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Abstract

The rapid neutron-capture or the r-process is responsible for the origin of about half
of the neutron-rich atomic nuclei in the universe heavier than iron. For the calculation
of the abundances of those nuclei, atomic masses are required as one of the input
parameters with very high precision. In the present work, the masses of the neutron-
rich Zn isotopes (A = 71 to 81) lying in the r-process path have been measured in
the ISOLTRAP experiment at ISOLDE/CERN. The mass of 8 Zn has been measured
directly for the first time. The half-lives of the nuclides ranged from 46.5 h (?Zn) down
to 290 ms (3'Zn). In case of all the nuclides, the relative mass uncertainty (Am/m)
achieved was in the order of 1078 corresponding to a 100-fold improvement in precision

over previous measurements.
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Chapter 1
Introduction

The binding energy of the nucleus is very small compared to the mass equivalent of the
whole nucleus. So, only precise measurement of nuclear mass can give information about
the binding energies of the nuclides. There are both direct and indirect techniques, one
can resort to. Indirect techniques are mainly based on the determination of the Q-
value of nuclear reactions. But the measurements to determine the Q-value of long
decay chains give rise to huge systematic errors. In addition, one needs to know the
nuclear level schemes of the parent nucleus as well as all the daughter nuclei of the
decay chain to calculate (). Direct techniques, on the other hand, are based on time-of-
flight measurement through magnetic spectrometer (SPEG at GANIL [Bianchil989))
or cyclotron frequency determination using a Penning trap (ISOLTRAP at ISOLDE
[Bollen2001], Canadian Penning Trap (CPT) at Argonne [Savard2001], JYFLTRAP in
Jyviskyla [Kolhinen2004], LEBIT at Michigan State University [Bollen2004], TITAN
at TRIUMF at Vancouver [Dilling2003]), storage ring (ESR at GSI [Radon2000]) or
RF spectrometer (MISTRAL at ISOLDE [Lunney2000]) [Schweikhard2006]. Among
all these methods, the highest accuracy in mass measurement of short-lived nuclides is
achieved with the cyclotron-frequency determination technique [Blaum2006].

The ISOLTRAP experiment [Bollen2001] at present has a maximum resolving power
of 107, and mass measurements can be performed with a relative uncertainty as low as
1 x 1078, Masses of more than 200 radionuclides have been measured at ISOLTRAP so
far since its installation in the late 1980s. Major technical improvements of the setup
in the recent years have enabled to access a wide range of nuclei for mass measurement
[Blaum2003, Herlert2006]. Radionuclides with a half-life as short as 65 ms (" Rb) have
been investigated[Herfurth2002].



The main part of this work consists of the mass measurements on the Zn nuclides
from A = 71 to 81, which range in half-lives from 46.5 h (?Zn) down to 290 ms
(81Zn). A huge improvement of the accuracy of the mass values has been achieved as
compared to the present literature values [Audi2003]. The result of the measurement
is of particular importance for nuclear astrophysics as 8°Zn is one of the three most
important waiting-point nuclides of the r-process path [Cowan1991].

An overview of the r-process nucleosynthesis is given in Chapter 2. Chapter 3
gives an introduction to the techniques of trapping of charged particles followed by
the experimental setup and mass measurement principle at ISOLTRAP in Chapter 4.
Chapter 5 gives an account of the analytical simulation on a new excitation technique
which can improve the resolving power in the mass measurement. The procedures
and results of the mass measurement on the neutron-rich Zn isotopes are described in
Chapter 6.



Chapter 2

The r-process in nucleosynthesis

and precision mass measurements

The study of the neutron-rich (n-rich) nuclei has drawn increasing attention because
of the interest in understanding of the synthesis of the nuclides heavier than Fe
[Burbidge1957, Sneden2003]. Two distinct neutron-capture processes are attributed
to the production of those nuclides in the universe - one at a high neutron density and
the other at a low neutron density. The first type of neutron capture takes place on
a short time-scale compared to the competitive §-decay, and hence it is known as the
rapid process or the r-process. The other type of neutron capture occurs on a longer
time-scale in comparison to the time-scale of the competitive -decay and is known as
the slow process or the s-process.

The calculation of the neutron-capture processes demands, among other data, pre-
cise mass values of the nuclides involved. Of special importance are the mass values
of the so-called waiting-point nuclides. To this end, the mass of 8Zn, which is one
among the three most important waiting-point nuclides of the r-process- 80Zn, 3°Cd
and ' Tm, has been measured at ISOLTRAP/CERN. The theory and the main points

of the r-process nucleosynthesis will be described in this chapter.

2.1 Nucleosynthesis

The production of elements in the nuclear fusion processes in stars is limited to those
upto iron. °°Fe has a binding energy per nucleon of 8790.36(3) keV [Fewell1995]. The
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binding energy per nucleon decreases with increasing A for nuclides beyond Fe'. The
group of these elements with high binding energy around mass number A = 60 is
typically called the iron group elements in astrophysics [Lang1999]. Since the binding
energy per nucleon decreases with increasing A for nuclides beyond A ~ 60, they
are not likely to be formed by fusion processes. The heavier nuclides with A > 60
are formed from the nucleons (protons and neutrons) and the pre-existing nuclides
via certain processes, which were identified by Burbidge et al. [Burbidgel957] and
Cameron [Cameronl957] independently in 1957. Those were: the slow neutron-capture
or s-process, the rapid neutron-capture or r-process and the proton or p-process. In
1981, Wallace et al. proposed another nucleosynthesis process which was termed the
rapid proton-capture or rp-process [Wallacel981] in analogy with the rapid neutron-
capture process. Among these four processes, only the s-process occurs in a normal
stellar environment, while the other three processes occur in an explosive environment
such as a supernova explosion.

In a neutron-capture or (n,~y) process, a nuclide 4.X of an element X is transformed

into a more massive nuclide by successive capture of neutrons,

2X +n =5 X 4, (2.1)
along an isotopic chain until it is hindered by photodisintegration (v, n) reaction:

2X +y =5 X 4. (2.2)

The heaviest nucleus formed by the neutron-capture process before the process is hin-

dered can undergo a (-decay and produce another nuclide with a higher Z:
SX =g Y +e 40 (2.3)

The nucleus éﬁY can continue capturing neutrons again and thus the process goes
on. Out of the two neutron-capture processes, the slow neutron-capture or s-process
occurs at comparatively lower neutron density (n, ~ 10® cm~3) and lower temperature
(T ~ 3—4x10% K) [Képpeler1989]. In this case, the life-time for S-decay 75 is shorter

than the competing neutron capture time 7, (= 100 - 1000 years), i.e., 73 < 7,,. This

iThe nuclide 2Ni has the highest binding energy per nucleon followed by **Fe and *°Fe [Fewell1995)].
However, the abundance of °Fe is an order of magnitude higher than that of 52Ni because of the greater
photodisintegration rate for ®Ni in stellar interiors [Fewell1995].
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prevents the s-process from capturing more neutrons before undergoing §-decay. That
is why the s-process produces nuclei by following a path along the bottom of the valley
of stability. On the other hand, the r-process takes place in a high neutron density
(nn, =~ 10* — 10% cm™3) and high temperature (T' ~ 1 — 3 x 10° K) [Norman1979]
environment. In this case, the life-time for [-decay 73 is higher than the neutron
capture time 7, (= 0.01 - 0.1 s), i.e., 73 >> 7, . This allows the r-process to go
on capturing neutrons along an isotopic chain before finally undergoing a (3-decay at a
highly neutron-rich nuclide. Hence, the process produces very neutron rich and unstable

nuclei which are far off the valley of (-stability.

52 Ge ||%3 Ge ||%2Ge ||®® Ge ||®° Ge
B*=100%| [*=100%| [3*=100%/| |B*=100%]| |3==100%

61Ga |[%2Ga (|9 Ga (|® Ga |9 Ga
B*=100%]| [B*=100%] |B*=100%]| |B*=100%] |B*=100%]

G0 7n [|S1In ||%21n ||%% In

_‘
65 Nj i |58 Ni
B~=100% | B~=100% § p~=100% § p~=100%

o | B~=100% § B~=100%

Figure 2.1: The neutron-capture processes of nucleosynthesis starting from
the seed nuclide ®®Fe. The s-process follows a path along the bottom of the
valley of (-stability as shown by the yellow arrows. The r-process, on the
other hand, extends to the very neutron-rich region far away from the valley of
[-stability as indicated by the red arrows [Basdevant2005].

Figure 2.1 illustrates how the s- and r-processes evolve from the progenitor, called
the seed nuclide, *°Fe and produces different nuclides. The stable nuclide *Fe goes on
capturing neutrons and produces the 3-unstable nucleus *Fe (T} /2 = 44.5 days) when

the process can evolve in either slow fashion or the rapid fashion depending on whether
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T, > Tg Or T,, << T3, respectively as explained above.

The other two nucleosynthesis processes, namely, the p- and the rp-processes,
account for the production of the proton-rich nuclides in the universe. Cameron
[Cameron1957] and Burbidge et al. [Burbidgel957] proposed a combination of (p,~),
and (7, n) reactions as the mechanism of the p-process nucleosynthesis which operate on
the nuclides already produced by the r- and s-processes. The term p-process indicates

the proton-capture reaction (p,~y) involved:
2X +p =5 Y+ (2.4)

The nuclei produced by this process are collectively known as the p-process nuclei
or the p-nuclei. There are about 30 p-nuclei. They are the isotopes from ™Se to
19Hg  which are bypassed by the neutron-capture processes (s- and r-processes) and
are located on the proton-rich side of the valley of (-stability in the nuclear chart
[Lambert1992].

It was later proposed that the proton-capture reaction is not likely to occur for the
production of these nuclei [Woosley1978, Meyer1994]. Instead, a series of photodisin-
tegration reactions - (v,n), (7, p) and (v, «) were proposed for the production of these
nuclei [Woosley1978|.

The stable elements produced by the r- and s- processes undergo (y,n) reaction:
2X +y =5 X 4. (2.5)

Once the nuclei become sufficiently proton-rich after successive (7, n) reactions, they
undergo proton or a-particle emission depending on whether they are odd nuclei or

even nuclei, respectively [Woosley1978|:

2X +y =5 1Y +p (2.6)
and

2X +y =58 Y 4. (2.7)

The flow of nuclei climbing down toward iron in this process is shown in Fig. 2.2. For
nuclei with a closed neutron or proton shell near the end of the isotopic chains, the

photodisintegration life-time is unusually long favoring positron (3% )-emission. The
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positron emission from these nuclei result in the build-up of the p-nuclei.
As evident from above, although the process for the synthesis of the p-nuclei, termed
as the y-process by Woosley and Howard [Woosley1978], involves only photodisintegra-

tion reactions, the process is still generally known as the p-process for historical reasons.

194 |¢ 196 4—+ 198 4—‘
e p
N

190 192 [—]194 |¢ 19%4—‘
B
1905, 4—

188

186

180 [ ¢ — 184054—
B
.‘7
174 [¢—|176 | € |180y, ¢_@

L

Fe

182 |¢ 184

A;KQ\
=
+

178

ANEON

Figure 2.2: Flow of the p-process nuclei through photodisintegration reac-
tions interspersed with S-emission. The flow can be compared to a stream
with several tributaries, each having a different source (seed nucleus). The cir-
cles represent all the stable isotopes of the given element, and the squares in
violet represent the p-nuclei. The red, dark blue and green arrows indicate the

(7,n), (v,a) and Bt-emission processes, respectively. (Figure adopted from
[Woosley1978].)

Like the p-process, the rp-process also occurs on the proton-rich side of the valley
of (-stability. The process goes on by a series of rapid proton-captures (p,7) onto a
progenitor nuclide producing heavier nuclides in an isotonic chain as shown in Eq. (2.4),

until it is hindered by photodisintegration. The nuclide then undergoes a 3*-decay:
AX =5 Y 4et v (2.8)

to come to a isotonic chain with higher N before continuing proton-capture again to
produce still heavier nuclides as shown in Fig. 2.3. The progenitors in the process,
(i.e., the seed nuclei) are believed to be formed in the hot CNO cycle [Schatz1998,
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Wallacel1981].

The rp-process requires a high-temperature (7' =~ 10 K) and hydrogen-rich envi-
ronment. Low-mass black holes and neutron stars have been suggested as the possible
sites for the process. The rp-process can produce heavy nuclides up to and beyond the
Fe group. Alpha-decay puts an upper limit on the end point of the rp-process at > Te,
as 1%Te is the lightest nucleus to undergo a-decay. Recent works have reported that

the process cannot go beyond Te in the neutron stars [Schatz2001].

%se| |, |¥se| |, [*°se|

TR ETRETIV
2p.1) Sas|  [%as|  |As|  |%aAs

| -]

SGe| . |%Ge .

N T

63Ga %4Ga

Tl

627n

Figure 2.3: Path of the rp-process in a section of the nuclear chart. The
violet, red and green arrows indicate the proton-capture (p,7), photodisinte-
gration (v, p) and 3T-decay processes, respectively. The violet squares represent
the waiting points, where the capture process halts momentarily, as the rates
of the proton capture and the photodisintegration reactions become compara-
ble. Such a nucleus then either captures two protons successively or decays
by B3T-emission depending on the reaction environment. The resulting nucleus
will again continue proton-capture until it is hindered by photodisintegration
[Clark2005, Schatz1998].

Among the nucleosynthesis processes explained above, only the s-process occur in

the stellar environment. The other 3 processes take place in the explosive environment.
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In the following section, the main points of the theory of the r-process will be discussed.

2.2 The r-process

2.2.1 Introduction

The model of the r-process, proposed by Burbidge et al. [Burbidgel1957], is referred to
as the classical r-process. It is the simplest and most widely used model of the r-process.
According to this scenario, production of heavy nuclides via neutron-capture depends on
the following mechanisms: (n,v) and (v, n) reactions, 3~ -decay, and neutron-induced
fission. It proposes that in presence of high neutron flux and at high temperature, heavy
nuclides can be formed via successive neutron-capture (n,7) process by pre-existing
nuclides until the capture process is stopped by the counteracting photodisintegration
(7, n) reaction, when the nuclide may undergo S~ -decay before it continues capturing
neutrons again.

The classical r-process model is based on the following assumptions:

(1) the neutron density n,, is high enough (n,, ~ 10?° — 10?° cm~3) so that the rates of
the (n,7) reactions overcome the 3~ -decay rates of the corresponding nuclides;

(2) the temperature T is high enough (7' ~ 1 —3 x 10° K) so that the rates of the (v, n)
reactions overcome the ™ -decay rates of the corresponding nuclides;

(3) both n,, and T remain constant throughout the process;

(4) initially pure 5°Fe is irradiated with the neutron flux;

(5) the equilibrium condition (n,v) = (v, n) is attained in each isotopic chain;

(6) the neutron flux is available for a very short duration 7 (e.g., 10 s for type II
supernova), after which the neutron capture reactions cease abruptly (referred to as
the freeze-out [Qian2003]). At the end of the irradiation, the nuclides produced will
undergo [-decay toward the bottom of the valley of (-stability.

The process is illustrated schematically in Fig. 2.4. Under the assumption of
(n,y) = (v,n), the nucleus (A, Z) goes on capturing neutrons competing over the
photodisintegration reaction (y,n) until the reaction rates become comparable. The
capture process then waits for a G~ -decay after which the nuclide starts capturing
neutrons again. This assumption is commonly known as the waiting-point approxima-
tion of the classical r-process, and the nuclide at which the process waits is called the
waiting-point nuclide.

Another model of the r-process, called the dynamical r-process, does not consider
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temperature and neutron density as constants [Cowan1983]. In this model, the (n,~v) =
(7,m) equilibrium is not assumed. The neutron-capture rate is calculated for each
nucleus as a function of the varying temperature, number density of the nucleus and
neutron number density. If the neutron-capture rate at a certain temperature is higher
than the [-decay rate, then a neutron-capture will take place. Otherwise, the nucleus
will undergo a (3-decay. In the following description, only the classical r-process theory

will be considered.

v\ﬁ'
(A+4, | —| (A+5, | —>| (A+6, |—| (Aa+7,
. z+2) |[¢—| z+#2) |¢—| z+2) |¢—| z+2)
N '\ﬁ
(A+2, | —| (A+3, | —| (A+4, |—| (A+5,
z+1) |&——| z+1) | &—| z+1) || z+1)
'\B_
’ AZ ’ (A+1,2) ) A+2,Z » (A+3,2)
(AZ) ( ) l

Figure 2.4: Schematic diagram of the rapid neutron-capture process (r-
process). The blue, red and green arrows indicate the neutron-capture (n, ),
photodisintegration (v,n) and ([~ -decay processes, respectively. The blue
squares represent the waiting-point nuclei of the r-process.

2.2.2 Theory of the classical r-process

The general theory of the classical r-process can be described by the (n,v), (v,n)
and [~ -decay reactions for nuclides with A < 260%. According to this theory, *¢Fe
seed nuclei are subjected to a neutron irradiation for a duration of ¢ = 7, and both the

neutron density n,, and the temperature 7" remain constant during the irradiation time.

iiThe probability of S-delayed fission is 100% for the nuclei with mass numbers A ~ 260, which
leads to the termination of the r-process beyond A = 260 [Panov2005, Thielemann1983].
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In addition, the temperature has to be high enough for a (n,v) = (v,n) equilibrium to
be established for each isotopic chain.
Neglecting fission, the derivative of the abundance n(A, Z) of the nuclide (A, 7)

undergoing the r-process can be written as [Burbidgel957]

% (A, Z) = M(A—1,2)n(A—1,2) — M(A, Z) n(A, 2)
(A, Z = 1) n(A, Z — 1) — A\g(A, Z) n(A, Z)
FA(A+1,2) n(A+1,2) — M\(A, Z) n(A, 2), (2.9)

where, A,, A, and A\ are the rates of the (n,v), (v,n) and $~-decay reactions, respec-
tively.

In an isotopic chain, the build-up of the isotopes will continue as long as A, > Ag.
The rate of (n,7) reaction, \,, will continuously decrease as the process goes further

and further in the isotopic chain until it reaches
M(AZ)~ N\ (A+1,2).

At this point, the nuclide (A, Z) cannot capture any more neutron, and it waits before
it undergoes 5~ -decay producing another nuclide (A, Z + 1) which can afterward con-
tinue capturing neutrons again. For this reason, the assumption of the (n,7y) = (v, n)
equilibrium condition is referred to as the waiting-point approrimation.

If successive neutrons are being added to a nucleus, the binding energy of the daugh-
ter nuclei gradually falls to zero, and this sets a limit to neutron addition to a nucleus.
However, in the r-process, that limit is not attained since (y,n) reaction will break-up
the nucleus when its binding energy falls below a threshold.

Under the (n,v) = (v, n) equilibrium along an isotopic chain, the abundance ratio
of two nuclides (A, Z) and (A+1, Z) of the isotopic chain can be obtained as [Kratz1988]

n(A+1,2) G(A+1,2) (A + 1)3/2 (27”12)3/2 (Sn(ATLZ) KT (2.10)

n(A,Z) " 2G(A,z) \ A ukT

where, n(A, Z) is the abundance of the nuclide (A, Z), n,, is the neutron number density,
G(A, Z) is the partition function of the nuclide (A, Z), S,(A + 1,7) is the neutron
separation energy of the nuclide (A+ 1, Z), T is the temperature, u is the atomic mass
unit, A is the Planck constant and k is the Boltzmann constant.

It is evident from Eq. (2.10) that the abundance ratio depends mainly on the neutron
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separation energy .S,,, and it is a function of the temperature T" and the neutron density
n,. Neglecting the relatively small differences in G(A, Z) and A for the nuclides in the
same isotopic chain, the neutron separation energy of the most abundant nuclei in the

chain can be expressed as [Qian2003]

2 (ukT\**
Ny, \ 2mh?
It follows from Eq. (2.11) that S depends only on n, and T. Therefore, for a

particular set of n,, and T, the abundance maxima will occur at approximately the

SO~ kT In (2.11)

same neutron separation energy for different isotopic chains.

Due to the odd-even effect caused by pairing [Iliadis2007], nuclides with even N have
higher S,, values than the nuclides with odd N. As a consequence, the most abundant
nuclide in an isotopic chain always has an even N.

The flow of matter from one isotopic chain to the next takes place via -decay. The
derivative of the total abundance n(Z) of an isotopic chain with the proton number Z

can be expressed as

dn(Z)
dt

=n(Z - 1) g(Z — 1) —n(Z)\3(2), (2.12)
where,

n(Z) =Y n(A, Z), (2.13)

Ma(Z) =) As(A, Z) nf;?z? (2.14)

and A\g(A, Z) is the B-decay rate of the nuclide (A, Z).

The term n(A, Z)/n(Z) in Eq. (2.14) representing the individual population coef-
ficient, denoted by P(A, Z), is obtained from Eq. (2.10). The first term in Eq. (2.12)
describes the creation of the element Z via [-decay from the element Z — 1, while
the second term describes the destruction of the element Z via (3-decay to the element
Z + 1. Equation (2.12) determines the elemental abundance of an isotopic chain, while
Eq. (2.10) determines the abundances of the isotopes belonging to a particular isotopic
chain.

Assuming that initially all nuclides belong to a specific isotopic chain with the proton
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number Z, the boundary conditions for Eq. (2.12) can be given by

1(Z)ieo = Ny for Z = Z, (2.15)
and

n(Z)—o =0 for Z # Z. (2.16)

The general solutions of the differential equation (2.12) with the above boundary
conditions are given by [Iliadis2007]

n(Zy)y = Ny e slZ0)t (2.17)

and

W2 = Ny S -aton 200 )
(2), Nozizjo (2) jZQ#i 530) = T (for Z # Zy). (2.18)

It follows from Eq. (2.18) that the total abundance n(z) of an isotopic chain at time
t is inversely proportional to the corresponding total 5-decay rate Ag(Z).
If it is assumed that after a sufficient time ¢ of the r-process (t < 7), the rate of

change of n(Z) is zero, i.e.,

dn(Z)
= 2.1
1y, (2.19)
then,
n(Z) A\g(Z) = constant. (2.20)

This assumption is referred to as the steady flow approzimation. If the steady
flow approximation is considered while the r-process is already in the (n,v) = (v,n)
equilibrium, the steady flow is referred to as the steady 5-flow [Qian2003]. In this case,
all the matter from an isotopic chain to the next is carried by only one or, in some
instances, two nuclides with S, ~ S° (waiting-point nuclides). The steady 3-flow can
take place only when the time ¢ of the r-process is larger than the longest 5-decay half-
life [Freiburghaus1999]. As evident from Eq. (2.20), the abundance of a waiting-point
nuclide in the steady [-flow is inversely proportional to its S-decay rate Ag(A4, Z).
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Under the steady (-flow approximation, assumption of an abundance n(Z,,;,) corre-
sponding to the minimum Z (Z,,;,), is sufficient to calculate the r-process abundances
(Eq. (2.20)) [Kratz1993]. The population coefficients P(A, Z) = n(A, Z)/n(Z) for de-
termining Ag(Z) can be calculated using Eq. (2.10). Thus, under the assumption of
steady (-flow, knowing the neutron separation energies S, (A, Z) and the §-decay half-
lives T} /2(A, Z) = In 2/Ag(A, Z), the whole abundance pattern for the r-process can be

calculated for a given set of environment parameters n,, and 7.
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Figure 2.5: Top: Comparison of the observed solar r-abundances (data
points) with the predictions from the classical r-process model (solid line). The
3 prominent peaks, each at A =~ 80, 130 and 195, correspond to the magic
neutron numbers N = 50, 82 and 126, respectively. The r-abundances are nor-
malized so that the elemental abundance of Si is 106 [Anders1989, Suess1957].
Bottom: Residuals in terms of the ratio between the predicted and the observed
abundances. (Figure taken from [Kratz1993].)

The nuclides with the neutron magic numbers'! are particularly important in the

iliThe magic numbers for nucleons (either protons or neutrons) are 2, 8, 20, 28, 50, 82 and 126. In
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r-process. Due to their closed neutron shells, the half-lives of these nuclides are particu-
larly longer (77 /2 =~ 0.1—0.5 s) than the other nuclides in the r-process (7}, ~ 0.01—0.05
s). As a result, the r-process encounters a sequence of waiting points at the same magic
neutron number and the path moves vertically upward along Z. Because of the longer
half-lives, the flow of abundance at a magic neutron number becomes slower, and the
corresponding nuclides build up to relatively large abundances.

Figure 2.5 shows the distribution of the observed solar abundances due to the r-
process in comparison to the predictions of the classical r-process model [Kratz1993].
Three prominent peaks, each at A &~ 80, 130 and 195 corresponding to the magic neu-
tron numbers N = 50, 82 and 126, can be seen. A global steady [-flow approximation
or a global time-dependent model failed to reproduce the observed abundances. The
predicted abundance pattern is a superposition of 3 time-dependent components, each
with different (T, n,,t) parameters. The (T, n,,t) parameters for the 3 components are
(1.35 x 10°, 3 x 10%°, 1.5), (1.20 x 10%, 3 x 10%*, 1.7) and (1.20 x 10°, 3 x 10*2, 2.5),

3 and

respectively, where the temperature T is in K, the neutron density n,, is in cm™
the time scale ¢ is in s. It is believed that different r-process events or different zones
representing different conditions are responsible for the observed abundance pattern
[Kratz1993].

The advantage of the waiting-point approximation is that knowledge of the neutron-
capture cross-section is not required to calculate the individual abundance of the nu-
clides. However, it is valid only if either the temperature or the neutron number density
is very high [Cameron1983]. If not, only a fraction of the flow of nuclei can reach the
waiting point, since the flow will be steadily depleted by (-decay when it proceeds
along an isotopic chain. Goriely et al. [Goriely1992] calculated that for a temperature
of T =2 x 10° K, the approximation is valid when the neutron density, n,, is 10?° cm™3
or more. On the other hand, they found that the approximation is valid at T' = 1 x 10°

K, only when the neutron number density n,, is more than 10%® cm™3,

2.2.3 Need for experimental data for r-process calculation

The major difficulty in the calculation of the r-process abundances is the lack of nuclear
data for the thousands of nuclei far from the valley of (-stability. The nuclear data
required for the r-process prediction mainly include neutron separation energies (.S,),

[-decay half-lives and branching for (-delayed neutron emission [Kratz1993]. While

the context of the r-process, the relevant neutron magic numbers are Ny = 50, 82 and 126 [Iliadis2007].
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(O-decay rates determine the time-scale and abundance pattern, neutron separation
energies play a major role in the (n,7) = (v,n) equilibrium.

The lack of experimental nuclear data required in the r-process calculation at
present is filled by the theoretical predictions from various mass models [Kratz1998|.
Several models are widely used in the r-process calculations, among which HFB-14
[Goriely2007], FRDM [Moller1995] and KTUY [Koura2005] cover a wide range in the
neutron-rich region of the nuclear chart. The HFB-14 (Hartree, Fock, Bogoliubov)
model produced an rms error of 0.729 MeV when fitted to the 2149 measured masses
obtained from the 2003 compilation of the Atomic Mass Evaluation (AME) [Audi2003].
The FRDM (Finite-Range Droplet Model) and the KTUY (Koura, Tachibana, Uno,
Yamada) mass models produced an rms error of 0.678 MeV and 0.680 MeV respec-
tively, when fitted to the measured masses from the earlier compilation of the AME

[Audi1995).

6 N=50
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Neutron shell gap (&) / MeV

Figure 2.6: Comparison of the neutron shell-gap values (A,) at the magic
neutron number Ng=50 calculated from different mass models. The vertical
line at Z = 30 highlights the values for 8°Zn from those models. Note the shell
gap values calculated from the mass data obtained from the AME [Audi2003].

The differences of mass values predicted by different mass models are conveniently
expressed in terms of either the proton shell gaps (for the proton-rich region) or the

neutron shell gaps (for the neutron-rich region) [Lunney2003]. The neutron shell gap
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A,, at the magic neutron number Nj is defined by
A, (No, Z) = Son(No, Z) — Son(No + 2, Z), (2.21)

where, Sy, represents the two-neutron separation energy of the corresponding nucleus.

Figure 2.6 shows predictions of nuclear masses by different models in terms of the
neutron shell gap energy (A,,) for the neutron magic number Ny = 50. The difference
of the A, values predicted by the HFB-14 and the KTUY models, for example, at
Z=30 (8)Zng0) is about 1 MeV. From the trend of the neutron shell gap, it is evident
that as one goes away from the valley of (-stability, the difference in predictions from
the different mass models increases. This can cause severe deviations in the calculated
abundances [Qian2005, Freiburghaus1999]. Such deviations can be resolved only by
experimental data.

Although progress has been made in the field of mass measurement of unstable
nuclei, very few masses in the neutron-rich region have been measured so far which
are involved in the r-process sequence. The (-decay half-lives of about 25 r-process
nuclei have been measured including the waiting-point nuclei ®°Zn [Gill1986] and '*°Cd
[Kratz1986]. Currently, in many Radioactive Ion Beam (RIB) facilities around the
world including ISOLDE/Cern, GANIL, NSCL, Studsvik/OSIRIS, CPT/ANL and GSI,
decay studies as well as mass measurement of the r-process nuclei are performed. In
2005, a major milestone was achieved at the ISOLTRAP experiment in ISOLDE with
the measurement of mass of 8°Zn as part of this thesis. Masses of several other 1-
process nuclei in different mass ranges have been measured in Los Alamos Meson Physics
Facility (LAMPF) [Seifert1994] and GSI [Stadlmann2004]. The efforts are continued
to access more and more neutron-rich region for nuclear astrophysics studies at several
laboratories world-wide including ISOLDE/CERN and GSI [Kratz2004, Kelic2006].






Chapter 3

Trapping of charged particles: The

Penning trap

Ion traps have found considerable interest in the field of physics, chemistry and biology.
From experiments such as test of £ = mc?® [Rainville2005] to mass-spectrometric anal-
ysis of biomolecules [Domon2006], ion traps have got vast range of applications. The
1989 Nobel prize for physics to Wolfgang Paul and Hans Dehmelt for their pioneering

works was a recognition of the potential of this field.

3.1 Types of ion traps

Ion traps are three-dimensional trapping devices for charged particles. Primarily
they can be divided into two broad categories: the ones which make use of a magnetic
field for particle confinement (e.g. the Penning trap) and the others which use a ra-
diofrequency electric field instead (e.g. the Paul trap). A typical trap consists of two
hyperbolic endcaps with a ring electrode, the inner surface of which is the revolution
of a hyperbola. In case of a Paul trap, between the ring and the endcap electrodes,
a combination of a DC voltage (Up) and an AC voltage (V4) is applied. In the case
of a Penning trap, instead of the AC electric field, a homogeneous magnetic field (B)
is applied as shown in Fig. 3.1. In addition to the hyperbolic geometry, the linear
variation of the Paul trap and the cylindrical variation of the Penning trap have proved

useful in particle confinement and manipulation.
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®) _ +v

V()

Figure 3.1: Typical geometry of the Paul trap (a), the linear rf trap (b),
and the Penning trap with a hyperbolical (c, left) and cylindrical (c, right)
configurations.

3.2 Equations of motion of a charged particle in a

Penning trap

The confinement of charged particle in a Penning trap is achieved by the super-
position of a homogeneous magnetic field B = B2 and a static quadrupolar electric

potential with the form

U
P = ﬁ(zf — 22 —9?), (3.1)
where
1 rl
d? = 3 <zg + 5()) : (3.2)

the so-called trap parameter, which is determined by the minimum distances rq and

2o from the trap center to the ring electrode and to the endcaps, respectively. Uy is
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the potential difference between the ring electrode and the endcaps. A charged particle
under the influence of this combined electric and magnetic field will experience a Lorentz

force and the equation of motion of the particle can be written as [Brown1986]

&Pz q (=~ d¥ =
—=—|E+—xB). 3.3
dt? m< LPT ) (3:3)
Setting
qUy
T Voma? (3.4)
and
qB
C:_7 35
=L (35)

we can write,

W2 dy

d*y  w? dx

g2 QYT Wy = 0, (3.7)
.,

The above equations show that the x and y motions are decoupled from the z motion
of the particle, i.e., the radial and the axial motions of the particle are independent.

The axial motion is a simple harmonic oscillation with frequency w.,:
z = A,cos(w,;t — ¢,), (3.9)

where A, and ¢, are respectively the amplitude and the phase which are determined
by the initial conditions.

The solutions for the radial motion of the particle can be derived as
r=r_cos(w_t—¢_)+ricos(wit—¢y), (3.10)

y=—r_sin(w_t —¢_) —rysin(wit — ¢y ), (3.11)
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where,

(wc +\Jo? 2wg) . (3.12)

w4+ =

cyclotron (+)

magnetron (-)

Figure 3.2: The motion of a charge particle in a Penning trap consists of 3
independent oscillations- the magnetron motion with frequency w_, the modi-
fied cyclotron motion with frequency w; and the axial motion with frequency
w, [Blaum2006].

The radial motion with the frequency w, is called the cyclotron motion and the one
with the frequency w_ is called the magnetron motion. The two motions are circular
with constant radii ;. and r_, respectively. Thus, the ion in a Penning trap possesses
three independent modes of oscillations with frequencies wy, w_ (both radial) and w,
(axial) as shown in Fig. 3.2. The magnetron frequency, w_, can be approximated as
independent of the mass and charge of the particle for typical operating conditions with
a weak electrostatic potential (= 10 V) and a strong magnetic field (=~ 5 Tesla). The

two radial frequencies are related by the following equation:
Wi+ W = we. (3.13)

This relation is the working principle of the mass measurement and the buffer-gas
cooling technique at ISOLTRAP.
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3.3 Manipulation of ion motion

The motion of a charged particle can be manipulated by the application of an ex-
ternal time-varying electric field. Two configurations which are widely used for the
application of the azimuthal electric rf field are the dipolar and the quadrupolar con-
figurations (Fig. 3.3 left and middle). The figure shows cuts of the ring electrode
in the azimuthal plane, which is segmented into 2 or 4 parts. Another configuration,
namely, the octupolar configuration is currently studied for a possible deployment in

the ion-motion manipulation (Fig. 3.3 right) (see Chapter 5).

+U, -U,
+U

q
+U, / -Uq /
-U,
+U,
+U -U +U

Figure 3.3: Electrode geometry for the application of the dipolar, quadrupolar
and the octupolar electric field in the azimuthal plane. The ring electrode is
segmented into 2, 4 or 8 parts in order to apply the dipolar, quadrupolar or the
octupolar excitation field, respectively.

3.3.1 Dipolar excitation

Dipolar configuration for excitation is achieved by applying two rf voltages with a
phase difference of m to two opposing ring segments as shown in Fig. 3.3 (left). The

resulting dipolar potential can be written as

o, = ad%cos(wdt — ¢q) X T, (3.14)
To

where Uy, wy and ¢4 are the amplitude, frequency and phase of the rf voltages. The
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term ay is a geometrical factor which corrects the strength of the dipolar term of the

multipole expansion of the potential. The electric field can thus be expressed as

- - U,
E;=-V &, = —ad—dcos(wdt — ¢q)1. (3.15)
To

The equations of motion of the charged particle in the trap under the excitation

now take the form:

2

T — %x — wey = —kocos(wat — Pa), (3.16)
W2
y — ?y +w.z =0, (3.17)
and
P+ wiz =0, (3.18)
where
U
ko = agL =2, (3.19)
m To

From the above set of equations it is clear that the axial part of the motion is
uneffected and only the radial part will be influenced by the excitation. The radial

parts of the equations can be expressed in complex notation by

2
U — %u + iw = —kocos(wat — Pg), (3.20)

where u = x + 1y.

The solutions of these equations can be written as
r=r_(t)cos(w_t —¢_) +ry(t)cos(wit — ¢y), (3.21)

y=—r_(t)sin(w_t —¢_) —ry(t)cos(wit — ¢4 ). (3.22)

If the excitation rf voltage is applied exactly at the magnetron or the reduced cyclotron

frequency, i.e. in resonance, the following expression for the radius of the respective
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motion can be derived [K6nigl1995]:

0= \/@(0) * 4(w+k0—t2w—)2 i ri(O)kzzIfif(ff —o (3.23)

In the above equation, if the phase difference, ¢4 — ¢, is equal to 37” (when excitation

is applied at the reduced cyclotron frequency) or 7 (when excitation is applied at the

magnetron frequency), the expression can be written as

1,61
— 474,290’
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Figure 3.4: Evolution of the cyclotron and the magnetron radii (left and
right, respectively) of an ion as a function of time under the dipolar excitation
at different phases of excitation. For the case of the excitation at wy (left), ry
is directly proportional to ¢ when ¢4 — ¢4 = 3m/2, while for the case of the
excitation at w_ (right), r_ is directly proportional to ¢ when ¢q — ¢_ = /2
[Blaum2003].

Figure 3.4 shows the behavior of r, and r_ as a function of the excitation time ¢ at
different ¢4 —@+. For the case of the dipolar excitation at w,, ry is directly proportional
to t when ¢q — ¢, = 3w /2. Similarly, for the case of the excitation at w_, r_ is directly

proportional to ¢ when ¢4 — ¢_ = m/2. This technique is commonly used to increase
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the magnetron radius of the trapped ions to a defined value in the Penning trap.

3.3.2 Quadrupolar excitation

The electrode configuration for the quadrupolar excitation is shown in Fig. 3.3

(middle). The quadrupolar potential can be written as
U, 2 2
by = aqpcos(wqt —¢g) X (2" —y7), (3.25)
0

where a, is a geometric factor arising due to the shape of the ring electrode segments.

The components of the corresponding electric field can be written as

> U
Eyo = -V &, = —2a,—cos(wgt — ¢g) - z, (3.26)
7o
Euy ==V &, =2a,—cos(wst — ¢g) - v, (3.27)
o
E,.=0. (3.28)

The equations of motion of the particle under the excitation can thus be obtained

as
L2 -
T — we) — ? — 2kocos(wgt — ¢,) | © =0, (3.29)
L2 .
U+ wed — ?Z + 2kocos(wgt — ¢g) | y =0, (3.30)
and
+wiz =0, (3.31)
where
q U,
k?() = CLQET—OS. (332)

Equations (3.29 - 3.31) show that the axial part of the motion is uneffected by this
excitation, too. The radial equations of motion can again be solved in the same way as

in the case of dipolar excitation. In the case when the frequency of the exciting field is
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equal to the sum of the frequencies of the radial motion, i.e. in resonance, w, = w4 +w_,
the term 74 (t) takes the following form [Ko6nigl1995]:

ry(t) = r4(0)cos (wcgm t> Fr=(0)sin (wcgm t) cos(py — ¢+ — b)), (3.33)
where
k
Weonv = 2(&)4_ i w_) . (334)

If the phase difference between the exciting field and the radial motions, ¢,—¢ —¢_,

is equal to 7, r4(t) can be obtained as

r+(t) = r+(0)cos (wc;nv t> + r-(0)sin (%t) : (3.35)
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Figure 3.5: Conversion between the two radial motions under the quadrupolar
excitation (ion motion in the radial plane (left) and evolution of the cyclotron
and the magnetron radii (r; and r_, respectively) with the excitation time
(right)) [K6nigl1995].

From Eq. (3.35), it is evident that the two radial motions are continuously being
converted into one another and the frequency of conversion from one radial motion to

the other is Weony. Figure 3.5 shows this conversion between the two radial motions. If
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the time of excitation ¢ is equal to 7/weomy for a particular excitation strength, a full

conversion from one motion into the other is attained.

3.3.3 Time-of-flight cyclotron resonance

The time-of-flight cyclotron resonance technique for the detection of the cyclotron fre-
quency of the ion mainly consists of two parts: quadrupolar excitation of the ion at
its cyclotron frequency w. = w; + w_ in the Penning trap and interaction of the ion’s
magnetic moment with the gradient of a magnetic field after the ion’s ejection from the
Penning trap towards a detector. This method was first introduced by Graff et al. in
the field of precision mass spectrometry [Graff1980].

The quadrupolar excitaton is preceded by a dipolar excitation at w_ to increase the
magnetron radius r_ of the ions to a defined value r4. A quadrupolar excitation is then
applied in the radial plane of the trap using the four segments of the ring electrode.
When w, = w,, resonance occurs and the initial magnetron motion is fully converted
to a cyclotron motion after a time 7, = 7/weony,- The ion then attains a cyclotron
radius ;. = r4. This leads to an increase of the radial kinetic energy of an ion after the

quadrupolar excitation:
AE, < wiri —w’ri ~ wir] (3.36)

In the case of the non-resonant ions, the gain in the radial kinetic energy is less and
in the case of the resonant ions, the gain is more. For a rectangular-shaped excitation

signal, the final radial kinetic energy is given by [K&nig1995|

12
E, o S Ty) (3.37)
)
where
1
wy = 5\/ (wq — we)? + (Weomu/2)2. (3.38)

After the quadrupolar excitation, when the ions are ejected from the trap toward
the detector, the ion travels through a magnetic field gradient. The radial motion of the

ion interact with the magnetic field gradient giving rise to a force in the axial direction
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(along the trap and the detector):

F

I
=
<
=
|
|
|
l

(3.39)

This results in the reduction of the time-of-flight for the resonant ions. The time-

of-flight from the trap center at z = 0 to the detector at z = z; is given by [K6nig1995]

)= |\ memm A0

where FEj is the axial kinetic energy of the ion after ejection from the trap, and U(z)
and B(z) are the magnitudes of the electric and magnetic fields, respectively, along the

axial direction.

350 4

340

330 4

320 4

TOF / us

310
300

290

-6t ATt -2m 0 21 4m 61t
( W, -, ) T,
Figure 3.6: Theoretical line-shape of a time-of-flight cyclotron resonance for
a Fourier-limited quadrupolar excitation signal.

In the experiment, the frequency of the quadrupolar excitation is scanned around
the probable value of the cyclotron frequency v, = w./27 of the ion. At each frequency,
the excitation signal is switched on for a time T,y = T;. For an excitation signal
with a rectangular envelope, the line-shape of the resulting resonance is shown in Fig.

3.6. The line-shape of the resonance has been derived by Koénig et al. [Konigl995].
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The characteristic side-bands of the resonance are due to the Fourier-limited excitation
signal. By fitting the experimental data points with the functional representation of
the line-shape through the least-squares method, the cyclotron frequency v, of the ion
is determined. Using the value of v., and knowing the ion charge ¢ and the magnetic

field strength B, the mass of the ion can be calculated following Eq. (3.5).

3.3.4 Cooling of trapped ions

A buffer gas can be used for collisional cooling of the investigated ions. However, the
collisions between the buffer-gas molecules and the investigated ions result in a loss
of kinetic energy of the ions. This in turn results in a relatively slow increase of the

magnetron radius and a very fast decrease of the cyclotron radius. The increase of

Figure 3.7: Trajectory of an ion under quadrupolar excitation in presence
of a buffer gas. left: with the excitation applied at a frequency far away from
the cyclotron frequency v, right: with the excitation applied at the cyclotron
frequency v.. Figure taken from [Savard1991].

the magnetron radius leads to a loss of ions after collision with the ring electrode’s
inner surface. To overcome this problem, a quadrupolar excitation can be used at the
cyclotron frequency of the investigated ions in presence of the buffer gas, which will
continuously convert the magnetron motion into the cyclotron motion [Savard1991]. As
a result, the ions of interest get centered as shown in Fig. 3.7 (right). The magnetron

radii of the other ion species, which remain uneffected by the excitation, continue to
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increase resulting in the loss of those unwanted ions after hitting at the trap electrodes
(left).
Since this technique is mass-selective, it is widely used for removing unwanted ion

species from the trap.






Chapter 4

The ISOLTRAP experiment

4.1 The online isotope separator ISOLDE

Radioactive isotopes are produced in the Isotope Separator On-Line DEvelopment
facility ISOLDE’ at CERN, Geneva [Kugler2000]. More than 60 elements and about
600 isotopes can be produced in the facility. Figure 4.1 shows the layout of the ISOLDE
hall. High-intensity proton pulses, accelerated by CERN’s Linac and Proton Syn-
chrotron Booster to 1 or 1.4 GeV energy, are delivered to the ISOLDE target every
1.2 second. Each pulse contains about 3 x 10' protons. Radioactive nuclides are pro-
duced from the target by means of spallation, fission and fragmentation processes. The
products diffuse out of the tube of the target material to the ion source, where they
are ionized either by surface ionization, electron impact in hot plasma or resonant laser
ionization process. The ions are then accelerated to an energy of 60 keV and sent to
one of the mass-separators for removing unwanted ions from the beam. There are two
magnetic mass-separators at ISOLDE. One is the so-called General Purpose Separator
(GPS) with a single bending magnet. It has a resolving power up to 2400. The other
one is the High Resolution Separator (HRS) consisting of two bending magnets with
an elaborate ion-optical system. The HRS has a maximum resolving power of about
5000 [ISOLDE2008]. The ion beam from one of the mass-separators is then fed to the
main beam-line and delivered to the various experiments such as ISOLTRAP in the

experiment-hall.
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Figure 4.1:  Sketch of the experiment-hall of the ISOLDE facility. The
ISOLTRAP setup is located at the end of the central beam-line. (Figure taken
from [ISOLDE2008].)

4.2 The ISOLTRAP setup

The ISOLTRAP experiment [Bollen1996, Mukherjee2008] installed at the on-line mass-
separator facility ISOLDE is devoted to high-precision mass-measurements on short-
lived nuclides. The principle of the mass measurement is based on the determination
of the ion cyclotron frequency in a Penning trap.

The setup of the ISOLTRAP experiment consists of three main parts: a linear rf
quadrupole for cooling and bunching the ion beam, a cylindrical Penning trap, referred
to as the Preparation Penning trap, for cooling and preparing the ions of interest, and
a hyperbolic Penning trap, referred to as the Precision Penning trap, for the cyclotron
frequency measurement. A schematic diagram of the setup is shown in Fig. 4.2. In the

following sections, the various components of the setup are described.
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Figure 4.2: Sketch of the ISOLTRAP setup. The various components shown
are: (1) the reference ion-source, (2) the RFQ cooler and buncher, (3) the car-
bon cluster ion-source, (4) the Preparation Penning trap and (5) the Precision
Penning trap. The Preparation and the Precision Penning traps are located
inside two superconducting magnets of field-strengths 4.7 T and 5.9 T, respec-
tively. A Channeltron detector records the time-of-flights of the ions.

4.2.1 The reference ion-source

The reference ion-source produces alkali ions which are used as references in the cy-
clotron frequency measurement of the radioactive nuclides. The masses of these nuclides
are known with a relative uncertainty of 107 or lower [Audi2003]. The ion-source is
based on the surface ionization technique. A heated tungsten ionizer is used for the
evaporation and ionization of ?*Na, 34K, 858"Rb and '®3Cs atoms. The desired alkali
element is kept in the form of a zeolite and is heated to about 1000° C. Small pieces of
tungsten wires are immersed into the zeolite to increase the ionization efficiency.

The radioactive ion beam delivered from ISOLDE has a kinetic energy of 60 keV.
In order to be able to use similar ion-optical settings for both the reference and the

radioactive ion beams during an experiment, the reference ion-source is also kept at a

60-kV platform.
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4.2.2 The RFQ cooler and buncher

The linear radio-frequency quadrupole (RFQ) [Herfurth2001], along with a special in-
jection electrode called Egg-cup, cools, accumulates and bunches the 60-keV ion beam
delivered either from ISOLDE or the reference source. The assembly of the RFQ and
Eggcup is kept at a potential of 60 kV. The 60-keV incident beam is first decelerated
to about 100 eV and then injected into the RFQ. The RFQ consists of four segmented
rods. The rf voltage applied to the four rods produces a transverse focusing force and
the dc voltages applied to the different segments of the four rods produce a potential

minimum axially near the ejection electrode of the RFQ (Fig. 4.3).
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Figure 4.3: Sketch of the RFQ cooler and buncher. Top: longitudinal view of
the RFQ. Bottom: transverse view of the four rods of the RFQ, and the applied
rf and dc voltages. The ion beam is confined radially by the resulting rf field
and cooled due to collisions with the buffer gas. The dc voltages applied to the
different segments of the rods produce a potential minimum in the axial direc-
tion, where the ions are accumulated for a few ms before being ejected in bunch
toward the Preparation Penning trap. (Figure taken from [Herfurth2001].)

The RFQ is operated in presence of a buffer gas, He, which takes out radial and
longitudinal energy of the ions by means of collision. The buffer gas He is kept at
a pressure of about 1073 mbar. The ions, after loosing their kinetic energy, finally

accumulate in the potential well, forming an ion bunch. The bunch is extracted by
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switching the potential of the last rod-segments after a cooling and accumulation time
of a few milliseconds.

After leaving the high voltage platform of 60 kV, the ions again attain an energy of
60 keV. To prevent this, two pulsed drift tubes are used in succession after the RFQ.
The first tube is initially kept at a potential of 57.3 kV. When the ions enter the tube,
they have a kinetic energy of 2.7 keV. As they traverse through the field free region of
the cavity, the potential of the tube is switched to ground. As a result, ions leave the
tube with a kinetic energy of 2.7 keV. In a similar way, the second drift tube further
lowers the ion kinetic energy to about 100 eV for efficient capture of the ions in the

Preparation Penning trap.

4.2.3 The carbon cluster ion source

Since the unified atomic mass u is defined as 1/12 of the mass of *C, using carbon
clusters as mass references, absolute mass measurements can be performed [Blaum2002].
Moreover, one can study the systematic uncertainties of the setup using different carbon
clusters [Kellerbauer2003].

Investigation of the systematic uncertainties of the ISOLTRAP setup has been per-
formed [Kellerbauer2003] by using the carbon cluster ion source. The different carbon
clusters are produced via laser ionization of Cgy fullerenes. The source consists of a
sample-holder, an ion-optical system for focusing the ions and an extraction electrode.
A frequency-doubled Nd-YAG pulsed laser with wavelength A=532 nm and an average
power of 15 mW is used. The ions are created at a potential so that their kinetic energy
is similar to the ions coming from the RFQ (see Fig. 4.2). The sample-holder is being

rotated during laser irradiation to ensure uniformity of the sample surface.

4.2.4 The Preparation Penning trap

The Preparation Penning trap is located in a magnetic field of 4.7 T, and is operated
under a buffer gas, He, maintained at a pressure of 1073 — 10~* mbar. The functions
of this trap are to clean the ion of interest from isobaric contaminants and to prepare
a cold ion bunch to be delivered to the Precision Penning trap.

The trap consists of 13 electrodes creating a potential well [Hartmann1997] as shown
in Fig. 4.4. The trap is 25 cm long and has a diameter of 35 mm. The ring electrode

is segmented into eight equal parts in order to apply a quadrupolar or possibly an
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octupolar rf field in the radial plane. The ion bunches delivered by the RFQ are
captured and trapped axially in the potential well. Due to the collisions of the ions
with the buffer gas, the ions loose their energies related to their axial, cyclotron and
magnetron motions. Cooling of the magnetron motion leads to an increase of the
magnetron radius. In addition, a dipolar excitation is applied for about 100 ms at a
frequency around the magnetron frequency of the ion of interest. Since the magnetron

frequency is very loosely dependent on the mass of the ion, the magnetron radii of both
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Figure 4.4: Top: Sketch of the Preparation Penning trap. This trap of
cylindrical geometry is 25 cm long and its diameter is 35 mm. Bottom: Potential
obtained by applying appropriate voltages to the electrode segments along the
axial direction [Hartmann1997].

the ion of interest and the ions of the isobaric contaminants increase due to the ex-
citation. The amplitude of the dipolar excitation is chosen in such a way that the
magnetron radii of the ions increase to a value larger than the aperture (= 3 mm in
diameter) at the exit of the trap. A quadrupolar excitation is then applied at the cy-
clotron frequency of the ion of interest (typically for about 50 ms). This leads to the
centering [Savard1991] of the corresponding ion species (see Section 3.3.4), while the
other ion species are lost after collision with the inner surface of the ring electrode.

The excitation time for the quadrupolar excitation depends on the amplitude of the
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excitation as well as the helium buffer-gas pressure. The typical resolution' of this trap
is of the order of 10* — 10° [Hartmann1997], which is sufficient for removing isobaric

contaminations of the ion of interest.

4.2.5 The Precision Penning trap

The Precision Penning trap is of hyperbolic geometry (Fig. 4.5) designed to ensure
minimum electric and magnetic field imperfections [Bollen1996]. Correction electrodes
are used in order to compensate for the deviations from the ideal quadrupolar field, and
materials with low susceptibility values are used for the trap construction to minimize
the magnetic field inhomogeneities induced by the trap material. The ring electrode
is segmented into four equal parts in order to apply quadrupolar rf field in the radial

plane.

|:| main electrodes

LU [ ] correction electrodes

Fo

Figure 4.5: Sketch of the Precision Penning trap. This hyperbolical Pen-
ning trap has an inner diameter of 26 mm. The correction electrodes help
reduce the deviation from the ideal quadrupolar field. (Figure taken from
[Mukherjee2008].)

The trap is located in a 5.9 T magnetic field and is operated under high vacuum

(few times 107® mbar). The ions coming from the Preparation Penning trap toward

iThe resolving power depends mainly on the buffer gas pressure. Lower is the buffer gas pressure,
higher is the resolving power. But this requires long cooling and excitation times [Konig1995].
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the Precision Penning trap are dynamically captured in the Precision trap by switching
the voltage of the lower endcap. At the appropriate switching time, the axial energy of
the captured ions are minimum, as both the trap center are kept at the same potential.
In addition, the ions coming from the Preparation trap have very small radial-energy
spread. After capture in the Precision trap, the cyclotron radius is almost zero and the

magnetron radius is about 0.2 mm.

Procedure for mass measurement

For the cyclotron frequency determination, the ion motion is excited in two steps. First,
a dipolar excitation is applied in the radial plane at the magnetron frequency of the ion
(for about 10ms) to increase the magnetron radius to a defined value. If an isobaric or
isomeric contamination is present, a dipolar excitation at the cyclotron frequency of the
contaminant ion can be applied. This results in an increase of the cyclotron radius of
the contaminant ion and eventually leads to the loss of the ion. This cleaning procedure

typically reaches a resolving power of 107 in an excitation time of 1 second.

//\\ Channeltron
detector
Trap
A
B
Z

Figure 4.6: The spatial variation of the magnetic field between the Precision
trap and the Channeltron detector. The magnetic field gradient along the axial
direction gives rise to an axial force F' = —[i(V o B).

After removing the contaminant ion(s), a quadrupolar excitation is applied at the
cyclotron frequency of the ion of interest (typically for 900 ms). If the excitation time

and the amplitude are correct, a full conversion from the magnetron motion to the
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The ion TOF signal for 89 Rb* (top) and the corresponding

resonance with a fit (bottom). The excitation time-duration for this resonance
spectrum is 900 ms and a resolving power of v/(6v) pw s ~ 8.2 x 10° has been
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cyclotron motion is achieved, which results in the maximum gain in radial energy (see
Eq. (3.36)). After ejection of the ion from the trap toward the Channeltron detector,
which is located about 1.2 m away from the Precision trap, the ion travels through a
magnetic field gradient (Fig. 4.6). Due to interaction of the ion’s magnetic moment
with the magnetic field gradient, the ion experiences an axial force toward the detector.
This results in a shorter time-of-flight for the resonant ion than the non-resonant ion
(Egs. (3.39-3.40)).

Figure 4.7 shows a typical TOF signal for ¥Rb and the corresponding resonance
with a theoretical fit [K6nig1995]. The mass of the ion is calculated by using the value
of the measured cyclotron frequency obtained from the fit. The determination of the
magnetic field to calculate the mass value is done by using a stable reference ion whose
mass is already known with a high precision.

The line-width of the resonance curve depends on the excitation time (7, ;) of the

quadrupolar excitation, and it is given by [K6nig1995]

SU(FW HM) ~ ;'9. (4.1)
rf

This indicates that the mass resolution strongly depends on the time of quadrupolar

excitation.



Chapter 5
Simulation of octupolar excitation

Mass measurement in the Penning trap is performed by determining the cyclotron fre-
quency, w. = (¢B)/m, using an azimuthal rf quadrupolar field as explained in Chapter
3. When the frequency of the exciting rf field matches with the cyclotron frequency,
the ion motion undergoes a conversion between the magnetron and the cyclotron mo-
tions. When the frequency of the rf field is scanned around w, with a specific time of
excitation, the typical cyclotron resonance curve is obtained; the width of the central
peak being approximately equal to the reciprocal of the excitation time.

Since the mass resolution by this technique is directly proportional to the time of the
exciting quadrupolar field, the resolution for the very short-lived nuclides (77 /2 < 50ms)
is very poor. Therefore, it is of great interest to explore the possibility for employing
a new excitation technique to determine the cyclotron frequency with a better resolu-
tion. There exists several possibilities in order to increase the mass resolution, the first
being the use of a higher magnetic field. Secondly, one can increase the charge state
of the ions in the Penning trap. Thirdly it may be possible to achieve an improvement
in the resolving power by exciting the ion at a higher harmonic of the cyclotron fre-
quency. Applying an excitation field at 2w., for example, requires an octupolar field
[Ringle2007, Eliseev2007]. The present chapter gives an account of a numerical study on

the application of an rf octupolar field for the detection of the ion cyclotron frequency.
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5.1 Simulation of the octupolar excitation

There has been no analytical derivation of the equation of ion motion under the oc-
tupolar excitation in a Penning trap so far. The numerical simulation presented here
are based on a fourth-order Runge-Kutta routine and the simulation is performed in
the IDL environment on a 2 GHz Windows PC. Only one ion has been used for the
simulation and different possible conditions for the excitation are considered to imitate

a measurement.

Method of simulation

The radial components of the electric field produced by an rf octupolar field can be

written as
U, ,
E, = F(y?’ — 32%y)sin(w, st + ¢rp) (5.1)
0
and
U :
E, = ——(2® = 3y*z)sin(w,st + ¢ry). (5.2)

)

Although it is not possible to directly derive the ion trajectories under the above
electric field, it is possible to calculate the radii of the ion, r, and r_, as a function
of time. The ion position coordinates and the corresponding velocities are calculated
at each timestep with an interval of 1 x 10~® second in the simulation. The radii can
then be calculated back from the position coordinates and the corresponding velocities
against the time of excitation.

An ion of mass 720 u is considered which gives the possibility for a future experi-
mental investigation with Cgo in the ClusterTrap experiment [Schweikhard2003]. The
trap diameter used is 2 cm and the magnetic field is 5 Tesla.

The configuration of the eight segments of the ring electrode for applying the oc-

tupolar excitation is shown in Fig. 5.1.
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Figure 5.1: Configuration of the eight segments of the ring electrode for
applying octupolar excitation.

5.2 Results and discussion

5.2.1 Influence of octupolar excitation on the ion motion

Figure 5.2 shows the evolution of the magnetron and cyclotron radii with the time of
excitation at an excitation phase ¢,y = 0 degree. The ion initially has a pure magnetron
motioni.e. 4 o = 0 when the excitation is applied. A periodic beating is observed which
resembles the structure of a square wave. The periodic beating structure seems to have
dependence on the phase of the excitation and also on the phase of the initial magnetron
motion. At 0° and 180" of the excitation phase, the time-period of beating is seen to
be the minimum, while at 90° and 270° of the excitation phase, the time-period of the
beating is maximum. It can be noted here that the case of the quadrupolar excitation,
the time-period of beating is constant for any excitation phase variation. In case of the
octupolar excitation, another effect observed is that the time of first conversion is not
equal to the half of the beating time-period unlike in the case of quadrupolar excitation.
At excitation phase 90° and 270°, the difference between time of first conversion and

the beating time-period is maximum, while at 0° and 180°, it is found to be minimum.



5.2 Results and discussion 46

Initial magnetron trajectory

oor2d [N Vo= 8V |
r. 2v,=213317.57 Hz

ry, r./m

i
g
Wi

i
i

4

T T T
0.000 0.005 0.010 0.015 0.020
Excitation time, T /s

Figure 5.2: Conversion between the two radial motions of an ion under the
octupolar excitation in the radial plane (left); evolution of the magnetron and
the cyclotron radii with the time duration of the excitation (right).

In the case of quadrupolar excitation, the beat frequency vg is directly proportional
to the excitation amplitude V{ and does not depend on any other parameter of the
ion. In case of octupolar excitation, vg has been found to be dependent both on the
initial magnetron radius (r_ o) and the initial magnetron phase (¢_ o) in addition to the
excitation amplitude (V4). Figure 5.3(top) shows the dependence of the beat frequency

on the initial magnetron radius for different initial magnetron phases ¢_ .
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Figure 5.3: Top: The beat frequency against the initial magnetron radius.
The magnetron phase of the excitation is kept constant at 0°. The line joining
the points is for visual guidance. Bottom: The time duration for the first con-
version and the required amplitude of the octupolar excitation. The amplitude
is inversely proportional to the time duration.
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Keeping both r_, and ¢_ constant, the beat frequency is shown in the figure
5.3(bottom) against V; for different ¢_ . As seen in the figure, as the ratio vg/v_
increases, the linearity the ratio and the amplitude of excitation ceases, and the data
points look more and more scattered. Ringle et. al. [Ringle2007] have summed up
the dependence of the beat frequency on the initial magnetron and cyclotron radii,

amplitude of excitation and the phases of the ion motion as well as of the excitation as,

Vp X 04(7},07 ¢i,0> ¢rf) : (7"1,0 + 7”2_,0) : Vrf> (5-3)

where « is a scaling factor depending on the initial parameters of the ion and of the

excitation.
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Figure 5.4: Cyclotron radius 7 as a function of the frequency v,y and the
phase ¢, of the excitation field. The brightest (and the darkest) points indicate
the maximum (and the minumum) magnitude of the cyclotron radius.

5.2.2 Octupolar resonance profile

The resonance profile with octupolar excitation is characterized by the fact that it is
dependent on the phase of the excitation even if the ion has pure initial magnetron or
cyclotron motion. In the case of the quadrupolar excitation, if the ion initially has only

one type of motion, the shape of the resonance curve is independent of the phase of the
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Figure 5.5: Top: Radial energy as a function of frequency detuning for
various products of amplitude and duration of the excitation for the two cases:
¢rp = 00 (left) and ¢,; = 22.5° (right) [Ringle2006]. Bottom: Cyclotron radius
as a function of the excitation frequency averaged over the rf phases from 0
degree to 360 degree with an interval of 8 degree.
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excitation. On the other hand, for the case of octupolar excitation the shape of the
resonance varies considerably, producing either peak or a dip at the resonant frequency,
2vc.

Figure 5.4 shows the dependence of the resonance curves on the exciting phase. A
transition of a peak across the span of the rf phases can be observed in addition to a
constant peak at the resonant frequency 2v.. Typically, a resonance curve consists of
a central peak along with an additional peak whose position depends on the phases of
the excitation, provided the other parameters are kept constant, which is evident from
the plot.

Depending on the product of the amplitude and the time-duration of the excitation
(Viy x T,¢), the shape of the resonances can be seen to vary significantly producing
either a peak or a dip at the center of the resonance [Ringle2006], keeping the other
parameters constant. In figure 5.5(top), the radial energy can be seen against the
detuning of the excitation frequency from 2v, for two initial magnetron phases, 0° and
22.5%. As evident from the plot, in order to use the octupolar excitation, application of
the proper parameters will be a crucial factor so as to have the FWHM of the resonance
as small as possible. For the case of ¢,; = 22.5°, the FWHM of the resonance at the
bottom of Fig. 5.5(top) is less than 1/(100 x T}.5) [Ringle2006]. This will correspond to
a 200-fold increase in the resolving power of the cyclotron frequency with the octupolar

excitation over the quadrupolar excitation.

Phase-averaged resonance profile

Although the FWHM of the octupolar resonance at certain conditions of the ion and
excitation is less than that with the quadrupolar excitation, the techniques for achieving
those conditions in experiment have not yet been feasible. Even for an assemble of
trapped ions with a defined magnetron radius and negligible cyclotron radius, there
will be a distribution of the magnetron phases. Unlike the quadrupolar excitation, this
distribution of the initial magnetron phases will result in different shapes of resonances.
Alternatively, keeping the magnetron phase constant and changing the rf phase, this
effect can be observed. Figure 5.5(bottom) shows an average profile of the resonances,
averaged over the phases of excitation. For this particular case, the resolving power
corresponds to a 20-fold increase over the quadrupolar case for the same time duration

of excitation.
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5.2.3 Line-shape and FWHM of the resonance profile

The line-shape of the octupolar resonance depends crucially on the ion’s initial param-
eters. For example, at a magnetron phase of 90°, when the excitation is applied with
an rf phase of 0°, the line-shape consists of a central peak both side of which are two
secondary peaks. As the phase of excitation is scanned, it is observed that an additional
secondary peak starts moving from one side of the resonance to the other as evident
from the contor plot. The shape and size of the central peak is also effected by change
of excitation phase, hence the FWHM changes from phase to phase. In Fig. 5.5(bot-
tom) is shown the average plot of the resonances taken at various phases ranging from
0° to 360%t equal interval of phase. The average profile is seen to be symmetric and

has two secondary peaks equidistant from the central peak. For this particular case
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Figure 5.7: Contor plot of the cyclotron radius r; as a function of the
frequency Ve, and the phase ¢z of the excitation.

of 10 volt excitation, the FWHM of the central peak has been found to be about 38
Hz, for an excitation time of 1.38 ms. In the case of the quadrupolar excitation, this
time of excitation would result in a FWHM of about 725 Hz. This indicates that an
improvement of resolution by a factor of about 20 can be expected.

Figure 5.6 shows the movement of the secondary peaks when the amplitude of

excitation is changed. When the amplitude is decreased, the two peaks gradually come
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closer to the central peak. The dependence is linear and the two peaks would merge
with the central peak in the case of zero excitation amplitude. The FWHM of the
central peaks too are found to decrease with the increase of the excitation time or
decrease of the excitation amplitude. For this particular excitation phase of 90°, the
FWHM of the central peaks are found to vary inversely with the excitation time-
duration with the proportionality constant being 0.25. In Fig. 5.7, the same movement
of the secondary peaks can be seen around the central peak against change of phase,
keeping the amplitude and time of excitation constant. Moreover, appearance of an

additional secondary peak is realized.

5.3 Outlook

The application of octupolar excitation crucially depends on the initial ion parameters.
This suggests that the preparation of the ions for the excitation will be very important.
Although more work, both in the fields of simulation and theoretical calculations, is
required, the application of octupolar excitation in future ion-trap experiments looks

promising, specially with very short-lived radio-nuclides.






Chapter 6

Mass measurements of neutron-rich

Zn isotopes

The mass measurements of the neutron-rich Zn isotopes from A = 71 to 81 were
performed in October 2005 at ISOLTRAP which lasted for about one week. The masses
were measured with a relative uncertainty dm/m of the order of 1078, The mass of one
of the crucial r-process waiting-points, ®°Zn, was measured for the first time with such
a high precision. Also, the mass of the isotope #Zn was measured for the first time.
This chapter presents the details of the measurements and explains the analysis
procedures of the experimental data. Also, the new mass values are compared with

their predicted values from different mass models.

6.1 Production of the Zn isotopes

The neutron-rich Zn isotopes, " 78Zn, were produced at the ISOLDE/CERN facility
[Kugler2000] via fission reactions as a result of the bombardment of a ?**UCx target
with neutrons having energy in the MeV range [Catherall2003]. The neutrons required
for the fission reactions were obtained from spallation reactions caused by impingement
of a 1.4 GeV proton beam on a tungsten rod placed in front of the 2*UCx target. The
tungsten rod used for producing the neutrons is known as the neutron-converter. The
neutron-converter is used primarily for the following reason: if the energetic proton
beam is directly impinged on the uranium target, the resulting spallation reactions will
contribute heavily, producing neutron-deficient nuclides, instead of the neutron-rich
nuclides [Bernas2003].
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The 20 cm-long target in the form of a tube contained natural uranium of thickness
50 g/cm? and graphite of thickness 10 g/cm?. The protons bombarding on the tungsten
rod had an energy of 1.4 GeV and an intensity up to 4 pA. Protons with such energy and
intensity typically produce 10*2 fission-spallation products per second when bombarding

directly the 23UCx target in absence of the neutron-converter.
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Figure 6.1: Excitation scheme for resonant laser ionization of Zn [Kdster2005].

The release of an isotope involves its diffusion and desorption from the target ma-
terial and effusion to the ion source. After its release from the target material, the
atom of an isotope passes through a transfer tube made of quartz glass. It is usually
referred to as the quartz transfer line. The quartz transfer line is chemically selective
in the sense that it allows only a particular element to diffuse into the ion source. This
is possible because the transfer line is kept at a temperature which is just sufficient to
allow transfer of that element, while retaining most of the other elements by condensa-
tion on the inner surface of the tube. The Group 12 elements of the periodic table (Zn,
Cd etc.) have high volatility compared to the neighboring elements because of their
closed atomic configuration (d'%s?). So only the Zn isotopes could diffuse into the ion
source while the radio-isotopes of other less volatile elements would condense on the
surface of the transfer tube for a longer time and would undergo nuclear decay. In this

process, most of the isobars of the Zn nuclides (Ga, Ge, Cu, Ni etc.) were prevented
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from diffusing through the transfer line.

Although a relatively clean Zn beam was obtained by using the temperature-
controlled transfer tube, it was not free from bromine and krypton isobars. To get
rid of these remaining impurities, the Resonance Ionization Laser Ion Source (RILIS)
[Fedoseyev2000] was used. The principle of this technique is that an atom can overcome
its ionization threshold as a result of resonant absorption of laser radiation quanta. The
ionization is done in a hot cavity in the form of a tube of diameter 3 mm. It is kept at
about 1950° C and is connected to the target container where the nuclides are produced.
For resonant laser ionization of Zn, a previously developed 3-step ionization scheme was
used. The scheme, as shown in Fig. 6.1, uses a first transition with wavelength 213.86
nm, achieved via frequency-tripling of the dye laser, from the 3d%4s? 'S, ground state
to the 3d'%4sdp 'P? excited state. The second resonant transition with 636.23 nm to
the 3d1%4s4d D, state is followed by a non-resonant transition to the continuum with

the green copper vapor laser light at 511 nm.

- =
[=] (=]
T T

=
(=]
T

o -1 w
T T T T 1T,

=

(=]
T
d

AT —A— Zng.s. yield g
r —¥— Zn 1sti. s. yield A
-/ Zn in-target prod.

—m— Ga yield

g Ga in-target prod.

=
(=]
L]

o n
T T T

Yield or in-target production (per uC)
T

=%
(=]
[
M T T
|

|- |- I P L |- |- I P | . I . | - L]
62 B4 66 &3 0 T2 74 6 i &0 az

Mass

Figure 6.2: Yields (filled symbols) and estimated in-target production rates
(open symbols) of Zn and Ga isotopes. In the cases of %9Zn and "'Zn, the
yields of the first excited states were higher than the yields of the ground states.
(Figure adopted from [Ko6ster2005].)

The yields of various isotopes, defined as the corresponding beam intensity normal-

ized to 1 puC of the incident proton beam, were measured using a Faraday cup. Yield
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of an isotope indicates the available beam intensity of that isotope for any experiment.
The in-target production rate for an isotope indicates the estimated limit of the beam
intensity of that isotope that could be reached with an ideal target (no decay losses)
of the same thickness and dimensions [K&ster2003]. Figure 6.2 shows the yields and
in-target production rates of Zn and Ga isotopes. Note that in the cases of %Zn and
"7n, the first excited (isomeric) states were found to have higher yields than the ground

states.

6.2 The method for data analysis

6.2.1 Atomic Mass Evaluation

The atomic mass of a nuclide is usually expressed in terms of the mass-excess
ME =m — Au, (6.1)

where m is the atomic mass of the nuclide with the mass number A, and wu is the
unified atomic mass unit. The atomic masses of the nuclides along with their mass-
excess values and other properties are published and maintained in the Atomic Mass
Evaluation [Audil993, Audi1995, Audi2003]. Every few years, the database is updated
with any new or improved value of atomic mass. The most recent version of the AME
was published in 2003 [Audi2003]. At ISOLTRAP, the mass of the investigated nuclide
m is determined by measuring the cyclotron frequencies of that nuclide as well as of a
standard nuclide, called the reference, whose mass m,.s is already known with a high
precision. Assuming that all the ions have the same charge ¢ = +e, the atomic mass of

the investigated nuclide can be obtained' from

ref
Ve

m = (Mypep — Me) + Me, (6.2)

Ve

where m, is the electron mass.

The uncertainty o, of m given by

UrQn = (r- Um,ref>2 + (mmf - me)2 : 037 (6.3)

IThe electron binding energies (~ eV) can be neglected for a mass uncertainty above 1 keV.
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where r = z/gef /Ve, and o, and o, s are the uncertainties of r and m,.s, respectively.
By this way, one incorporates an additional uncertainty arising from the reference mass’s
uncertainty, which is subject to change. To avoid this problem, the ISOLTRAP values
are always expressed in terms of the frequency ratio r. In order to be used in the
AME as input data, the frequency ratios are needed to be expressed in linear mass
relations as described in [Ames1999]. The linear equations are then used for the general
adjustment calculation, which takes into account all previous measurements on the

relevant nuclides.

6.2.2 Data analysis procedure

As described in Chapter 4, the time of flight of the ion of interest from the precision
Penning trap to the detector is recorded after the ion is subjected to an azimuthal
quadrupolar excitation in the trap for a particular time duration. The frequency of
the quadrupolar excitation is scanned around the expected cyclotron frequency of the
trapped ion and for each excitation frequency, the time of flight of the ion is recorded.
A typical plot for such a data set, often called the resonance plot, is shown in Fig.
4.7 along with the theoretically expected line-shape. The experimental data of the
resonance are fitted with the theoretical line-shape using the ISOLTRAP evaluation
program FEwva. The fitting is performed by minimization of y? using the Levenberg-
Marquardt method [Press1992]. The cyclotron frequency of the investigated ion along
with its uncertainty is obtained from the fit. The data analysis procedure is described

below.

Z-class analysis

There are two ways to fit the experimental data-points with the theoretical line-shape.
In the first case, the fit is performed considering all the investigated ions at a time. In the
second case, ions recorded with different counts per cycle are grouped into a few equally
populated groups or classes and each of the classes are treated individually for fitting.
This class-wise analysis is often referred to as the Z-class analysis [Kellerbauer2003| and
is performed when isobaric or isomeric contaminations are present along with the ion
of interest in the Precision Penning Trap during measurement, which can considerably
shift the resonance frequency of the ion of interest depending on the number of ions
inside the trap [Bollen1992].
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In the experiment, the number of ions z; hitting the detector in each measure-
ment cycle and the corresponding time-of-flight ¢; are recorded against the frequency
of quadrupolar excitation. Every time the detector records any ion(s), it is referred
to as an event. Usually, the frequency of excitation is scanned from an initial value v;
to a final value v; around the probable cyclotron frequency of the ion in equal steps
and for each step, the z; and ¢; are recorded with respect to the excitation frequency
v;. This is repeated until a statistically sufficient number of data is collected (usually

about 3000 ion counts).
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Figure 6.3: Histogram showing the number of events (y;) with respect to
the corresponding ion counts (z;) for the resonance measurement of "°ZnT.
Different colors represent different classes, and for each class, the average ion
count (k) is shown.

Figure 6.3 shows the distribution of the number of events (y;) with respect to the
corresponding ion counts (z;). For example, there were 81 events recording 4 ions each.
This distribution can be divided into m sets or classes so that for each class, > x;y; is
(almost) equal.

The total number of events in a class will be ) y;, where the summation is over the
class. The weight w; for each ion count z; in that class will be w; = y;/ > y;, where
y; is the number of events corresponding to the ion count x;. Thus, in each class, the

average ion count (i.e., ion count per event) will be k = > z;w;.
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Figure 6.4: Top: A typical time-of-flight cyclotron resonance curve for "6Zn*.
The solid line is a fit for the expected line-shape to the data points. The
excitation time-duration for this resonance is 900 ms and the resolving power
(v/(6v) pwr ) obtained is ~ 1.0 x 105. Bottom: Count-rate class analysis for
the "Zn™* resonance spectrum with 4 ion classes. The center frequency obtained
from each class is fitted linearly against the ion classes (average ion counts).
The average center frequency is determined by extrapolating the linear fit to
the average ion count unity and the corresponding uncertainty is calculated
from the 1o confidence band of the linear fit.
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For each class, the cyclotron frequency v, is determined by fitting the TOF vs.
excitation frequency data corresponding to that class with the theoretical line-shape.
Plotting v, with respect to k for each of the classes, one would expect a straight line
with zero slope for ideal conditions. But due to the effects of contaminations, for the
higher values of k, v. can be shifted [Bollen1992].

A linear least-squares fit is then applied to the data points with a 68.3% confidence
band corresponding to the lo standard deviation of the normal distribution (See Ap-
pendix A). Assuming the detection efficiency of the Channeltron detector to be almost
100%, the cyclotron frequency for a single ion is determined by extrapolating the linear
fit to the average ion count unity.

Figure 6.4(bottom) shows a count-rate class analysis for the "®Zn™ resonance spec-
trum with 4 ion classes. In case of these neutron-rich Zn isotopes, however, the level of
contamination is very low (mostly Ga isotopes) and a shift of the cyclotron frequency

has not been observed in most of the cases.

6.3 Results and discussion

The mass of the neutron-rich zinc nuclides "*~8Zn were measured in a beam-time in
October 2005 covering about one week. For all the nuclides, three or more resonances
were recorded (see Appendix B), each with more than 3000 ion counts. For the nuclide
"17n, the mass of the first excited state was measured as it was more populated. An
excitation time (7).;) of 900 ms was used for most of the measurements.

The reference measurements were performed with *Rb delivered from the stable-ion
source integrated to ISOLTRAP. The reference measurements were carried out before
and after each measurement of the nuclide of interest to minimize the uncertainty
resulting from the magnetic field fluctuations [Kellerbauer2003]. The time of excitation
for all the reference measurements was 900 ms.

In order to check for the presence of any significant systematic effect due to unknown
sources, mass of 8"Rb was measured with respect to ®*Rb. The measured mass value of
87Rb was found to be 86.9091811(13) u, while the literature value is 86.909180527(13) u
[Audi2003], indicating that the literature value is within the uncertainty of the measured
value. Such measurements were carried out every 6 hours during the experiment.

Table 6.1 compiles the mass of the investigated nuclides expressed in the unified

atomic mass unit and also the cyclotron frequency ratios between the reference and
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Table 6.1: The cyclotron frequency ratios r = vret /v, of the reference nuclide
(85Rb) and the Zn nuclides, and the corresponding masses m of the Zn nuclides.
The relative uncertainties of the nuclides are of the order of 10~8. The half-lives
T3 of the nuclides range from 46.5 h down to 290 ms. T, here refers to the
longest excitation time used for a particular nuclide.

Nucl. | Tijp | Ty (ms) r m (u) ym/m

Am7Zn | 3.96 h 1500 0.835311546(30) | 70.9278887(26) | 3.7 x 10~°
T7n | 4650 | 900 | 0.847076232(27) | 71.9268428(23) | 3.2 x 10~%
B7n | 2358 | 900 | 0.858885502(24) | 72.9205825(20) | 2.7 x 108
MZn | 95.6s | 900 | 0.870660440(31) | 73.9294072(27) | 3.7 x 10~%
Tzn | 10.2s | 900 | 0.882477875(25) | 74.9328402(21) | 2.8 x 10~%
7n 2.7s 900 0.894258121(23) | 75.9331155(20) | 2.6 x 1078
7n | 2.08 s 900 0.906079544(29) | 76.9368872(24) | 3.1 x 1078
W70 | 147s | 900 | 0.917873056(35) | 77.9382890(30) | 3.9 x 108
70 | 995 ms | 900 | 0.929701243(49) | 78.9426350(42) | 5.3 x 10~%
070 | 545ms | 600 | 0.941500837(35) | 79.9445532(30) | 3.8 x 10~
817n | 290 ms 400 0.953346729(63) | 80.9504026(54) | 6.7 x 1078

the investigated nuclides (r = 7%/ /1,). The mass uncertainty values include both the
statistical and the systematic uncertainties. The systematic uncertainty of the setup has
been estimated to be 8 x 1077 [Kellerbauer2003], while the statistical uncertainty is a
few times 1078, Therefore the total uncertainty is mainly determined by the statistical
uncertainty. In the following, a brief treatment is given for each of the investigated

nuclides in the light of their literature values.

6.3.1 Mass measurements on the n-rich Zn nuclides

71Zn

The mass of "*Zn, as reported in the AME 2003, was determined by using the ground
state Q-value of the °Zn(d,p)™ Zn reaction measured at the Argonne National Lab-
oratory by D. Von Ehrenstein et al. along with the mass of "°Zn [Ehrenstein1967].
85.9% isotopically enriched "Zn metal target with a thickness of about 0.5 mg/cm?

was bombarded with a 10-MeV deuteron beam from the Argonne Tandem Van de
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Graaff accelerator. For detection, refrigerated surface-barrier Si detectors of thickness
2000 micron with a typical resolution of about 50 keV were used, covering a solid angle
of 1073 sr. ™Zn has a ground state with spin 3~ (7> = 2.45 min), and a metastable
state with spin g+ (Th/2 = 3.96 h). Measurement of the ground state Q-value of the
07Zn(d,p)™ Zn was first reported in this work.

At ISOLTRAP, the mass of the isomeric state "'™Zn has been measured, from which
the mass of "'Zn is calculated using the excitation energy of "'"Zn from [Audi2003].
The ISOLTRAP value of —67328.9 + 2.8 keV is found to be in good agreement with
the AME2003 value of —67327+ 10 keV obtained from the above work as shown in Fig.
6.5.

72Zn

The AME 2003 value for the mass of ™Zn has been derived from the work of T. T.
Thwaites on the investigation of the decay process of "Zn [Thwaites1963]. Samples
prepared from thorium (Th) foil exposed to 22-MeV proton beam of the ORNL cy-
clotron for about 20 pA h and from tantalum (Ta) foil exposed to a 450-MeV proton
beam of the Carnegie Institute of Technology synchrotron for about 3 yA h were used
for the investigation. The first sample contained about 1 uC of ™Zn and the second
sample contained about 3 puC of ™Zn. The radiation produced by the samples were
studied using the standard scintillation counter technique. The work reports gamma
rays corresponding to 3 isomeric states of ?Ga at 51 & 3, 143 & 2 and 192 + 4 keV as
well as a B-ray group at 296 £ 6 keV from "?Zn to "?Ga. The (3 sources were prepared
by evaporation of active material on Mylar films of thickness 0.00025 inch whereas the
second sample mentioned above provided for the Zn source. Anthracene crystal of 16
% (*37Cs) resolution was used for taking the B-spectra. The Q-value for the S-decay
reaction 2Zn(37)"™Ga was derived from this work to be 458 + 6 keV, which is used to
determine the mass of ™Zn in AME 2003.

The value of the mass-excess obtained from this work and adopted in AME2003 is
—6813146 keV. At ISOLTRAP, the mass-excess value has been found to be —68145.5+
2.1 keV, which is about 2 standard-deviation away from the AME2003 value.
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Figure 6.5: Comparison of the measured mass-excess values (ISOLTRAP)
with the AME 2003 values [Audi2003]. The data-points and the lines in black
correspond to the scale on the left, while the data-points in red correspond to
the scale on the right. The line through y = 0 represents the ISOLTRAP values
of the Zn nuclides from A=71 to 81. The uncertainties of the ISOLTRAP values
are indicated by the band covering the y = 0 line.

7321’1

Mass of Zn was derived from the Ge("*C,'7 0)™ Zn reaction reported by M. Bernas et
al. in 1984 [Bernas1984]. A germanium target of thickness 130 pg/cm? was bombarded
with a 72-MeV (' beam of 20 pnA from the Orsay MP Tandem. The target was
then evaporated on a 30 ug/cm? backing of 2C. A double-focusing spectrometer was
used to analyze the emitted particles. Two resistive-wire position-sensitive proportional
counters (PSPC) recorded the magnetic rigidity (momentum per unit charge) and the
trajectory angles of the emitted particles. An ionization chamber was used to identify
the particles.

The mass-excess value of ®Zn adopted in AME 2003 from the above experiment
was —65410 + 40 keV. The value from the ISOLTRAP measurement has been found to
be —65593.4 + 1.4 keV, which is about 5 standard-deviation off the AME2003 value. A
comparison of these mass-excess values with those predicted by 3 major mass models,
namely, KTUY [Koura2005], HFB-14 [Goriely2007] and FRDM [Mo6ller1995] are shown
in Fig. 6.6. The uncertainty of the ISOLTRAP value is about 30 times smaller than
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that of the AME value, and the ISOLTRAP value is also closer to the mass-excess values
predicted by the different mass models indicating its precision. The reason behind the
discrepancy between the ISOLTRAP and the AME values has not yet been found.
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Figure 6.6: Mass-excess values of ">Zn obtained from AME 2003 and different
mass models in comparison to the ISOLTRAP value. The line through y = 0
represents the ISOLTRAP value. The uncertainty of the ISOLTRAP mass-
excess (1.4 keV) is not visible in the plot.

74Zn

The AME value for the mass of ™Zn is due to two contributions, one by M. Bernas et
al. [Bernas1984] and the other by R. Haupt et al. [Haupt1984] both published in 1984.
In the first work the mass excess value of ™Zn was derived to be —65620 &+ 40 keV by
using the reaction Ge(*C 1 O)™Zn as described before in the case of ®Zn. The work
of R. Haupt et al. reports the calculation of the mass excess of #Zn from the Q-value
of the reaction "*Ge(**0,%° Ne)™Zn measured with the Q3D magnetic spectrograph at
the MP-tandem. A 84-MeV 80 beam was bombarded on a isotopically-enriched "Ge
target of 73.9 % purity. The target was then evaporated on a '2C foil. The products
from the reaction were momentum-analysed with the Q3D magnetic spectrograph and
afterwards detected by a AE — E counter. The mass excess from the Q-value of the
reaction was determined to be —65735 & 21 keV.
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The mass-excess value adopted in the AME 2003 is —65710 + 50 keV. The
ISOLTRAP value —65756.7 + 2.5 keV thus differs from the AME value by about 1

standard-deviation.

75Zn

In the AME 2003, ™Zn is connected to two nuclides- "*Ge and Ga in the diagram
of connections for input data [Audi2003]. Ph. Dessagne reported the Q-value of the
complex transfer reaction Ge(*C.'5 0)™®Zn in 1984 [Dessagnel984]. A 72-MeV C
beam of 20 pnA from the Orsay MP tandem was bombarded on a target prepared
by evaporation of isotopically-enriched "Ge foil. Two position-sensitive proportional
counters were used for tracing the ion trajectories. The ion identification was done by
a AE, — AF, — F ionization chamber. The mass excess of °Zn calculated from the
reaction was reported to be —62700 + 150 keV.
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Figure 6.7: Comparison of the mass-excess values from previous measure-
ments with the ISOLTRAP result for °Zn. The precision of the mass excess
has been improved by a factor of 35 compared to the AME 2003 value.

The other work by B. Ekstrom et al. [Ekstrom1986] used the Zn(3)™Ga reaction.
[sotope-separated fission products at the OSIRIS ISOL facility at Studsvik provided the

"57n isotopes. The isobaric beam was collected on a tape of Al-coated Mylar, after which
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the collected sample was transported to shielded chamber for measurements. The total
(-decay energy was measured by means of (7y-coincidence measurement. A standard
coaxial HPGe-detector with a 8 mm thick Al absorber to suppress g-particle counting
was used for detection of the y-rays and a planar HPGe detector was used for detection
of the 3-particles. This work reported the mass-excess value for Zn to be —62410480
keV.

The adopted mass-excess value in the AME 2003 is —62470+70 keV. At ISOLTRAP,
the mass-excess for the nucleus has been determined to be —62558.9 + 1.9 keV, which
is within the 2 standard-deviation of the AME value.

76Zn

The nuclide °Zn is linked to "*Ga in the diagram of connections for input data of AME
2003. The mass of *Zn in the AME 2003 was derived from the work of B. Ekstrom et al.
on the decay properties of neutron-rich Zn isotopes published in 1986 [Ekstrom1986].
The method has already been described in the case of ™Zn. The work reported the
Q-value of ®Zn(37)"Ga to be 4.16 +0.08 MeV. The mass-excess value adopted in the
AME 2003 from this work is —62140 + 80 keV. The ISOLTRAP value —62302.5 + 1.8
keV is about 2 standard-deviation away from the AME 2003 value.

77Zn

The mass value of “"Zn in the AME 2003 has been derived from the work of B. Ekstrom
et al. [Ekstrom1986] in which the Q-value of " Zn(37)""Ga has been determined to
be 7.27 + 0.12 MeV. The AME 2003 value of mass-excess extracted from the above
work is —58720 £ 120 keV. The ISOLTRAP value —58789.1 4 2.3 keV is within the 1
standard-deviation of the AME value.

7SZn

The mass of the nuclide ®Zn in the AME was first reported by B. Ekstrom et al. based
on the measurement of the 3-decay Q-value of ®Zn(37)"®Ga [Ekstrom1986]. The main
procedure of the work has been described above. The data has been replaced by a later
work of the same group [Audi2003]. The ISOLTRAP value —57483.4 & 2.8 keV differs
by about 1 standard-deviation from the adopted value of —57340 + 90 keV in the AME
2003.
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79Zn

Mass of ™Zn is determined not from purely experimental data but partly from a sys-
tematic trend [Audi2003, Stoitsov2006]. The work of B. Ekstrom et al. [Ekstrém1986]
reports the Q-value of the 3-decay of ®Zn(37)™Ga to be 8.5540.24 MeV. On the other
hand, the systematic trend suggests a huge difference resulting in the adjustment of the
Q-value to 9.094+0.24 MeV. The adopted mass-excess value in AME 2003 —53420 4260
keV is in good agreement with the ISOLTRAP value of —53435,1 + 3.9 keV.

BOZn

The mass value of 8°Zn in the AME 2003 was contributed to by two experiments pub-
lished in 1986. The mass was determined from the Q-value of the 3-decay *°Zn(37)*Ga
in both the experiments. The work of B. Ekstrom et al. [Ekstrom1986] reports a Q-
value of 7.54 +0.20 MeV and the work of R. L. Gill et al. [Gill1986] reports 7.154+0.15
MeV. The work of B. Ekstrom has been described earlier. The latter work was carried
out at the mass separator TRISTAN at the high-flux reactor (HFBR) at Brookhaven
National Laboratory. Thermal neutrons were impinged on a #*°U target located inside
a plasma ion source at a high temperature. The fission products were mass-separated
and implanted on a Al-coated Mylar tape. A hyper-pure Ge detector of thickness 10
mm with a 12 gym Ti window was used in order to measure the -decay end point via
8 — v coincidence measurement. This work also reports the measurement of half-life
for 897Zn.

The mass-excess value adopted in the AME 2003 is —51840 + 170 keV. The
ISOLTRAP value —51648.3 4+ 2.8 keV is slightly off the 1 standard-deviation of the
AME value.

81Zn

8171 is a secondary nuclide whose mass is determined only from the systematic trend
in the AME 2003. Its mass excess has been derived to be —46130 + 300 keV. The
[SOLTRAP experiment has been the first to access this nuclide and perform a mass
measurement. The mass-excess value —46199.6 + 5.0 keV found from this measurement

is within 1o uncertainty of the AME value.
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the fourth column.

Table 6.2: Mass-excess values of the nuclides "1 ~81Zn from the final evaluation.
The second column shows the final values of the mass excess ME,,¢,, from the
evaluation, and the third column shows literature values ME 4575 [Audi2003].
The difference between the new values and the literature values are shown in

Nuclides ME, e MEAmE ME,co,-ME v E
(keV) (kev) (keV)
T7Zn | -67328.9(2.8) | -67327(10) )
70| -68145.5(2.1) | -68131(6) 15
Byn | -65593.4(1.9) | -65410(40) 1183
M7n | -65756.7(2.5) | -65710(50) 47
BZn | -62558.9(2.0) | -62470(70) -89
TZn | -62302.5(1.9) | -62140(30) 1163
T7n | -58789.1(2.2) | -58720(120) .69
T7n | -57483.5(2.8) | -57340(90) 143
70 | -53435.1(3.9) | -53420(260) 15
07n | -51648.3(2.8) | -51840(170) 192
S17n | -46199.7(5.0) | -46130(300) 70

6.3.2 Final results of the evaluation

Usually, in the Atomic Mass Evaluation of a nuclide, results from all the previous

measurements are taken into account along with the present data, and a least-squares

adjustment is performed as explained in [Audil986]. In the case of the Zn nuclides, the

uncertainty of the previous measurements have been improved quite significantly with
this work, and so the results from the ISOLTRAP measurements fully determine the

final mass values from the

evaluation.

The results are shown in Table 6.2 in terms of mass excess. The mass-excess values

from the final evaluation are shown in the second column, and the corresponding lit-

erature values [Audi2003] are shown in the third column. The difference between the

final results and the literature values are shown in the fourth column.
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6.3.3 Discussion of the results
Comparison with mass models

For the region far from stability, experimental data is still very rare and one has
to rely on theoretical models for mass values. So, it is important to compare the
mass models with the available experimental data for their further improvement. For
comparison with our experimental data, four leading nuclear mass models have been
chosen: the Finite-Range Droplet Model (FRDM) [Méller1995], the Hartree-Fock Bo-
goliubov model (HFB-14) [Goriely2007], the Koura-Tachibana-Uno-Yamada (KTUY)
model [Koura2005], and the Duflo and Zuker model [Duflo1995].

2000

1 | —=m—KTUY R
16004 | —e— FRDM \
{ | —a—HFB-14

12004 | —2— Duflo-Zuker

AP

400

>be O m

w] NN

-800 T T T T T T T T T T T
71 72 73 74 75 76 77 78 79 80 81

Mass Number (A)

Mass excess(ISOLTRAP-Mass model) / keV

Figure 6.8: Comparison of the mass-excess values of "'~8!Zn nuclides
measured at ISOLTRAP with those predicted by different mass models
[Moller1995, Goriely2007, Koura2005, Duflo1995]. The line through y = 0 rep-
resent the ISOLTRAP values, while the different symbols represent the values
predicted by the various models. The rms deviation is the least for the HFB-14
model and the highest for the Duflo-Zuker model in this range of nuclides.

The Finite-Range Droplet Model (FRDM) is composed of a macroscopic term based
on the liquid-drop model and a microscopic term arising from the consideration of
the single-particle Yukawa potential. The mass excess values from this model are in

relatively good agreement with the experimental values as shown in Fig. 6.8.
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The Hartree-Fock Bogoliubov model (HFB-14) is based on the effective two-body
interaction between nucleons. The mass excess values from this model have the least
rms deviation from the experimental values in the mass range under investigation.

The KTUY model consists of both macroscopic and microscopic terms. The macro-
scopic term represents nuclear masses as a smooth function of Z, N, and A based on the
liquid-drop model. The microscopic part includes the intrinsic shell energy obtained
by using spherical single-particle potentials and the average deformation energy of a
deformed nucleus by treating the deformed nucleus as a superposition of spherical nu-
clei. The mass excess values from this model are in reasonably good agreement with
the experimental values.

The Duflo and Zuker mass model assumes that there exists a pseudo-potential
smooth enough to do Hartree-Fock calculations. The effective Hamiltonian is com-
posed of two parts: a monopole part and a multipole part. The calculation with the
monopole part is based on the single particle properties and is HF-type. The calcu-
lation with the multipole part acts as a residual interaction to the calculation with
the monopole part, and it goes beyond HF. The mass excess values from this model
agree with the experimental values in the lower neutron-number region. But as the
neutron number increases, the predicted mass excess values differ significantly from the

experimental values.

Neutron separation energies

The effect of the shell structure is best displayed through two-neutron separation energy

(Ss,,). The two-neutron separation energy is defined as
Son(N,Z)=B(N,Z)— B(N —2,7), (6.4)

where B represents the nuclear binding energy.

In general, the two-neutron separation energy decreases smoothly for a nuclide as
a function of the neutron number, and the nuclear shell structure effects appear as
abrupt changes in the slope. Figure 6.9 displays the two-neutron separation energies
of the ™81 Zn isotopes derived from their masses measured at ISOLTRAP along with
those of the neutron-rich Ga, Ge and As isotopes as given in the literature [Audi2003].
The ISOLTRAP values of S5, of the Zn isotopes are in good agreement with the lit-

erature values. For “Zn and 8'Zn, the literature values were derived from theoretical
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Figure 6.9: Comparison of the two-neutron separation energies So, of the Zn
isotopes with the AME 2003 values. The shell-closure effect at N=50 can be
seen clearly. The AME values of Sy, for the Ga, Ge and As isotopes are also
shown.

calculations, and they have now been complimented by the ISOLTRAP values.
The nuclear shell-closure effect is clearly visible in Fig. 6.9. The steep decrease of

Son at N=50 reflects the main shell closure at that neutron number.






Chapter 7
Conclusion and outlook

In this work the masses of the neutron-rich Zn nuclides with A = 71 — 81 have been
measured. The mass of 8'Zn has been measured for the first time. The accuracy of the
nuclides "' ~87Zn have been increased considerably by the new measurements. The old
mass values were derived mainly from the ()-value measurement of nuclear reactions
and the Penning trap mass-measurement has been performed on them for the first time.

The immediate impact of the new mass values will be realized in the astrophysical
r-process calculation. Since mainly the r-process is responsible for the production of the
heavier elements in the universe, comparison of the abundance pattern calculated by
the existing r-process theory with the experimental evidences may give rise to a fresh
look at the r-process theory. The mass of the 8Zn is particularly important since it is
one of the crucial waiting-point nuclides of the r-process.

The possibility of further increasing the resolving power of the Penning trap mass-
spectrometer has been investigated by simulating a new scheme of excitation for the
determination of the ion cyclotron frequency. This octupolar excitation, in principle,
is expected to increase the resolving power in the cyclotron frequency determination
since the resonance between the ion motion and the excitation rf field occurs at 2v.,
while in the case of the quadrupolar excitation, the resonance occurs at v.. In the
numerical simulation done by use of IDL, although a resonance effect has been seen at
2v,, the pattern of the resonances has been observed to change considerably for even
a slight change of one of the initial ion parameters indicating a non-linear effect of the
ion motion. This limits the use of this excitation for ions which have a distribution of
the initial position and velocity values. This excitation, however, can be fruitful in near

future if the initial parameters of the trapped ions can be well-defined.






Appendix A

Calculation of confidence band for

linear regression

For a given data set with n data-points, let us assume that each data-point (z;, y;) has
an error o; associated with y;. In case of linear regression, the set of data-points are

fitted to a straight line model:
yi =a+bx; +¢, (A.1)

where, €; is a random error term and each ¢; is assumed to come from a population
that has a normal distribution with mean 0 and standard deviation o; such that if a
measurement at x; is repeated several times, then the values of ¢; would be normally
distributed with mean 0 and standard deviation o; [Press1992, Wolberg2006].
The least squares estimators of a and b, denoted by @ and E, respectively, are obtained
by minimizing
n
b~ Z [M} Zwl yi — (a + b)), (A.2)
i=1

where, n is the number of data-points and w; = 1/0? are the weights of the data-points.

Using calculus, the estimators a and b can be derived as

b="= (A.3)
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and

= (A.4)
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where,
n n n
T = g wix; [wy, § = g w;y; /wy and wy, = E w;.
i=1 i=1 i=1

The mean of y at any specified value of z, denoted by fi,,, is given by
yle = @+ bx. (A.5)

The corresponding estimator 7iy|, is a normal random variable with mean a + bz,

and its estimated variance can be expressed as [Baglivo2005]:

o2 —32[1 +M] (A.6)

Hylz Wy Smc

where, s is the estimated standard deviation of the linear regression given by

1/2

Zn: wi [y; — (a + bx;)]”
= - , (A7)

with ¢ = n — 2, the degrees of freedom, and
Sea = »_wi(z; — T)%. (A.8)
i=1

Let us construct a ratio z as

_ﬁy\x_lu’_ ﬁy\w_lu’ _ﬁylm_:u
z = o = —511/2 - SR ) (Ag)
Hy\z S |:L + M]

wi Sza
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where,

R [l (A10)

Wy S TT

and p is the population mean at a specified x whose estimate is Jiy, from the linear
regression.

The ratio z follows a distribution called the Student ¢ distribution or simply the ¢
distribution [Baglivo2005]. The ¢ distribution is similar to the normal distribution in
the sense that it is symmetric and bell-shaped, but it has fatter tails than the normal
distribution as shown in Fig. A.1. With the degrees of freedom 1 approaching oo, the

t distribution approaches the normal distribution.

. —tdistribution
Lo Normal distribution|

0,4 1

Probability density function

Figure A.1: Probability density curve of the ¢ distribution for the degrees
of freedom ¢ = 3. For higher values of 1, the t distribution approaches the
normal distribution. The area (@ under the curve of the ¢ distribution enclosed
by the lines at t = —A and ¢ = A is the probability that ¢ will lie in the interval
[—A, Al

The probability density function of the t distribution is given by

T % 12 -(*3)
F(t) = \/w_(T(%) (1 n E) , (—o0 <t>00); (A.11)
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where, 1) is the degrees of freedom.
For a given value of 1, it is possible to find an interval (—A, A) from the distribution

where the random variable t can lie with a probability [:
Pr(-A<t<A)=p. (A.12)

The points —A and A, as shown in Fig. A.1, correspond to the lower and the upper
limits on ¢ that covers an area [3 around ¢ = 0, leaving an area a;/2 on both sides of the

probability density curve so that

5+2><%:1. (A.13)

It is customary to denote A as t(q/2y), Where 3 =1 — «a is the probability and ) is
the degrees of freedom. The value of #(/2,) can be found from the distribution for a
given set of a and .

Since z, from Eq. (A.9), follows the ¢ distribution, we can write
Pr(-A<z<A) =0

,l//: M
= Pr (—t(a/g’w) < yIS—R < t(a/2,¢)> = ﬂ

= Pr (fiye = ta/ensh < it < fiyle + tajopsR) = B
= Pr (a +br — by sR<p<a+br+ t(a/gﬂp)SR) =f. (A.14)

Equation (A.14) represents that the probability of the population mean p having
a value in the interval (a +br —ta/2y)sR, a+bxr + t(a/g,w)SR) is 6 =1—«a. This
interval is referred to as the (1 — ) x 100% confidence interval for p at a particular
value of x.

The loci of the points a + bx — t(q2y)sR and a + bx + L(n2y)sR  for all
possible values of x of the linear regression constitute a band, called the (1 —a) x 100%
confidence band of the linear regression. It is evident that the band is narrower when
x =T and becomes wider as z deviates from 7.

Figure A.2 shows the 1o (= 68.3%) confidence band for the linear regression of a set

of data-points (k;, V.

%), where k; is the average ion counts (count rate class) and v is the

corresponding cyclotron frequency. Considering the detector efficiency to be 100%, the

cyclotron frequency v, for a single ion can be estimated by extrapolating the regression
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line to £k = 1, and its uncertainty o(v.) can be calculated from the corresponding

confidence interval as shown in the figure.
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68.3% confidence band
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Figure A.2: 1o confidence band for the linear regression of a set of cyclotron
frequency (v.) vs. average ion counts (k) data for ®Rb*. The cyclotron fre-
quency v, at k = 1 is found by extrapolating the regression line to k = 1. The
uncertainty o(v.) is obtained from the corresponding confidence interval.







Appendix B

Cyclotron resonances of the Zn
nuclides ("'Zn to 'Zn)

Cyeclotron resonances of singly-ionized ' ~#Zn nuclides have been presented along with
their fits. The RF excitation times for recording the resonances ranged from 1.5 s down
to 100 ms. About 3000 ion counts were detected for each cyclotron resonance. The
reference measurements were performed with 8°Rb, and the time of excitation for all
the reference measurements was 900 ms.

In case of "*Zn, the mass of the first isomeric state, "'Zn, was measured as it
was more populated. In all other cases, the ground-state masses were measured. The
contamination of the ion beam delivered from ISOLDE was negligible for all the nuclides

of interest.
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