of 3353000.0 flO3.

Table 8,:3: Modified clectron densities D at the nucleus (in atomic unit) in Hili needed
to calculate the screening ratio.

formula as weIl as the extended Thomas-Fermi mass formula, from the point of view

of nuclear charge radii [i8]. In our work, a calculation based on the FRDM formula

has becn donc for Hf, following the procedure outlined in [iS]. The FRDM parameters

used in the calculation can be found in Appendix .4.

In the calculation of 0 < r 2 > of deformed nuclei with the FRDM, theoretical

static dcformation parameters /32 and {J'I are first used. The calculated ground-state

deformations have becn obtained from [i9, SO, SI] by Môller et al. [i3]. The changes

of mean-square nuclear charge radii from the FRDM have becn plotted in Fig. S.2 to

compare with the experimental date. The results from a spherical finite-range droplet

mode! calculation are also shown. It can be secn that the variation of calculated

results accounting for deformations of nuclei follows the trend of the cx-perimental

data, though the slope from the calculation is bigger than that from the experimental

data. The whole picture is that a graduai increase of the deformation from higher

mass to lower mass is evident and the variation of the mean square charge radii

is rclatively smooth. Anastassov et al. [52] infer that their experiments indicate a

change in deformation in the region A> li4 in Hf, which is not that obvious from

our results. Also, it should be pointed out that their 174Hf data point appeared to

be plotted higher in their diagram than that shown in their text.

"Odd even staggering" in the changes of mean square nuclear charge radii is an

important feature, which ref!ects the fact that the nuclear charge radii of odd-neutron

isotopes are normally a bit smaller (in the order of 10-2 fm2 for the ms radii) than the

averages of their even-neutron neighbors. We have also observe<! this phenomenon.
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However. the calculation frotll the static d"fortllat ion l'('\','als a l'('v''r,,'d staAA,'rin~,

because the .t3~ deformation paratll"t.l'rs of odd·n"utmn isolop" an' hi~~,'r 1han 1Il<'

averages of their even-neutron n"ighbors. Ilow,'\"r. the "''1H'rinl<'ntal l'('sults f"'lIlI

17Gl-If 1.0 \SOI-If apparent.ly pm\id,' a quit" nortllal odd ,'\','n sta~~,'rill~, 'l'Il<' fut lII'"

measUt'ement of odd-Ill'utroll 1:"Hf "-nd m'Hf could b" \'l'l'Y illt."n'stin~ to "',' if th,'I'('

is indeed reversed staggering in Hf. lt, has be,'n nll'ution"d thal the d.1 para'",'I,'rs

have been used in the calculation fol' ntlclear cha,'ge radii. N"\','rt.h\'l\'ss il. is fOlllld

to be only a very small modification to the final n'Suit.

The calculation using the experimental deformation ,d~ gi\'l'n frolll J~:!. transition

[82] has bcen performed. The results. together with the ('Xlll'rinll'ntai data, an' shown

in Fig. 8.3. The calculated l'l'suit for 5 < r~ >'50.175 is ill very good agn'('nwnt with

the experimental data. However there arc discrepancÏL'S in the lower lIla.'s sid\'. This

is not surprising. Since the FRDM parameters were not optimiz('d for tll<' dHUlg,,,, of

nuclear charge radii, there are always some kinds of deviation l'rom the exp"rim('nLal

results of nuclear charge radii, which has bcen shown in liS].

8.3.2 Comparisons with Neighboring Element Yb Result

In sorne regions of the chart of nuclides, it has bcen fmllld LhaL t.he changes of nnclear

charge radii of neighboring e1ements show ~scaling behavior~ of S < r~ >, such as

(8,20)

•

This kind of behavior has allowed development of a modified King ploL. Fischer et 'Li.

[83] used an assumed scaling behavior of the even-N Ba and Xe isotopes to evaluate

the unknown SMS in the Xe transition l'rom the known atomic factors of Ba.

Among the elements which has been studied by laser spcctroscopy in a long

isotopic rhain, Yb (Z=iO) is Iying most close to Hf (Z=i2). The isotopes 15~Yb,

IS4-176Yb have been measured [3]. The changes of the mean-square nuclcar charge

radii 5 < r2 >~,A from [84] are plotted in Fig. 8.4 to compare with the 5 < r 2 >~';',A

from N=lOO to N=106, We can see a very striking similarity for the variations of the

nuc1ear charge radii in the two elements. The variation with respect to the neutron
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Figure 8.3: Measured changes of mean-square charge radii in Hf isotopes, which are
compared \Vith the estimates from the finite-range droplet model with deformation
parameters from E2 transitions.
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Figure 8.4: Changes of nuclear charge radii in Hf eompared with those in Yb.

number is relatively smooth. And both show a very small kink at N=102. This

indieates that the changes of nuclear charge radii between N = 100 and N = 102

are stronger than those for N > 102. In faet in the measured Yb isotopie chain [78],

there is a general trend that the variation of 0 < r > decreases with increasing

neutron number. The hafnium result has similar features. lt can be seen (Fig. 8.2)

that between N = 108 and N = 110, the variation of the charge radii for Hf goes

lower than that for N < 108.

In Fig. 8.4 the result for 0 < r >~,l12 from [19] is also shown for eomparison.

From their result, the change of nuclear charge radii between N = 100 and N =

102 for Hf deviates from the trend given by Yb. In their work, laser spectroscopie

measurement was also ca.rried out on trapped 172Hf ions. Another optical transition

5d6s2 (a 2D3/ 2)(E =0 cm-1) - 5d6s(a1D)6p (z 2D3/2) (E =33181 cm-1) in Hfll

with À = 301 nm was used in their studies. A spectral resolution of 1.4 GHz was
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oi,l,;,ille,L alld 1.1", hfs of "711f and 17"I-If could not be resolved. These factors might

Ilave' arf,·c\.ed I.hcir dcl.crlll ""I.ion of the ccntroid of the 1781-lf signal, which were

l11ixed wil.h the contriblll.ioll . '0111 177J_Jf and 17"J_Jf isotopes. In our work. the hfs of

17711f alld 17"llf have becll allaly. cd and the IS betwecn 172J_Jf and 178J-Jf can be very

reliably extracted. The determine<l " < r" >178.172 should represent an improved and

lIIorc reliable resllit.

8.3.3 Conclusion

We have examined the variation of Hf nuclear "ar;:;e radii of 172Hf, 17"Hf, 17G-I80Hf

and 1S2Hf, Among them, I72J-Jf and 182Hf are radio ·ti.-e isotopes. Our measurement

of 172I-If updates the previous measured result. And th ~"6-180Hfresults we obtained

quite agrec with those published. In the analysis, 17"Hl 'li 182Hf are taken from

t.he work of [52J. JI. is found that the changes of mean"slua nuclear charge radii

<5 < r 2 >178." gets stronger when the neutron number is decI"':à.. 'ç. The relatively

smooth variations of <5 < r 2 >17S,,, in Hf isotopic chain are similar~l_ 1).ose revealed

in ·Yb. From the comparison with the FRDM, the calculation yields a cc, ~ct trend

for <5 < r 2 > 178." in I-If isotopes. However il. can not quantitatively fit the eXI- . "lent

results. The reversed odd even staggering from the calculation is noted, which di]"

from the experimental results for Hf isotopes investigated.
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Chapter 9

Summary

In this work, we have developed a setup making use of a Paul t.rap for la.,,·r spec

troscopie studies of hfs and IS of radioactive isotopes. The saml'le is l'iaced lieur

the inner surface of the ring clectrode. Ion injection is realized by a Nd:YAG la.,,·r

pulse 1.0 desorb the target material followed by a synchrollized RIS pulse t.o selec

tively ionize the vaporized atoms inside the trap. A uv beam from an intra··cavity

frequency doubler of a cw ring laser is uscd to probe the ions, and LlF is monit.ored

for spectroscopie measurements. The stored ions l'an be extracted and t.heir mass

spectrum determined by time-of-f1ight detection. The system is installed in ail ult.ra

high vacuum chamber with a base pressure better than .5 x 10-5 Pa. The set.ul' has

successfully bren applicd 1.0 investigate stable and radioactive hafnium isotopes. III

the e,,:periment, the Hm transition a 2D3/ 2 - :: 'IF~/2 with wavclength >. =:J40 nm

has bren used for laser-induced fluorescence measurements. Hydrogen buffer gas with

a pressure of about 10-3 Pa is used 1.0 cool the ions and 1.0 quench the optical pump

ing effect. Hf ion storage times of one bour can be readily acbieved with the H2 buffer

gas.

The ion injection approach makes the setup unique. Since RIS is characterizecl

by its element selectivity and high ionization efficiency, ions of a specifie clement can

therefore be loaded into the trap efficient1y. Also, this technique allows ion accumu

lation in the trap from a very dilute source through successive heating and RIS laser

pulses. The accumulation of hafnium ions in the trap from a weak sample has bren

demonstratcd with an efficiency of 10-7 •

In the experiment, many interesting phenomena relatcd to chemical processes
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in t.he t.rap have been observed. The ion-ejection timc-of-fIight spectrum proves to

be a convenient way to study the ion chemical conversion. Our onc-hour ion storage

time is lirnited by the chemical reaction of Hf+ at the ground state with reactive

residual gases, resulting in the formation of hafnium oxides. The decay of the LIF

signal during continuous re~Gn,tnce excitation is found to be due to laser-induced

HfI-J+ formation, involving a chemical reaction from collisions between buffer gas

hydrogen and Hf+ ions in an excited metastabJe state. It is also observed that the

Hm ions can be dissociated by laser beams. Based on the laser-induced formation

of HfH+, an isotopc-selective suppression method has been developed which can be

used to enhance a weak signais mixed with contributions from other contaminant

isotopes.

The kinetic motion of the confined ions has been studied by LIF. The buffer gas

cooling time after the creation of the ion cloud has been determined experimentalJy,

and the ion-molecule collision cross section deduced is consistent with theoretical

cxpectations. The ion kinetic energy dependence on various factors has been stud

ied, including the RF phase and frequency, trap operating voltages, the number of

ions trapped and buffer gas pressure. The effect of the RF phase is examined by

phase locked-e.,citation coupled with coïncidence counting. The studies c1early indi

cate that ion motion along the r direction reaches its minimum at zero RF phase.

The statistical temperature defined by the ion motion at zero RF phase is relatively

constant, slightly higher than the room temperature. However, the superposed coher

ent RF micro-motion very much depends on the trap operating conditions, as does

the mean kinetic energy of the ions. The effect of space charge on the ion motion

has also been studied. It is found that space charge will modify the shape of the

pbase-space diagram at different RF phases. The mean velocity of the ions increases

with the increase in the number of trapped ions N. However the vE:1ocity spreads at

RF phases zero and 11' change little.

Phase-selective LIF at zero RF phase cao be used to improve the spectral res

olution. A resolution of 1 GHz bas been obtained which is slightly higher than the

Doppler widtb at the room temperature (0.8 GHz for 178Hf) - a factor of three

improvement compared with full cycle LIF. With the improved spectral resolution,
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hfs of 1"IU and l'9Hf have becn studied experiment.ally. :\ succcssrui approach Ilsiug

non-linear curve fitting has been established t.o analyzL' t.1lt' Ms or l"Hf aud ""Ilf.

The hfs A and B constants ror both the ground st.ate and thc cxcited states h,wc

becn extracted. Our deduced electromagnetic fidds at the nucleus pro"id,' nc\\" L'X

perimental data for atomic physics. These data can be used ror studics of nudear

moments of radioactive Hf isotopes from their hfs of the same transition.

The IS of the radioactive 172Hf has becn carried out \\"ith a sampic contain

ing ï x 1O1l 172Hf atoms. The 172Hf laser spectrum has bccn obtained with about

20 l7:!Hf ions mixed \Vith about 1000 stable Hf contaminant ions in thc trap. :\n

isotope-selective suppression method has becn successfully applied 1.0 the measurc

ment of l7:!Hf 1.0 enhance the l7:!I-If signa! by reducing the contribution from the

contaminants of stable 177Hf and 179Hf isotopes. With the understanding or the hrs

of 177Hf and 179Hf, the \Vea.k l7:!Hf signa! mixed in the hfs components or mHf and

179Hf cao been e.'(tracted very precisely. The deduced change or nuclear charge radii

o< r 2 >172.178 has updated the previous measurement. Our experimental deter

mination of the changes of mean-square nuclear charge radii \Vith neutron number

together with the existing data in the literature have becn discussed and compared

with the variation obtained from Finite-Range Droplet Model c••lculations. The mea

sured variation is relative1y smooth and is similar 1.0 that reported in neighboring

element Yb.

In conclusion, this thesis covers severa! aspects from instrumentation deve\op

ment 1.0 laser spectroscopie studies of hfs and IS of stable and radioactive Hf isotopes.

In addition, the experimenta! setup provides a means 1.0 study chemical processes

and ion kinematics in the trap. With its ne\V capability 1.0 accumulate ions of a

particular element in the trap from a \Veak source, our setup will permit study of

previously unaccessible radioactive isotopes, including refractory and transuranium

e1ements. Further effort 1.0 develop an on-line setup would make the present setup

more promising. This could further improve the ion injection efficiency and make il.

casier 1.0 e1iminate possible contaminant isotopes beforc ion injection into the trap.
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Appendix A

Sorne Pararneters in Finite-Range
Droplet Model

Paramctcr Value Definition of parameter

ro 1.16 fm nuclear-radius constant

C 230 MeV pre-exponential compressibility-term constant

1 1.44 exponential compressibility-term range constant

a2 23.00 MeV surface-energy constant

• 1.4399ï64 MeV·fm electronic charge squarede-

f( 240 MeV compressibility constant

a 0.68 fm range of Yukawa-plus-exponential potential

ad"" O.ïOOO fm
range of YUKawa tunctlon useCl to generate
nuclear charŒe distribution

Q 29.4 MeV effective surface stiffness constant

J 32.5 MeV symmetry energy constant

L 0 MeV density symmetry constant

0< r 2 >d 2.9403 fm2 o< r2 > from surface diffuseness

r p •80 fm proton root-mean-square radius .

Table A.l: Finite-range droplet mode! parameters used to calculate mean-square
nuclear charge radii.

112



•

•

•

Bibliography

[1] E. \V. Otten, Treatise on Heavy-Ion Science vo!. 8: Nue!ear Far From Stabilit.y.

Ed. D. A. Bromley, Plenum Press, New York (1989) Ch. 7.

[2] J. E. Crawford, in Proe. of Int. Conf. on Nuc!. Shapes and Nuc!. St.rucl. al. Low

Excitation Energies, Antibes, France, Ed. M. Vergnes, D. Goutte. P. H. IkcllCll,

and J. Sauvage. Editions Frontière (1994) p. 14:3.

[3] J. Billowes and P. Campbell, J. Phys. G: Nue!. Part. Phys. 21 (19!)5) 707.

[4] E. G. Nadjakov and K. P. Marinova, At. Data and Nue!. Data Tables, 56 (1994)

133.

[5] S. L. Kaufman, Opt. Commun. 17 (1976) 309.

[6] W. A. Wing, G. A. Ruff, W. E. Lamb, J. J. Spezeski, Phys. Rev. Lett. :36 (1976)

1488.

[7] G. D. Alkhazov, A. E. Barzakh, V. P. Denisov, V. S. lvanov, I. Va. Chubukov,

V. N. Fedoseev, V. S. Letokhov, V. I. Mishin and S. K. Sekatsky, Hyperline

Interact.61 (1990) 1335.

[8] J. K. P. Lee, J. E. Crawford, Z. Raut, G. Savard, G. Thekkadath, H. T. Duong

and J. Pinard, N1lcl. Instrum. Methods Phys. Res. B26 (1987) 444.
"

[9] U. Kronert, St. Becher, Th. Hilberath, H.-J. Kluge, C. Schulz, App!. Phys. A44

(1987) 339.

[10] H.-J. Kluge, Hyperline Interact. 74 (1992) 287.

[11] W. Paul, O. Osberghaus, and E. Fischer, Forschungsber. Wirtseh. Verkehrsmin

isteriums Nordrhein-Westfalen No. 415 (1958); E. Fischer, Z. Physik 156 (1959)

1.

113



•

•

•

[12] W. Neuhauser, M. Hohenstatt. P. E. Toschek. and H. Dehmelt. Phys. Rev. :\22

(1980) 113i.

[I:l] .1. C. Bergquist. W. M. !tano, and D..1. Wincland, Phys. Rev. A36 (198i) 428.

[14] H. Knab, K. H. Knoll, F. Arbes, O. Becker and G. Werth, Hyperfine !nteract.

i4 (1992) 6i.

[15] W. Nagourney, N. Yu, and H. Dehmelt, Opt. Commun. i9 (1990) 1i6.

[16] R. Blatt, P. Gill and R. C. Thompson, J. Mod. Opt. 39 (1992) 193.

[1 i] R. C. Thompson, Meas. Sei. Technol. 1 (1990) 93.

[18] R. Iffiiinder and G. Werth, Metrologia 13 (19ii) 16i.

[19] J. Rink, B. Gorski, W. Kiilber, G. Meisel, H.-J. Mielke, H. Rebel, and M. Schu

bert, Z. Phys. A342 (1992) 48i.

[20] W. Kii.lber, G. Meisel, J. Rink, and R. C. Thompson, J. Mod. Opt. 39 (1992)

335.

[21] L. Davey, F. Buchinger, J. E. Crawford, Y. Ji, J. K. P. Lee, J. Pinard, J. L.

Vialle, W. Z. Zhao, In Proc. !nt. Symp. on Resonance Ionization Spectroscopy

and its Application, USA, Inst. Phys. Conf. Ser. No. 128 (1992) 305.

[22] N. Boos, F. Le Blanc, M. Krieg, J. Pinard, G. Huber, M. D. Lunney, D. Le

Du, R. Meunier, M. Hussonnois, O. Constantinescu, J. B. Kim, Ch. Briançon,

J. E. Crawford, H. T. Duong, Y. P. Gangrski, T. Kûhl, B. N. Markov, Yu. Ts.

Oganessian, P. Quentin, B. Roussiére, and J. Sauvage, Phys. Rev. Lett. n, 2689

(1994).

[23] N. Boos, M. Krieg, G. Huber, J. Pinard, H. T. Duong, F. Le Blanc, M. Hus

sonnois, J. B. Kim, O. Constantinescu, B. Roussiére, J. Sauvage, Ch. Briançon,

D. LOOu, R. Meunier, Th. Kühl, J. E. Crawford, Yu. Ts. Oganessian, Y. P.

Gangrski, B. Gorski, B. N. Markov, in proc. of 6th [nt. Conf. on Nuclear Far

From Stabüity Si 9th [nt. Conf. on Atomic Masses and Fundamental Constants,

Berkastel-Kues, 199ft, !nst. Phys. Cônf. Ser. No 132: Section 2, p. 217.

[24] P. H. Dawson (editor), Quadrupole Mass Spectrometry and its Applications El

sevier Science, Amsterdam, Oxford,New York (1976).

114



•

•

•

[25] R. E. March and R. J. Hughes. Quadrupo/e Siorage Ma."-' SpfClrol1l<·"·Y. John

\Viley &; Sons, New York. Chichester. Brisbane. Toronto. Singapore (1990).

[26] S. Guan and A. G. IVlarshall. J. Am. Soc. Mass Spectrom. 5 (l!J9·1) 6·\'

[2i] R. D. Knight and M. H. Prior. J. Appl. Phys. 50 (19i9) 304·\.

[28] J. F. O'Hanlon,:1 User's Guide 10 \'aeuum Tee/m%gy. 2nd Edition. John Wiley

& Sons, New York, Chichester, Brisbane, Toronto, Singapore (1989).

[29] M. D. N. Lunney, F. Buchinger and R. B. Moore, J. Mod. Opt. 39 (1992) 34!l.

[30] G. S. Hurst and V. S. Letokhov, Phys. Today 14i (1994) October 38.

[31] G. S. Hurst and M. G. Payne, Princip/es and AppLications of Resol1anœ /011

i=ation Spectroscopy, Adam Hilger, Bristol, Philadelphia (1988).

[32] V. S. Letokhov, Laser Photoioni=ation Spectroseopy, Academie, Orlando, New

York (198i).

[33] C. L. Callender, P. A. Hackett and D. M. Rayner, J. Opt. Soc. Am. B5 (1988)

1341.

[34] 1. 1. Sobel'man, Introduction to the Theory of Atomic Spectra, Pergamon Press,

Oll.-ford, New York, Toronto, Sydney, Braunschweig (19i2).

[35] H. G. Dehmelt, in Advances in Laser Speetroscopy Vol. 95 of NATO Advanccd

Study Institute Series B: Physics, edited by F. T. Arecchi, F. Strumia, and H.

Walther (Plenum, New York, 1984).

[36] H. Schaaf, U. Schmeling, and G. Werth, App!. Phys. (1981) 249.

[3i] F. G. Major and H. G. Dehmelt, Phys. Rev. 170 (1968) 91.

[38] L. S. Cutler, R. P. Giffard, and M. D. McGuire Appl. Phys. B36 (1985) 1:~7.

[39] J. Yoda, and K. Sugiyama, IEEE Trans. Instrum. Meas. 38 (1989) 521.

[40] A. A. Madej and J. D. Sankey, Phys. Rev. A 41 (1990) 2621.

[41] H. Lehmitz, J. Hattendorf-Ledwoch, R. Blatt and H. Harde, Phys. Rev. Lett.

62 (1989) 2108.

115



•

•

•

[42] K. Sugiyama and J. Yoda, IEEE Transactions un Instrumentation and Measure

ment 42 (199:3) 467.

[43J M. D. N. Lunney, PhD thesis, McGill University (1992).

[44J L. S. Cutler, C. A. Flory, R. P. Giffard and M. D. McGuire, AppI. Phys. B39

(1986) 251.

[45J R. Blatt, P. Zoller, G. Holzmüller and 1. Siemers, Z. Phys. D 4 (1986) 121.

[46) R. B. Moore and M. D. N. Lunney, in Pratical Aspects of Ion Trap Mass $pec

trometry Vol. II: Ion Trap Instruments, R. E. March and J. F. J. Todd, eds.

CRC Press, Boca Raton (1995).

[47) 1. Siemers, R. Blatt, Th. Sauter, and W. Neuhauser, Phys. Rev. A38 (1988)

5121.

[48J H. Kopfermann, Nuclear Moments, Academie Press, New York (1958).

[49) P. Jacquinot, R. Klapisch, Rep. Prog. Phys. 42 (1979) i33.

[50J S. Büttgenbach, M. Herschel, G. Meise1, E. Sehrodl and W. Witte, Z. Phys. 260

(1973) 157.

[51) W. G. Jin, M. Wakasugi, T. T. Inamura, T. Murayama, T. Wakui, H. Katsura

gawa, T. Ariga, T. Ishizuka and 1. Sugai, Phys. Rev. A52 (1995) 157.

[52) A. Anastassov, Yu. P. Gangrsky, B. K. Kul'djanov, K. P. Marinova, B. N.

Markov, S. G. Zemlyanoi, Z. Phys. A348 177 (1994).

[53) J. Sehecker, A. Berger, J. Das, S. Dutta, G. Gwinner, C. H. Holbrow, T. Kühl,

T. Lauritsen, G. D. Sprouse, and F. Xu, Phys. Rev. A46, 3730 (1992).

[54) P. Raghavan, At. Data Nuel. Data Tables 42 (1989) 189.

[55) Y. Tanaka, R. M. Steffen, E. B. Shera, W. Reuter, M. V. Hoehn and J. D.

Zumbro, Phys. Rev. C29 (1984) 1830.

[56) C. E. Moore, Atomie Energy Levels, NSRD5-NBS 35 Vol. III (1971).

[5i) R. G. Barnes, and W. V. Smith, Phys. Rev. 93 (1954) 95.

116



•

•

•

[.58J Yu. Ts. Oganessian, S. A. Karamian. "'. P. Gallgrski. B. Gorski. 13. N. 1Ilarko\".

Z. Szeglowski, Ch. Briançon. D. Ledu. R. l\lcunicr. M. Hussonnois. O. Const.all

tinescu and M. !. Subbotin. J. Phys. G: Nucl. Part.. Phys. 18 (1992) 393.

[.59] E. Browne and R. B. Firestone, Ed. V. S. Shiriey. Table of Radioaclit,c Is%pc",

John Wiley & Sons, New York (1986).

[60] J. K. P. Lee, G. Savard, J. E. Cra\\ford, G. Thekkadath. H. T. Duong. J.

Pinard, S. Liberman, F. Le Blanc, P. Kilcher, J. Obert, J. Oms. J. C. Putaux. B.

Roussière, J. Sauvage, and the rSOCELE Collaboration. Nuc!. 1nstrum. Mcth

ods Phys. Res. 1334 (1988) 252.

[61] W. H. King, Isotope Shifts in Atomie Speetra, Plenum Press, New York (1984).

[62] K. Heilig and A. Steudel, Atomic Data and Nuclear Data Tables 14 (19;4) 613.

[63] P. Aufmuth, K. Heilig and A. Steudel, Atomic Data and Nuclear Data Tables

3i (198i) 355.

[64] F. A. Babushkin, SOY. Phys. JETP li (1963) 1118.

[65] D. Zimmermann, Z. Phys. A321 (1985) 23.

[66] S. A. Blundell, P. E. G. Baird, C. W. P. Palmer, D. N. Stacey, G. K. Woodgate

and D. Zimmermann, Z. Phys. A321 (1985) 31.

[6i] E. C. Seltzer, Phys. Rey. 188 (1969) 1916.

[68] G. Torbohm, B. Fricke, A. Rosén, Phys. Rey. A31 (1985) 2038.

[69] S. A. Blundell, P. E. G. Baird, C. W. P. Palmer, D. N. Stacey and G. K.

Woodgate, J. Phys. B: At. Mol. Phys. 20 (198i) 3663.

[iD] K. Finckh, A. Steudel, Z. Phys. 141 (1955) 19.

[il] P. Aufmuth, 1. Henneberg, A. Siminski, and A. Steudel, Z. Phys. D-Atoms,

Molecules and Clusters 18 (1991) lOi.

[i2] P. Aufmuth, R. Kirsch, A. Steudel and E. Wobker, Z. Phys. D - Atoms,

Molecules and Clusters i (198i) 153.

[i3] P. Moller, W. D. Myers, W. J. Swiatecki and J. Treiner, At. Data Nuc!. Data

Tables 39 (1988) 225.

11i



•

•

•

[i4] W. D. Myers and W..1. Swiatecki, Ann. Phys..54 (1969) 395.

ri::;] W. D. Myers and W..1. Swiatecki, Ann. Phys. 84 (19i4) 18.

[iG] H..1. Krapper, J. R. Nix, and A. J. Sierk, Phys. Rev. C20 (19i9) 992.

[ii] K. T. R. Davies, A. J. Sierk, and J. R. Nix, Phys. Rev. C13 (19i6) 2385.

[i8] F. Buchinger, J. E. Crawford, A. K. Dutta, J. M. Pearson and F. Tondeur, Phys.

Rev. C49 (1994) 1402.

[iS] P. Miiller and J. R. Nix, At. Data Nue\. Data Tables 39 (1988) 213.

[80] P. Miiller and J. R. Nix, Nue!. Phys. A361 (1981) lli.

[81] P. Moller and J. R. Nix, At. Data Nue!. Data Tables 26 (1981) 165.

[82] S. Raman, C. H. Malarkey, W. T. Milner, C. W. Nestor, P. H. Stelson, At. Data

Nue!. Data Tables 36 (198i) 1.

[83] W. Fischer, H. Hühnermann, G. Kromer, and H. J. Shaâ".fer, Z. Phys. 2iO (19i4)

113.

[84] Ch. Schulz, E. Arnold, W. Borchers, W. Neu, R. Neugart, M. Neuroth, E. W.

Otten, M. Scherf, K. Wendt, P. Lievens, Yu. A. Kudryavtsev, V. S. Letokhov,

V. 1. Mishin, V. V. Petrunin and the ISOLDE Collaboration, J. Phys. B: At.

Mol. Opt. Phys. 24 (1991) 4831.

118




