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Abstract

Studies of Berkelium and Nepruniurﬁ Isotopes
| by
Steven Aridre'w Kreek
~ Doctor of Philosophy in Chemistry.
University of California at Berkeley
Professor Darleane C. Hoffman, Chair

Electron-capture delayed fission (ECDF) was studied in the new isotope
238Bk produced via the 241Am(75-MeV d, 7n)238Bk reaction. The half-life is
144 £ 5 seconds. The mass-yield distribufion- is predominantly aSymrr’\etric
and the most probable pre-neutron emission total kinetic energy (TKE) of
fission is 174 £5 MeV. _’I"he ECDF mode in 238Bk was verified by an x-ray-
fission coincidence experiment which ihdicated that the vfission- lifetime is
between about 10-15 and 109 seconds. The isotope was assigned as 238Bk
through chemical separation and-observation of the kf\own 2.4-hour 238C m
daughter. The production cross section (G) is 150 10 nB and the delayed
 fission probability (Pp) is (4.8%2) x 104. |

ECDF was positively identified in 228Np produced via the 233U(50-
MeV p, 6n)228Np reaction. The half-life of the fission activity is 61.4+ 1.4
seconds. The mass-yield distribution is predominaxitly ésymme‘tric with a
symmetfic componént of about 2%. The TKE is IGSiSMéV for the
asyinmetri; combonent .and approximately 156 +5 MeV for the symmetric
component. The ECDF mode was verified by an x-ray-fission coincidence
experiment which indicated that 228U does not have a fission isomer

populated in the ECDF. The isotope was assigned as 228Np based on chemical



separation and observation of knbwn progeny activities; The ;atio of
electron-capture (EC) to alpha decay is 1.5+ 0.4. The G is 35+ 3 ub and the PpF
is (2.0 £ 0.9)x104. '

The isotope 252Bk was produced via a 4H transfer reaction between 107-
MeV 18O and a 248Cm target. Observation of 252Cf, the EC daughter of 252Bk,

in chemically separated Bk fractions yields a half-life 1.8+ 0.5 minutes and a ©

of 47 £ 10 pb.

.
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1 ‘Introduction

1.1 Discovery of Bk and Np
The first successful attempt to produce elements beyond uranium was

in 1940. MeMi_llan' et al.,, synthesized Np by irradiating "3tU with slow "

neutrons [McMillan, 1940]. An excellent overview of the discovery process is
given in [Seaborg, 1990]. ’I'he produced activities, which were-ghought by
McMillan et al. to be new elements, were determined to be products formed
by .the fission of uranium into two sfnaller fragments [Hahn, 1939]. The
discovery of the first tran'sﬁra‘nium elemeht, neptunium, came as pai't Of an
attempt by McMillan et al. [McMillan, 1940] to study the fission.' process.
McMillan et al. showed that 239Np was formed from the beta decay of 239y
which was produced by the 238U(n,1)239U reaction. The formation reaction is:
2387 + In — 239U' —% 2¥Np + B~ + V'

Separations were performed on the unknown beta activity (t1/2 = 2.355
days). It was found that the element was chemlcally similar to uranium.
They identified the new activity as an isotope of Np (239Np) via chemical
separations. The postulate about a new series in the periodic table, the
actinide series, was reinforced by these data. An overview of the origin of the
~ actinide series is given in [Seaborg, 1991]. This was the first definitive
evidence that an inner electron shell, the 5f shell, is filled in the
transuranium region of the elements [McMillan, 1940]. |

Weighable quantities of Np, as 237Np (t;/2 = 2.14x106 years), were first
obtained in 1944 by Magnusson et al. tMagnusson, 1948]. Figure 1-1 shows a

periodic table in its currently accepted form with a separate series for the

1



| lanthanides and actinides which denotes the filling of the 4f and 5f electronic |
shells, respectively. |

The most important prerequisite to the process of making transcurium
elements was the manufacture of sufficiently large quantities of americium
and curium to serve as target material [Seabérg, 1990]. Berkelium was

discovered in 1949 by Thompson et al. [Thompson,b 1950] by bombarding

241Am with alpha particles. The production reaction is 241Am(a, 2n)243Bk.
Thompson and his _rbcoworkers separated berkelium by cation | exchange
chromatography with ammonium citrate as the eluant [Thompson, 1950].
Berkelium eluted from the cation exchange column before Cm and Am and -
was identified by alpha-pulse-height analysis and conversion-electron x-ray
spectroscopy. Berkelium-243 (tj/2 = 4.5 hours) has 'a small alpha branch,
0.15%, which was characterized by Chetham-Strode in 1956 {Chetham-Strode,
1956]. It was found that Bk has a 3+/4+ oxidation state couple ['I'hémpson,
1950] [Thompson, 1950A] which is unique among the transplutonium
elements and makes separation from the other trivalent actinides, after
oxidation to the 4+ state, félatively easy. This is accomplished with such
-methods as extraction intc; di-2-ethylhexylorthophosphoric acid (HDEHP)
[Knauer, 1968] [Higgins, 1960] [Peppard, 1957] [Peppard, 1957A].

1.2 Objectives of this Study
1.2.1 Study Nuclear Properties of New Isotopes

Synthesis and study of the nuclear properties of new isotopes is
required to refine eXisfing nuclear decay models. One objective of this
dissertation is to provide experimental data for the previously unknown
isotopes, 228Np, 238Bk, and 2>2Bk. Currently, the diécovery of new isotopes is

rather rare because of the difficulties involved in production and detection.

2



Throughout the 1940's, 50's, and 60's irxany new elements and isotopes
were di‘sco\}gred. In the 1970's and 80's, the rate decreased for several reasons.
First, the few groups studying the heavy elements had exhausted many of the
target projectile combinations useful for synthesizing new elementé and
isotopes. It is extremely difficult to find target projeétile combinations which
- yield large crbss sections and produce activities which have sufficiently long
half-lives .to allow detailed atudy. Secona, isotapes far from stability_have'
short half-lives which requires rapid separation and detection techniquea. '-
Rapid chemical separation techniques, such as the Automated
v_ Chromatographic Chemical,Elementv Separafion Syst’em‘[Kreek, 1992A), were
not readily available. On the other hand, interest in fission promoted

searches for new isotopes in this region.

A

" In studies of fission, it was thought that all spontaneous fission, as well
as low energy neuton-induced fission, resulted in asymmetric mass division

(the nucleus divides in two fragments of significantly different mass). It was

not until Balagna et al. [Balagna, 1971] discovered a symmetric fission |
component in the spontaneous fission of 257Fm, that new life was given to
the study of spontaneo_u's' fission in the heavy elemenits.

» Currently, the availability of heavy element target material such as
. 241Am, 2330, 248Cm, and 249Bk and the ability of accelerators to provide high
intensity beams have enabled researchers to continue to probe the limits of
nuclear stability in the heavy elemehts by 6pening the doorway to extremely
'neutr.on-deficient ‘and relatively neutron-rich nuélei. Reaching very
neutron-rich nuclei is limited by target projectile combinations and reaction
cross sections. However, this is being approached in a new fashion with the
.possibil'ity of accelerating radioactive nuclear beams [Casten, 1991]. The

- advances in targetvtechnology, such as multiple target arrays [Hall, 19894A],

3



have ‘also enabled researchers to study nuclei which otherwise would be
produced at too small a rate to make determination of nuclear pfoperties
practical. With light ion bombardments, multiple target arrays increase the
effective target thickness, which would ordinarily be limited by the small

recoil momentum of the compound nucleus.

1.2.2 Extend Studles of Delayed Fission to New Isotopes

Because a comprehensive model that predlcts all aspects of the fission
process has yet to be developed, it is unportant to gather as much fission data
as possible to continue testing and refining the current models. In this
dissertation, the study of several new isotopes of berkelium and neptunium,
some of which‘ undergb electron-capture delayed fission (ECDF) decay, is

. 4
presented.

The renewed interest in fission and ad\lzances in detection technology
have brought to hght new methods for studying the fission process. Delayed
fission techmques have made possible the determination of the fission |
properties of nuclei which have ground state fission branches too small to
otherwise permit detailed study of the fission properties. Delayed fission as -
well as the technique of mulfiple target arrays [Hall, 1989A] have allowed the
fission properties- of nuclei such as 234Am [Hall, 1990A], and 232Am [Hall,
1990B] to be studied in detail. It is believed that delayed fission techniques can
be used to study details of the fission barrier in an out-of-beam environment
and in unprecedented detail [Gregorich, 1991]. Many of the electron-capfure,
(EQ), half-lives are of ‘the order of minutes. ’I'hese half-lives are sufficiently
long to allow transport of the EC parent out of the target system for chemical

separation and subsequent measurement of the nuclear properties. This

. significantly reduces the problems associated with in-beam studies. The K-

4



vacancy lifetime of 10-17 seconds [Scofield, 1974] for emission of K x-rays
"following EC can be used in ECDF to measure the time scale of the subsequent

fission [Kreek, 1992B].

‘1.3 History of ECDF

ECDF is an exotic nuclear '-decay process in which a nucleus decays via
electron-capture to excited states m its daughter nucleus which then fission.
These excited states can be above the fission barrier(s) of the daughter
(yielding érompt fission), inside the second well of the potential energy
surfacé (a fission shape isomer) or within the first well of the potential energy
surface (an electromagnetic isomer). This 1s illustrated in Figure 1-2.

For ECDF to become an iinportant mode of deexcitation, fhe electron-
capture Q-value (Qgc) (the energy released during the gléttron-captﬁre decay)
must bé éo‘mparable to the height of the fission barrier [Hall, 19904]. If the
precursor nuclide chosen for study has a Qgc smaller than the fission barrier,

the EC would be expected to predominantly populate levels in the first
potential well (see Figure 1-2), Population of states in the second well would
require a significaht changé in deformation to occur simultaneously with thé
EC decay. |

The ECDF mode of decay is of interest be‘cause of its similarity to beta-
delayed fission (BDF), which is believed tb have an important role in
determining the yields of heavy isotopes produced in multiple neutron
captui'e processes such as nucléosy‘nth_esis in the r-process of supernovae and
nuclear weapons tests [Burbidge, 1957] [Wene, 1974] [Wene, 75] [Klapdor, 1981]
[Meyer, 1989]. In the r-process, the lafge neutron fluxes, coupled with the |

~ availability of heavy iarget material, leads to vm'u‘ltiple neutron capture

~events. This can produce neutron-rich nuclei all the way out to the neutron
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drip-line. These neutron-rich nuclei undergo beta decay which produces
‘elements of higher atomic number. If this chain of beta decays were to
continue, the very heavy actinides would be produced in relative amounts
which are neither found in nature nor in miclea; weapons tests [Hoff, 1986]
[Hoff, 1988]. It is believed that BDF depletes the beta decay chains.. This
reduces the production of higher atomic numbered elements [Burbidge, 1957]
[Meyer, 1989]. The enhanced Q}:_cs associated with the decay of odd-proton,
odd-neutron nuclei may reduce the relative amounts of the resultfng even-
proton, even-neutron daughters relative to odd-even or. even-odd nuclej. -
waever, reexamination of the available data by Hoff [Hoff, 1986.] [Hoff, 1988]
has shown that the predicted influence of BDF has been overestimated but is
~not negligible. The influence of delayed fission (DF) processes on the
production and isotopic abundances of the actinide cosmochronometers can
give important information applicable to determination of thé age of the
galaxy [Theilemann, 1983] [Yokoi, 1983] [Meyer, 1986] and its chemical
evolution [Meyer, 1986] [Reeves, 1976].

DF also has the potential to greatly expand the number of nuclei whose
fission properties can be measured; the nuclei in the actini'_dev regidn have
ground state fission half-lives which are too long compared to their. overall
half-lives to allow detailed study. This is illustrated in Figure 1-3. The
spontaneous fission half—livés in régions where ECDF is important are too
long to make study practical. | )

Of the most significance, however, is the possibility for detailed study
of the highly deformed shape isomer in an out-of-beam _environment.
Excited states in the daughter are populated with the half-life of the EC parent.
These half-lives can be of the order of‘mimites ahd thus allow sufficient time

for transport out of the target system for chemical separation and
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vdeterm‘ination of the nuclear pi'operties. The study of the shapé isomer will
allow for examination of the fission barrier in unprecedented detail
[Gregorich, 1991] (see Section 1.4).

| " As early as 1972 Skobelev et al. [Skobelev, 1972] claimed that fissions
observed in the light americium and neptur_uum region by Kuznetsov et al.
- [Kuznetsov, 1966] [Kuznetsov, 1967] were the result of ECDF. Fission décay in
22Am was confirmed by Habs gt;;al. [Habs, 1978] in 1978. It waé’ not until 1989,
however, that Hall et al. [Hall, 1989B] provided direct evidence for ECDF in
232Am by measuring the time correlatibn between. the EC x-rays and the
subsequent fission. In the measured coincidence spectra, other photopeaks
appeared which may have resulted from transitions in the second potential -
well [Hall, '1992] (seé Figure 1-2). However, sufficient statisticsvwere not
available to confirm such a claith. The limited number of events did not -
eliminate the possibility that the additjonal photopeaks‘ were random
coincidehces‘ with prompt y-rays from the fissic;n‘fragments. All reports of -

-ECDF are sumrﬁarized in Table 1-1.

1.4 Theory of ECDF
14.1 Délayed Fission Probability Calculations

The probability of deiayed fission, PpF, is defined experimentally as the
number of electron-c&pture decays which result in a fiésion, NEecDF, divided
by the total number of electron-capture decays, Ngc. This is illhstfated by
equation 1-1. | - |

| Ppr = NECDF/ Nsc Eq’uatio-n 1-1 |

Typical values of Ppr range from 102 to 10-8 (see Table 1-1). Any time the

QEc approaches the height of the fission barrier, delayéd fission becomes a

possibility.



Table 1-1. List of ail reports of electron-capture delayed fission. aPpF is

defined as the number of electron-capture decays which result in fission

divided by the total number of eleéhon—capture decays.

Nuclide Half-life Ppp® Production Reference
| Reaction
Md-250 52 sec 2x10~4 243Am(12C 5n) | Gangrskii, 1980
Es-248 28 min 3x10°7 238y(14N,4n) | Gangrskii, 1980
Es-246 8 min 3x105 | 238u4N6n) | Gangrskii, 1980
Es-244 37 sec =104 235U(14N5n) | Gangrskii, 1980
Es-242? =25 sec 14x102 | 205TI(40Ar3n) | Hingmann, 1985
Bk-240 4 min =1073 232Th(14N,6n) | Gangrskii, 1980 |
Am-236 3.7 min’ 25x10-8 237Np(a,5n) Hall, 1989D
Am-234 2.6 min =10-3 23071108 6n) Skobelev; 1972
| 2.32min 6.6x10-5 237Np(a,7n) | Hall, 1990A
Am-232 1.4 min =10-2 23%(1013,8n) Skobelev, 1972
0.92 min 13x10°2 237Np(a,9n) Habs, 1978
131 min 6.9x10-4 237Np(a,9n) | Hall, 1990B
Np-228 60 sec ~103 2098;(22Ne 3n) | Skobelev, 1972
T1-180 0.7 sec =10-6 1445m(40Ca,p3n) | Lazarev, 1987

Theoretically, Ppr, depends on several factdrs. These include théva_c;
the excitation energy, E, of the levéls populated in the daughter by the
electron-capture; a transition probability function,‘ WEC(E); and the ratio of
~ the fission decay width, I'f(E), to the total decay width of the excited daughter,
T'(E). The total decay width is the sum of decay widths for all possible decay

modes. In this dissertation, it is assumed that only gamma and fission decay -



modes compete, thei'efoxe T(E) = T'(E) + T'((E) where I'(E) is the gamma
decay width. This is not completely correét because other factors including
neutron emission shoﬁld be considered, if the' decay energy is larger than .the
neutron binding energyl. Td calculate the Ppf, these factors must be integrated
over the total eﬁergy avﬁable for the decay, QEC and normalized to the total
number of electron-capture decays. The PpfF is given from fheoretical
considerations in functional forrh as equation 1-2.

JQEC W (E) = (E)IE
t

JQEC W (E)AE

Approximations can be included in equation 1-2 for the transition probability

Ppr = Equation 1-2

function, and the decay widths in the following manner. _

The gamma decay width term, I'(E), can be approximated [Gangrskii,
1980] from the probability for gamma ﬁ'ansit'ions, Py, as equ;ﬁon 1-3.
P'Y _ C794e(E /8)

" T (E)=— =
| v(E)  27p(E) 21p(E)

Equation 1-3

In equation 1-3, p(E) 1s the nuclear level density, Cy is a constant with the
“value 9.7x107 MeV+ and O is the nuclear temperature (0.5 - 0.6 MeV). The
nuclear temperature can be calculated from .forrhulas such as those in
[Swiatecki, 1983]. - o

The fission width term, I'(E), canv be derived. from the i:enetrability of
the fission barrier. This yields equation 1-4.

I'¢(E) = - Equation 1-4

7 27p(E)
‘In équation 1-4, Ps is the >penetrability of the entire two humped fission barrier
(see Figure 1-2). | . | | |
Calculation of the penetrability of the fissioh barrier in the actinides is
 difficult because the fission barriers are complex [Habs, 1978] [Gangrskii, 1980).
9 '



It is common to .simplify the problem by assuming all nuclear motion in the
second potenﬁal well is damped (see Figure 1-2). This has the effect of
allowing time for all states populatéd in the second potential well to gamma
decay to the ground state in the second well before fission can occur.
Calculating the penetrability of the outer barrier ‘frlom this single level in the
second well is reduced to a calculation involving a simple transmission
coefficient. The penetrability of the inner barrier can be calculated using av
parabolic barrier such as that used. by Hill and Wheeler [Hill, 1953]. The
penetrability of the fission barrier is then the product of the transmission
coefficient.from the lowest state in the second well through the outer barrier
and the penetrability of the inner barrier. Including the Hill-Wheeler

formalism, the fission decay width becomes equafion 1-5.

A\T-1
‘Rg 27(Bs - E) .
= 1- _— Equation 1-5
I'¢(E) an(E)[ exp( hop quation

In equation 1-5, Rp is the transmissibn coefficient for decay from the lowest
stété in the second potential well through the outer fission barrier, B¢ is the
inner barrier height, ha)fl is the ene'rgy' associated with the curvature of the _
inner fission barrier, and E is the excitation energy. Because the lowest state
in the second well can either fission or y-decay back to the first well, the factor
Rp is really comprised of the ratio of transmission coefficients for the lowest
level in the second well for tunneling through the outer barrier to that for y-
decay back to the first potential well. |

The transition probability function in equation 1-2, Wgc(E), »cons_ists. of
the product of the integrated Fermi function (dictates the rate of the EC
'transition)} and a beta strength function, {g (dictates the distribution of states -
available for the EC to populate). This product accounts for population of

excited states in the daughter. The Fermi function for allowed electron-

AN
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capture transi_tions can be approximated as (Qgc - E)2. Here, E represents the
residual excitation energy in the daughter. The difference between Qgc and E
‘is the transition energy. The electren binding energy is ignored in this :
approximation. 7 _ o

Use of the beta strength function, Cp. to calculate the probability of
population of states is justified because {g is related to averaged properties of
the nuclear decay which do not depend on the detailed structure of the levels.
This treatment is only valid at relatively high excitation energies in the
daughter,-v ie. in the region where Ppr becoines- important. Klapdor et al
- pointed out that low lymg structure may affect {g and thus the Ppr. This can

be illustrated with the following example

Example 1: If a nucleus has a large Qgc relative to the height of

the fission barrier in the daughter, the Ppr would be expected to = -
be large. However, if decay to the ground state of the daughter is
superallowed (no net change in spin or parity), no high-energy
states would be populated from which delayed fission could
occur. The beta strength to high energy states would be zero.
‘The Ppf would be zero in this case.

‘The beta strength function has been Vapproximatec.l in several ways. It
can be taken as pfoportional to the nuclear level density [Wene, 1974]
[Shalev, 1977]; it can be generated from the gross theory of beta decay
[Kodama, 1975); or it can be taken as constant above a certain energy [Kratz,
1973) [Homshej, 1975]. Meyer et al. [Meyer, 1989] have presented a new |
method- to calculate Cp which includes a specific treatment of nuclear
deformation. This is important because the distribution of states is
influenced significantly through mixing caused by deformati_bn.

The model of Meyer }ia__l. [Meyer, 1989] calculates beta strength

functions by treating nuclear deformation explicitly using the random-phase

11



approximation to mix deformed states; the Gamow-Teller (GT) interaction
mixes states and significantly alters the beta-decay properties. The GT
interaction provides more low energy states for the beta-decay to populate and
thus influences the PpF. ' )

To calculate effects such as that given in example 1 would require a
knowledge of the low-lying structure of {g. Equation 1-2 is applicable for a
qualitative understanding of the factors involved in determining the delayed
fission probability. A more comprehensive approach would include factors to
account for detailed structure of the fission barrier, nuclear deformation, and '
a better expression for {g which more realistically models the true level
scheme of the electron-capture daughter. | | |
| It may be necessary to include additional factors in equation 1-2 which
account for fission from levels not directly populated by the electron-capture
but by low energy gamma transitions from higher enefgy states. Because the
fission width .dec_reases very rapidly with decreasing excitation energy, it is
likely that this factor is extremely small, at least for trahSitions in the first
potential well (see Figuie 1-2). It becomes even less significant By realization
that low energy gamma transitions to states where the fission width is still
appreciable would be several orders of magnitude slower than high energy
gamma transitions to states well inside the first potential well [Weisskopf,
19511 |

With the use of the above approximations for Wgc and I, .equaﬁon 12

becomes:
I'¢
F¢+Ty

J3EC(Qpc -EB)2dE

JQ= (Qgc -E)? (E)E

Ppr = Equation 1-6
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This expression for the delayed fission probability includes the cut-off energy'
a_p’pro:iimation, C, of Kratz et al. [Kratz, 1973] for the beta strength function
below which the i’Dp is zero. Because the beta strength function above the
cut-off energy is assumed to be constant and is present in both the numerator
and denominator of equation 1-6, it is‘simply divided out of the expression.
The cut-off energy below which the beta s_trength function is zero. is given by
C= 26A;1/2 MeV [Krétz, 1973], where 'A' is the mass number of the 'fissioning .
spedes. | ' . .

The denominator of equation 1-6 is easily evaluated yielding-
equation 1-7. This equation has an exponential dependeni:e on the_. difference
between the QEc and the fission barrier, illustrating the requirement that the

QIEC must be of the séme order as the height of the fiséion barrier for delayed
| fission to become a significant mode of decay. |
igﬁ‘? (Q_'Ec —_.1-:)2 ]_f—l;fl_ey—(ﬁ)ds
$(Qgc -264712)%

Ppr = Equation 1-7

Equation 1-7 includes factors for the barrier height and curvature in the
I'¢(E) term given in equation 1-5, but it is not possible to calculate either of
these quantities explicitly without specific information about the shape
isomer. Asa general model, however, equation 1-7 is quite useful. A possihle
use of delayed fission to shxdy the details of the shape isomer is presented in

later sections.

1.4.2 Fission Modes in ECDF
It is well established that mass-yield distributions of fragments from
fission are strongly influenced by shell effects [Hoffman, 1989]. The mass

distributions in the region 235U<AZ<255Fm are highly asymmetric with the
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heavy-mass fragment having a near spherical, closed nucléar shell structure.
The light fragment increases in mass and Z with increasing mass and Z of the
fissioning nucleus [Vandenbosch, 1973]. However, in the region of 257Fm
(Z =100) the mass split becomes highly symmetric. This is presumably due to
both fission fragments having near spherical, closed nuclear shell structure
(Z=50 and N=82) [Balagna, 1971]. | |

In the Ra region, near neutron number 136, the mass-yield distribution
| becomes three-humped {Itkis, 1988]. This was the first evidence for a separate
symmetric'and‘ asymmetric mode involved in the fission process [Jensen,

1958]. Studies which impart different amounts of excitation energy to the

fissioning nucleus in the Ra region have shown that the mass-yield

distribution becomes more broadly symmetric with increasing excitation
energy of the system [Konecny, 1969]. The change from asymmetric to broadly
symmetric mass-yield distributions in the Ra region with increasing
excitation energy is a result of the damping of shell effects by the excitation.
The increased excitation energy causes the fission to proceéd more like that
predicted by the Liquid Drop Model [Vandenbosch, 1973). The effects have
been seen with excitation energies as low as 7 MeV in studies of 227Ac and
228A¢ produced by means of direct reactions of 3He on a 226Ra target [Konecny,
1973]. | -
BCDF can impart excitation energy to the fissioning system up to nearly |
the entire electron-capture Q-value. The EC Q-values in the region of 228Np
and 238Bk are of order 4-5 MeV [Méller, 1988]. Given that the re#idual
~ excitation energy after the EC decay may be as high as about 4 MeV in the
region of 228Np and 238Bk and because the fission barriers are known to
decrease significantly from Rn to Th [Habs, 1978], a small symmetric

component might be expected to contribute to the overall mass-yield
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distribution from ECDF in the region of 228Np and 238Bk. According to the
static scission point model of Wilkins et al. [Wilkins, 1976], the symmetric
mode will have a significantly lower total kinetic energy than the asymmetric

mode. This is presumably due to larger fragment deformation at scission.

1.4.3 ECDF and the Fission Barrier
1.4.3.1 Origin of Shape Isomers
~ As is illustrated in Figure 1-2, and as was discussed briefly in the

preceding sectibns, shape isomers occur.as a result of a second ininimum v'-in
the nuclear potential energy as a function of deformation. It ‘was not until
1967 that Strutinsky [Strufinsky, 1967) proposed a theoretical explanation
which yielded a second minimum inv the plot of potential energy versus
de}formation/.v The following .is. a brief description of the origin of the shape
isomer concépt.‘ | | | |

As eavrly‘ as 1962, a spontaneously ‘fissioning species, which had an
unusually short half-life [Polikanov, 1962], was producevdv in bombardments of
U and Pu targets with 160 and 22Ne. This 14-msec half-life did not fit with
any of the fission half-life systematics available at the time. The expianation
for this unusually shott-livgd fissioning species was decay from an isomeric
state which did not have to penetrate the entire.fission barrier. Schematically,
 this is the same as the fission occurfirig from inside the second potential
minimum shown in _Figure.i-z. States in the second potential well have a’
significantly smdler barrier to fiséion than states in the first potential well, for
the same excitétibn energy. The 14-msec activity was later identified as an
isomer of 22Am by the crossed reaction technique. -

Other explahations for fhe short sponfaneéus fission half-lives

included the possibility that the isomers 'may be high spin metastable states
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which are highly gamrﬁa hindered, which allowed fission to become a
significant mode of deexcitation. This explanation was eliminated by
Bjernholm et al. in 1967 [Bjernholm, 1967] with the determination that a
threshold energy of about 3 MeV was required to populate thé isomeric state.
‘Unless the spins involved are very high, this excifation energy is too large for
highly hindered gamma decay. If the gamma transition is of a Sma_ll
multipolarity, the Weisskopf gamma transition estimates [Weisskopf, 1951]
yield a lifetime of about 10-18 seconds for such a state. This is many orders of
magnitude shorter lived than the observed 242Am isomeric lifetime of 14-
msec. The isomeric states were later demonstrated to possess littie angular
momentum by Flerov et al. tFlerov, 1968] in studies of reactions in which
different amounts of angular momentum were brought in by the incident
parﬁdé. A consequence of these studies is that the isomeric levels must be
associated with a second minimum in the 'potenﬁal energy surface which was
not adequately explained by the Liquid Drop Model (LDM). |
Theory did not fit the experimental results until Strutinsky applied a
shell correction with a uniform single particle energy level distribution to the
LDM of fission [Stfutinsky, 1967]. This correction produced a second
minimum in the plot of potential energy versus deformation and remqvéd 7
the previous inadgquacies of smgle particle models at large deformation. A
typical two-dimensional potential energy surface is illustrated in Figure 1-2
| and is now used as the standard shape of the fission barrier in the actinides.
The Strutinsky Hybrid Model [Strutihsky, 1967} accounts for nucleon
shell veffeclts. Theée shell effects are treated as small deviations from the LDM
energies and are used as a correction factor to the LDM. The LDM is primarily

- composed of Coulomb and surface energy terms. The LDM treatment of

fission produces a smooth barrier with increasing deformation. This is
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- illustrated in Figure 14. There is no second potential minimum in the LbM
treatment of the fission barrier. The shape of the curve arises from a
difference between the dominant surface and Coulomb terms in thef' LDM.
Shell corrections are small compared to either the surface or Coulomb terms
individuallyﬁ. Howevéﬂ the shell effects become large enough to yield a
second minimum when compared to the difference between the surface and
" Coulomb terms. The inclusion of a shell and pairing correction produces a
deviation from the smooth LDM potential (see Figure 1-4) and yields the well |

known double-humped fission barrier shown in Flgure 1-2 which is

apphcable in the actinide region. |

As is 1llustrated in Figure 1-2, population of states in the second well

‘are associated with significantly larger deformation than the grbund state.
Confirmation that the isomer has a much larger deformation than.the_

ground state was first obtained by Specht et al. in 1972 [Specht, 1972]. Specht et

al. detected conversion lines of the rotational band built upon the shape

isoméric stéte in 240Pu. The moment of inertia was determined to be more

than twice thaf 6f the'ground state. In the simple rigid rotor approach, the

‘energy difference between the ground state and the first rotational state is |

related to the moment of merna as follows
E=(h/2m)2/21]JJ+1)  Equation 1-8 _

In eqﬁation 1-8, E is the energy difference between the ground and first

rbtational state; J is the spin of the first excited state; Iis fhe moment of

~ inertia; h is Plank's constanf. “This energy difference between the lowest level
| and the first exated state in the shape isomer showed the moment of inertia -
of the species to be more than twice that of the ground state. The isomeric
deformation (ratio of ma)or to minor axls) was more than twice the ground

state deformatlon
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1.4.32 Shape Isomer Studies with ECDF |

The recent observation of a time correlation between the electron-
.capture x-rays and the subsequent fission [Hall, 1989B] has shed new light on
‘the study of shape isomerism in the actinides. Beg:ause population of states in
~ the fissioning species occurs with the half-life of the electron-capture parent,
it is possible to separate the activity from the high background associated with
typical in-beam studies. If excited states in the second well are populated and
motion in the second well is damped, it should be possible to detect specific
gamma transitions occurring inside the second well. With the avéilability of
high-geometry y-ray detector arrays, delayed fission may be used as a sensiﬁ've
probe of the inner and outer fission barriers [Gregorich, 1991] (see Figure 1-5).

| To accomplish a detailed analysis of the fission barrier the level scheme

in the second potential well must be determined. This can be accomplished
by measuring y-rays in coincidence with deléyed fissions. The large 'y—ray
‘multiplicity associated with the highly excited fission fragments will produce
a background problem. However, with sufficient statistics, any transitions in
the second well should be observable above this y-ray continuum. The
recently published results on the ECDF of 234Am [Hall, 1990A] and 232Am
[Hall, 1990B] show these isotopes as promising candidates for such a study.

Information about the levels in the first potential well can be obtained
through an x-ray-y-ray coincidence e*periment. Data from a y-ray-y-ray
coincidence experiment between a transition ¥-ray in the second well and a y-'
ray from the second to the first potential well will yield the probability for
gamrha decay back to the first well. It may also yield the excitation energy
associated with the ground state in the second potential well. Stﬁdies by

Bjernholm et al. have shown that the excitation energy associated with the
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ground state of the second well is of order 3 MeV [Bjernholm, 1967] in the Pu
region. ' o
| Other information about the second well, such as thé fission probai:ility "
from the ground state in the second well, may be obtainable through the x-
ray-fission coincidence technique. With this information, it is possiblé to
‘calculate the relative height and widths of both the inner and outer fission
barriers from the ratio of the fission probability to the probability for y-decay
bback to the first potential well. |
If the Qgc is sufficiently large, it may be possibie to populate a K-
isomeric state in the second potential well. (Camma transitions between :
different rotational bands are hindered. If the states are sufficiently hinderéd,
a K-isomer results.) These levels are about 1-2 MeV above the lowest state -
and are typically several orders of magnitude longer lived than the timing
resolution of a Ge y-ray detector,v which is about 10-20 nsec. D_eterminatibn of
the K-isorﬁeric_ lifetime and the probability for fission from this level will
yield the penetrability of the outer barrier at the K isomer energy. The
lifetime of the ground state in the shape isomer may be obtained with
techniques such as decay in flight. Determination of the gamma transition
probability from the K isomér back to the first potential well and the.K-
isomeric lifetime will permit calculation of the penetrability of the inner
barrier at the K isomer energy. Thesé studies can be accomplishéd with Y-ray-
ﬁssidn and y-ray-y-ray 'coincidence'techniquesv. The energy of the K-isomeric
state can be~ determined by measuring its decay to either the lowest level in
the shape isomer or to the ground state in the first potential well.
Thé absolute heights and widths (curvature) of the inner and outer
~ barriers can be détgrmined from the ratios of theApenet_rvabilities of the inner ’

and outer barriers from the lowest level in the shape isomer and the K-
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isomeric level. This is critical to the refinement of the existing nuclear
models because absolute measurements of the fission barrier have never been

*

achieved.

1.5 Requirements for Study of ECDF

For the purposes of this study, three separate experiments must be
performed to show that the ECDF process.is indeed occurring and to study the
process in detail. First, fissions must be detected in a region where the
spontaneous fission branch is expected to be small (see Figure 1-3). This gives
an indication that the ECDF mode is present in the nucleus under study.
Secohd, an x-ray-fission coincidence experiment must be performed to show
that x-rays resulting from an electron-capture are coincident with fission.
Third, chemical separations of the electron-capture parent and detection of
fissions in this fraction give the atomic number of the parent as well as
allowing for the determinatibn of the overall production rate of the isotope;
this is accomplished by measuring the x-rays from the electron-capture décay .
or alpha-pulse-height spectrdscopy. Because the isotopes in this dissertation,
'238Bk and 228Np, have yet to be discovered, a correlation between the parent
and a known daughter will be required in order to assign the mass number of
the isotope and determine the electron-capture branch.

The berkelium and neptunium regions were chosen for several
‘Teasons. First, ECDF brahches have been reported in the americium [Habs,
1978] [Hall, 1990A,B] [Liti, 1983], einsteinium [Gangrskii, 1980], berkelium
[Gangrskii, 1980] and neptunium [Skobele\}, 1972] regions, previously.
Second, as stated above, the Qgc must be of the same order as the height of
the fission barrier for ECDF to become an important decay mode. Fission

barriers in the actinide region have been shown to be of the order of 5 MeV
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[Habs, 1978). Therefore, isotopes with a Q¢ value larger than about 4 MeV

should begin to have measurable ECID‘F-branches. Nuclides with sufficient

Qgcs are found in the very, neutron-deficient odd-proton, odd-neutron
nuclei. Odd-odd nuclei are preferable because of the er_xhanced electron-
capture Q-values associated with decay to their more stable even-even

daughters. Very light even mass number 'berlc'elium and nept.uni_umvisoiops

“which are odd-odd fit these criteria. Some isotopes for which delayed fission

probabilities have been reported as well as other potential candidates are
shown in Figure 1-6. The Light Ion Multiple Target system (LIM) [Hall,
1989A] makes it possible to use many. targets,' thereby increasing the
production rates sufficiently to make study of isotopes in this region practical
using reactions of light jons with actinide targets. Light ion bombardments
are preferable over heavy ions because of the generally larger reaction cross
sections, and higher available beam intensities.
In these experiments, targets were bombarded in the LIM system (see
Section 3.2.2) at the Lawrence Berkeley Laboratory 88-Inch Cyclotron. The

reaction products were ejected from the ‘target because of the recoil

momentum imparted to the sysfem for the incoming projectile, swept from

the target chamber with a He/KCl aerosol ‘jet and transported to various
locations depending on the experimental objective. See Section 3 for a

detailed description of the procedures involved.
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Figure 1-1. Periodic Table of the Elements. The periodic table shown is the
currently accepted version illustrating the filling of a 4f and 5f electronic shell

-in the region of the lanthanides and actinides.
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2 Previous Work

2.1 Bk Studies |
2.1.1 Previous Delayed Fission Studies
| Electron-capture delayed fission in the Bk region was first examined by
| Gangrskii ia_l.‘ in 1980 [Gangrskii, 1980]. Along with other eiements, the
delayed fission probabilities of 240.242Bk were reported which were produced
in the 232Th(93-MeV 14N, 6n)240Bk and 232Th(75-MeV 14N, 4n)242Bk
reactions, réspettively. The isotopes were identified by observation of the
alpha decay of the known 240,242Cm EC daughters. Gangrskii et al. assumed
that the contribution from Cm isotopes produced by proton emission from
the compound nucleus is small and could be heglected in the reactions
involving 14N ‘p'rcjectiles. This is acceptable for a mere estimation of the
delayed fission probability; Gangrskii also assumed that the isotopes of
interest decayed exclusively By electron-capmfe. This is a poor estimate as
examination of the Chart of the Nuclidest in this region shows that alphé
decay begins to dominate with decreasing neutron number. To determine the
true delayed fission probability, as was illustrated by Hall et al. [Hall, 1990A],
chemical separation and direct measurement of the ECDF parent.is preferable.
The products were produced and studied via an inclined target
technique. The Th targets were prepared with an unspecified technique,
plated onto a water cooled Cu support, and irradiated with up to 50 epA of
beam at thé U-300 cyclotron at the Joint Institt;te for Nuclear Research,

¥ General Electric Company, Chart of the Nuclides, 13 th edition, 1984.
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 Dubna. The fission fragments were detected, after suitable irradiation, by
pdSiﬁoning the target in the immediate vicinity of a solid-state track detector
consisting -of 15 micren lavsan polyester films. The films were replaced at
known time intervals during ﬂie decay so that half-life infofmation could be
obtained. The films were etched and the half-life of the species determined
from the number of fission tracks, measured with an optical rhicroscope, per |
detection film. | |

‘Fission backgrounds in fhe track detectors were attributed to the
- following sources: - | |
1. Delayed neutrons from fragments of promptvfiSSion of the target material,
which can produce fission of target nuclei during the measurement time. g
2. Fission induced by energetic gamma-rays emanating from fission
R fragments produced in the bombardments. | |
3. Fission induced by energetlc gamma-rays emanating from species produced
by the interactions of the beam with the target support material (Cu).
4. Fission from the target material and incidental daughter products of the
reactions. | |

The fission backgrounds associated with 1 and 2 were removed by a
sufflcxent delay time between the end of the bombardment and the begmmng
of the track detector measurements 10 minutes). The half-lives of the 240Bk
and 242Bk are relatively long so as to allow this delay. The contribution from
3 was eliminated by replacement of the Cu target support material with Al,
which produced significantly less high energy gammé-ray ‘vactivity. Item 4 was
estimated by aﬁaleis of the alpha spectra of the activity from the target, and
shown to be insignificanf (when the time of the measurements is taken into
account). 'Cofnparison of the number of fissions remaining above the

backgroﬁnd with the alpha activity of the 242Cm and 240Cm daughters
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allowed Gangrskii et al. to estimate the delayed fission probability for 240Bk to
be approximately 10-5 [Gangrskii, 1980]. Gangrskii et al. did not report the
delayed fission probability for 242Bk. |

As may be obvious to the reader, this technique does not yield positive
- Z or A identification of the ECDF precursor. It also does not allow for the
vdeterminati.on of the fission properties of the EC daughter. It was not until
1989 that a better technique for determining the deléyed fission probability
was developed [Hall, 1990A]. '

2.1.2 Previous Searches for 241Bk and 252Bk
| To this date, no direct evidence for the existence of either 241Bk or
252Bk has been published.

Recently, in the case of 241Bk, a paper of deduced levels and their
spin/parity assignments of states populated by the alpha decay of 245Es has
been published [Hatsukawa, 1989]. The Es was produced via several reactions.
The production reactions are 249Chf(p, 5n)245Es, 238U(14N, 7n)245Es,
237Np(12C, 3n)245Es, and 233U(14N, 2n)245Es. No data yielding the direct
observation of the decay of 241Bk have been published. It should be possible
to determine the 241Bk half-life with a technique such as that used in the
discovery of 253Md [Kadkhodayan, 1991]). In the technique of Kadkhodayan et
al., a growth curve of the known daughter of the isotope under study is
constructed by varying the time of irradiation and determining the activity of |
the daughter as a function of the irradiation time. Chemistry is performed to
isolate the element of interest. With several irradiation tﬁnes, determination
of the daughter activify yields a growth curve for the daughter. If the amount
-of beam impinging ‘on the target(s) is known, and if the irradiation times

were chosen such that saturation was achieved, and if sufficient statistics are
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available, it is possible to determine the half-life of the parent and the
production cross section. This was first achieved by Kadkhodayan et al. m
1991 in the discovery of 253Md [Kadkhodayan, 1991]. |

Two recent works ha\te been publiéhed concerning 252Bk. The work of
Kupriyarov [Kupriyarov, 1984] included information pertaining to the fission
cross-section with fast neutrons as calculated .with a statistical »atpproach using
a double-humped fission barrier. In the work of Magda [Magda, 1987], the -
: expected production qus-secﬁon in cluster transfer reactions between 248Cm
and 238U at 7.4 MeV/A was calculated. No data on the direct observation of
the decay of 252Bk have beert published. This is difficult becausé 252Bk is
likely to be a beta emitter. It should be possible to determine the 252Bk half-
life with a technique such as that used in the dxscovery of 253M d

[Kadkhodayan 1991].

2.2 Np Studies
) 2.2.1 Previous Delayed Fission Studies

~ Electron-capture delayed flssxon in the Np regxon was first examined by
-Kuznetsov et al. in 1967 [Kuznetsov, 1967] and Skobelev in 1972 [Skobelev,'
1972). Further studxes of the fissioning species were done by Somerville et al.
in 1978 [Somervﬂle 1976], [Somerville, 1978]. |

K_uznetsov et al. [Kuznetsov, 1967] produced a 60-second fissioning
,activity, presumably 227.r25’-3Np, in reactions of 110-MeV 22Ne with a 209Bi
target. The production reaction is 209Bi(22Ne, 3n or 4n)227.228Np. The
1sotopes were produced usmg an inclined target technique of 2 mg/ cm? Bi
with detectors above and below the target »

The target was bombarded at an angle of 12° for 4 minutes with a 22Ne

beam current of 160 pA. The beam was turned off and'fi_ssions measured by
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positioning four glass-plate, fissiqn—fragmerit detectors over the target, each
for a period of 60-seconds. The detectors began measuring fission events 3
seconds after the end of bombardment. The delay eliminated the observation
of short-lived fission activities. A species with a half-life of 60+ 5 seconds was
observed. The fission background in the track detectors was measured by
determining the number §f fission tracks observed at the su:faces_ on whi_ch
the fission ﬁ'agmen_ts from the nuclei produced could not impinge.

The isotopic identification as either 227Np or 228Np came from’
excitation function and cross bombardment reaction techniques. The shape of
the excitation function of the fissioning species provided evidence that the
reaction proceeded via a compound nucleus and neutron 'evapofation
mechahism. The excitation function was determined with a thin target and
the production cross section determined to be 0.45 + 0.08 nb. The possibility of
prdducing fissioning U iéotopes by the 209Bi(22Ne, p3n) or 209Bi(22Ne, p2n)
reactions was eliminated by studies of the 208Pb(22Ne, 3n) and 208Pb(22Ne, 4n)
reacfions. The fissioning spécies was not.produced in these reactions. Other
reactions ofvthe type 2°9Bi(2_2Ne, a3n) were eliminated as the source for the
fissioning activity in studies of 209B; reactions with 180 projectiles. The .
fissioning species was not produced in these reactions. Therefore, Kuznetsov
et al. concluded that the ﬁssioﬁing species must be 227Np or 228Np.

In the studies by Somerville et al. [Somerville, 1976] [Somerville, 1978],
227,228Np were produced in two reactions. The production reactions are
209Bi(115-MeV 22Ne, xn) and 233U(55-85 MeV 10B, xn). They produced a
fissioning species with a half-life of 51-seconds. Again, however, no positi,\}e
evidence for Z and A assignment by correlations with known progeny

activities was offered.
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The technique of cross bombardment reactions, while useful, does not
yield positive Z or A identification of the ECDF precursof. The techniquei of
fission track detectors does not allow determination of the fission properties
of the EC daughter. It was not uhtil 1989 that a better teéhhique for
determining the delayed fission probability and giving proof of the ECDF
mechanism was developed [Hall, 19898].: This method used thin sources on
polypropylene to measure the fission properties, an x-ray-fission ‘coincidence"
téchnique to give direct evidence .for the ECDF mechanism, and chemical
separations to give positive proof of the Z and A of the ECDF precursor [Hall,
19901, [Hall, 1990B]. |
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3 Experimental

3.1 Target Preparation
3.1.1 Americium Targets . |
- The 241Am targets were prepared by electrodeposition [Bedov; 1956),
[Evans, 1971], [Aumann, 1974], [Miillen, 1975] on 0.5-mil (2.32 mg/cm?) Be foil.
Beryllium was chosen because it was necessary to use target backings that
would withstand large beam intensities, minimize beam energy degradation,
and would be mechanicaliy strong. |

A sample containing 150 mg 241Am was obtained in the form of
Am>03. It was dissolved in about 3 mL concentrated HCI and dried. Thé
AmCl3 was redissolved in 1 mL 0.1 M HCl and extracted into 1 mL 0.5 M
HDEHP in heptane [Knauer, 1968], [Higgins, 1960], [Peppard, 1957A). The
Am3+ is extracted into the HDEHP while other impurities suchA as Nat
remain in the aqueous phase. The HDEHP phase was removed and Am3+
‘back extracted into 1 mL concentrated HCl. The Np>* daughter remained in
the HDEHP phase. The solution of ArhCl3 was dried and converted to
Am(NO3)3 by adding 1.0 mL concentrated HNO; and drymg This process was
repeated several times. The conversion to the nitrate form was required
because the Be foil is subject to chemical attack by chloride. ‘This would
reducé the effectiveness of the plating procedure and make the reSulting
target unsafe for bombardment in the accelerator. An aliquot of the final )
Am3+-HNO3 solution was dried and the Am(NOj3)3 dissolved in 1.0 mL
isopropanol (IPA). An aliqﬁot of the IPA solution was dried on Pt foil and



assayed by alpha-pulse-height analysis. A flow diagram of the procedure is
given in Figure 3-1. ’ ’
The electroplating cell was prepared by placing about 1 mL of clean IPA
in the Teflon chimney (see Figure 3-2). An qppropriat; amount of the
-Aﬁxﬂ\JOs)s—IPA solution was added so that a target of about 100 pg/cm? would
be produced. The Teflon chimney >had an i.d. of 0.95 cm, which yields a
0.71 cm? target. The Am was electroplated from the IPA at 0.8 mA and 300
volts for 30 minutes on the 2.32 mg/cm? Be backings. The Be foil was kept at
a negative potential by attaching the negative pole of the power supply to the
~ base of the electroplating cell. The positive electrode was a Pt wire which also
served as a mixer. The eléctroplated sample was then baked in an oven at 400
'°C for 30 minutes to convert it to the oxide. The targets were glued tb Al
supports for use in the target system (see Section 3.2). Figure 3-2 is a
schematic of the electrodeposition cell. o
The thicknesses of the 241Am targets were detérmined by gamma-ray
- analysis with a Ge detector. The efficiency of the Ge detector for detecting 60 .
‘keV photons from the 241Am was determined with a National Bureau of
Standards (NBS) linked 241Am yray source at a distance of 25 cm. The
activity of this source waé 449.8 dps. To obtain sufficient' statistics, the |
standard was measured for 45 mim.ﬁes. The éffidenéy of the Ge detector was
5.33 x 104. The 60 keV yray of the sealed 241Am targets was measured in the
same geometry as the 241Am standard. Ten targets were prepared and assayed
~ in this manner. Table 3-1 lists the thicknesses of the 241Am targets.

- 3.1.2 Uranium Targets
The 233U targets were electroplated in the same manner as the 241Am

- targets (see Section 3.1.1). However, the following procedure was used to
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Table 3-1. Thicknesses of the 241Am targets as determined by y-ray analysis.

Sample Number Activity (cpm) Thickness (ug/cm?)
 241Am Standard 5.1 n/a
241Am-4 9.43 x 10 9145
41Am.5 9.85 x 104 95.56
41Am-7 9.95 x 104 96.54
241Am-8 1.03 x 105 99.72
241Am-9 9.34 X 104 90.62
241Am-10 9.72 x 104 94.25
241Am-11 1.04 x 105 100.93
241Am-12 1.04 x 105 100.90
241Am-13 9.71 x 104 94.19
| 241Am-14  smBx10t | 7887

purify the U pfior td electrodeposition. .

Approximately 10 mg of 233U was obtained from the Nucléar
Chemistry Division (Batch ORNL-27, 4.2 ppm 232U) at Lawrence Livermore
National Laboratory and purified by anion exchange chromatography. The
233U was dissolved in concentrated HCI and sorbed onto an anion exchahge
cdlumn (AG 1-X8 resin, 1 cm x 15 cm) from concentrated HCl. Several
column volumes of coﬁcentrated HCl] were passéd throﬁgh the column
followed by several column volumes of 2 M HCl to elute-contaminants as
well as the 233U progeny activities. The column was converted to the nitrate
form by elution with several column volumes of 6 M HNOj. The 233U was

eluted from the column with several column volumes of 0.1 M HNO;j into a



glass cex_xtrifugev cone and dried. The dried uranium was dissolved in
isopropanol (IPA’ to yield‘a solution of approximately 1 mg/mL 233U, | |
| Approximately 50 uL of the 233U solution was placed in the Teflon
chimney of the electroplating cell with about 1 mL IPA (see Figufe 3-2). The
- Teflon chimf;ey had a 0.95 cm i.d. which yields a 0.71 cm? target. The
uranium was electroplated on 4.65 mg/cm?2 Be foil at 400 vdits for 30 minutes.
The resulting target was dried and heated in an oven at 400 °C for 30 minutes
to convert it to the oxide. Twenty-three targets were prepared in t}us manner.
The targets were assayed using a low géometry surface barrier detector with a
0.6245-inch collimator operated in He with a detection efficiency of 8. 2x10'4 '
vThe thicknesses of the targets were calculated and are listed in Table 3-2.

3.1.3 Curium Target

The 248Cm (97.44% 248Cm 2.53% 246Cm, 0.025% 245Cm, 0.010% 247Cm,
and 1x10-4% 244Cm) was electroplated -on a 2‘09 mg/ cm? Be backing in the
same manner as' the 241Am targets (see Section 3.1.1). .Figure 3-1 is a flow
diagram of the chemisfry used to purify the Cm béfore electrodeposition. The
target was produced by electroplating and then bakixig layers approximately 50
ug/ cm? each. The Teflon chimney used hadv a 0.6 cm id. of which yields a
0.28 cm? target. The target was dried and baked to convert 1t tb the oxide after -
the application of each layer to avoid ﬂa.king and keep the target uniform.
" The Cmy03 target was assayed by alpha-pulse-height analysis using a low-
geometry surface barrier detector in the same manner as the 233U targets and

determined to contain 0.65 mg/cm?2 248Cm.
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Table 3-2. Thicknesses of the 233U targets as determined by low geometry

alpha-pulse-height analysis.

Target Number _ Acﬁvity (dym) Thickness (ug/cm?)
A-1 2.06 x 106 75.7 £ 0.03
A-2 2.12 x 106 78.2 + 0.03
A-3 1.39 x 106 51.1 +0.03
A-4 1.47 x 106 54.110.03
A-5 1.43x 106 52.6 +0.03

A6 1.49 x 106 5494003
A-7 1.43 x 106 52.6 + 0.03
A-8 1.46 x 106 53.9+0.03
A-9 1.44 x 106 52.9 +0.03
A-10 1.48 x 106 | 54.5 + 0.03
CA-11 1.32x 106 485+0.03
A-12 1.45 x 106 53.4 +0.03
A-13 1.50 x 106 55.1 £ 0.03
| A-14 1.42 x 106 52.4 +0.03
A-15 - 1.42x 106 525+ 0.03
A-16 1.49 x 106 . 54.8+0.05

A-17 1.52 x 106 55.8 +0.05 -
A-18 1.42 x 106 52.30.05
A-19 1.49 x 106 54.9 +0.05
A-20 1.51 x 106  55.4+0.05
A-21 1.37 x 106 50.6 + 0.05
A-22 1.50 x 106 55.4 +0.05
A-23 1.51 x 106 55.7 + 0.05
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3.2 Irradiations |
3.2.1 Lawrence Berkeley Laboratory 88-Inch Cyclotron

All ion beams used in this work were provided by the 88-Inch
Cyclotron located at the Lawrence Berkeley Laboratory (LBL). The 88-Inch
Cyclotron is a sector-focused éydo&oh capable of generating relatlively large
‘beam currents of many different ions. Beams ranging in mass from protons
to 238U have been achieved at moderate intensities. |

Beam energies are given in the laboratory system and refer fo the
energy in the target material unless otherwisé stated. Two types of target
systems were used. A multiple target array was used in the light ion
bombardments to produce 238Bk, 241Bk, and 228Np. A single target was used
in the 180 bombardments to produce 252Bk and 253Bk. The targets in all the
bombardments were radioactive requiring a 4.65 mg/cm?2 Be foii as the
vacuum window to isolate the targets from fhe rest of the cyclotron. A
Faraday cup was uséd’ to measure target beam current throughout all-

_experiments and the integrated charge was recorded periodically.

3.2.2 Single Target Bombardments

| A schematic of the single target arfangement uséd in the 180
irradiations is given in Figure 3-3. 'I'helbeam'enters'the target system through
a 6 mm collimator, passes through an 8 mm Be vacuum window, which is
cooled by Ny, through the target, and into the recoil chamber (see lFigurev 3-3).
The beam stop composed of 'graphite; The vacuum window is used to isolate
the radioactive targets from the rest of the cyclotron. The collimator and
beam stop are composed of graphite to reduce neutron production and make
the irradiation area less hazardous to the experimentgi.- The beam stop and

" collimator are cooled by water. A He/KCl transport system, with the He
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flowing at 2 literé/minute, is attached to the recoil chamber to sweep the
produced activities out of the target system to the collection site through a 1.2-
mm i.d. polyvinyl chloride capillary. The KCI aerosols are generated by
passing the He stream over a small quantity of fresh KCl heated in an oven
which is maintained at 650°C. The maximum recoil collection yield and
optimum KCI oven temperature were determined using 4.8-min 221Fr recoils
from a 225Ra/225Ac source in-line with the He/KCl tr'anspoft system. The -

yield varied between 50% and 80% depending on the length of the capillary.

3.2.3 The Light Ion Multiple Target System |

For the production of neutron-deficient actinide isotopes at reasonable
rates, light ibn bombardments are desirable because of the relétively large
sproduction cross sections. Light ions, howe\}er,-produce products with small
recoil ranges. To avoid using complicatéd' and time consuming thick-target
techniques, it was desirable to use the Light Ion Multiple Target system (LIM)
.[Hall, 1989A]: Thié system allows the bombardment of up to 23 targets ‘\
simultaneously in an ai'ray._ Using the recoil products from many thin targetsv
increases the effective target thickness over that of a single thick target. The
recoiling products are continuously swept from between the targets, and out
of the target chamber by a He/KCl aerosol jét with the .He flowing at 2 |
liters/minute.  The KCl aerosols are generated in the same manner as in the
single target bombardments. The activity laden KCl aerosols ‘are collected for
chemical separation or direct analysis. Figure 3-4 is a schematic of the LIM
- system. |
The targets can be stacked at a distance of roughly twice the recoil range
- of the .compound nucleus in He. In the case of the 4He_ bombardments of

241Am, the targets were positioned about 2-cm apart. In the case of the proton
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bombardments of 233U, the targets were placed about 1-cm apart. The
compound nucleus product ranges can _be_estimat'ed with tables provided in
.[Hub'ert, 1980] or others. Fission producfs produced during the irradiatidn
have significantly larger production cross sections and recoil ranges in He
than the éompbund nucleus. Separating the targets by twice the compound
- nucleus recoil range results in the majority of the fission products being .
- deposited in the back of the next targef in the array [Hall, 1989A]. This has the
effect of reducing the amounf of beta-gamma activity at the KCl aerosol
collection site. The beam stop and collimator are graphite and water cooled

(see Figure 3-4). Graphite was chosen to reduce the neutron levels in the -

experimental areas an_d' to reduce activation of the target system. Because" .

many of the chemical operations are performed manually, it is important to

minimize the radiation exposure of the persons involved in the experiments.

3.24 Isotdpe Production

To produce the neutron-deficient Bk isotopes, '241Ain Was chosen as the
. target material because it was both readily available and yielded relatively
large production cross sections for 238Bk and 241Bk in bombardments by alpha |
particles. For similar reasons, 233U was chosen as the target material to
produce neutronodeficiént\Np isotopes in -bombardments' by protons. The
appropriate bombarding energies and estimated prodﬁction cross sections
were calculated by the neutron evaporation code, SPIT [Haynes, 1988]. We
ha_ve determined expe'rixrientally that the production cross sections calculated
by SPIT are accurate to within an order of magnitude [Haynes, 1988] and are _
usually within a factor of 2 for 7“" and 9-neutron-out reactions. Table 3-3 gives
the maximum calculated production cross sections for 238Bk and 241Bk from

the reactions of 241Am with alpha particles and 228Np from the reactions of
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233y with protons. Figure 3-5 shows the SPIT calculated excitation functions
for the production of 23831(, 241Bk, and 228Np. Table 34 gives the production
reactions, bombarding energies, and beam intensities used to produce 238Bk,
241Bk, and 228Np. |

Table 3-3. Calculated Bk and Np production cross sections.

Projectile Energy 8Bk ~ 241Bk - 228Np
(MeV) 6 (cm?) s (cm2) 6 (cm?)
- 76 . 0.25E-30
46 or 48 | . 0.10E-26
51 0.25E-28

Table 3-4. Production information for 238Bk, 241Bk 'and 228Np. -a) The Bk

isotopes were pro.duced in bombardments of 241Am targets via
. _

241 Am(4He, 7n) 238Bk, and 241Am(4He, 4n)241Bk reactions. The Np isotopes

were produced in bombardments of 233U targets via the 233U(p, 6n)228Np

reaction.
Isotope | Production Beam Energy | Intensity | # of Targets
Reaction (MeV) | = (puA) in LIM
238Bka 241 Am(q,7n)238BKk 73 34 9
241Bka 241Am(a,4n)241BKk 48 4-5 4
25Npb 233y(p,6n)228Np 9 46 23

The targets used in the production of 238Bk, 241Bk, and 228Np were
positioned in the LIM system. The LIM was installed in the beam line in_
Cave 0 at the 88-Inch Cyclotron at LBL and connected to the He/KCl aerosol’
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jet system. Beam degfa_dation ’through the target stack was not important
because alpha perﬁdes and protons lose less than about 300 keV and 150
keV/ tatget,'respecﬁvely, in the thin Be backings. The alpha and proton beam
energies were degraded through the cyclotron and vacuum windows by about
2 MeV and 1 MeV, respectively. This was esﬁmeted from the range tables of
Hubert et al. [Hubert, 1980). The recoils and KCl aerosols were traxisported
through the 1.4 mm id. polﬁihyl chloride cepillary to the meiza_nine hood
above Ca\}e 0 for chemical separation and analysis or to an x-ray-fission
apparatus or to a rotating wheel system (see Section 3.4). |

For the production of 252Bk and 253Bk, the 248Cm target was bombarded
in the single target system with 125-MeV 1805+ (machine) from the 88-Inch
Cyclotron at t.BL at an intensity of 500 pnA. This corresponded to about 107
‘MeV after passing through the.target. The recoils were'tra'nsported through a
1.4 mm polyvinyl chloride capillary to the mezzanine hood above Cave 0 for
chemical separation and alpha-pulse-height analysis or placement into a
beta-L x-ray coincidence apparatus (see Section 3.3.1.1.3). '

‘The transfer reactions in the production of 252Bk and 253Bk involve the
respective transfer of a 4H or SH from the pro;ectxle to the target The
projectile energy was chosen after an analysis of the 1H, 2H and 3H transfer
reaction cross sections" and heavy product excitation energies given in [Leyba,

1990] and [Hoffman, 1990A.

3. 3 Chenucal Procedures
3.3.1 Manual Separations
3.3.1.1 HDEHP Separations of Bk ‘
The well known 3+/4* redox couple in Bk is of particular use in the

separation of Bk from all trivalent actinides. Samples containing Bk can be
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oxidized with aqueous oxidants such as KBrO3 in concentrated HNOj3 and the
 Bk#+ extracted with an organic complexing agent such as HDEHP. This VV
complexing agent is well known for its ability to extract all 3* and higher
charge ions from dilute acid solutions and all 4* and higher charge ions frdm
concentrated acid solutions [Knauer, 1968], [Higéins, 1960}, [Peppard, 19571,
[Peppard, 1957A]. The HDEHP phase can be isolated and the Bk#+ reduced to
* Bk3+ with an appropriate reducing agent such as H>O3 in dilute acid. The Bk
is back extracted into the dilute acid phase while all other species of higher
oxidation state remain in the orgahic phase. Figure 3-6 is a ﬂow chart of the
“chemistry used to isolate Bk from all trivalent actinides. Cerium is not
separated from Bk in this procedure because of its similar 3+/4* oxidation

state couple. The chemicai formula and structure of HDEHP is given below.

C4”'9'(,:“‘ CH- °‘%"°‘C”f,c”‘c4"'9
T4 T s
The HDEHP behaves as an acid with one acidic hydrogen. It has been shown
that the HDEHP is pfobably dimerized [Knauer, 1968], [Higgins, 19.60],
[Peppard, 1957], [Peppard, 1957A] in the organic phasé. This yields the
following likely complexing reaction with the metal ion.
 Bki*aq + 4 (HDEHP)2org <——> BK[H(DEHP)zlgorg + 4H*
The deprotonated form of HDEHP is designated as DEHP.

3.3.1.1.1 Daughter Milking Technique for 241Bk, 252Bk and 253Bk

To discover 241Bk, 252Bk and 253Bk, a growth experiment similar to that
found in [Kadkhodayan, 1991] was performed. This technique involves
varying the irradiation time and separating the Bk from all trivalent actinides
using an HDEHP separation. The half-lives of the 241Bk, 252Bk and 253Bk can
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be determined from the growth of the 2¢1Cm, 252Cf and 253Es, daughters of
‘241K, and 252Bk and grand-daughter of 253Bk, respectively, as a function of - .
 the irfadiation'ihterval. In the case of 253Bk, the 253Cf alpha 'branéh_Was too
small to make observation practical. The 253Es grand-daughter has a 6.6-MeV
alpha which should be well separated from all 6iher- alpha activities in the
sample. | | |
In the search for 252Bk and 253Bk, the collecnon times were 1, 3, 10 and
~ 20 minutes. The samples were dxssolved in 25 o of HNO3 and 25 l of a
saturated KBrOj solution and the Bk extracted into 50 A of a 0.5 M HDEHP
solution in heptane in a procedure similar to that shown in Figure 3-6. The
reduction and back extraction step, however, was not performed. Instead, the
organic phases were stored according to the 1rrad1at10n mterval A tracer
containing 243Am was used in the HNO3 to ensure that the daughters
. observed later were a result of the Bk decay and hot contafninatior; from
| ﬁivaient actinides. After about 1 hour, the Bk daﬁgf\ters were back extracted
with 3 M HCl. No H>0; was necessary because the Bk daughters are 3+ ions.
‘Without the reduction, the ai_nount of 250Cf and 248Cf in the sampleé is
reduced, because not er;ough time is allowed for all of the 250Bk and 248Bk to
decay. |
4 The samples were later electroplated via the'metho‘d of [Hoffman, |
'1990B] on Pt for alpha-pulsé-h_eight analysis of the known 252Cf and'253Es‘.
. Figure 3-7 is a flow diagram of the procedure used to purify the samples
before eléctrodepositidh.' This was necessary because e\;;porated samples
proved to be too thick to yield good alpha resolution,' The samples were
 thick, and did not allow resolution of the alpha peaks of 25?Cf, 250Cf and 248Cf.
The 248Cm target used in the bombardment was coated with a layer of MatGd,

for use in another experiment. No attempt to remove the Hf, made from the
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interactions of the 180 projectiles with the natGd coaﬁhg on the 248Cm target,
was attempted because the Hf is a 4+ jon and was not back extracted from the
" HDEHP. Also, the Hf isotopes produced are short lived compared to the Cf.
A small amount of a beta activity will not inte_rfere significantly with the
alpha-pulse-height analysis. |
The electrodeposition procedure used in the 252Bk and 253Bk studies
involved the aqueous deposition of the sample on Pt from a dilute NH4Cl
solution [Hoffman, 1990B]. The pH of the soluﬁoﬁ, adjusted with dilute HCl
to be slightly acidic to methyl red, was placed in the eleétroplating cell shown
in Figure 3-2, and the sample plated at a potential of 6.2 Volts and a current of
-about 60 mA for 30 minutes. The sample was washed several times with
water and isopropanol, dried, flamed and mounted on a counting card for
alpha-pulse-height analysis. |
In the search for 241Bk, the collection times were 1, 3, S, and 10 minutes.
The Bk was isolated and the organic phase stored as described earlier. The
Cm3+ daughters were back ex&acted from the HDEHP with 3 M HCl. The 3 M
HCI phases from the back extractions were later dried and flamed on Pt for
alpha-pulse-height analysis of the known 32.8-day 241Cm daughter. Because
the quality of the flamed samples was poor, the activity was removed from
the Pt and purified with a c.ation exchange technique prior to
electrodeposition as shown in Figufe 3-8. |
In this purification procedure, the samples, after removal from the Pt,
were dried in 1 mL plastic centrifﬁge cones under a heat lamp. The samples
were dissolved in several drops of concentrated HCI and dried. This step was
repeated sevefal times because residual fluoride would interfere with the
" cation exchange chemistry. The samples were then dissolved in 0.5 M HCl
and sorbed on a column (2 mm i.d. by 4.5 ecm long) of AG MP-50 cation
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exchange resin, 200400 mesh. The free colunin volume (FCV) was 60 uL.
The column was washed with several FCVs of 0.5 M HCI followed by several
FCVs of 4.0 M HCL. The Cm was stripped from tﬁe cdlumn with 8 FCVs of
concentrated HCl and dried. The samples were dissolved in 1 mL IPA and
electroplated on Pt in the same manner used to p.x.'ep.ar'e the 241Am targets (see
Section 3.1). The electroplatéd samples were dried, flamed and counted by
alpha-pulse-height 5nalysis. . | | | |

33.1.12 238Bk Separation for ECDF Studies - Z and A Assignment
Determinatioh of the electron-capture branch as well as a positive
identification of the Z and A of the ECDF precursor requires a chemical
sepafatioﬁ of the Bk from all othér potentially fissioning activities (actinides)
produced in the bombardment. Detection of fissions in the Bk fraction as well
as analysis of the ECDF x-ray-fission cbincidences will positively assign the
ECDF precursor to an isotope of Bk. Identification of the known 238Bk EC and
alpha daughters, 2.4-hour 238Cm and 2.32-minute 234Am, respectively, woula
assign the mass number as 238. This also Yields the EC/alpha branchihg ratio.‘
Knowledge of the EC/ alpha branéhing ratio is required for determination of
the delayed "fission probability. The isolation proceduré for Bk is shown in
Figure 3-6. The final aqueous phase containing the Bk was removed, dried on
Ni foils and flamed. Ni foil was chosen because it is relatively inexpensive
and is also tolerant to the fiaming required to make the source 'safe’ for
removal from the chemistry hood. Flaming also destroys any residual
organic material and produces fhin' sources suitable for alpha-pulse-height
- analysis. The sample was counted for both alpha and fission activities by

“pulse-height analysis.
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3.3.1.1.3 Beta-L x-ray Experiment - Study of 2Bk

In previous studies_ [Fields, 1973] of 252Cf, the beta-decay daughter of
252Bk, it was noted that the electron-capture decay of 252Es populates levels
about 900 keV above ground in 252Cf which all (>98%) deexcite through the 2+
‘rotational state built upon the K=0 gi'ound state. In the study by Fields et al., it
was noted that the 45.7-keV gamma-ray associated with the deexcitation of
this 2+ state in 252Cf was highly L converted (>93%) and produced Cf L x-rays.

It was thought that the beta decay of 252Bk to 252Cf might follow a
similar path. The Q-value associated with 252Bk beta decay was esﬁmated to
be approximately 2.21 MeV from the 1986-87 mass evaluation found in
Atomic and Nuclear Data Tables, 39, 289 (1987). Because the lighter Bk
isotopes have Q-values for beta decay which are significantly lower than the
expected 2.21 MeV for 2528k, and assuming the deexcitation of the 252Cf
daughter produces L x-rays, a possible méans of detecting the 252Bk would be
to configure a beta-L x-ray coincidence system to detect beta particles in
coincidence with Cf L x-rays.

The Bk was isolated with an HDEHP extraction similar to that shown
in Figure 3-6, dried on a thin badcing; and placed 'between a beta detector and a
thin window Ge x-ray detector. As described in Sécﬁon 3.3.1.1.1, the 248Cm
targét was coated with a layer of "2tGd which produced various Hf isotopes
that are very beta active and also would be extracted into the HDEHP phase.
As a result, it was imperative that the Bk separation be performed so as to
remove the Hf impurities from the final Bk fraction. Otherwise, the amount
of beta activity from background acﬁvitiés would mask activities from the
252Bk beta decay. To remove Hf, an additional extraction step was added to

the procedure illustrated in Figure 3-6.



The KCI aerosols and activity were dissolved in 20A of 1 M HNO;3;
without an oxidizer. The Hf4+ was extracted into 20A of the HDEHP phase
.leaving the Bk3+ in the aqueous phase. The organic phase containing the Hf
was removed. To the aqueous phase 20A of concentrated HNO3 and 202 of a
saturated KBrO3 solution were added. An HDEI;IP extraction was performed
with 40A and the organic phase dried on Al foil. It is irnporfa_nt to note that
the samples were dried‘oﬁ Al for'placement in the beta-L x-ray correlation
apparatus. ' Aluminum was chosen because a foil with a higher K shell edge -
B might mask the L x-rays from the 252Bk beta decay, and a low Z material was |
also needéd so as to transmit as much of the L x-rays as possible. Pertinent
data about the K-conversion energies in Al wefe obtained from [Browne,
- 1986] and the L x-ray stopping in Al was estimated‘from the table of photon
* interactions given in [Lederer, 1978]. | v

A schematic of the beté—L x-ray detector system. is shown in Figure 3-9.
A schematic of the beta-L x-ray system electronics is illustrated in .Figuie 3-10.
The beta particles were detected with va standard plastic scintillator (5 ‘em
diameter), covered with aluminized mylar and c'vonne'cted' to a
~ photomultiplier. The L x;rays were detected ~with a thin window Ge x-ray
detector. The Ge detecto; consisted of two thin, 3-mm, Ge crystals houéed in
the same cryosfat. This allowed two samples to be counted simultaneously
- with the same scintillator. The system was configured so that when a beta
particle was detected in the scintillation detector, any Signal in the Gé
~ detectors was recorded. The éystem also recorded 'rray-y-ray coinddences, but
~ because of the unusual detector geometry, it was expected that ihese would be
rare. A threshhold of about 1 MeV for incident beta particles was set to reduce
 the signal associated with beta decay of the lighter Bk isotopes. Assuming that

sufficient statistics are obtained, it should be possible to extract a half-life for
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the 252Bk above the reduced background of the lighter Bks which are
| produced with bmuch larger cross sections. |
| 3.3.1.2. TTA Separation of 238Bk - X-ray-Fission Analysis )

The x-ray-fission correlation procedure used to study 238Bk required an
initial separation of all activities from monovalent Na produéed in the
interaction of the beam with the aluminuﬁ target holders due to a slight
target system misalignment. The Bk and other activities were removed from
the Na by extraction with 0.5M thenoyltrifluoroacetone (TTA) in benzene.
- This complexing ag’ént is known to complex 3+ and higher oxidation state
species quite read;ly froni aqueous solutions between pH 4 and 5 [Poskanzer,
1961]. The produced activities were dissolved in a buffered solution of acetic
. acid and sodium acetate maintained at pH 5 and then extracted into the TTA.
The organic phase was removed and evaporated on Ta foil for analysis. A

typical separation time was 30 seconds.

3.3.1.3. 228Np Chemistry

Neptunium’ was separated from uranium using an anion exchange'
procedure [Browne, 1973]. The samples from our He/KCl transport system
were dissolved in 50 uL of concentrated HCI and sorbed on a 1-cm long by 2-
mm i.d. anion column of Bio-Rad AG-1, X-8, 200-400 mesh anion exchange
‘resin which had been pretreated with concentrated HCl. The column was
washed with several column volumes of concentrated HCl and the Np
fraction was eluted with 2.7 M HCI and collected and dried on Ta foil. The Np .
sample ‘was flamed and counted for alpha and fission activities. The
uranium was eluted from the column with IO.l M HCl and saved for another

experiment.



3.3.2. Automated Separations
3.3.2.1 Develdpx_nent of ACCESS

—

The Autorhated Chromatographic Chemical Element Separation
System (ACCESS) [Kreek, 1992A] and Automated Injection System (AIS)
~[Kreek, 1992A] were designed for repeated high pfedsion chemical separétions :

| of short-lived radionuclides. ) |

These computér-controlled( ion chromatography and injection systems
are designed to provide a rapid and reproducible separation usihg established
methods such as a-hydroxy isobutyraté (o-HIB) elutions from cation exchange
‘resins or HDEHP vreve‘r'se phase extraction chromatography. Th—e system is
modular, and can be used in either an off-line (manual injection) or on-line
(AIS interfaced) configuration. ACCESS-AIS [Kreek, 1992A] is controlled by
an IBM PC running a BASIC program. An analog to digital and digital to
analog interface (Data Translation DT-2801) board in the PC provides 16
digital 1/O ports, 8 ADC inputs and 2 DAC outputs. The digital outputs
~control two chemically inert pumps (Cheminert Kel-F Precision Pum.ps,»
 model number CMP-1VK), another pump (Eldex Laboratories Dual Piston
Puinp, Kel-F Heads, model n_umbér »AA-IIOO-S), a 6-way valve (Eldex .
Laboratories Selector Valve, model number 1200), the pneumatically actuatec}
slider valves used to direct the flow of solution through the system and the
AIS. Chemical fractions of separated elements are collected with a fraction
| collector (Gilson Scientific, model number FC-203), which is controlled by the
~ PC through a RS-232C serial .i.nterféce. Figure 3-11 is a schematic of the
ACCESS control-system. | | |

Solvents are introduced by controlling the positions of pneumatic
actuators (Rainin Instruments Tefzel Actuators, model number 201-57)', which

. control slider vaives (Rainin Instruments_Tefzel' 4-way slider valves, model
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number 201-52). The sliders are chemically inert materials such as Delrin and
the tubing between the valves is Teflon. Bores in the slider are positioned
such that the solvents are forced to follow different paths as dictated by the
user. The Teflon tubing has an i.d. of 0.5 mm. The tubing used to supply the |
N, to the pneumatic actuators is also Teflon thh an i.d. of 0.8 mm. Teflon
was chosen over other materials because of its relative resistance to aqueous

chemical attack and the ease with which it can be connected to the system.
All of the Teflon tubes are as short as possible to minimize dead volume ahd
hence increase resolution and speed. The separation columhs are constructed
from precision-bore glass tubing and chemically inert column end fittings‘
(Rainin Instruments Tube End Fittings,‘ 1/16-inch inside diameter, inodel
numbexj 200-00). This permits optimization of the separation by varying the
column length and solvent flow rates. A typical 2-cm length x 2 mm i.d.

- column has a free column volume of about 5 drops (13 pL/drop). The entire
systerh has a void volume of about 50 drops, but is> dependent on the
configuration in use. Figufe 3-12 is a schematic of the ACCESS conﬁguratiori
for a chromatographic Separation employing a single column and the AIS. |
v ACCESS has been used in several experiments, .inclulding” the
identification of the previously unknown 253Md [Kadkhodayan, 1991}, and
separation of Lr for study of the decay properties of 261Lr [Henderson, 1990] In
both cases, ACCESS separated the elements by o-HIB elution.

The chemical yield through ACCESS is dependent on the chemistry
used in the separation and the separation time (for short-lived species). The
" chemically inert surfaces of ACCESS provide nearly 100% tfansport efficiency
of the activity. Using the lanthanides 171Tm, 152Eu, and 166mHo, vwe.observed
separation factors for a-HIB separations that were consistent with previous

work [Choppin, 1956], [Smith, 1956]. The resolution of the measurements,
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over those of previoﬁs work, was improved by using smaller drops (13 pL vs.
45uL). | |

| The irﬁplementation of ACCESS-AIS maximizes the use of a,cceleratbr
time and allows for the collection of as much data as possible during the
course of one experiment. This system also reduces the labor intensive
nature of these experiments and increases the reproducxb;hty over repeated

rapid manual chemical separations.

3.3.2.2 Development of the Automated Injection System

" The AIS is a pneumatically actuafed device for autémated collection of
the products from a He/KCl gas jet transport system and m]ectlon of these
products into ACCESS. Fxgure 3-13 is a schematic of the AIS. The reachonr
products from bombardments at the 88-Inch Cycdlotron at Lawrence Berkeley
'Laboratory- are transported out of the target system by KCl aerosols carried in
He. The jet deposits the actlvxty laden aerosols in one of two small collectlon
sites on the surface of the Delrin bar (see Flgu_re 3-13). An advantage of "
| ACCESS—AIS is that while chemistry is being performed on’ one_' sample,
another is being collected. After a preset collection time, the Delrin be.rr is
pneumatically positioned s0 that the aerosol deposit is in-line with ohe of the
two Delrin plugs which have 'solventvlirtes leading to and from ACCESS. The
aerosol deposit is dissolved m the solvent and transported into ACCESS. The
Delrin bar is pneumatically vsecured against o-rings by two plungers at the
bottom so that solvent léakage is avoided. A vacuum pump connection at
the collection site is perpendicular to the direction of the incoming He jet. |

The AIS has ‘been successfully intérfaced with ACCESS and
experimenrs have been performed to determine chemical yield through the

| AIS. The yield was determined using 4.8 m 221Fr recoils from a 225Ra/225Ac
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source in-line with our He/KCl transport systexh. - For yield normalization,
the 221Fr laden KCl aerosols were transported via a polyvinyl chloricié
capillary (1.2 mm i.d.) and collected on Ta foils for counting .by alpha-pulsé
height analysis with a surface barrier detector. The He/KCl was then directed
into AIS and collected for various time intervals. The collected KCl:was
positioned in-line with ACCESS by the AIS and solvent flow initiated. The
sample was completely dissolved in about 60 a of HyO and deposited on a Ta
foil for drying ahdr activity determination. Several experiments were
. performed and the average yield, corrected for the decay of the 221Fr, was -
determined to be 80 + 9 %. Because the»KCI can deposit anywhere_on the Ta
foil in the initial activity determination and only a 5 mm space is provided in
.AIS, it was necessary to install a f:apillary guide (see Figure 3-13) to ensure that
the activity was deposited properly in the AIS. Any misalignment of the

capiliary will significantly reduce the efficiency of the system.

3.3.23 Automated Search for 241Bk A

A glass column (2-mm i.d. by 2-cm long) was filled with an HDEHP
coated Matrex resin; This resin was ‘prepared' by dissolving 1 mL of 99%
HDEHP in 200 mL of acetone and adding 50 g Matrex MP-SO cation exchange
resin. While stirring, the atefone was allowed to evaporate leaving a resin
coated with HDEHP. The column.was installed in ACCESS and Ce/Eu tracers
were used to determine the yield of the system.

The activity vladen aerosols from the He/KCl transport systém were
dissolved in 10 uL of saturated KBr03 and 10 uL of conc. HNO3 The sample
‘was injected into the sample loop of ACCESS with a syringe (see Figure 312).
The activity was directed onto theh column with the LDC pumps and eluted

with several column volumes of 3 M HNO3. The Bk was eluted with a 1%
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H2032 solution in 3M HCl The column was regenerated before each
experiment thh several- column volumes of 3M HNO3. Problems arose
from the formation of air bubbles, presumably from the peroxide reductant,
in the column reacting with residual oxidizing agent remaining on the
column and this method was abandoned because the separations were not
reliable. The formation of air bubbles in the column caﬁsed.channeling of the
eolvents through the column and reduced the separation effectiveness.
'ACCESS proved very useful, however, for performing repeated chemioal

separations, which utilized other separation schemes on a rapid time scale. -

3.4 Instrumentation
3.4.1 MG-RAGS - Fission Detection. |

- Fissions were counted with the "Merry-Go-round Real-time Data
Acqmsmon and Graphics System" (MG- RAGS) [Hoffman 1980], [Leres, 1987]
The - "Merry-Go-round" MG) is composed of a wheel on which 80 ‘
polypropylene foils can be posmonedv around the periphery. Each foil is
~ approximately 40 pg/cm2 thick and is in turn rotated between six detector
' staﬁons. Each station is composed of a pair of silicop »defectors which can
register alpha partvicles’and'fission fragments. Thxs system has the advahtege oy
that while one sample is being collected, six others are being counted. The

detector stations are illustrated in Figure 3-14. The "Real-time Data

~ Acquisition and Graphics System” (RAGS) is then used to record and analyze

the data from the twelve individual detectors. Fxgure 3-15is a schemahc of
the MG-RAGS _

; ‘The actxvxty-laden aerosols from the LIM system were collected for
preset time intervals- on the polypropylene foile and rotated between the six

pairs of silicon detectors. One foil was removed from the wheel to allow time
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to reset RAGS. A long collection on one polypropylene foil is hazardous
“because of the possibility of KCl and activity flaking off the foil upon removal
of the wheel. After the wheel rotated so that the femaining 79 foils were
used, the wheel and corresponding foils were replaced to avoid build up of
the KCI and any long-lived activities. - .
Neutron-deficient Bk isotopes were produced at the Lawrence Berkeley
| ,Labofatory 88-Inch Cyclotron as deécribed in Section 3.2. The recoiling
products were carried on KCl aerosols swept in He to the MG. The foils were
stepped at a preset interval of 2 minutes and positioned succéssively between
the six pairs of silicon detectors which were held direcﬂy above and below the
wheel. This arrangement gave an efficiency of approximately 60% for
detection of coincident fission fragments. Energy and time information for
each detected alpha and fission fragment were recorded in list mode with
" RAGS. The system was calibrated using 252Cf fission sources on thin
polypropylene foils and 249Cf and 212Pb alpha sources. Subsequent sorting
and> histogramming were performed on the data to extract fission-fragment
energy spectra, coincidence data and half-life information. The off-line
fission fragment energy calibrations were obtained by the method of Schmitt,
Kiker and Williams [Schmitt, 1065] using the constants of Weiésenberger et al.
[Weissenberger, 1986]). Observation of a significant number of fissions would
_establish that further investigation was warranted. See Section 1 for details of
the experimental requirementé for the study of ECDF. |
Neutron-deficient Np isotopes were produced at the Lawrence Berkeley
Laboratory 88-Inch Cyclotron as described in Section 32. The recoiling
products were carried on KCI aerosols swepf in He to the MG. The sources
were stepped at a preset interval of 1 minute and positioned successively

between six pairs‘of passivated ion-implanted silicon (PIPS) detectors. Energy
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end time information for each event were recorded in the same manner as
above. The system was calibrated as described above, and subsequent sorting
~and histogramming were performed on the data to extract ﬁssion-fragm_ent'

energy spectra, coincidence data and half-life information. The off-line
fission fragment energyi calibrations were theined as described for the

neutron-deficient Bk isotopes.

3.4.2 ‘X-Ray-Fission Correlation - Study of 238Bk and 228Np

An x-ray-fission coincidence apparatus was ﬁsed to determine whether
the fissions observed in the 238Bk and 228Np MG experiments arise from the
ECDF mechanism. The activity and KCl 'aetosols were deposited 'onfo a
support which was placed between two Ge x-ray detectors and one Silieon
surface. barrier detector. A schematic of the system is shown in Figure 3-16. A
sehematic of the system electronics is illustrated in Figure 3-17. The detectiori |
system was cqnfigured so that when a fission was detecte_d, any signal in the
Ge detectors, time-to-amplitude converters or solid state detector were
recorded. v

Measurements of the time correlation between the electron-capture x-
rays and the subsequent fission confirms that the observed fissions seen with
- the MG-RAGS arise from ECDF. | | |

Major interferences can arise. from the 8-10 prompt y-rays emitted
during de—exc_itatiofi of the fission fragments [Hoffman, 1974]. Too large a’
detector geometry would reduce the number of true x-ray-fission
coincidences due to summing between the prempt y-rays from the fission
fragments and the x-rays. Too small a geometry would reduce the number of
coincident x-rays detected. To alleviate this problem, a calibration with a 22Cf

source was used to appropriately position the Ge detectors so that an
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approximate 50% rejection limit for prompt ¥rays from fission fragments was
. obtained. As long as the number of prompt ¥rays from the fission fragments
in the ﬁssion of 252Cf is not dramatically different than that oc‘curr'ing in the
ECDF of 238Bk or 228Np, the detector configuration should be appropriate for
the detection of x-ray-fission coincidences. }‘ |

The 50% rejection limit for prompt y-rays from fission fragments is an
approximation. The best detector geometry can be calculated in the following -
manner. For each ECDF event, assume that one K x-réy, and N prompt y-rays
are emitted‘. The efficiency for the x-rays impinging on the detector is simply
the solid angle subtended by the detector, S. In addition, all prompt y-rays
from the fission fragments have the same probability of interacting in some
manner with the detector as the K x-ray. The efficiency for detecting the x-ray
and none of the prompt y-rays is given as € in équa_tion 3-1.

e=51-5N Equation 3-1 |
The mathematics associated with,éalcﬁlating the best detector solid angle is
simpler if we define € in térms of a dumniy variable M, where M=1-S. This
yields equafion 3-2.

| | e=@1-MMN = MN - pN*1 Equation 3-2
In equation 3-2, M is the probability that any single photon misses the
detector. To maximize the efficiency, equation 3-2 is differentiated with
respect to the number of prompt y-rayé, N, and set equal to zero, yield_ing
equation 3-3. o

0=NMNT.(N+DMN = MNI(N-(N+ DM) Equation 3-3
Solutions to equation 3-3 are MN-1 = 0 or (N-(N+1)M) = 0. The MN-1 part of
equation 3-3 yields the uninteresting rootkM=A0, and S=1. The (N-(N+1)M)
part of equation 3-3 yields roots such as M=N/(N+1). | |



The prompt -ray summihg probability is defined as (S-€)/S in equation
34, | |
(1-M-g) _(1-M)-(1- M)MN
(1-M) (1-M)

It should be noted that N in equétion 3-4 is the fraction of prompt y-rays

(S-¢€)/S=

=(1-M)N _ Equation 34

which interact with the detector. If the prompt y-ray multiplicity is 10 and
only 40% of those will interact in a 10-mm thick Ge detector, if they hit the
detector, then N is 4. For a large ¥ray mt.vxltiplici”ty, the best value of (S-€)/S is
63%. However, because of spacing constraints, the best detector geometry that

was achieved ylelded a value of 50%.
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Am, Cm

1

Dissolve in conc. HCl

|
Dry
l

Dissolve in 0.IM HCl |

Extract with 0.5 M HDEHP

Mix and Centrifuge
Aqueous Organic
Am, Cm .
Save for Recovery Back Extract with
( conc. HCI
|
Dlry Mix and Centrifuge
1 1mL corlm HNO3 Aqueous
Dry Am, Cm |
|
Dissolve in Save for Recovery
Isopropanol
].
Electroplate

Figure 3-1. Flow diagram of Am and Cm purification prgcedure for target

preparation. The drying step with HNO3 was repeated three times to ensure

that all chloride was removed.
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_To pbs.itive terminal
=" power supply

Mixer

Screw for securing

'Ptelectrode - chimney to Al base

Tefloh chimney

To negative terminal
on power supply

Be foil
Aluminum support

Figure 3-2. Schematic of electrodeposition cell used in production of targets.
_ The Teflon chimney has a length of about 5-cm and an i.d. of 9.5 mm for the

© 241Am and 233U targets and 6 mm for the 248Cm target. The isopropanol-
Solution containing the target material is placed in the chimney and the cell |
connected to a power supply for electrodeposxtxon The negauve pole of the

power supply is attached to the base.
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Electrilcal Insﬁlator , ' 1

Nitrogen Out
He/KCl
-
Out
Be. 8 12cam Graphite
am - 8 mm \ | Beamn Stop
‘ o He/KCl
In
Graphite ‘ ' ‘
Collimator Nitrogen In )

Vacuum Window
Figixre 3-3. S(hematic of single target syStem used in 180 irradiations to
produce 252Bk and. 253Bk (not to scale). The 248Cm target has a 6-mm

diameter. The recoil chamber insert is 12 cm lbng. The vacuum window has

an 8-mm diameter.
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Beam Stop .
Inside Cu

Figure 3-4. Schematic of LIM system. Targets-are placed in a continuous
array. The férgets are appropriately spacéd, depending on_the accelerator
beam and energy, to about twice-the recoil range of the compound nucleus in -

- . 1 atmosphere He. The fission products recoil into the back of the next target,
while the recoiling compound hucleﬁs .products are swept from the system by '

‘a He/KCl aerosol transport system.
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1E-284 d
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Projectile Energy (MeV)
Figure 3-5. Plot of production cross sections for 241Bk, 238Bk and 228N p
calculated by SPIT [Haynes, 1988]. The production reactions for 241Bk, 238Bk -
and 228Np are: 241 Am(a,4n)241Bk; 241 Am(a,7n)238Bk; and 233U(p,6n)228Np. .



Bk/KCl

Add Conc. I-INO3 and Saturated KBrOB

Extract with 0.5M HDEHP in heptane

1] Discard

| Mix and Centrifuge
Aqueous Organic
BK(IV) v
Back Extract with
1% HZ& in 3M HCl '
Mix énd Centrifuge |
Aquebus i Organic
Bk(IIN
Bk and Ce
Dry or Electroplate on thin foil
Alpha-Pulse-Height Analysis

or Beta-L-x-ray Analysis

Discard

*Figure 3-6. General HDEHP separation of Bk from trivalent actinides.
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3 M HCl back extractant from Bk-252 and Bk-253 procedure |

° v

Wash aqueous phase with heptane (twice)

Y

Dry

v

- Dissolve in concentrated Nitric Acid

Y

Fume -

v

Dissolve in 6 M HCI (twice)
Dry

y

Dissolve in NH 1 Cl solution

¥

Electroplate on Pt foil

Y

Flame | |
{ o

Alpha-Pulse-Height Analysis

Figﬁre 3-7. Flow diagrain of purification procedure used in 252Bk and 253Bk
expeﬁments. After back extraction into 3 M HCI, the sample was first Washed
with heptane and then dried. Any resulting residue is destroyed by fuming in
concentrated HNO3 heated in an oil bath. After fummg, the sample was
completely dried, redissolved in 6 M HCI to rémove any nitrate, and
dissolved in an NH4Cl solution for electrodeposition on Pt foil. |
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Evaporate to .dryness with conc HF (%) |
L
Dissolve in conc HCl and dry (2x)
j |
Dissolve in 0.5 M HCl
} | ,
Sorb on cation exchange column
* _
Wash with 3 FCV 0.5 M HCl
¥
Elute with 2 FCV 4 M HCI

v

Elute Cm with 8 FCV.conc HCl

v

Dry
Dissolve in IPA

v

Electroplate on Pt and Flame

| Figure 3-8. Cleanup procedure for 241Bk experixhent. In this procedure th.e‘

column was pretreated with conc. HCl followed by water.
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x-ray detectors . _,sample positions
germanium

3 mm
Figure 3-9. Schematic of beta-L x-ray detector apparatus. The beta particles
were detected with a standard plastic scintillator, covered with aluminized
mylar and connected to a photomultiplier. The Ge detector consisted of two

thin Ge crystals housed in the same cryostat.
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Figure 3-10. Schematic of beta-L x-ray detection electronics. The data were

recorded in list mode with RAGS (see section 3.4.1).
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Figure 3-11. Automated control-system diagram for ACCESS.



LDC Solvent
Pump #1
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Solvent to
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— Eluent
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. r- . ‘| Loop
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| Figure 3-12. Schematic of ACCESS. The boxes with dashed and solid lines

represent 4-way valves. When the slider is in the open position, solvent is |

directed via the solid path through the valve. When the slider is in the

closed position, solvent is directed via the dashed path. -
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Figure 3-13. Schematic of AIS. Activity is being collected from the He/KCl jet
on the right side of the Delrin bar while the previously collected sample is

being dissolved and washed into ACCESS on the left side of the Delrin Bar.
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Detector  Rotating Wheel

He/KCl

Polypropylene
foil

Direction of Rotation

Figure 3-14. Diagram of MG detector set-up. Pairs of silicon detectors are
posiﬁdﬁegl above and below the wheel. The sources are depos'ited 6n 40%10
ug/cm? polypropylene foils which are around the periphefy of the wheel and
stepped sequentially between six pairs of detectors.
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- S~

AEROSOLS FROM
TARGET SYSTEM

DETECTORS

DETECTOR
ELECTRONICS

- Figure 3-15. Schematic diagram of MG-RAGS. The MG and corresponding
electronics are controlled by an LSI 11/73 computer. The data are written in

list mode to a hard disk or a magnetic tape.
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~ Sample - |
Support l

SSB Detector

|<@—— Ge Detector

Figure 3-16. Schematic of x-ray-fission coincidence experiment. In the case of
238Bk, the sample support was a Ta foil taped to a 1-mm thick fiberglass stick.
In the case of 228Np the support was a Ni foil attached to the fiberglass.
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Figure 3-17. Schematic of ECDF electronics. This éystem will detect x-rays in

coincidence with fissions as well as alphas. The alpha coincidence is used to

calibrate the system.
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4 Results and Discussion

4.1 Electron-Capture Delayed Flssmn
411 238Bk
4.1.1.1 Fission Properties .

Berkelium-238 was produced and transported to the MG as described in
- Section 3. Samples resulting from 2.0-mihu_te collections -of the KCI aerosols
on polypropylene foils were ste]:f)ped consecutively between the six pairs of
PIPS detectors in the MG syStem, After one compiete revolution of the MG |
wheel (80 positions, 79 samples), the wheel was replaced with a clean one to
| prevént the buildup of KCl and any long-lived fission activities. | |

Dufing the course of 3 experiments, 739 pairs of coincident fission
fragmehts were detected.. Because of damage to a calibration file, one set of
data was not usable; the period‘ of time between the individual experiménts
- did not permit the use of one of the two remaining calibration files from the
other experiments. A total of 382 pairs of coincident fission fragments were
detected in the two rémaining experiments. The half-life was determined to
be 1441 5 seconds by a maximum likelihood technique [Gregorich, 1991A]
usirig all 739 events. The decay curve is shown in Figure 4-1. Each point in
the fit was normalized to represent the same number of samples. This is
necessary since before the data acquisition is stopped, detector station one
measures 79 samples, station two measures 78 samples, station three
measures 77 éampls, ‘and so on. |

Appropriate detector gains for fission fragments were determmed from

252Cf sources evaporated on Ni foils. Comcxdent fission fragment cahbranons

-



were obtained using 252Cf sources on 40 pg/cm2 polypropylene foils.
Approximately 10000 pairs of coincident fission fragments from the 252Cf
were detected per detector station. | '

The 382 remaining coincident fission fragment pairs from 238Bk ECDF
were sufficient, along with the 252Cf calibration ithrmation, to determine the
kinetic energies of the fragments. The off-line fiséion fragment energy
calibrations and corrections for neutron emission were obtained by the
 method of Schmitt, Kiker and Williams [Schmitt, 1965] using the constants of
- Weissenberger et al. [Weissenberger, 1986]). The average neutron emission
function, V(A), waé taken as simiiar to that of 252Cf, normalized to —an average
neutron emission V¢ = 2.40 (estimated from systematics in [Hoffman 1974)).
The most probable pre-neutron TKE was determined to be 174 5 MeV. This
value is somewhat lower than predicted by the systematics of Viola [Viola,
1966]. Figure 4-2 is a plot of the average or most.probable TKE, TKE , vs.
Z2/A1/3 for all known spontaneous fission and delayed fission isotopes. As
illustrated in Figure 4-2; the TKEs from EC_DF are genérally lower than from
sporitaneous fission. This may result from the 4-5 MeV excitation ener_gy
imparted to the fissioning nucleus from the EC. The shell effects may be
somewhat reduced by this excitation. The TKE versus mass fraction (MF)
contour diagram for.the ECDF of 238Bk is given in Figure 4-3. The actual MF
versus TKE data are given in Figure 4-4. (MF is defined as MF= Ay/AF
where Ay is the mass number of the heafry fragment; Af is the mass number
of the fissioning nucleus.) The TKE distribution shown in Figure 4-5 shows a
low energy tail. This may be partially a result of s&aggﬁng due to sample
| thickness. Large collection intervals lead to large KCl deposits, resulting in
fission fragment kinetic energy degradation. The FWHM of the TKE

distribution is 40 MeV. According to the static scission point model by
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Wilkins et al. [Wilkins 1976], the asymmetric mode in the ECDF of 238Bk
should have one spherical (Bs=0.1, Z=52, N=80) and one deformed fragme_nt

- (Ba=0.4, Z=44, N=62). The symmetric mode should have either two near

" spherical fragments (Bs=0.2, Z=48, N=71) or two highly deformed fragments
(Ba=0.7, Z=48, N=71), depending on the deformation chosen for N=71. ’l'he.
_ neutron contoui' diagram in [Wilkins, 1976] shows two possible deformations
for N=71. A high and low TKE component at symmetric mass splits is
- possible because of the significantly different deformations possible for
fragments’ with N=71. The 'defomia'ti'on parameters, B4 and Bs, are estimated
from the proton and neutron contour diagrams gi&en in [Wilkins, “1976]. The
parameter By refers to the deformation associatéd with a deformed fragment
and B refers to the deformation associated with a spherical fragment. :
The mass-yield distribution for the ECDF of 238Bk is given in Figure4’-
6. The mass-yield distribution shows a yield at symmetry of nearly‘l.S-%.
However, because of the poor 238Bk statistics énd energy degradation due to
source thickness, whether or not there is an enhanced yi'eld of 'symmetricv
mass splits cannot be determined. It does appear that two grouping of events
at mass fraction 0.50 correspond to the two different fragment configuration
in the symmetric fission discussed previoiisly (see Figure 4-4). Twenty-ihrée'
~ events were observed in the MF region between 0.50 and | 0.52 which
~constitutes 6% /of the 382 total events. The average TKE for 238Bk at each mass»

fraction, shown in Figure 4-3, iridicates a drop near symmetric mass splits.

4.1.1.2 X-ray-Fission Corfe_latiqn _

SamPles were collected for 2 miﬁutés, separated and dried on Ta foil as
described in Section 3.3.1.2. The Ta foil was taped to a 1-mm thick fiberglass
stick. Thé diameter of the evaporated source was approximately 2-mm. The
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| activity was placed in the x-ray-fission coincidence 'apparams shown in
Figure 3-16. _

The overall curium Kg x-ray-SF coincidence detection efficiency was
determined to be 11.8% by measuring the 5.81-MeV alpha particles from a
- 249Cf source in coincidence with the Kq x-rays of the 245Cm daughter. The
Cm Kq x-ray intensities from the 249Cf alpha decay are given in [Lederer,
1978]. The ratio of the total number of coincident Cm Kq x-rays to the total
number of 249Cf alpha events yields the Kq x-ray-SF efficiency. Appropriate
amplifier gains for fission fragments were determined with a 252Cf source on
an 11.5 mg/cm? Ni foil. Px;ompt yray summing effects were estimated by
measuring the y-rays in coincidence with fission fragments from a 252Cf
source. The ratio of the number of y-ray-fission coincidences to the total
number of detected fissions yields the fraction of x-ray-fission coincidences
lpst by summing. It is assumed thaf any difference in the y-ray multiplicities
between the SF of 252Cf and the ECDF of 238Bk are negligible.

The signal from the SSB detector provided a common start for two
time-to-amplitude converters (TACs). The stop signals were provided by the
first and second germanium y-ray detectors. The time window on the TACs
was + 500 nsec. The timing resolution of the germanium detectprs was
approximatély 9 nsec FWHM, and the energy resolution of each detector was
less than 1.5 keV FWHM in the.Cm*K x-ray region. Upon detection of a
fission fragment in the SSB detectbr, the amplitudes of the pulses in the SSB
- detector, the yray detectors, and the TACs were recorded.

Approximately 800 samples were prepared with the TTA chemistry
described in Section 3.3.1.2 and 208 fission fragments were observed in the x-
ray-fission coincidence system shown in Figure 3-16. From previous work

[Hall, 1990A],. [Hall, 1990B] and the determined detection efficiencies and
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summing ratés, it was expeéted that 18 £ 4 x-rays in the curium Kq x-ray

energy region would be detected. Table 4-1 gives the efficiency and summing

~ Table 4-1. Efficiency and summing information for the germanium and the

solid state detectors used in the study of ECDF in 233Bk.

Experiment 1 Gamma 1 . Gamma 2 SSB

Fission Efficiency , - - 80%

X-ray Effidency |  8.6% 9.6%

'-r-ra4y Summing | - 30% - 40%

Fissions Detected 208

Expected Number _ 12  12

. of Correlations

Correction for | = v 6

| absorption by Ta

Total Expected
X-ray-Fission 18+4

Correlations

information for the germanium detectors and the efficiency of the solid state
detector (SSB) for the experiment. The expected number of x-ray-fission

correlations in each detector is calculated from equation 4-1. :
| #correlations = Y (#fissionsXx-ray efficiencyX1-(y-summing))  Equation 4-1
S |
Equation 4-1 assumes that only 'K-électron-captﬁre contributes, no gamnia'
transitions are K converted, and a K fluorescence yieid of 100%.
It should be noted that a correction of approximately a factér of 2 was

applied to the number of expected x-ray-fission correlations in the Gamma 2
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detector to account for the x-ray eventé lost due to absorption in the Ta foil.
The correction to the number of expected events in the Gehdetector, which
was positioned on the opposite side of the Ta foil, was obtained from the
tables of photon ranges in matter in [Lederer, 1978).

The Cm Kq2 and Kq; peaks appear at 104.4 and 109.3-keV and the Kg1+3
and Kg> peaks at 123 and 127-keV, respectively [Lederer, 1978). The observed x-
ray-fission ‘correlétion data are shown in Figure 4-7. We observed 1714 x- -
rays in the Cm K x-ray energy region. No more than 1 or 2 of these are erly
due to prompt y-rlays' which leaves approximately 15 +4 of the expected 18 x-
rays.. | | |

The observed number of prompt rrayé‘relaﬁve to the 238Bk EC x-rayé
indicates that the prompt y-ray multiplicity from 238Bk ECDF is similar to that
from the SF of 252Cf. The pile-up rate was less than about 2% because the y
ray.singles rate was less than 104 sec’l. This was monitored occasionally
during the experiment with an oscilloscdpe. |

It is assumed that the fissioning states populated by the EC decay are
high in excitation energy. For 238Bk, electron-capture from the K-shell cannot
populate states larger in excitation energy than about 4.5 MéV (the QEC minus
the K-shell binding e’nergy).. Because of the small EC transition energy, it may
‘be possible that L-capture plays a significant role in the ECDF process. The
possibility that the ECDF proceeds via L-capture was ruled out because Cm L
x-rays were not detected in the x-ray-fission correlationt experiment (see
Figure 4-7). Using the same tech'xiique involved in the calculation of the
expected number of K x-ray-fission correlations, the total mimber of Lg and
Ly x-ray-fission correlations ;vvas expected to be 4+ 1. This number includes
the significantly lower fluorescence yield of L x-rays compared to K x-rays.

‘One L x-ray correlation was detected (see Figure 4-7). It was estimated that
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about 1 L x-ray correlation would result from conversion after K-capture
based on data from the table of x-ray intensities given in [Browne, 1986]. “This
may explai_n the single event in the L x-ray region. It is likely that the absence
of L x-ray-fission correlations indicates that fission occurs primarily from
levels popﬁlated by F.C-transition energies latger than the K-shell edge. If the
fission occurred at excitation energies that would energetically forbid K-
capture, only L x-ray—ﬁssxon correlations could oceur.

The observation of 15+4 K x-rays compared to the expected 18 +4
 indicates that the K-vacax_\cxes filled before fission of 238Cm occurred. This
may indicate that ECDF in 2.3§Bk proceeds via a fission shape isomer in the EC
 daughter and that the shape change associated with tunnelling through the
ﬁrsf barrier is faster than 1017 to 10-15 seconds. If the shape change to the- -
second potential well were slower than 1015 seconds, gamma decay would
dbminate and the Ppfr would be zero. The limit on the fission lifetime is
10-15 fo 109 seconds. If the fission occurred faster than 10-15 seconds, fewer
v'than expected K x-ray—ﬁssion coincidences would h#ve been detectéd If the
fission occurred slower than 10-9 seconds a delay would have been observed
~ in the TAC spectrum.
4.1.1.3 Mass and Element Assxgnment

The mass and element assignment uhhzed the well known 3+/4+
-oxidation state couple for Bk [Thompson, 1950], [Thompson, 1950A] and an
HDEHP extraction as described in Section 3.3.1. No evidence for an alpha
branch in the decay of 3Bk with a 144 £ 5 second half-life was observed. No
activity could be _attributéd to the 8.8-MeV alpha decay of 214At, genetically
‘related via multiple alpha decays to 238Bk, in éhemically separated Bk
samples. The electron-capture decay was measured by observation of the 2.4-
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hour 238Cm 6.52-MeV alpha decay, EC daughter of 238Bk, in chemically
separated Bk fractions. The alpha-decay chains for 238Bk and 238Cm are
shown in Figure 4-7. The 238Cm décay was consistent with its known 2.4-
- hour half-life. Because no alpha branch was obser§ed in the decay of 238Bk, it
was assumed that the isotope decays primarily by EC. Itis difficult to conclude
that 238BK has no alpha branch, because the daughter 234Am decays only 0.4%
by alpha emission. If the 238Bk also has a small alpha branch, detection of the
daughters further down the decay chain is difficult.

41.1.4 cand Ppp
The 238Bk was produced by the reaction 241Am(75 MeV a, 7n)238Bk. The

production cross section was 150 £ 10 nb. This cross section is based upon and
estimated _effe?:ﬁve target thickness of 75 ug/cm2/ targef, an estimated 80% He-
jet yield and 80% chemical yield. This value is consistent with the cross
section calculated by SPIT [Haynes, 1988] (see Table 3-3). | \ |

A delayed fission probability of (4.8+2) x 104 was calcul_afed from the
assumed electron-capture branch of 100%, the production cross section, and
the fission rate of 5+ 1 fission fragment pairs/hour/epA observed in the
rotating-wheel expériments. This value is consistent with the values of
6.6 x 10°5 and 6.9 x 10, respectively, determined for 24Am and 232Am by Hall
et al. [Hall, 1990A], [Hall, 1990B] given the differences in the estimated EC Q-
values. The 238Bk delayed fission probability of (4.8 +2) x 104 is the first
reported for this previously unknown isofope. Using the half-life of 144
vvseconds, and the es_timated QEec of 4.65 MeV [Méner, 1988], the log(ft) is
estimated as 5.2 using the systematics in [Lederer, 1978]. |



412 228Np
4.12.1 Fission Properties |

Neptunium-‘228' was produced and transported fo the MG as described
in Section 3. Samples resulting from 1.0 minute collections of the KCl
aerosols on polypropyiene foils were stepped consecutively between thé six
pairs of PIPS’defectors in the MG. After one completerevdluﬁori of the MG-
wheel (804positionls, 79 samples), the wheel was replaced with a clean one to
prevent the build-up of KCi and any long-lived fission activities.

A total of 2373 pairs of coincident fission fragments was detected. The
half-life was determined to be 61.4 1.4 seconds by a non-linear least-squares
technique; Th,e.decay curve is éhown in Figure 4-9. Each point on the decay
curve was normalized to represent the same number of samples. This is
| necessary since..b‘efore the data acquisition is stopped, detector station one
measures. 79 samplés,- station two measures 78 samples, station _three
’ méasures 77 samples, and so on. | |
Appropriate detector gains for fission fr'agménts’ were determined from
- 252Cf sources on Ni foils. Coincident ﬁssmn fragment calxbranons were
obtained using 252Cf sources on 40 pg/cm? polypropylene foils as described for
238pk. | |

The 2373 coincident fission fragment pairs from 2286Np ECDF were
sufficient, along with the 252Cf calibration. information, to deterﬁﬁne the
fission propertles The off-hne fission fragment energy calibrations and
corrections for neutron emission were obtained as described for 238Bk. The
average neutron emission function, V(A), was taken as similar to that of
252Cf, normalized to an average neutron emission V¢ = 2.40 (estimated from
systematics in [Hoffman, 1974]). The most probable_ pre-neutron TKE was
determined to be 165+ 5 MeV. This value is somewhat lower than predicted
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by the systematics of Viola [Viola, 1966). However, based on the discussion in
Section 4.1, this is not surprising. Figure 4-2 is a plot of the average or most
probable TKE, TKE , vs. Z2/A1/3 for all known spontaneous fission and
delayed fission isotopes. Evidence for a small number of symmetric mass
splits can be seen in the TKE vs. MF data shown in Figure 4-10. - The mass
split associated with the symmetric mode is illustrated by the relatively large
number of events with MF = 0.500-0.520. The number of events associated
with the symmetric mode was taken as the sum of all events with MF values
~ between about 0.500 and 0.520. This c_ons'ti'tutes 59 of the 2373 events. Figure
4-11 is a TKE-MF contour plot. Plotting of the individual events, however,
illustrates the smooth transition from the small symmetric mass split to the
dominant asymmetric mass split which is not as easily seen in the contour
plot. The overall TKE distribution, Figure 4-12, is nearly symmetric, but
- 'shows a low énergy tail which is associated with’ the small symmetric fission
compénent. " The full-wid_'th-at-half-maximum (FWHM) of the TKE
distribution is 30 MeV;' The massfyield distribution is shown in Figure 4-13a.
The decreased. yield of symmetric events in the ECDF of 228Np versus 238Bk is
likely a result of the smaller QEc in 228Np (4.2 MeV) versus 238Bk (4.65 MeV)
[Moller, 1988]. (The symmetric mode in the ECDF of 238Bk was about 6% of
the 382 total events. However, the poor statistics did not allow for positive
“assignment of a symmetric component.)
According to Wilkins et al. [Wilkins, 1976], the symmetric mode in the
ECDF of 228Np should have a smaller TKE than the asymmetric mode
[Konecny, 1969] because the symmetric fission fragments are expected to be
highly deformed. Based on the static-scission point model, the symmetric
~ mode can be interpreted as consisting of two fragments with Bq=0.5, Z=46,
N=68, each. The asymmetric mode should have one s_pherical Bs=0.1, Z=52,
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'N=78 and one deformed fragment Bq=0.4, Z=40, N=58 [lekms, 1976). Here
the defomaﬁon parameters, B, are esﬁmated from the proton and neutron
contour diagrams given in [Wilkins, 1976] and are deﬁnéd as in the studies of
238Bk. :

Previous studies in the Ra region show that the ratio of symmetric to |
asymmetric fission increases with excitation energy [Konecny, 1969], [Weber,
1976], [Itkis, 1989), [Perry, 1971], [Zhagrov, 1973}, [Jensen, 1958]. Jensen etal.
bombarded 226Ra with 11 MeV protons and clearly observed a three-humped
mass-yield distribution [Jensen, 1958]. Studies of Perry et al. [Perry, 1971]

showed triple-humped mass yield distributions in bombardments of 226Ra

with 12.5 and 15.5 MeV protons and 16.0 and 19.0 MeV deuterons. In the .

same study, Perry et al. showed that the fission of 228Ac at excitation energies
around 24 MeV had a broadly symmetric masséyield distribution. ’I'hi_s‘
illustrates that the_asymmetric mode disappears with increasing excitation
energy. The work of Zhagrov etal. [Zhag:ov, 1973] illustrated the appearance
of a symmetric fission component in the bombardment of 226Ra with 5 - 15
MeV neutrons. At neutron energles of about 15 MeV, the symmetnc
component increased in mten51ty to a maximum of about 30% of the
asymmetnc component. Even at neutron energles of about 7 MeV, the
‘symmetnc component is dlstmgulshable from the asymmetnc component.

- If DF is to compete with gamma deexcitation in 228U, the residual
excitation after the EC of 228Np must be several MeV. It is, therefore, not
surprising that a small symmetric fission mode exists in the DF of 228U. The
associated excitation energies in t'he. previous studies of Ra fission were larger
than the estimated 4 MeV in the case of 228U, but the fission barrier is also
“known to decrease rapidly with increasing Z in fhis region. With the mass

‘resolution of our experiments, little evidence for the symmetric mode can be’
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~ seen in the mass-yield bisfribution, Figure 4-13a, because the symmetric mass
division is only a few percent of the total. |

According to Wilkins [Wilkins, 1992], the ECDF of 228Np may not be
influenced .by. shell effects to nearly the extent found in 252Cf. The neutron
correction applied in the analysis may not be app;‘opriate. Figure 4-13b shows
the mass-yield for ECDF of 228Np without a neutron correction. The peak to
| ‘valley ratio does not appear to change significantly. '

4.1.2.2 X-ray-Fission Correlation _ _

The activity laden KCI aerosols were collected on 23 mg/cm? Ni foils.
The samples were flamed on the Ni foils prior to placement in the x-ray-
fission detection system as describéd in Section 3.4.2. The activity was placed |
befoi'e a light-tight transmission-mo‘ﬁnted 300 mm? siﬁcon surface barrier
(SSB) detector operated in air which was sandwiched between two
germanium x-ray detectors as shown in Figure 3-16.

The overall uranium K x-ray-SF coincidence detection efficiency was
determined to be 22% in the same manner as described for 238Bk (see
| previous section). Appropriate amplifier gain‘s for‘ fission vfragments were
obtained as described for 238Bk. Prompt yray summing effects were estimated
as described for 238Bk. It is assumed that any difference in the y-ray
multiplicities between the SF of 252Cf and the ECDF of 228Np are small.

The signal from the SSB detector provided a common start for two
time-to-amplitude converters (TACs). The stop signalé were provided by the
first and second gérmanium rray- detectors. The time window on the TACs
was * 500 nsec. The timing resolution of the germanium detectors was
approximately 12 nsec FWHM, and the ehergy resolution of each detector was
less than 1.3 keV FWHM in the U K x-ray region. Upon detection of a fission
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fragment in the SSB detector, the amplitudes of the pulses in the SSB
detector, the yray detectors, and the TACs were recorded.

During the course of two experiments, epproximately 1200 samples
were measured and 416 fission fragments were observed in the x-ray—fissxon ‘
comadence system shown in Figure 3-16. From prevmus work [Hall, 1990A],
- [Hall, 1990B] and the determined detection efficiencies and summing rates, it
was expected that 32 1 6 x-rays in the uranium Kq x-ray exiergy region would .
be detected. Table 4-2 givee the efficiency and summing information for the
germanium detectors and the efficiency of the SSB for each of the two
expe‘riments. - The expected number of x-ray-fission correlations in each
detector is calculated from equation 4-1. The Gamma 3 'germamum detector
was inoperative for par_t' of the experiment (see Table 4-2). The calculated
number of expected correlationé for this detector was corrected. - |

- The U Kq2 and Kq1 peaks should appear at 94.'7 and 98.4 keV,
respecﬁveiy and the Kgy+3 peaks at 110.4 and 111.3 keV and the Kg2 peak at
1144 keV [Lederer, 1978]. Ten total events were detected in the U K\x-ray
region. ‘No more than 1 or 2 of these are likely due to prompt y-rays which
leaves 8 U -x-ray;ﬁSSion coincidences. The x-ray-fission correlatior_l data are
‘shown in Figure 4-14. |

The 8 possible coincident K x-rays correspond to only about 25% of the
expected number (see Table 4-2). The missing K x-rays cannot be attributed to
a significant difference in the y-ray multiplicity between the SF of 252Cf and )
the ECDF of 228Np. From the number of prompt yrays relative to the 228Np
EC K x-rays, the prompt y-ray multiplicity from 228Np ECDF appears to be

similar to that from the SF of 252Cf. Also, the "missing” K x-rays cannot be
~ attributed to pile-up effects. The pile-up rate was less than about 2% because



the yray singles rate was less than 104 sec’l. This was monitored occasionally
during the experiment with an oscilloscope.

Table 4-2. Efficiency and summing information for the germanium and the

 solid state detectors used in the study of ECDF in 228Np.

'Experiment 1 Gamma 1 Gamma 2 SSB
Fission Efficiency 80%
X-ray Efficiency 2.12% 10.83%
yray Summing 10.3% 47.5% .
Fissions Detected | 332
Expected Correlations 6.3 189
Experiment 2  Gamma 3 Gamma 4 SSB
Fission Efficiency 1 80%
X-ray Efficiency 9.79% 13.8% -
y-ray Surhming 58.8% 57.3%
Fissions Detected - k7
Expected Correlations 20 - 49
Total Expected |
X-ray-Fission 3216
Correlations =

For reasons explained in the previous section, the possibility that the
ECDF proceeds via L-capture was eliminated based on the absence of U L x-
rays in the i-ray—ﬁssion correlation data (see Figure 4-14). The U Lg aﬁd Ly x-

" ray energies are 17.2 and 20.2-keV, respectively [Browne, 1986]. Using the
- same technique involved in the calculation of the expected number of K x-
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ray-fiséion correlations, the total number o_f Lg and Ly x-ray-fission
correlations was expected to be 7+2. This number includes the significantly
lower fluorescence yield of L x-rays com;;ared to K x-rays and the reduced
detection efficiency. One possible L x-ray correlation was detected (éee Figure
414). It was estimated that 1 L x-ray correlation would result from
conversion after .K-capture’ from the table of x-ray intensities given in |
,' [Browne; 1986]._ This may explam the singie event in the L x-ray region. Itis
likely that the absence of L x-ray-fission correlations indicates that fission
occurs from levels populated by EC transition energies larger t_hah the K-shell
edge, which leaves appr_oximately 4 MeV as excitation energy of the daughter,
well below the estimated fission barrier of 4.5 MeV [Habs, 1978].

" The significantly fewer K x-réy—fission correlations than expected
require an explanation. The possibility of a long-lived fission isomer was
" eliminated from analysis of trends in fission isomer lifetimes in the actinide
region [Poenaru, 1989]. The estimated 228U fission iso_mer lifetime is 10-12 -
10-10 seconds [Poenaru, 1989]. The time:to-amplitude converter window for
the x-ray-fission measurements was * 500 nsec. This would allow the
detection of x-ray-fission correlation events for lifetimes shorfer than about 1
us. -However, the fission isomer lifetime systematics and the observation of
some, although a reduced number, of K x-ray-fission coincidences preclude,
the presence of a very loﬁg-ﬁved ﬁss_ion isomer in 228U. If a fission isomer in
the ECDF of 228Np was populated in the EC, then all of the expected x-ray-
fission correlations should have been observed. | ‘

~ An interesting possibility is that the fission lifetime may be short
compared to the 10-17 seconds required to fill the K-vacancy [Scofield, 1974]. If
the fission occurs slightly faster than the electronic rearrangement, fewer UK

* x-rays than expected would be detected because the U would have already
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fissioned before the K x-ray was emitted. As mentioned earlier, the fissioning

states are assumed to have a high excitation energy. In the case of 228Np, this
could be as large as 4 MeV. As evidenced by the relatively small Ppf values
observed in studies of ECDF (see Table 1-1), y-deéay from the high-energy
states in the first potential well populated. .in the EC must dominate.
Weisskopf estimates of lifetimes for 2 MeV, E1 gamma transitions are of
order 10-17 seconds [Weisskopf, 1951]. It is assumed that deexcitation occurs
via a series of high-energy, low multipolarity, gamma transitions -such as El
In the ECDF of 234Am [Hall, 1990A] and 232Am [Hall, 1990B), the DF
must have occurred fast enough to appear prompt ’to the x-ray-fission system
électronics (<20 nsec), but slow enough for the K-vacancies to fill. This was
indicated by the observation of the expecfe'ql number of K x-ray-fission
coincidences compared to the total number of fissions detected. If 1% of the
EC decays populate the 'high-enérgy states (it cannot be larger than this
because the rate to low-energy states is much faster) and the Ppf is 104, then
1102 of the populated high-energy states decay by fission. This would yield a
partial fission half-life from these states of order 10-15 seconds (appears as

prompt to the TAC). The 1015 seconds is the partial half-life for 232,234py to
‘tunnel through the innner barrier to the shape isomer. The DF of 232 24Am

must have been slowed in the second well which allowed 'the‘ K-vacar_\cy to
fill and indicates that the ECDF of 232Am and 234Am proceeds via a fission
shape isomer in the EC daughters

In the studies of 7-23Np, only about 25% of the expected K x-ray-fissmn

coincidences were observed. The fission must have occurred on a time-scale
similar to the filling of the K-vacancy. The states populated by the EC must be
below the top of the fission barrier because if the states populated are above

 the fission barrier, the Ppr should be much larger than 10-4. For the 228U
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" fission lifetime to be 10-17 seconds, 228U cannot have a fi;ssion isomer, hor can
it have any appreciable second minimum in the fission barrier (see Figure 1-
2). This illustrates the importance of ECDF in determining details of the
fission barrier (see Section 1). | _ |

It is likely the fission of 228U from 228Np ECDF ﬁrdceeds at a rate
comparable to the K-vaéancy lifetime, indicating no significant second
minimum in the fission barrier for this isotope (see Figure 1-2). This is-
consistent with the disappearance of fission isomers which is expected in the
neutron deﬁc‘ient U/Th region [Poenaru, 1989] resulting from a significant
decrease in the height of the first barrier. Because there does not appear to be
a sﬁape isomer in 228U, the use of a double-humped fission barrier to

calculate fission probabilities may not apply in this region.

4.1.2.3 Mass and Element Assignment

Neptunium was separated as described in Section 3.3.1.3. Evidence for
an alpha branch in the decay of 228Np with a 1 minute half-life was obtained
by 6bserving the decay of the 216Fr great-granddaughter in the chemically
separated Np samples.” The electron-capture branch was measured by
observation of the 21“'!Po.resuiting from the 228U decay. The alpha decay
chains for 228Np and 228U are shown in Figure 4-15. The 212Po decay was
consistent with the decay of 9-minute 228U. The measﬁrement of these
activities yielded a ratio of EC to alpha decay of 1.5+ 0.4 for 28Np. This value
has been corrected to include summing. effects due to the short lifetimes of
isofopeé in the 228U and 228Np decay chains. The error limit reflects

uncertainties in the magnitude of the summing effects.
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4124 cand Ppf
The 228Np was produced ‘by the 233U(p,6n)228Np reaction with a total
cross section of 35+ 3 pb. This cross section is based upon an estimated
effective target thickness or 50ug/cm2/target, an estimated 80% He-jet yield
and 80% chemical yield. A delayed fission probability of (2.0 0.9) x 104 was
‘calculated from the experimentally determined electron-capture branch of
0.60, the production cross section of 35+ 3 pb, and the fission rate of 20+ 4.5
fission fragment pairs/hour/epA observed in the rotating-wheel experiments.
This. is similar to thé values of 6.9 x 10-4 and 6.6 x 105, respectively,
determined for 234Am and 232Am by Hall et al. [Hall, 1990A], [Hall, 1990B],
given the differences in the estimated EC Q-values. This delayed fission
probability is about 5 times lower than indicated by the previous studies of
228Np by Skobelev [Skobelev, 1972]. The results of Skobelev, however, did
not provide either direct evidence for the production of 228Np by chemical
separation, correlations with the known alpha and EC daughters, or x-ray-
fission correlations. ' Using the half-life of 61 seconds, and the estimated QEc
| of 4.17 MeV [Moller, 1988], the log(ft) is estimated as 4.9 using the systematics
in [Lederer, 1978]. ‘

4.2 New Isotope Searches
4.2.1 241Bk
4.2.1.1 Production Cross Section Limit

A search was performed for the unknown isotope 241Bk produced in
the reaction 241Am(4He, 4n)241Bk using the milking technique described in
Section 3.3.1. Samples were collected as discussed in Section 3.3.1.1.1. Ten
collections and separations were performed for each irradiation time; The

32.8-day 241Cm was back extracted with 3M HCl. A known amount of 243Am
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was added to act as a tracer. The fractions contaixiing the back-extracted Cm
(Bk daughter) were dried and flamed on Pt for counting. Although the
samples appeared thin, a]phé-pulse-height analysis showed that the samples

were not uniform based on large low-energy tailing in the 243Am alpha peak.
- It was not possible to determine the amount of 241Cm at 5.94 MeV because of
the large tailing of the known 242Cm (from 242Bk) alpha peak at 6.11 MeV. A

cation exchange column was employed to remove'the impurities and the

samples electroplated on Pt foil as discussed in Section 3.3.1. The overall yield |
- through the initial chemistry (Figure 3-6), the purification chemistry (Figure
3-8) and the electroplating was determined to be 10%. The alpha decay branch

for 241Cm was taken as 1% from [Lederer, 1978]. »

’l'he samples were counted at a geometry of 30% as determined with an
"alpha calibration standard. After 5 days of countmg, no ewdence for the 5.94
MeV 241Cm alpha was observed. Approximately 30 events were recorded in
this region, but were attributed to a small amount of tailing from the 6._11 and
6.06. MeV alpha groups of 242Cm (daughter of 242Bk). ‘A limit was set for the
241Bk half-life and production cross section based on requiring at least 2
- standard deviations more counts in the region of interest than could be
attributed to tailing'from the slightly higher energy 242Cm alphas. This is
about 20 counts/ 5 days in the 241Cm reglon above the 30 counts/5 days

attributed to the 242Cm tailing. !

The limit on the 241Bk half-life and production cross section can be

~ calculated from the basic production equation as: _

KN 0 = Niod(1-e-ATirr) “E'quatiOn 4-2
In equation 4-2, A is the decay constant for 241Bk, Ny is the number of 241k
atoms prodixced after the irradiation, N¢ is the number of 241Am target atoms,

© is the production cross section of 241Bk, ¢ is the beam current, and Tirr is
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the length of irradiation. Factors must be incdluded for decay» dﬁring the initial-
chemical separation, the delay required for sample cléan-up and plating, and
the number of atoms of 32.8-day 241Cm remaining after the sample is
removed from the counter. Inclusion of these terms in equation 4-2 yields
equation 4-3: " |
ANget = NsN0¢(1-e"A Tirr)(e-ATchem)(1-e-ATcount)(e-21Tplate)  Equation 43
In equation 4-3, Nget is the number of 241Cm atoms detected (it is assumed
that 241Bk decayé primarily by electron-capture so that there is a one-to-one
correspondence between the numbér of atomé of 241Cm and 241Bk); N is the -
number of samplés measured for a given irradiation interval; Tchem is the
interval béfween end of irradiation and chemical separation; Tcount is _the
counting interval; i1 1s the decay constant for 241Cm; Tplate is the delay due to
sainple clean-up and plating (30 days). Rearrangement of equation 4-3 yields
equation 4-4. This gives the production cross section as a function of the
decay constant, which is easily related to the half-life.
G = ANget / NN (1-eATirr)(e-ATehem)(1 e~} Teount)(e-MTplate)] Equation 44
Solutions to equation 4-4 are plotted in Figure 4-16. From Figure 4-16, if the
estimated half-life of the 241Bk is of order 40 minutes, the upper limit on the
pioduction cross section is about 3 pub. This half-life is estimated from the
- electron-capture systematics given in [Lederer, 1978] ﬁsing an estimated Qgc
of 2.19 MeV [Maller, 1988] and a log(ft) of 6. |

The calculaﬁons of SPIT [Haynes, 1988] estimate the production cross
section of 241Bk to be 1 mb. Because no evidence for the existence of 241Bk
was obtained in this experiment to the level of about 3 ub, either the 241Bk
half-life is significantly shorter than the estimated 40 minutes or SPIT is
overestimating the cross section by several orders of magnitude. Because

SPIT has been shown to be accurate within one order of magnitude
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[Haynes, 1988}, it is likely that the 241Bk half-life is significantly shorter than
40 minutes. If the 241Bk half-life is about 1 minute, the production cross
- section limit would be within one order of magnitude of that calculated by
. SPIT (see Figure 4-16). However, the estimated ldg(ft) would be 4.5. This is
somewhat smaller than the known log(ft) values in this region and implies a
nearly superallowed transition. In the case of 238Bk described earlier, the
log(ft) value was about 5.2. For 242Bk, the half-life is known to be 7 minutes -
[Lederer, 1978] and the estimated Qgc is 3 MeV [Méner, 1988]. The log(ft) for
242Bk is 5.3. The log(ft) value for 241Bk is expected to be somewhat larger than
either 242BK or 238Bk because of the significantly lower Qéc and because the
EC of 241Bk involves conversion of an odd-proton, even-neutron isotope to
anNe'ven-proto(n, odd-neutron isotope. Given the range of log(ft) values for
238Bk and 242Bk, it is marginally possible that 241Bk has a log(ft) of 4.5. The
log(ft) values excluded in this experiment are 5.4-7.3 for transitiohs to the
- ground state in the 241Cm daughter. This-log(ft) range was estimated using
the systematics in [Lederer, 1978]. - | |

4.2.2 252Bk and 253Bk
4.22.1 Manual Chemistry for 252Bk and 253Bk

" The 252Bk was produced and separated as described in Sections 3.2 and
3.3, respectively. The irradiation times of 1, 3, 10 and 20 minutes were
alternated to eliminate the effects of fluctuating | beam intensities and’
transport efficiencies. Eight samples were collected for each irfadiation
interval. The one-hour delay (see Section 3.3.1.1.1) prior to back extraction of
the Bk should have allowed all of the 252Bk and 253Bk to decay to Cf while
only a small fraction of the 3.2-hour 250Bk and 23.7-hour 248Bk decayed. This
reduced the amount of 250Cf (6.031 MeV alpha) and 248Cf (6.26 MeV alpha) in
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the samples, which might mask the 252Cf (6.118 MeV) alpha group. After 2
days, the separated samples were electroplated on.Pt foil and counted by
ﬂpha-pulse-height analysis as described in Section 3.3.1.1.1. The ratio of thé
amount of 243Am tracer present in the separated samples to the total 243Am:
tracer used in the initial 'separation_ indicates‘ vth_at the separation factor

between the Bk4+ and the trivalent actinides is better than 8 x 10°.

422.1.1 252Bk |

The number of l3.1-year 250Cf (from the decay of 250Bk) and 2.6-year
252Cf (from the decay of 2°2Bk) atoms calculated from the observed activities
in the samples is plotted in Figure 4-18 as a function of the irradiation
interiral. A growth curve was fitted to each set of data by a least-squares
analysis program. The curves were generated from the expected nuxi\ber of
atoms produced per irradiation interval from equation 4-2. A least-squares fit
minimized ‘the chl-squared values between the expenmentally determined
number of 252Cf atoms and the calculated value based on an estimated half-
life and production cross section at each irradiation interval. The 250C f
growth curve was consistent with the known 250Bk half-life of 3.2 hours. The
amount of activity from the 250Bk decay was consistent with a producﬁon
cross section of 4 mb. This value is very close to the value of about 2 mb
given by Lee et al. [Leé, 1983] at a 180 beam enérgy of 104 MeV. The 252Cf
. growth curve was consistent with a 252Bk half-life of 1.8+ (0.5 minutes and a
production cross section of 47 + 10 pb. The amount of 252Cf in the samples
does not increase beyond irradiation times of 3 minutes (see Figure 4-18).
This observation and the 243Am tracer results, indicate that the 252Cf resulted
from the beta decay of 252Bk. The expected amount of 252Cf and 250Cf from

contamination was more than 102 times lower than the observed activities.
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The 252BK half-life is a factor of 5 shorter than the 10-minutes estimated from
systematics in [Lederer, 1978] ﬁsing a beta-dec;\y Q-value of 2.21 MeV [Mdller,
1988]. This implies that the beta decay to 252Cf proceeds via an allowed
transition. The estimated 252Bk excitation energy at an 180 energy of 95 MeV
" is -5.2 MeV. For an 180 ehergy of 107 MeV, the excitation of 252Bk would be 2
MeV, if the additional 12 MéV is apportioned according to the fraction of
projéctile “niass transferred. .Howe‘ver, there is some experimental evidence
thét 60% of the energy 1s transferred to the heavy prqduct [Lee, 1983]. Thisis _‘ '
the first report of a half-life and production cross section for 252Bk.

- 42212 253Bk |

After 21-days of counting, no evidence for the 6.61 MeV 253Es, grand- -
daughter of 25.3Bk, v;ras observed. The grand-daughter of 253Bk was chosen
because its alpha energy is well above thé Cf daughters of the lighter Bk
isotopes and the 233Cf, beta-decay daughter of 253Bk, is known to have a small
“alpha branch (<0.3%). A limit was set for the 253Bk half-life and ‘production
cross section in the same manner as described for 241Bk. It was assumed that 4
counts/day of the 253Es are required, to yield a statistically significant
indication of the 253Bk growth with irradiation time. The estimated 253Bk
beta-decay Q-value is 1.39 MeV [Méller, 1988]. Using a log(ft) of 6, the 253Bk
half-life is estimated as 1 hour from the systematics in [Lederer, 1978]. From
Figure 4-19, if thé estimated half-life of the 253Bk is about 1 hour, the
production cross section is less than about 400 nb. |

The estimated 253Bk production cross section with an 180 energy of 104
MeV is 10 pub (estimated from the systematics in [Lee, 1983]). After calculation
of the transfer product excitation energy by the method given'in [Hoffman,
1990A], it was determined that the 180 bombarding energy was too low for
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optimum production of 253Bk. The estimated excitation energy of the 253Bk
produced in the SH transfer reaction ixsing 180 at 95 MeV is -10 MeV. For an
180 energy of 107 MeV, the excitation energy of 253Bk would be about -7 MeV,
if the additional 12 MeV is apportionéd according to the fraction of projectile
mass transferred [Leyba, 1990] [Hoffman, 1990A]. 'ﬁie production cross section
for 253Bk at an 180 energy of 107 MeV may be significantly smaller than the
estimated 10 ub. If the 253Bk half-life is less than about 30 minutes, the
sensitivity of this experiment did not allow for detection of 253Bk.

4.22.2 Beta-L x-ray Correlation, Search for 252pk
‘The 252Bk was produced and transported to the beta-L x-ray
-co'in’cidence apparatus described ih Section 3.3. As discussed in that section,
the 248Cm target was coated with a lvayer of natGd to produce isotopes for use
in another experiment. The 180 bombardments produced large amounts of -
Hf isotopes which are high energy beta emitters. These products had to be
- removed before the sample could be placed in the beta-L x-ray apparatus
because the high energy beta particles would swamp the 252Bk beta activity.
The Bk was isolated using the HDEHP extraction described in Section 3.3. The
sample was placed in the beta-L x-ray apparatus; h_owever, by this time,
approximately 3—minutes) had elapsed. The isotope is now known to posses a
20 second half-life (see previous section). The isotope waé not produced in
sufficient quantity to allow for detection with this method because of the 3
minutes required for separation and placement into the beta-L x-ray

apparatus.
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Figure 4-1. Maxlmum likelihood fit to coincident fissions from ECDF of 238Bk
as measured on MG-RAGS In this figure, the average count rates during the
time mtervals are mdxcated by the symbols. For each fit, the center curve is
the most probable fit to the data. The upper and lower curves are the limits
Wthh encompass 68% of the probablhty in a Poisson distribution centered on
the number of counts expected durmg the interval from the most probable fit. v |
Data correspond to 388 individual experiments (collections). The half-life was

determined. to be 144 + 5seconds.

101



240

] Md
259, 258 ¢
7
220 - s
N /j/
’
210 g, 259,
> 2001
37
v ]
2 190-:
180
170 4 '

) , — — = Unik et al.
S~ ? | 250 | Viola
160 298 232, m o Delayed Fission

] U u e Spontaneous
111 I ;- (+)+ S—

1300 1400 1500 1600 - 1700

Z2/A%

Figure 4-2. Average or most probable TKE versus Z2/A1/3. The solid line is
the linear fit of Viola [Viola, 1966]. The dashed line is from Umk et al. [Unik,
1973]. All of the TKE values have been corrected to be consistent with the
calibration parameters of Wéissenberger et al. [Weissenberger, 1986]. The
open circles depict values measured from delayed fission. The closed circles

. depict values measured from spontaneous fission.
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Pre-Neutron TKE (MeV)

Figure 4-3. Contour diagram for ECDF of 238Bk fissions as a function of pre-
neutron-emission TKE and MF. The contours indicate equal numbers of
“events based on data groupings of 10 MeV x 0.02 units of mass fraction.
Contours 1-5 indicate 5, 10, 15, '20,_anci 25 evénts, respectively. 'I_'hé averag_ev

| TKE at each mass fraction is indicated. A total of 382 events are included.
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Figure 4-4. Individual events from ECDF of 238Bk plotted as a function
TKE and MF. A total of 382 events is illustrated.
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Figure 4-5. Pre-neutron emission TKE distribution from ECDF of 238Bk. The .

data are in groupings of 10 MeV.
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Figure 4-6. Pre-neutron emission mass-yield distribution for the ECDF of

238Bk. The data were averaged over 3 mass numbers.
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- Figure 4-7. X-ray-ﬁssxon coincidence data for the ECDF decay of 238Bk.

' Seventeen events are indicated in the Cm K x-ray reglor_l. v
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Figure 4-9. Least squares fit to coincident fissions from ECDF of 228Np as
measured on MG-RAGS.
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Figure 4-11. Contour diagram for 228Np ECDF as a function of TKE and MF. -
The contours indicate equal numbérs of evenfs ‘based on data groupings of 10
MeV x 0.01 units of mass fraction. Contours 1-12 indicate IO 20, 30, 40, 50 60,
| 70 80, 90, 100 110, and 120 events, respectively, based on measurement of 2373
fission events. The average TKE at each MF is 1nd1cated
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Figure 4-12. -Pre-neutron-emis_sion TKE distribution from ECDF of 226Np.
The data are in groupings of 10 MeV. The lower TKE associated with the

‘symmetric mass split is associated with the small tail in the spectrum.
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Figure 4-13a. Pre-neutron emission mass-yield distribution for ECDF of

228Np. The data were averaged over 3 mass units.
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Figure 4-14. X-ray-Fission correlation data for 228Np. Part (a) shows the

expected x-ray spectrum with Kq1 and Kq2 peaks at 94.7 and 98.4 keV, and

Kp1+3 and Kg» peaks at 111 and 114.4 keV, respectively, [Lederer, 1978] together

with an

approximate expected “energy distribution for the prompt y-ray

coincidences from the deexcitation of fission fragments. Possible

contributions from L x-rays are also shown. Part (b) gives the experimental

spectrum shbwihg the 10 detected events in the U K x-ray region.
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‘Figure 4-15. Alpha-decay chains for 228Np and 228U. The alpha and electron-

- capture branches for 228Np were determined by measuring the 216Fr and

212po, respectively and correcting for summing effects.
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5 Conclusions

51 228Np

ECDF was studied in 228Np produced via the 233U(p, 6n)228Np reaction.
The fission properties and half-life were measured with a rotaﬁng—ivheel
system. The half-life of this isotope was determined to be 614+ 1.4 seconds
from measurements of thé fission activity. A predominantly asymmetric
mass-yield distribution Qvas observed, but a small Symmetric component is
indicated by the TKE/mass fraction contour plot. The most probable pre-
heut_ron total kinetic energy of fission for the asymmetric component was
determined to be 165+ 5 MeV. The symmetric fission component had a TKE
of 150 + 5 MeV and constituted about 2% of the total number of fissions.

The observed fissions were assigned to ECDF of Np baséd on
observation of fissions in coincidence with the x-rays pf U resulting from K
‘capture in Np. The mass and Z were assigned to 228Np by observation of the
228Np and 228U alpha chains in chemically separated samples as well as from
alpha-alpha correlations between the known daughters. |

Assuming no other significant mode of decay, the ratio of EC to alpha
decay is 1.5+ 0.4. The production cross section for 228Np from the
233u(p, 6n)22§Np reaction was determined to t:e 35+ 3 ub. The delayed fission
probability is (2.0 £ 0.9) x 104. | ‘

The observation of .only 25% of the expected K x-ray-fission
correlations may indicate that the fission occurs with a half-life which is short
compared to the time required for emission of the K x-rays, and that a fission

isomer in 228U is not populated by the EC decay. This is consistent with the
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expected disappearénce of fission isomers in the neutron deficient U/Th
i'egion. ‘We have shown that delayed fission and' the i(-vacancy lifetime can
be used as a means of estimating the fission lifetime. Figure 5-1 gives a
comparison between the measured delayed fission probabi-lities for 228N b,
238Bk, 232Am [Hall, 19903] and 234Am [Hall,} 1990A] and the estimated
electron-capture Q-values taken from [Méller, 1988].

5.2 238Bk o
ECDF was studied in 238Bk produced via the 241Am(q, 7h)2383k
reaction. The fission properties and half-life were measured with a rotating-
wheel system. The half-life of this isotope was determined to be 14415
seconds from measurements of the fission activity. A predominantly
asymmetric mass-yield distributioh was observed for the fissioning species.
The presence of a small symmetric componént cannot be ruled out because of
~ the poor statistics and possible degradation of the ffagment kinetic energies
due to sample thickness. The most probable pre-neutron total kinetic energy
of fissidn‘wa_s determined to be 174 £ 5 MeV. Evidence for a small symmetric
éomponent was observed with a significant drop in the average TKE at
‘syinmetric mass splits, but statistics preclude positive assignment.
The obsérved fissions wére assigned to ECDF in Bk by observation of
fissions in coincidence with the x-rays of Cm }résu'lting from K"c.apm.re in Bk.
The observation of 15 1+ 4 K x-rays compared to th'e'expected' 18+4 indicates
that the K-vacancies filled before fission of 238Cm occurred. This may indicate
that ECDF in 238Bk proceeds via a fission shape isomer in the EC daughter
axyd that the shape change associated with tunnél_ling through the first barrier. |
is faster than 10-17 to 10-15 seconds (see Figure 1-2). If the shpe‘ change to the

second potential well were slower than 10-15 seconds, gamma decay would
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dominate and the Ppr would be zero. The fission lifetime is between 10-15
and 10-? seconds. If the fission occurred faster than 1015 seconds, fewer than
expected K x—ray-fissxon coincidences would have been detected. If the fission
occurred slower than 10-9 seconds, a delay would have been observed in the
TAC spectrum.

The mass and Z were assigned to 238Bk by observation of the 238Cm
alpha chain and fissions in chemically separated Bk samples. The electron-
cai;ture branch in 238Bk is assumed to be 100% because no evidence for an
alpha branch was observed.

The production cross section for 238Bk from the 2‘“Am(a, 7n)238Bk
reaction was determined to be 150 + 10 nb. The delayed fission probability is
(4.8+2) x 104. Figure 5-1 gives a comparison between the log of the delayed
- fission probabilities for 223Np, 238Bk, 232Am [Hall, 1990B] vand 234Am
[Hall, 1990A] and the estimated electron-capture Q-values taken from [Méller, _
1988]. An exponential relationship is eﬁdent. This may indicate that the
height of the fission barrier in the region between 228Np and 238Bk remains
fairly constant. The exponential relationship (see semi-logarithmic plot of
Ppr vs. Qgc in Figure 5-1) indicates that the major parameter influencing the
Ppr is the electron-capture Q-value (see Equation 1-6). The PpF increases by -
- about 4 times for an increase of 0.25 MeV in Qgc. '

5.3 241Bk

No evidence was obtained for the existence of 241Bk produced in the
reaction 241Am(a, 4n)241Bk. The absence of any 241Cm in the chemically
separated Bk samples may indicate that 241Bk has a half-life significantly
shorter than the estimated 40 minutes taken from the electron-capfure

systematics given in [Lederer, 1978]. This estimate was made using a Qec of
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2.19 MeV [Méller, 1988]. This is surprising because actinides typically have
first-forbldden transitions. The limit on the half-life of 241Bk is 10 to 1000
minutes at a sensitivity of 3 ub The limits on the productlon cross section
and half-life are shown in Figure 4—16. As can be seen in Fxggre 4-16, this
experiment was less sensitive to half-lives outside the 10 to 1000 minute
range because the minimum detectable cross section mcreases significantly.

/ The calculations of SPIT [Haynes, 1988] esnmate the production cross

section of 241Bk to be 1 mb. Because no evidence for the existence of 241Bk
| was obtained in this experiment to the level of #béut 3 pb, either the 241Bk
‘half-life is significantly shorter than the estimated 40 minutes or SPIT is
overesﬁméﬁng the cross section by sevefal orders '6f magnitude. Because
SPIT has been shown to be accurate within one order of magnitude
[Haynes, 1988], it is likely that the 241Bk half-life is significantly shorter than
'40 minutes. If the 241Bk half-life is about 1 minute, the production cross
section limit would be within one order of magnitude of that calculated by
SPIT (see Figure 4-16). However, the estimated log(ft) for é 1 minute half-life,
with a 2.19 MéV Qrc [Moller, 1988] is 4.5. This is somewhat smaller thén the

- known log(ft) values in this region and implies a nearly superallowed

* transition. .

In the case of 238Bk described earlier, the log(ft) value was about 5.2.
For 242Bk, the half-life is known} to be 7 minutes [Lederer, 1978] and the
estimated Qgc is 3 MeV [Moller, 1988]. The log(ft) for 242Bk is 5.3. The log(ft)
value for 241Bk is expected to be somewhat larger than either 242Bk or 238Bk |
 because of the signiﬁcanﬂy lower QEc and because the EC of 241Bk involves
conversion of lan odd-proton, even-heutrdn isotope to an even-proton, odd-
neutron isotope. Given the range of log(ft) values for 238Bk and 2428k, it is

marginally Iﬁossible that 241Bk has a log(ft) of 4.5. If several transitions with
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log(ft) values of 5 are possible, the overall log(ft) would appear to be
consistent with a value of 4.5. The log(ft) values excluded in this experiment
are 5.4-7.3 for transitions to the ground state in the 241Cm daughter. This
log(ft) range was estimated using the systematics in [Lederér,'i978]. :

5.4 252Bk and 253Bk

The 252Bk was produced in the reactions of 107 MeV 180 with a
0.65 mg/cm? 248Cm target via a 4H transfer reaction. The recoiling products
were collected with a He/KCl jet system for time intervals of 1, 3, 10 and 20
minutes at a beam intensity of 0.5 puA. The Bk was separated in-each of the
collections using an HDEHP separation and stored according to the irradiation
time. From tracer studies, the separation factor between the Bk4+ and the
trivalent actinides was determined to be better than 8 x 105. The 252Cf growth
curve was consistent with a 252Bk half-life of 1.8 0.5 rr.linutes‘ and a
production cross section of 47 10 ub. The amount of 252Cf in the samples
does not increase beyond irradiation times of 3 minutes (see Figure 4-17).
This observation, together with the tracer results, indicates that the 252Cf
resulted from the beta decay of 252Bk. The 252Bk half-life is a factor of 5
shorter than the 10-minutes estimated from sbysAtematics in [Lederér, 1978]
using a beta-decay Q-valué of 2.21 MeV [Mdller, 1988]. This implies that the
~ beta decay to 252Cf proceeds via an allowed transition. The estimated 252Bk
excitation energy at an 180 energy of 95 MeV is -5.2 MeV. For an 180 energy of
107 MeV, the excitation of 252Bk would be -2 MeV, if the additional 12 MeV is
apportioned according to the fraction of projectile mass transferred.
However, there is some experimental evidence that 60% of the energy is
transferred to the heavy product [Lee, 1983]. This is the first report of a half-
life and production cross section for 252Bk.
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After 21~days of counting, no evidence for the 6.61 MeV 253Es, grand- -
daughter of 253Bk, was observed. The grand-daughter of 253Bk was chosen
because its alpha energy is well above the Cf daughters of the lighter Bk
isotopes and the 53Cf, beta-decay daughter of 253Bk, is known to have a small
alpha branch (<0.3%). A limit was set for the 2558k half-life and production
" cross section in the same manner as described for 241Bk. It was assumed that 4
counts/day of the 253Es are | requifed to yield‘ a statistically significaﬁt
indication of the 253Bk growth with irradiation time. The estimated 253Bk
beta'-decay. Q-vélue is 1.39 MeV [Moller, 1988]. Using a log(ft)'of 6, the 253Bk
half-life 1s estimated as 1 hsqr from the systematics in {Lederer, 1978]. From
Figure 4-19, if the estimated half-life of the 253Bk is about 1 hour, the
production cross section is less than about 400 nb.

The estimated 253Bk production cross section with an 18O energy of 104
MeV is 10 ub (estimated from the systematics in [Lee, 1983]). After calculation
of the transfer product excitation energy by the method given in [Hoffman,
1990A], it was determined that the 180 bombardiﬁg.energy was too low for - '\
6ptimum production of 253Bk. Th e estimated excitation enérgydf the 253Bk
‘produced in the SH transfer reaction using 180 at 95 MeV is -10 MeV. For an
180 energy of 107 MeV, the excitation energy of 253Bk would be about -7 MeV,
if the additional 12 MeV is app_ortioneci according to the fraction of projectile
mass transferred [Leyba, 1990]-[Ho_ffmah, 1990A]. The production cross section
for 253Bk at an 180 energy of 107 MeV may be significantly smaller than the
‘estimated 10 ub. If the 253Bk half-life is less than about 30 minutes, the
sensitivity of this experiment did not allow for detection of 253Bk.
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Figure 5-1. Relationship between the delayed fission probability and the

estimated eléctron-capture Q-value (QEIC). The Qgc values are from
[Moller, 1988]. The delayed fission probabilities for 224Am and 232Am are
from [Hall, 1990A], and [Hall, 1990B). |
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6 Future

Delayed fission has allowed the determination of fission properhes of

| nuclei which could not ordmanly be studied. The delayed fission study of

228Np has illustrated that the K-vacancy lifetime and ECDF can be used to =

deduce the time scale of fission [Kreek, 1992B). ECDF can also be used to study .

the details of the fission barrier in unprecedented detail [Gregorich, 1991]. The

_current availability of large Ge y-ray detector arrays, such as the soon to be
. operational GAMMA-SPHERE [Delaplanque, 1988], will make studies of
. fission isomers feasible. If a level scheme can be determined for the fission

isomer, details of the fission barrier can be extracted. Information about the

level structure, hfetunes and energxes can be used to determine the absolute

‘ helghts and widths of both the inner and outer fission barriers. These data

will aid in the development of a comprehensive model of fission.

~ Continued study of ECDF in isotopes with 136 neﬁtrons, ;uch as
230Am, may yield more information about the triple-humped mass-yield
distributions seen in the Ra regidn and to a much smaller extent in ECDF of
228Np.‘ |

" Further studies of 238Bk should be completed to establish whether or
not an enhanced symmet;ie mass-yield results from ECDF. Sufficient
stafistics should cohfimi the lpw energy compohent in the average TKE at
symmetnc mass splits.

The milking techmque presented in this dlssertatlon and

- [Kadkhodayan, 1991] can be used to determine the half-lives of nuclei which

are currently 'undiscovered'. This is ﬁseful in refining the half-life and decay -

127



systematics currently available. Additional nuclei such as 236Am, 235Am
could be studied by measuring the 2.85-year 236Pu and 25.3-minute 235Pu
daughters, respectively, in this manner. The availébility of éxtremely rare
isotopes for use as targets, such as 249Bk and 251Cf, should make production of
additional isotopes further on the neutron-rich .side of the valley of beta
stability possible. Some of these could be studied using the daughter milking
technique. An additional attempt should be made to discover 253BKk.
~ However, the 180 projectile enérgy should be appropriately increased.
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