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Abstract
Development of Odd-Z-Projectile Reactions for Transactinide Element Synthesis
by
Charles Marvin Folden II1
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Darleane C. Hoffman, Chair

The development of new odd-Z-projectile reactions leading to the production of
transactinide elements is described. The cross section of the even-Z-projectile
*®Pb(**Ni, n)*"'Ds reaction was measured at two new energies using the Berkeley Gas-filled
Separator at the Lawrence Berkeley National Laboratory 88-Inch Cyclotron. In total,
seven decay chains attributable to *'Ds were observed. These data, combined with
previous results, establish an excitation function for the production of *'Ds. The
maximum cross section was ZOj‘;’ pb at a center-of-target energy of 311.5 MeV in the
laboratory frame.

The data from the "'Ds experiments were used to estimate the optimum beam energy
for the new odd-Z-projectile **Pb(“Cu, n)**111 reaction using the “Fusion by Diffusion”
theory proposed by Swigtecki, Siwek-Wilczynska, and Wilczynaski. A cross section for this
reaction was measured for the first time, at a center-of-target energy of 321.1 MeV in the
laboratory frame. The excitation energy for compound nuclei formed at the target center

was 13.2 MeV. One decay chain was observed, resulting in a measured cross section of



1.77 pb. This decay chain is in good agreement with previously published data on the

decay of **111.

The new odd-Z-projectile **Pb(*Mn, n)***Bh reaction was studied at three different
projectile energies, and 33 decay chains of *’Bh were observed. The existence of a
previously reported alpha-decaying isomeric state in this nuclide was confirmed.

Production of the ground state was preferred at all three beam energies. The maximum

cross section was 540j§8 pb at a projectile center-of-target energy of 264.0 MeV. This

cross section is much larger than that previously reported for the even-Z-projectile
*Bi(**Cr, n)*”Bh reaction, which may be because the **Cr projectile energies in the latter
reaction were too high for optimum production of the 1n product. At the highest
projectile energy of 268.0 MeV in the target center, two decay chains from *'Bh were
observed as a result of the **Pb(>Mn, 2n) reaction.

In summary, this work shows that odd-Z-projectile reactions can have cross sections
comparable to analogous even-Z-projectile reactions, and that the energy of the maximum

cross section for 1n reactions can be estimated simply.
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1. Introduction

This dissertation is concerned with the study of the transactinide elements, which
begin with rutherfordium (Z = 104). By definition, these are all the elements beyond the
actinide (5f) series which ends with completion of the 5f electron shell at lawrencium (Z >
103). The currently known transactinides are listed in Table 1.1 and are shown in the
periodic table in Fig. 1.1 as 6d transition elements homologous to the 5d transition series
beginning with Hf. All the known transactinides are highly unstable and must be created
in nuclear reactions at suitable particle accelerators. Typically, they must be studied at or
near the accelerator using atom-at-a-time techniques because of their small production
cross sections and short half-lives.

Mendelevium is the heaviest (and last) element to have been separated and first
identified by chemical techniques [Ghiorso1955]. The heavier elements discovered since
then have been positively identified using physical (nuclear) rather than chemical methods
and many controversies ensued about identification of new elements. Subsequently, new
physical techniques have been developed to positively identify the atomic number and
mass of isotopes of new elements using velocity filters and magnetic rigidity separators
followed by detailed characterization of the nuclear decay properties of new species on an

atom-at-a-time basis. These have permitted studies of nuclei at the extremes of nuclear

1



TABLE 1.1. International Union of Pure and Applied Chemistry IUPAC) recommended
names and symbols for the transactinide elements known or claimed as of October 2004.

Z Name Symbol Year Discovered®
104 rutherfordium Rf 1969
105 dubnium Db 1970
106 seaborgium Sg 1974
107 bohrium Bh 1981
108 hassium Hs 1984
109 meitnerium Mt 1982
110 darmstadtium” Ds" 1995
111 roentgenium® Rg* 1995
112 [unnamed and unconfirmed] — 1996
113 [unnamed and unconfirmed] — 2004
114 [unnamed and unconfirmed] — 1999¢
115 [unnamed and unconfirmed] — 2004
116 [unnamed and unconfirmed] — 2001"

* According to Ref. [Hoffman2000].

* Approved by IUPAC in Ref. [Corish2003].

¢ Proposed by the IUPAC Inorganic Chemistry Division Committee but not yet approved.
4 Reported in Ref. [Oganessian2004a.

¢ Reported in Ref. [Oganessian1999].

" Reported in Ref. [Oganessian2001].

stability. Measurements of cross sections and excitation functions furnish valuable
information about nuclear production mechanisms. Information about half-lives, decay
energies, nuclear structure, and alpha- and SF-branching ratios for these nuclides help
describe the nuclear potential energy landscape. The location of the next nuclear shells
beyond Z = 82 and N = 126 cannot be predicted with certainty; experiments to investigate
extra stability predicted in regions of deformed shells at Z ~ 108-112 and N ~ 162-164 are
required to help evaluate the validity of various nuclear models and aid in predicting the
location of the next spherical shells.

After the decay properties and atomic number of an isotope of a new transactinide
element have been conclusively established by physical (nuclear) techniques, then atom-at-

a-time chemical studies to explore its chemistry can be conducted. These physical and
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FIG. 1.1. Periodic table of the elements as of October 2004.

chemical experiments are synergistic: once even a rudimentary knowledge of the chemistry
of a new element is known, group chemical separations can be used to purify transactinide
isotopes with half-lives as short as seconds for studies of their nuclear properties.

The study of the chemistry of the elements is one of the most fundamental goals in
chemistry. Studies of the chemical properties of a new element can be considered valid
only if it can be shown unequivocally that the atoms being studied have the correct atomic
number. This can be established most accurately using o~ or possibly a-SF (spontaneous
tission) correlations to known nuclides. The chemical properties of the transactinides are
predicted [Pyykk61979] to be highly influenced by relativistic effects. These are roughly
proportional to Z” and should be much more important for the transactinide elements than
their lighter homologues in groups 4, 5, 6, etc. Recently, much interest has surrounded

element 112, which is alternatively expected to have chemistry similar to mercury (a group



12 homologue element) [Pershina2002], or radon, due to its filled shells [Pitzer1975].
Attempts to characterize the chemistry of element 112 have been reported. These studies
and others also allow us to evaluate the validity of trends extrapolated from the properties

of lighter homologue elements.

1.1. Production and Characterization of Transactinide
Elements

The first three transactinides are elements 104, 105, and 106. The claims to the
discovery of elements 104 and 105 were extremely controversial and required several years
of debate to resolve the conflicting claims between Soviet researchers working at the Joint
Institute for Nuclear Research in Dubna, USSR and American researchers at the Lawrence
Berkeley Laboratory in Berkeley, USA. Hyde, Hoffman, and Keller [Hyde1987] wrote a
comprehensive review of these claims and recommended that the Berkeley group be given

credit for the discovery of element 104 [Ghiorso1969] in the following reactions:

PC+ %Cf > DRf +4.n, (1.12)
2PC+ 2CE— TR +3,4.n, (1.1b)
BC+ 3CF—> DRf+3n. (1.1¢)

Ghiorso et al. proposed the name rutherfordium with symbol Rf for element 104. The
same review article recommended that the Berkeley group be given credit for the discovery

of element 105 [Ghiorso1970] in the reaction

PN+ %.Cf > 2iDb+4,n. (1.2)
Ghiorso ¢t al. proposed the name hahnium with symbol Ha for element 105, but this was

later changed by IUPAC to dubnium with symbol Db in recognition of the contributions

to nuclear science by the researchers at Dubna.
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Element 106 was first produced by Ghiorso ¢7 a/. [Ghiorso1974] in the reaction
RO+ “Cf — [5Sg +4n. (1.3)
This discovery was not contested and the name seaborgium with symbol Sg was accepted,
although not until 1997.

The element discovery claims of the Berkeley group were significantly strengthened by
the fact that they identified the new isotopes using the genetic correlation technique. If a
new, unknown alpha-decaying activity could be shown to produce another activity with
decay characteristics consistent with a previously known activity, then the first activity
must be the alpha-decay parent of the known nuclide. This technique allowed for precise
determination of the atomic and mass numbers of a new isotope and would be a harbinger
of things to come, especially with the introduction of position-sensitive detectors.

Unfortunately, the successes of the Berkeley group did not produce the funding
required to continue the studies to heavier elements, as priorities within the laboratory
changed. It was left to other researchers to continue the work of discovering new
elements which the Berkeley scientists had so impressively begun.

The discoveries of Rf, Db, and Sg were achieved using targets of highly radioactive
*Cf bombarded by light “heavy ions” with masses from 12 to 18. These combinations
gave compound nucleus excitation energies of approximately 40 MeV, resulting in the
evaporation of 3-4 neutrons. These reactions were labeled “hot fusion” reactions. In
1975, Oganessian ez al. [Oganessian1975] showed that bombardments of stable Pb and Bi
targets with medium-mass (>40) projectiles would lead to compound nucleus excitation
energies of less than 20 MeV and evaporation of only 1-2 neutrons. These reactions have
been labeled “cold fusion” reactions. The advantage of cold fusion reactions is that losses

to excited state fission are much less because of the lower excitation energy.



TABLE 1.2. Known and reported isotopes and isomers of bohrium (Z = 107).

Nuclide Half-Life Decay Mode Production Method Ref.
*'Bh 11.873} ms o *Bi(**Cr, 2n) [Miinzenberg1989]
*Bh# 102 £ 26 ms o *Bi(**Cr, n) [Minzenbergl1989]
**Bh™ 8.0 £ 2.1 ms o *Bi(**Cr, n) [Munzenberg1989]
“Bh 0.9 s o, SF? 2 o daughter of 7?111,  [Hofmann2002,

. 5 Am(**Mg, 5n) Gan2004, Morita2004b]

*Bh 0.94707 s o *PAm(*Mg, 4n) [Gan2004]
*“Bh ~1?s o? **Bk(*Ne, 5n) [Wilk2000]
*"Bh 1773 s o *YBk(*Ne, 4n) [Wilk2000]
Z71Bh ? a‘? 4 o daughter of 2871]_5 [Oganessian2004a]
*’Bh 9.8*17 ¢ o 4 o daughter of 288115 [Oganessian2004a]

=35

Also in 1975, the UNILAC (UNlversal Linear ACcelerator), constructed at the

Gesellschaft fiir Schwerionenforschung (GSI) in Darmstadt, Germany, produced its first

heavy ion beam. This new accelerator was capable of providing intense beams of the

medium-mass projectiles ideal for cold fusion experiments. Additionally, the construction

of the Separator for Heavy Ion reaction Products (SHIP) [Ewald1976, Munzenberg1979]

was completed in 1976. This separator made it possible to separate products of interest

with high efficiency from unwanted activities. Without these interfering activities, the

identification of new nuclides was simplified and made more convincing by the virtual

elimination of random correlations which might be mistaken for a new element. Given the



very small production cross sections in these reactions, the use of such a separator was
critical to the future success of the field, a view which has been confirmed by experience.
Miunzenberg ¢f al. [Minzenbergl1981a, Miinzenberg1989] used these new facilities to

produce element 107 (bohrium, Bh) in the reaction

54 2091 262 g,m 1
5 Cr+ " Bi — [oBh®" + n. (1.4)

This was the first use of a cold fusion reaction to produce a new transactinide element.

Since element 107 is studied in this work, the known isotopes of bohrium are listed in
Table 1.2. Wilk e# a/. [Wilk2000] discovered the isotope **’Bh, which has a half-life (17"

s) that was sufficiently long to allow for the first chemical study of bohrium [Eichler2000].
Miinzenberg e al. continued to use the UNILAC and SHIP to discover elements 109
[Munzenberg1982, Minzenbergl1984a, Miinzenberg1988] and 108 [Miinzenberg1984b,

Minzenbergl987] (in that order) in these reactions:

209 266

»Fe+ “0Bi — oMt + ,n, (1.5)

wFe+ 0Pb— 1o Hs+ n. (1.6)
The reader should note that this pair of elements can be produced using the same even-Z
beam by changing from **Pb to *”Bi targets. This pattern would be repeated multiple
times in future transactinide cold fusion experiments. Examining alternatives to this
pattern is a major theme of this work.
Element 110 (darmstadtium, Ds) was discovered by the SHIP group, now headed by S.
Hofmann, as the isotope *’Ds (Eq. 1.7a) [Hofmann1995a], although for this discussion

the more important reaction is the discovery of *'Ds (Eq. 1.7b) [Hofmann1998,

Hofmann2003]:

2n; 4 208 269 1
wNi+ "o Pb— [ /Ds+ n, (1.72)



64 : 208 271 1
wNi+ " Pb— | [;Ds+ n. (1.7b)
The importance of the second reaction is that during the same experiment the target was

changed to *”Bi to allow for the discovery of element 111 [Hofmann1995b,
Hofmann2002]:

NI+ “oBi > 7?1111+ n. (1.8)
(The name roentgenium with symbol Rg has been proposed for element 111 by the
IUPAC Inorganic Chemistry Division Committee but has not yet been approved by the
full IUPAC body, and therefore is simply referred to as “element 1117). These **Ni-based
reactions again illustrate how heavier elements can be produced by adding a proton to the
target. Since both elements 110 and 111 are studied in this work, Table 1.3 lists the known
isotopes of these elements for reference.

The final element reported using cold fusion reactions is element 112 [Hofmann1996,

Hofmann2002]:

0Zn+ *5Pb— 112+ n. (1.9)
Two decay chains attributed to *'112 were reported. A group headed by Morita at the
RIKEN laboratory in Wako, Saitama, Japan has recently reported the synthesis of two
atoms of *”'112 [Morimoto2004] in the same reaction using the GARIS separator at the
RILAC (RIKEN Linear ACcelerator). The latter group has also reported the production
of one atom of element 113 [Morita2004a] using the reaction

NZn+ 0Bi— P13+ n. (1.10)
The reported cross section for the production of **113 was 55", fb. Hofmann’s group

[Hofmann2000] has also searched for element 113 in the same reaction but reported no

events observed at a sensitivity of ~600 fb, averaged over two beam energies.



TABLE 1.3. Known or reported isotopes and isomers of darmstadtium (Z = 110) and

element 111.

Z Nuclide Half-Life Decay Mode Production Method Ref.
110 *"Ds ~3 us o *Bi(*’Co, n) [Ghiorso1995a,
Ghiorso1995b]
*“Ds 270" us o *®Pb(*Ni, n) [Hofmann1995a]
D 1007, us o *"Pb(*'Ni, n) [Hofmann2001]
7'Ds™ 6.0"%2 ms a, y?, IC? *"Pb(**Ni, n) [Hofmann2001]
TDs* 16374 ms a *®Pb(*'Ni, n) [Hofmann2003,
' Morita2004d]
7Ds™ 697 ms o *Pb(**Ni, n) [Hoftmann2003,
Morita2004d]
PDs 0_32}2 ms o 212 o decay, [Hoftmann2002,
' 24pu(*s, 5n) Lazarev1996]
"Ds 0.2970% SF *114 o decay [Oganessian2004b]
granddaughter
*Ds 9.65" s o *114 o decay [Oganessian2004b]
granddaughter
111 111 1.6, 3.8 ms o *PBi(*'Ni, n) [Hofmann2002,
Morita2004]
111 170*%) ms o *7115 o decay [Oganessian2004a]
granddaughter
0111 3.6ff; S o 28115 o decay [Oganessian2004a]

granddaughter

In each pair of reactions (108 and 109, 110 and 111, and 112 and 113), when there was

a choice between using an odd-Z target and an odd-Z projectile, the odd-Z target was used

because the cross section was expected to be higher. The current work aims to assess this

effect by measuring production cross sections in the **Pb(*Cu, n)**111 and

*®Pb(>Mn, n)**Bh odd-Z-projectile reactions for the first time.



Although they are not cold fusion reactions, for completeness we note the recent
reports of production of superheavy elements (SHEs) at the Joint Institute for Nuclear
Research in Dubna, Russia by two groups, both headed by Oganessian. These
experiments used **Ca projectiles with actinide targets to produce neutron-rich compound
nuclei of elements 112, 114, 115, and 116; element 113 was also formed as the alpha-decay
daughter of element 115. These reactions involve the emission of 2-4 neutrons from the
compound nucleus. The evaporation residues (EVRs) are reported to decay by the
sequential emission of alpha particles with half-lives on the order of seconds, terminated
by the spontaneous fission of a long-lived daughter nuclide (see, for example,
[Oganessian2002, Oganessian2004a, Oganessian2004b]). These experiments are very

controversial and none has yet been confirmed in other laboratories.

1.2. Excitation Functions

This work deals primarily with the study of new reactions leading to the production of
transactinide elements. It is heavily influenced by the recent theoretical work of Swiatecki,
Siwek-Wilczyfiska, and Wilczyfiski [Swiatecki2003, Swiatecki2004a, Swiatecki2004b)]. This
section describes fundamental aspects of the relevant theory and its relationship to the

current work.

1.2.1. Magnitudes of Cross Sections

1.2.1.1. Standard Theoretical Methods

The most important reaction for the production of heavy elements is the complete-
fusion-neutron-evaporation reaction. The projectile and target nuclei are completely fused
to form a compound nucleus (CN) in an excited state. The excited CN can decay by the
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emission of gamma rays, neutrons, or charged particles, or fission. The most important of
these are neutron emission and fission, so they will be focused on exclusively for now.
The excitation function, or reaction cross section versus projectile energy, increases with
increasing projectile energy because of the increased probability that the two nuclei will
fuse. After some maximum, it begins to decrease with increasing projectile energy because
the probability of losing compound nuclei to excited state fission increases. We will
examine these concepts in more detail.

A crude semi-empirical model, developed by Sikkeland ez a/. (see, for example,
[Sikkeland1968a, Sikkeland1968b]) and based on the work of Jackson [Jackson1956],

contains the most important ideas and will be examined briefly. The cross section for the

production of the xn reaction o, product is given by

= r
o. :O'CNPXH(F +”1“ J , (1.11)
= n I ;

where oy is the cross section for CN formation, P, is the probability of emitting exactly x
neutrons, and I', and I', are the partial widths for neutron emission and fission of state 7
respectively. I', and I, physically represent the full-width-at-half-maximum of the state
undergoing neutron-emission or fission, respectively, and are proportional to the decay

probability of the respective mode. The classical expression for oy is

aR*(1-1./E,), E, 21
Q\':{ ( C/ 1) 1 C (112)

0,E <.’
where R is the interaction distance, I/, is the Coulomb barrier, and E, is the projectile

energy. Clearly, sub-barrier fusion is disallowed in Eq. 1.12, although quantum-mechanical

tunneling through the barrier does allow sub-barrier fusion to occur [Loveland2000].
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Equation 1.12 also does not include any variation in the fusion cross section based on
different orientations of deformed colliding nuclei. Calculation of the Coulomb barrier is
complex, although a simple formula has been proposed [Swiatecki2004a] based on a fit to
data from several reactions. For reactions with atomic numbers Z, and Z, and mass

numbers A4, and A,

7. =0.85247 2, +0.00136157 —0.0000022357 (1.132)
_ Z1ZZ
Rc = Ail/3 +A;/3 . (113]3)

P, the probability that the excited compound nucleus will emit the desired number of
neutrons x, is a function of the excitation energy and may be zero if x is sufficiently large.
The ratio I',/(I', + I') in Eq. 1.11 gives the probability that the compound nucleus decays
by neutron-emission instead of fission. (As stated above, other decay modes are possible
but are ignored). This probability is included in the cross section x times, so there may be
multiple chances for the compound nucleus to fission, destroying the CN. Typically,

[/, + ) is much less than 1, so many more CNs fission than emit neutrons.

[/, + ) is usually given in terms of I',/T";and the two are related by

r, _ (Fn/rf)
I +r, (F”/Ff)+1'

(1.14)

Unfortunately, Sikkeland e /. computed the average value <F” /T f> from the xth-root of
ang

the product of all x measured I', /T, values in each of their reactions of interest, and use

this in Eq. 1.11. This ignores the dependence of I',/I"; on both excitation energy and

angular momentum.
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Among others, Vandenbosch and Huizenga [Vandenbosch1973] have attempted to
estimate I',/I"; more realistically. Consider a nucleus with neutron-binding energy B,
fission batrier B, and excitation energy E. Suppose also that the kinetic energy and mass
of an emitted neutron are ¢ and 7, respectively, and that upon fission the kinetic energy in

the fission degree of freedom is K. When a nucleus decays, any level up to the original
excitation energy minus the emitted energy can be occupied. Thus, the more of these

levels there are, the more likely is that mode of decay. Therefore, the decay probability
must be integrated over the “level density” p in the residual nucleus. The level density
represents the number of states per unit energy and is inversely proportional to the level

spacing. The ratio of neutron-to-fission decay probabilities I', /T’ is

F-B,
r _ (2”7/02&42/3] J.o ép(E=B, &) de (1.15)

l—*‘ h2 E-B; _ _ >
y [ p(E-B,-K)dK

where g is the intrinsic spin degeneracy of the neutron, 7 is the radius parameter, and A is

the CN mass number. At constant nuclear temperature T, the level density is given by
PE) o exp(E/T) = p(E) = a exp(E/T), (1.16)

where 4 is the “level density parameter.” Performing the appropriate integrals with this

level density yields

r 214"

n

r, K,

expl-(B,-B,)/T], (1.17)

where K, = h* /2m 1} =10 MeV. A more realistic level density dependent on excitation
energy is

P(E) o exp[2(aE)"?. (1.18)
If Eq. 1.18 is used to evaluate Eq. 1.15, then the result is
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FIG. 1.2. Average values of I',/I",, = I',/(I', + I') for reactions leading to the production
of (a) **Cf and (b) **No, as a function of initial excitation energy. The compound nuclei
are indicated. Symbols connected by lines are predictions from several models; other
symbols are experimental data. For more information see [Andreyev1994]; adapted from
that work.

r, _ 4A4*°a (E-B,) exp[—24*(E-B,)] (1.19)
U, | K, [24)(E=B,)"* =1] | exp[-2a,(E~B,)]’ '

where a,and 4, are the level density parameters appropriate for describing the level
densities above the fission and neutron saddle points, respectively. A canonical expansion
of the exponentials in Eq. 1.19 gives a form similar to Eq. 1.17, so that the neutron-
emission-to-fission ratio depends primarily on the difference between the neutron binding
energy and the fission barrier height. This competition controls the decrease in cross
section above the peak of the excitation function. Fig. 1.2 shows some representative

values of I, /T as a function of excitation energy for two heavy element reactions. Note

that I', /T, can also be much lower than indicated in the figure; Smolafczuk predicts I, /T,

on the order of 10°~10° for stable-beam cold fusion reactions ranging from “Ca + P

to *Kr + **Pb [Smolaficzuk1999].
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1.2.1.2. Fusion by Diffusion

In addition to calculating I",/ ', using a method similar to that above, Swiatecki, Siwek-
Wilczyniska, and Wilczynski introduce a new factor to represent observed hindrance
factors in the cold fusion of very heavy systems. They express the measured cross section

0, as the product of three terms, a sticking cross section 7,,,, a “diffusion” probability

survive*

P 4. and a survival probability P

0, =0,

n stick

P diffuse P survive® (1 20)
The sticking cross section is principally the probability for overcoming the Coulomb

barrier. They use a form of Eq. 1.12, modified to smooth the discontinuity at E£ = [/ by

including a distribution of barrier heights centered on the Coulomb barrier 1/ with width

w [Swiatecki2003]:
o =R Xz +erf X)+exp (=X, 1.21a
o =R X ) +exp (-X°)] (1213
X =(E-1,.)/m2. (1.21b)

The diffusion probability is the new feature of the work. Similar diffusion concepts
have recently been applied to the formation of superheavy elements, most notably by Abe
[Abe1997, Abe2002]. After touching, the dinuclear complex undergoes a rapid neck
growth since a large decrease in surface energy is achieved with only a minimal
rearrangement of nucleons. Neck growth occurs rapidly and with high probability, similar
to the rapid formation of a neck when two drops of water come into contact. The system
finds itself in an “asymmetric fission valley,” having just lost significant surface energy but
still facing an additional barrier to compound nucleus formation because it is outside the

saddle point. (In the region of the transactinides, the fission saddle point is found at
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shorter nuclear elongations with increasing Z because of the high fissility of the compound
nucleus).

“Diffusion” in the new system refers to the analogy of a particle suspended in a
solution with temperature T diffusing over a repulsive potential. Let this potential be
represented by the inverted parabola 1(I)) = -i(L. - L,,)*/2, where L,_is the center and &
is some proportionality constant. (L) represents the final barrier the dinuclear system
faces in the elongation coordinate such that systems reaching I. < I continue to the
compound nucleus while other systems fission. If a delta function distribution of systems
is “injected” onto the parabola at some L, then, as time tends to infinity, the probability

of having diffused across the barrier to the compound nucleus tends to the following

equations:

o {(1 /2)(1=eef[H/T), L, 2 L, 12

/et H/T), L, <L,
where H = | /(L) | is the height of the barrier as seen by the system at I, and T'is the
nuclear temperature. The barrier height can be calculated from macroscopic models, and
the nuclear temperature estimated from the excitation energy at I, The value of I,
depends on the separation s between the surfaces of the approaching nuclei at which the
neck begins its rapid growth. Its precise value cannot be estimated reliably, so s is
introduced as an adjustable parameter. It is the only adjustable parameter in the model
and a value is given below.

The survival probability is calculated by similar means as those described previously.
[',/Tis calculated by integrating the level density from the height of the appropriate saddle

point to the total available energy. An additional factor in the survival probability takes
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FIG. 1.3. Predicted excitation functions for the (a) **Pb(**Ni, n)*"'Ds and (b)
*®Pb(>>Mn, n)**Bh reactions. The finite target thicknesses of (a) 4 MeV and (b) 5 MeV
have been factored into the results. Adapted from [Swiatecki2004a].

into account the probability that the emission of a single neutron will lead to a state with
excitation energy below the fission barrier of the new 4 - 1 nucleus.

The model can thus be summarized as follows: the sticking and neutron emission
probabilities are conventional, as is I',/I". The new feature is the diffusion probability
which represents a hindrance factor for the formation of the compound nucleus. This
hindrance factor depends on the parameter 5. Swiatecki, Siwek-Wilczysiska, and
Wilczynski find good agreement with experimental results when s = 1.6 fm

[Swiatecki2004a]. This formulation gives excitation functions in which the predicted cross
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FIG. 1.4. Theoretical predictions for the excitation functions of the *”Bi(**Ni, n) and
*®Pb(*Cu, n) reactions as functions of (a) the center-of-mass beam energy E,, and (b) E,,
less the neutron-emission threshold energy E, ,. E, ,, is given in parentheses. The red
line in (b) represents the “Cu + **Pb excitation function multiplied by 1.9, showing the
agreement between the shapes of the excitation functions. These excitation functions do
not factor in the beam energy dispersion in the target. Adapted from [Swiatecki2004a].

n, thr

sections differ from the experimentally measured ones by generally less than a factor of 2.
Figure 1.3 shows the predictions of the theory for the **Pb(**Nji, n)*’'Ds and

*®Pb(>>Mn, n)**’Bh reactions with finite target thicknesses equivalent to 4 MeV and 5 MeV,
respectively, folded in. The prediction for the **Pb(*Cu, n)**111 reaction is shown in Fig.

1.4b without the target thickness folded in.
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TABLE 1.4. Excitation energies E after emission of various particles from the compound
nucleus in the reaction of “Cu with **Pb as a function of depth in the target. The centet-
of-target, lab-frame “°Cu beam energy was 321.1 MeV and the total energy lost in the target
was 5.6 MeV. The particles are assumed to be emitted with zero kinetic energy. The «
and an exit channels give increased excitation energies because of the Q-value for alpha
decay (see the main text for a discussion). If the excitation energy is negative, then that
exit channel is energetically forbidden. Dashes indicate that the appropriate masses were
not available in the mass table.

Particles Mass Table E E E
Emitted Beginning of Target Center of Target End of Target

(MeV) (MeV) (MeV)
None [Myers1994] 15.35 13.22 11.08
[Audi2003] 14.62 12.49 10.35
[Moller1995] 16.96 14.83 12.69
1n [Myers1994] 7.06 4.93 2.79
[Audi2003] 6.61 4.48 2.34
[Moller1995] 8.75 6.62 4.48
2n [Myers1994] -0.18 -2.31 -4.45

[Audi2003] — — —
[Moller1995] 1.59 -0.54 -2.68
p [Myers1994] 15.21 13.08 10.94
[Audi2003] 14.48 12.35 10.21
[Moller1995] 16.82 14.69 12.55
a [Myers1994] 26.43 24.30 22.16
[Audi2003] 25.70 23.57 21.43
[Moller1995] 28.04 25.91 23.77
an [Myers1994] 18.16 16.03 13.89
[Audi2003] 17.43 15.30 13.16
[Moller1995] 19.77 17.64 15.50

1.2.1.3. Energetics

In any heavy element experiment, the very low production rates of the activity of
interest require that all alternative explanations for the data observed be rejected either
because of implausibility (or impossibility) or because they are not consistent with the data.
In the cold fusion reactions studied in this work, the compound nucleus emits a single

neutron. In these cases, the excitation of the compound nucleus is low (11-18 MeV using
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masses from [Myers1994]), and many exit channels are energetically forbidden. Table 1.4
shows an analysis of the energetics of various exit channels in the reaction of “°Cu with
*Pb.

Clearly, the 2n exit channel is forbidden energetically throughout most of the target,
since the emission of two neutrons reduces the excitation energy to less than zero. This is
especially true once the kinetic energy of the emitted neutrons is included in the calculation
(generally 1-2 MeV each, although Ref. [Andreyev1994] reports 2.9 MeV). The radiative
capture channel (On) has a very low probability and has never been observed in a heavy
system [Morita2004b]. For example, Loveland e /. [Loveland2001] report that in the
*Ca + *"Pb reaction the On channel has an upper limit cross section four orders of
magnitude less than the 1n and 2n channels.

Table 1.4 indicates that charged particle emission from the compound nucleus should,
in principle, compete effectively with neutron emission, but this is not the case. Although
the proton separation energy is low in *111 due to its neutron deficiency, protons must
overcome Coulomb and angular momentum barriers during emission, whereas neutrons
face only the latter. Thus, lifetimes for proton emission are long compared to those for
neutron emission, and the latter are favored. Regardless, care must be exercised when
interpreting data since proton emission from the compound nucleus, followed by alpha
decay, leads to the same nuclide as neutron emission followed by alpha decay and electron
capture. Alpha particles face an even larger Coulomb barrier (on the order of 30 MeV)
and are significantly hindered relative to neutron emission. The information in Table 1.4 is
misleading; it suggests that the & and an exit channels produce greater excitation than the
initially formed compound nucleus due to the large positive Q-values for alpha emission.

In reality, the kinetic energy of the alpha particle would have to be very high (greater than

20



20 MeV) for alpha particle barrier penetration to compete favorably with neutron
emission, and the excitation energy would be reduced considerably. It is possible that the
separation factor of the Berkeley Gas-filled Separator (BGS; see Chapter 2) would be
increased for alpha-emission products because the recoil from the alpha would direct the
remaining nucleus out of the separator’s acceptance cone. In practice, this is not observed
in these experiments because of the high forward momentum of the medium-mass beams
used. The an channel is mentioned for completeness, since this channel leads into the
same alpha decay chain as the 1n channel. This could lead to misinterpretation of data,
but the activities produced in this work decay to known nuclides, so definite atomic and
mass number assighments can be made through genetic correlations. In fact, the use of
genetic correlations allows us to assign decays to specific nuclides with high confidence so
that interfering exit channels will cause us little concern. Regardless, alternative
explanations for the data observed will consider exit channels other than 1n when

appropriate.

1.2.1.4. Cold Versus Hot Fusion

This section has discussed the theory behind both hot and cold fusion reactions.
Compound nucleus theory predicts that there is a maximum in the excitation function for
a certain xn evaporation channel. The increase with energy is caused by the increase in
fusion probability, which favors hot fusion reactions. The decrease above the maximum
cross section is caused by the increase in fission probability (and the increased likelihood

of emitting x + 1 neutrons instead of x).
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FIG. 1.5. Maximum cross section observed versus effective fissility for many compound
nucleus heavy element production reactions. Effective fissility, as defined by Armbruster
[Armbruster2003], is a combination of two-thirds compound nucleus fissility and one-third
fissility of the binary fusing system, which increases roughly with compound nucleus
atomic number. Cold fusion reactions are shown as blue circles. Hot fusion reactions with
actinide targets and **Ca beams are shown by black squares and green triangles,
respectively. See the main text for a discussion. Upper-limit cross sections are indicated
by arrows. Data compiled by K. E. Gregorich.

It is interesting to examine which method is favored for the production of heavy
elements. Figure 1.5 shows a plot of the maximum cross section of the excitation function
versus effective fissility (defined by Armbruster [Armbruster2003] as two-thirds compound
nucleus fissility and one-third the fissility of the fusing reactants) for a number of heavy
element production reactions. The cross sections for the cold fusion reactions (blue
circles) decrease in a roughly linear way, with each unit increase in the compound nucleus

Z resulting in a decrease of the cross section by a factor of ~3.7 [Hofmann1998]. This
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pattern may or may not continue beyond Z = 112, depending on whether the compound
nuclei are deformed or spherical, respectively [Swiatecki2004a]. In the case of hot fusion
reactions, it appears that the cross sections for reactions leading to elements with Z > 108
are leveling off. However, it should be noted that all the hot fusion results shown in Fig.
1.5 for Z = 109 are either upper-limits or unconfirmed results, so it remains to be seen
whether this effect is real. Lastly, the choice of a cold or hot fusion reaction may be
dictated by the properties required of the evaporation residue, such as half-life. While
element discovery experiments can be sensitive to a wide range of half-lives, experiments

designed to produce activities for chemical studies usually require nuclides with half-lives

greater than a second (see, for example, [Schidel1997, Eichler2000, Dillmann2002]).

1.2.2. Location of the Maximum Cross Section for 1n Reactions

One of the most important questions to be answered in transactinide production
experiments is the optimum beam energy to be used. The selection of the beam energy
corresponding to the maximum of the cross section is critical in any attempt to synthesize
a new element or isotope, or when using a new reaction to synthesize a known isotope.
The very small production cross sections, availability of beam time, and expense of doing
experiments often require that the maximum production rate be obtained.

The most important reaction in this field is the complete-fusion-neutron-evaporation
reaction, whose excitation function is well known to have a maximum. (See Fig. 19 in
Hofmann ez a/. [Hofmann1998] for examples of these). The maximum of the excitation
function for a given 1n product can be interpreted as the most favorable outcome in the
competition between two factors which vary with energy: the fusion cross section, which

increases exponentially with higher beam energies, and the loss of compound nuclei due to
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FIG. 1.6. Physical basis for the “optimum energy rule.” The example reaction is
*®Pb(**Fe, n)**Hs. The thin solid line is the compound nucleus formation cross section,
which increases exponentially with increasing energy. The dashed line is the “second
chance fission cut-off,” and shows the influence of fission that occurs after neutron
emission. Below a critical “cut-off” value, second chance fission is not possible. The
product of these two functions gives the peaked excitation function (heavy solid line). The
difference between the cutoff and the maximum of the excitation function gives the 0.3-
MeV correction in the “optimum energy rule.” Adapted from [Swiatecki2004a].

-

excited state fission, which also increases with beam energy. The competition between
these two factors is shown in Fig. 1.6 and were addressed in more detail in Sec. 1.2.1.
Swiatecki, Siwek-Wilczyfiska, and Wilczyfiski have noted the close correlation between
the energy of the maximum cross section and the onset of second-chance fission, where
fission after emission of the first neutron is possible. They argue that the maximum cold
fusion (1n) cross section is obtained when the bombarding energy is as high as possible (to
increase the fusion probability), but low enough so that second-chance fission is forbidden
after the first neutron emission step because the remaining excitation energy is less than
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FIG. 1.7. Schematic of the optimum compound nucleus excitation energy for heavy
element production via cold fusion reactions. The dotted line is the compound nucleus
potential energy surface in its dependence in the deformation (elongation) coordinate. 17,
is the mass of the spherical compound nucleus without shell corrections, E is the initial
excitation energy of the compound nucleus, , is the separation energy of the one neutron
emitted, E, is the kinetic energy of this neutron, o, is the shell correction of the ground
state of the residual nucleus, and B, is the fission bartier. The dashed line is the desired
excitation energy remaining after emission of the neutron (~0.3 MeV above the saddle
point); the beam energy yielding this energy should have the highest 1n cross section. See
[Swiatecki2004a].

the height of the fission barrier. Thus, the optimal beam energy is that which results in a
residual nucleus with an excitation energy near its fission barrier after emission of one
neutron. These researchers have developed an “optimum energy rule,” which might be
expressed mathematically as [Swiatecki2004a

Ew/,opl ~ (MSP +Mﬂ>_(M1 +M2) + 0.3 MCV

1.23
=<MC\71+Bf+Mﬂ)_(M1+M2)+O3MCV ( )

where E,_, . 1s the optimum center-of-mass bombarding energy, M, is the mass of the

o, opt

residual nucleus saddle point, M, is the mass of the neutron, M, is the mass of the
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projectile, M, is the mass of the target, M, is the mass of the ground state of the residual
nucleus, and B, is the fission bartier of the compound nucleus. The first four terms of the
first line are simply the QQ-value for formation of the saddle-point configuration of the
residual nucleus. If we assume that the shell correction to the fission barrier is negligible
[Zubov2003, Myers1999], then the saddle point mass can be approximated by the ground
state mass plus the ground state shell correction Oy ;:

E,, & Moy, + Oy + M) — (M, + M,) + 0.3 MeV, (1.24)
The energetics contained in Eq. 1.24 is illustrated in Fig. 1.7. The agreement of these
predictions with experiments in this work is described in later Chapters.

It is interesting to note that the theory predicts that 1n reactions leading to the same
compound nucleus will have excitation functions whose magnitudes differ only by a
scaling factor. For example, the %Ni + *”Bi and “Cu + *®Pb reactions both produce the
compound nucleus 111", which then emits a single neutron. After this emission, the
deexcitation proceeds essentially identically in the two reactions and can be described by
statistical methods as described in Sec. 1.2.1. Once the Q-value for ground state
compound nucleus formation and the neutron separation energy are subtracted from the
center-of-mass projectile energy, the same excitation energy results. The sum of these two
quantities (the ground state Q-value and neutron separation energy) plus the 0.3-MeV

If E is the center-of-mass

n, thrt on

correction is the neutron separation threshold energy E

projectile energy, then E_ - E, , should be the same for both reactions at the maxima of

n, thr

their excitation functions. This is illustrated in Fig. 1.4. Figure 1.4a shows excitation

functions for these two reactions as a function of E ,, computed according to

[Swiatecki2004a]. Figure 1.4b shows identical calculations, but plotted as a function of
E, - E, ,,and the alignment is clearly visible. The red line in Fig. 1.4b shows the

n, thr
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theoretical excitation function for the “Cu + **Pb reaction multiplied by a factor of 1.9,
which causes it to overlap with the “Ni + *”Bi excitation function. Thus, the magnitudes
of the cross sections for reactions producing the same compound nucleus depend
primarily on the fusion cross section, with the peak being determined by the energy at
which second-chance fission takes over. The same mechanisms are at work in both cases,
with only a scaling factor differentiating them. The current work tests this theory in the

*®Pb(”Cu, n)**111 and **Pb(*Mn, n)**’Bh reactions.

1.3. Nuclear Shells and Heavy Element Stability

None of the transactinide elements described in Sec. 1.1 occur naturally and all must
be produced artificially at appropriate particle accelerators. Although chemistry concerns
itself primarily with the study of the electronic properties of the elements, their stability
(and general availability on Earth) is determined by physics occurring within the nucleus.
The transactinide elements should, in principle, have very low nuclear stability due to their
high nuclear charge. The reason these elements exist with relatively long half-lives (on the
order of milliseconds to minutes) is because of enhanced nuclear stability due to shell
effects, where the potential energy (mass) of the ground state nucleus is reduced due to
quantum mechanical effects. These shell effects are a microscopic phenomenon; let us
first begin by describing the so-called “magic” numbers and the macroscopic properties of

the nucleus.

1.3.1. “Magic” Numbers

Protons and neutrons have shells, similar to electron shells in chemistry, that grant

enhanced stability to nuclei, just as the closed-shell noble gases are known to be chemically
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FIG. 1.8. Shell effects as a function of neutron number for nuclides throughout the chart
of the nuclides. Solid lines connect isotopes. Upper figure: Experimental shell effect,
defined as the difference between experimental and liquid-drop masses. Middle figure:
Theoretical shell effects as computed in [Myers1967]. Lower figure: Difference between
experimental and theoretical masses. Adapted from [Myers1967].

very stable. While chemical closed-shells occur at electron numbers 2, 10, 18, 36, 54, and
80, the “magic” numbers of 2, 8, 20, 28, 50, 82, and 126 protons and/or neutrons have
long been known to be particularly stable. In these cases, all orbitals below some large gap
in the level structure are filled; that is, the addition of another particle results in a
substantial increase in total energy. The nuclear magic numbers were explained by Mayer
[Mayer1950a, Mayer1950b] using spin-orbit coupling between a nucleon’s spin and its
motion.

The magic numbers for neutrons can be clearly seen in Fig. 1.8 as local minima in the
masses of nuclei. Clearly, there is a close association between improved stability and less
mass. The reference point in the figure is the liquid-drop mass, that is, the mass that is
calculated for a nucleus by treating it as if it had properties similar to drops of a liquid.
The difference between the experimental mass and the liquid-drop mass is the shell

correction or shell effect. In the following sections, it is shown that both liquid-drop
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masses and shell corrections are necessary to describe nuclear masses, and that shell effects

lead to the relative stability of the heaviest elements.

1.3.2. Liquid-Drop Model

Before discussing the liquid-drop model (LDM) specifically it is insightful to examine
some properties of nuclear matter. Bulk nuclear matter is defined to be an infinite
medium of equal numbers of protons and neutrons with no Coulomb force. These
nucleons are subject to a short-range attractive force. This medium is described by two
quantities: the binding energy per nucleon (approximately 14-15 MeV/.A) and the density
(approximately 0.17 nucleons/fm’ [Seaborg1990]). A neutron star may be a close
approximation of such a system. Unfortunately, ordinary nuclei are significantly different;
they are finite in extent (and thus have a surface), have a significant Coulomb force, and
the numbers of neutrons and protons may or may not be equal.

The liquid-drop model is a semi-classical attempt to estimate the mass of a nucleus by
treating it as if it were a drop of a macroscopic liquid. Liquids also experience internal
attractive forces and have a surface. The nucleons on the surface are not saturated by the
attractive force, so a surface energy correction is needed. An additional correction is made
for unequal numbers of protons and neutrons. Weizacker [Weizicker1935] developed a
“semi-empirical mass formula” (SEMF) incorporating these concepts that was later

simplified by Bethe and Bacher [Bethe1936]:

M= NM,+ ZM,— aA + BN - Z)*/ A + y A7 + (3/5)(¢ /4nen) Z2A',  (1.25)
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where N, Z, and A are the neutron, proton, and mass numbers, respectively, 7, is the
radius parameter, and «, f, and yare constants to be determined empirically. The first two
terms represent the mass of the protons and neutrons; the third term is a “volume” term
resulting from the increase in binding energy from the attractive strong force among all

nucleons. The fourth term corrects for the loss of binding energy by nucleons on the
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FIG. 1.9. Comparison of liquid-drop model mass predictions with experimental data. The
dots are masses of actual nuclei along the long of beta stability and the solid line represents
the prediction for beta-stable nuclei. In both cases, the masses are plotted as mass
decrement (mass defect). The deviations from the liquid-drop models are due to shell
effects. Adapted from [Myers1966].
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surface, and the final term is the Coulomb energy of the nucleus, which adds to the mass.
An additional quantum mechanical pairing energy o [Bohr1939, Mayer1948] can also be

included to account for the strong binding observed between identical nucleons:

+0.036.47* u, Aeven, Z odd
5= 0, Aodd . (1.26)
—0.036.47* u, Aeven, Z even

Equations 1.25 and 1.26 treat all nuclei as spherical; appropriate terms for deformed
nuclei can be added in a straightforward fashion. The surface energy and Coulomb energy
can be corrected using the ratio of deformed energy to spherical energy. The pairing
energy O also varies with deformation, but in a more complex way.

The next logical question is, once we have the SEMF, how accurately does it predict
atomic masses? This question is answered in Fig. 1.9, which shows the mass decrement
(mass defect) of nuclides along the line of beta stability when their masses are computed
solely from the LDM, compared to the experimental masses. The general agreement is
good, but close inspection reveals that the deviations from the predictions are not random
but follow definite trends. This effect is shown more clearly in Fig. 1.8, which shows the
difference between experimental and liquid-drop masses. These deviations from the
liquid-drop masses result from shell corrections, where the proximity of a nucleus to
closed shells of protons and/or neutrons reduces its mass from that expected from the
LDM. The result is shown schematically in Fig. 1.10. The figure shows an idealized heavy
nucleus with a liquid-drop potential energy surface as a function of deformation. The
dotted line indicates the effect of shell corrections on the liquid-drop potential. Note the
significant drop in energy at zero deformation and the formation of a second potential well

at high deformation. This second well can produce the fission isomers known in the
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region from roughly thorium to berkelium. For the deformed, shell-stabilized nuclei
studied in this work, the first well occurs at a non-zero deformation and the second well
does not appear. Strutinsky showed how the shell correction energy could be calculated,

and this is the subject of the next section.

1.3.3. Strutinsky Shell Corrections

As stated above, it was well known from the beginning of the study of nuclei that
certain numbers of protons and neutrons imparted unusual stability to nuclei (the “magic”
numbers 2, 8, 20, 28, 50, 82, 120, etc.). Mayer [Mayer1950a, Mayer1950b] explained these
numbers by starting with an almost square well and calculating the energies of the “single-
particle levels”. In these single-particle levels, the nucleons, which are fermions, have
essentially independent motion because any scattering interactions would require the
particle to move to a state with energy higher than the interaction energy. Mayer took
these levels and applied spin-orbit coupling between a nucleon’s spin and its motion,
which split previously degenerate levels. The magnitude of the splitting increased with

increasing angular momentum quantum number / [Evans1955], resulting in large energy
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FIG. 1.10. Schematic diagram of potential energy surfaces for a deformed heavy nucleus
in the liquid-drop model with and without shell corrections applied. The solid line is the
liquid-drop potential; the dotted lined is the liquid-drop potential modified by shell
corrections. The reference energy is the liquid-drop energy of a spherical nucleus.
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Deformation

FIG. 1.11. Schematic diagram of Nilsson level splitting as envisaged by Strutinsky. The
circles represent areas of low level density (at both zero and non-zero deformations) which
should have strong shell effects. Adapted from [Strutinsky1968].

gaps devoid of any particle states. Once all the levels below a major gap were occupied,
the nucleus contained a filled shell comparable to the electronic shells known in chemistry,
and the addition of another particle would result in a substantial increase in total energy.

Unfortunately, this picture does not completely describe experimental facts. Although
a filled shell clearly resulted in increased stability, it was also known that nuclei 7ear closed
shells exhibited enhanced stability. This is evident in Fig. 1.8, where nuclei on either side
of a shell are also stabilized. Thus, shell gaps alone were not a sufficient explanation of the
phenomenon.

Strutinsky [Strutinsky1967, Strutinskiil966] was the first to show how shell correction
energies for all nuclei could be calculated using the density of single-particle states.
Strutinsky’s insight was that the physical explanation for the shell correction is related to
the level density: “Qualitatively, . . . the decrease of the level density at the Fermi energy

decreases the single-particle energy (i.e. increases the nuclear binding energy) relative to its
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‘uniform’ value. Compression of the levels leads to the opposite effect” [Strutinsky1967].
Strutinsky began with the Nilsson model for deformed nuclei [Nilsson1955] and his
schematic representation of a Nilsson diagram is shown in Fig. 1.11. On the diagram,
circles represent areas of low level density where few Nilsson states (formed as a result of
the breaking of degeneracy in a deformed nucleus) exist. Integrating in energy over the

occupied states leads to the total mass of the system.
For a distribution of quantized states with zero width each, the total energy U is

U= 2Eun,, (1.27)

where E; is the energy of state 7 and #; is the occupancy of the state (one if occupied, zero
if empty). The factor of two represents the two nucleons allowed per level. For a
continuous distribution of states 7, is replaced by g(E), the level density function, and the

total energy U is
A
U=2[" EgE)dE, (1.28)

where A is the Fermi energy of the system, the maximum nucleon energy at zero
temperature. The lower bound is negative infinity rather than zero because we shall see
that g(E) extends to infinity. The Fermi energy for N nucleons can be found by solving

the equation [Moretto1972]
A
N=2[" g(E)dE. (1.29)

So far g(E) has not been described. Strutinsky began by taking a set of Nilsson levels
E,. Since all quantum levels are known to have non-zero widths, a width parameter y

(common to all levels) was introduced and g(E) was made a sum of Gaussian terms:
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FIG. 1.12. Mass surfaces calculated by Strutinsky using the shell model for various nuclei.
The solid lines show the deformation energy and the dashed lines are the liquid-drop
energy. Curves with crosses were calculated with no pairing. Note the second potential
wells that appear for Po, Ra, and Th nuclei, and the very large shell correction for ***Pb.
Adapted from [Strutinsky1967].

1 2 2
g(E)—y—&ZepoE—E» /7). (1.30)

Each Gaussian represents a level density probability distribution centered on E, Thus,
once a deformation was chosen the Nilsson levels and hence total energy could be
determined (pairing energy was also included in the calculation). This energy minus the
liquid-drop energy gives the shell correction.

Figure 1.12 shows the shell correction energies for several heavy nuclides as a function

of deformation, expressed as the deformation parameter . Note the second minimum in
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the shell corrections for *"Th ********Ra and *'*Po, and that those nuclides heavier than
*®Po tend to have deformed ground states. It should be noted that these energies apply to
nuclei in the ground state. The level density tends to increase with excitation energy,
leading to a compression of levels, and a reduction of the nuclear binding energy. Thus,
shell effects become less negative with increasing excitation energy until they are eventually
“washed out” so that there is no longer any shell correction.

An important element of Strutinsky’s work was the Nilsson levels used. Unfortunately,
when one attempts to calculate the mass of a nuclide using shell-model states, the results
are not satisfactory. The best method is to use the so called “macroscopic-microscopic”
approach. The LDM is used to establish “baseline” macroscopic masses, which gives the
general trend seen in Fig. 1.9. Then, Strutinsky’s method may be used to calculate the
microscopic shell correction. Summing these two quantities gives a much more accurate

depiction of nuclear masses.

1.3.4. Illustrative Examples

In the history of the discoveries of the transactinide elements given in Sec. 1.1, there
was a transition from initially using hot fusion reactions to cold fusion reactions. What is
the origin of these distinctions? Cold fusion reactions are differentiated from hot fusion
reactions by the excitation energy created in the compound nucleus as a result of the
nuclear reaction. For the complete-fusion reactions studied in this field, the excitation
energy E"is obtained simply from kinematics:

E=E_,+Q (1.31)

Q = M(Z, Ay) + M(Z,, Ay) = M(Zen, Acn) (1.32)
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where E ), is the center-of-mass bombarding energy, Q is the Q-value for production of
the compound nucleus in its ground state, M represents the mass defect of the appropriate
nucleus, and the subscripts 1, 2, and CN represent the projectile, target, and compound
nucleus, respectively. Since both cold and hot fusion reactions are performed with beam
energies near the Coulomb barrier, why should cold fusion give excitation energies of 10-
16 MeV [Hofmann1998] while hot fusion gives excitation energies of 35-45 MeV (see
Table 1.2 in [Patin2002a] for examples)?

Let us begin with two example reactions. The first is the Pb-based cold fusion
reaction studied in this work: “*Ni + **Pb — *”Ds". The second is a hypothetical hot
fusion reaction to produce the same compound nucleus: **Si + **Cm — *’Ds’
(hypothetical because, currently, a beam of radioactive *Si of sufficient intensity is not
available for the experiment to be feasible). Assume that the beam energy is equal to the
Coulomb barrier [”.. The mass defect of each nuclide is composed of a macroscopic part
M" due to the liquid-drop-like properties of nuclei (see Sec. 1.3.2) and a shell correction .§
due to quantum mechanical effects in the nucleus (see Sec. 1.3.3). Thus,

E =V +[(M; +S8)+(M; +5,) = (M¢y + Sl - (1.33)
Using the Coulomb barriers calculated from Eq. 1.13 with masses and shell corrections
from [Myers1994], the following results were obtained. For the “Ni + **Pb — *’Ds’
reaction, 1~ = 242.4 MeV, Q = -222.8 MeV, and E* = 19.6 MeV. For the
#Si + **Cm — *Ds’ reaction, 17, = 147.2 MeV, Q = -56.7 MeV, and E* = 90.5 MeV!
This large difference in excitation energy between the two examples gives rise to the names
cold and hot fusion. (In a more realistic example of hot fusion, the **Si + **Cm — *"*Ds’

reaction has V. = 144.6 MeV, Q = -95.7 MeV, and E* = 48.9 MeV).
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Equation 1.31 shows that the excitation energy of the compound nucleus is
determined by the relative sizes of the Coulomb barrier and reaction Q-value. In the
examples, the cold fusion reaction has a much larger Coulomb barrier, but the Q-value is
sufficiently negative to result in a cold compound nucleus. The hot fusion reaction has a
smaller Coulomb barrier but the Q-value is much less negative. When looking at the mass
defects and shell corrections used in the calculations, it becomes obvious that the main
influence on the Q-values is the macroscopic energy, rather than the shell correction.
Macroscopic energies are on the order of tens to hundreds of MeV (positive or negative),
while a large shell correction is only -10 MeV. In the *Si + **Cm reaction, the
macroscopic energies of the reaction partners are high: **Si has a large surface energy
because of its small size and ***Cm has a large Coulomb energy because of its high Z. In
comparison, the cold fusion reaction uses the heavier projectile “Ni and the lower-Z target
*®Pb. The overall reaction Q-value is more negative, meaning that more beam energy will
have to be converted to mass to form the compound nucleus, and the excitation energy is

lower.

1.3.5. Stability of the Transactinide Elements and New Shells

The previous section ended with the conclusion that the macroscopic component of
nuclear masses is the most important in determining the excitation energy of a compound
nucleus. However, without the influence of shell effects, the transactinides would not
exist.

In a classic paper, Myers and Swiatecki [Myers1966] noted that the influence of shell
effects could increase the fission barriers for heavy nuclei and thus their fission half-lives.

They combined a macroscopic liquid drop model with a microscopic shell correction
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energy to make plots of the nuclear potential energy as a function of Z, N, and the nuclear
shape. Calculations using only a liquid-drop potential indicated that the fission barriers of
elements with Z > 104 should decrease to zero (see, for example, Fig. 1.12), with a
corresponding rapid decrease in spontaneous fission half-lives. The prediction
[Myers19606] of larger fission barriers on the order of several MeV led to new hope that
SHEs could be produced artificially and might even be found in nature, although this latter
expectation was never borne out [Hoffman2003]. (There was also the recognition that the
experimental techniques then available were not sufficient to investigate such nuclei
[Sikkeland1967]). The hope for artificial production manifested itself in the concept of an
“island of stability,” a region of unusually high nuclear stability amongst a sea of unstable
nuclei. The location of this island has been the subject of continuous debate among
nuclear theorists, with predictions for the next spherical doubly-magic nucleus ranging
from Z = 114 and N = 184 [Sobiczewskil 966, Meldner1967] to Z = 120 and N = 172
[Rutz1997] to Z = 126 and N = 184 [Meldner1967, Cwiok1996].

Additional theoretical calculations predicted the existence of deformed shells at Z =
108 and N = 152, 162 [Sobiczewskil987, Patyk1991]. Patyk and Sobiczewski [Patyk1991]
also showed theoretically that higher-order deformations influence substantially the

stability of nuclei in this region. The existence of these deformed shells was demonstrated

by the production of the long-lived seaborgium isotopes . Sg .., (half-life 7.4")> s) and

2989, (half-life 21" s) [Lougheed1994, Lazarev1994, Tiirler1998]. More recently,
Turler ez al. [Turler2003] reported the possible observation of the doubly magic nucleus
270

108 HS1, - With the experimental confirmation of these new deformed shells, the island of

stability concept has been modified. It is still likely that a region of spherical, shell-
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FIG. 1.13. Shell correction energies for nuclei beyond **Pb. The units are MeV. Plus
signs represent nuclei known in 1998. Note the local minimum at Z = 108 and N = 162
and the larger minimum near Z = 114 and N = 184. Adapted from [Sobiczewski2001].

stabilized nuclei exists around Z > 114 and N = 184, but it is not an isolated region of
much greater stability only. Instead, there is a “peninsula” leading from the deformed,
shell-stabilized nuclei at Z = 108-110 to the predicted spherical nuclei around Z = 114,
This peninsula is shown graphically in Fig. 1.13.

It is clear from the preceding paragraphs that the locations of the next spherical shells
above Z = 82 and N = 1206 are not entirely clear. Theory is unable to definitively provide
the location of the next spherical shell as it did with the 2, 8, 20, 28, 50, 82, and 126 shells.

Thus, it is left to experimentalists to probe the question. The nuclei studied in the present

271 272 261,262 : :
work (7;,Ds,,, "111,,,, and 7 ;Bh ., ,5;) are part of the extension of the peninsula of
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stability. The impressive accumulation of knowledge from experiments done to study

nuclides in this region is leading to a better understanding of the limits to nuclear stability.

1.4. Scope

In this dissertation, experimental investigations of the production of neutron-deficient
transactinide isotopes using novel cold fusion reactions involving odd-Z projectiles are
described. The **Pb(**Ni, n)*"'Ds reaction was studied first for the purpose of measuring
its excitation function. This reaction has been studied by groups at GSI [Hofmann1998],
RIKEN [Morita2002, Morita2003, Morita2004c, Morita2004d], and LBNL [Ginter2003].
Ginter ez al. had only observed two *"'Ds decay chains at a single energy. The excitation
function for this reaction was completed and used to test the BGS magnet settings and
data acquisition system. This reaction also allowed us to properly estimate the beam
energy for the second reaction, **Pb(*Cu, n)”*111. The second reaction is new and was
used to test the theories discussed in Sec. 1.2.1.2 and 1.2.2. This experiment also served as
a confirmation of the discovery of element 111 using a different reaction.

The third reaction studied was the production of **’Bh isomers in the **Pb(*’Mn, n)
reaction. This reaction has also been studied previously but the experimental techniques
were not suitable for an accurate excitation function measurement. The reaction allowed
testing of the “optimum energy rule” and cross section calculations using a reaction with a
much higher cross section. These results are compared with the analogous
*Bi(**Cr, n)**Bh reaction to produce the same isomers and facilitate investigation of the
isomer production ratio as a function of excitation energy.

In addition, new calibration procedures were developed for the multitude of detectors

used in the experiments.
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2. Experimental Apparatus: The Berkeley Gas-filled
Separator

The main apparatus used in the experiments described in this work is the Berkeley
Gas-filled Separator (BGS). This device uses a series of three magnets to provide physical
separation of complete-fusion-evaporation products of nuclear reactions from transfer
reaction products and unreacted beam. It is a high-transmission recoil separator that has
been used in a variety of heavy-element physics experiments (see, for example,
[Patin2002a]) and has been modified for use as a pre-separator for heavy-element
chemistry experiments (see, for example, [Kirbach2002, Omtvedt2002, Sudowe2002]).
The BGS has been described previously [Gregorich2000, Ninov1998], but important

features and improvements will be described in the following sections.

2.1. Targets

The BGS is shown schematically in Fig. 2.1. The Lawrence Berkeley National
Laboratory (LBNL) 88-Inch Cyclotron delivers a beam of the desired projectile to Cave 1.
The beam enters the BGS target chamber (upper left in Fig. 2.1) after passing through a
series of focusing magnets and a collimator. The evacuated beam line is separated from

the gas-filled separator by a "C entrance window which has a typical thickness of 45 + 5
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FIG. 2.1. Schematic of the Berkeley Gas-Filled Separator. See the main text for a
discussion.

ug/cm’. Multiple entrance windows are mounted on a telescoping arm so that windows
can be changed quickly when one breaks. Window breaks occur roughly every 24-72
hours during normal high-intensity experiments due to the intense radiation damage
windows suffer from the beam. After passing through the entrance window, the beam
traverses 0.5 cm of He fill gas at 0.5-0.9 torr which has a negligible effect on the energy of

the beam.

2.1.1. Rotating Wheel Targets

Nine arc-shaped target segments were mounted around the periphery of a 14-inch
diameter circular wheel. This wheel rotated at ~450 rpm during the experiments. The
purpose of the rotation was to minimize the time each target spent in front of the beam

and to maximize the time spent out of the beam, which maximizes cooling. A stationary
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lead target subjected to full beam intensity in a heavy-element experiment would quickly be

melted because of the low melting point of lead (327°C).

2.1.2. Target Characteristics

After passing the fill gas the beam strikes the target backing. These backings are used
to support the main target material and are attached to frames made of aluminum or
stainless steel. The most common targets used in BGS experiments are *’>**Pb, *”Bi, and
»®UF,, although ***Pb is used exclusively in this work. The backings (35 £ 5-ug/cm’ "C)
have **Pb sputtered on them to a thickness of 0.47 + 0.06 mg/cm®. The isotopic
composition of the Pb was determined by commercial inductively coupled plasma mass
spectrometry to be 98.4% ***Pb, 1.1% *""Pb, and 0.5% **Pb. The Pb layer was covered
with a 5 % 2-ug/cm’ ™ C cover foil to prevent loss of target material caused by the beam.
These Pb targets were prepared by the target laboratory of the Gesellschaft flr
Schwerionenforschung (GSI) in Darmstadt, Germany.

Target thicknesses were verified by measuring the energy loss of alpha particles emitted
from a three-peak alpha standard source (*’Pu, **' Am, and ***Cm) passing through the
backing, target, and cover foil. The alpha particles typically lost 130-150 keV of energy
while traversing the targets. This information, combined with range calculations from the
SRIM-2003 computer code [Ziegler2003], allowed for the determination of the target
thicknesses. This same code was used to determine cyclotron beam energy losses in the

entrance window, backing, target, and cover foil.
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2.1.3. Stationary Targets

An additional telescoping arm has five target positions that can each hold a single
stationary target. Isotopically enriched medium-mass nuclides are often used as targets for
test reactions and calibrations. Among the targets used in this work are ''°Sn, '*’Sn,
"BaBr,, "Cs™1, etc. During the primary experiments described in this work, this arm is

in its fully retracted position.

2.2. Rutherford Detectors and Cross Section Calculations

The experiments described in this work involve the use of the high-Z target material
lead (Z = 82) being bombarded by medium-mass projectiles, such as “Cu (Z = 29). Due
to the high charge of the target nucleus, there will be a significant Rutherford scattering
cross section and many projectiles will be scattered at large angles. This fact can be used
to monitor the beam intensity during the experiment and calculate the reaction cross
section once the number of observed decay chains has been determined.

Two p-i-n diode detectors are mounted at an azimuthal angle of 27.2 £ 0.1 degrees to
the beam axis for the purpose of measuring projectiles scattered by the target. Upstream
of these detectors are four wire grid screens to reduce the number particles striking the
detectors, preventing excessive radiation damage. The screens’ total scaledown factor, or
ratio of transmitted particles to incident particles, has been measured previously to be
(1348 £ 20)" [Peterson2004]. Particles transmitted through the screens then pass through
a circular collimator. The total distance from the target to the Rutherford detectors is
292+ 1 mm.

Given a cross section o, beam intensity I, and areal density of target atoms NN, the

production rate R in the reaction channel of interest is [Krane1988]
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R =0oNL 2.1)
This equation assumes that [ and N, are constant. While it is safe to assume that NN, is
constant over the course of an experiment since very few target nuclei are involved in
nuclear reactions, there may be large fluctuations in I due to changes in the performance

and efficiency of the accelerator and ion source. We will see that these fluctuations can be
ignored. If Eq. 2.1 is applied to Rutherford scattering, then o would be the total

Rutherford scattering cross section 0y,,. Since the Rutherford detectors are collimated at
a fixed laboratory angle to the beam, we are really interested in the differential Rutherford

scattering cross section doy,, /dw , given by [Segre1977]

2.2)

b

2 2 2.2
doy,, _[ AV } 1 (cos e)i\/l—(;%/mz) sin” @
dw 47, (2E,,) ] sin' @ \/1 —(m, [/ m,)*sin® @

where Z, and Z, are the respective atomic numbers of the projectile and target, E,, is the
lab-frame projectile energy, 7, and 7, are the respective masses of the projectile and target,
and Ois the lab frame scattering angle. The positive sign must be used before the radical if

my < my. 1f my > mr, then both the forms must be calculated and added together. (In the

experiments described in this work, 7, is always less than 7). If 7 represents the length of
the irradiation and &, is the detection efficiency, then the number of Rutherford-

scattered particles observed N, 1, is given by

do

N & t=Epy—22 NIt (2.3)
dw

obs, Ruth — € Rauth Ry

Ep.u 18 the product of three factors, the Rutherford detection efficiency &, ,, = 1.00 £

0.05, the screening scaledown factor ~ (1348 £ 20)"', and the fraction of space at 27.2°

g.f creen
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subtended by the collimator Q = (2.1 £ 0.2) X 10*. From Eq. 2.3 we can calculate the

product N, J#
obs , Ruth
N It = : . (2.4)
Sdet, Ruth gu‘rem Q (dO-Rﬂt/J / da))
N, rus can be measured easily by integrating an appropriate region of the Rutherford
spectrum. The reaction cross section 0, can now be calculated:
Na/ﬂ.r,rxﬂ = gdel, DmRDmf = gdel, mﬂarxﬂszIt (25)
N[}/ﬂ' ~n
=0 . (2.6)

mon
gdel, n Nl If

where N

s, nn 18 the number of atoms or decay chains observed and ¢, ., is the reaction
product detection efficiency. Since o, , depends only on the integrated dose I7, any
fluctuations in [ are accounted for naturally by the measurement of N, ,,. Once NJ#is

known, the integrated dose can be determined if [N, can be established by some

independent means, such as the alpha particle energy loss measurements described in Sec.

2.1.2.

2.3. Magnets

2.3.1. Introduction

Only a small fraction of the interactions between the projectile and target will result in
the complete fusion of the two and the large forward momentum of the projectile will be
transferred to the compound nucleus. After the rapid emission of neutrons from the

compound nucleus, the resulting EVR recoils out of the target and into the first magnet.
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The innovative design of the BGS features a quadrupole magnet (Q1) followed by a
gradient field dipole magnet (M1) and a flat field dipole magnet (M2); see Fig. 2.1. The
quadrupole magnet provides vertical focusing at the expense of horizontal defocusing.
The net effect is to increase the size of the BGS EVR acceptance cone to a relatively large
45 msr. Unfortunately, having the only quadrupole magnet so far from the focal plane
results in a large focal plane image and requires a large detector to cover that image. The
focal plane detector is discussed in Sec. 2.4. The BGS also has a large bending angle (70°)
which provides excellent separation of the EVRs from transfer reaction products and
unreacted beam. The separation factor is on the order of (1-10) X 10'. This large
bending angle results in a large dispersion, so that a 1% change in the magnetic rigidity
setting of the separator moves the focal plane image horizontally by 2 cm (see below for a
discussion of magnetic rigidity). Again, a large focal plane detector is needed to
compensate for the large dispersion. Such a detector is in use, so the full capabilities of
the BGS can be utilized.

After being focused by the quadrupole magnet, EVRs pass into the first of the two
dipole magnets. It is in these dipoles that the actual separation of EVRs from the beam
and transfer products occurs. The BGS uses the principle of magnetic rigidity for

separation. In the presence of a magnetic field perpendicular to the direction of motion, a
charged particle will curve under a Lorentz force vector F= q(v x B) , where ¢ is the
charge on the particle, 7 is the velocity vector, and B is the magnetic field vector. In
scalar terms, this simplifies to ¥ = guB, which must also be equal to the centripetal force
on the particle F = mv’/ p, where m is the mass of the particle, » is its velocity, and p is the

radius of curvature of motion. Solving these two relations for the product of field strength
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and radius gives the magnetic rigidity Bp = mv/¢. The radius of curvature p is constant
and fixed by the design of the gas-filled chamber. Thus, selecting the magnetic field
strength B allows for the selection of the magnetic rigidity of those particles that will be
transmitted to the focal plane detectors. A corollary of this discussion is that any two
particles with the same magnetic rigidity will traverse the BGS to its focal plane, regardless

of their identity.

2.3.2. Evaporation Residue Charge States in Helium

It is necessary to know the magnetic rigidity (equal to 2/ q) of the EVRs expected
before B can be selected. This is one of the most challenging and important problems in
the use of a gas-filled separator. The mass 7 can be obtained easily from mass tables or
approximated using the EVR’s mass number. The velocity » can be estimated using
kinematics. The difficulty lies in the estimation of the charge state g. The EVR will
experience collisions with the atoms in the He fill gas while moving through the BGS and
may gain or lose electrons. After a large number of collisions, the EVR should have an
electronic state with a charge close to a predictable average charge g . It should be noted
that He is not the optimum choice for the fill gas due to its high first ionization potential.
H, would be more effective because of its lower first ionization potential but is not used
for safety reasons. It has been known for some time that g oc w7 , where Z is the atomic

number of the EVR (see [Betz1972] and references therein). #is usually expressed in units

of the Bohr velocity », =¢” /(2¢,h) = 2.188 x 10° m/s (the classical velocity of the 1s

electron in a ground-state hydrogen atom) so that

7 oc (o))" 2.7)
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Several researchers have suggested formulas for approximatingg in dilute He. Ghiorso ez

al. [Ghiorso1988] suggested the following formula based on the work of Betz [Betz1972]:

=1-C,exp [_ C, (”/”0 )Z_2/3]’ (2.8)

N =l

where C, and C, were experimentally determined to be 1.04 and 0.91, respectively. The

dependence of 7 on (¢/2,)Z"” in Eq. 2.8 can be seen by using the approximation C, ~

C, ~ 1 and keeping the first two terms of a Taylor series expansion about (/)2 = 0.
Morita et al. [Morita2003] have proposed

7=0.62(v/v,)2" 2.9)
when (v/2,)Z"” is in the range 10-20. More recently, Gregorich [Gregorich2004] has

suggested the following formula based on an analysis of the data presented in Fig. 3 of

Ghiorso et al. [Ghiorso1988]:

gzpx+r+xsin{i—72r[z—(px+r)—t]} 2.10)
=px+r+gq,

where x = (v/1) 7", p = 0.641, r = -0.235, s = 0.517, # = 74.6, and ¢,,, is the sinusoidal

component. The factor of 32 comes from the length of rows six and seven of the periodic

table (see Fig. 1.1) including the lanthanides and actinides, so that the sinusoidal correction

to the charge state completes one period per row. Figure 2.2 shows a plot of

.y - 4. Versus x for the charge state data in [Ghiorso1988], illustrating the linear

component of Eq. 2.10 (g,,, is the experimentally observed charge state). This formula has

proven very useful for the prediction of charge states for the BGS and was used to aid in

the selection of magnet settings for the **Pb(*’Mn, n)**’Bh experiment described in

Chapter 5.
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x=(v/v)Z"

FIG. 2.2. Experimental charge states of EVRs in He. The data are plotted as ¢,,, - ¢,
where ¢, is the experimentally observed charge state [Ghiorso1988] and ¢, is the
sinusoidal component of Eq. 2.10. The line is the linear component of Eq. 2.10. Note the

quality of the fit from 7 < (v/2,)Z"? < 17, which includes the values of (/2,)Z"” studied in
this work.

Once the expected (mean) charge state ¢ has been calculated, the desired field can be

produced in the magnets using the currents given in Eq. 2.11 below. These equations give
the currents as a function of the magnetic rigidity and the desired ratio R = I(M2)/I(M1)
[Patin2002b, Gregorich2004]:

I(Q1) = (765 AT' m") Bp, (2.112)
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(M) bp AT m™

= , (2.11b)
0.002467 + 0.002016R
I(M2) = bp AT m™. @.11¢)
(0.002467/R) + 0.002016

The optimum value for R has been determined experimentally to be 1.69.

The main purpose of the BGS is to separate EVRs from unreacted beam and transfer

reaction products. Since 7 oc (/) 2" oc 17", we have

Bo=mv/qgocmw/(wZ"y=mZ">. Z' varies slowly with # so that heavier complete

fusion reaction products have higher magnetic rigidities than the beam and lighter transfer
reaction products. (This idealized discussion ignores the variation in electronic properties
represented by the sinusoidal correction in Eq. 2.10, which can be significant). Selecting a
magnetic field corresponding to a high magnetic rigidity allows complete fusion EVRs to
pass freely through the separator to the focal plane detector array. Unreacted beam has a
lower magnetic rigidity and thus a lower radius of curvature, and will collide with the

tantalum beam stop along the inner edge of the gas-filled chamber as shown in Fig. 2.1.

2.4. Focal Plane Detector

2.4.1. Introduction

A new detector array was installed at the end of the BGS prior to these experiments.
A picture of this detector is shown in Fig. 2.3. This focal plane detector array (hereafter
called just the “focal plane”) is made from 14 detector “cards,” each containing a wafer of
Si divided into 16 position sensitive strips. These cards are 60 mm X 60 mm with an
active area of 58 mm X 58 mm. Fach strip is 58-mm tall and 3.625-mm wide, including a

0.5-mm gap between adjacent strips. The 300-um Si wafers are fully depleted, and
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FIG. 2.3. The BGS focal plane detector array. The main strip detectors are in the back
facing the reader. Upstream detectors are perpendicular to the strips and protrude roughly
from the edges. Punch-through detectors (not visible) are mounted behind and parallel to
the strips. The detector is shown sitting upside-down on a desk. In an experiment, the
whole focal plane assembly hangs in the detector box by the bottom baseplate. Note that
the smooth surface of the strip detectors creates a reflection. The scale on the ruler (lower
center) is inches.

mounted on a 1500-A Al layer. Each card is glued to a circuit board and its strips are

connected to signal cables by wire bonds. The strips are biased at +30-40 V.
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The most important bank of cards is the one perpendicular to the direction of travel of
incoming EVRs. Three cards are mounted side-by-side giving a total of 48 strips. These
strips are numbered so that 0 is on the high magnetic rigidity end of the focal plane and 47
is on the low end. Signals are produced from both the top and bottom of the strip when
an EVR implantation or radioactive decay occurs, allowing the vertical position of events
to be determined. In this dissertation, “position” always refers to vertical position in a
strip detector. The position of any event is determined by resistive charge division, so that

the position is [Alberi19706]:

Position ~ 2~ 2.12)
Qr +Qp

where Q is the charge collected at the top of the strip and Qj is the charge collected at the
bottom of the strip. This definition gives positions from -1 to +1, where -1 is at the
bottom of the strip and +1 is at the top of the strip. Multiplying this position by half the
strip height gives the absolute position P. The energy of any event is proportional to Q; +
Q. Determining the position and energy of events is discussed in more detail in the
following sections. The EVRs studied in this work are implanted to a shallow depth (<10
um), and the geometric probability of any particle emitted fully stopped in these detectors
is ~55%. The circuit boards supporting these cards have a large square hole in the center
to allow the transmission of particles through the strip detectors with ranges greater than
the sum thickness of the Si and Al. These particles are discussed below.

Eight “upstream” detector cards are mounted perpendicular to the main strip detectors
with a gap of ~5 mm. Three cards are mounted above and three below and one card is
mounted on either side of the main detector cards. This leads to the five-sided box

configuration seen in Fig. 2.3. These upstream detectors provide additional detection
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efficiency (~25%) for alpha particles and fission fragments emitted from the face of the
main detectors. On each upstream card, sets of four adjacent strips are wired to function
as one, so that only four effective detectors exist on each card, for a total of thirty-two.
Only one signal is collected from the upstream detectors so they are not position-sensitive.

Three “punch-through” cards mounted behind the main strip detectors provide a veto
for light, low-ionizing particles which pass through the main strips. These particles are
typically protons or alpha particles which can be the result of evaporation reactions in the
target material, elastic scattering of the He fill gas, or nuclear reactions in the tantalum
beam stop. Like the upstream detectors, sets of four adjacent punch-through strips are
connected so they act as one, for a total of twelve punch-through detectors. Again, only
one signal is recorded so there is no position sensitivity. Typically, the punch-through
detectors are not calibrated; an above-threshold signal in a punch-through detector vetoes
any coincident signals in other detectors.

A multi-wire proportional counter (MWPC) is placed 9 inches upstream of the main
strip detectors for the purpose of discriminating implantation events from radioactive
decays. The MWPC has two thin Mylar windows (0.9-um each) on the upstream and
downstream sides which contain isobutane fill gas at a pressure 0.5 bar above the BGS
detector box pressure of 0.5-0.9 torr. The MWPC is biased at +400-500 V into the
negative high voltage terminal. Any EVR passing through the MWPC initiates a process
of charge multiplication, and this charge is collected at electrodes on the top, bottom, left,
and right sides. These four signals are recorded by the data acquisition system.
Additionally, a signal in the MWPC starts the clock on a time-to-amplitude converter. The
stop signal is provided by the main strip detectors, so that a time-of-flight can be

measured.
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2.4.2. External Calibration Sources

A proper calibration is critical to the success of any nuclear science experiment. The
calibrations needed for the experiments described in this work are complex: standard one-
dimensional linear calibrations can be used for the upstream detectors, but the main strip
detectors (hereafter referred to as “focal plane strips” or just “strips”) require the
deconvolution of two energy signals, which increases the complexity. Additionally, a
position calibration is required for the strips.

A new strip calibration parameterization was developed for this work. This
parameterization includes a linear component with a simple gain and offset for an “energy
parameter” linearly proportional to energy. Additionally, a position-dependent quadratic
component was added which acted as a resolution-sharpening correction. A new
algorithm was developed which could perform all the necessary steps automatically, once

the appropriate calibration data is acquired.

2.4.2.1. Strip External Energy Calibration

Each calibration starts by acquiring data from a four-peak external alpha-particle
source. This source contains samples of four nuclides: "*Gd (3182.787 keV, 100%
branch), *’Pu (5156.59 keV, 73.3%), **' Am (5485.60 keV, 85.2%), and **Cm (5804.82 keV,
76.4%) |Firestone1996]. It is instructive to begin by examining some raw data produced
from these sources. Figure 2.4 shows the external data acquired in strip 3 prior to the
*'Ds experiment described in Chapter 3. The abscissa is the channel number B from the
bottom of the strip and the ordinate is the channel number T from the top of the strip.
This (B, T) coordinate system will be used throughout this discussion. Each line of data in

the figure corresponds to one alpha line from the source. If the (B, T) coordinate system
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is rotated through the angle @ shown in Fig. 2.4, then the result is the (#, ) coordinate
system (here » is unrelated to the velocity discussed in Sec. 2.3.2). Clearly, energy is
increasing in the direction of the » axis; a projection of the (B, T) data onto the » axis
produces a one-dimensional spectrum which can be calibrated using standard techniques.
This lies at the heart of the energy calibration.

Before the projection can be done it is necessaty to determine the angle 8. An

inspection of the data in Fig. 2.4 reveals that the slope of each line of data can be
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FIG. 2.4. Raw calibration data from focal plane strip 3, taken just before the *"'Ds
experiment described in Chapter three. Half of all events were randomly removed for
clarity of presentation. The source of events is a four-peak source described in the main
text. Rotation of the (B, T) coordinate system through the angle @ gives the (#, »)
coordinate system. A line with slope 7, is shown. See the main text for a discussion.
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FIG. 2.5. Linear energy parameter spectrum for the data in Fig. 2.4 showing the four-peak
source. This data comes from strip number 3 and was taken directly before the *"'Ds
experiments described in Chapter three. The optimized value of 7, used to produce the
spectrum was -0.98854.

characterized by a “common slope” 7, that is a property of the strip. Note that ||
represents the ratio of gains in the top and bottom ADCs and that 7, < 0. Assume for

now that 7, can be obtained by some means; a procedure to determine 7, will be described
later. Once 7, is known @ can be found by solving

tan@=m ,31/2<0<2x . (2.13)

Once @is known, the conversion between the (B, T) and (%, v) coordinate systems is:
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#=Tsin @+ Bcos 0,

2.14
v="T cos 8 — Bsin 6. (2149
Since @is known, sin @and cos @ can be determined as a function of
sin@=——2d - " ,m, <0,
\/wz +1 \/mz +1
1 (2.15)
cos O = ——.
' +1
The explicit form of Eq. 2.14 is thus
m 1
u="T —+ B ,
2 2
A7+ A+
"1 ' (2.16)
—m
E'=v=T +B -
1[777[2 +1 1[;77[2 +1

where E' is the “energy parameter,” a number lineatly proportional to energy. Figure 2.5
shows the E' spectrum for the raw data in Fig. 2.4. The peaks are found in the spectrum
by initially setting a horizontal line at a threshold equal to the number of counts in the bin
with most counts. This threshold is lowered and the number of peaks it intersects is
counted at each step. Once it intersects the correct number of peaks (four), this threshold
is recorded. The lowering continues until it no longer intersects four peaks (that is, has
dropped into the noise), and this threshold is recorded. Finally, the threshold is raised to
some preset level between the two recorded thresholds (usually the lower value plus 70%
of their difference). This puts the threshold above any shoulders caused by branches with
low intensity. A centroid is calculated for each peak using only those counts above the
tinal threshold. It is then simple to do a linear regression of the true alpha energy versus

the centroid locations. If 7, and b}, are the slope and intercept of this regression,

respectively, then the alpha energy E as a linear function of E' is
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E=m.E + b, (2.17)

The preceding discussion assumes that the common slope 7, has already been chosen.
A simple procedure to determine 7, is to make an initial guess (usually -1) and produce an
E' spectrum using Eq. 2.16. The peaks are found; each peak defines a separate gate for
the data. A linear regression is performed on all data points in the (B, T) space that fall
within the gate and the slopes are averaged. This average slope becomes the guess for 7,
in the next iteration. The process continues until two successive guesses differ by less than
some predefined limit. This algorithm tends to find the correct value in less than five to
ten iterations as long as the initial guess is within ~15% of the true value.

A close inspection of the data in Fig. 2.4 reveals that the “lines” formed by the alpha
particles are not really lines at all but are slightly curved. This is likely due to the presence
of charge-trapping sites caused by radiation damage from previous experiments. This
damage is preferentially in the center of the detector and results in less charge collected at
each end of the strip, smaller signals digitized by the ADC, and a data point closer to the
origin. Let us assume that each “line” can be represented by a parabola of the form » =
an’ + bu + ¢ Itis simple to show that the vertex of this parabola (#,, ) is

(3, 1) = (-b/[2a], c — 1/ [4d]). (2.18)
Since all points on the parabola have the same alpha energy E, 7, can be used as the new
parabolic energy parameter E”. Given a point (#, 1) [represented in the data as (B, T)], the

energy parameter is found from
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FIG. 2.6. Quadratic coefficients of the parabolic fits to raw calibration data in Fig. 2.4 as a
function of the linear energy parameter 4J. Each point represents the data from a single
calibration source. The fits were done in the (%, ) coordinate system. The dashed line is

an exponential fit to the data shown, so that .4 = 0.0000580 and C = -0.00123.
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E"=vy=v—a(u—u,)

2
T—mB Tm, +B J
= —a u,
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after Eq. 2.16 is applied. For convenience, define

\/mf+l

J=T-mB,
K="1Tm + B
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FIG. 2.7. Linear and quadratic energy parameters for raw calibration data in Fig. 2.4. The
quadratic energy parameters were calculated using optimum values for ¢, £, ¢°, and C.
Note the improvement in resolution resulting from the use of quadratic energy parameters
instead of linear ones.

so that

E"=d] +a(eK’ + K+ g), (2.21)
where d = (m> + 1), e = -(m? + 1), f= 2uy(m” + 1)"?, and g = -#,". Notice that ] is the
“linear” energy parameter E' defined in Eq. 2.16. Lastly,  must be defined. Examining
Fig. 2.4 shows that, as alpha energy decreases to zero, the curvature of the corresponding

parabola increases because the phase space of channel numbers is becoming smaller. The

curvature of a parabola is defined by « so this was made a variable parameter in the
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FIG. 2.8. Final alpha-energy spectrum produced for raw calibration data in Fig. 2.4 using
optimized values for the constants in Eq. 2.24. From left to right, the alpha peaks are
from '*Gd, *’Pu, *' Am, and **Cm. The FWHM of each peak is ~40 keV and the
standard deviation is ~17 keV.

calibration rather than a constant. Figure 2.6 shows « as a function of 4] with an
exponential fit to the data. A linear fit could have been used, but if 4] were sufficiently
large then 2 would be negative, causing the parabola to curve in the wrong direction. An
exponential parameterization prevents this problem. Thus, « is defined as

a= Ae“. (2.22)
A and C are obtained through regression. With this definition, E" can be rewritten (Eq.

2.21) as
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E" = df + (K> + fK + g) A
=df + (K> + fK + g k! 22
where ¢’ = eA = -A/(m’> + 1), [ = fA=2u,Am? + 1), and g’ = g4 = -Au,’. Figure 2.7
shows a comparison of the linear energy parameter E' spectrum and the quadratic energy
parameter spectrum E". Note the improvement in resolution obtained by adding the
parabolic correction for the radiation damage.
As in Eq. 2.17, a standard linear calibration of the E" spectrum giving slope #}, and

intercept 47, leads to the following parameterization of the energy E:

E=mwlE"+ b}
= my, [d] + (e'K2 + 'K+ g')fc’{/ ]+ by,
= (mgdj + by, ) + (m'k'fe'Kz + i} f'K + mﬁg')f@[

=(D] + 1)+ (EK*> + FK + G)e ',

(2.24)

The final line is the parameterization of the energy. The external calibration constants are

"

D=nld=—"01_ (2.25a)
w/mf +1
=0, (2.25b)
"1 _”/CA
E=m.e = 2 i_ O (2.25¢)
2 I!vA
F =) =" (2.25d)
N +1
G=wmlg =—mlAu’, (2.25¢)
H:—Cdzi, (2.25f)
' +1
J=T-mB, (2.259)
K=Tm + B. (2.25h)



The final alpha-energy spectrum from this parameterization is shown in Fig. 2.8. The
FWHM of each peak is ~40 keV and the standard deviation is ~17 keV. Note the
shoulder in the *’Pu peak which can be assigned to the alpha emission line at 5105.5 keV
(11.5% branch). The other major emission line (5144.3 keV, 15.1% branch) is not
resolved and appears under the main peak at 5156.59 keV (73.3% branch). Small
shoulders can be seen in the **' Am and ***Cm peaks which are due to the minor lines with
energies 5442.80 keV (13.0% branch) and 5776.27 keV (23.6% branch), respectively. For
comparison, note the more symmetric peak produced by monoenergetic '**Gd alpha

particles with energy 3182.787 keV.

2.4.2.2. Upstream Energy Calibration

Each upstream detector produces only one signal, so a plot of counts versus channel
resembles Fig. 2.5. The peaks were found in this spectrum and the centroid of each peak
calculated. A regression of the known alpha energies versus the centroids produced a
simple linear calibration. Since no quadratic resolution sharpening could be done with
only one signal, the FWHM of each was typically ~70 keV with standard deviation ~30
keV. In an actual experiment, alpha particles which escape from the front of the strip
detectors can impinge on an upstream detector. The standard deviation in the energy of

these “reconstructed” alpha particles was ~45 keV.

2.4.2.3. Strip Position Calibration

Positions within the strip detectors are measured using resistive charge division, so a
charge-to-position calibration must be obtained. Using Eq. 2.12 as a guide, the observed

position parameter P, of a point (B, T) is defined as
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FIG. 2.9. Observed position parameters for raw calibration data in Fig. 2.4. Sample
values for x and y are shown; see the main text for a discussion.

, T +mB
obs T—M[B.

(2.20)
The signs are reversed relative to Eq. 2.12 because 7, is defined to be negative. As with
Eq. 2.12, this definition should give a spectrum that evenly spans the continuum from -1
to +1. In reality, this is not the case, as is shown in Fig. 2.9. This occurs because Eq. 2.12
assumes that an alpha particle emitted from the calibration source implanted at either end
of the strip will see an infinite resistance to the other end of the strip. Thus, some data

points should be observed with either the top or bottom channel equal to zero. As can be

seen in Fig. 2.4, the parabolas do not completely reach either axis. Alpha particles are
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emitted isotropically from the calibration source and will be implanted uniformly

throughout the strip, so a correction must be applied to P

e
In Fig. 2.9, two points labeled x and y are indicated. These are intended to represent
the “limits” of the data as defined by some reasonable standard. Typically, x and y are
chosen so that 0.5% of the distribution lies outside either end of [x, y] (1.0% total). Once
x and y are chosen, the goal is to adjust the distribution so that it covers the range from -1
to +1. This is easily accomplished by recentering the distribution on zero (using an offset

) and “stretching” it so that it fills the desired range (using a multiplier »):

= (e t0)/2, (2.27a)
w=[1-CD]/ (- =2/-x). (2.27b)
The actual position parameter P'is defined as
P'=w(p), -2)
=wh, —w3
+
-2y 2 b)) .29
y=x " =x) 2
+
-—2_p, + 222
J—x xX=J
= R‘Po'bx + S’
where the position calibration constants are
R=2/(@-x), (2.29a2)
S=(x+y)/ (x—y). (2.29b)

Once P’ is known, the actual position P in mm is found by multiplying by the strip half-
height (29 mm):
P =29P" mm (2.30)
The algorithm described above for calibrating energy and position was implemented as

a C language computer code. Combined with a program to read the binary data from disk,
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FIG. 2.10. External-to-internal calibration correction. (a) Sum spectrum showing alpha
events from the ""*Sn(**Ni, xn)"*"*Pt (x = 4-6) and **Pb(*Ar, 3n)**Fm reactions with all
48 strip detectors combined. The abscissa represents the energy computed by using the
external calibration of Eq. 2.24. Major peaks are labeled with the true alpha decay energy
in parentheses (data taken from [Firestone1996]). (b) Plot of true energy versus observed
energy for the spectrum in part (a). A linear fit to the data is shown.

this code performs all the steps necessary to calculate the energy calibration constants 7,
D, I, E, F, G, and H; and the position calibration constants R and . This code produced

separate constants for each strip which were saved in a new file for each experiment.

2.4.3. Internal Calibration Data: Test Reactions

Even though external alpha-particle sources have been used for a preliminary

calibration, the calibration is not yet complete. The reason is that the alpha-particle
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sources are external to the strip detectors, whereas EVRs and their decay products are
implanted in the detectors. Although we are interested in alpha-particle energies, the
preliminary calibration described in the previous section gives the #7a/ energy deposited,
which may include the energy of the recoiling daughter nucleus and any gamma rays or
conversion electrons produced at the same time. A final correction is required.

This correction is obtained from test reaction data. At the beginning of each
experiment, a small amount of beam time is devoted to ensuring that the MWPC,
detectors, and electronics function properly. Using the same beam as in the primary
experiment, a lighter target with a higher cross section is used to produce alpha-decaying
EVRs which are implanted in the strip detectors. In the *’'Ds experiment the test reaction
was 'Sn(**Ni, xn)'*"*Pt (x = 4-6), which produces neutron-deficient platinum isotopes.
Additionally, the **Pb(*’Ar, 3n)**Fm reaction was used as a test at the end of the
experiment. “*Fm has a high-energy alpha decay (8150 keV [Nurmia1967,
Miinzenberg1981b]) which “anchors” the calibration at higher energies. *''Po was also
produced as a transfer reaction product. Figure 2.10a shows the alpha sum spectrum from
all 48 strips of these experiments with the important peaks labeled. Figure 2.10b shows a
linear fit of the true alpha-decay energies to the observed energies computed from the
external calibration. As expected, the slope of this line is less than 1, since more energy is
deposited than can be attributed to alpha decay alone. This slope and intercept are folded

into Eq. 2.24 to give the final low-energy calibration.

2.4.4. High-Energy Calibrations

The BGS data acquisition system uses CAEN N568B amplifiers for signal processing

and these provide both high- and low-gain outputs. (The data acquisition system is
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described in more detail in Sec. 2.5). Both outputs are digitized and recorded to the data
stream to give separate low- and high-energy signals. Any event with energy greater than
20-40 MeV, depending on position, will saturate either or both of the top and bottom low-
energy outputs, so the high-energy signals must be used to determine the energy and
position of the event.

Once the low-energy calibrations have been established using the algorithms described
in Sec. 2.4.2.1-2.4.2.3, the procedure for calibrating the high-energy branches is
straightforward. In short, the high-energy calibration program takes a set of experimental
data (not calibration source data) and looks for events that have both low- and high-energy
signals present, with the additional requirement that neither low-energy signal be saturated.
These data may consist of implantation events, fission events, or pile-up alpha events. If
T, and By, are the respective top and bottom channel numbers from the high-energy ADC
outputs define

Jy =Ty —mBy,. (2.31)
This definition is the high-energy analog to Eq. 2.20a. The true energy of the event is
calculated using the low-energy channels T'and B and a linear regression of this energy
versus [, is performed, with an appropriate minimum energy used as a gate to eliminate
nonlinearities in the ADC that may be present at low energies. If D,; and I, are the slope
and intercept of this regression, then the high energy E,; is

E,=D,J,+1,. (2.32)

Upstream detectors also have a high-energy output. Since only one high-energy signal
is recorded, the calibration can be done simply by regression of true energy (determined

from the low-energy branch) versus high-energy channel. As with the strip detectors, only
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events with above-threshold high-energy signals and non-saturated low-energy signals
above a minimum energy are included in the regression.
The position calibration for high-energy strip events is also straightforward. The

observed high energy position parameter PI;M is defined similarly to its low-energy

counterpart (Eq. 2.206):

' TH B meH
H,obs —

= . (2.33)
T,, +m B,

Gating on events with energy above a specified threshold, the Py, , spectrum is analyzed

to give x;; and y;;, the high-energy analogs of x and y (see Fig. 2.9). The slope R;; and
intercept S;; are computed using a derivation analogous to Eq. 2.28-2.30. The event’s

high-energy position parameter P/, and true position P, are then
Py = RHI)I'I,oIzr +5y, (2.34a)

P, =29P/ mm. (2.34b)

2.5. Data Acquisition

The data acquisition system used by the BGS is not complex. The initial signal
produced in a detector enters a standard preamplifier and is transmitted to the BGS data
acquisition system. The signal enters a CAEN N568B amplifier and a “fast out” signal is
sent to an MSU 1806 constant fraction discriminator (CFD). If the signal is above an
appropriate threshold, the CFD triggers a data readout by sending a signal to a trigger
module developed by the data acquisition group at GSI [Essel1992]. The minimum time
allowed between events is 11 ps, although if two signals are separated by less than this time

they can be stored as two separate “subevents.”
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Shortly after these actions, the N568B amplifier sends its processed “slow out” signals
(low- and high-energy) to CAEN V785 ADCs for digitization. Although the gain for high-
energy events is variable, the N568B fixes the gain ratio between high-gain and low-gain
signals at 10. If the trigger module has received a trigger signal, the ADCs will digitize any
signals above threshold.

Readout of the ADCs is controlled by the Multi-Branch System (MBS) program
developed at GSI [Essel1996, Essel2000]. The MBS also handles readouts of scalars and
bit registers associated with the experiment. The MBS runs on a RIO2 computer located
in a VME crate which also contains the ADCs. This computer runs the LynxOS operating
system which is designed for real-time performance with virtually no delay. The MBS also
handles the writing of data to disk for later analysis, and user input such as instructions to
start and stop data acquisition. Each signal is assigned a parameter number, which is
written to disk along the channel produced from the ADC.

The MBS can also be programmed to do an online correlation search for possible
heavy element decay chains. If a series of events is observed which matches predefined
criteria based on the decay properties of the isotopes of interest, the beam can be shutoff
quickly (~140 us) so that the remainder of the chain can be observed in an environment
with lower background. The shutoff parameters used are described with each experiment
in the following Chapters. To reduce the processing time required for the shutoff analysis,
only implantation events, alpha particles fully stopped in the strip detectors, and fission

events are included in the search.
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3. Production of ?"!'Ds in the *°*Pb(**Ni, n) Reaction

3.1. Previous Work

3.1.1. GSI Experiments

Element 110 (darmstadtium, Ds) was discovered as the isotope **Ds in the reaction
*®Pb(**Ni, n) at the Gesellschaft fiir Schwerionenforschung (GSI) in Darmstadt, Hessen,
Germany by Hofmann e7 a/. [Hofmann1995a, Hofmann1995¢c, Hofmann2002] using SHIP.
This discussion is concerned primarily with *"'Ds, which was discovered in 1998 by
Hofmann ¢ a/. [Hofmann1998] in the **Pb(**Ni, n) reaction. The initial *'Ds discovery
experiment measured an excitation function for the production of this nuclide at five
energies; the results are summarized in Fig. 3.1 and 3.2 and Table 3.1. Altogether, nine
decay chains of *'Ds were observed in these initial experiments. Later experiments in
2000 [Hofmann2001, Hofmann2002, Hofmann2003] produced another four decay chains,

bringing the total to thirteen.
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FIG. 3.1. Cross sections for the **Pb(°**Ni, n)*"'Ds reaction obtained at three laboratories.
Error bars have been removed for clarity; see Fig. 3.2. Data comes from [Hofmann1998,
Ginter2003, Morita2004d] and this work. Upper limit cross sections are shown by arrows;
from left to right, the first two are GSI data, the next two are LBNL data, and the final
one is from RIKEN. Gaussian fits to each laboratory’s data are shown. The smaller
squares connected by lines are theoretical predictions for the reaction [Swiatecki2004a]
with a 4 MeV target thickness folded in.

In these experiments, *’'Ds was found to decay by emission of (10738 * 20)-keV alpha

+0.6

particles with a ground state half-life of 1.17;

ms (later refined by Morita ez al.

[Morita2004d] to 1.637)% ms). Also observed was an isomer [Hofmann1998] with a half-

-0.28
+56

life now estimated as 697, ms. This isomeric state decayed by the emission of (10709 £

20)-keV alpha particles. Morita e/ al. [Morita2004d] have postulated, due to the similar
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FIG. 3.2. Same as Fig. 3.1 except that error bars have been included. Vertical error bars

represent 10 error limits in the cross section of the **Pb(*'Ni, n)*’'Ds reaction and
horizontal error bars represent the range of energies covered by the beam as it passes
through the target.

alpha decay energies of the isomer and ground state, that the isomer actually decays by
gamma-ray emission and/or internal conversion to the shorter-lived ground state. It is
also possible that the isomer decays by alpha emission to an analog state in the daughter
nucleus **’Hs with a similar excitation energy. So far, no experiments have completely
characterized the decay of this *'Ds™ isomer although it is observed in ~20% of all *"'Ds
decay chains (five isomeric decays of twenty-nine total). Neither the isomer nor the

ground state was observed to decay by electron capture.
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TABLE 3.1. Cross sections for the **Pb(**Ni, n)*"'Ds reaction measured at three different
laboratories. E_,is the lab-frame beam energy at the center of the target. These data are
presented graphically in Fig. 3.1 and 3.2.

Target
Laboratory and E,, Thickness Dose Decay Chains  Cross Section
Reference (MeV) (mg/ cm’) (1 0" Observed (pb)
GSI 301.4 0.45 0.9 0 <38
[Hofmann1998] 304.7 0.45 1.5 0 <25
307.8 0.45 5.3 2 7.4
309.1 0.45 7.8 6 15"
311.6 0.45 5.5 1 3.6
LBNL 306.7 0.50 2.7 0 <7.7
[Ginter2003] 309.2 0.50 2.7 2 8.3 "]
312.8 0.31 1.1 0 <29
RIKEN 308 0.23 10.0 1 1.8
[Morita2004d] 311 0.23 9.5 4 8.0 1%
314 0.22 10.7 9 177
318 0.21 10.1 0 <3.7
LBNL 311.5 0.47 2.3 5 7.7
[This work.] 314.3 0.47 2.9 2 2075

* Excludes three decay chains observed during preparations for another experiment
[Hofmann2002] and one decay chain observed in the irradiation of *Ni projectiles onto a
*Pb target containing 5.5% **Pb [Hofmann2001]. In both cases the dose was not
specified.

® Includes one event (this work, chain 3) which is not included in the cross section (see
main text for a discussion).

In the discovery experiments, alpha decay of *"'Ds produced the new daughter nucleus

*"Hs. Hofmann’s group observed three alpha groups in the decay of *’Hs, with a

combined half-life of 59" ms (additional data from Morita ef a/. [below] revised this

figure to 52°) ms [Morita2004d]). These data are consistent with other data obtained in

the reported direct production of *’Hs in the **U(*S, 5n) reaction (4, = 197, ms, E, =
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9740-9870 keV) [Lazarev1995], even though it appears possible that the number of

random correlations observed in this experiment is significantly larger than their estimates.
The *’Hs alpha decay daughter **Sg was known at the time [Ghiorso1974,

Gregorich1994] to decay by the emission of 9060 * 40 keV alpha particles with a half-life

of 900 + 200 ms. The Hofmann group observed alpha decay of *’Sg but with an energy
of 9248 + 20 keV and a half-life of 310"’ ms. These decays are now assigned to an

isomeric state (*’Sg™). In the 2000 experiments, one decay of *”’Sg was observed with a
lifetime and decay energy consistent with *’Sg% As with *'Ds, electron capture decay was
not observed in the decay of either *’Hs or *’Sg. This is not surprising given the high
neutron deficiency of the nuclides produced by cold fusion reactions with Pb and Bi
targets; large (Q-values for electron capture are offset by the even larger Q-values for alpha
decay.

The assignment of the evaporation residue (EVR) to *"'Ds was significantly
strengthened by the fact that, after three consecutive alpha decays, the known nucleus *’Rf
(¢, =3.1 £ 0.7 s [Bemis1981]) was produced and its decays conclusively identified. This
nucleus has small spontaneous fission and electron capture branches (0.063 = 0.037
[Bemis1981] and ~0.003 [Firestone1996], respectively) and decays primarily by alpha
emission to “No. Twelve decays were consistent with known *’Rf alpha decay
properties. Hofmann ¢z a/. inferred the decay of one atom of *’Rf by electron capture and
observed none decaying by spontaneous fission. The alpha decay daughter **No (#, =
3.1 £ 0.2 min [Firestone1996]) has a large electron capture branch (38.6%) and a complex
alpha decay spectrum with numerous lines. Several *’No alpha decays were observed and

several other electron capture decays inferred.
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These data combined to give strong information on the decay of *’'Ds. The maximum

production cross section obtained at GSI in the **Pb(**Ni, n)”’'Ds reaction was 15, pb,

obtained at a lab frame, center-of-target energy E_, of 309.1 MeV.

cot

3.1.2. First LBNL Experiments

The element 110 discoveries made by Hofmann ¢ /. were not confirmed by an
independent group for several years. During that time, other isotopes of darmstadtium
were discovered, but still none were confirmed independently. The first confirmation of
the discovery of an isotope of darmstadtium was performed by Ginter ¢# a/. in 2000 and
published in 2003 [Ginter2003]. These experiments were carried out at the Lawrence
Berkeley National Laboratory (LBNL, Berkeley, California, USA) 88-Inch Cyclotron using
the Berkeley Gas-filled Separator (BGS), the same facilities and equipment used in the
current work. However, it should be noted that the BGS main focal plane detector
consisted of only 32 strips compared to 48 now, the upstream detectors were located only
above and below the strips compared to all four sides now, and a different approach was
used to measure the position of events occurring in the focal plane.

Using the results from GSI as a guide, Ginter and coworkers attempted to measure an
excitation function for the **Pb(**Ni, n)”"'Ds reaction. Although they succeeded only in
measuring upper limit cross sections of <7.7 pb at £, = 306.7 MeV and <29 pbat E_, =

312.8 MeV, they did observe two “'Ds decay chains at E,, = 309.2 MeV giving a cross

section of 8.31'13 pb. The first chain consisted of an implantation event followed by three

high-energy alpha particles recorded with full energy in the focal plane. These three alpha
particles matched very well the energies and half-lives of *'Ds®, **’Hs, and *Sg™ measured

by the GSI group. A fourth alpha particle escaped from the focal plane with a lifetime
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consistent with the half-life of *’Rf. The second decay chain observed consisted of an
implantation event and five alpha particles, three of which escaped from the detector. The
other two could be assigned to *’Hs and **No. Neither decay chain gave evidence of the
*'Ds isomer, although this is not surprising since only two decay chains were observed
and the isomer production ratio is roughly 20%. The BGS had been set for an estimated
magnetic rigidity of 2.10 T m based on [Ghiorso1988], but the two decays chains were
observed at an average rigidity of 2.07 T'm. These two decay chains confirmed the

discovery of element 110.

3.1.3. RIKEN Experiments

In 2002, a group at RIKEN (the Institute of Physical and Chemical Research, Wako,
Saitama, Japan) began a new study of the **Pb(*'Ni, n)*"'Ds reaction using the upgraded
Gas-filled Recoil Ton Separator (GARIS) [Morita2004¢]. The purpose of these
experiments was to prepare for the much more difficult experiments on the production of
elements 111, 112, and 113 in cold fusion reactions. Over the course of several
irradiations, fourteen decay chains attributed to 'Ds were observed at four different beam
energies [Morita2004d, Morita2004c, Morita2003, Morita2002]. The cross sections
measured at the three lower energies constitute a portion of an excitation function, while
at the fourth (and highest) energy only an upper limit cross section could be measured.

In general, the data obtained by this group showed good agreement with the data
obtained by the GSI and LBNL groups, although larger spreads in energy among the
nuclides under study were observed because of lower energy resolution in the detectors.
The presence of the *’'Ds isomer was confirmed. Combining the GSI, LBNL, and

RIKEN results, the isomer was produced in five of twenty-nine total chains (~20%).
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Morita’s group also suggested the possibility of an isomer in **'Hs based on the

observation of a single long-lived event. The lifetime of this event was 1158.6 ms,
compared to the known *"Hs half-life of 52333 ms. The parent of this long-lived *THsg

was a *"'Ds isomer event, and the daughter event was an unusually long-lived **’Sg event

(5998.9 ms). The nature of this possible **’Hs isomer requires further study.

3.1.4. Rationale for the New Experiments

With all the data already obtained by the GSI, LBNL, and RIKEN groups, why was it
necessary to conduct another experiment to study the **Pb(*Ni, n)*"'Ds reaction? Most
importantly, we wanted to use this reaction as a stepping stone to a more difficult
experiment on the production of ?111 in the **Pb(*Cu, n) reaction (described in detail in
Chapter 4). Although Ginter ¢ a/. had observed two decay chains of *"'Ds (see Sec. 3.1.2),
a complete excitation function was not measured. This was necessary to establish the
energy calibration of the LBNL 88-Inch Cyclotron relative to other accelerators and to aid
in estimating the optimum beam energy for the **111 experiment. Given the narrow
excitation functions seen in reactions of this type, any mistake in choosing the beam
energy could prevent observation of decay chains of interest. Additionally, these new
experiments would allow for a more accurate determination of the operating parameters of
the BGS using a relatively high cross section reaction (peak cross section 15-20 pb). This

information is important for future searches for new isotopes and elements.

3.2. Experimental Conditions
Two experiments on the production of “'Ds in the 208Pb(MNi, n) reaction were

conducted. These experiments will be identified by the lab-frame beam energy at the
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center of the target (E,). An important question was what beam energy to use, and the
answer came mostly by examining Fig. 3.1. Ginter ez a/. [Ginter2003], working at LBNL,
observed two events at the center-of-target energy where the GSI group had observed its

peak cross section (E,, = 309.2 MeV). After Ginter and coworkers’ experiments but

cot

before the current work, the RIKEN group observed its maximum cross section at an

energy several MeV higher (E_, = 314.1 MeV). We decided that our first experiment

ot
should be conducted at nearly the same energy as the maximum of the RIKEN excitation
function because of the large number of events they had observed (nine) at that energy. It
also appeared that the excitation function measured by the GSI group was narrower than
one would expect for this reaction; the small cross section measured at their highest energy
(E

= 311.6 MeV) was likely due to statistical fluctuations.

cot

3.2.1. 271Ds Production Experiment: Ecot = 314.3 MeV

The LBNL 88-Inch Cyclotron produced a beam of **Ni'** with an energy of 319.75
MeV. After energy losses in the entrance window, target backing, and first half of the
target (calculated using the SRIM-2003 computer program [Ziegler2003]), the desired
energy E,, = 314.3 MeV was obtained. (See Sec. 2.1 for a discussion of the targets). The
average beam current on-target was ~215 pnA. The total beam energy loss in the thin

*%Pb targets was estimated to be 5.6 MeV. The excitation energy in compound nuclei
formed in the center of the targets E,, was estimated to be 16.2 MeV using masses from
[Myers1994.

Additionally, the magnetic rigidity setting of the separator had to be chosen. Ginter ez
al. had estimated a magnetic rigidity Bp or 2.10 T m for this reaction using information in
[Ghiorso1988]. The two events observed were in strips 19 and 27 of the old 32-strip
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detector, corresponding to an average magnetic rigidity of ~2.07 T'm. Yet with only two
events, the statistical significance of this result is low, so it was decided to use the magnetic
rigidity observed by the RIKEN group (2.04 T m [Morita2002]). The magnetic rigidity of
the BGS was set to 2.04 T m using magnet currents of Q1 = 1552 A, M1 = 347 A, and
M2 = 587 A.

The He gas pressure inside the BGS was 0.9 torr. The energy loss of *’'Ds EVRs
traversing this gas should be on the order of 8 MeV. A multi-wire proportional counter
(MWPC) was placed upstream of the focal plane to provide discrimination of implantation
events from radioactive decays. Due to the two Mylar windows containing the MWPC’s
isobutane gas, the total energy loss of the EVRs in the MWPC was estimated to be 19
MeV. The implantation energy of the EVRs in the Si strip detectors was expected to be
~47 MeV, resulting in an implantation depth of ~6 um. After correcting for an estimated
pulse-height defect of ~45% of implantation energy [Moulton1978], the observed
implantation pulse-height should correspond to approximately 26 MeV.

A fast beam shutoff algorithm was also in place within the data acquisition program to
search for the beginning of a possible heavy element decay chain and to shut off the beam
within ~140 us if one were detected. In order to reduce processing time, only

implantation events, fully stopped alpha particles, and fission events were included in the
search. The shutoff had two separate searches, one called EVR-a and the other called

EVR-a-a. The EVR-a gate searched for correlations between implantation events with
energies 15-30 MeV and alpha particle events with energy 8500-12000 keV. (After the first
decay chain’s implantation event produced an observed pulse height of 28.46 MeV, the
EVR energy window was expanded to 15-35 MeV). The maximum correlation time was

3.0 s and the maximum allowable position difference was 3.5 mm. The detection of a
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correlation satisfying these criteria initiated the EVR-a beam shutoff for 15 s. While in

EVR-a shutoff mode, the EVR-a-au gate looked for additional alpha particles correlated
to the original EVR. If another was found in the energy range 8200-12000 keV, the
system could extend the shutoff for up to 900 additional seconds. FEither gate could shut
off the beam; that is, the time windows could overlap. In total, eleven short 15-s shutoffs
and two long 900-s shutoffs were initiated. The total time with the beam off was
approximately 1967 s (0.9% of the total run time).

This first experiment was BGS run 065. Fourteen eight-hour shifts were available for
this experiment. After beam tuning, short test runs using the **Ni beam with separate
stationary targets of ''°Sn and '*’Sn were conducted for calibration purposes and to check
the performance of the data acquisition system. Excluding time lost during window
breakages, accelerator problems, and brief breaks to backup data, the total beam-on-target
time was ~60 h (2.5 d). During this time, a total dose of 2.9 x 10'" “Ni projectiles was
collected. The average count rate of all events in the focal plane detectors was 7.0 s™.
After vetoing events coincident with the MWPC or punch-through detectors, the count
rate of alpha particles in the strip detectors above 500 keV was 1.3 s™.

In this experiment, two decays chains attributed to *'Ds were observed (see Fig. 3.3)

and are described in Sec. 3.3.
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3.2.2. 271Ds Production Experiment: Ecot = 311.5 MeV

The second experiment (BGS run 066) was very similar to the E_, = 314.3 MeV

experiment. The two decay chains observed at the previous energy led to a measured

cross section of 7.7'1 pb. This cross section was approximately the same as the 8.3'1

pb cross section measured by Ginter ez a/. at E_, = 309.2 MeV. There were two possible
interpretations of these facts. First, it was possible that the “calibration” of the 88-Inch
Cyclotron had changed by ~5 MeV over the course of three years. The second possibility
was that we had “overshot” the energy and were now on the high-energy side of the
maximum of the excitation function, whereas Ginter’s measurement was on the low-
energy side. The first possibility was excluded because of the low probability that such a
large change would occur (a 5-MeV shift would be well outside the stated uncertainty of
1% in the absolute energy of the 88-Inch Cyclotron). Thus, the second possibility was
accepted and a new “Ni energy chosen that was roughly centered between E,, =309.2
MeV and E,, = 314.3 MeV. This energy was E,_, = 311.5 MeV, requiring an energy from
the cyclotron of 317.0 MeV. The excitation energy of compound nuclei produced at the
center of the target was 14.1 MeV using masses estimated from [Myers1994].

The two events in the previous E,, = 314.3 MeV experiment were observed in strips
15 and 0, indicating that the “true” average magnetic rigidity of °'Ds EVRs was higher
than 2.04 T m. The BGS magnets were changed to Bp = 2.06 T m using magnet currents
of Q1 = 1567 A, M1 = 351 A, and M2 = 593 A to try to center the distribution on the
focal plane.

The targets from the previous experiment received a substantial beam dose during the
E,, = 314.3 MeV irradiation. Thus, a new set of targets was initially used for the new

irradiation at the lower energy. These new targets were later found to be too thick for an
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accurate cross section measurement and the beam dose applied to them is not included in
cross section calculations. Regardless, one *"'Ds decay chain (chain 3, Fig. 3.3) was
observed while irradiating these targets and the decay data obtained are used as
appropriate. These targets were replaced with the same targets used in the previous E,_, =
314.3 MeV run and performed adequately.

Again, fourteen eight-hour shifts of beam time were available for the experiment.
After beam tuning, window breaks, and time lost with the too-thick targets, the total
beam-on-target time with the run 065 targets was ~45 h (1.9 d). The total dose collected

on these targets was 2.3 x 10" “Ni'**

at an average current of ~225 pnA. The count rate
of all events in the focal plane detectors was 10.8 s™. After vetoing events coincident with
the MWPC or punch-through detectors, the count rate of alpha particles in the strip

detectors above 500 keV was 1.1 5™

The beam shutoff parameters in this run were the same as in the E,_, = 314.3 MeV run
(see Sec. 3.2.1), except that the EVR-o-a search now looked for a second alpha particle
correlated to the first alpha (within 2.0 mm), rather than the EVR. During the run, the
beam was shut off for two long (900-s) shutoffs and forty short (15-s) shutoffs. The total
time with the beam off was approximately 2364 s (1.4% of total run time). The beam
shutoff analysis used preliminary position and energy calibrations, and in two cases (chains
6 and 7, Fig. 3.3) did not shut off the beam when a real decay chain occurred because the
observed implantation positions were not within the 3.5-mm position gate of the alpha
events that followed.

During the new E_, = 311.5 MeV run, one decay chain was observed which was not
written to disk, but whose presence was indicated by output on the screen of the computer

controlling the data acquisition system. This output was produced by the beam shutoff
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analysis program, which correctly identified the decay chain and shut off the beam. The
data were not written to disk because of a flaw in the data acquisition system. As intended,
the system periodically closed the current data file and opened a new one so that a
catastrophic error would not corrupt a large amount of data. During a file change, the
system attempted to write the data buffers containing the decay chain to disk, but was
unable to do so because no file was open. Rather than retrying the write operation at a
later time, these buffers were discarded. The creators of the system have supplied us with
a patch to correct the problem. See Sec. 3.3.3 for a detailed discussion of this event.

Lastly, at the end of the run, a beam of 193.2-MeV (center-of-target) “’Ar’" was used to
produce **Fm (E, = 8150 keV [Nurmial967, Miinzenberg1981b]) in the **Pb(*’Ar, 3n)

reaction for calibration purposes. The beam energy from the cyclotron was 196 MeV.

3.3. Observed Decay Chains

3.3.1. Summary

Decay chains were identified by searching for correlated implantation and alpha-
particle events within appropriate time and energy windows and separated physically by
less than 1.5 mm. In total, seven decay chains attributed to *"'Ds were observed and are
shown in Fig. 3.3. Chains 1 and 2 were observed at E£,, = 314.3 MeV and chains 3-7 were
observed at E, = 311.5 MeV. The agreement of the data with that published previously
[Hotmann1998, Hofmann2003, Morita2003, Morita2004c, Morita2004d, Ginter2003] is
very good.

The two decay chains in the E_, = 314.3 MeV experiment were observed in strips 15

and 0. Strip 0 is at the very edge of the focal plane so there is some possibility that
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additional decay chains were not observed because the recoil distribution was not centered.
In the E,, = 311.5 MeV, the distribution of decay chains observed in strips 14, 7, 14, 20,
and 22 had a standard deviation of 7.5 strips. Assuming the standard deviation was the
same in the previous experiment and the mean strip was (15 + 0)/2 = 7.5, approximately
84% of the decay chains should have been on the focal plane. Thus, the probability that a
decay chain was missed off the edge of the focal plane is not regarded as significant and

likely cannot be distinguished from the Poisson probability distribution in the number of
decay chains.

The measured cross sections were 20,7 pb at E,, = 311.5 MeV and 7.7}, pb at E,, =
314.3 MeV. The cross sections were calculated based on an estimated BGS transmission
of 0.7 £ 0.1, a chain detection efficiency of 0.95 £ 0.05, and a Rutherford screening
efficiency of (1348 + 20)". All errors in this work are reported at the 10 (68%) confidence
level. In particular, the cross section errors were calculated using methods detailed in
[Schmidt1984], as were all cross section errors reported in this work.

Including all seven events, the average *"'Ds magnetic rigidity in He was Bp = 2.09 *
0.03 T m (statistical uncertainty only), very close to Ginter and co-workers’ original
estimate of 2.10 T m for this reaction in the BGS. This rigidity (2.09 T m) cotresponds to
an average EVR charge state of approximately +9.7. The difference between the observed
rigidity and that reported for the GARIS separator (2.04 T m) may be an indication of
BGS magnet saturation as the currents are increased.

The average pulse height observed for implantation events corresponded to 25.9 + 1.6

MeV, in good agreement with predictions.
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The rest of this section attempts to show how the members of the decay chains match
with previously published data (see the chart of the nuclides in Fig. 3.4). The data
reported in this dissertation have not been corrected for pulse-height defects, although
alpha energies have been corrected for the energy of the recoiling daughter nucleus. When
assigning individual decays to known alpha branches, the focus will be on comparison with
the data obtained by the GSI group (mostly [Hofmann1998]), since the energy resolution
of the RIKEN experiments was generally worse than in the GSI experiments. It might
also be argued that the previous LBNL experiments are not completely independent of the
current work. Keep in mind that the standard deviation in energy is ~17 keV for fully
stopped alpha particles and ~45 keV for reconstructed alphas, that is, those where the

total energy is the sum of focal plane and upstream energies.

3.3.2. 271Ds

The “'Ds decays in chains 5 (10744 keV) and 7 (10740 keV) are in excellent
agreement with the known ground state decay at 10738 keV. Chain 6, with an alpha
energy of 10776 keV, can also be assigned to this branch and is in agreement with the
alpha energies of chains 12 and 14 reported in [Morita2004d]. The reconstructed alpha in
chain 1 with energy 10688 keV likely comes from the 10681 keV branch, but can also be
assigned to the 10738 keV branch within the larger error of reconstructed events. The
other ”'Ds events in chains 2 and 3 are escape events where only a partial energy signal
was observed, and are assigned to the ground state decay of *"'Ds since the observed

lifetimes (3.76 ms and 0.912 ms) are not consistent with the half-life of the isomeric state
(693 ms). In fact, no decays consistent with the isomer were observed.

No data are available for the decay of *'Ds in chain 4; see the discussion in Sec. 3.3.3.
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The observed half-life of all six events (chains 1-3, 4-7) was 1.6")2 ms, in excellent

agreement with the known half-life of 1.63")3; ms reported by Morita et a/. [Morita2004d].

-0.29
Half-lives are calculated using the MLDS code [Gregorich1991], modified as described in

the reference to include the full covariance of all variables.

3.3.3. 267Hs

The events assigned to *"Hs in chains 1, 4, and 5 have an average energy of 9877 keV
and are in excellent agreement with the known major branch at 9882 keV. The only other
*"Hs decay observed with full energy was in chain 2 (9830 keV) and is in excellent
agreement with the known minor branch at 9829 keV. The remaining events in chains 3,
6, and 7 are all escape events.

Chain 4 is the decay chain in which the event data were not written to disk as explained
in Sec. 3.2.2. It appears that the *’'Ds event in this chain escaped from the front of the
detector and was not recorded by the online analysis program. The *"Hs event in this
decay chain was emitted into the strip detector and was recorded by the online analysis.
The correlation between this decay and the implantation event caused the program to
initiate a beam shutoff. The program printed this information to the screen, including the
time difference. Thus, the only time available (22 ms) is indicative of the sum of the *’'Ds
and **’Hs lifetimes and cannot be used in the half-life measurement of either nuclide,
although it is consistent with the known half-lives of both. The lifetime of the following
*%Sg™ event was not affected by this problem. It appears that the (assumed) *’Rf and
**No alpha decay particles also were emitted out the front of the strip detector (~45%
probability each). These data can be accepted as a real decay chain with confidence

because of the low background of alpha particles (particularly ones with energies greater
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than 9000 keV), the very low probability that two high-energy alpha particles would be
correlated to an implantation event on such short time scales, and the agreement with
previously published data. Since the online analysis used a preliminary, external
calibration, the energies reported had to be corrected using an external-to-internal

calibration similar to the one shown in Fig. 2.10 and discussed in Sec. 2.4.3.
The reported half-life of *'Hs is 52*;" ms [Morita2004d]. It is difficult to resolve the
very short lifetimes observed in chains 2 (0.482 ms) and 7 (2.45 ms) with this half-life. The

measured half-life of these two events is 0.94",% ms, indicating the possibility of an isomer

in this nucleus. Unfortunately, this shorter half-life is inconsistent with the long-lived
*"Hs isomer proposed by Morita ef al.; the one event observed had a lifetime of almost 6 s.
Of chains 2 and 7 in this work, only chain 2 was observed with full energy and did not

show a new alpha decay energy which might be assigned to an isomeric state. Further

+32

i ms for the other

study is needed to resolve these issues. The observed half-life is 55

four *’Hs events in this work for which lifetimes were measured (chains 1, 3, 5, and 6), in

agreement with the previously reported half-life.

3.3.4. 2635gm

Six events following **’Hs decays (chains 1-6) were observed with full energy. The
statistical average alpha-energy of these events is 9245 keV and they can be convincingly
assigned to the decay of *”Sg™ (E, = 9248 * 20 keV [Hofmann1998]). The statistical

standard deviation of these six energies is 23 keV and is consistent with the 17 keV
systematic error obtained with much higher statistics at lower alpha-particle energies (for

example, from calibration sources). This fact is noteworthy because it gives an idea of the
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detector resolution at energies for which direct calibration sources are not available. The

half-life of these six events was 290"’ ms, in excellent agreement with the known **Sg™

half-life (310"’ ms). The final **Sg event in chain 7 is an escape event whose lifetime

(270 ms) is consistent with the decay of *’Sg™, but which could also be assigned to **’Sg*
(¢, =900 £ 200 ms [Ghiorso1974]).

Hofmann e# al. observed only one decay (in chain 12) that could conclusively be
assigned to *’Sg* following the decay of *"Hs [Hofmann2003] in thirteen decay chains.
Two chains had **’Sg events recorded as escape alphas. Decays in chains 6 and 7 in

26

[Morita2004d] could potentially be assigned to **’Sg® based the decay energies observed,

but this is not specifically addressed in the paper. One decay chain could not be followed

to 2(’3Sg, so that thirteen chains did contain 26?’Sg events. Although both 263

Sg events in the
decay chains reported by Ginter ¢ a/. [Ginter2003] were attributed to *Sg™, one was an
escape event. A liberal interpretation of these facts is that three *Sg* decays were
observed after the decay of 25 (11 + 13 + 1) *"Hs events, a branching ratio of ~12%.

Given this low probability of observing *Sg® after **’Hs decay it is not surprising that it

was not conclusively observed in the current work.

3.3.5. 259Rf

The fully stopped alpha events assigned to *’Rf in chains 5 (8898 keV) and 7 (8908
keV) are assigned to the known transition at 8895 keV. The fully stopped event in chain 2
with energy 8863 keV is assigned to the alpha-group with energy 8861 keV. The other
fully stopped alpha assigned to *’Rf (chain 1, 8878 keV) can be assigned to either of the
8895- and 8861-keV groups based on energy, although the former had a slightly higher

intensity in both [Hofmann1998] and [Morita2004d]. The final *’Rf event observed with
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full energy (8792 keV) was in chain 3, and can be assigned to the branch at 8756 keV

within approximately one standard deviation for reconstructed events. The observed half-

life of all events, including escape events, is 2.21’_23 s, compared with 2.6 s [Morita2004d],

2.6°;% s [Hofmann1998], and 3.0 + 1.3 s [Bemis1981] reported previously.

3.3.6. 255No

The decay of *’No produces a complex alpha spectrum. The following assignments of
the present data to the known alpha-groups [Firestone1996] can be made (also indicated
are the known branching ratios): chain 1, 8312 keV (1.9%); chain 3, 8121 keV (45.5%);

chain 6, 7879 keV (4.2%); and chain 7, 8077 keV (11.9%). The observed half-life of all six
*No events is 200" s, compared to 190 % 10 s in [Firestone1996]. See Sec. 3.4.2.2 for a

discussion of the probability of *’No decays being randomly correlated to *"'Ds decay

chains.

3.4. Analysis of Expected Random Correlations

3.4.1. Theory

In any transactinide experiment, the very small number of decay chains observed
requires that other possible explanations for the data be examined. Among these is the
possibility that a decay chain arises from a random correlation of unrelated events. In this
case, a series of events occurs in such a way that they replicate an actual decay chain of
interest. This section describes how not just the probability, but the expected number of

these random correlations can be calculated. In general, the experiment must be designed
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to have a small number of potential random correlations or risk producing data that is not
meaningful.

When searching for decay chains, the constituent events are required to have certain
properties: they must be correlated in position, energy, and time. That is, they must be
located in the same physical position in space, have energies close to those expected for
the nuclides of interest, and follow each other in manner consistent with the expected
lifetime distribution. Let us examine how these three requirements are addressed.

The BGS focal plane detector is divided into 48 strips and all events in a decay chain
are required to be in the same strip, thus ensuring that they have roughly the same
horizontal position. The strips are position-sensitive in the vertical direction, and all
events must occur within some reasonable vertical position window, which may depend on
energy. The size of this window is the pixel size, representing the maximum allowed
vertical position difference for which two events can be said to be “in the same place.”
The width of the pixel is fixed as the width of a single strip.

The energy requirement is straightforward: the observed implantation and decay
energies must match what could reasonably be expected. In the case of these *"'Ds
experiments, the decay scheme is already known, so the decay energies should agree with
that which has already been published.

Each nuclide in the chain has a known half-life so there is a corresponding distribution
of expected lifetimes that might be observed in several decays of that nuclide. A
maximum time can be chosen such that any lifetime observed that is greater than the
maximum value would not be assigned to a decay of the nuclide of interest. Note that the

maximum time for each nuclide should be chosen a prior, and not influenced by the
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FIG. 3.5. Schematic representation of the random correlation analysis. Each EVR

(implantation) event defines the beginning of a time interval Az,

nax

(and a vertical pixel not
shown). Alpha events occur within the Az,

ax:

window according to a Poisson distribution.

longest lifetime actually observed. Typically, this maximum time is set at five or six times
the half-life of the nuclide.

In an actual experiment, the focal plane constantly records the implantation of nuclei
and their subsequent decays. Thus, the probability of a random correlation can be
estimated from the rates of these events. Each decay chain must start with an
implantation event, so let each one define a point in time (7, ) and a pixel in space around

it. Suppose that the longest time which one could reasonably expect an individual nucleus

to survive is A#

max*

This might be, for example, five half-lives of the longest-lived member
of the decay chain. Thus, all events must occur in the time interval from 7, to 7, 5 +

At

max*

This is illustrated in Fig. 3.5. Now suppose Ry is the total rate at which alpha events
occur within the focal plane, possibly limited to an energy range containing the expected

alpha decay energies. Let [N,

s DE the number of pixels in the detector, obtained by
dividing the total detector area by the desired pixel size (see Sec. 3.4.2.1 for an example).
The pixel size is chosen using test reaction data for which correlated decay chains are

available, and should be large enough to include the majority of the distribution of position

differences from this data. The expected number of alpha events per pixel 4 (which may

max

be limited to some energy window) from 7, to £, ., + At is
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u=Ra/N,) - A (3.1

j”/ﬂx)
if we assume that the distribution of random alpha-particle events is uniform across the
focal plane, which is only approximately true. u is expected to be small and nonnegative
and the actual number of alpha events observed 7, within the pixel and time window is

limited to integer values. Thus, Poisson statistics can be used to estimate the probability of

observing 7, events when u are expected:

P(n, | ="~ (3.2)

n,

P(nq|p) is the probability that a series of alpha particles resembling a decay chain will
follow an implantation event. Thus, the expected number of random decay chains
following Ny, implantation events is

Nysan = Nevw - Pna| ). (3.3)
Note that the rate of any type of decay could be substituted for R, such as the rate of
fission or electron-capture, if those could be measured (electron-capture is currently not
detectable in the BGS). The value of 74 is chosen based on both objective and subjective
criteria: it is affected by the alpha-particle detection efficiency but also the experimenter’s
personal definition of what constitutes a “valid decay chain.” Lastly, note that this
procedure actually gives an upper limit on the number of random decay chains expected.
There is no requirement that the lifetimes between subsequent events be consistent with
published data or that the energies of the alpha particles match published data. In the case
where 74 1s less than the total number of alpha decays in the chain, there is no requirement
that additional alpha particle events be present to complete the chain.

Examples of the preceding calculations are given in the following sections.
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3.4.2. Calculations and Interpretation

3.4.2.1. Expected 271Ds, 267Hs, 263Sgm and 259Rf Random Correlations

Table 3.2 shows a summary of the random rate calculation for the *'Ds experiments.
In both experiments the overall rate of alpha-particle events in the focal plane with

energies between 8500-12000 keV (encompassing the alpha decays of *'Ds™, *"Hs,

8™ and *“Rf) was measured to be ~107 s™'. If the pixel size of generously chosen as
3.0 mm, then the entire focal plane consists of 928 total pixels (48 strips x 58 mm/strip x 1
pixel/3.0 mm). The count rate in the energy range of interest is ~10” s pixel'. Within 15
s (approximately five *’Rf half-lives), the probability of observing two alphas was ~10°.
Thus, even though the number of implantation events was ~10°, the expected numbers of
random EVR-a-a (14 = 2) correlations were 0.62 X 10” and 5.6 X 107 in the E,, = 314.3
MeV and 311.5 MeV runs, respectively. As discussed in Sec. 3.4.1, these figures represent
upper limits on the number of random decay chains to be expected. Thus, it is reasonable
to conclude that all seven ' Ds decay chains are the result of real correlations beginning
with the implantation of a *’'Ds nucleus.

The probability of observing exactly four alphas within 15 was 10"°~10"°. The
expected numbers of random EVR-a-ai-0-at (12, = 4) correlations were 0.070 X 10" and

3.0 X 10" in the E,, = 314.3 MeV and 311.5 MeV runs, respectively. Note that these

figures are not completely meaningful since the observed decay chains were only required
to have at least two alpha particle events (7, = 2) measured with full energy, either fully

stopped or reconstructed. They do illustrate the very low probability that decay chains
such as chains 1 and 5 (with four full-energy alpha particles each) could originate from

random correlations. Also note that the rates given in Table 3.2 correspond to full
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TABLE 3.2. Analysis of expected random correlations in the *'Ds experiments. In all
cases, Az, was 15 s (approximately five *’Rf half-lives) and the pixel size was 3.0 mm (928

total pixels in the focal plane). The alpha particle rates are those measured at full beam
intensity and combine alpha particles fully stopped in the focal plane with reconstructed

ones. “”No is treated separately in Table 3.3.

E,, = 3143 MeV E,, =311.5MeV
Experiment (Run 065) Experiment (Run 0606)
Overall Rate of Alphas with 0.72 x 107 1.6 x 107
Energy 8500-12000 keV (s)
Rate of Alphas Per Pixel with 0.78 x 10° 1.7 x10°
Energy 8500-12000 keV (s)
u (Bxpected Number of Alpha 1.2 x10* 2.5 x 10"
Particles Per Pixel in Az,,)
Ny 0.92 x10° 1.7 x 10°
Probability of Exactly Two 0.67 x10° 32 x10°
Alphas in the Same Pixel in Az,
Expected Number of 0.62 x 10 5.6 x 107
Random Correlations (74 = 2)
Probability of Exactly Four 0.076 x 10 1.7 x 10"
Alphas in the Same Pixel in A7,
Expected Number of 0.070 x 10" 3.0 x 10"

Random Correlations (7, = 4)

intensity beam. When the beam is shut off the background alpha-particle rate decreases by
a factor of approximately 20, so that the probability of random correlations is further
reduced by a factor of ~20", where 7 is the number of alpha particles observed with the

beam off.

3.4.2.2. Expected 25°No Random Correlations

**No has a much longer half-life (3.1 £ 0.2 min [Firestone1996]) than the other

271 (m

nuclides in the *'™Ds decay chain, so its random probability analysis will be treated
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TABLE 3.3. Analysis of expected random correlations between observed *’'Ds decay

chains and **No. In all cases, Az

max

was 900 s (approximately five *’No half-lives) and the

pixel size was 3.0 mm (928 total pixels). Full-energy (7500-8600 keV) alpha particle rates
combine those fully stopped in the focal plane with reconstructed ones. “Escape” alpha
particle rates do not include reconstructed alphas.

E, = 3143 MeV
Experiment (Run 065)

E, =311.5MeV
Experiment (Run 0606)

Beam On Beam Off Beam On Beam Off
Decay Chains Observed 0 2 3 1
7500-8600 keV (***No) 0.88 x 10% 0.051 x10° 1.7 X 10% 0.046 x 10?
Total Alpha Rate (s)
7500-8600 keV (***No) 0.94 x10° 0.055x10° 1.8 x10° 0.050 x 10°
Alpha Rate per Pixel (s7)
Probability of Exactly One 0.84 x10% 0.049x10° 1.6 x10* 0.045x 10?
Random **No in Az,
Expected Number of Random <0.84 x 10° 0.099 X 10 4.8 x 10? 0.045 x 10”
Chain-**No Correlations
Number of Chain-*’No 0 1 3 0
Correlations Observed
500-5000 keV (Escape) 1.2 x10" 0.062x10° 1.1 x 10" 0.074 x 10"
Total Alpha Rate (s)
500-5000 keV (Escape) 1.3 x10° 0.066x 107 1.2 x10° 0.080 x 10~
Alpha Rate per Pixel (s7)
Probability of Exactly One 3.6 x10" 056 x10" 37 x10" 0.67 x 10"
Escape Alpha in Az,
Expected Number of Random <0.36 x 10° 0.11 x 10 1.1 x 10" 0.067 x 10°
Chain-Escape Correlations
Number of Chain-Escape 0 1 0 1

Correlations Observed

* Excludes chain 4, for which no *’No event was observed.

separately from the other nuclides. In this case, instead of estimating the probability that

nq alpha particles will follow an implantation event, we estimate the probability that a

decay chain leading to *’Rf will be followed by alpha-decay of *’No. The analysis is

similar and is shown in detail in Table 3.3.
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All *No alpha-particle events were either observed with full energy (fully stopped in
the focal plane or reconstructed) or “escaped” from the front of the detector with only a
partial energy signal recorded. Table 3.3 shows these separately. In the case of full energy
alpha particles which might be assigned to *°No, the expected number of random
correlations between a *'Ds decay chain and these alpha particles was highest (4.8 X 107
when the beam was on during the E,, = 311.5 MeV experiment. Three *’No decay chains
were correlated to full-energy *’No decays; the Poisson probability of observing three
cotrelations when 4.8 X 107 are expected is 1.8 X 10”. Thus, these correlations are
interpreted as real correlations, although the small possibility that one of three comes from
a random correlation cannot be excluded. One final full-energy correlation was observed
with the beam off during the F,, = 314.3 MeV experiment when 0.099 x 107 were
expected. The Poisson probability of this being a random correlation is 9.9 X 10, so this
correlation is also interpreted as a real correlation. The full-energy *’No events observed
in chains 1, 3, 6, and 7 are likely all real correlations.

The *’No events in chains 2 and 5 were observed as escape alpha events. Both were
observed with the beam off: one each in the E,, = 314.3 MeV and 311.5 MeV
experiments. The expected numbers of random decay-chain-to-escape->No correlations
were 0.11 and 0.067, respectively. The respective Poisson probabilities of observing one
correlation with these numbers expected are 0.099 and 0.063. These probabilities are not
insignificant, and it is probable that at least one of the *’No correlations in chains 2 and 5
is a random correlation. In that case, the *’No probably decayed by electron capture
(38.6% branch) to long-lived *Md (#, = 27 * 2 min) [Firestone1996] and was not
detected. One or two *No electron-capture decays out of six atoms observed would also

bring the observed electron-capture branch into good agreement with the known branch.
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3.5. 298Pb(**Ni, n)*"'Ds Excitation Function

The current work establishes an excitation function for the **Pb(**Ni, n)*"'Ds reaction
measured with the BGS at the LBNL 88-Inch Cyclotron. Figures 3.1 and 3.2 and Table
3.1 show the cross sections obtained in the current work combined with previously
published results. In terms of the magnitudes of the cross sections, the results agree
among the three laboratories, certainly within the large error bars resulting from the few
decay chains observed.

Also shown in the Fig. 3.1 and 3.2 are Gaussian fits to each laboratory’s data. A cold
fusion 1n excitation function is not Gaussian, but the limited number of energies for
which data are available does not permit fitting of non-symmetric shapes. The observed
center (and FWHM) of each Gaussian is GSI: 309.4 MeV (2.6 MeV); LBNL: 311.7 MeV
(3.8 MeV); and RIKEN: 313.4 MeV (3.3 MeV). It should be noted that in a fit of the
RIKEN data to a Gaussian, Morita ¢# al. [Morita2004d] calculate that it should be centered
at 313.8 MeV with FWHM 4.7 MeV. The difference in mean values between that
calculation and the current one is likely not significant, but the difference in width is
significant. This discrepancy may be attributed to the measurement of only an upper limit
cross section on the high-energy side of their excitation function. Regardless, this
discussion will assume a FWHM of 3.3 MeV for the RIKEN data.

If a theoretical excitation function for a reaction is computed without the energy loss
in the target folded in, then it is not difficult to factor in the target thickness; simply use an
average value integral with a variable center-of-target energy. Unfortunately, the reverse
process is complex, and mathematically leads to a problem that can be solved for simple
cases but cannot be generalized to the more complicated functions required to describe an

excitation function. Thus, although it would be interesting to compare the widths of the
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fits to pure theoretical predictions (see, for example, Fig. 10 in [Swiatecki2003]), this is not
possible. Therefore, we shall limit our discussion to the theoretical excitation functions
shown in Fig. 3.1 and 3.2, which have a 4-MeV target thickness folded in.

A Gaussian fit to this “Fusion by Diffusion” prediction for the **Pb(**Ni, n)*"'Ds
excitation function from Swiatecki, Siwek-Wilczyniska, and Wilczynski [Swiatecki2004a]
results in a mean value of 312.8 MeV and a FWHM of 4.9 MeV. The mean value agrees
well with both the LBNL and RIKEN results, but differs from the peak of the GSI
excitation function by 3.4 MeV (roughly two-thirds of the target thickness in the GSI
experiments). The theory predicts maximum-cross-section energies to within 1-2 MeV, so
this discrepancy seems significant.

The FWHM of the prediction is larger than any of the experimental results (although
in excellent agreement with the FWHM reported by Morita ef a/)). The difference is most
pronounced in the GSI data. In all cases, the true shape of the excitation function is not
well established by the experiments because insufficient data exist on the cross sections at
the “wings,” where they are expected to be smallest. The observation of a single event by
the GSI group at E,, = 311.6 MeV certainly contributes to the apparent narrow excitation
function measured at that laboratory and may be the result of statistical fluctuations. It is
difficult to make the predicted width of an excitation function agree with experimental
data because it depends so sensitively on the fusion probability as a function of energy, as
well as on the I', /T, ratio. It should also be noted that the FWHM of a measured
excitation function depends on the target thickness used, and this was different at each
laboratory. The energy of the beam decreases significantly as it passes through the target,
so that a measured cross section really integrates over a portion of the “true” excitation

function. A larger target thickness results in a “flatter” measured excitation function and

103



increases the observed FWHM. Regardless, such estimations do give us some idea of the
ability of the theory to reproduce experimental data.

The experimental data obtained at all three laboratories have large error bars due to
limited statistics but appear to agree with the theoretical prediction of maximum cross
section. It appears that the “Fusion by Diffusion” theory outlined in Chapter 1 describes
well the experimental data presented here. Yet, the real test of any theory lies in its
predictive power, and this will be tested in the next Chapter.

Another question raised by these results is whether a systematic difference exists in the
beam energy between the GSI UNILAC, the LBNL 88-Inch Cyclotron, and the RILAC at
RIKEN. Morita e# al. [Morita2004d] address this question, saying, . . . the difference of
our result to that of [Hofmann1998] is not regarded as significant.” This statement seems
inconsistent with the necessity that the RIKEN group use a +4-MeV correction between
the GSI and RIKEN accelerators to estimate the beam energy for their experiments on the
production of **111 in the *”Bi(*'Ni, n) reaction [Morita2004b]. This correction was
based on the observed difference in peak cross section energy in the **Pb(*'Ni, n)*'Ds
reaction which is clearly visible in Fig. 3.1. Unfortunately, our current results do not shed
any light on this problem, as the maximum of our measured excitation function is nearly
centered between those obtained at the other two laboratories. The differences of
approximately 2.5 MeV are less than the 1% absolute error of the energy from the 88-Inch
Cyclotron. Note that in our experiments, the average Cyclotron dee voltage was 68.1 kV
and the “Ni charge state was 14+, so that the total energy gained per gap crossing was
~0.95 MeV (~1.9 MeV per revolution). Thus, an error of a single turn (plus or minus)
when extracting the beam from the cyclotron would bring our current results into

agreement with either the GSI or RIKEN accelerators but not both.
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4. Production of ?’?111 in the *°*Pb(°°Cu, n)
Reaction

4.1. Previous Work

4.1.1. GSI Experiments

Element 111 was discovered by S. Hofmann e7 a/. at GSI using the Separator for Heavy
Ion Products [Hofmann1995b]. Preparatory experiments began with the irradiation of
*%Pb targets with **Ni projectiles of energy 305.3-315.5 MeV and led to the observation of
“"'Ds for the first time [Hofmann1998] as the product of the **Pb(**Ni, n) reaction (see
Chapter 3 for a complete discussion of these experiments). In a subsequent experiment
designed to produce element 111, Hofmann e a/. [Hofmann1995b] irradiated *”Bi targets
with 316.1-MeV *Ni projectiles at E,, = 312.1 MeV (lab frame). No decay chains
attributable to element 111 were observed. The beam energy was increased to E,, = 314.1
MeV, and one atom of 111 was observed. The beam energy was increased again to
E,, = 316.0 MeV and two more “*111 decay chains were observed.

In the year 2000, the *”Bi(**Ni, n)**111 and the preparatory **Pb(*Ni, n)*"'Ds
experiments were repeated [Hofmann2002]. Only the highest energy of E,_, = 316.0 MeV

: 209 : 272 :
was used in the ° Bi experiment and three more ““111 decay chains were observed,
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bringing the total number of chains observed at GSI to six. In all six cases, the decay
chain was followed to the decay of the known nuclides **Db and/or **Li (see the chart of
the nuclides in Fig. 3.4). The parent nuclide 111 and its daughters ***Mt and ***Bh were
characterized for the first time. Results of these experiments and element 111 experiments

at other laboratories are summarized in Fig. 4.1 and Table 4.1.

° A GSI”Ni+ *"Bi
| = RIKEN *Ni + **Bi
5 T _ - —=— “'Ni + **Bi Theory
(5 MeV Target
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Lab-Frame Center-of-Target Energy (MeV)

FIG. 4.1. Experimental cross sections and theoretical excitation function prediction for
the *”Bi(*'Ni, n)*"*111 reaction. The green triangles are GSI data [Hofmann2002] and the
black squares are RIKEN data [Morita2004b]. The vertical error bars represent the 1o
(68%) error limits for the cross sections, and the horizontal error bars represent the energy
loss of the beam as it traverses the target. The magenta squares connected by lines are the
theoretical excitation function [Swiatecki2004a] and have a 5-MeV target thickness folded
in. The red diamond is the cross section for the **Pb(*Cu, n)**111 reaction measured in
the current work, and is shown for comparison purposes only.
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TABLE 4.1. Cross sections for the *”Bi(*Ni, n) and **Pb("’Cu, n) reactions leading to the
production of 111 measured at three different laboratories. E,,is the lab-frame beam
energy at the center of the target. These data are presented graphically in Fig. 4.1.

Target Decay
Laboratory and E,, Thickness  Dose Chains  Cross Section
Reference Reaction (MeV) (mg/cm®  (10") Observed (pb)
GSI “Ni+Bi 3121 0.45 10 0 <2.9
[Hofmann2002] 314.1 0.45 11 1 1.7
316.0 0.45 33 5 2917
RIKEN “Ni+*"Bi  317.5 0.25 20.2 3 2.6
[Morita2004b] 320.3 0.29 49.4 8 2.5
323.2 0.30 25.0 0 <1.1
LBNL “Cu+""Pb  321.1 0.47 6.6 1 1757
[This work.]

* Combines two different experiments separated by six years.
> Excludes three events observed during the same runs where target deterioration had
occurred.

111 was observed to decay with a half-life of 1.6°;. ms. Morita ¢ a/. [Morita2004b]

-0.5

report a conflicting half-life of 3.8")% ms for this nuclide (see Sec. 4.1.2 below). Tt decays

by the emission of alpha particles of energy 11027 keV (two events) and 10820 keV (one
event). Hofmann and coworkers noted that the difference in these observed alpha
energies and the corresponding Q ,-values is close to the energy of a 155-keV gamma ray
observed in coincidence with the decay of the first **111 event in [Hofmann1995b]. They
suggested that 111 may alpha decay to a **Mt level at 207 keV, and that the internal-
conversion decay of this state leads to the emission of an Mt K electron. Thus, the 155-
keV gamma ray may actually be a K, x-ray from Mt. Unfortunately, the coincident alpha

particle was not observed with full energy so this hypothesis remains unproven. A half-life

of 42*2) ms was observed by Hofmann ez a/. for **Mt, but as with *111, Morita e a/. again
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report a different half-life of 21f§ ms for **Mt. Four ***Mt decays were recorded with full

energy and varied from 10097-10294 keV. Using a 93-keV gamma ray coincident with a
10221-keV event as a guide, these decays were tentatively placed into three groups with
energies 10097 keV (one event), 10221 keV (one event), and 10276 keV (two events).

The final new nuclide produced in these experiments was **'Bh. All six decays were
observed with full energy and were placed in four groups: 9113 keV (one event), 9365 keV

(one event), 9494 keV (two events), and 9619 (two events). The observed half-life was
1077 s.

As in the case of element 110, the claims of the GSI group for discovery of a new
element were strengthened by the fact that the decay chains could be followed to the decay
of known nuclides in all cases. Thus, the mass and atomic numbers of the nuclides could
be assigned unequivocally. In this case, the first known nuclide produced by the decay of
2111 was **’'Db. This nucleus was discovered by Ghiorso e /. [Ghiorso1970] and
significantly improved data were later obtained by Bemis ¢ a/. [Bemis1977], who measured
a “’Db half-life of 1.52 £ 0.13 s. It decays with an alpha branch of (90.4 * 0.6)%, a fission
branch of (9.6 £ 0.6)%, and an upper-limit electron-capture branch of 2.5%. The alpha
decay energies (with branches) are 9040 * 14 keV [(48 £ 5)%], 9074 * 14 keV [(23 £ 5)%],
and 9120 * 17 keV [(17 £ 3)%]. The GSI data are in reasonable agreement with these
data. The other known nuclide in the GSI decays chains was *’Lr, which had also been
observed in the experiments by the Ghiorso and Bemis groups. The half-life of *°Lr is
25.9 £ 1.7 s. It decays predominantly by alpha-particle emission, producing a complex

spectrum. Again, the GSI data were consistent with these previously reported results.
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4.1.2. RIKEN Experiments

The production of 111 in the *”Bi(**Ni, n) reaction has also been reported by a
group working at RIKEN (the Institute of Physical and Chemical Research, Wako,
Saitama, Japan) led by K. Morita [Morita2004b, Morita2004c]. As discussed in Sec. 3.1.3,
this group had previously measured the lower portion of an excitation function for the
*®Pb(**Ni, n)*"'Ds reaction in preparation for future experiments on the synthesis of
elements 111, 112, and 113. This partial excitation function had its maximum at a center-
of-target energy 4 MeV higher in the lab frame than was measured in the GSI experiments
(see Sec. 3.1.3, Fig. 3.1 and 3.2, and Table 3.1). Therefore, the RIKEN group began their
experiments on the production of **111 with **Ni projectiles of E,, = 320.3 MeV,
approximately 4 MeV higher than the optimum energy measured at GSI. In total, eleven

decay chains attributed to 111 were observed at this energy over the course of several
separate irradiations. The combined cross section was 2.5:1)‘; pb, although the target

thickness was not well defined for three events and these are not included in the cross
section calculation. The beam energy was raised to E_, = 323.2 MeV, but no events were
observed and an upper limit on the cross section of 1.1 pb was obtained. The final beam

energy studied was E,_, = 317.5 MeV, and three decay chains were observed with a cross

section of 2.6™%2 pb. A total of 14 decay chains was observed.

As in the case of the **Pb(**Ni, n)*"'Ds reaction, the data obtained by the RIKEN
group were generally consistent with the data obtained by the GSI group, but again
showed larger spreads in the measured energies of events. However, this is not surprising,
since all the nuclides in the **111 decay chain are odd-odd and expected to have complex

decay schemes. Also, the RIKEN group observed many more decay chains than the GSI
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group, so lower-intensity alpha decay branches have a higher probability of being
observed.

Morita’s group reported the observation of *111 with full energy in all 14 decay
chains. The two energy groups of 11027 keV and 10820 keV reported by Hofmann ez al.

were confirmed. Additionally, new alpha energies of 11373 keV (three events) and 10395

keV (two events) were reported. The half-life of 3.87/% ms measured for 7*111 does not

agree within the stated errors with that of 1.6"/1 ms reported by the GSI group. Further

experiments are required to resolve this discrepancy.
As in the GSI experiments, only alpha-particle emission from “*111 to produce **Mt
was observed. The **Mt alpha-decay energies observed at RIKEN covered a large energy

range from 10280-10780 keV, higher than the range of 10097-10294 keV observed by the

GSI group. Morita et al. reported a half-life of 217} ms for these decays, compared to the

427 ms reported by Hofmann e a/. One long-lived **Mt event was observed at both
laboratories: 122 ms at RIKEN (chain 3 in [Morita2004b]) and 171 ms at GSI (chain 2 in
[Hotmann1995b]). The 171-ms event had the lowest measured decay energy (10097 keV)
in the GSI experiments, but unfortunately the RIKEN 122-ms event was recorded as an
escape event, so its true energy is not known. Morita and coworkers suggest that these
two events may be indications of an isomeric state in ***Mt, and that ignoring these events
brings the half-lives measured at the two laboratories into agreement.

The alpha-decay daughter of **Mt is ***Bh, which was also observed in the RIKEN
experiments. The most important result was the discovery of a previously unknown SF
branch (~15%) in ***Bh. The majority of ***Bh events were observed to alpha decay with

energies from 9100-9600 keV. One event with an unusually low decay energy of 8870 keV
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was assigned to “**Bh and might actually be due to the decay of *’Db. The subsequent

alpha decay assigned to *’Db had an energy consistent with *’Lr decay, so this

interpretation seems likely. The observed 2“Bh half-life was 0.9f8’2 s, in good agreement

with the GSI data (1.07] s).

Twelve events attributed to *’Db were reported by the RIKEN group. Among these,
one was a fission event consistent with the known SF branch of (9.6 * 0.6)% [Bemis1977],
although they suggest that *’Db might decay by electron-capture to the known nuclide
*Rf which then underwent SF with a 20-ms half-life [Firestone1996]. Also significant was
the observation of three long-lived events which were attributed to an isomer in *’Db.
However, this evidence appears weak as one of these events might actually be due to *‘Lr
as described above. Also, the shortest-lived event of these three Db events (10.9 s
lifetime) might be due to a statistical fluctuation in the lifetime distribution with known
half-life 1.52 £ 0.13 s [Bemis1977]. (The GSI group also observed one **Db event with a

long lifetime of 14.98 s). Nevertheless, Morita and coworkers attribute these decays to an

+25

isomeric state with a half-life of 1977

s. Lastly, the RIKEN group observed two decays

with higher energies than previously reported (9340 keV and 9400 keV), which is

important for the current work (see Sec. 4.3). The measured half-life for the non-isomeric

0.8 - . .
state was 1.57, s, in agreement with Bemis and coworkers’ data.

+10
=5

Finally, the alpha-decay energies and half-life of 18”." s measured by Morita ez a/. for

»Lr are in agreement with literature data [Bemis1977] for the decay of this nuclide. Based
on these decay chains, the discovery of element 111 by the GSI group was confirmed at an

independent laboratory (RIKEN) using the same reaction as the GSI group.
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4.1.3. Rationale for the New Experiment

At both GSI and RIKEN, experiments designed to produce *"'Ds in the **Pb(**Ni, n)
reaction were conducted in preparation for the experiments on element 111. When these
preparatory experiments were completed, both groups faced two options for the next
reaction to study. One option would be to add a proton to the target using the
*Bi(**Ni, n)**111 reaction; another option would be to add the proton to the projectile
using the **Pb(Cu, n)**111 reaction. Both groups chose the former reaction because of
the general perception that the cross section would be larger for the first option. One of
the aims of the current research is to quantify this difference by measuring the cross
section of the latter reaction for the first time.

In addition to providing additional information on the decay properties of *111, this
work would provide an even stronger confirmation of the discovery of element 111 using a
different reaction than did the GSI group. The observation of decay chains originating
from the same nuclide but produced in a cross bombardment reaction would give
significant additional credibility to the original work by demonstrating that no systematic
problems existed in the original GSI experiments that were then reproduced in the

RIKEN experiments.

4.2. Experimental Conditions

The production of **111 in the **Pb(*Cu, n) reaction had not been studied before this
work, so it was necessary to estimate the beam energy where the largest cross section
would be obtained. Using the “optimum energy rule” described in Sec. 1.2.2, it was
estimated that the optimum “Cu bombarding energy in the **Pb(*Cu, n)**111 reaction

should be 9.6 MeV higher in the lab frame than the optimum N bombarding energy in
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the **Pb(*'Ni, n)*'Ds reaction. This calculation included reaction Q-values based on
masses and fission barrier heights from [Myers1994] with an additional correction for the
pairing energy of the residual nucleus. The optimum E,, in the “Ni + **Pb reaction was
311.5 MeV, so an energy of 311.5 MeV + 9.6 MeV = 321.1 MeV was chosen for the “Cu
projectiles.

Experimental conditions were similar to those for the experiments on the production
of ?'Ds in the **Pb(**Ni, n) reaction (see Sec. 3.2). During two consecutive weeks, two
new runs (BGS runs 067 and 068) were conducted with a beam of E_, = 321.1 MeV
®Cu®’. The beam energy from the 88-Inch Cyclotron was 326.9 MeV and the average
beam current on-target was ~160 pnA. The same 0.47-mg/cm’ ***Pb targets were used as
in the “Ni runs, and the excitation energy of compound nuclei formed in the center of the
targets was 13.2 MeV. These targets were supported on 35  5-pg/cm’® "C backings and
covered with additional 5 + 2-pg/cm” "™C foils. During the two runs combined, a total
dose of 6.6 x 10" particles was collected. Based on the magnetic rigidity of 2.09 T m for
*'Ds evaporation residues (EVRs) observed in the **Pb(**Ni, n) reaction, a rigidity of 2.08
T m was estimated for **111 in the **Pb(*Cu, n) reaction. The BGS magnet currents
were set to Q1 = 1582 A, M1 = 353 A, and M2 = 600 A. The “window” separating the
gas-filled separator from the evacuated beamline was the same as in the *’'Ds experiments.
Starting in the middle of the first week (run 067), the BGS He pressure was reduced to 0.5
torr to help minimize the number of broken windows by reducing the pressure difference
across the window. The same multi-wire proportional counter (MWPC) was placed
upstream of the focal plane detectors to discriminate implantation events from radioactive

decays. The test reactions “Cu + ''°Sn, ™BaBr, were used to produce alpha-decaying
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neutron-deficient isotopes of Au, Pt, At, and Po to check the performance of the system
and for calibration purposes.

The beam shutoff analysis described in Sec. 3.2 was also active during these
experiments. The EVR-a gate was activated by an EVR of 15-45 MeV followed within 4.0
s by an alpha particle of 9300-12000 keV. (Halfway through the first run, the EVR
window was expanded to 15-60 MeV). The maximum position difference was 3.5 mm, or
7.0 mm if the EVR saturated the signal in the low-energy amplifier. When these
conditions were satisfied the beam was shut off for 9.0 s, long enough to observe decays
of **Bh and possibly *’Db. An additional alpha patticle during the EVR-a shutoff with
energy 8800-12000 keV in the same position as the previous alpha would activate the

EVR-oa-a gate. This latter gate could extend the shutoff for up to an additional 150.0 s.

During the two runs, ten short shutoffs were initiated. The EVR-a-a gate conditions
were satisfied on one occasion but the beam did not shut off due to a bias supply problem
in the beam “chopper.” The decay chain that initiated this “shutoff” is discussed in the

next section.

4.3. Observed Decay Chain

One decay chain of interest was observed during the two “Cu runs and is shown in
detail in Fig. 4.2. Alpha decay data have been corrected for the energy of the recoiling
daughter. Note that the standard deviation in energy is ~17 keV for fully stopped alpha
particles and ~45 keV for reconstructed alphas (those where the total energy is the sum of
focal plane and upstream energies). Positions are given so that -29 mm is the bottom of

the strip and +29 mm is the top of the strip. No attempt is made to estimate half-lives for
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Strip 18, 28.58 MeV, +17.62 mm

11042 keV 217211
+16.37 mm, 0.263 ms

10114 keV 2I6\§It
+16.78 mm, 12.6 ms

Escape, 993 keV 2654h
+10.64 mm, 1.16 s

953 + 8463 = 9416 26Dob
+6.32 mm, 1.45 s

2783 + 5830 = 8613 25|f
+14.60 mm, 3.16 s | Lf

FIG. 4.2. Decay chain observed in the irradiation of ***Pb targets with “Cu. The lab-
frame, center-of-target energy was 321.1 MeV. The implantation event is described above
the chain. The notation x + y = gindicates that an event with energy x keV was observed
in the strip detector and an event with y keV was observed simultaneously in an upstream
detector, with sum g keV. Position are given from -29 mm to +29 mm.

the nuclides produced since only one decay was observed in each case and the half-lives
have been measured elsewhere as described earlier.

Implantation Event. The event began in strip 18 with an implantation event observed at
a position of +17.62 mm whose pulse height corresponded to 28.58 MeV. This pulse
height is close to the measured pulse heights of 25.9 + 1.6 MeV obtained for *'Ds EVRs
described in Chapter 3, as would be expected for a **111 EVR. The MWPC detector
registered four signals (top, bottom, left, and right) as expected for a recoiling high-Z
atom. All four signals were above the noise but not saturated, and within the range
expected for a ?*111 EVR. A time-of-flight signal between the MWPC and the focal plane
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was also recorded and is within the range expected. This event appears to be a true
implantation event.

?2111. After the implantation event was observed, an alpha particle with energy 11042
keV and position +16.27 mm was observed 0.263 ms later. The decay energy is in
excellent agreement with the 111 alpha group at 11027 keV reported in [Hofmann2002]
and [Morita2004b]. This energy is in especially good agreement with the event at 11046
keV reported in chain six of [Hofmann2002] and the 11040-keV and 11060-keV events in

chains 2 and 9, respectively, in [Morita2004b]. The lifetime of 0.263 ms is consistent with
the measured half-lives of 3.8"/1 ms [Morita2004b] and 1.671 ms [Hofmann2002], and is

therefore assigned to the decay of **111.

“*Mt. Another fully stopped alpha particle of energy 10114 keV was observed 12.6 ms
after the 111 event. The position of this event was +16.78 mm, in close proximity to the
previous alpha and implantation events. The observed energy is in good agreement with
the alpha-decay energy of 10097 keV observed for the **Mt decay in chain 2 of

[Hofmann1995b]. Again, the lifetime is consistent with half-lives measured at both
RIKEN (21" ms) and GSI (42*7, ms). Based on these considerations, this alpha decay is

assigned to “*Mt.

The presence of these three events (the implantation events and two alpha events),
correlated in time, energy, and position, provide strong evidence for the presence of a
high-Z element, which is assigned to **111. This assignment is strengthened further by
the additional decays described below.

“Bh. An “escape” event with energy 993 keV was observed in the same strip as the

previous alpha events, and followed the second one by 1.16 s. This lifetime is consistent
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with the reported **Bh half-lives of 0.97)3 s [Morita2004b] and 1.0} s [Hofmann2002].

The position of this event was +10.64 mm, which differs from the position of the previous
three events. This is because the position resolution of the focal plane is inversely
proportional to the energy deposited in the focal plane [Gregorich2004]. This is cleatly
visible in the reconstructed alpha events that are part of ’'Ds decay chains in Fig. 3.3,
some of which differ in position from the full energy events by large amounts (more than
10 mm). A similar degradation of position resolution with decreasing focal plane energy
has been reported for the GARIS separator; see Fig. 3 in [Morita2004d]. Thus, the
observed position difference is not surprising.

It should also be mentioned that this escape event was observed in coincidence with
two signals from the MWPC detector. The MWPC produces four signals, labeled top,
bottom, left, and right. The signals recorded in coincidence with the escape event were
489 channels in the “right” signal and 491 channels in the “left” signal. The high-Z EVRs
studied in this work produce on-scale signals in all four channels when passing through the
MWPC. Thus, this escape event is not actually an implantation event. No punch-through
signal was recorded in coincidence with the escape, so it cannot be attributed to a high-
energy implanting proton or scattered He from the fill gas. Fig. 4.3 shows the four MWPC
signals separately in coincidence with alpha particle events for strip 18 during run 068,
when the escape event occurred. First, there is clear evidence that these signals are coming
in coincidence with escape alpha particles of energy ~1000 keV, and that they are of the
magnitude observed in the present case. It is possible that the escaping alpha particle (now
with energy ~8300 keV) passed through the MWPC and deposited some energy,
producing the observed signals. The variation of MWPC signal size at constant focal plane

energy might be attributed to differences in the position where the alpha particle strikes
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FIG. 4.3. MWPC signals in coincidence with alpha particles emitted in strip 18 during
BGS run 068, as a function of alpha particle energy deposited in the focal plane detector.
See the main text for a discussion.

the MWPC, although this is seen more clearly in the “top” and “bottom” spectra. Thus,
this escape event appears to be a real alpha-particle event. Since this event followed the

*®Mt and has a lifetime consistent with ***Bh, it is assigned to *Bh. The

decay of
possibility that this event is not part of the chain is considered in Sec. 4.4.

“’Db. The next event was a reconstructed alpha event observed 1.45 s after the escape
alpha event. The energy deposited in the focal plane was 953 keV, and the energy
deposited in upstream detector O was 8463 keV, for a sum of 9416 keV. The lifetime is

consistent with the previously reported value of 1.52 + 0.13 s [Bemis1977], but the decay

energy is not consistent with those measured in that work. Yet, it is consistent with the
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FIG. 4.4. Observed energy versus lifetime for all alpha particles produced in **111 decay
chains. Different nuclides are represented by different shapes and colors: black squares
for 111, red circles for **Mt, blue diamonds for ***Bh, magenta hexagons for *Db, and

€C_2>

green stars for “’Lr. GSI data have an “x” through them, RIKEN data are open symbols,
and the current data are filled symbols. The lifetime of the 2*Bh escape event observed in
the current work is indicated.

alpha energies measured in chain 4 of [Morita2004b] (9400 keV). The calculated position
was +0.32 mm, further illustrating the loss of position resolution with decreasing energy
described in this Section. However, due to the agreement of the observed lifetime and
decay energy with the previously reported data, this event is assigned to *’Db.

“Lr. The final alpha event in the chain is another reconstructed alpha which

deposited 2783 keV in strip 18 and 5830 keV in upstream detector 4, with sum 8613 keV.
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The position calculated based on the energy deposited in the focal plane is +14.60 mm,
illustrating the large improvement in position resolution obtained compared to deposition
of only ~1000 keV. The lifetime of this event was 3.16 s and is consistent with the half-
life of 31 * 3 s reported by Eskola, Eskola, Nurmia, and Ghiorso [Eskola1971] obtained in
the direct production of *’Lr. The alpha energy is consistent with one of their measured

energies: E, = 8640 £ 20 keV [branch (3 + 2)%]. With only one event observed in the
current work it seems unjustified to debate the likelihood of seeing this small branch. The
current alpha-decay energy is also in agreement with chains 3 and 14 in [Morita2002b].
Thus, this event is assigned to Ly, Following this event, no fission or alpha events with
energy greater than 1000 keV were observed within 150 s of the implantation event at any
location in the strip.

In summary, two experiments were conducted to study the **Pb(*Cu, n)*"*111
reaction. A total dose of 6.6 x 10" “Cu"" particles was collected and one decay chain was
observed. The comparison of events in the chain with previously reported data for the
*Bi(**Ni, n)**111 reaction is shown in Fig. 4.4. Based on this one decay chain, an

estimated BGS transmission of (70 £ 10)%, a chain detection efficiency of (95 * 5)%, and

+3.9
-1.4

a Rutherford screening efficiency of (1348 + 20)", the calculated cross section was 1.7
pb. This cross section is shown along with a theoretical prediction for the

*%®Pb(®Cu, n)*"*111 excitation function in Fig. 4.5. Given the magnet settings and
observation of this decay chain in strip 18, the estimated magnetic rigidity of the **111

EVR in He gas was 2.10 T m. The calculated EVR charge state based on this rigidity is

approximately +10.
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FIG. 4.5. Theoretical excitation function and experimental data for the **Pb(*Cu, n)**111
reaction. The experimental data comes from this work. The theoretical prediction comes
from [Swiatecki2004a] and has a 5-MeV target thickness folded in. The vertical error bars
represent 10 (68%) errors in the cross section and the horizontal error bars represent the
range of energies covered by the beam as it passes through the target.

4.4. Exclusion of Other Possible Interpretations

When doing an experiment of this type it is necessary to be able to eliminate other

Sec. 3 of [Morita2004b]).

possible interpretations of the results based on careful analysis and evaluation of all
relevant data. This leads to confidence in the assignhments proposed and assurance that

some unexpected factor has not influenced the data. (A similar analysis is conducted in
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The first sign that the assignments are correct is the agreement between the observed
data and that published previously [Morita2004b, Hofmann2002, Hofmann1995b]. This
has been discussed extensively in Sec. 4.3 and will not be repeated here.

The first alternative explanation for the data is that the chain begins with a nuclide that
is not the product of complete fusion. This possibility can be excluded because lighter
elements do not exhibit the very high alpha decay energies (greater than 10 MeV) observed
in the current work, except for **Po™ [E, = 11650 (97%), 8520 (2%), 9080 (1%) keV]
[Firestone1996]. The only observed alpha-decay energy close to these groups is the **Lr
decay at 8613 keV, and this differs from 8520 keV by ~2.7 standard deviations.

One concern expressed in Sec. 4.3 was that the escape event attributed to “**Bh might
not actually be part of the decay chain. In that case, the two reconstructed alpha events
would be “moved up” so that the 9416-keV event is now **'Bh and the 8613-keV event is
now **’Db. The 9416-keV energy agrees roughly with those reported for **‘Bh, but 8613
keV is more than ~400 keV less than the **Db energies reported by Morita e al.
[Morita2004b], Bemis e al. [Bemis1977], and Ghiorso e al. [Ghiorso1970]. Thus, this
possibility is excluded, and the escape event is considered part of the decay chain.

Given the fact that all nuclides in the decay chain are odd-odd and neutron-deficient
they are expected to have large Q-values for electron capture. It is possible that one or
more electron capture (EC) decays occurred in addition to the alpha decays detected. If
only one EC occurred among 2111, **Mt, ***Bh, or *’Db, then the alpha chain would end
at 21-ms *Rf which decays by SF (100%). Since fission was not observed, this possibility

can be excluded. Also, EC in **111 or **Mt would lead to ***Bh, and no decays are
consistent with its reported decay properties (7, = 0.9407 s, E, = 9240 £ 50 keV)

[Gan2004]. Two or more ECs in the decay chain would lead to nuclides with alpha

122



energies significantly lower than those observed here, so EC can be excluded entirely. No
EC decays were reported in [Morita2004b, Hofmann2002, Hofmann1995b].

Additionally, it is possible that the compound nucleus decayed by some mode other
than the emission of one neutron. The energetics of some of these deexcitation processes
are discussed in Sec. 1.2.1.3. The 2n exit channel is forbidden because the excitation
energy in the compound nucleus (13.2 MeV for compound nuclei formed at the center of
the target) is insufficient for evaporation of two neutrons. The p and & exit channels are
significantly hindered relative to neutron emission as discussed in Sec. 1.2.1.3. Also, the p
exit channel decay chain would proceed through the same nuclides as 1n emission
followed by ground state EC decay (*°Ds, **Hs, **'Sg, and *Rf), and can be excluded for
the same reasons. The alpha exit-channel would produce the unknown nuclide *’Mt. Its

*%Bh, so this exit channel can be excluded as described above.

alpha decay leads to
Finally, the radiative capture channel has not been observed in any heavy system
[Morita2004b] and is excluded for that reason.

Thus, due to its agreement with published data and the improbability of other

explanations, this decay chain is assigned to the nuclide **111 produced in the

*®Pb(*Cu, n) reaction.

4.5. Analysis of Expected Random Correlations

The same random correlation analysis was performed for the current experiment as in
the *'Ds experiments, except that all five nuclides (2721 11, ***Mt, ***Bh, *"Db, and 25(‘Lr) are
treated together, rather than the last nuclide being treated separately. The reader is
referred to Sec. 3.4.1 for a detailed description of how the calculations are performed. The

results are summarized in Table 4.2.
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TABLE 4.2. Analysis of expected random correlations in the **111 experiments. In all
cases, Az, was 180 s (approximately six “’Lr half-lives) and the pixel size was 3.0 mm
(928 total pixels). The alpha particle rates are those measured at full beam intensity and
combine alpha particles fully stopped in the focal plane with reconstructed ones.
Apparent calculation errors in the “Runs Combined” column are due to rounding errors.

E, = 321.1 MeV

Run 067 Run 068 Runs Combined
Opverall Rate of Alphas with Energy 3.7 x 107 5.0 x 107 4.4 x 107
8200-12000 keV (s
Rate of Alphas Per Pixel with 3.9 x10° 5.4 x10° 4.8 x10°
Energy 8200-12000 keV (s)
u (Expected Number of Alpha 7.1 x10* 9.8 x 10 8.6 x 10
Particle Events Per Pixel in Az,,)
Ny 2.0 x 107 1.8 x 10" 3.7 X 107
Probability of Exactly Two Alphas 25 x 107 4.8 x 107 3.7 x 107
in the Same Pixel in Az,
Expected Number of 5.0 x 107 8.4 x 107 14 x10?
Random Correlations (74 = 2)
Probability of Exactly Four Alphas 1.1 x 10" 3.8 x 10 23 x10™
in the Same Pixel in Az,
Expected Number of 2.1 x 107 6.6 x 107 8.5 x 10"

Random Correlations (7, = 4)

The overall rates per pixel of alpha particles with the expected energies (8200-12000
keV) are low in both runs 067 and 068: 3.9 x 10° s and 5.4 x 10° 5™, respectively. Yet
due to lengthy runs, the expected numbers of EVR-a-a correlations (7, = 2) were
relatively high: 5.0 x 10” and 8.4 x 10”. Once this calculation is extended to EVR-a-o-0.-
o (nq = 4) correlations, of the type observed in the current decay chain, these numbers
drop significantly to 2.1 x 10” and 6.6 x 10°. In both the 7, = 2 and 7, = 4 cases, these
numbers are really upper limits since there are no requirements that (5 — 7,) escape alpha
particles be present to complete the chain, that the lifetimes of the events agree with the
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known half-lives, or that the alpha energies vary smoothly from one nuclide to the next

along the chain, as is known and predicted by theory below the N = 162 subshell.

4.6. Comparison with the ?°°Bi(®*Ni, n)?*’°111 Reaction

One of the reasons cited for the current study was the desire to quantify the difference

in maximum cross section between the *”Bi(**Ni, n)”*111 and **Pb(*Cu, n)**111

reactions. For the “Ni + *”Bi reaction, the result obtained at RIKEN was 2.6'77 pb at

E,(*Ni) = 317.5 MeV and the result obtained at GSI was 2.9° pb at E,_(*Ni) = 316.0
MeV. For the “Cu + **Pb reaction, measured for the first time in this work, the
maximum cross section was 1.7° pb at E,(*Cu) = 321.1 MeV. The cross sections for

the two reactions can be said to be comparable within the very large statistical uncertainties
on the experimental values. Further work is needed to clarify this point. However, the
current results show that using odd-Z projectiles for the synthesis of odd-Z heavy
elements is feasible.

One final comment should be made concerning the measured cross section for the
*®Pb(*Cu, n)*”*111 reaction. Fig. 4.5 shows the cross section along with a theoretical
prediction for the corresponding excitation function from Swiatecki, Stwek-Wilczynska,
and Wilczyfiski [Swiatecki2004a]. Their excitation function indicates that it may be

advantageous to repeat the experiment at an E£,, 3 MeV higher in the laboratory frame.

cot
However, their excitation function was not yet published at the time of the experiment, so
the “optimum energy rule” was applied to both the **Pb(*Ni, n)*"'Ds and

*®Pb(*Cu, n)*”*111 reactions and the difference was added to the measured optimum

energy for the “Ni + **Pb reaction. This resulted in the experimental “optimum” “Cu +
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*®Pb energy that we used being less than the rule would predict if used directly. The same

discrepancy was observed in the *“Ni + **Pb reaction (see Fig. 3.1).
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5. Production of ?°?Bh in the *°*Pb(°*°*Mn, n) Reaction

5.1. Previous Work

5.1.1. Dubna Experiments

The Mn + **Pb reaction was first studied by Oganessian ez /. [Oganesyan1976,
Oganessian1976] at the Joint Institute for Nuclear Research in Dubna, Russia, USSR using
their rotating drum technique. (The names “Oganesyan” and “Oganessian” refer to the
same person, but differ because the earlier transliteration was different than currently in
use. Oganessian will be used hereafter). A thick target of **Pb (2-3 mg/cm?) was
deposited on the surface of a drum which rotated at constant velocity inside an outer
housing. The inside surface of the housing was coated with mica track detectors. The
*Mn beam was incident on the target tangential to the direction of rotation. The target
thickness was chosen so that recoiling evaporation residues (EVRs) would be stopped in
the target. As the target continued to rotate, any SF events would be recorded as tracks
created in the mica detectors by the fission fragments. The half-life of the fissioning
nuclide could be estimated later from the known rotation speed of the drum and the

distribution of tracks in the mica detectors along the circumference of the housing.
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The goal of these experiments was to synthesize element 107 (bohrium, Bh) for the
first time using the **Pb(*>Mn, 2n)**'Bh reaction. The cross bombardment reaction
*”Bi(**Cr, 2n)*'Bh was also studied using the same technique. At that time, the
systematics of cold fusion reactions producing transactinide elements were not well
established and it was believed that the 2n reaction should have a higher cross section than
the 1n reaction. With an incident beam energy of 290-MeV **Mn, Oganessian and
coworkers observed fission tracks with a half-life of 1 to 2 ms. From these data, the
branching ratio for SF in *'Bh was estimated to be ~20% based on the following
reasoning. It was presumed that the *'Bh alpha-decay daughter *’Db had been
synthesized in the *”Bi(*"T1, 2n) reaction and decayed partially by SF. By comparing the
yield of fission tracks with a calculated reaction cross section, it was estimated that the SF
branch in *’Db was ~20%. In the reaction *”Bi(**Cr, 2n)**'Bh, the yield of fission
fragments was approximately the same as in the *”Bi(*"Ti, 2n)**'Db reaction, so the same
~20% SF branch was assigned to *'Bh. In the cross bombardment reaction ***Pb + **Mn,
a 1-to-2-ms SF activity was also observed and again assigned to *'Bh as the 2n reaction
product. The cross section for production of *'Bh in the **Pb(>>Mn, 2n) reaction was
later reported to be 20 pb [Flerov1987].

In later Dubna experiments on the production of odd-Z transactinide elements in cold
fusion reactions, Oganessian e /. [Oganessian1984] continued to use track detectors to
record fissions online but added periodic offline chemical separations to look for long-
lived daughter activities. The *Mn + **Pb reaction was studied again but at an initial

beam energy of 302.5 MeV, which they assumed would produce ***Bh via the
*®Pb(*Mn, n) reaction. The online fission tracks observed with a half-life of 4.2% s were
assigned to *Db, assumed to be the alpha-decay daughter of **Bh. After chemical
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separation, long-lived **Cf (#, = 35.7 h) was also identified and assumed to be the result of
the **Bh decay chain. The reported cross section for the **Pb(*>Mn, n)**’Bh reaction was

0.1 nb for 310-MeV *Mn projectiles incident on the thick target [Oganessian1984].

5.1.2. Studies of the 29°Bi(°**Cr, n)?°°Bh Reaction at GSI

A serious problem in the acceptance of the Dubna work as proof of the first synthesis
of bohrium is the nonspecificity inherent in SF detection and the absence of any
observations conclusively identifying the nuclide undergoing decay. In the case of
bohrium, two different SF activities were identified, but an alpha-decay relationship
between them had been assumed, not observed. The chemical separations had revealed
the presence of an appropriate long-lived daughter, but this required many assumptions to
claim a genetic relationship to bohrium. The rotating drum technique for SF detection
was simply not adequate for these new element searches.

The first conclusive proof of the existence of element 107 was reported by
Minzenberg ef al. [Minzenbergl981a, Minzenberg1989] using SHIP [Ewald1976,
Minzenberg1979] at GSI. SHIP effectively separates products of interest from
background activities and beam, and its focal plane detectors are sensitive to the time,
position, and energy of implantation events, alpha decays, and fission fragments.
Miinzenberg and coworkers studied the production of **>*'Bh in *”Bi(**Cr; 1,2n)
reactions. They observed that these bohrium isotopes alpha-decayed through previously
unknown nuclides of Db and Lt to known nuclides of *’Fm, *’Md, and *’Md providing
definitive assignments of the mass and atomic numbers. The production cross sections are

shown in Fig. 5.1 and Table 5.1, which also summarizes the current experiments.
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FIG. 5.1. Excitation functions measured for the production of **’Bh in the *”Bi(*'Cr, n)
and *Pb(>Mn, n) reactions. Gaussian fits to the experimental data are shown. Also
shown is a prediction for the **Pb(>’Mn, n) reaction from the “Fusion by Diffusion”
theory with a 5-MeV target thickness included. In all cases, the cross sections represent
the sum of the production cross sections for both *’Bh# and **Bh™. The vertical etror

bars are 10 (68%) limits for the measured cross sections. The horizontal error bars
represent the energy loss of the beam as it traverses the target. These data are presented in
tabular form in Table 5.1.

In the decays of *’Bh, two sets of alpha-energy groups with different half-lives were
observed. Events in the groups at 9740, 9910, and 10060 keV were fit with a half-life of
102 £ 26 ms. At the higher alpha energies of 10240 and 10370 keV, the measured half-life
was 8.0 £ 2.1 ms. The latter decays were assigned to an isomeric state in *’Bh. The
energy of this isomer was estimated to be 500-600 keV above the ground state, although

the data for gamma rays in coincidence with these alpha decays were inconclusive. The
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TABLE 5.1. Cross sections for the *”Bi(**Cr, n) and **Pb(*>Mn, n) reactions leading to the
production of **’Bh at GSI and LBNL, respectively. These data are presented graphically
in Fig. 5.1.

Target 2IBKe + 2B
Laboratory E,, Thickness Dose Cross Section
[Reference] Reaction (MeV)  (mg/cm?) (10" (pb)
GSI “Cr+"Bi 2589 0.66 7 93 %
[Miinzenberg1989] 263.4" 0.39 71 1634
265.9" 0.40 18 274
271.0° 0.40 14 <56
LBNL “Mn + **Pb  260.0 0.47 5.7 44
[This work.] 264.0 0.47 4.2 54010
268.0 0.47 7.8 210"

* Calculated from data in Tables 1 and 3 in [Minzenberg1989].

observed alpha-decay energies of **'Bh were 10030, 10100, and 10400 keV, with a half-life

of 11.8"3] ms.

The existence of an isomeric state in *’Bh is not surprising as isomers are known to
exist for many transactinide elements. Among the Z > 106 nuclides, isomers have also
been reported in **’Sg [Hofmann1998], *’Ds [Hofmann2001], and *"'Ds [Hofmann1998].
Many even-even nuclei are expected to have high-K excited states with enhanced stability
against fission and alpha-emission; these states can be formed as a result of multi-
quasiparticle excitations [Xu2004]. The *’Ds isomer is a high-K isomer [Hofmann2001],
and odd-odd nuclei should be even more likely to have such isomers because of the
unpaired nucleons. Miinzenberg ef a/. reported roughly equal production of **Bh# (15
decay chains) and *’Bh™ (14 decay chains). *Bh™ has also been produced as a result of

*“Mt alpha decay [Hofmann1997, Miinzenberg1988].
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Spontaneous fission decay was not observed in the decay of **'Bh, **Bh®, or **Bh™, in
disagreement with the data reported by Oganessian ef /. It appears that the SF reported in
the decay of **Db [Oganessian1984] is actually the result of a 33% electron-capture branch
in **Db which leads to the short-lived SF isotope **Rf (#, = 12 ms, 100% SF branch). In
the case of *'Bh, the SF reported by Oganessian ¢f a/. [Oganesyan1976] can be attributed

to a 17% SF branch in *’Db [HeBberger1985], formed by alpha-decay of **'Bh.

5.1.3. Rationale for the New Experiments to Produce 252Bh

The work by Miinzenberg and coworkers focused exclusively on the *”Bi(**Cr, n)**Bh
reaction, presumably because the analogous **Pb(*’Mn, n)**’Bh reaction was expected to
have a lower maximum cross section. Since no SF decay attributable to the decay of
bohrium has been observed, the data obtained by Oganessian e# a/. [Oganessian1984,
Oganesyan1976, Oganessian1976] in the *>Mn + ***Pb reaction appear to be erroneous.

*Bh excitation function is necessary in

Thus, a new experiment to study the **Pb(*Mn, n)
order to quantify the possible difference in cross section that may result from the odd
proton being in the projectile rather than the target. A similar comparison was reported in
Chapter 4 for element 111 and although the results agreed within the quoted large
statistical errors, further investigation is necessary. The **Pb(*’Mn, n)**’Bh experiment
provides an opportunity to study the excitation function using a reaction with much higher
cross sections. In addition, the excitation function obtained by Miinzenberg ¢z a/. for the
production of **Bh in the *”Bi(*'Cr, n) reaction shows a maximum at an unusually high
excitation energy of 20 £ 2 MeV, so it would be valuable to know if this also occurs in the

*®Pb(>>Mn, n)**Bh reaction. During these experiments the *’Bh isomer ratios can also be

measured as a function of beam energy.
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5.2. Experimental Conditions

The experimental conditions were very similar to those described in Sec. 3.2 and 4.2.
The beam entered the BGS through the 45-pg/cm’ "™ C window separating the gas-filled
separator from the evacuated Cyclotron beamline. Details on the **Pb target wheel are
given in Sec. 2.1. The same MWPC detector was placed upstream of the focal plane
detectors as before to discriminate between implantation events and radioactive decays.
Prior to the run, targets of ''°Sn and "'Cs™1 were bombarded with 268.7-MeV (Cyclotron
energy) Mn"" projectiles to test the data acquisition system and to provide internal
calibration standards using the '’Cs(*Mn, xn)"***Hg, x = 3-5 and "*'I(*Mn, yn)'**'Pt, y =
3-5 reactions. *''Po produced in transfer reactions with the ***Pb targets was also used as a
calibration standard.

The “optimum energy rule” developed by Swiatecki, Siwek-Wilczysiska, and Wilczyniski
[Swiatecki2003] was used to estimate the optimum beam energy for the **Pb(*Mn, n)**Bh
reaction. Masses were taken from [Myers1994], and an additional beam energy correction
of +0.5 MeV (center-of-mass frame) was applied based on the known differences between
the theoretical and experimental optimum energies observed in other reactions (see Fig. 18
in [Swiatecki2004a]). The optimum energy was estimated to be 264.0 MeV.

In our first experiment, a beam of 268.7-MeV *Mn projectiles (lab frame) exited the
88-Inch Cyclotron and lost 1.2 MeV in the entrance window, a negligible energy in the 0.5-
torr He gas, and 1.0 MeV in the target backing before entering the **Pb targets. The total

energy lost in the targets was 4.9 MeV, resulting in the desired E,, of 264.0 MeV.

cot

Comparable energy losses were also calculated for the two other beam energies described

below. The excitation energy for compound nuclei produced at the target center was 14.3

MeV. The total dose of Mn"" collected at this energy was 4.2 x 10'° during 18.7 h. The
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average beam current at this energy was ~100 pnA, lower than those at the other energies
described below because of the need to condition the targets by gradually raising the beam
current at the beginning of the experiment.

After this initial bombardment, the beam energy from the Cyclotron was reduced to
264.7 MeV, giving E,, = 260.0 MeV. The excitation energy of compound nuclei formed at
the center of the target was 11.1 MeV. The total dose collected at this energy was 5.7 X
10" during 15.8 h. The average beam current at this second energy was ~170 pnA.

The final energy studied was 272.7 MeV from the Cyclotron. In this case, E

wor WAS

268.0 MeV and the excitation energy of compound nuclei formed at the center of the
target was 17.4 MeV. Again, the total energy loss in the target was 4.9 MeV. At this
energy, a total dose of 7.8 x 10" was collected during 20.0 h. The average beam current at
this final energy was ~180 pnA.

For **Bh, (v/) 7" is expected to be 13.8, and Eq. 2.10 gives good agreement with
experimental charge states in the range 7 < (¢/2,)Z"> < 17. Thus, the average charge state
of **Bh evaporation residues (EVRs) was estimated to be +8.1. Based on this charge
state, the magnetic rigidity of the BGS was set at 2.14 T m for all three energies. Magnet
currents of Q1 = 1719 A, M1 = 363 A, and M2 = 618 A were used. The He fill gas
pressure was 0.5 torr.

At E,, = 264.0 MeV, the initial energy of ’Bh EVRs was ~55 MeV. After

approximate energy losses of 3 MeV in the target, 6 MeV in the He fill gas, and 14 MeV in
the MWPC, the estimated implantation energy was 32 MeV. Correcting for an estimated

pulse-height defect of ~45% of EVR energy [Moulton1978], the observed implantation

pulse heights should correspond to approximately 18 MeV.
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The fast beam shutoff analysis described in Sec. 3.2 was active at all three energies.
The EVR-a gate searched for EVRs with energies in the range 12-25 MeV correlated
within 30.0 s to alpha particles with energies in the range 8300-11000 keV. Midway
through the first projectile energy the EVR range was increased to 10-25 MeV. These gate

values allowed an EVR correlated to the decay of *’Bh#, *’Bh™, **'Bh, **Db, *'Db, *'Lt,

or *’Li to shut off the beam. The maximum allowed position difference |AP,

nax

| was
variable and defined in the following way. For any given event with energy E, the standard

deviation in the measured position of this event was given by [Gregorich2004]

g, =2800E™ keV mm. (5.1)

When comparing the positions of two events, the difference AP should have a distribution

with standard deviation o, :

tot*

Jl/)l<AP) = V 01270.3',1 + G;o,r,z ° (52)

|AP,,.| was made equal to the full-width-at-half-maximum of this distribution:

=FWHM ~2.350,, = 235,07 +07, . (5.3)

When the above conditions were met, the beam was shut off for 180.0 s. The EVR-a-a

AP,

24X

gate was effectively disabled by setting by setting its additional beam-off period to just 0.1
s. This was done because the next likely alpha-decay in the chain, *’Fm (formed by
electron-capture decay of *’Md), was long-lived (#, = 30 min), and shutting off the beam
to search for this nuclide would have significantly reduced the total dose collected.

In the E,, = 264.0 MeV run, the beam shut off 16 times for a total of 2875 s (4.3% of

total beam time). In the E_, = 260.0 MeV run, the beam shut off only 4 times, for a total
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of 719 s (1.3% of total beam time). In the E,, = 268.0 MeV run, the beam shut off 13

times for a total of 2337 s (3.2% of total beam time).

5.3. Observed Decay Chains

5.3.1. Summary

261, 26

A total of 35 decay chains attributable to ’Bh were observed and are shown in Fig.

5.2-5.4. Eleven chains from **Bh™, twenty-two chains from *’Bh#, and two chains from
*'Bh were observed. The chains are shown in the order observed, except that the *'Bh
decay chains are shown separately in Fig. 5.4b for clarity. The number of decay chains
observed at each beam energy is shown in Table 5.2. Assignments were made by
comparing the observed data to the known decay energies and half-lives. The decay
properties of *'Bh and ***Bh™ are very similar, as are their daughters *Db and **Db, so
the decays of the bohrium granddaughters *’Lr and **Lr must be used to distinguish decay
chains originating from **'Bh and **Bh".

Figure 5.5 shows a histogram of the observed implantation pulse heights of EVRs at
all three beam energies combined. Although implantation energy varies with beam energy
and EVR production location within the target, these variations are not significant (on the

order of 1-2 MeV). Thus, the data from all three energies can be combined to improve

statistics. This information is useful in planning future experiments.
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FIG. 5.2. Bohrium decay chains observed at E,, = 264.0 MeV. See Fig. 5.3 for an

explanation of symbols.
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Chain 19, Strip 6 Chain 20, Strip 7

18.24 MeV, -33.29 mm 17.72 MeV, -11.29 mm
Escape, 4527 keV ZSBZI‘? 9783 keV ZSBZI‘?
-26.02 mm, 44.4 ms -10.42 mm, 24.3 ms
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-30.94 mm, 14.6 s Db : Db :

P -
i -8.88 mm, 0.384 s| Rf

‘No: 148 + 9 MeV

7205 keV 254
-30.12 mm, 3.28 h | FM

FIG. 5.3. Bohrium decay chains observed at E,, = 260.0 MeV. Information about the
corresponding implantation event is given above the chain. The notation x + y = ¢
indicates that x keV was observed in a strip detector and y keV was observed in an
upstream detector simultaneously, with sum g keV. A black triangle in the lower-right
corner signifies that the beam was off for that event. Fission events are indicated by
arrows below the nuclide. Parentheses indicate that only one signal was recorded in a strip
so a range of energies is possible. Brackets indicate that some energy was also deposited in

an adjacent strip. If units are not listed then they are keV. These symbols also apply to
Fig. 5.2 and 5.4.

The observed magnetic rigidity of all Z = 107 EVRs was 2.16 = 0.03 T m (statistical
uncertainty only), corresponding to an average EVR charge-state of approximately +8.0, in
good agreement with the prediction of +8.1. Again, observed magnetic rigidity varies with
beam energy and EVR production location, but the differences are not significant for the
beam energies studied in this work.

The transmission of the BGS was estimated to be (65 = 5)%. An analysis of the
vertical positions of all Z = 107 EVRs showed that the distribution was centered at
approximately -13 mm rather than 0 mm as expected. Inspection of the focal plane
showed that it was properly aligned to the centerline of the separator. This discrepancy
cannot be ascribed to magnetic field inhomogeneities in the magnets [Gregorich2004] and

remains unresolved. An additional “vertical efficiency” of (93 £ 3)% was introduced to
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account for the tail of the vertical EVR distribution which did not implant on the strip

detectors. Horizontally, more than 99% of EVRs were on the focal plane.
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FIG. 5.4. Decay chains of (a) *’Bh and (b) *'Bh observed at F,, = 268.0 MeV. See Fig.

5.3 for a description of

symbols.
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TABLE 5.2. Cross sections for the production of bohrium as a function of E£,. The
number in parentheses is the number of decay chains of the given type. Upper limits are
“one event”’ cross sections.

Emi
260.0 MeV 264.0 MeV 268.0 MeV
Nuclide (pb) (pb) (pb)
2618 <22 (0) <30 (0) 327 (2)
262B e 4472 (2) 3307 (11) 15075 (9)
2621, m " 4
Bh <22 () 210" (7) 6575 (4)
Total **Bh 4473 (2) 540719 (18) 21075 (13)

5.3.2. Information About Specific Decay Chains

Some chains deserve special mention. Chain 3 from the E,_, = 264.0 MeV run could be
attributed to **'Bh, but the fourth alpha-particle event in the chain has an energy too low
and lifetime too long to be assigned to *Fm. Thus, this chain is assigned to **Bh. In
chain 6, it appears that the EVR was implanted in strip 22 very close to the boundary with
strip 21. All three events in this chain deposited some energy in strip 21 as indicated by
the brackets. The long lifetime of 82.9 ms permits its assignment as “’Bh® even though
the alpha energy is not accurately known. In chain 15, the **No energy of 8022 keV is low
compared to the known 8093-keV group [Firestone1996] and might be assigned to *’No
(Eq = 8010 keV), but the presence of a correlated *’Fm decay conclusively identifies this
chain as originating from *’Bh™. In chain 18, as in chain 6, some energy was also
deposited in an adjacent strip. Energy deposited in the strip boundaries is not recorded,
which explains the unusually low **Bh¥ alpha-decay energy. Again, the long lifetime of

227 ms identifies this event as originating from 202Bhe,

140



N
o
|

[ E_, =260.0 MeV
5] EUE_, =264.0 MeV
1 BXJE_ =268.0 MeV

Counts per 2 MeV
o
|

O L) I L) L) L) L) L) L) L) I
8 10 12 14 16 18 20 22 24

Observed Implantation Pulse Height (MeV)

FIG. 5.5. Observed pulse heights for all Z = 107 EVRs.

In the E,, = 268.0 MeV run, the event assigned to ‘Lt in chain 25 has an unusually
large deposition energy for an escape alpha event (6358 keV). This decay chain was
observed at the very bottom of the strip, so it is possible that the emitted alpha particle
traveled through a large portion of the strip at a shallow angle. It would have then exited
the strip with approximately 2000 keV of kinetic energy remaining. This energy may not
have been recorded because the alpha particle was implanted in the non-detecting frame

which separates the upstream detectors from the strip detectors.
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5.3.3. 262Bh9, 262Bh™

The existence of ground and isomeric states in 2B} with differing half-lives and alpha-

decay energies was clearly observed in the current work. The calculated half-life of all 22
events assigned to 22Bhe was 84f; ms, a somewhat improved value compared to that of

102 £ 26 ms measured by Miinzenberg ez a/. (references throughout this section to
Minzenberg ef al. refer to [Munzenberg1989], and all half-lives were calculated using the

MLDS code [Gregorich1991] modified as described previously). The half-life of 11 events
assigned to 22Bh™ was 9.63‘2 ms, in agreement with the half-life of 8.0 *+ 2.1 ms measured

by Miinzenberg e/ a/. Neither **Bh® nor **Bh™ was observed to decay by SF.
Production of ground-state “’Bh was favored at all three beam energies (see Table 5.2).

At the lowest energy (E,, = 260.0 MeV), two ground-state decays and no isomeric decays

cot

were observed. At the middle energy (E,, = 264.0 MeV), 11 events of *’Bh® were

observed, compared to only 7 events of *’Bh™. At the highest energy (E,, = 268.0 MeV),

ot
9 *?Bh® decay chains were observed and 4 **Bh™ decay chains were observed. The total
ground-state-to-isomer ratio of 2.0 + 0.8 (22 *’Bh® events to 11 **Bh™ events) is in general
agreement with the observation by Miinzenberg e7 a/. of roughly equal production: 1.1 £
0.5 (15 **Bh® decays and 14 *’Bh™ decays; error estimated by the current author).
However, Miinzenberg ¢ al. conducted their experiments at higher excitation energies than
in the current experiments, which may influence the isomer production ratio. The beam
energy of the GSI experiments is discussed in more detail in Sec. 5.6. Many more **Bh
events will be required to firmly establish the isomer production ratio.

There was good agreement between the measured alpha energies and those reported by

Miunzenberg ¢f al., although the energies of a few decays were not well defined because
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some energy was deposited in an adjacent strip with additional energy lost in the resistive
gap between strips. A new lower-energy alpha-particle group was observed in the decay of
*Bh#. Two decays with energies 9655 keV and 9658 keV were observed in chains 9 and
30, respectively. In both cases, the alpha-particles were fully stopped in the focal plane,
resulting in maximum energy resolution. The excellent agreement of energies within the
group suggests that they cannot be attributed to incomplete charge collection of decays
from the known higher-energy groups. These new decay energies are too low to be
assigned to “'Bh. Also, the long lifetimes observed with the decays are more consistent

with the half-life of *’Bh® than **’Bh™, although the probability is ~10% that the 33.4-ms

lifetime in chain 30 belongs to the **Bh™ lifetime distribution with half-life 9.6 ms.

This new alpha-energy is consistent with the fact that all previously known alpha groups in
*Bh# have lower energies than those in *’Bh™. Thus, this group is assigned to *’Bh¥.
Note that two decays with energies 9822 and 9823 keV observed in chains 2 and 206,
respectively, are not consistent with any group given in [Miinzenberg1989], but are
consistent with the *’Bh decays in event numbers 2, 10, and 11 in Table 2 of
[Hofmann1997].

In summary, the following groups were observed in the decay of *’Bh™: 10348 keV (1
event) and 10231 keV (7 events). The following groups were observed in the decay of
*?Bh#: 10075 keV (5 events), 9936 keV (4 events), 9823 keV (2 events), 9755 keV (2
events), and 9657 keV (2 events). The standard deviation of each group is approximately

120 keV.

143



5.3.4. 261Bh

Two decay chains (numbers 34 and 35) were attributed to the decay of *'Bh. Chain 34
can be assigned with confidence because of the agreement of the B ¢ alpha energy (8671

keV) with the known group with energy 8722 keV [HeB3berger1985]. Chain 35 may

26 26

originate from *'Bh. The energy of the alpha-decay assigned to *'Bh in this chain was
10346 keV, and was followed 1.27 s later by a fission event. Although this decay chain is
also consistent with the decay of *’Bh™ followed by electron-capture of **Db and fission

of *"Rf, it is assigned to **'Bh because the 1.27-s fission lifetime is closer to the reported
1.47%-s half-life of *’Db (17% SF branch) [HeBberger1985] than the reported 4.4%)7 -s

half-life of **Db. However, the properties are so similar that the assignment to **’Bh™
cannot be excluded.

The estimated half-life of *'Bh based on the two decay chains in the current data is

10:1.)4 ms, in good agreement with 11.832 ms reported by Munzenberg ez a/. The half-life

of ®"Db is estimated to be 0.8"}} s, also in agreement with the half-life of 1.470¢ s

reported by HeBberger ¢z al. [HeBberger1985].

These two *'Bh decay chains were observed at our highest beam energy (E,,, = 268.0

cot
MeV). This nuclide is the 2n evaporation product of the complete fusion reaction. The
compound nucleus excitation energies covered by the target at this beam energy range
from 15.5 to 19.4 MeV, using masses from [Myers1994]|. Once the neutron separation
energies and an additional ~2 MeV per neutron kinetic energy are subtracted, it can be
shown that only the first ~20% of the target is available for production of the 2n product.

Compound nuclei formed in the remainder of the target will have excitation energies too

low for the emission of two neutrons. (Similar results are obtained using masses from
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[Audi2003]). These data are consistent with the expected 2n excitation function. It would
be interesting to continue this study at higher beam energies to observe the onset of 2n

product formation and measure the excitation function.

5.3.5. 2°8Db

The decay of **Db was observed or inferred in all 33 decay chains originating with

*Bh. Thirteen of these decays were electron-captures inferred from subsequent fission of

PRf (100% SF branch), leading to an EC branching ratio of (39%,')%, in good agreement

with the known EC branch of (33%])% [HeBberger1985]. The overall half-life of all 33

1.0 0.9 .
events was 4.8:)'8 s, compared to 4.41)'6 s measured previously.

In a study of the direct production of **Db in the *”Bi(*"Ti, n) reaction, HeBberger e

al. [HeBberger1985] reported that the measured half-life of ***Db nuclei undergoing alpha

decay (4.470% s) was significantly different from the measured half-life of ***Db nuclei

undergoing EC decay (6.1%5 s). This was attributed to a (25 * 5)% admixture of an EC-
decaying isomer in **Db with half-life 20 + 10 s. In the current work, the measured half-
life of all EC-decaying **Db nuclei was 6.6'7; s, in good agreement with that reported by

HeBberger ez al. Unfortunately, there were not enough Db EC events, and the
difference in half-lives was too small (~4 s compared to ~20 s), for a two-component fit
to the Db EC lifetimes in the current work to converge. If only the five EC lifetimes
longer than two **Db half-lives are considered, then the estimated half-life is
approximately 14 s, consistent with the longer-lived isomer proposed by Hel3berger e7 al.

Approximately one-fourth of all decays should occur with lifetimes longer than two half-

lives, and the observed fraction of long-lived decays [(38"}])%0] differs from this figure by
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one standard deviation, supporting the existence of an isomer. Regardless, the claim for
this EC-decaying isomer in **Db is still based on only a few observed events, and further
study is required to clarify these data.

In the E_, = 268.0 MeV run, one decay chain (not shown in Fig. 5.2-5.4) was observed

cot
that is consistent with an implantation event followed by alpha-decay of **Db, EC-decay

of *'Lt, and alpha decay of **No and *’Fm. A thorough search of the data revealed no

event which could be attributed to the decay of *’Bh. This may be because **Db was
formed as the an product of the complete fusion reaction, or because the decay of **Bh

did not trigger a data readout. The an product is not likely to be formed for the reasons

202Bh escaped from the front

discussed in Sec. 1.2.1.3. Even if an alpha-particle emitted by
of the detector, it should have triggered a readout, as happened with other **Bh escape
events. No other event in this work (including the darmstadtium and element 111
experiments described in Chapters 3 and 4, respectively) had this problem, so this chain is

26,

not included in the ***Bh production cross sections.

5.3.6. 255Rf

»Rf was formed by the EC decay of **Db. Its half-life could not be measured
because EC was not observed directly by any detectors in the experiment and its lifetime
was observed as the sum of the **Db and **Rf lifetimes. The known 100% SF branch of
this nuclide was used to aid in the identification of *’Bh decay chains. Fission events are
clearly identified by the large energy deposited in the focal plane (>140 MeV) but the

experiment was not suitable for measuring the SF total kinetic energy distribution.
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5.3.7. 25%Lr

The 9 full-energy alpha-decays assigned to 'Lt could be divided into two groups with
average energies 8437 keV (2 events) and 8394 keV (7 events). These energies agree with
those reported by HeBberger e a/. [HelBberger1985]: 8460 £ 20 keV (64%) and 8408 *+ 20
keV (36%).

The measured half-life of all 12 **Lr alpha-decays, including escape alpha events, was

22"

’¢ s. This is in rough agreement with the half-life of 133 s reported in

[HeBberger1985]. The measured branching ratios of **Lr were (60']1)% alpha and

(40717)% EC, consistent with the branches of (78  22)% alpha and (22 * 6)% EC

reported by Hel3berger ez al.

5.3.8. 25No

»*No has been extensively studied (see the list of references in [Loveland2003])
because of the large cross section of the **Pb(*Ca, 2n) reaction: 3.4 * 0.4 ub at 227 MeV
(lab-frame) [Nitschke1979]. The alpha-decay energy is known to be 8093 keV. The 6 full-
energy *No alpha decays observed in this work form a single alpha group with energy
8048 * 30 keV, in rough agreement with the known group. Recently, an improved half-
life of 48 £ 3 s [Leino1999] has been measured for **No. However, the half-life of **No

could not be estimated from the current data because it was always formed as a product of
*Lr EC. The half-lives of *'Lr (13" s [HeBberger1985]) and ***No are not sufficiently

different to allow fitting a parent-daughter decay curve to the observed lifetimes.

However, the measured lifetimes are consistent with a 13-s activity feeding a 48-s activity.
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5.3.9. 250Md

Only 1 alpha decay of #'Md was observed in chain 27 among 11 total events. The
lifetime of this event is 37.3 s, consistent with the known half-life of 55 = 6 s

[Eskolal1973]. This one alpha decay was an escape event so its true energy is not known.
The branching ratios of 'Md were observed to be EC: (91f19)% and alpha: (9?)%.

These ratios are consistent with the known branching ratios reported by Eskola: (94 & 3)%

EC and (7 £ 3)% alpha.

5.3.10. 250Fm

*'Fm can be formed in two different pathways in the decay scheme of *’Bh, cither by
the alpha-decay of *'Lt followed by electron-capture in *’Md, or electron-capture of **Lr
followed by alpha-decay of **No. The measured half-life of *’Fm fed by alpha decay of
»No was 18"}’ min, consistent with the known half-life of 30 + 3 min [Amiel1957]. The
16 *"Fm alpha-decays recorded with full energy form single group with energy 7430 + 50
keV, in excellent agreement with the known energy of 7430 keV. The decay of *’Fm was
also consistent with the known branch of >90% alpha. The random correlation analysis of

*'Fm is treated separately from the other nuclides in the chain because of its long half-life;

see Sec. 5.4.2.
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5.4. Analysis of Expected Random Correlations

5.4.1. Expected 252Bh, 258Db, and 254Lr Random Correlations

An analysis of the expected number of random correlations due to unrelated events
was performed. The basis for this analysis has been described previously in this work in
Sec. 3.4.1 and the results are given in Table 5.3.

The alpha energy range of interest was 8300-11000 keV, chosen to cover the alpha-
decay energies of *’Bh, **Db, and *'Lr. *’Md has been excluded from this discussion
because it predominantly decays by EC (94% branch) to *’Fm, which is treated separately
in the next section. At all three beam energies, the rate of alpha-particles per pixel within
this energy range was on the order of 10° 5™, and the number of implantation events was
approximately 10*. The probability of an alpha event within the energy range following an
implantation event was ~10“~107 s™. Thus, the expected numbers of random EVR-«&

(nq = 1) correlations were high, more than 5 at each beam energy. Yet, the alpha-particle

rate was sufficiently low so that the expected number of EVR-a-a-a (17, = 3) correlations
(for example, EVR-**Bh-**Db-*'Lt) was less than 10 in all cases. Thus, the alpha-decay
chains are regarded as real correlations.

In the case of **Bh alpha-decay followed by **Db EC and **Rf fission, the expected
number of EVR-fission correlations was estimated to be similar to the number of chain-
*'Fm correlations (see Sec. 5.4.2). Once the requirement that an alpha-particle event
occur between the implantation and fission events is added, the expected numbers of
random EVR-a-fission correlations drops by four to five orders of magnitude and are
insignificant. Thus, the decay chains leading to fission of **Rf are considered real

correlations.
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The same analysis performed for the two **'Bh decay chains leads to similar results.

5.4.2. Expected 2°0Fm Random Correlations

*'Fm has a long half-life (30 + 3 min), so the probability that an event with the same

energy as *'Fm will correlate randomly to a real *’Bh decay chain is high. Also, the

TABLE 5.3. Analysis of expected random correlations in the **Pb(*Mn, n)**Bh
experiments. In all cases, Az, was 180 s and the pixel size was 3.0 mm (928 total pixels).
The alpha particle rates are those measured at full beam intensity and combine alpha
particles fully stopped in the focal plane with reconstructed ones. Note that the
experiments are listed in energy order, rather than chronological order. *’Fm is treated
separately in Table 5.4.

Emi
260.0 MeV 264.0 MeV 268.0 MeV
Overall Rate of Alphas with Energy 3.5 x 107 1.6 x 107 3.8 x10°
8300-11000 keV (s™)
Rate of Alphas Per Pixel with 3.7 x10° 1.8 x10° 41 x10°
Energy 8300-11000 keV (s)
u (Expected Number of Alpha 6.7 x10* 3.2 x10* 7.4 x10*
Particle Events Per Pixel in Az,,)
Ny 41 x 10" 1.7 x 10" 2.7 x 10"
Probability of Exactly One Alpha 6.7 x10* 3.2 x 10" 7.4 x10*
in the Same Pixel in Az,
Expected Number of 2.8 x 10" 0.55x 10" 2.0 x 10"
Random Correlations (7, = 1)
Probability of Exactly Two Alphas 2.3 x 107 0.51 % 107 2.7 x 107
in the Same Pixel in Az,
Expected Number of 9.3 x10° 0.88 x 107 72 x 107
Random Correlations (7, = 2)
Probability of Exactly Three Alphas 51 x 10" 0.54x 10" 6.7 x 10"
in the Same Pixel in Az,
Expected Number of 21 x 107 0.93 x 10”7 18 x 107

Random Correlations (7, = 3)
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TABLE 5.4. Analysis of expected random correlations between observed *’Bh decay
chains and *’Fm. In all cases, Az, was 7200 s (approximately four *’Fm half-lives) and
the pixel size was 3.0 mm (928 total pixels). Full-energy (7200-7600 keV) alpha particle
rates combine those fully stopped in the focal plane with reconstructed ones. This
discussion ignores the electron-capture branch (<10%) in *’Fm.

Eml
260.0 MeV 264.0 MeV 268.0 MeV
Decay Chains with a 0 11 7
Possible *’Fm Decay
7200-7600 keV (*’Fm) 1.8 x 107 1.7 x107° 23 x10°
Total Alpha Rate (s™)
7200-7600 keV (*’Fm) 2.0 x10° 1.8 x10° 25 x10°
Alpha Rate per Pixel (s™)
u (Expected Number of Alpha 1.4 x 107 1.3 x 107 1.8 x 107
Particle Events Per Pixel in Az,,)
Probability of Exactly One 1.4 x 107 1.3 x 107 1.7 x 107
Random *'Fm in Az,
Expected Number of Random <0.14x 10" 1.4 x 10" 1.2 x 10"
Chain-""Fm Correlations
Number of Chain-*Fm 0 9 7

Correlations Observed

transfer reaction product *''Po (E, = 7450 keV) is not completely filtered out by the BGS
and has a decay energy similar to *’Fm (E, = 7430 keV), adding to the probability of
random correlations.

The analysis was conducted in the same manner as for *’No (see Sec. 3.4.2.2) and the
results are summarized in Table 5.4. This analysis estimated the number of random
cotrelations between real decay chains and *’Fm. The total rate of alpha particles per pixel
in the range 7200-7600 keV was approximately 2 x 10°° at all three beam energies. At
E,, = 260.0 MeV, no decay chains were observed which led to the production of *'Fm,

and an upper limit of <0.014 is estimated. At E,, = 264.0 MeV and 268.0 MeV, the
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estimated number of random chain-"Fm correlations are 0.14 and 0.12, respectively.
These numbers are not insignificant, even considering that 9 and 7 decay chains were
observed at each energy, respectively. They suggest that possibly one or even two of the
chain-*"Fm correlations at each energy are random. However, the identification of the
chains is done using the preceding Bh, Db, and Lr decays, so this result does not affect the
integrity of the decay chains. It should be noted that the primary reason for the large
number of possible random correlations is the presence of *'Po, not the long correlation
time. This suggests that it is possible to correlate nuclides with half-lives on the order of
30 min as long as full-energy alpha decays are observed and no interfering nuclides are

present.

5.5. 298pPb(°°Mn, n)?*?Bh Excitation Function

The measured **Pb(*Mn, n)**’Bh excitation function is shown in Fig. 5.1 along with a
Gaussian fit to the data. The cross sections for the production of *’Bh® and *’Bh™ have
been summed. The fit is centered at E,, = 264.9 MeV. Figure 5.1 also shows the
predicted **Pb(*Mn, n)***Bh excitation function according to the “Fusion by Diffusion”
theory. The maximum of the theoretical prediction occurs at 263.3 MeV, in agreement
with the mean value of the fit. The FWHM of the fit to the experimental data is 4.3 MeV
in the laboratory frame. This width is in good agreement with the widths of previously
measured 1n excitation functions (see Fig. 19 in [Hofmann1998]), but less than the
FWHM of the prediction.

The height of the fit to the experimental data is ~600 pb, more than four times the
maximum cross section of the theoretical prediction (~130 pb). The theory is generally

accurate to within a factor of two in estimating the maximum cross section of cold fusion
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reactions. The additional factor of two may be caused by the onset of second-chance
fission in the excited compound nucleus a few hundred keV higher in energy than
expected. The sticking cross section would continue to increase until this onset, resulting

in a higher 1n cross section.
Lastly, a non-upper-limit cross section for the production of *'Bh (32} pb) in the

*®Pb(>Mn, n) reaction was established only at the highest beam energy, E,, = 268.0 MeV.

0
This is consistent with the expectation that the 2n excitation function should reach its
maximum approximately 9-10 MeV higher in the lab-frame, have a slightly greater width,
and have a lower maximum cross section than the 1n excitation function. As stated

previously, it would be valuable to continue this study at higher beam energies to observe

the onset of 2n product formation and determine its excitation function.

5.6. Comparison of %°*Pb(°°Mn, n) and ?°°Bi(**Cr, n)
Excitation Functions

In addition to the ***Pb(*Mn, n)**’Bh excitation function, Fig. 5.1 also shows the

*Bi(**Cr, n)*”Bh excitation function reported by Miinzenberg ¢/ a/. in [Miinzenberg1989].

Unexpectedly, the maximum cross section for the *Mn + *®Pb reaction (5407}% pb) is
larger than for the **Cr + *”Bi reaction (163 £ 34 pb). This appears to be due to the fact
that Miinzenberg ef a/. used higher **Cr beam energies than would now seem optimal for
the production of the 1n evaporation product. Their excitation function is peaked at an
excitation energy of 20 £ 2 MeV, much higher than the excitation energy of 14.3 MeV
observed in the current work for maximum production of the 1n product. At their next

lower beam energy, the excitation energy was 17 £ 2 MeV, but the total dose was only 7 X

10" projectiles, resulting in cross sections of 93" pb (100% upper limit error) for
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production of *’Bh™ and an upper limit of 51 pb for production of *’Bh®. These values
may be an indication that only a few decay chains were observed, which may be due to a
statistical anomaly. It seems likely that if the *”Bi(**Cr, n)**’Bh reaction were studied at
lower beam energies with larger projectile doses then the maximum of the 1n excitation
function would be found at a lower energy and have a larger cross section. However,
“target problems” were reported for similar experiments using the same facilities
[HeBberger1985]. The excitation energy of the maximum of the excitation function may
not be well established in the work by Miinzenberg e a/. but their results concerning decay

properties would still be valid.
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6. Conclusions and Future Work

6.1. Conclusions

The cross section of the even-Z-projectile “**Pb(*'Ni, n)*"'Ds reaction was measured at
two new energies using the BGS at the LBNL 88-Inch Cyclotron. In total, seven decay

chains attributable to *'Ds were observed. These data, combined with previous results,

. . . . . . . . 15
establish an excitation function for this reaction. The maximum cross section of 20°; pb

was observed at E,, = 311.5 MeV (E,, = 14.1 MeV). The decay chains showed excellent

agreement with previously published data. Charge states and magnetic rigidities of the
implanting EVRs were estimated.

The data from the *"'Ds experiments were used to estimate the optimum beam energy
for the new odd-Z-projectile ***Pb(*Cu, n)**111 reaction using the “Fusion by Diffusion”

theory proposed by Swiatecki, Siwek-Wilczynska, and Wilczyfiski. A cross section for this

reaction was measured for the first time, at E,, = 321.1 MeV (E,, = 13.2 MeV). One

decay chain was observed, resulting in a measured cross section of 1.7 pb. This decay

chain showed good agreement with previously published data on the decay of **111.
The excitation function for the odd-Z-projectile 208Pb(55Mr1, n)Z(’ZBh reaction was

measured for the first time at three beam energies. A total of 33 **Bh decay chains was
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observed. The maximum cross section of 54075 pb was observed at E,, = 264.0 MeV

(E,, = 14.3 MeV). This cross section is much higher than that reported for the analogous

*Bi(**Cr, n)*”Bh reaction. The existence of a shorter-lived isomeric state in **Bh
decaying by the emission of high-energy alpha-particles was confirmed. Additionally, two

21Bh were observed.

decay chains attributed to
In summary, the BGS is a feasible apparatus for performing transactinide element
experiments. Its high transmission, coupled with the relatively high beam intensity
available at the 88-Inch Cyclotron, makes it especially attractive for these studies. The
separation factor is sufficient to ensure that the observed correlations are not the result of
random correlations of unrelated events. The BGS should continue to be an effective

device as we continue our studies toward heavier transactinide elements requiring more

difficult experiments.

6.2. Future Work

The results described in this work suggest a number of different directions for future
research. Continuing with cold fusion reactions using odd-Z projectiles, one possibility is
to measure the cross section for production of *'111 in the *’Pb(*Cu, n) reaction. The

maximum cross section of the analogous “'Ds reaction 207Pb(MNi, n)mDs has been found
to be 13 £ 5 pb [Hofmann2001], essentially the same as the 15" pb reported by the same

group [Hofmann1998] for the **Pb(**Ni, n)*"'Ds reaction. It would be interesting to know

if this trend continues.
The difference in cross section between the *”Bi(*Ni, n)**111 and ***Pb(*Cu, n)*"*111

reactions was studied in this work. A similar comparison could be made for the
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*Bi("Zn, n)*"*113 and **Pb("'Ga, n)*"*113 reactions. Unfortunately, both of these

reactions are extraordinarily difficult to study, as shown by Morita e a/., who measured a
cross section of only 557" fb for the ""Zn + *”Bi reaction [Morita2004a]. It is unlikely

that either of these reactions will be studied in the near future using the BGS.

More realistically, experiments on the production of bohrium are possible. The cross
section of the **Pb(*Mn, n)**’Bh reaction measured in this work is much larger than that
reported for the *”Bi(**Cr, n)*’Bh reaction [Miinzenberg1989]. As noted in Sec. 5.6, it
would be informative to repeat the >*Cr + *”Bi experiments, even if only at a single beam
energy. Plans are in progress to do this experiment in the first half of 2005. The large
*Mn + *®Pb cross section also raises the possibility of using this reaction to study alpha-
gamma coincidences in the decay of *’Bh. Using maximum beam intensity at the peak of
the excitation function, the rate of production of *’Bh was approximately 1.5-2 h™, so a
reasonable number of coincidences could be obtained in only a few days of beam time.
Such data would help determine the spin, parity, and deformation of the ground state and
isomer. Bohrium would be one of the heaviest elements for which alpha-gamma
coincidences have been observed.

A natural extension of the current work is to study the **Pb(*’Co, n)**Mt reaction. An
excitation function has been measured for the similar *’Bi(**Fe, n)**Mt reaction
[Hofmann1997] and the maximum cross section found to be 7.5 + 2.7 pb. **Mt decays by
alpha-emission into the *’Bh decay chain, which is now well-characterized, and populates
both the ground state and isomeric state of *’Bh. It is difficult to predict from the current
work what the cross section for the Co + **Pb reaction will be; the element 111
experiment shows that it may be comparable, but the element 107 experiment is

inconclusive in this respect, at least until the new **Cr + *”Bi experiment is complete.
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Regardless, the *’Co + **Pb experiment should be within the current capabilities of the 88-
Inch Cyclotron and BGS.

Another experiment that should be reinvestigated is the *”Bi(*’Co, n)**'Ds reaction.
This reaction was studied by Ghiorso ez a/. [Ghiorso1995a, Ghiorso1995b], but only one
decay chain was observed with a cross section of approximately 1 pb. However, this one
decay chain was incomplete; one alpha event was assumed to be “lost” because of
malfunctioning electronics. This experiment is challenging not just because of the small
cross section, but because the lifetime of the *’Ds nucleus was only ~4 us. The timing
system would need to be upgraded to measure such a short lifetime accurately (0.1 us). 4
us is also comparable to the conversion time of the BGS electronics, so detailed
preliminary experiments would be required to establish whether alpha particle energies
could be measured accurately when occurring so close in time to an implantation event.

Finally, once the new ECR ion source VENUS (Versatile ECR ion source for NUclear
Science) [Leitner2001] is brought online for user experiments, the beam intensity available
at the LBNL 88-Inch Cyclotron should be increased significantly, especially for projectiles
with masses greater than 60. Increased beam intensity, along with improved target
technology, will be required to extend experiments at LBNL on the chemistry and physics

of nuclides with still smaller production cross sections.
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Corrigendum

After initial publication of this dissertation it was discovered that the multi-wire
proportional counter (MWPC) was incorrectly described as a multi-wire avalanche counter
(MWAC). Throughout the text, all references to “multi-wire avalanche counter” or
“MWAC” have been changed to “multi-wire proportional counter” or “MWPC” as
appropriate. Also, the sentence on page 55 which previously read, “Any EVR passing
through the MWAC initiates a charge avalanche which is collected at electrodes on the top,
bottom, left, and right sides” has been replaced with, “Any EVR passing through the
MWPC initiates a process of charge multiplication, and this charge is collected at
electrodes on the top, bottom, left, and right sides.” The reported results are unaffected

by these changes in the text.
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