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Abstract

We have determined the mass ratios between neutron deficient isotopes of iodine
using a mass spectrometric technique with the Chalk River Isotope Separator On-line
(ISOL). The mass triplet "I -"® -] has been studied. The measured mass ratios are
in good agreement with systematics. Our results for the mass ratios are M(*"T/M(*I) =
0.983 211 1 (13) and M("*)/M(**°T) = 0.991 615 6 (12). The deduced masses of '’I and
18T are 116.913 69 (19) and 117.913 07 (17) u, respectively. We have used these mea-
surements to study the local dependence of two particle separation energies on neutron
number, and evaluate the predictive capabilities of several mass models. We have also
determined that the accepted value for the transition energy for the isomeric decay of **™[
is in error. This energy has been re-evaluated by a y-ray measurement to be 114.24 (72)

keV.
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1 Introduction
1.1 Understanding atomic masses

The mass of an atom is one of its most basic properties. Therefore, by studying
atomic masses, we can develop an understanding of many atomic properties through the
development of theories accounting for the origins of atomic mass.

Early studies of atomic masses by Aston in the 1920’s, using mass spectrometry,
showed that each nuclear species has a mass nearly equal to an integral number of the
proton mass [As20]. From this observation came Aston’s *whole number rule’ of atomic
masses.

Upon further investigation, slight divergences from the whole number rule’ for
atomic masses became evident. Aston systematically investigated the divergences for
several elements and invented the term ’packing fraction’ to express the extent of the
divergences.

atomic mass — mass number _ M — A 1.1
mass number A

packing fraction =

A directly related description of these ’differences’, is the binding energy expres-
sion given below. The atomic and nuclear binding energies of an atom, Equic pinaing &
Eyciear vinaing» @T€ given as the difference between the mass of an atom, M, and the mass
sum of the constituent components

E e vinding + Eavctearvinaing = [ Z M('D) +Z M(e) + N M('n) 1 -M(N,Z) , (1.2)
where Z, N are the proton and neutron numbers, M('p), M('n), M(e) the masses of a free
proton, neutron, and electron. The portion of the equation in square brackets [ ] is
analogous to Aston’s ’'whole number rule’. The masses of the proton, neutron and
electron are given with respect to the mass standard, ?C. Nuclear binding energies are

much greater in magnitude (~10%) than atomic binding energies. Both are positive.



Precise mass measurements provide crucial and direct information on the nuclear
binding energies of equation (1.2), and indirectly, nuclear properties such as shell and
deformation effects, range and the strength of nuclear forces.

Atomic mass data may be presented in a variety of ways. For example, the so-
called mass parabola is shown in fig. 1.1. In this instance, the nuclear binding energies of
atoms of the isobar A = 119 are plotted against proton number, Z. The nuclide at the
bottom of the parabola is stable against radioactive decay. Nuclides on the sides of the
parabola will radioactively decay. Mass models to describe the value of atomic masses,
and consequently the shape of the mass-parabola, have been developed by several

researches. These will be discussed shortly.
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Fig. 1.1. The mass parabola for A = 119. All of the masses, except barium, have been determined exper-
imentally. Several models have been constructed that describe the observed value of masses as

well as predicting the mass of unmeasured exotic nuclei.



The nuclei of all isobars may be organized onto a "Chart of the Nuclides" (an
arrangement such that the proton number is represented on the x-axis, and the neutron
number is represented on the y-axis). The stable nuclides form the "backbone" of the
Chart of the Nuclides. Conventional mass spectrometry has measured almost all of the
stable nuclides that lie on the backbone. There are a large number of unstable nuclei that
lie off the backbone. Most have not been mass spectrofneterically analyzed, but this does
not indicate a lack of interest on the part of the research community. Rather, it is testi-
mony to the inherent difficulties of performing mass measurements in this region.

If we were to represent the mass of each nuclide on the z-axis on the Chart of
Nuclides, we would obtain a so-called "mass surface". It is meaningful to split the mass
surface into four different sheets because of the effects of nucleon pairing. The four
sheets are comprised of even neutron-even proton, odd neutron-odd proton, even neutron-
odd proton, and odd neutron-even proton nuclei. Detailed systematic studies of the mass
difference between these four sheets directly reflects the neutron and proton pairing
energies as well as the interaction between an odd neutron and an odd proton that origi-
nate from nuclear structure effects.

Evidence of nuclear deformations is obtained, for example, from the systematic
behavior of double proton or neutron separation energies as a function of N and Z. In
general, the separation energy curve decreases slowly with increasing nucleon number.
A region of deformity is indicated by a change of slope, creating a broad hump. Shell
closure is indicated by a discontinuity in the curve, that otherwise has the same slope on

either side of the shell closure. An example of these features is given in fig. 1.2.
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Fig. 1.2. Two neutron separation energies, Sy, =—M(A,Z) + M(A —2,Z) + 2n, plotted as a function of N in

the range 80 < N < 95. Isotopes of an element are connected by a line. The neutron shell closure
at N = 82 is shown clearly. Also, the region around N = 91 shows the gradual change in slope
that is associated with a region of deformation.

At a fundamental level, an understanding of atomic mass involves an understanding
of the microscopic many-body dynamics involving nucleon-nucleon interactions. In
principle then, the mass is determined by the general solutions of the many-body Hamil-
tonian for this system. This is beyond the present scope of physics, and approximations,
assumptions, or models must be introduced for any practical purpose.

The models for mass predictions may be considered in the following groups: semi-
emperical or phenomenological models, liquid drop or droplet models, mass models
based on the shell model, and mass models based on mass relations. In general, mass
formulae have become complicated and it is not uncommon for some to contain a fairly

large number of parameters (i.e. 100’s).



Once a mass model is proposed, a fit to the known masses is carried out. As long as
one deals with known masses, a large number of parameters presents no difficulty, since
with many parameters, one can always achieve a good fit. However, in the extrapolation
to unknown masses there is a risk that the masses will behave in some unexpected way as
we move away from the initial fitted region. Thus, precision mass measurements of
nuclei far from stability are needed to critically test nuciear mass models.

In some cases, models provide the only knowledge of the mass of exotic species.
Thus certain, important astrophysical processes, such as nucleosynthesis, must rely on
mass models because the production and measurement of some exotic species far from
stability is not possible with present day accelerator facilities.

1.2 Determining atomic masses experimentally
1.2.1 Methods

In general, there are two categories of experimental methods to determine atomic
mass. The first category involves mass-spectrometric methods: deflection type mass
spectrometers (e.g. Manitoba II at University of Manitoba and Chalk River ISOL), time-
of-flight mass spectrometers (e.g. TOFI at LAMFP and SPEG at GANIL), and radio-
frequency spectrometers or Penning Traps (CERN). The second category consists of
energy measurements in certain nuclear reactions and nuclear decays. Included in this
category are reaction energies ((n,y), (n,p), etc.) as well as O, and QO measurements.

A reaction energy experiment determines the O-value, or the energy threshold, of a
reaction. Consider the (n, Y) reaction measurement (e.g. **Pb(n,y)***Pb [Hu83]). The
energy of the emitted photon determines the neutron separation energy, which leads

directly to the mass difference between the initial and final nuclei, except for corrections



involving the nuclear recoil. While the precision achieved with (n, y) reaction measure-
ments often rivals the precision of mass spectrometric measurements ( < 100 eV) , the
nuclei available to this type of study are close to the backbone of stable nuclei.

Further from stability, the most common method to determine the mass of unstable
nuclei is to study the Q-value of their a- or B-decays (e.g. 8: [Ke84], a: [Sc79][P181]). In
these measurements, a B or o energy spectrum (usually coincident with a Y-ray of inter-
est) is collected. In the case of a B decay to the ground state of the daughter, the end
point of the B spectrum determines the mass difference between parent and daughter.
Often the decay scheme of the nucleus studied must be known because ground state-
ground state decay is not the only branch present. If it were known from the decay
scheme that one or more -rays depopulates states fed by B decay in the daughter nucleus,
the y-ray energy sum must be included to completely determine the mass difference. This
requirement is increasingly harder to satisfy for nuclides further from stability. On the
other hand, it is more frequently the case in & decay that the ground state of the daughter
is populated. The singular energy of the & spectrum then determines the mass difference
between parent and daughter. O, measurements are typically more precise than O, mea-
surements ( < 30 keV and > 40 kev respectively) although they are not applicable to as
many nuclei.

The commonly accepted masses of unstable and stable isotopes are usually deter-
mined by a combination of both mass-spectrometric (direct) measurements and nuclear
reaction and decay energy measurements. The 1983 Atomic Mass Evaluation [Wa85]
includes input data from both types of experiments to obtain adjusted mass values

through a least squares adjustment.



1.2.2 Facilities

The two main requirements for a facility performing mass measurements of exotic
nuclei are adequate production rates and mass resolution. The mass resolution is given
by %’— where M is the mass of the nuclei under study, and AM is the full width of the mass
spectral peak at half maximum (FWHM). Sometimes instead of the resolution the resolv-
ing power of the instrument is quoted. This is simply g;

Early mass measurements of unstable nuclei were performed by two groups, both
using deflection type mass spectrometers. Johnson et al. [B179] used a double direction-
focusing mass spectrometer with a resolving power of 1,300 to measure neutron-rich
rubidium and cesium isotopes. The Orsay group at CERN used a conventional
spectrometer of Mattauch-Herzog type (i.e. focusing in energy and direction) to systemat-
ically measure short-lived alkali and alkali earth isotopes [Ep80]. This instrument, with a
typical resolving power of 10 achieved a precision in the final mass values of parts per
million.

The Chalk River mass measurement facility uses the Tandem Accelerator Super-
Conducting Cyclotron (TASCC) together with the On-Line Isotope Separator ISOL). In
the TASCC energy range, compound nucleus, projectile fragmentation and deep-inelastic
reactions occur and result in large isotopic distributions, including a rich variety of nuclei
far from stability. The isotope separator routinely achieves a mass resolution of 2x10™
and typical precision in the range of 1 ~ 2 ppm. The Chalk River isotope separator is
currently the only separator in the world capable of directly measuring the masses of
unstable nuclei. The mass range available to it is between 1 and 300.

There are three other facilities world-wide that are currently performing direct mass
measurements on unstable nuclei. They are the Penning trap spectrometer ISOLTRAP)

at CERN in Europe, the Time-of-Flight-Isochronous (TOFI) recoil spectrometer at Los



Alomos Meson Physics Facility (LAMPF) in Los Alomos, U.S.A., and the time-of-flight
recoil spectrometer, SPEG, at Grand Accelerateur National d’Tons Lourds (GANIL) in
Caen, France.

The tandem Penning trap mass spectrometer represents the third generation mass
spectrometer at CERN for directly measuring the mass of unstable nuclei. With the pres-
ent instrument, ISOLTRAP, the mass of a stored chargéd particle is determined by its
cyclotron frequency in a known magnetic field. The accuracy, at present, is typically 107
or 100 keV at A = 100. Beams are delivered to it from the on-line isotope separator
ISOLDE, collected on a rhenium foil, re-ionized, and then introduced into the traps. This
currently restricts the available nuclei to be studied to those that are easily surface ioniz-
able. Future plans include positioning an intermediate trap to receive the ISOLDE beam
directly, after which, the higher precision penning traps would follow. Essentially, all
ISOLDE beams would then become accessible to mass determination.

A recoil time-of-flight-isochronous spectrometer (TOFI) is used for direct mass
measurements of exotic light nuclei [Wo085,87]. The spectrometer relies on an isochro-
nous design that directly correlates an ion’s time-of-flight through the spectrometer with
its mass-to-charge ratio. The mass-to-charge ratio is determined independently of the
ion’s velocity, so that a precise mass measurement requires only a precision measurement
of the time-of-flight. To date, the instrument has measured neutron-rich isotopes from
fluorine to iron. Typical mass resolution %— is about 3 X 10* (FWHM). Typical precision
is in the range of 4 ~ § ppm.

The high-resolution energy-loss spectrometer SPEG together with the GANIL facil-
ity also directly measure the mass of exotic nuclei far from stability [Gi87]. The produc-

tion of both neutron-rich and deficient nuclei are possible with the energy range available



at the GANIL facility. The spectrometer uses a time-of-flight technique. Isotopes in the
region of low Z from boron to phosphorus have been measured with a mass resolution
(FWHM) of 5 x 10, Typical precision is in the range of 5 ~ 10 ppm.

1.3 The iodine masses

In this work, we have measured the mass ratio of the proton rich isotopes *'’I, 1**],
and I (Z = 53, N = 64, 65, and 66 respectively).

A previous experiment to measure the '"*I masses through a 8 decay energy experi-
ment was made by E. Beck et al. [Be70]. However, this experiment provided reliable
mass data for the isotope '°I only. The results for the other isotopes were not included in
the world body of atomic masses [Wa85].

The masses of ""Iand "*®I are predicted by several models [Ha88]. The uncertainty
associated with the predicted mass of ''""Iis 400 pu (i.e. precision of 3.4 parts per million,
ppm) and 216 pu (1.8 ppm) for '*I[Wa88].

The measurement of the masses of some isotopes of iodine extends our systematic

study of nuclear masses near the doubly magic '®Sn. Our recent mass measurements

near '®Sn are shown in fig. 1.3.
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Figure 1.3. Chart of the nuclides in the vicinity of doubly magic '®Sn. The nuclide masses measured

with the Chalk River isotope separator are highlighted with a dark border.
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2 Instrument and Technique
2.1 The Chalk River On-Line Isotope Separator (ISOL)
2.1.1 General Description

The Chalk River On-Line Isotope Separator (ISOL) is used on-line with the Tan-
dem Accelerator Superconducting Cyclotron Facility (TASCC) to carry out atomic mass
measurements on unstable nuclides as well as many othér nuclear studies. The general

layout of the TASCC facility is shown in fig. 2.1.

GAMMA-RAY FACIUTY

TANDEM ACCELERATOR
SUPERCONDUCTING
CYCLOTRON (TASCC)

Fig.2.1. TASCC Facility.

Negative ions (Al for this work) were produced in the ion-source and accelerated
in the 15 MV, Tandem van de Graaff accelerator. The energy of the ion beam may be
boosted by further acceleration in the newly installed superconducting cyclotron. How-
ever, for this work, this was not necessary. The ion-beam, with a nominal energy of 5

MeV / nucleon, was transported to the target-ion source of the isotope separator.
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The ISOL facility is shown schematically in fig. 2.2. Here, the beam strikes a target
foil (**™Mo, 2.2 mg/cm? for this work) located directly in front of the thin Ta entrance
window of the ion-source (see fig. 2.3). A variety of reaction products, with lifetimes
ranging from milliseconds to days, recoil into the ion source where they are ionized,
extracted, and accelerated to a nominal energy of 40 keV. Because the ion energy is con-
stant, the 135° analyzing magnet spatially resolves ions‘in the beam according to their
mass, so that, at the image plane, individual mass components are resolved with a
resolving power of 3,000 to 7,000. A narrow slit in the image plane allows ions of only

one mass number to continue to detection. The ions of other mass numbers are stopped.
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Fig. 2.2, Schematic view of the Chalk River on-line isotope separator.
The mass precision achieved, 8M, is limited to a fraction, f, of the width, AM, of the

detected mass peak signal. That is 8M =f X AM. The expression for resolution may be
used to write AM =R X M. By substitution then, the expression for precision becomes

8M =f xR x M. Typical resolution of the separator is about 2x10™ and fis about 1%,
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given adequate counting statistics. Thus, the expected precision for the mass of "I is
approximately 210 pu. This uncertainty may be reduced by a factor of N for N scans of
the mass spectral peak. For example, 6 scans reduces the uncertainty to = 100 keV.

The sections that follow highlight the important components of the instrument. A
full discussion of the separator is given in references [Sc8 1], [Sh89].

2.1.2 Ion source and beam acceleration

There are three ion sources available for use with the Chalk River isotope separator.
They are the plasma-type Bernas source [Ch67a,b], the helium-jet source [Ko91], and the
Forced Electron Beam Induced Arc Discharge (FEBIAD) source [Ki76].

The Bernas source is a high-current (mA), off-line source. It is used primarily in
applications using stable nuclides. The He-Jet ion-source is still in a developmental stage
and has not yet been used for mass measurements. The FEBIAD ion-source is the source
of choice for mass measurements. It has a highly stable output current (LA), which
varies very little over the period of a single measurement. Moreover, the "hold-up" time
(the time elapsed between the formation of the radioactivity and its subsequent extrac-
tion) is on the order of 30 s. This poses no problem since the activities of interest in this
work had half lives greater than 190 s. The ion-source is shown schematically in fig. 2.3.

Ionization with the FEBIAD source may occur in two different modes; surface ion-
ization and ionization in the plasma of an arc discharge. The surface ionization mode
may be used for studies involving chemical species with low ionization potentials, such
as the alkali metals and some alkali earths. Such an ionization method provides a chemi-
cal filter so that the extracted ion beams are free of contamination from other chemical

families. The plasma ionization mode does not discriminate between chemical species.
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In this case, a plasma is maintained in the ion source by means of an arc discharge
between the cathode and the anode. A support gas of Xe is used to feed the plasma.

Since iodine is not readily surface ionizable we used the plasma mode for this work.

High Voltage Outlet Plate Anode ¢ Bomb, Filament Magnet
70kV 50mA 150V 18A 300V 3A 600V 4.5A 20V 50A
-+ + - + - + - + - + -

L[

EXTRACTION OUTLET

PLATE PLATE
PLASMA
REGION
HEAT SHIELDS
ecors A4 b 4 A
[ R B
Elech.%n RRRIR TARGET
Suppression
400V
— 1777 INCIDENT BEAM

Fig. 2.3. FEBIAD target-ion-source used for the iodine mass measurement.

The FEBIAD source has an outer anode cylinder which is covered at one end with
the outlet plate. The cathode cylinder is inserted into the other end. Reaction products
(labeled "RECOILS" in the figure) are embedded into the heated catcher, eventually diffuse
out and drift toward the plasma region of the source. (Details of the reactions used are
given in § 3.1). The plasma, sustained with the support gas via a calibrated leak at a rate
of 2x10 std cm®/s, produces a Xe beam of 1.5 pA (all isotopes combined) at about 50%

ionization efficiency. The source also requires an axial magnetic field to confine the
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plasma radially. The magnet (not drawn in the figure) supplies a field of up to 80 mT.

Tons are extracted through a 0.50 mm diameter orifice in the outlet plate by means
of a 40 kV accelerating potential applied between the outlet plate and the extraction elec-
trode. The resolving power of the separator may be increased by reducing the diameter
of the outlet plate orifice. This increase in resolution comes at the expense of reduced
yields from the source. The accelerating potential is measured with a Julie HV-100 pre-
cision resistive divider chain and a Fluke 8502 digital voltmeter (DVM).

The electrostatic fields in the gap between the outlet plate and extraction electrode
are determined by the applied accelerating potential and the geometry. The position of
the extraction electrode is adjustable in position and orientation along the three orthogo-
nal axes. Itis positioned about 10-20 mm from the outlet plate. This adjustment in the
extraction field, then, allows us to optimize the ion optics for the best focus and
resolution at the image plane.

At first glance it would appear the outlet plate orifice of the ion source would define
the geometric object of the ion optical system. However, a virtual object is formed inside
the source, behind the outlet plate opening (see fig. 2.4). The plasma boundary acquires a
meniscus shape behind the opening due to the local electrostatic fields. Since the plasma
is a good electrical conductor, the electrostatic field lines at the plasma boundary are at
right angles to its surface. Ions drawn out of the plasma have small kinetic energies, ini-
tially, and their paths follow the perpendicular field lines near the boundary. The field
lines and the path of the ions quickly straighten out past the outlet plate opening due to
the large potential gradient from the extraction plate nearby. The size of the virtual
object becomes apparent as we attempt to retrace, from right to left as in fig. 2.4, the ori-

gin of the ions from inside the source. The dashed lines retrace a much smaller point of
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origin inside the plasma. To an observer outside the ion source this virtual origin appears
as the object slit. Thus the virtual object rather than the geometric object determines the

resolving power of the separator.

L/
PLASMA % OUTLET PLATE ORIFACE

Fig. 2.4. A virtual object of the ion optical system is formed due to the shape of electrostatic field lines at
the plasma boundary. The virtual object is defined by tracing the dashed lines back inside the
source. The virtual object width rather than the geometrical object width determines the resolv-
ing power of the separator.

The energy of the extracted beam from the ion-source for different chemical species
at a fixed accelerating potential has been carefully measured. Investigations of these dif-
ferences, at the one part-per-million level, have concluded that different elements do not
emerge from the ion source with significantly different energies [Ha91]. Such
differences in energy could result in a systematic bias in the measured mass ratios
between peaks corresponding to different elements. However, as a precaution, we have
restricted our mass measurements to isotopes of the same element.

2.1.3 Main magnet

After acceleration, the ion beam traverses a 1 m long drift space before entering the
main magnet. This dipole has a sector angle of 135° and mean radius of 1.00 m. The
field is inhomogeneous with the form B =B, (?y where n is nominally 0.5 and By, r,

refer to the optic axis. As a result of this, the magnet has the property of focussing the
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ion beam in both the radial and axial directions (refer to fig. 2.5)[Ca70]. That s, a point

object is imaged as a point image. Corrective coils are available to vary both the quadru-
pole and sextuple components of the field [Ca81]. These coils are used to adjust the posi-
tion of the focus along the beam axis and also to correct the aberrations of the ion-optical

system.

Fig. 2.5. Beam axes definition,

The image plane of the separator is located 1.64 m from the exit boundary of the
main magnet. The radial dispersion of the separator, D, is 2250 mm. The dispersion is
related to the separation, d, between ion beams of differing mass at their foci. The radial
separation of images corresponding to the masses M and M +AM, at a focus, is
d =D(%} Thus at mass 118, neighboring mass beams are separated by 19 mm. The
vertical magnification is unity. The magnet entrance pole face is shaped concave with a
radius of 35.0 cm. The exit pole face is flat. As a result the focal plane is tilted by 25°
with respect to the mean beam axis.

A beam monitor consisting of a 32 wire "comb" may be lowered into the beam path
at the entrance to the magnet. The current on the wires is scanned to form a one-
dimensional signal which is displayed on an oscilloscope. This assists in obtaining the

optimum beam injection profile into the magnet.
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2.1.4 Collection chamber

The beam is brought to a focus on an image slit (0.25 mm wide, 10 mm high)
located in the collection chamber. The dimensions of the beam at the position of the
image slit are largely independent of mass. The width of the ion beam b is related to the
resolving power Rp and dispersion D by the relationship, b = D/R,. Thus for a resolving
power bei of 9000, the beam width would be 0.25 mm. (Note: AM in this case is defined
as the FWHM of the beam. This is not necessarily equal to the FWHM of the observed
beam spectral lineshape. Details follow.)

When the beam width and image slit widths are comparable, the optimum reso-
lution and detected beam intensity are obtained simultaneously (refer fig. 2.6). This spe-
cial case underscores the competing requirements of counting statistics and resolution of
a beam detection system. Greater number of detected counts are necessary for reduced
statistical errors. Higher resolution allows one to more to more precisely locate the posi-
tion of a peak. These two considerations dictate that the slit width should be as wide as
the beam. In fact, the image slit used in this work was the same width as the FWHM width
of the beam.

In addition to the image slit, the collection chamber contains a Faraday Cup and a
10 um tungsten wire for the purposes of tuning the ion beam profile. They are mounted
on a moving carriage whose position may be adjusted along the focal plane. The wire is
used to optimize the width of the beam, and thus, the resolution. The mass spectral line-
shape detected with the wire is analogous with fig. 2.6.(c) where w” = 0. The Faraday
Cup may be fitted with entrance slits of various widths. We fit the Faraday Cup with an

entrance slit greater than the beam width in order to read the ion beam current.
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Fig. 2.6. A simple beam profile, of width w, is projected through three different slit widths in frames (a) -
(c). The corresponding lineshapes observed by the detection system (not shown) are given
beside. In frame (a) the slit of width w’ > w yields a line shape of width w + w’ and maximum
intensity. In frame (b) the slit width is equal to the beam width and yields a line shape of width
2w and maximum intensity. In frame (c) the slit width is smaller than the beam width w” <w.
The resulting line shape is narrower (i.e. better resolution) but at the expense of intensity.

2.1.5 Beam Transport Line (BTL)
Ions passing through the image slit are directed to a low background counting area
by means of the electrostatic beam transport line (BTL). The BTL consists of a 20°

deflector and two electrostatic quadrupole doublets. Ions from the beam that have
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become electrically neutral during their passage through the separator are removed by the
deflector. (Ions neutralized during their passage through the analyzing magnet may con-
taminate neighboring mass components.) Transmission through the BTL is greater than
98%. For technical reasons, the maximum beam current through the BTL is restricted to
less than 1 mA. The BTL is able to focus the transmitted beam into a circular spot not
more than 2 mm in size at a distance of 50-70 cm past the last quadrupole.
2.1.6 Counting chamber and tape station

Past the last quadrupole of the BTL, the ion beam is brought to a focus on the alu-
minized mylar tape of the tape transport system. After a preset time, radioactivities
implanted into the tape are moved close to the vicinity of a pair of Hyper-pure
germanium (HPGe) detectors located some 75 cm away. The tape moves at a speed of
585 cm/ s from the implantation position which is under vacuum, to the detectors at
atmospheric pressure, through three stages of differential pumping.

The counting chamber is also equipped with a Faraday cup, with electron suppres-

sion, to check the transmission of the BTL.
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2.1.7 Summary

Some of the basic properties of the isotope separator are presented in table 2.1. The
resolution of the separator is primarily limited by the size of the ion source orifice and the
image slit. Smaller slit widths yield higher resolution, but at the disadvantage of reduced

efficiency. In the past, the best resolving power achieved off-line is 20,000 for an N,-CO,

doublet [Sh89]. The main contributions to the beam width were optical aberrations,

energy spreads, and the stability of the accelerating potential power supply.

Table 2.1, Basic properties of the isotope separator.

Property Definition Value
Magnet angle 135°
Mean magnet radius 1000 mm
Approximate field index n 0.5
Magnetic field Bro) s 62.5 T-cm
Magnet power supply 350A/50V
Dispersion D 2250 mm
Resolving power, FEBIAD routine R FWHM 9000 , 0.50 mm orifice
Radial magnification 1.25
Angular magnification 0.77
Vertical magnification 1

Mass range (H';;:"") 15%
Extraction voltage, maximum 70kV
Extraction voltage, typical 40kV
Stability of magnet current, peak to peak(p-p) 5x10°°
Stability of extraction voltage, long term, (p-p) 5%10
Maximum beam current 20mA
Maximum beam current with FEBIAD source 1.5uA
Enhancement factor € > 10°
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2.2 Experimental Procedure

The well known mass spectrometric technique of peak matching is used to measure
the spacing between mass peaks [Me72]. This technique is based on a theorem, given by
Swann [Sw31] and first applied to mass spectroscopy by Bleakney [B136], which states
that two masses M, and M, will follow identical paths through a mass spectrometer if all
magnetic fields are held constant and all electrostatic potentials, V;, applied to the instru-
ment are scaled such that

M,V,=M,V, . 2.3)
The image slit is fixed in place along the image plane and we vary the ion source
accelerating potential (and other potentials accordingly) to sweep selected ion beams past
the image slit. In this way we form (via off-line analysis) mass peaks which correspond
to applied potentials. The theorem as stated above for a doublet peak is extended trivially
for a mass triplet of M,, M,, and M,. If we allow M, to be the known reference mass, and
experimentally determine the voltages corresponding to the centroids of the mass peaks,

V1, V,, and V;, then the unknown masses M,, M, may be found by

Vi v (2.4)
M2= 1 Vz- and M3= 1 ‘—/; .

The experimental procedure also allows for the presence of isobaric contaminants.
The production of the iodine isotopes of interest by a fusion-evaporation reaction will
also produce xenon, tellurium and other species (see §3.1). The minimum resolving
power, Zb:? required to just resolve iodine from its isobaric neighbors Te and Xe is as high
as 35,000 for the **Xe-"* case. Obviously these isobaric contaminant components will

not be resolved since the separator has a nominal resolving power of 9000 (FWHM).
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This problem is solved by the ion detection method employed. We identify the
arrival of the desired nuclei by their unique radioéctive decay signature instead of a signal
from an indiscriminate ion counter. Consequently, we avoid the ambiguities resulting
from isobaric and isomeric admixtures. Ion counting by a uniquc decay signature allows
us to precisely determine the mass of a nuclear species without actually spatially resolv-
ing it from isobaric neighbors in the separator beam. |

It is interesting to note we are using the isotope separator as a mass spectrometer
instead of its traditional design mode as a mass spectrograph. A spectrograph holds all
fields fixed while beam components are resolved by their relative position on the image
plane. A mass spectrometer, on the other hand, is characterized by fixed image and
object slits where the electrostatic / magnetic fields are ramped to sweep the beam.

2.2.1 On-line scanning procedure

The separator beam is scanned, under computer control, across the image slit. A
block diagram of the control and data acquisition circuitry is provided in fig. 2.7.

The accelerating potential, nominally 40 kV, is controlled by varying the reference
potential (~400V) provided to the supply. This reference potential consists of a fixed,
stable potential reference summed with a potential supplied by a CAMAC controlled dig-
ital to analog converter (DAC). In this way, the accelerating potential may be preset to a
value and scanned point by point over a range of 2.5% of its mass. Typically, an
experiment is set up such that a mass peak (FWHM) is sampled in 8 scan points, or chan-
nels, of a total 25 channel mass spectrum. At a nominal operating potential of 40 kV and
a resolution of 2 x 107, the potential steps are approximately 1 V. The applied high
potential is measured by two resistive divider chains. A 100:1 divider provides and error

signal for the HV supply and a 10 000:1 divider provides a potential level for the DVM.
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Fig. 2.7. Block diagram of the separator showing the operational relationship between components for a
mass measurement using the peak matching technique. The labels are: DVM - digital voltmeter,
DAC - digital to analog converter, BTL - beam transport line, ADC - analog to digital converter.
The dashed line represents the separator beam.
There are no electrostatic elements between the accelerating gap of the ion source

and the image slit. The potentials of the ion optical elements in the BTL are scaled in
proportion to the accelerating potential.

At each scan point, the beam is transmitted through the image slit and the BTL and
deposited onto the aluminized mylar tape of the tape station. In consideration of instru-
mental drifts, the time period for each point is usually 1.3 times the lifetime of the species
under study or 137 seconds, whichever is smaller. (A time of 137 seconds per scan point,
leads to a complete scan over 3x25 points of approximately 3 hours. Detailed studies of

the stability of major components have been performed in the past [Sh89] to insure that
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instrumental drifts in voltage/current of the many components does not degrade our
results. Three hours is a conservative time limit in view of these drifts.) The shortest
lifetime of the iodine activities under study is 190 seconds, so we chose the 137s cycle
time.

At the end of each scan point the ISOL beam is deflected and the sample on tape is
quickly moved in front of the HPGe detectors. The beam deflector consists simply of
two electrostatic plates placed above and below the beam in the collector tank. While the
tape move is executed the next increment in accelerating potential is applied and a short
time is allowed for the potential to settle. The beam deflect is then turned off, and a new
beam sample collected. At the end of each scan point, the accelerating potential,
observed y-ray spectra, actual cycle times encountered and various beam setting are saved
to magnetic tape for further off-line analysis. The y-ray spectra are also sorted for on-line
inspection of the data. The timing sequence for a scan point is presented in fig. 2.8.

As an added precaution to errors caused by drifts, the order of mass points scanned
is not sequential across the mass spectra but interleaved to sample the mass spectra quasi-
simultaneously. The first points to be scanned are near the maxima at each mass spectral
peak. Following points alternate on either side of the maximum positions until the entire
mass spectrum is complete. Fig. 2.9 represents the chronological order of a scanned mass
triplet.

Studies of the robustness of these procedures have been done for one hypothetical
drift scenario, a systematic decrease in the production rate of the ion species considered.
This could be caused by degrading ion source conditions, or possibly a decrease in the
heavy ion beam supplied by the tandem accelerator. Fig. 2.10 shows this scenario for a

very large decrease of 50% from its starting value. For masses scanned sequentially there
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is a corresponding shift in the centroid position of 4 ppm. The interleaved scan is shifted
by a factor of 10 less. The net effect of drifts and instabilities contribute an error much

less than the accuracy to which we are able to locate the centroid in a single scan.
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Fig. 2.8.

Fig. 2.9.

I 1 g

Representation of the time sequence for the stepwise scanning of a mass peak: (a) deflect separa-
tor beam ; (b) establish accelerating and BTL voltages; (c) collect sample on tape; (d) measure
accelerating voltage; (e¢) move sample on tape to HPGe detectors; (f) record y-ray spectrum, and
(g) transfer data to magnetic tape. Typical values in this experiment are: T; =25, T, =7 s, and
T,is 137 s. T;isalways T,+ T, - T,.

1
4 7

10 13

2 12 15

BEAM INTENSITY

mass A mass B mass C

EXTRACTION VOLTAGE ™

Chronological order of data collection in a mass scan that covers three ion beams, with masses
A,B,C. The numbers above the peaks indicate the order in which data points are taken. The first
voltage point selected corresponds to the maximum transmission of the ion beam corresponding
to mass A, the second to mass B, and the third to the maximum for ion beam C.
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Fig. 2.10. Centroid shift for a beam loss scenario. Simulation of the errors in peak centroid determination
resulting from a linear decline with time in the separated radioactive-beam intensity. Typical
separator separating conditions have been assumed. The mass peak is centered at an extraction
potential of 40 000 V, the resolving power is 6 000, and the mass scan is 25 points (30 V) wide.
(a) shows our reference peak, as well as two perturbed peaks resulting from a beam-intensity
decline commencing in point - 2 and continuing to the end of the scan where the intensity has
dropped to 50% of its initial value. The effect of this intensity change is clearly visible in the
mass peak obtained with a sequential scan but is harcily noticeable for that obtained with an
interleaved scan. (b) shows the shift in the centroid, defined as the difference in the centroids
of the reference and perturbed peaks divided by the reference peak’s centroid value. The shift
is shown as a function of the point number where the intensity decline begins.

2.2.2 Off-line data analysis

The task of the off-line analysis is to read the magnetic tape record of on-line data
and determine the potentials applied to the ion source that correspond to centroids in the
respective transmitted iodine isotopes. The voltage ratio of the iodine isotopes so

obtained is directly related to their mass ratio through Bleakney’s Theorem. We discuss
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here the method used to obtain voltage ratios for a single scan of the mass triplet. Chap-
ter three discusses, in detail, how voltage ratios from each scan are combined to give a
final result.

The logical structure of the off-line analysis is reduced to three steps. The first is to
select the radioactive decay signatures that uniquely idc;ntify the iodine isotopes of inter-
est. The second is to generate mass spectra based on these selected decay signatures.
The third is to calculate the centroids for each iodine isotope of each mass spectrum.

The three steps of the off-line analysis are carried out by three computer programs;
MASSGATE, MASSANAL, AND MASSDIF.

2.2.2.1 Selecting y-ray energies; MASSGATE

The first step is to detect the presence of specific iodine isotopes in the collected
Y-ray spectra. Energy "windows" are set at the energies of the B-delayed y-rays emitted
during the decay of the iodine isotopes. Up to 30 y-ray energies may be chosen to iden-
tify the activity of the nuclides of a mass triplet.

2.2.2.2 Building voltage, mass and y-ray spectra; MASSANAL

The second step is to generate voltage and mass spectra, based on the magnetic tape
record of the on-line data. The resulting spectra are saved to hard disk in the Holifield
Heavy Ion Research Facility .SPK file format. Additionally, the on-line y-ray spectra are
sorted and stored in .SPK file format.

The on-line data is, most simply, a set of separator accelerating potential, for each
potential, and a matching yray spectrum. The first spectrum generated is the separator
accelerating potential spectrum. The ion accelerating potential is recorded against scan
point number. (Note: the scan point number is not chronological in an interleaved mass

scan.) An additional spectrum of the point by point accelerating potential differences
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serves as a useful diagnostic tool. Ideally this spectrum is flat except at mass number
changes. If there are sharp excursions they flag bad data, which may be then excluded
from further processing.

An individual mass spectrum is generated for each decay y-ray specified by MASS-

GATE. Scaled ion intensity, I .y, is recorded against the scan point number where the
scaled ion intensity is given by

I =N @, F +0.5 (2.5)
In this equation, N is the number of atoms collected during a time T¢o; ey and the charge
correction term, Q.., is intended to compensate for changes in the primary beam current
delivered to ISOL over the duration period of a scan. Q. is normalized to the beam
current at the first scan point. The scale factor term, F (typically 10), is included to
reduce computing errors introduced by integer math.

The number of iodine ions collected, N, is the product of the rate of arrival (ions/s)
for ions of a particular species, P, and the collection time Teoprger- The rate of arrival, P,
is assumed to be constant over the collection interval.

However, some of the atoms collected during Teopy ey Will decay while the sample
was being accumulated. The number of atoms collected on tape after time Teopygcr 18
given by

(1 - o) (2.6)

>\

Neouger =

where A is the decay constant for the species. During the transport to the detectors, in a

time Ty, Some more will decay. The number that reach the detectors would be

AT 2.7
Newsterea = Noouser® @7

Of these, Ngount Of the collected atoms would decay in front of the detectors.
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Neoowr = Ntransfened(l"e‘lem)

- ‘_D..( 1 - e‘xTa)u‘Bcr) e"“TWArr ( 1 e—xTwm) 2.8)

A

The number of y-rays detected is

N, = €B Neomr

2.9)

= EI;P ( 1 —c:"”°°“-‘ﬁ°’)e—”WArr ( 1 -e_”mm)

where € is the detector efficiency and B is the absolute branching ratio for the y-ray

transition. Therefore

AN, (2.10)

eB ( 1 _e“"TOOLwcr) e")‘TWArr ( 1-¢ A'TC‘OUNF)

P =

is the number of ions of the species of interest arriving at the tape station per second.
Finally, N, which is needed in equation (2.5), the number of atoms of interest collected
during a time T¢ppy per iS

N = PTeouger

A N‘y Tcowecr 2.11)
eB (1 _e")‘TCOLLBCI‘) e"*Twm (1- e"vTooum*)

An example of building an individual mass spectrum, accompanied with its voltage
spectrum, is given in fig. 2.11.

One "sum mass spectrum"” is formed from the individual mass spectra where each
mass peak in the sum spectrum is the result of a selective summing of individual spectra.
Thus the first 25 points of the sum mass spectrum (the part of the scan that pertains to
mass 1), contain all the individual mass spectra for mass 1. Data from other individual
mass spectra are rejected. The same procedure is applied for points 26-50 and 51-75

respectively.
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Lastly, for diagnostic purposes, the y-ray data for an entire scan is sorted into four

special y-ray spectra. There are three isobar-specific (or mass-specific) sum spectra

formed by adding the corresponding raw y-ray spectra. The fourth is a cumulative sum of

all raw y-ray spectra over the entire scan.

Fig.2.11. (Over)
Mass spectral peaks obtained during a single mass scan of the iodine triplet measurement. Part
(a) shows the discrete ion accelerating potentials applied at the source. For clarity, the scan
point numbers are shown in order of increasing voltage and not in the order of their accumula-
tion. Part (b) represents a sample of the isobaric -ray spectra collected at each voltage step. A
total of 75 raw y-ray spectra are accumulated for a triplet scan (according to 75 voltage steps).
Iodine specific transitions (darkened) are gated in order to build the mass spectrum of part (c).
Part (c) shows the beam intensity for ''°I,""®I, and "I as a function of scan point number. The

mass and voltage spectra are later correlated (see the next section) to determine each isotope’s

peak position.
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2.2.2.3 Determining peak positions; MASSDIF

The MASSDIF program reads the sum mass spectra from the off-line .SPX file pro-
duced by MASSANAL, locates the peaks and calculates the centroids, centroid uncertain-
ties, and FWHM. Typically, we must determine the centroid to less than -1% of a channel
width. (Recall from §2.1.1 that we locate the peak position to about 1% of its FWHM.
The mass peak usually extends over ~8 channels at FWHM). Our algorithm then,
requires considerable attention to be given to estimating fractional channel contents.

The analysis begins by locating the peak channel in the sum mass spectrum. The
average peak height and average background level, from which a cut-off level at 20%
peak height, are then deduced. Fractional channel contents at the cut-off level are esti-

mated by interpolating a straight line between adjacent data points as shown in fig. 2.12.

ch /<
o

2
c
3
3 20% CUT-OFF LEVEL
L/
c )Z
| -
v VL \ \'4
i i1

Accslerating Potential

Fig. 2.12. The experimental data consist of the discrete data set {V,, C;}, where the subscript i represents
the scan point. The labeling convention for the left fractional channel V,, at the 20% cut-off

level, is shown. The same formalism exists for the right fractional channel V,.

A centroid evaluation for the portion of the peak lying between the cut-off volt-

ages, V, and V,, may be written in the form
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Jﬂ Rv c(v)dv
Ve (2.12)

centroid = v, >
f c(v)dv
VL

where c(v) is the function describing the mass peak. However, the analytical form of c(v)

is unknown, so we continue to use the straight line approximation between data points to

construct a series of trapezoids as shown in fig. 2.14.

CA cl

A
NN
§ A&é%%&\\ CUT-OFF LEVEL

Accelerating Potential

Fig. 2.13. Peak centroid determination. The centroid of each trapezoid is summed to determine the cen-
troid of the entire peak within the cut-off boundaries.
The centroid of a single trapezoid segment, ¢;, is given by

, 2CViga+t2CGV,+CV 1 +CL, Y,
¢ =
3[Cin+ G (2.13)

The centroid of the entire peak is found by using the discrete form of the centroid formula

given in equation (2.12). Thatis
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centroid of the entire peak

N-1
2 3 [2C; Vi1 +2CVi+ CViyy + Ci ViV — V]

N-1

5 2 [Ciar+ClViuy - V]

H

(2.14)
where A; is the area of a single trapezoid segment.

The uncertainty in the centroid is expressed in two ways; the statistical uncertainty
and voltage uncertainty. The statistical uncertainty is obtained by taking the partial deriv-
ative of the centroid with respect to the counts C;. The voltage uncertainty is similarly
obtained by taking the partial derivative of the centroid with respect to voltage V.

The statistical uncertainty is related to the counting statistics familiar in any y-ray

counting experiment. The source of voltage uncertainty is the precision achievable by the
DVM. Also, in a minor way, the voltage uncertainty is related to the evaluation of frac-
tional channels at the edges of the mass spectral peak. In this evaluation we must recog-
nize the mass peak signal above the level of the background. As mentioned, the mass
peak cutoff at 20% above background leads to fractional channels at the peak edges (refer
fig. 2.13). Depending on the slope of the spectral "lineshape" at this cutoff, the fractional
channels are determined with large or small uncertainties. As expected, the higher the
signal-to-noise ratio (i.e. a steeper slope), the more precisely the edges of the peak are

located.
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3 The Iodine Experiment
3.1 Production of activities

The iodine activities are produced by bombarding a fixed target foil with a heavy
ion beam (E ~ 5 MeV/u) delivered from the TASCC facility. During collisions, target
and beam nuclei fuse together forming a highly eXcited compound nucleus. This com-
pound nucleus quickly decays, in about 10%'s, by the isotropic emission of y-rays and
nucleons. The process is illustrated in fig. 3.1. The residue remaining after this
"evaporation" is fairly energetic and retains nearly the same momentum as the incident
beam. The residue recoils through the target material (~10™s for a 2 mg-cm™ target),
passes through three 20 pg-cm? thick carbon heat shields, and the 2 mg-cm™ tantalum
entrance window of the target-ion source before coming to a stop in the graphite catcher
(refer fig. 2.3). It subsequently diffuses out of the catcher and drifts toward to the ioniza-

tion region of the target-ion source (refer § 2.1.2).

R

5 0]
%Mo &j@ ﬂﬂ
o 2@*

(a) (b) (©

Fig. 3.1. Fusion-Evaporation Reaction. (a) A 130 MeV aluminum ion from the accelerator strikes a sta-
tionary molybdenum target nucleus. (b) The nuclei fuse to form a highly excited state which
recoils through the target. (c) The excited state quickly decays (~10's) by emitting protons,
neutrons, and yrays. The remaining nucleus continues to recoil with its velocity unchanged but

reduced in momentum,
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For any given beam / target combination, several activities are produced. Many
factors have to be considered in making a choice of beam and target. Firstly, target mate-
rials must be able to with stand the impact of the beam and the extreme temperatures
(~1500 °C) near the ion-source. Secondly, the cross sections for the reactions which
produce the desired residues must be favorable. Estimates of the cross sections were
made using the computer code "ALICE OVERLAID" [B178]. These estimates (for primary
cases) are subsequently tested in a "target run”.

The nuclei produced in the target run are listed in table 3.1. In this target run,
iodine is only one mass measurement candidate of several. The target run investigation
seeks to fulfill two criteria for a candidate mass measurement. The first, of course, is an
adequate production rate for nuclei, far from stability, without a known mass. Secondly,

we need a neighboring nuclei, with a known mass, that can be used as a reference.

Table 3.1. Beam and target combinations and their expected products for the "target run". The energy of
the incident beam is varied from 120 - 150 MeV in 10 MeV intervals. (The mean energy of the
beam is reduced by ~12 MeV over the thickness of the target.)

Beam + Target Compound Nucleus Products far from Stability
ZAL +=Zr 1 Te or Sb
2Si + =Zr Xe - TorTe
ZAl 4+ =*Mo Cs Xeorl
281 + =*Mo Ba CsorXe

target thickness; ™Zr: 2.0 mg-cm?, ®*Mo: 2.1 mg-cm?,

Here we focus our attention on the results obtained for the production of M**17],

These iodine activities were observed with Si and *’Al beams on ™Zr and **Mo targets.
The rates of the iodine activities produced by the various beam and target combinations

are shown in fig. 3.2.

38



We see from fig. 3.2 that the most effective beam / target combination is an 7Al
beam and a “"Mo target. The selection of the beam energy is dictated by the production
rate of the low yield odd Z-odd N nucleus **I. The **I production shows a maximum at
130 MeV. Since the other nuclides of interest are also produced at acceptable rates at this

energy, this becomes our operating energy for the mass measurement experiment.
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Fig. 3.2, Measured excitation functions for the production of iodine. The observed iodine activities from
the target run are normalized to the incident beam current and plotted against beam energy. The
cross-sections are given in arbitrary units since we have not corrected for the common efficiency

of the ion source, detector, and others.

The target thickness is optimized for maximum ion production, given that the iodine
product must still exit the target with enough energy to pass though the heat shields and
entrance window of the ion source. A minor change of target thickness from 2.1 mg-cm’>

to 2.5 mg-cm™ could have been made. However, the expected improvement in iodine
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production did not warrant the effort to manufacture new targets. The molybdenum tar-
gets showed no degradation during the four days of the target run and were used for the
four day mass measurement experiment.

The mass measurement experiment using the reaction Al +**Mo —» 71+

2p+xn + 7, E,, = 133 MeV produced xenon and iodine activities as expected. No cesium
activities were observed. However a limit on their production, based on background lev-
els, has been calculated. The production data in table 3.2 are in units of atoms per sec-

ond, observed at the counting chamber (i.e. the tape station).

Table 3.2. Chart of production of isotopes at the location of the tape station in atoms per second. Cesium

is not observed. Its production value is based on a limit from the background level in the y-ray

spectra.
117 118 119
Cs Cs Cs
8.4s 17s 43.0s
<55 s < 6.0 s <04 s
117 118 119
Xe Xe Xe
61s &m 5.8m
116 ss 143 15 553 1s
117I 118m| 118I 119I
2.22m 85m |13.7m 19.1m
145015 | 264 | 1270 2232 1s

3.2 Run summary

We performed 17 mass-triplet scans (runs) over a period of four days, from which a
subset of 9 scans were accepted for analysis. Problems such as high voltage discharges in

the ion source or interruptions in the primary ¥ Al beam would disqualify a run.



3.3 Gamma rays

The mass spectra are built from the intensity of selected y-rays emitted during the

decay of the iodine nuclei. The selection of the y-rays is based on two criteria. The first
is that the y-ray transition energy be unique to the iodine decay. Other activities that
would emit a y-ray of nearly the same transition energy would mis-represent the iodine
activity and thus contaminate the iodine mass spectrum. The case for uniqueness was
occasionally ever-ridden if the source of the y-ray is from room background. Such a
source would only contribute a flat level to the generated mass spectrum (see §3.7.1).
The centroid of the spectrum is not affected, but the uncertainty to which the centroid can
be determined is increased due to a decrease in the "signal-to-noise" ratio of mass peak
signal to the background level.

The second criteria is to chose the most intense y-ray transition, or transitions, asso-
ciated with the decay of the iodine nucleus. The iodine isotopes of interest decay by pos-
itron emission (B*), orbital electron capture (EC), and in the case of **I, isomeric
transition (IT). The process from which the emitted y-rays arises is not important.

On the basis of the criteria mentioned above, we selected the iodine -rays pres-

ented in table 3.3. The most intense y-ray transition available is used in all cases. The
main y-ray characteristic of '*I is unfortunately degenerate with a y-ray from the iodine
isomer ""*®]. The next most intense line for **I occurs with an 8.1% relative branch.
This is too low for acceptable counting statistics. In the case of ''’I we were able to use

two y-ray transitions in order to improve the counting statistics.
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Table 3.3. Selected iodine Y-rays that are used to build the iodine mass spectra. The y-rays arise from

excited states in tellurium that have been populated by 8* and EC decays of the iodine nucleus.

The selection of the y-rays is based on uniqueness and intensity (see text for details).

Isotope Te) Energy L Reference
keV) (relative intensity,%)
Ry 257.5 100 [NN92]
nep 605.6 100 [Ta87]
R 325.9 100 [BI87]
274.4 27 [BI87]

An off-line sum of all individual experimental y-ray spectra is compiled in order to

inspect the transitions associated with iodine and other activities. Six sum y-ray spectra

are compiled according to the detector (1,2) and mass number (A=119,118,117). Sum

Y-ray spectra are presented in figs. 3.3 - 3.5. Regions around the selected transition ener-

gies listed table 3.3 have been expanded for detailed inspection.
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Fig. 3.3. Mass specific y-ray spectrum for A = 119. The spectrum represents the sum of mass specific y

spectra over 13 runs. The channel axis is set to represent 1 keV per channel (see Appendix B).
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Fig. 3.4. Mass specific yray spectrum for A = 118. The spectrum represents the sum of mass specific ¥

spectra over 13 runs. The channel axis is set to represent 1 keV per channel (see Appendix B).
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Fig. 3.5. Mass specific yray spectrum for A = 117. The spectrum represents the sum of mass specific Y

spectra over 13 runs. The channel axis is set to represent 1 keV per channel (see Appendix B).
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3.4 Mass spectra

Using the selected rays (table 3.3), and the y-ray data acquired during the mass

measurement experiment, the iodine mass spectra are generated. The mass spectrum
from run 6 is shown in fig. 3.6, as a sample. The observed intensities of the three iso-
topes reflect the production rates of table 3.1 and the relative efficiency of detection. The
observed peaks show some asymmetry on the heavy mass (low energy) side of the peak.
However, the shift in the peak position introduced by an asymmetric peak shape is not
expected to shift the measured mass ratio by more than one part per million. The shift in
the measured mass ratio is less than this. Our present level of precision, by comparison,

is about 2 ppm per mass peak (see table 3.4).

119

x 1000

BEAM INTENSITY

SCAN POINT

Fig. 3.6. Mass spectrum obtained during run 6. The individual mass spectra from each selected y-ray

energy have been summed to create this spectrum.
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3.5 Uncorrected voltage ratios

The peak positions in the mass spectrum corresponding to '’I, "'°L, and 'L are
found by calculating the centroid of the mass spectrum at each isotope number (refer
§2.2.2.3). The peak positions are in the units of volts. (For example, the peak position
corresponding to "I is labeled V,;,). The peak positions for the iodine isotopes are given
in table 3.4, along with their statistical and voltage uncertainties. The overall uncertainty
is obtained by summing the statistical and voltage uncertainties in quadrature.

Since the peak positions are expressed in the units of volts, we label the ratios of
peak positions "voltage ratios". The voltage ratios of interest are ;—E and :—:—:— (see equation
(3.6)). The voltage ratios are calculated for each run and presented in table 3.5. The
uncertainty in the voltage ratio is found simply using the fractional error rule for a quo-

tient:

€. g.

Vns:J Vi V Olovemil(vim) vamu(vus) G.D
o = —+ ~ .
Vis Vi Vite Vi
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Table 3.4. Iodine mass peak positions. The positions are found by calculating the centroid of the mass
spectrum at each isotope number. (refer §2.2.2.3; program MASSDIF)

Run Mass Centroid Statistical Voltage Uncer- Overall Uncer-
Number (volts) Uncertainty © tainty tainty
3 119 39780.500 0.036 0.080 0.088
118 40116.750 - 0.041 0.085 0.094
117 40459.785 0.016 0.077 0.079
5 119 39779.883 0.021 0.077 0.080
118 40116.445 0.026 0.085 0.089
117 40459.207 0.012 0.082 0.083
6 119 39780.238 0.019 0.080 0.082
118 40116.695 0.025 0.084 0.088
117 40459.414 0.012 0.080 0.081
8 119 39779.930 0.022 0.077 0.080
118 40116.309 0.029 0.079 0.084
117 40459.137 0.013 0.076 0.077
9 119 39780.227 0.020 0.077 0.080
118 40116.578 0.025 0.080 0.084
117 40459.359 0.013 0.081 0.082
10 119 39780.227 0.026 0.080 0.084
118 40116.758 0.028 0.083 0.088
117 40459.5%4 0.013 0.076 0.077
13 119 39779.418 0.030 0.082 0.087
118 40115.844 0.036 0.085 0.092
117 40458.512 0.017 0.078 0.080
17.1 119 39780.465 0.030 0.079 0.085
118 40116.973 0.037 0.076 0.085
117 40459.738 0.016 0.072 0.074
17.2 119 39780.605 0.028 0.080 0.085
118 40117.027 0.035 0.114 0.119
117 40459.824 0.016 0.072 0.074
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Table 3.5. (A) Voltage ratios calculated from the peak position data of table 3.4. A sample calculation for
the error is given in equation (3.1).
(B) Measured voltage ratios from the centroid data. The statistical uncertainty, being the larger

of the two uncertainties, is carried forward for future calculations.

(A)
Vi Vi Vi Vi
Run V; O (m) E o (7‘-1—7)
3 09916182 0.000 003 2 0.9832100 0.0000029
5 09916104 0.0000030 0.983 2097 0.000 002 8
6 0.991 6130 0.000003 0 09832134 0.000002 8
8 09916149 0.0000029 09832125 0.000 002 7
9 0.991 6157 0.000002 8 0.9832145 0.000 002 8
10 0.991 6116 0.000003 0 0.983208 8 0.000 002 8
13 0991613 8 0.000003 1 09832151 0.0000029
17.1 09916112 0.0000030 09832111 0.000 002 8
17.2 0.9916140 0.000003 6 09832125 0.000002 8
B)
Weighted 0.991 613 61 0.983 21203
Average
Statistical 1.02x10° 0.94x 107
Uncertainty
Estimated 0.81x10°° 0.70x 10
Systematic
Uncertainty
¥z 0.79 0.75

From the data given in table 3.5(A), a weighted average is taken to obtain one
Vll Vll . . . .
voltage ratio for each of 71: and ;,—l—s The weighted average formula is given by equation
(3.2). The weighted average results are given in table 3.5(B).

_ Swx; (3.2)

1
xweigmeﬁ-}—:“‘;f s Wi =§
+ i
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The uncertainty associated with the weighted average is estimated in two different
ways. The first is the statistical uncertainty, found by summing the weights associated
with each datum, as given by equation (3.3). The statistical uncertainty is sometimes
called the internal error. The second is the estimated systematic uncertainty, found by
examining the dispersion of data points about the weighted average, as given by equation

(3.4). The estimated systematic uncertainty is sometimes called the external error. The

V.
statistical and estimated systematic uncertainties of the voltage ratios :—i}:? and -;:IL: are also
presented in table 3.5.
1 1 (3.3)
O'zm' tical e 1 N uL,
siatis .3.. w;
zo?
& 2w (x —'-x—weighted )] (3.4)
estimated systematic = ( N _ 1 ) 2 w;

We calculate the value of the reduced chi-square, %2 , by dividing the estimated

systematic uncertainty by the statistical uncertainty (see equation (3.5)). The numerator
of equation (3.5) corresponds to the dispersion of data points. The denominator corre-
sponds to the expected dispersion. Our values of the reduced chi-square, %2 = 0.79 for :—:E
and x2 = 0.75 for -;:—:—3 indicate that the uncertainty we have assigned each data point is
larger than that warranted by the dispersion of the data points. Nevertheless, the

statistical uncertainty, the more conservative estimate, is selected as the uncertainty

vll9

V.
associated with the weighted averages of % and ;—.
118 17

2 ZWi (X% = Xoeghea ) (3.5)

= (N"“l)
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where x; + ©; =[——’12] * l:rf(—il-z)] fori=l, ..., 9 (=N). Similar equations follow for the

119

V.
voltage ratio o
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3.6 Uncorrected masses

We are now in a position to determine the mass of "**I and "'/I. Experimentally we
have measured the voltage ratios -:,-3—1—: and -:—:% corresponding to iodine ions beams '°I*,
ust and 'YT*. Using Bleakney’s Theorem (refer §2.2) with the known *°I mass allows
us to determine the unknown mass of ***I and ''’I. The masses are given by equation

(3.6) where the binding energy of the valance electron has been neglected.
M(PT) =M(PD-M(),

(3.6)
M(1181+) =M(IISI)W_M(8—) ,
M(117I+) =M(117I)m0m_M(e_) .
Thus
V.
MCPDpeomeces =MCPD | — | + M(e) 1——-‘-‘—?) (3.7)
VllS V118
=117912836 + 159 pu ,
and
v 1%
MV D omecea =M (D) (——“—9) + M(e')(l ——‘—”)
Vi Vi (3.8)

=116913808 + 152 pu

where M(**I) = 118 910 057 % 103 pu [Wa88] and M(¢") = 548.579 903(13) pu [Co87].
The uncertainty for M ("*Ducomecea Was determined with equation (3.9). The uncertainty

for M ("I meomrectea follows in a similar way.
e.g.

V]l9
1 o g
G ( M(IISI) ) ——M(HSI) 0-2(M( 191) ) '\VHS )Stansucal . (3.9)
uncorected uncorrected M1y ( :1:9 )2
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From the production data of table 3.1, we know that the separator beam contains
xenon and isomeric iodine activities in addition to iodine nuclides in their ground state.
Consequently, the measured iodine voltage ratios require corrections for the presence of
these activities.

3.7 Contaminant feeding
3.7.1 Contaminant feeding processes

There are up to four processes which contaminate our mass spectra. The purpose of
this section is to introduce these processes and discuss how they affect the generated
mass spectra. In all cases it is possible to appraise the level of contamination and apply
corrections where necessary.

The mass spectra are influenced whenever the energies of the y-rays selected to gen-

erate the mass spectra coincide with those of y-rays that are present from other processes.
The other processes include room background, the decay of other nuclei that were
produced by the separator, the decay of iodine atoms that are produced by the decay of
nuclei higher in the B-decay chain, and the decay of isomeric states of the iodine isotopes
themselves.

The first source of contamination to be discussed arises from room background
sources. The y-ray decay energy of a background transition may coincide with a y-ray
selected to generate the iodine mass spectrum. The raw y-ray spectrum thus contains a
background component that accumulates linearly with time, assuming the background
level does not fluctuate. Since we acquire each y-ray spectrum for a nearly identical
amount of time (£ 0.02%), the effect on the mass spectrum is to evenly raise the back-
ground level over all mass spectral channels. Although this marginally decreases the
signal-to-noise ratio of the mass peak, it does not affect the centroid determination of the

peak position.
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The second and third sources of contamination originate from the production of iso-
baric nuclei other than iodine (refer table 3.2). In the second case, if the Y-ray transition
from a decay branch in a contaminant’s decay scheme is energetically close to the
selected iodine’s Y-ray decay signature, the measured mass péak position is shifted in the
direction of the contaminant mass. Carefully chosen "unique" iodine ¥-ray energies elim-
inate this form of contamination. However, there are two cases where the use of contam-
inated iodine y-ray energies is unavoidable.

The presence of '?Cs among the activities produced by the separator would influ-
ence the measured mass of . One of the radioactive decay channels of '°Cs is a 257
keV y-ray, with a 57% relative branching ratio, Cs**®— Xe + ¥(257 keV). This would
contaminate our 257 keV gate for I (refer table 3.3). This particular "I gate must be
used since the next most intense iodine decay, at 320 keV, has only a 2.2% relative
branching ratio. Such a low branching ratio is insufficient for use as a single reference of
iodine production. However, no trace of the 1"°Cs activity is visible in the mass-specific
Y-ray spectrum corresponding to A = 119. Itis possible to place an upper limit on the
production rate of '°Cs based on the background levels present in the y-ray spectrum in
the vicinity of the expected location of the various Cs y-ray peaks. This in turn could be
used to estimate a limit of the influence of this on the measured masses. The second case
of a contaminating Y-ray energy is that from "*“I by the decay, *"I — Te + (605 keV),
with a 100% relative branching ratio and a 109% absolute branching ratio (the 605 keV
transition arises from more than one level decay in Te"). This 605 keV decay energy
interferes with the '®I decay signature (refer table 3.3). A correction for this source of

feeding is successfully applied (see table 3.10).
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The third source of contamination arises from parent-daughter and possibly
grandparent-daughter feeding to the iodine population. A parent-daughter decay chain
feeds the iodine population by a single B* decay, Xe — I’ +e"+Vv. The observed iodine
population is indistinguishable as to whether it originated from iodine of the separator
beam or from B* decays of xenon nuclei after xenon is deposited on the same tape sam-
ple. The xenon-fed component in the iodine population biases the mass peak centroid
toward the heavier mass of xenon. We have assumed that the xenon 8% decay channel
does not populate the isomeric state of iodine [Sh85]. i.e. the isomeric state is populated

directly by the reaction used in the decay of compound nuclei **'*°Cs.

The parent-
daughter feeding is common to all the isotopes of iodine studied. A correction is applied
at each mass number to the iodine mass in a calculation described in §3.7.2.

A similar scenario could hypothetically exist for grandparent-daughter feeding
(i.e.Cs — Xe — I) through a chain of two 8" decays. The correction for grandparent-
daughter feeding is estimated at each mass number but not applied to the iodine mass
correction calculation, as no evidence of cesium is found in the y-ray spectra.

The fourth and final contamination arises from iodine isomeric transitions to the
iodine ground state. Similar to parent-daughter feeding, the isomer decays feed the
ground state population which biases the resulting mass spectra toward the (heavier) iso-

meric state mass. Again a correction is successfully applied (see table 3.10). A summary

of corrections is presented in the table on the following page.
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Table 3.6. Isobaric contaminant summary for the iodine masses at A = 119, 118, 117. No evidence for
cesium contamination is found in the y-ray spectra. The contamination processes that could

arise from cesium production are enclosed by brackets.

Mass Number Description of contaminant feeding processes.

119 ( Cesium grandparent-daughter feeding, "°Cs™*® - ""Xe — '] )
( Cesium contaminant yray. gt 5 WXe +v)
1. Xenon parent-daughter feeding. Sxe= 5 11

118 ( Cesium grandparent-danghter feeding. '#Cs™= — "'8Xe — 11%] )
1. Xenon parent-daughter feeding. By gheam _y 18]
2. Todine isomer contaminant y-ray. Neapbeam _y 118Te 4y
3. Jodine isomer parent-daughter feeding, 8T — %]

117 ( Cesium grandparent-daughter feeding. '"Cs**™® — ""Xe — ")
1. Xenon parent-daughter feeding. Wigebeem 5 117]

3.7.2 Corrections

Each contaminant will add an extra component to the iodine mass spectrum. An
analytical form for the mass spectrum, either as a single iodine component, or a sum of
components is very difficult to obtain. Instead we use a weighted centroid average to
describe the effect on the peak position of a multi-component mass spectrum. The posi-
tion of the mass spectral peak, M,, at mass number A may be written as an intensity

weighted mass average,

223 [C;M(*Z)] (3.10)
2C3
b7

where the coefficients Cj represent the intensity of each component, and M (*Z), the

M, =

Ed

mass of each component. For example, consider a mass spectrum consisting of three
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closely spaced components. The position and intensity for the three mass components is
shown schematically in fig. 3.7. Their positions are equally spaced on the mass axis, and
the ratio of their intensities is 1 : 2 : 5. The position of the observed mass peak, as
determined by a weighted average, is identified by the thick line.

The (contaminated) iodine mass we measure is analogous to the thick line in fig.
3.7. The analogous weighted average is given by equation (3.11). The net shift, or cor-
rection on the mass axis, due to contaminants is given in this equation by AM,. The cor-
rections AM, 5, AM, 5, and AM,,, are calculated in the following pages and then applied to
the (contaminated) measured mass of iodine in the following section.

¥

PEAK AREA

M
MASS A

Fig. 3.7. A representation of the position and intensity of iodine and contaminant components that com-
pose the observed mass peak (thick line). The components (for the purposes of this example) are
equally spaced on the mass axis (thin tick marks = peak positions). The intensity of the
observed mass peak is the sum of the component intensities. Its position on the mass axis, M,,
(thick tick mark) is determined by an intensity weighted mass average of the component peak

positions.
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_Ct M@AD) +Ci M(*Xe) +... (3.11a)
A— %Cg

or
2Cz [M(2)-M(D] (3.11b)

>C4
Z

M, =MD +AM, , where AM,=

The coefficients, C4, are determined from the off-line summary of experimental

v-ray data (refer §3.3). In table 3.7 we summarize the contaminant and iodine activities
found in this y-ray data. A unique y-ray decay signature is used to identify cesium,
xenon, and iodine activities. In the table, the observed number of decays at the signature
y-ray energy are recorded and then corrected for absolute branching ratio and detector
efficiency in order to find the number of decays of the parent population.

For example, the sum of coefficients term, %‘,C 4, represents the total number of
observed decays at the iodine decay energy, irrespective of their origin. That is, most of
these decays originate from iodine of the separator beam, C;, and some arise from
parent-daughter feeding, Cy.. The C; coefficients are labeled in the y-ray contamination

decay schemes in figs. 3.8, 3.9, 3.10.
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Table 3.7. Observed activities of iodine, xenon, and cesium from the y-ray summaries at mass numbers A
=119, 118, 117 (see §3.3). The y-ray summaries consists of all y-ray spectra collected when
the tape sample is moved in front of the detectors (i.e. during the COUNT portion of the mea-
surement cycle (refer fig. 2.11)).

Nuclide E, Areaunder Emoror [, L . Reference %, ., Number of
(keV) peak” {Bkgnd. (%) (%) Parent
Level} Decays'
19%Cs 176 - {11000} =81 nda [NN92] 125 <1037
257 - 57 nda 9 -
Xe 9% 8535 +255 38 4,18 [NN92] 20 1020933
i | 257 122 987 +492 100 86.7 [NN92] 9 1576 150
H8Cs 590 - {1700} 12.8 nda  [Ta87] 4.6 <6963°
18xe 53 51946 1857 (100) nda  [Ta87] 20 259 730
117 7569 +334  (100) nda 17 44 523"
gy 605 63 351 +367 78% 835 [Ta87] 44 -
1338 2364 +114  8.11 8.7 23 1181409
a1 pT. 114 10330 +547 4.0™ nda  [Ta87] 18 -
605 - - 208 109 44 -
614 7 946 +130 114 56 44 322484
929 1031 +159 1.66 8.2 3.1 405 586
944 2029 +183 349 17.2 3.1 380533
1093 1138 +125 248 12.3 27 342 668
WCs 271 - {7067} 28.5 43 [B187] 8.5 <23 116
7Xe 221 3988 +204 100 10  [BI87] 10.5 379 810
¢ 274 81352 +421 27 21 [B187] 8.5 4557535
325 288 579 +728 100 78 7.5 4932974
nda no data available
@  absolute intensity per 100 parent decays
! decays during the COUNT portion of the measurement cycle only
&  from the proposed decay scheme for 13.7-min and 8.5-min combined isomers
® estimated
# background subtracted
()  assumed value
T.W. this work
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We now consider the contamination present at mass number A = 119. The mea-
sured centroid for the A = 119 mass spectra represents the weighted average of iodine and

xenon components (refer table 3.6). The mass corresponding to the measured centroid is

given by
Cxe M(*¥Xe) + C; M (1) ' (3.12)
19 = SC, A s
Z
where Cx. = parent-daughter feeding X" 1,
C; = iodine component e

2.C; = sum of the coefficients .
z

The net contaminant correction, AM, 4, may be identified as in equation (3.11b), if we

write equation (3.12) as

M119=M(119D+AM119 ’ (3133-)
where
Cxe (3.13b)
AM =-i—§—z- [M(*Xe)-M(*])]
YA

The effect of the heavier isobar, '*Xe, is to shift the ''°I centroid to a more massive value,
that is AM, ;> 0. From table 3.7 we find %sz =122 987 + 492. The coefficient for
xenon parent-daughter feeding, Cx, , is not directly obtained from table 3.7, but calcu-
lated from the observed xenon activity found there.

To begin the evaluation of Cy,, we record the number of parent decays of the xenon
contaminant from table 3.7. Knowing the decay constant and the measurement cycle
times involved, we interpolate to the COLLECT portion of the measurement cycle and find
the xenon production. Once the xenon production is known, we use the decay constant
and cycle times again to determine the number of the iodine decays in the COUNT interval

that are due to xenon parent feeding. The computer code RATE3 is used for this calcula-
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tion. A description of the RATE3 program is given in Appendix A. From this calculation

we find the number of observed iodine decays that are due to xenon feeding is Cx, =

7 511. As a conservative estimate, we assign an uncertainty of & 20% to this coefficient.

The coefficients for the contaminant corrections used in the evaluation of AM,,, are

found in table 3.8. A summary of the correction calculation is given in table 3.9. The

mass correction, AM,,,, is 330.0 £ 66.9 pu .

1191

Table 3.8. Summary of the coefficients used in the evaluation of the contaminant correction, equation

(3.11b).
Contaminant Counts in the Iodine Contaminant Label and Description
Source Decay Signature
“91 :
15Cs <2 +20%  Cg:'Ipopulated via "°Cs BB grandparent-parent-
daughter feeding
15Cs <53  +20% Ceuy® ¥(Xe) from "°Cs B* decays which contaminate
the '*°I decay signature @ 257 keV
xe 7511  +20% Cx.: "I populated from '"*Xe B* parent-daughter
feeding
122987  +492 %Cz : Total counts in the ''°I decay signature
1181 :
18Cg <37 £20% Co: "1 populated via '®Cs B*B* grandparent-
parent-daughter feeding
18xe 1224 £20%  Cy.:''®Ipopulated via '*Xe B* parent-daughter
feeding
118y 1652 +20%  C.: ' populated via '**I isomeric transitions
11&my 17400 +20% Coyt ¥(Te) from "*°I B* decays which contaminate
the "'®] decay signature @ 605 keV
63351 367 ;Cz : Total counts in the "®] decay signature
117I .
WiCs <11122 *20% Co: "I populated via ''"’Cs B*B* grandparent-parent-
daughter feeding
Wxe 26703 +£20% Cx.: "I populated via '""Xe B* parent-daughter
feeding
369931 841 %Cz : Total counts in the "'"I decay signature
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119Te

Fig.3.8. Decay scheme and contaminants (bold italics) at mass number A = 119 in the "I mass correc-
tion, The vertical energy scale is in units of MeV. (The 257 keV state has been expanded for
clarity.) The contaminants have previously been identified in § 3.7.1.

Table 3.9. Corrections at mass number A = 119. The contaminant '’Cs was not observed in the experi-
ment. The values for '°Cs are based on background limits in the y-ray spectra. ’Cs correc-
tions are not applied to the calculation of AM,,,.

Reference masses [Wa88]

M) 118910 056.916 £ 103.124 pu

M(¥Xe) 118 915 459.709 + 149.872 pu

M(¥Cs) 118 922 447.818 + 110.067 pu
Corrections

Nuclide Feeding to I Correction(pu) Source
(%)

Cs < 0.002 (<0201 = 0.003) 19t gt

19Cs < 0.043 (<5350 £ 1.110) ¥(Xe) from "°Cs 8*

9%e 6.1 329957 + 66.924 50 Clal '
Total AM,,=329957 + 66924
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Next, consider the contamination present in the "I mass spectra. The mass

corresponding to the measured centroid is given by

Cxe M (1¥Xe) + (Cot C”’I.‘!) M) + CyM (18ey) (3.14)
M= SC ’
%Cz
where Cx. = parent-daughter feeding Xe™m — 18]
C., = contaminant y-ray from the isomer decay ~ **I — Te +7,

Cm 118mIbeam - 11831 ,

1= isomeric transition

C,, = main mass component lggpoeam |
>.C, = sum of the coefficients .
z
The weighted average formula is re-written to identify the contributions of ''*I and

contaminants as

Mue=M""%D+AM,,, (3.152)
where
Cx. - s Cuy+Cay (3.15b)
AMy o= [ M Xe) - M (" D]+ —=—" [ E, 1,
18 % CZ [ ( e) ( I)] ; CZ [ internal transition ]
and
E pemat wansivon = [ M (™D = M("%1) 1 X 931.494 32(28) MeVic*—u . (3.15¢)

As in the AM,,, case, we find AM,;; > 0 due to the heavier isobar xenon, and the

heavier isomeric state of iodine. Although the unknown "*I mass appears in the correc-
tion term, an estimate of its value can be taken from the atomic mass table [Wa88] or the
uncorrected value for M(**®I) found in §3.6. This is justifiable because the uncertainty of
the correction term is dominated by the- C,coefficient uncertainties, i.e. £ 20%, whereas
the mass uncertainties are of the order of 10°% or less. A schematic diagram labeling the

various C; coefficients is presented in fig. 3.9.
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From table 3.7 we find Sche= 63 351 £ 367. The coefficient for parent-daughter
feeding from xenon is calculaied in an entirely similar manner to the previous 4 = 119
case. The parent-daughter feeding result from the RATE3 calculation is Cx, = 1224 £
20%.

The production of ''**] leads to two contaminant coefficients; Ca;, a parent-
daughter component, and CmL g2 direct y-ray component. Each is handled independently.
The method of solution for the isomer feeding to the ground state iodine population is the
same as the parent-daughter feeding described for A = 119. The parent-daughter feeding
result from the RATE3 calculation yields Cn, = 1 652 £ 20%. The direct feeding counts,

C

ber of parent decays, I, ssonse is the absolute branching ratio (or absolute intensity per 100

are given by Ca = C,

[ parent decays X I‘Y»ﬂbsomte X Egetector » Where C”Iparent decays are the num-

parent decays) for the 605 keV transition from "'®” , and ... is the detector efficiency
at 605 keV. The direct isomer Y-ray feeding coefficient is then me =17 400 £ 20%.

The grandparent-daughter feeding coefficient, Cq,, due to cesium production is
evaluated based on the background activity found in the A = 118 y-ray sum spectra. (No
cesium activity is found there.) The result from the RATE3 calculation is C¢ < 37 + 20%.
This coefficient is not included in the contaminant correction AM ;.

The coefficients for the contaminant correction, equation (3.12), are summarized in
table 3.8. A summary of the AM,; calculation is given in table 3.10. The *I mass cor-
rection, AM, s, is 96.7 £ 15.3 pu.



207 A=118 .
i ;§ 118Cs
15+
10 118m , 6m
B Crigamma 8sm / 7/ ""®Xe
B 2 km/ )
L ;5513.7m
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Fig. 3.9. Decay scheme and contaminants (bold italics) at mass number A = 118, The vertical scale is
in units of MeV (*'*=I is not drawn to scale). See § 3.7.1 for details.

Table 3.10. Corrections at mass number A = 118,

Reference masses

M 117912836 159 pu [ this work. uncorrected ]

M("®Xe) 117916314 +305 pu [Wa88]

M(8Cs) 117926709 £140. pu [Wa88]
Corrections

Nuclide Feeding to I Correction(uu) Source
(%)

H8Cg < 0.06 (<789 £ 1.500) HECghesm grg

Nexe 19 60.362 + 13.792 N ghesm g+

118y 26 3.147 £ 0.629 Nempbeam ¢

18y 215 33.142 + 6.638 HTe) from 8=y g+
Total AM,,;=96.651 + 15.319
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Consider the contamination present in the '’I mass spectra. The mass correspond-

ing to the measured centroid is given by

Cyx. M Xe) + C;M (™D (3.16)
1= SC; ’ :
Z
where Cy, is parent-daughter feeding _ X" =1,
C, is the main mass component e,

2.C; = sum of the coefficients .
z
The weighted average formula is re-written to identify the mass contribution of I and

contaminants as

M= M(u7D +AM,,, (3.17a)
where
Cxe (3.17b)
AM,,, = 2—2; [M("Xe)-M("T)]
YA

Again, we find AM,,, > 0 due to the heavier isobar xenon. The unknown '"’I mass

appears in the correction term, and an estimate of its value can be taken from the atomic
mass table [Wa88] or the uncorrected value for M(*''I) found in §3.6. A schematic
diagram labeling the C, coefficients is presented in fig. 3.10.

From table 3.7 we find }Z:CZ‘” =369 931 £ 841. The coefficient for parent-daughter
feeding from xenon is calculated in an entirely similar manner to the previous A = 119,
118 case. The parent-daughter feeding result from the RATE3 calculation is Cx, = 26 703
+20%.

The coefficients for the contaminant correction, equation (3.16), are summarized in
table 3.8. A summary of the AM,,, calculation is given in table 3.11. The "I mass cor-
rection, AM,,,, is 446.5 £ 91.8 {iu.
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Figure 3.10. Decay scheme and contaminants (bold italics) at mass number A = 117, The vertical scale is
in units of MeV. See §3.7.1 for details.

Table 3.11. Corrections at mass number A =117,

Reference masses
M 116913808 +152pu [ this work. uncorrected ]
M(""Xe) 116920340 +238 pu [Wa88]
M(Cs) 116928 865 £ 189 pu [Wa88]
Corrections
Nuclide Feeding to 1 Correction(piu) Source
(%)
"Cs <3.0 (<442280 + 88.745) Cs** 5 Xe—1
e 7.2 446.498 + 91.820 Xe™= 1
Total AM,,,=446.498 + 91.820
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Finally, we summarize the mass corrections due to contaminant feeding in the table

below.

Table 3.12. Corrections to measured iodine masses due to contaminants,

Mass number
119 AM,,, =330% 67 pu w _,
= m

M(119I) PP
118 AM o= 97215 118

M =0.8 ppm
117 AM,, =446£92 pu "

M(H?D _4pp
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3.8 Corrected masses
To find the corrected masses of '*I and '’I, we begin by expanding the measured

masses (cf §3.6). That s,
Mo =M("D) -M(e)+AM,,, ,
3.18
My =M™ - M)+ AM,, (3.18)

M,=M("D)-M()+AM,,, .
Accordingly, we may write Bleakney’s Theorem, including contaminants, as

[M(D = M(e) + My ] Vi =[M(CPD) = M(e) + AM,,4 ] Vg

(3.19)
M(HSI) =M(HQI) (‘@)'*'M(e-)( 1 "E‘;l'l'g')'*‘AMng (E)_AMIIS s

and

[M(D)-M(e) +AM,, 1V, =[M(PD =M@+ AM 1V,

117 1op | Vo Vi Vi (3.20)
MO D=M(C"D| 5— [+M(e)| 1 -5— [+AM ;4| —— |- AM,};
V117 Vll7 Vll?

Using the AM corrections from § 3.7.2 in these equations, we finally determine the
corrected masses of ""*I and "I to be

M(®D =117913067 + 173 pu , (3.21a)
and

M@ =116913686 * 189 pu . (3.21b)

The errors are obtained by adding, in quadrature, the error of terms on the right hand side
of the equations (3.19) and (3.20). Summaries of the calculation for M (*'*®I) and M (*''I)
are presented in tables 3.13 and 3.14.

69



Table 3.13. Calculation of the mass of "'®[.

Measured Mass Ratio (;-:-) 099161361 + 0.000 00102
Corrections
Nuclide Correction Source
(1)

19%e 3272 % 66.7 W¥e B*

8xe 604 + 138 18%e B*

| 31 + 06 Ny p oy,

ey 2331 % 66 (Te) from "1 g*
Total  AM,,, (%) - AM 2306 + 684
Uncorrected mass M ("D commecsed 117912836 £+ 159 pu
Corrected mass M3 117913067 + 173 pu
Corrected massratio  p7(''%y) 099161560 + 0.000001 18

M(119I)
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Table 3.14. Calculation of the mass of ''’I.

Measured mass ratio (%l—j) 098321203  0.000 000 94
Corrections
Nuclide Correction Source
(1)

9%e 3245 + 659 19%e B*

ixe -446,5 * 91.8 e g*
Total AM,,, G—f) —AM,,  -1220 * 1130
Uncorrected mass MO comecd 116913808 * 152uu
Corrected mass M3 116913686 + 189pu
Corrected massratio  p1(1'p) 098321108 = 0.000001 34

M(IIDI)

3.9 Corrected mass and voltage ratios

We present the mass ratios of the iodine isotopes in addition to their directly deter-
mined mass values of the previous section. The mass ratios reflect the primary exper-
imental result. That is, we measure the applied potentials for two different mass species
that follow the same path through the isotope separator. The ratio of the potentials is
equivalent to the mass ratio via Bleakney’s Theorem. We may write directly the uncor-
rected mass ratios of the iodine isotopes in terms of the measured voltage ratios (refer

equation (3.7)).
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M Daomeces  _ (Zy_gJ .\ M(e‘)(1 Zl_l_g)

M (ugl)tmconected - VHS

Vs M) (3.22a)
= 0.99161365 = 0.00000102 ,
and 4
M(llﬂ)mﬂm - (E}_g) + M(e™) 1- Vie
M ("D corrected Vi M) Vi (3.22b)

098321211 £ 0.000 000 94

We know that the separator beam is contaminated. Consequently, the measured
voltage ratios reflect contaminated mass spectra. The mass ratios of the iodine isotopes,

corrected for contamination, are then

M®®1 _ (Vug)*_ M(e) (1__V119)+ AM, (Vm]_ AM5
M) Vs ) MDD\ Vs ) MDD\ Vis ) M(PI) (3.232)

il

099161560 + 0.00000118 |,

and

M(ll7I) _ (Vll9)+ M(e—) ( 1_V119)+ AM119 (Vlw)— AM117
M1 Vir ) M(*D Vir ) MDD\ Vir ) M(PD) (3.23b)

0.98321108 =+ 0.000001 34
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3.10 *] Isomeric transition

The existence of an isomeric state in **I was first reported by Laudenbaur-Bellis
and Bakhru [La68]. Their experiment used the reaction *C(**Ag,xn)'"*I to create the
iodine activity. The reaction products were deposited on an Al catcher foil from which
the iodine was chemically separated. They observed, in a singles y-ray spectrum, a
photo-peak at 104 * 2 keV with an associated half-life of about 8 minutes. This photo-
peak was assigned to the isomeric transition (IT.) "**I — ""®I++. There have been no
reports on the 104 keV isomer transition since [La68].

We did not observe a photo-peak at 104 keV in our y-ray spectrum, but instead

found an unaccounted peak at 114 keV. We generated a mass spectrum based on this
unidentified activity. Based on this analysis, the corresponding mass of the y-ray source
is found to be 117 913 441 + 356 pu which corresponds to a mass close to that of "'*L
Since no beta-active isotope or isomeric state is known to emit a y-ray at this energy, the
114 keV y-ray may be ascribed to the '***[ isomeric transition to the ground state.

3.10.1 Analysis

3.10.1.1 y-ray analysis
The y-ray spectrum in the region of 104 keV is presented in fig. 3.11. The expected

104 keV photo-peak is not observed above the background level of 16 000 counts. The
nearby small peak at 100 keV is from room background. To the right of 104 keV, we see
two sizeable peaks. The first at channel 113.468 + 0.015, is the '**“I candidate, while the
other at channel 118 is due to **Xe activity. The number of counts in the '**I candidate
peak is 10330 £ 547 (refer table 3.7). This yields a relative branching ratio 7, =4.0 &
0.6 % as compared to the 605 keV transition (/. gosev,rt. = 100%). Using the energy cali-
bration outlined in Appendix B, we assign an energy of 114.24 = 0.72 keV to this peak.
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Figure 3.11. Sum *ray spectra for mass number A = 118, The peak at channel 100 is from room back-

ground. The peak at channel 114 is the candidate "*I L.T. peak. The peak at channel 118 is
from "®Xe.
3.10.1.2 Mass analysis

The high resolution of the Chalk River Isotope Separator gives us a unique tool to
determine the mass of a y-ray emitting nuclide present in the separator beam. The mass
precision obtainable using our mass spectrometric technique is on the order of 100 keV.
Since neighboring A = 118 isobars are separated in mass by approximately 5000 keV, we

may unambiguously identify any isotope emitting a y-ray.
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The procedure for the mass spectrometric determination of the 114 keV photopeak
at mass number 118 is identical to the mass analysis for the triplet "I, '**L, "'I. The only
change is that we substitute a 114 keV y-ray in place of the 605 keV y-ray selected pre-
viously for . The selected energies and mass spectra for "I and '’I remain unchanged
from the §3.3. (Note that it is not necessary to include the mass analysis for "’I. The
unknown mass at A = 118 may be determined with respect to the known mass of *°I

alone.) The selected y-ray energies used to generate the individual mass spectra are given

in table 3.15.
Table 3.15. Selected W(Te) from I B*EC decays for '*I, and "'’ and the unknown A = 118 "-ray transition.
(T.W. = this work)
Isotope YEnergy L Reference
keV) (relative intensity,%)
| 257.5 100 [NN92]
) 114.2 4 T.W.
B 3259 100 [B187]
2744 27 [BI187]

A sample of the mass spectra (tun 6) generated from the energies above is presented

in fig. 3.12.
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Fig. 3.12. Mass spectrum used to assign the unidentified 114 keV photopeak in the A = 118 y-ray spectra.
The mass peaks at A = 119 and 117 are generated by selecting the same iodine decay energies

of §3.3.
The voltage centroids of the mass peaks generated are given in table 3.17. The

centroid positions for mass numbers 119 and 117 are unchanged from table 3.4. The

voltage ratios follow in table 3.16.
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Table 3.16. Mass Centroids from Sum Mass Spectra (output of program MASSDIF)

Run Mass Centroid Statistical Voltage Overall
Number (volts) Uncertainty  Uncertainty  Uncertainty

3 119 39780.500 0.036 0.080 0.087
118 40116.723 0.353 0.171 0.392

117 40459.785 ~ 0.016 0.077 0.079

5 119 39779.883 0.021 0.077 0.080
118 40116.711 0.176 0.131 0.215

117 40459.207 0.012 0.082 0.083

6 119 39780.238 0.019 0.080 0.082
118 40116.449 0.193 0471 0.509

117 40459.414 0.012 0.080 0.081

8 119 39779.930 0.022 0.077 0.080
118 40116.383 0.245 0.188 0.309

117 40459.137 0.013 0.076 0.077

9 119 39780.227 0.020 0.077 0.080
118 40116.430 0.190 0.241 0.307

117 40459.359 0.013 0.081 0.082

10 119 39780.227 0.026 0.080 0.084
118 40116.258 0.192 0.171 0.257

117 40459.594 0.013 0.076 0.077

13 119 39779.418 0.030 0.082 0.087
118 40115.324 0.303 0.145 0.336

117 40458.512 0.017 0.078 0.080

17.1 119 39780.465 0.030 0.079 0.085
118 40116.063 0.306 0.257 0.400

117 40459.738 0.016 0.072 0.074

17.2 119 39780.605 0.028 0.080 0.085
118 40115.988 0.328 0458 0.563

117 40459.824 0.016 0.072 0.074
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Table 3.17. Voltage ratios calculated from centroid data of table 3.16.

Run % Uncertainty
3 09916189  0.0000099

5 09916038 0.0000058

6 09916191 0.0000128

8 09916131 0.0000079

9 09916193  0.0000078
10 09916236 0.0000067
13 09916018 0.000008 6
17.1 09916343 0.0000101
172 09916397 0.000014 1

09916157 0.0000028 <«weighted mean, X2~ 1.9

To calculate the mass of the unknown species at A = 118, we again use Bleakney’s

Theorem given by equation (3.19)

V, v, 1% (3.24)
Myg=M("D| = [+M(eD)| 1-o= [+ MM — |
V118 V118 V118

where the AM,,, correction is taken from table 3.12. (Note: no contaminant feeding

correction at A = 118 has been included.) The mass of the unknown nuclide at A = 118,
based on the 114 keV activity, is 117 913 445 + 356 pu. This mass value is consistent
with the mass of *[ alone, as suggested by fig. 3.13.
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Fig. 3.13. The mass of the unknown species ("?") associated with the 114 keV vy-ray activity in the A =

118 yray spectra. The masses of tellurium, iodine, and xenon are plotted to show that the mass
of the unknown species is consistent only with the mass of iodine.

3.10.2 Summary

The data presented here represent the latest information available for the isomer
transition in ""*I. The mass-spectrometric analysis is not sufficient to unambiguously
prove the 114 keV v-ray is the isomer transition in ""*I. There are, however, some obser-
vations that can be made.

No photopeak is observed at the previously reported energy, 104 £ 2 keV, for the
isomer transition. Nevertheless, a new photopeak originating from **I at 114.24 £ 0.72
keV is observed. A half-life measurement is needed to gather a stronger body of evi-
dence for the case that the 114 keV y-ray is the isomer transition. As well, a conversion-
electron spectroscopy experiment would make it possible to establish the electromagnetic
character of the transition in the decay of ""**I and support spin and parity assignments of

the isomer and ground states.
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4 Conclusion

The mass ratios summarized in table 4.1 have been combined with the known mass

of "I to yield values for the atomic masses of "'’ and "'*I. The masses of '’I and **I

have been determined from the weighted average of nine independent measurements of

1171 IISI . . . . .
the — and — mass ratios. The mass ratios have been corrected for contamination from

1191 119I
Xe and "®I decays as required. The mass value for "I is in good agreement (0.5 ©) with
the value predicted by Wapstra et al., which is based only on systematics [Wa88]. The
mass value for ¥ is in excellent agreement (0.3 ©) with the value predicted by Wapstra.

Table 4,1. Summary of experimental mass results.

Measured Iodine Mass Ratios (corrected)
M(II‘II)
= 09832111013
) (13)
M(HSI)
= 0991615612
Measured Iodine Masses (corrected) Predicted Iodine Masses Reference
MO = 11691369 (19)u 116.91347 (40)u [Wa88]
MC®D = 11791307 (17)u 117.91299 (22)u [Wa88]
Auxiliary Data
M) = 118.91006 (10)u [Wag8]

The mass ratio uncertainties quoted here are at the 1 ppm level. This represents a
higher level of precision than that of the deduced masses, M(*'®I) and M('"’I), using the
reference mass M (*’I). The reference mass is, to date, also determined to the 1 ppm

level. The error, then, in M(***I) and M(*V'I) is approximately = V2 x 1 ppm. Ifin the
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future, the mass of pz(11%) is re-determined to a higher level of precision (i.e. <<1 ppm),
then the precision of M (**I) and M (*'"I) will be limited only by our measured mass ratio
as calculated by Blekney’s Theorem.

The masses measured in this work are compared in fig. 4.1 with the values pres-
ented in the 1986-1987 Atomic Mass Predictions [Ha88], which are the results of nine
different mass models fitted to the 1986 midstream atomic mass evaluation [Wa88].
Recent measurements with the Chalk River ISOL of other neutron deficient nuclei close
to '%Sn are also compared in the figure.

The nine mass models may be described briefly. They fall into one of several major
classes of models; semi-empirical or phenomenological models, liquid drop or droplet
models, mass models based on the shell model, and mass models based on mass relations.

Starting in the order of appearance in fig. 4.1, the macroscopic-microscopic model
of P. Moller and J.R. Nix determines the potential energy (or mass) of a nucleus as a sum
of a macroscopic energy term and a microscopic energy term, both calculated as a func-
tion of shape, Z, and N. A Yukawa-plus-exponential model is used for the macroscopic
term and a folded-Yukawa single-particle potential as a starting point for the microscopic
term. Another macroscopic-microscopic model by P. Moller et al. uses a finite-range
droplet model for the macroscopic term plus a folded-Yukawa single-particle potential
for the microscopic term.

The model of T. Tachibana et al. is an empirical atomic mass formula with shell
corrections. It consists of three terms. The first "gross” term is a smooth function of Z
and N representing the gross features of the nuclear mass surface. The second term
includes the average behavior of even-odd neutron-proton energies, and the third term

consists of empirical proton and neutron shell energies.
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The model of L. Spanier and S. A. E. Johansson is a liquid-drop-type mass formula
with deformation and shell corrections. The liquid drop is used as an analogy to the
nucleus since the binding energy per nucleon and the density of nuclear matter are almost
independent of A. This resembles liquid droplets, in that the heat of vaporization and the
density of the liquid are independent of the size of the droplet. The droplet analogy leads
to features of the mass formula related to nuclear structure such as volume and surface
energies, for example.

L. Satpathy and R. C. Nayak present the masses of atomic nuclei in the infinite
nuclear matter INM) model. In the INM model, the ground state energy of a nucleus is
equivalent to the energy of a perfect sphere made up of infinite nuclear matter plus resid-
ual characteristic energy, 1, due to shell effects, deformations, etc.. The INM model is
incorporated into their earlier work on a mass model based on mass relations. The
previous mass relation becomes a mass formula when a recursion relation for 1 is
obtained. Thus, long-range mass predictions are possible with the global property of the
INM sphere together with the local energy 1.

The Modified Ensemble Model of E. Comay, et al., the Garvey-Kelson Mass Rela-
tions Model by J. Janenke and P. J. Masson, and the Inhomogeneous Partial Difference
Equation with High-Order Isospin Contributions Model by P. J. Masson and J. Janecke
are all related to mass models based on Garvey-Kelson mass relations. This class of
model is based on a Hartree-Fock or Nilsson-like single-particle picture of the nucleus.
In the simplest case, a homogeneous partial difference equation in N and Z involving a
few neighboring nuclei is written. The mass of all but one would have been experimen-

tally determined. The remaining unknown mass is determined algebraically.
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The model of G. Dussel, E. Caurier, and A.P. Zuker is based on o-line systematics.

A plot of o separation energies along lines of constant isospin (N-Z) is used to predict
new masses by performing a polynomial interpolation between gaps in the known
masses.

The measured masses agree with most of the mass prediction models. In the case of
"1 there is a exception for the model of Satpathy and Nayak. Their Infinite Nuclear Mat-
ter Model is 4.10 from our experimental work or using their stated uncertainty we are
1.80 from their prediction. In the case of '*[ there are two models in poor agreement
with our result. One of these is the model of Satpathy and Nayak. Our ® mass result is
4.20 from their predicted value or 1.76 from their prediction. Additionally, for the nuclei
we have presented in fig. 4.1, the INM model is seen to under-estimate the nuclear bind-
ing energy before the Z = 50 proton shell closure and over-estimate the binding energy
after closure. The second model that does not agree with our ''*I mass result is that of
Dussel, Caurier, and Zuker. Their mass prediction based on o-line systematics is 3.1¢

from our result or 3.00 from their prediction using their stated uncertainty.
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Fig. 4.1. Differences between measured masses and masses from the 1986-1987 Atomic Mass Predictions
[Ha88] and the 1986 midstream mass evaluation [Wa88]. The predictions for a given nuclide
are joined together with a line for easier examination. The mass predictions are grossly grouped
according to the model from which they are based. The first group includes Unified
Microscopic-Macroscopic Models, Semi-Emperical Model, Droplet Model, and a Infinite
Nuclear Matter Model. The second group is based on mass relations and systematics. Our
experimental icdine results are in agreement with all models except for Satpathy and Nayak
(INM Model)(see text).
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The measured masses in this work are included in a plot of §,, values for nuclei in
the region of '®Sn, shown in fig. 4.2. The observed break in the iodine slope at N=65, 66
is the result of a slightly heavier measured mass of '"'I than the predicted mass of Wap-
stra et al.. Interestingly, a shape deformation maxima near the middle of the iodine neu-
tron shell near N = 66 (i.e."*’I) is predicted [He83]. The deformation should decrease as
N approaches the closed shell at N =50. A broad hump in the S,, curve would be
evidence of a deformation. However, the error bars provided in the figure show that we
can not discriminate this predicted feature.

Finally, the ""*"] isomeric transition at 104(2) keV is not observed in the collected
Y-ray spectra. However a transition at 114.24(72) keV is mass spectrometrically identified
to have originated from "*] activity. We suggest that the transition at 114 keV is the iso-
mer transition and the original assignment of the 104 keV ‘y-ray to this transition is in

CITOr.
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Fig. 4.2. Separation energies (in MeV) of two neutrons, S,, = - M(A, Z) + M(A - 2, Z) + 2n, plotted as a
function of N in the region of '®Sn, Isotopes of an element are connected by a line. Error bars
have been provided for the iodine masses measured in this work. They are based on our exper-

imental uncertainty alone. Other error bars have been omitted for clarity.
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Appendix A.
Radioisotope production by beam deposition and radioactive decay

Consider a beam of atoms comprised of three radioactive species. The three species
are related to each other in that species 1 decays into species 2, species 2 decays into spe-
cies 3, and species 3 decays. ( Experimentally, Cs = Xe —1—.)

Beginning at time £=t,, the beam deposits a sample for a fixed time interval,
lcouser = 4 — f. We may write the differential equations that describe the rate of accu-

mulating each radioisotope in the sample as follows:

M@ =P, - AN, (F) ,0<t<t, (1a)
ar

WA _p iaNO AN 0<t<t, (1b)

dAcllst(t)=P3+7"zNz(f)—7\aNs(f) 0<t<t, (Ic)

where P,, P,, P; are the constant production rates of substances 1, 2, 3
A Ag, A4 are the decay constants for substances 1, 2, 3, and

N, (1), Ny(9), N4(r) are the number of atoms of substances 1, 2, 3 at time ¢.

The solutions N;(¢),0 < ¢ < ¢, for the initial condition N;(0) =0 are

P,

Nl(t<t1)=*i—1(l—e— 7, 22)

Mo <) =B e ) )
(P, +P,+P,) ey AP, ¢ Ay

e N A= e w

APy \(e '—e_lzt)
*(PZ A ) Gahy
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The experimental situation changes at time, ¢ = ¢;, when the beam production
ceases. The only change to equations (1) is that P, = P, = P; = 0. The differential equa-

tions become, simply

dN, (¢

dt( ) =-A,N,(2) 4 <t (3a)
dl\c/;t(t) = AN, () = AN, () 4L <t, (3b)
dN,(¢

dst( )=W2(t)“W3(t) o5 <t (3¢)

We solve these differential equations using the boundary condition that solutions N(¢ > t;)

=N(t <t)att = t,. The solutions have the form

R (4a)

H

Ny > tl) =N1(t1)

_ A
-1) A (-1, t—1
N2(t > tl) =1Vz(tl)e-xz +'(M—_13\:)'Nl(tl) (C Me=h) _ e-z?( 1)) ’ (4b)

Nyt >1) = N3<r1)e"3““"+TA;'K’—Q'ESNM)(&“""’*’ —g ™)

My , . @
a1 “"(m—m Os—12) " (e (ha= 1) )

Al. Number of observed decays

We may find the number of decays, A, in a time interval foount = 3 — 4, by integrat-

ing the activity, 4, of the radioactive source over the time interval. That is

Y )
A= f Afelir A= IN(),
[

= f: AN (¢)dt
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Notice however, that this integrand is part of our starting differential equations (3)

dN,(¥)

” =-AN, () L4 <t

e.g. (3a)

Integrating both side with respect to dr we get

[ e=- [aoos

On the left hand side we have

ELACR
L("‘dr“—“}i/“Nl(ts)“Nl(tz)

On the right hand side we have

)
“f AN =-4,
]

SN =N =4, . (5a)

We may also integrate the rate equation for substance 2 with respect to time,

5 dn. 4
L( ) }u=—L ONO- AN

to get

Ny(t) Nyt =A,—A, . (5b)

Similarly for the rate equation for substance 3,
Ny(t) =Nyt =0s=14, . (5¢)
These last three equations can be used to generate a triangular system of linear
equations in N,(t,), Ny(t,), N5(¢,). After solving for the Ni(#,) we can generate another
triangular system of linear equations for 0 < ¢ < #,, and solve for the production rates P,

P,, and P,
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A2. Contaminant decays

We now wish to calculate the number of decays A,, A,, and A, occurring in the time

interval foount = 83 — &, Which do not originate from direct beam production. To this end,
it is instructive to examine the previous solutions for N (), ( equations (2) and (4) ) to
identify terms arising from different production channels. To begin with the trivial case

of N, we write
N, =N | (6a)

where NY®® is the only channel of production of substance 1. The expression for N, may

be written as
N,=N;*"+N;' , (6b)

where N, is the production of substance 2 by feeding from substance 1 decays. Simi-

larly for N,

N,=N;*"+N, +N,> , (6¢c)
where N;* is the production of substance 3 by feeding from substance 2 decays, where the
production of substance 2 is due to direct beam production. N;' is the production of sub-
stance 3 by feeding from substance 2 decays where the production of substance 2 is due
to substance 1 decays (all of substance 1 is from direct beam production). The next step

is to re-write solutions for N(z), identifying the channels on the right hand side of equa-

tions (6).
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N <) =N <1, x(l_e'*l’) (7a,2a)

Nyt > 1) =N&== > 1) =Ny(t)e | (7b,4a)
P N |
"”“‘(t<t1)=—};2-(1_e*2) | (8a)
NPt > 1) = N2t )e " (8b)
P, At P, At =Mt
sz(t<t1)—-—};(1 e’?) - M)( h e*‘) (8¢)
Fl1 1 Aot -1 M-t t-1,
NP > £) = NE e 0t o MN"”‘“(tl)( M= _ hltn) (8d)
Nt’""‘m(t<t)=5(1_e'*3‘) (92) |
3 1 }V:I
NE=(¢ > 1) = N3=(g)e ™ (9b)
P 1 P Al —A,t
N?(r<rl)=i(1—e"“3) o w( ) (%)
=Mt ~1,) }"2 -1 A -1y
N> 1) =N s N (70 - ) (9d)
N < t)—ﬁ ( »A,x) + AP, ( Ayt -x,x)__ AP 1(343"'342‘) %)
e VAT A7 Wy W Y7V W A A Wy W T W W °
F F st ~1;) A'l t-1, At -4
Nyt >t)=N; (t)e o M)NF’(fl)( =) _ G >)
R ) 1)
T (1)( s h)e J 9
(7\'2 1) M=A) (- M) As=A) (A —Ay)
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The number of decays in the time interval {ouny may also be broken down accord-

ing to their decay channels.

A=A (10a)
A, =N""+4A (10b)
A= AP+ AT+ AT (10c)

In particular, we want to find AT and AY'. ( Experimentally, A3’ represents the iodine

decays due to parent-daughter feeding of the iodine population via Xe™™ — I, and A}’
represents the iodine decays due to grandparent-daughter feeding of the iodine population
via Cs**™ — Xe — 1. ) The number of observed decays of substance 3 which originated

from substance 2 produced directly by the beam, is given by
5 F2
A= [ ANT@>
s

=Nt (e‘“"ﬁ“"’—e“*’f’")*(MMMN e 1)

S N S R
e Y1-™%) . ay

Lastly, the number of observed decays of substance 3 which originated from substance 1

produced directly by the beam, is given by
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i
A= J; MNP > 1)
=Ny (1) (e_wz-t‘) —e -"))

. A Nf‘(tl)( (e e-%z(ta-n))+(e-h(tz-ﬁ)_ e"‘s(’a"x)))

As=2y) A2 . A

?\.l)\a% beam (1 _ e'll(’s"Q)) (1 _ e“}‘z(‘s"’z)) (xz - A’l) (1 _ e"‘a('a"z))J

+ N7 (12
Gty h ( WV W R W W R w Wy T W
A3. RATE3 program
INPUT OUTPUT

;"h)"z,AG P19P2?P3
AL Ay A AFL A2 A

fcouser G H—1)
twarr GHL—4)

tcoont GH—1)

As a conservative estimate, we assign an uncertainty of  20% to coefficients as
calculated by the computer code RATE3. There are several factors that affect our estimate
of uncertainty. For example, our formalism used to obtain these results implicitly
assumes the level of contaminants - xenon, cesium, and iodine isomer - remained the
same over the course of the mass measurement experiment. This assumption considers
details such as the ion source operating conditions, resolving power of the separator, and
the set of { COLLECT, WAIT, COUNT} cycle times to remain unchanged throughout the

experiment. This assumption is not strictly, but only approximately satisfied. The

93



assignment of an error to the correction must take these assumptions into account. ( The
measurement cycle times used represent an average over all runs: COLLECT 137.33(3) s,
WAIT 7.54(5) s, and COUNT 138.07(2) s.)

In addition there are "fixed" parameters in the RATE3 calculation that are subject to
uncertainty; e.g. decay constants, branching ratios, detector efficiency, and counting sta-
tistics. The assignment of uncertainty to the coefficients must also inblude these parame-

ters.
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Appendix B.
Energy Calibration of the y-ray spectra

The y-ray spectra for the two detectors is set to represent 1 keV per channel over a

2,000 channel spectrum. Ordinarily, a precision calibration of the energy axis is required
to the limit of uniquely identifying the iodine abtivity in the spectra. The mass determi-
nation experiment is interested only in changes in intensity of the iodine y-rays. The dis-
covery of the '***] isomer transition, approximately 10 keV from its published energy,
causes us to perform such a calibration in order to present a new value for the isomer
transition energy.

Since the interest in the energy axis is motivated by post-experimental analysis, we
do not have data with the usual calibration sources. However, we do have a plethora of
other gamma activity in our spectra that have been energetically assigned by other experi-
ments. The precision of this y-ray energy data is not known as well as the conventional

sources, but is adequate for our purposes.

The y-rays used in the calibration are presented in Table B.1 below. For ease of

calculation we assume the errors in the channel positions are negligable with respect to
the the errors in the assigned energies. Let the channel data be represented by the vari-
ables x;, and the energy data be represented by y; + G;, such that we determine the coeffi-
cients of the linear function y(x)=a +b x . Following a least-squares fitting procedure
[Be69], we minimize * with respect to each of the coefficients simultaneously. The

coefficients of the weighted least-squares fitting are then
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Data points 1. - 10., of Table B.1, are fit to a linear function in order to obtain the
so-called global fit. The differences of the real energy data from the calculated global fit
are plotted in Fig. B.1. The data fits a straight line well, except in the lower energy
region (30 - 300 keV). Since this the energy region of interest for the isomeric transition,
we performed a second fit of the data in Table B.1 using only the first four data points,
that is, the calibration data in the range 30 - 300 keV. This second fit is the so-called
local fit. The difference between the global fit and the local fit is superimposed on Fig
B.1.
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Table B.1. Raw data and the linear fit for an energy calibration of the channel axis. The channel data are
taken from spectra identifications 193, 194, 195 (A = 119, 118, 117 respectively) of the data

file IODGAM.SPK.

Data:

Calibration

Source : Channel Energy
1 Xe 94.813 + 0.023 96.0 £ 0.600
2 .G 99.322 £ 0.009 100.0 = 0.600
3 i 258.171 £ 0.002 247.52 + 0.040
4 i 275.209 = 0.003 2744 + 0.200
5 | 326.549 = 0.001 3259 £ 1.
6 512.088 = 0.007 510.999 = 0.001
7 I 878.193 £ 0.045 8764 £ 0.3
8 2Ac 913.129 = 0.024 9111 = 0.1
9 “Ar 1296.642 + 0.012 1293.7 = 0.1
10 24Bi 1768.642 + 0.079 17645 =+ 0.1
Linear fit parameters:

(Energy =a + b X Channel )
global fit (1 - 10) a=0.070 + 0.036
b=0.998 827 * 0.000 068
local fit (1-4) a=1.88 + 0.66
b=099%02 + 0.0026
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Differences of the energy calibration data and a linear fit of the data. Actually, two fits are
presented here. The first is the fit for energies from 30 - 2000 keV (global fif). The global fit
represents the calibration data well in the energy range 300 - 2000 keV (the linear fit passes
through almost all the calibration data in this region). Since the region of interest is around
channel number 113, we fit the nearby data to a second line. The so-called local fit, for ener-
gies in the range 30 - 300 keV, better reflects the precision obtainable in this lower energy
regime, given the precision of the calibration data. It is presented in the plot above (dotted
line) as the difference local fit - global fit. The unknown gamma peak at channel 113468
0.015 (darkened square) is then assigned an energy of 114.24 +0.72 keV.
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