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ABSTRACT

After optimizing the system by experiments on 201,203,205T], the
neutron-deficient isotopes 189-193T1 have been studied using the
collinear fast atom beam laser spectroscopy system at UNISOR on-line to
the Holifield Heavy Ion Research Facility. A sensitive system for the
measurements was developed since the light isotopes were available in
mass-separated beams of only 7 x 10 to 4 x 105 atoms per second. By
laser excitation of the 535 nm atomic transitions of atoms in the beam,
the 6s27s 25, /, and 6s26s 2Py, hyperfine structures were measured, as
were the isotope shifts of the 535 nm transitions. From these, the
magnetic dipole moments, spectroscopic quadrupole moments and isotopic
changes in mean-square charge radius were deduced. The magnetic dipole
moments are consistent with previous data. The 190,192T] jsotopes show
a considerable difference in quadrupole deformations as well as an anom-
alous isotope shift with respect to !%%T1, A large isomer shift in
19371 is observed implying a larger deformation in the 9/2- isomer than
in the 1/2* ground state. The 189,191,193T] jsomers show increasing
deformation away from stability. A deformed shell model calculation
indicates that this increase in deformation can account for the dropping
of the 9/2- band in these isotopes while an increase in neutron pairing
correlations, having opposite and compensating effects on the rotational

moment of inertia, maintains the 9/2- strong-coupled band structure.
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I. INTRODUCTION

Thallium is one of the 92 naturally occurring elements on earth.
However, it was not until 1861 that it was discovered (Weast, 1972). In
that year, Crookes observed a previously unidentified, beautiful green
spectral line and attributed it to a "new" element, thallium, named from
the Greek word thallos, meaning a green shoot or twig. Thallium is
found in several ores including pyrites, zinc and lead ores. Its
appearance resembles that of lead, the next higher element in the
periodic table. Thallium belongs to the third group of elements in the
table, which it occupies with the chemically similar boron, aluminum,
gallium and indium, Various thallium compounds are used commercially in
photocells, infrared detectors, low melting glasses, high index of
refraction glasses, rodentcides and ant killers. 1In all, more than 25
isotopes of thallium are known, most of them lacking the neutrons needed
for the stability of 203T1 and 20571,

The feature that makes thallium the most interesting from a
nuclear physics standpoint is that it has 81 protons, just one less than
a magic number (Fig. 1). The stable isotopes of Tl are known to have a
ground state nuclear spin of 1/2t, attributed to a single unpaired pro-
ton in the 3s,/, level. This ground state spin has been detected or
inferred both in the higher mass 207,209T] and in the lighter odd-mass
Tl's down to !85T1 (Tuli, 1985). 1In all of these, the neutrons remain
paired as their number changes and so do not influence the ground state
spin. Higher energy states of 3/2% and 5/2% have been observed in most
of these isotopes (Newton et al., 1970; Schmidt, 1977; Kahler, 1978).

Particularly intriguing, however, is that a 9/2- isomeric level and its

1
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FIG. 1. Nuclear shell model levels of interest for Tl. Shell
gaps occur at the magic numbers 82 and 126. Numbers in paren-
theses are total occupation numbers upon filling of an orbital.




higher collective band states have been observed to coexist in these
lighter isotopes (Fig. 2), with the 9/2- band dropping in energy with
respect to the 1/2* ground state as the neutron number N decreases until
mass 189, then increasing in relative energy at mass 187 and lower.
Throughout this region, the states built on the 9/2- state maintain
nearly constant energy level spacings. This 9/2- band structure is
ascribed to a lhg/, intruder state from across the Z = 82 shell gap
(Fig. 1). The systematics of intruder states in the 7 = 82 region are
described in more detail in the review article by Heyde et al. (1983).
It is noteworthy that similar intruder states are known in Au, Hg, Pb
and Bi. There have been several attempts to explain this dropping of
the 9/2- band (Diamond and Stephens, 1963; Newton et al., 1970; Goodman,
1977). One simple explanation is that deformation produces the
lowering, but the constancy of the level spacing of the states built on
the 9/2- isomer implies that the moment of inertia is not changing as
one might expect it would for changing deformation. It is clear that
these odd-mass isotopes represent worthy candidates for further study of
their nuclear properties.

The even-mass Tl isotopes by their very nature present a more
complicated picture in that they derive their properties from coupling
of at least a single proton and a single neutron. In these, a ground
state spin 2~ and isomeric 7* are the rule, with the 7+ dropping rela-
tive to the 2= much as its analog, the 9/2- state in the odd-mass T1's.
For the even masses the intrigue arises from the magnetic dipole moments
as well, for although the 2- moments have been measured to change in a

fairly consistent manner with mass number, the 7t isomer moments have
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been observed to have quite a non-linear behavior as a function of

neutron number N (Ekstrom, Wannberg and Shishodia, 1976). The ground
state dipole moments have been attributed to mixtures of the configu-
rations ws) /,vfs /o, 7Sy /2vP3/, and ndy/,vp) /,, Whereas the isomeric 7%
dipole moments are the result of a ws,/,vi;3/, configuration having
admixtures of whyy /,vp3/2, mhe/ovfs/2 and nhyy /s /2.

Since the nucleus of an atom interacts with the atom's electrons,
one way to study nuclei is to carefully measure the atoms' electronic
structures. An energy level diagram for the electrons of a given atom
and charge state typically shows the terms of the atoms' fine structure
due, for Russell-Saunders or L-S coupling, to different electron total
angular momenta J. These terms are in fact split into hyperfine struc-
ture (hfs) levels having different values of another quantum number, F,
caused by the coupling of J with the nuclear spin I.

The hfs of thallium has been the object of many investigations.
Among these in this century, MclLennan, McLay and Crawford studied the
spark spectrum of singly ionized Tl II (1929) and interpreted the
observed hfs (1931). Around 1930, a series of German articles appeared
describing the hfs and effects of a magnetic field on the Tl optical
spectra (Back and Wulff, 1930; Schuler and Keyston, 1931; Racah, 1931).
Schuler and Keyston were the first to report the isotope shift (IS), or
change in centers of gravity of levels, between 203T1 and 205T1 (1931).
Racah (1932) and Rosenthal and Breit (1932) in their classic articles
used Tl as an example for IS. Goudsmit (1933) derived T1's nuclear

magnetic moments from its hfs separations but was off by 10%. Crawford




and Schawlow (1949) compared theoretical predictions with experimental

data on Tl to test several nuclear models.

Brink et al. (1957) performed atomic beam magnetic resonance
(ABMR) experiments to measure the spins of 197,198,199,204T] and the
20471 nfs splitting. 1In a 1960 article, Odinstov reported measurements
of the IS and hfs of six different lines of the stable 203,205T7]
obtaining an accuracy of better than 15 MHz using an atomic beam and a
Fabry-Perot etalon. In 1961, Hull and Stroke reported the first IS
measurements on the radioactive nuclei 199,200,201,202,204T] produced by
Au(a,xn)Tl and Hg(d,xn)T1 reactions whose products were placed in a
lamp. They observed lines at 377 nm and 535 nm but were unable to
resolve all of the hfs splittings due to a Doppler broadening of about
900 MHz. Their estimated uncertainties in hfs splitting determinations
were + 120 MHz ( + one standard deviation). Schuler et al. (1962)
remeasured 203,205T1 ysing atomic beam absorption and a Fabry-Perot eta-
lon crossed with a 10-inch diffraction grating to determine the 72§, ,,
to 62P3/, IS. Davis, Kleiman and Aung (1964) extended measurements to
197,1987T1 and Goorvitch, Kleiman and Davis (1966 and 1967) to
194,195,196T1, These experiments used lamps and also had measurement
uncertainties of 120 MHz. The latest article summarizing the optical
hfs and IS measurements of Tl was by Goorvitch, Kleiman and Davis in
1969. Since that time, more ABMR experiments have been performed, these
by Ekstrom, Wannberg and Shishodia (1976) who measured T1's 62P1/2
atomic ground state. Their measurements produced more accurate hfs
splitting values, moments and also spin determinations in 19%-202T1  but

could by their ABMR origin supply no IS information. Two-photon




absorption was used by Flusberg, Mossberg and Hartman (1976) to measure

the hfs and IS of the 72P states in natural Tl. As recently as 1984,
Neugart reported results with Stroke of the optical measurements of
20771, while Baig and Connerade (1985) returned to natT) using synchro-
tron radiation to measure high lying states and to obtain a precise
value for the ionization potential of TIl.

No electromagnetic moments have been previously measured below
mass 194 in Tl. [Isotope shifts of spectral lines, from which can be
extracted information on the changes of size of nuclei, also extend only
as low as !94T1, This dissertation reports on the laser spectroscopy
measurements of the stable isotopes of Tl and some light T1 isotopes
with A < 194. Results from these measurements are presented herein and
comparisons and contrasts are made to data on the other isotopes.
Possible explanations of some features are also presented. The present
tense of verbs is used frequently in the discussion of the equipment
since the laser facility described has only begun with this data its
study of nuclei far from stability. Future experiments on other Ti
nuclei and even other elements will be made using nearly the same equip-

ment.




I1. EXPERIMENTAL SETUP AND METHOD

The University Isotope Separator at Oak Ridge (UNISOR) is one of
the many target stations of the Holifield Heavy lon Research Facility
(HHIRF). The facility is shown in a simplified form in Fig. 3.
Originally based around the Oak Ridge Isochronous Cyclotron (ORIC),
HHIRF now operates primarily with its National Electrostatics
Corporation 25 MV tandem accelerator; occasionally in coupled operation
the tandem serves as the injector to the cyclotron. A large variety of
elements can be injected into the tandem from its negative ion source,
which essentially attaches an extra electron to neutral atoms. The
negative ions are then accelerated toward the tandem terminal whose
potential is typically 16 to 22 MV. At arrival the negative ions have
several electrons removed by either a foil or gas stripper. Now with a
large positive charge, the ions are deflected and then accelerated away
from the terminal. At the base of the tandem, the now fully accelerated
heavy ions are directed along the appropriate beam line where, with the
use of ion optics, they are delivered to the required target station.

UNISOR, representing a consortium of several academic institu-
tions, was created in the early 1970's primarily to study neutron-
deficient nuclei far from g-stability (Spejewski, Mlekodaj and Carter,
1981). The HHIRF heavy ion beams are used as projectiles whose target
is often part of the UNISOR ion source. Exotic nuclei created by these
heavy ion collisions are electrically extracted from the ion source and
accelerated, usually by a 50 kV potential, to the isotope separating
magnet. As many as three masses can be studied at once by utilizing
all three end beam lines. Many successful studies on the mass-separated

8




A3t 1oe4 youeasay uol AAedH p[dL4L[OH dY3 Jo JLjewdyds patjlldwls “€ "9I4

OSINN “
29ubeuw
J03edqedas
!
“ 4338Wod323ds Aeu-A
= o _ 4933Wo4303ds JA939Wou3oads //»
a|qel urds , mﬁoa-p.:aml/ /V\ 4
a9se v
. L 1/ /V \\ 40323 [ul
924Nn0S uolL /33buey - A9 0S1
— e e ——— — o—— 1t .J
Jaqueyd BuL4831e08 W3~ | P P /’ T T \wugmmw
4938Wo4329ds abued peouq (2140) \x\“\) R aALjebau
JybL4-40-3wL3 Uou30 242
403433000
JL3els
-0430919
wapuel
paplo}
AW G2

JoddLuags




10

isotopes have been made using y-ray, o and e” detectors. After several
years of operating, it was decided to add a laser to increase the amount
of nuclear information extracted from these isotopes. In particular and
as will be detailed later in this work, the hyperfine structure of atoms
can be measured with a laser to reveal the nuclear spin I, the magnetic
dipole moment u, the spectroscopic quadrupole moment Qg, and the change
in radial moments of the charge distribution. This dissertation
research is the first successful application of the UNISOR laser faci-
lity to study neutron-deficient nuclei. As with UNISOR as a whole, the
laser project's success is due to the efforts of many individuals
contributing as part of a team. Many but by no means all of these
people were mentioned in the acknowledgments.

A more detailed schematic of the laser facility at UNISOR is
given in Fig. 4. The method chosen to measure atomic hfs is collinear
fast atom beam laser spectroscopy. In this method, the ion beam from
the separator is electrostatically deflected to be collinear with a
laser beam. The laser light is used to excite atomic transitions in
either the ions in the beam or in neutralized atoms that can be created
by letting the ion beam pass through a vapor cell in which it can
undergo charge exchange. The effects of excitation, normally fluores-
cence (the induced reemission of light), is detected and recorded as a
function of laser frequency. Variations of this, such as two-photon
excitation for resonance ionization spectroscopy, saturated absorption
spectroscopy, or tuning the accelerating voltage rather than the laser
frequency are possible. Collinear laser spectroscopy is not a Doppler-

free technique, but Kaufmann (1976) showed that it results in a reduced
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12
Doppler width as compared to spectroscopy on atoms confined to a cell
due to velocity bunching of the ions. Accelerated ions have essentially
the same energy distribution as in a cell, but the distribution is cen-
tered about a much higher energy, qVacc. Since the velocity goes as the
square root of the energy, the relative velocity spread is reduced and
the Doppler width, which depends on this spread, is decreased.

The lasers used at the UNISOR laser facility are an Ar* ion
laser, a Coherent 699-21 ring dye laser, and a small HeNe laser. The
Art laser, running at about six watts output power, serves as the
pumping laser for the dye. The excited dye fluoresces and lases at a
somewhat independent longer wavelength determined by the dye and optics
in the ring. This wavelength is electronically tunable in the 699-21
laser over a range of up to 30 GHz. For green light at 500 nm the abso-
lute frequency is 6 x 10!* Hz, hence the maximum scan range is in fact a
change in frequency of only one part in twenty thousand. Whereas this
seems to be a small amount, it is quite sufficient when one considers
that the laser linewidth is less than 1 MHz, many atomic linewidths are
of the order of tens of MHz, and many hyperfine structures (hfs) and
isotope shifts (IS) are on the order of a few GHz.

To correctly tune the dye laser for an experiment, its lasing
wavelength must be known precisely. To this end, a "homemade" wavemeter
(Carter et al., 1982) was used initially. A travelling Michelson inter-
ferometer, the wavemeter worked by counting beats between the dye laser
beam and the beam from a stabilized HeNe laser. A microprocessor
interpreted these beats to display the dye laser beam's wave number to

0.001 cm-l. (Here it is useful to note that throughout this work the




13
most common nomenclatures will be used. In the case of atomic spectros-
copy it is the norm to speak of frequencies in hertz, optical wave-
lengths in nanometers (or sometimes in angstroms), and wave numbers in
inverse centimeters. Although any one of the three could be used to
replace the other two, it is not normal to do so.) The original wave-
meter has since been replaced by a commercial version which is not quite
as accurate but is easier to use.

The wavemeter accuracy is excellent for tuning the dye laser to
the correct wavelength but is too coarse for measurements of the sort
desired in this work. For measurements of hyperfine splittings, the
frequency markers from a passively stabilized 150 MHz etalon are used:
laser light passing through an etalon reaches peak transmission inten-
sities which are spaced apart in frequency by the free spectral range
(FSR) of the etalon, thus forming distinct markers. The etalon rests in
its own vacuum housing, designed by the author, to reduce peak drifts
due to pressure fluctuations and, to a lesser extent, temperature
variations. As the laser is electronically scanned in frequency, the
etalon creates with its markers a frequency ruler by which spectra
separations can be measured. This procedure eliminates the need for an
exact calibration of the laser scan control which is quite non-linear.
With the frequency markers it is necessary only to count FSR's; a linear
interpolation between markers to determine fractional spacings is quite
sufficient in most analyses. The etalon used in this work was carefully
measured to have a FSR of 150.710(10) MHz using the method of exact

fractions (Goldsmith et al., 1979).
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An iodine saturated absorption system provides an absolute fre-
quency reference (For a description of saturated absorption spectroscopy
see Letokhov, 1976). The wave numbers of thousands of optical wave-
length transitions in I, have been tabulated by Gerstenkorn and Luc
(1978) who also provide details of how to determine the centroids of the
resolved hfs components (1979). The I, transition energies are indepen-
dent of any changes in the experimental apparatus since the I, is in ah
external cell. The I, thus provides unequivocal absolute dye laser fre-
quency reference points. Since only one mass can be directed down the
beam line at a time, the I, spectra act as a reference for data sets on
different isotopes thus allowing accurate isotope shifts to be obtained.

Typically four spectra are recorded simultaneously as the laser
frequency is increased: the photomultiplier tube (PMT) signal rate due
to light collected by the fiber optics (Fig. 4), both the Doppler-
broadened and Doppler-reduced I, signal rates, and the etalon signal
rate (Fig. 5). A specially designed multiscale control produces a ramp
signal which causes the ring laser to change frequency. As the ramp
voltage increases, the spectra are recorded with channel-to-channel
correspondence into a PDP 11/34 computer. Thus, for example, if four
1024 channel spectra are being taken, channels n, n + 1024, n + 2048,
and n + 3072 accumulate counts at the same time, while all others are
idle. The sweep time of the ramp can be varied manually, or set to scan
quickly over peak-free regions of a spectrum. Typically the ramp sweep
time is 30 seconds and many scans are added to form a data set.

Data sets for the same isotope can be added together by nor-

malizing channels prior to adding by using the I, hfs peak positions.
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This is essential for on-line studies where production rates affect the
signal-to-noise of the observed peaks. Stability of the laser system
can be monitored by comparing data sets before adding. Laser drift, the
change in the laser frequency scanning range with time, can be detected
by noting the change in channel number of any particular I, hfs com-
ponent. Any change in relative positions of atomic transitions of a
single isotope with respect to the I, reflects separator accelerator
voltage drifts. These drifts limit the number of data sets that can be
added together without losing the resolution required for accurate
measurements. Etalon marker drift, due to temperature or pressure
changes, tends to broaden the frequency markers during long data set
acquisitions, so short (two or three) scans are taken occassionally to
provide well-resolved markers throughout the laser scan region,
Returning to the description of the components shown in Fig. 4,
page 11, it is seen that the ion beam from the separator passes through
a charge exchange cell, Normally, ionized atoms have their strongest
transitions in the ultraviolet (UV). However, dye lasers are better
suited for optical wavelength transitions. By neutralizing the ion beam
in a charge exchange process wherein the ions pick up an electron from
an alkali metal vapor in the cell, an atom beam is produced with which
the visible dye laser beam may interact. Figure 6 shows neutralization
curves, obtained for several elements of interest undergoing charge
exchange with either Cs or Na, as a function of charge exchange cell
temperature, It can be seen that Kr and Xe are most efficiently neutra-
lized with Cs, while T1 is best neutralized with Na. In the case of T1,

the Na ionization potential is just 0.003 eV different from the energy
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required to ionize T1 from its 6s26p 2P;/, metastable atomic state.
This similarity plus the relatively wide spacing of atomic terms about
T1's metastable state cause virtually all of the Tl ions when neutra-
lized to be left in this metastable state. This is precisely what is
desired, for there exist dye laser accessible transitions at 535 nm from
this level (Fig. 7). Furthermore, whereas once excited the Tl atom
might decay back to the same metastable state, it is nearly equally
possible to decay down to the ground state via a 377 nm transition: the
transition rates are 0.705 and 0.625 x 108 s-1, respectively (Reader et
al., 1980). The proper choice of filters allows monitoring of the 377
nm wavelength range while blocking the 535 nm laser light, hence enor-
mously reducing the PMT background counts due to stray or scattered
laser light. The PMT, an EMI model 9635QB, was chosen for its partic-
ularly high quantum efficiency (~26%) at 377 nm and its very high gain.
To channel light from a cylindrical source, the atom beam, to the
circular PMT face, fiber optics are used (Fig. 8). The fibers were cho-
sen for high transmission at 377 nm (~72%). The length of the fibers
parallel to the beam is a consequence of having the surface area of the
fiber ends match the surface area of the face of the PMT tube., The spe-
cified numerical aperture of the fibers is 0.66, i.e., light entering
the fibers at an angle up to sin-!0.66 from normal is transmitted. The
fiber bundles themselves are complemented by an aluminized mirror which
completes the encirclement of the atom beam. Calculations show that 44%

of the light sphere emitted by an on-axis point source should be

accepted by the fibers with the mirror in place. Coupled with the 72%

UV transmission, the net fiber optic efficiency should be 32%. Whereas
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FIG. 8. The fiber optic light collector. The shaded portion
represents the fibers. The overlapping laser and atom beams are
indicated by the arrowed line. Not shown in the figure is a
cylindrical mirror which completes the encirclement of the beams.
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this efficiency is less than what could be expected by an ellipsoidal
mirror, this fiber optic system is advantageous in that its efficiency
is applicable to its length of 10.85 c¢m, which is considerably longer
than the observation region of an ellipsoidal mirror or simple lenses.
The aforementioned filter.forms a vacuum chamber window against which
the fibers are placed. A reflecting aluminized coupling tube helps pre-
vent losses by spanning the space between the filter(s) and the photo-
cathode of the PMT in its housing.

Proper placement of the fiber optics along the beam path is
essential. In the case of Tl1, the fibers are placed downstream of
the cell to avoid having Na deposited on them, To prevent signals from
occuring before the atoms arrive in the observation region, a solenoidal
magnetic field is applied to Zeeman shift the Tl atomic levels out of
resonance with the laser in the region prior to the observation zone.
The magnetic field is sharply attenuated by p-metal shielding and the
magnets are slightly spaced from the fibers so that no Zeeman splitting
is actually observed: at 50 keV, T1 atoms travel 21 cm/us and with the
excited state lifetime for decay to the ground state being 16 ns, most
deexcitations occur within 1 cm. It has been found that for the final
cell-to-fibers geometry chosen, the application of the magnetic field
increases the signal rate threefold.

In order to get an unquestionable value for the detection effi-
ciency of the system, the hfs of the commercially available radioactive
isotope 20171 was measured. Previous tests using stable beams measured
the efficiency as well, but counting the neutral beams at rates below a

few times 106 atoms per second proved to be difficult. With 20171,
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accurate beam rates were measured by depositing the beam on a tape which
was periodically moved so as to place the deposit spot in front of a
Geli detector where activity could be counted. This tape deposit-move-
count system is referred to as the tape transport system and is also
used in on-line work. The detector efficiency for this geometry was
determined from calibrations using standard gamma-ray sources. Once the
201T]1 PMT signal was obtained, the beam rate was intentionally cut back
to find a lower limit for practical observing and thus the sensitivity
of the system. Figure 9 shows the composite spectra of 20171 taken at
8.5 x 104 atoms/s for 27 minutes in relation to the stable 203,205T},
The photon detection efficiency was found to be 1/1000, i.e., for the
strongest peak, one in one thousand atoms is being detected. It was
also estimated that with this efficiency the lowest beam rate for which
it would be practical to accumulate data would be about 6 x 10% atoms/s.
With this as the limit, many on-line produced Tl isotopes could be

studied.
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IIT. PROBLEMS ALONG THE WAY

The laser spectroscopy system described thus far did not come
into being all at once. As with nearly all experiments, there were
problems along the way that had to be solved. This section is for the
experimentalist who may someday face similar tasks or for those who
wonder why it took so long to perform these experiments. Important
aspects not yet mentioned about the components are included, as are many
of the encountered problems along with their solutions.

One of the developmental tasks has been the charge exchange cell.
Several cells were tested. Problems associated with these were low
neutralization efficiency, too rapid Na expiration, Na deposits in the
wrong places and heater burnout. Of these, the first two were obvious
manisfestations of density and temperature; they were corrected by using
data such as in Fig. 6, page 17, to determine optimum operating tem-
peratures for cells having enough Na volume. Sodium deposits have been
as bad as to have coated insulators to deflection plates causing
electrical breakdowns and to have blocked atom beam transmission through
the cell, It was found that uneven heating was the major cause of these
problems. Sodium melts at ~98°C and so all parts of the cell need to
remain hotter than this, The thermocouples connected to the cell give
accurate temperatures, but only of that to which they are connected;
substantial gradients exist across the cell., The plug-in heater units
themselves have a considerable gradient: a unit heated in vacuum was
measured to have a temperature of 520°C at its middle, 245°C at one end,
and 40°C on its wires 3.5 cm from the end. A modified charge exchange
cell design with reduced mass and four heater units -- two for the cell
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body and one for each end -- has proven to be the most efficient to

date. The heaters have less mass to heat and so can operate at a lower

power thus extending their lifetimes to several weeks. Sodium deposits
have been nearly eliminated by collimation and by gradual temperature
changes to and from those operating temperatures that have been found to
be the best. A loaded cell now can run more than three days before
Tosing all of its Na. This is generally sufficient for collecting data
on one or two on-line isotopes.

The fiber optics system has undergone few structural changes. As
mentioned earlier, the materials and design were chosen for maximum UV
transmission and to match the face of the PMT. Prior testing with a
sample of fibers showed that although pump-down time is increased with
the outgassing of the large surface area of the fibers, the increase is
not prohibitive. The design includes sites for two plug-in heaters
whose purpose was to heat the fibers to drive off any Na deposits. Two
cylindrical mirrors aluminized on either the near or back sides of the
glass were tried and it was found that heating of the fibers caused
degredation of the near-side coated mirror even resulting in aluminum
flakes peeling off into the beam path. Since Na evaporation from the
fibers was never as much as expected, the fiber optic system was
displaced along the beam axis away from the charge exchange cell and
more collimation was introduced. Careful alignment is required to pre-
vent the laser or ion beams from striking the fibers; fortunately the
laser beam itself makes an excellent alignment tool. In the new,
unheated position the fibers have performed admirably, but it has become

necessary to introduce the Zeeman magnets described below. Another
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consideration has been the effect of radiation on the fibers themselves:
it has been found that gamma radiation induces fluorescence but that
most of it is blocked by the filter used (almost all of it can be
blocked by a red Corning 2-58 filter), thus the effect is inconsequen-
tial. There have been some fibers broken in handling but the percentage
is quite small. Finally, cleaning of the fiber ends using jeweler's
grit has proven successful,

The further the fiber optic light collector is displaced from the
charge exchange cell, the greater is the probability of transitions
occuring before the atoms reach the observation region. To prevent
laser excitations, one approach is to shift the level spacings of the
atoms by applying a magnetic field. A very small magnetic field will
cause the hfs F-levels to divide into component mf levels separated by
an amount dependent upon the applied field strength. For the lowest
fields, the splitting increases linearly with applied field: this is
the well-known Zeeman effect. Once the splittings become comparable in
size to the original F-level splittings, F begins to be no longer a good
quantum number. Increasing the field further decouples I and J com-
pletely to create a pure Paschen-Back effect, If the laser is tuned to
the frequency at which a transition will occur between two zero-field F-
levels, that transition will not take place if the atom is in a magnetic
field which has changed the level spacing by more than the transition
linewidth. For a Doppler-broadened T1 linewidth of 60 MHz, few obser-
vable atoms would be lost if the magnetic field changed the level
separations by at least 60 MHz. The F = 2 to F = 1 energy difference

for the 62P;/, term in T1 is on the order of 520 MHz for spin 1/2 nuclei
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(Heilig and Steudel, 1974). Thus the desired splitting is easily calcu-
lable assuming a Zeeman effect. As it turns out, not all of the 535 nm
hfs transitions can be shifted. The three zero-field transitions become
a total of 19 applied-field transitions, six of which are degenerate in
energy with others., Five of the 19 transitions have the same energy as
the zero-field transitions. The solenoidal geometry necessary for not
deflecting the ions is perpendicular to the laser polarization and pre-
vents application of the amg = 0, +1 selection rule. As a result,
regardless of field strength some percentage of atoms is pumped away by
the laser prior to their arrival in the observation region., The frac-
tional loss is, however, tolerable. The situation is more complicated
for isotopes with higher nuclear spins: for I = 9/2 there are six zero-
field transitions and the lowest energy F - F' transition splits into 19
separate energy transitions, the next higher F - F' transition splits
into 27 separate energies, etc. As with the spin 1/2, it was found that
most of the transitions should be shifted the required amount for an
applied field on the order of 250 gauss. Solenoidal magnets capable of
supplying this field were designed by the author to surround the charge
exchange cell and span the distance from the cell to the fibers.

The magnets themselves are of very simple design, being fine wire
wound onto appropriate size spindles. Restricted by the working volume
and the power supplies, several wire types were tested; the larger wires
could carry more current but resulted in magnets with fewer turns. It
is a simple derivation to show that the power required for a given
magnetic field is constant for a given mass and volume of conductor. In

practice using one-pound spools of shellac-coated wire, it was found
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that the higher gauge (thinner) wires gave both more gauss per amp and
more gauss per watt of joule heating than the thicker conductor wires.
Twenty-eight gauge wire was chosen for its efficiency over lower gauge
wires and its strength over higher gauge wires. As is often the case
with small coiled magnets, almost all the dc current that could be
supplied was used to obtain the desired fields. Joule heating was found
to go as the square of the applied field as expected. Naturally, as the
coils became hotter their resistances increased. To maintain the same
field over a period of time meant applying a constant current for which
an increasing voltage was needed. Higher voltages meant higher powers
to dissipate from the magnets. This self-heating, along with heating
from being close to the charge exchange cell, was responsible for insu-
lation breakdowns and enormous outgassing in the early versions. The
charge exchange cell was modified to its present form to accommodate a
water-cooled version of the magnets. Both cell and magnets benefited
from the changes. The cell body became flanked by two magnet windings
through which its arms pass. A stand-alone, uncooled 8.5 cm long coil
shielded in y-metal spans the cell-to-fibers distance. Its long geo-
metry allows higher fields inside with less power: the other coils'
fields extend outside their width to encompass the cell. Coil perfor-
mance was measured with a gaussmeter and shown to be satisfactory over
the desired region., Continued good operation is monitored by measuring
the coil resistances to make sure that no breakdowns have occured. For
example, one of the cell coils measures resistances of 140 @ at room
temperature, 138 @ when cooled, and 170 @ when in use. The optimum

magnetic fields and laser powers were determined experimentally,
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In addition to design changes such as those already discussed,
there were many other problems encountered. Occasional vacuum leaks or
trivial (although perplexing) problems like bolts that disappear when
dropped on the floor are normal in experimentation. For on-line work,
target burnout is to be expected at high beam rates. Unexpected were
the deaths of not one, but several, Art ion laser tubes requiring
replacement and preventing laser use in the interim. Computer problems,
both user and hardware but neither type anticipated, have had to be
corrected. Tape transport problems in the form of the tape coming off
of its take-up reel have happened. The transmission of ions through the
laser experimental chamber has at times dropped off considerably.
Several realignments and a thorough separator cleaning have increased
transmission to over 90% only to see it fall off and reappear in an as
yet not completely understood manner. Other delays as far as the
spectroscopy of Tl is concerned have been some time spent on a defunct
Li experiment and a successful relativity experiment using H (Juncar et
al., 1985), although knowledge gained in these experiments was certainly
beneficial for this research.

The dye laser uses Rhodamine 560 spiked with a small amount of
ammonium hydroxide to produce several hundred milliwatts output of 535
nm laser radiation of which 10 to 20 mW is sent down the beam line
during experiments. The spiked dye far outlasts its claimed lifetime,
but nevertheless does require occasional changing. The laser beam
diameter was measured to determine the best lens to use prior to the
vacuum chamber in order to produce the desired beam waist in the obser-

vation region. Mode hops, where the laser scan range jumps in




30

frequency, are a daily occurrence but are minimized by careful cleaning
and alignment of the ring laser. The laser table components require
careful alignment but once set generally prove reliable over a long
period. A striking exception to this is the frequency marker etalon's
vacuum housing. Repeated breakdowns of the housing's epoxy window seals
prompted a change to 0-ring window seals. This made the housing air-
tight, but the etalon still requires a considerable time to pump down
apparently due to outgassing.

The PMT tube choice has already been explained. It is operated
at +1300 V in the photon counting mode. Several PMT housings for the
tube were tried with the final choice being a FACT 50 MK-III which was
found to work very well. A specially designed coupler mates the housing
to the vacuum chamber nearly eliminating light leak problems. The
viewing port through which can be observed the end-of-the-beam-line
Faraday cup, channeltron and tape spindle has been modified to be light -
tight when not in use, thus also reducing the background. A Corning
7-51 filter is used which transmits 75% of 377 nm UV but a mere 10-6.5
of 535 nm light. However, as yet unexplained is that the addition of a
second such filter has been observed to reduce the laser light back-
ground by only 3% more. Most filters and many other objects were found
to fluoresce when exposed to (UV?) light: laser-induced fluorescences
may be contributing to the background. Radiation-induced background in
the PMT during on-line runs has been minimized with Pb shielding of
collimators after tests found the PMT cathode to be sensitive to gamma
radiation. Pulse height spectra of the PMT signals for light, gamma and

X rays proved to be too similar to expect to be able to effectively
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discriminate between them. Even with the shielding, the background rate
is seen to jump from 30 - 50 counts/s up to 300 - 400 counts/s during
on-line runs. When the separator beam is removed the background is
observed to decay with the half-life of the isotope being studied
showing that the counts are induced by radiation and not by light from
the separator beams.

A channeltron, a cornucopia-shaped electron multiplier, is used
to tune the beam through the laser chamber during on-line runs by
detecting the spallation electrons from the neutral beam impacting on
the tape. For very low beam rates, the separator beam can be tuned
directly down the throat of the channeltron. Coincidence counting with
the PMT was found to be impractical due to large beams of contaminants
being present simultaneously with the desired atom beam and because the
Channeltron is sometimes sensitive to laser light,

Summarizing, as the system used for spectroscopy of Tl grew onto
its final form, many problems were overcome. Component selection and
development were done in a thoughtful manner to insure success. The PMT
bias, discriminator settings, laser power, magnet currents, charge
exchange cell temperatures and collimator sizes were all optimized for
highest detection efficiency. A few problems were never solved and were
simply tolerated. Some further improvements, such as a longer lasting
charge exchange cell system with improved solenoidal windings or more Pb
shielding for the PMT, could still be made but were not necessary for
the data taken here. The key point is that good data were taken with

the present apparatus as will be described in the next section.




IV. DATA ACQUISITION

Data on 203,205T] has been routinely available by placing some
natural Tl in the ion source of the separator. Radioactive 201T1 was
investigated by obtaining it from a nuclear pharmacy and placing it,
too, in the ion source. The short-lived T1 isotopes were not commer-
cially available. To examine these, they had to be produced on-line
using heavy ion collisions. It was found that the highest production
rates utilizing the heavy ion beams available at HHIRF were obtained
with W(180,xn)T1 and Ta(l160,pxn)T1 reactions. Between these it was
found in on-line developmental runs that stacked Ta target foils worked
better. The maximum obtainable beam intensity of 160 was used in order
to produce the highest possible output of T1 for laser spectroscopy.
Data on the light isotopes 189-193T] were obtained in five on-line runs.
Beams of 110 MeV 1606%, 125 MeV 1606+ and 155 MeV 1607+ were used to
produce 192,19371, 190,181T] and !89T), respectively. Mass-separated
beam rates of up to 4 x 105 atoms/s were produced, with lighter masses
having lower rates. Isotopes with masses greater than 193 or less than
189 were not sufficiently produced to study; e.g., the 18871 beam rate
was less than 2 x 10* atoms/s.

During the runs, most data were accumulated in five or ten minute
sets, or, more accurately, in sets of ten or twenty scans since data
collection was terminated only at the end of a preset number of scans.
For each mass, wide scans were made to locate the peaks and to verify
that no other nearby peaks were missed. Scans centered on the observed

peaks represented the bulk of the data accumulated. Close-up spectra

32




33
focusing on a few of the peaks of the full spectrum were made to allow
more precise measurements of the hfs splittings.

The first data, obtained on 23 September 1984, was on 19271, It
was chosen first because it was produced with one of the highest cross-
sections and it was expected to have a relatively small magnetic moment.
A small moment produces a narrow hfs splitting allowing smaller laser
scan ranges and letting the total signal counts per channel increase
faster. A portion of the data collected is shown in Fig. 10. The
I, hfs spectrum peaks are the same as those in Fig. 5, page 15; it can
be seen from their width or from counting the number of frequency
markers that the scan range was much reduced compared to the spin 1/2
case. The 192T]1 data shown were a summation of data sets obtained with
a separated beam rate of 1 x 105 atoms/s over a cummulative time of 45
minutes. The scan range was approximately 4 GHz. The effect of low
signal rates is made very clear by the comparison of the signal shown in
Fig. 10 with that shown in Fig. 11 which was obtained just ten days
later in the second successful on-line run, The latter spectrum was
made at a beam intensity three times greater than the former and is but
a single data set of five minutes. The higher beam rate was the result
of increased tandem output and a change in Ta target density from the
16.3 mg/cm?2 of the first run to the 24.5 mg/cm? of all subsequent runs,
The later data are obviously "cleaner." Interpretation of the data is
reserved for the next section.

Figure 12 shows summed data for 19371 covering some 20 GHz. Both
ground state and isomer hfs can be seen in this summed data taken at an

average rate of 3.5 x 105 atoms/s for a total of three hours and ten
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minutes. The weakest of the three spin 1/2 hfs transitions is nearly
indistinguishable from the noise in the summed data but was clearly
detected in the close-up scans of the region.

For demonstration purposes, the best summed spectra were com-
pressed to the same scale and are shown in relation to each other, to
203,205T1, and to the reference I, spectrum in Fig. 13, The many data
sets on close-up regions of an isotopes' spectrum did not lend them-
selves to being included in the full spectrum summation, thus the data
shown does not represent all of the data taken. This is particularly
reassuring in the case of 8971 where the statistics are the worst. The
average beam rates and total times to obtain the spectra of Fig. 13 are
given in Table I,

The total times to obtain the summed spectra do not reflect the
time spent running on-line. Ten eight-hour shifts were used on
192,19371, five on 190,1917] and three on 18971 for a total of 18
shifts. A very sizable fraction of each run was spent building the tan-
dem beam intensity, changing targets or cover foils, tuning the separa-
tor beam and calibrating with 203,205T1, Some time was also lost when

the separator beam was intentionally withheld on occasion to let the PMT

TABLE I. Summed spectra information for Fig. 13,

XT] Average Beam Rate Total Time

193 3.5 x 105 s-1 3h10m
192 3.0 x 105 45m
191 1.8 x 105 50m
190 0.7 x 105 50m
189 0.9 x 105 51lm
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radiation-induced background decay to improve the signal-to-noise of the
data. Longer times were lost in the one-time on-line repairing of the
tape transport, correcting of a computer bug and cleaning out of a
clogged charge exchange cell. Much time was spent in the first runs on
192,13371 in searching for the peaks and trying to determine what was
being seen. The method of operation was optimized and 19271 became a
reference as to system performance from run to run (except for the 189T)
run where 19271 was not produced well). In the last of the runs,
transmission through the experiment beam line dropped to less than 30%,
so although rates approaching 3 x 105 s-! were available on the center
beam Tine, the data were accumulated at nearly the lower practical
observing limit. Nevertheless, several sets of data sufficient for the
measurement of the hyperfine structures and isotope shifts were

collected, so complete data from 189-193T] were obtained.




V. DATA ANALYSIS
A, Theoretical Background

Having obtained data, there remained the analysis to extract the
nuclear information. The details and descriptions of the causes of hfs
and IS are treated in several of the articles in the list of references.
For more than the cursory description which follows, the reader is
referred to reviews on hfs by White (1934), Schwartz (1955 and 1957),
Armstrong (1971) and Sobelmann (1977). Some reviews on IS are those of
Breit (1958), Stacey (1966), Bauche and Champeau (1976), Stroke (1982)
and King (1984)., Both hfs and IS are treated in the books by Kopfermann
(1958) and Kuhn (1969).

Examination of Fig. 13 shows that the Tl spectra obtained came in
three general forms: those having three peaks, those having six peaks
widely spaced and those having four peaks closely spaced. These
appearances are a direct consequence of the nuclear interaction with the
electrons. Figure 14 shows the possible hfs transitions from the T1
62P3/, to 725y, levels for all possible spins of the nucleus. In
general, the number of hfs components is determined by the spin of the
nucleus and the electron configurations. The amount that the levels are
separated, hence the separation of peaks in a spectrum, is related to
the electromagnetic moments of the nucleus.

The nuclear and atomic angular momenta I and J couple to form the
total angular momentum F of the electrons-plus-nucleus ensemble. The
coupling is due to the orbital motion and spin of the electrons causing

a magnetic field <Ha(0)> at the site of the nucleus where there is
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located a magnetic dipole of moment y. The interaction energy is simply

> Y

TF = - <Ha(0)><y = A 1J

pEE) - 1) - 04) -y,

where A is a constant for a given nucleus and atomic term. A term is
split by this energy into levels with separate F values. For a chain of
isotopes, the factor <He(0)> is very nearly a constant. Thus, to a very
good approximation, by measuring A and knowing or calculating <Ha(0)>
the dipole moment of the nucleus can be obtained. The situation is
complicated by the screening of electrons and relativistic correction
factors. Furthermore, in deriving Eq. 1, a point nucleus is assumed.
One of the first corrections for this came from Rosenthal and Breit
(1932), who developed a corrective factor to allow for the non-coulomb
potential felt by the electrons when inside the nucleus. Since the
change in this factor is very small between isotopes, the ratio u/(IA)
is essentially constant for a given element and atomic term, with the
only correction normally necessary being that of Bohr and Weisskopf
(1950), who considered the extended nuclear volume. The hyperfine ano-

maly, defined (Schwartz, 1957) as

I,A 1+a,/
12 ¢ ML 272, T/ (2)
LA w T+ay /up

where atom 1 is heavier than atom 2, gives a measure of how much these
effects of non-point nuclei change between isotopes. For Tl1, a for the
728)/, term has been estimated to be + 0.01 n.m. (j, = 1+ 1/2 or

Jp = 1% 1/2) based on similar values for gold (Ekstrom et al., 1980).
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Knowing y, I and A for the stable Tl isotopes, and knowing I and
measuring A for a radioactive isotope allows Eq. 2 to be used to deter-
mine the radioactive isotope's magnetic dipole moment.

The magnetic dipole is not the only moment which is measurable
from hfs spectra. Deformed nuclei also have non-zero higher moments. A
quadrupole deformation produces an electric quadrupole moment which
interacts with the electrons' charge distribution. The energy of this
interaction is related to the moment, Q, and sz’ the second derivative

of the potential due to the electrons evaluated at the nucleus, by

o (3/4)(K) (K+1)=(19) (1+1) (J+1
fg=® ( )((%§J;(%1£1)2£J-1§( = (3)

where Kz (FY(F+1) - (I)(I+1) - (J)(J+1)

and B« Q VZZ .

The extra energy rQ adds to or subtracts from the hfs levels determined
by Eq. 1. As with the dipole constant A, the quadrupole constant B can
be found from experiment, but it is necessary that the hfs not be that
of an S term, since these are spherically symmetric and thus have no
quadrupole effect, If the nearly constant VZZ can be calculated or
derived by knowing the moment Q for one isotope, the Q's for all of the
other isotopes can be found by comparison.

The highest moment to be considered here is the magnetic octupole
moment. It has been observed in both Ga (Daly and Holloway, 1954) and
in In (Kusch and Eck, 1954). Its proportionally longer relation for
energy change (Jaccarino et al., 1954) can be added to Eq. 1 and 3 to

give the total shift of a hfs level from the term's center of gravity:




_ a2 K 3/4) (KY(K+1)-(1J) (I+1)(J+1
Wp = Az + 8B = )(<%§J)(%151>%2J-1§( L. (4)

c 5 K3+4K2+(4K/5)[-31J(1+1)(J+1)+1(T1+1)+J(J+1)+3]-41J(I+1)(J+1)
4 [J(I-1)(21-1)(J-1)(2J-1) *

C is the constant related to the magnetic octupole moment Q. The hfs
separations of a particular atomic term with I > 1 and J > 1 are found

by taking the differences in Eq. 4 for various F values:

e, F, T Y, YR (5)
_A 3B K (Ky+1) - K (K +1)
=3 (Kp=ky) + =
(21J)(21-1)(2J-1)
o 50 (Ky3-Ky3)+A(Ky2 K 2) +(4/5) (K =Ky )[-310(1+1) (J+1)+1(1+1) +0(J41)+3]
4 1J(1-1)(21-1)(J-1)(2J-1) )

An hfs separation NFZsFl will appear directly in the optical spectra in
the form of peak separations if F, and F, have transitions to a common
level in the other atomic term.

To determine all three constants, it is first necessary to iden-
tify the observed transitions. As a pertinent example, consider the
case of T1, whose possible 535 nm hfs transitions are given in Fig., 14,
There are four possible splittings arising from different nuclear spins.
A spin I = 0 nucleus would have no hfs detail and appear as a single
peak. For spin I > 0, the 72S,,, term splits into a doublet. Only the
magnetic dipole moment can be obtained from its splitting. On the other
hand, the 62P3/2 splitting offers progressively more nuclear information
as the spin I increases. An I = 1/2 nucleus has no observable quadru-
pole moment but splits the 62P3/2 allowing the dipole moment to be
measured, albeit the 62P3/2 is less sensitive to the magnetic moment

than is the 7251/2 state, To its advantage, however, the 62P3/2 overlap
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with the nucleus is vanishingly small and it thus has a hfs anomaly of
zero. For I > 1/2, deviations from the Lande interval rule (Eq. 1)
occur in the 62P;/, levels due to quadrupole deformations. Octupole
moments appear for I > 1 nuclei. No higher moments are detectable with
higher I's since the J = 3/2 becomes the limiting factor. For small
higher-than-dipole moments, the observed peaks would be ordered in
increasing energy as they are drawn in Fig. 14. Two of the greatest
aids in labeling peaks in Tl spectra are that (a) for I > 1/2, two pairs
of transitions have the same energy spacing, and (b) the ratio of dipole
constants A(7251/2)/A(62P3/2), which from Eq. 1 is just the ratio of
<He(0)>51/2/<He(0)>P3/2 , is relatively unchanging between isotopes.

For T1 this ratio is approximately 46.

The centers of gravity of hfs transitions are known to change
from isotope to isotope. These isotope shifts of both atomic terms and,
as a result, spectral lines are measurable quantities. Observed isotope
shifts are composed of a field shift (FS) due to volume changes and a
mass shift (MS) due, obviously, to a change in mass. The MS itself is
composed of the normal mass shift (NMS) and the specific mass shift
(SMS). The NMS is due to the kinetic energy of the nucleus and is given

simply by

v A'- A
NS = 1836 — &=

where v is the transition frequency and A is the atomic number. At low
masses the NMS is the dominant effect, but for the T1 535 nm line it
amounts to only ~ 8 MHz per amu. The SMS is due to electron correla-

tions and cannot be readily calculated. For Pb, Thompson et al. (1983)
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assumed the relation SMS = ( 0 £+ 10) NMS, whereas for Hg, Bonn et al.
(1976) used SMS = ( 0+ 0.5) NMS. The value ( 0 + 1) NMS was chosen for
T1 based on the arguments of Heilig and Steudel (1974).

The FS of a line has been discussed by a host of authors. It is
most generally stated that the FS is proportional through a virtually
constant electronic factor to A, where x» is the sum of the change in the
even radial moments between two nuclei:

Ci .

A = =L s<r2is . (6)
c
1

The coefficients Cj are given by Seltzer (1969). In fact, various
authors have claimed that optical transitions measure the following:

1. 8<r20>, with g=(1-a272)-1/2 Racah (1932) and

Rosenthal and Breit (1932);

2. &<r2> Bodmer (1953);

3. Yaps<r2M>  (same as Eq. 6) Seltzer (1969);

4, 6<r20'>, with ¢'=(1-0.1774272) Wu and Wilets (1969);

5. g&<rlto> Dunlap (1972);

6. 6&<r2> Heilig and Steudel (1974).
The series expansion is used in this work, since from it deformations
can be derived,

To determine isotope shifts, the centers of gravity of hfs
spectra are found by measuring transition energies and weighting them
with their theoretical line strengths., The line strengths of many tran-
sitions are tabulated by Kopfermann (1958) or can be easily calculated
by the formulas in Tolansky (1948). These have the results or the

simplified specific-case forms of the expression for the line strengths,




which for a transition between levels F and F' is proportional to

(2F+1)(2F'+1) )1 F J (2
1 J'F
where the term in brackets is a six-j symbol (see, for example, Shore
and Menzel, 1967). The relative line strengths of interest for Tl are

given in Fig., 15,
B. Experimental Analysis: Extraction of hfs and IS from Data

Each hfs spectrum obtained in an experiment was recorded simulta-
neously with the frequency markers from an etalon and the hfs spectrum
of I, in a cell to permit accurate frequency determinations. Repeated
accurate measurements of the I, hfs were made in order to simplify the
data set comparisons. There are two I, hfs multiplets in the laser fre-
quency interval of interest. If ideally resolved, these multiplets
would have either 15 or 21 components. Regarding Fig. 13, page 38, the
12 closely spaced peaks in the center of the I, spectrum correspond to
the unresolved peaks numbered 773 and 774 on sheet 50, part 3 of
Gerstenkorn and Luc's 1978 atlas. For the sake of simplicity, the peaks
hereafter are simply referred to as peaks 773 and 774. Peak 773 is a 15
component multiplet which on the scale of Fig. 13 is seen as the six
peaks on the left of the center group, while peak 774 is a 21 component

multiplet seen as as the six peaks on the right side of the center

group. Individual hfs components are labeled "a" through "u" with "a
being the highest in frequency. The difference in the 15 and 21 com-
ponent structures is that the triplet peaks abc, hij and stu in the 21

component spectra are single peaks named "b", “i" and "t" in the 15
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FIG. 15. Relative line strengths for Ti.
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component spectra thus giving the three quadruplet peaks the same
labeling. The 12 peaks in the Fig. 13 I, spectrum are therefore bounded
on the left by the 773 "t" peak and on the right by the 774 "b" peak, or
actually, abc peak. Gerstenkorn and Luc (1979) provide the information
that the center of gravity of an I, multiplet is located at very nearly
5/9 of the distance from its "t" to its "b" peak, and that this position
corresponds to the wave number value listed in their 1978 atlas.

In order to simplify the data analysis here, the wave number of a
single component was determined so that it alone would be sufficient for
data set comparisons. For this purpose, the 774 "b" peak was chosen
since it is narrow and has good statistics. Its triplet nature resolves
only on extremely narrow scan ranges of about 500 MHz per 1024 channels,
where it is seen that the "b" peak is nearly centered and is also the
tallest of the three. The separation of the 774 "b" and "t" peaks was
measured to be 858(4) MHz. The distance from the "b" peak to the center
of gravity of the multiplet is thus just 4/9 of this value, or 381(3)
MHz or 0.0127(1) cm-l. The tabulated value of the centroid of this
multiplet is 18698.4908 cm~l. To this must be added Gerstenkorn and
Luc's 1979 correction of - 0.0056 cm~l. In addition, the I, saturated
absorption spectroscopy system uses the first-order modulated wave from
an acoustical optical modulator (AOM) which requires a correction of
+ 40 MHz or + 0.0013 cm~!. Combining all of these values, it is found
that in a plot of spectra with an I, reference the position of the "b"
peak of the 774 multiplet corresponds to an absolute wave number of
18698.4992 cm~!. Gerstenkorn and Luc state that their correction makes

their wave numbers accurate to + 0.001 cm~! (+ one standard deviation).
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The centers of gravity of the Tl spectra were measured relative to this
"b" peak in order to extract the isotope shifts. For example, labeling
the T1 normal-ordered transitions alphabetically by increasing frequency
(this is opposed to the I, scheme), it can be seen that for a spin 1/2
T1 535 nm hfs, which has line strengths in the ratio 2:5:1, the center
of gravity (c.g.) is given by

2005 + SAcp t Ac
C.g. = 0-12 + a 8 b C R

where 012 is the wave number of the I, reference, Ao is the difference
in wave numbers of a Tl peak and the I, reference, and a,b,c are the
peak labels. Similar formulas apply to the other spins.

Once the observed peaks are identified, the center of gravity can
be found. In order to use this to determine isotope shifts, the Doppler
shift must be considered. In collinear spectroscopy, a moving atom
whose rest-frame transition has wave number g, is excited by laser light
at wave number op. The relativistic Doppler effect relates these two

wave numbers by the equation

1 - g2)1/2
Im = 9o (1 . gcgse (7)

where g = v/c = (the velocity of the atoms)/(the speed of light) and e
is the angle between the laser and the atom beam propagation directions.
For light travelling in the same direction as the atom beam, known as

the parallel geometry, 8 = 0, while for the antiparallel geometry 6 = =.

The parallel (+) and antiparallel (-) geometries let Eq. 7 reduce to

g, = 0p ———"—(1 = 2)1/2 = 0g [% 2 8]1/2 . (8)

+

178
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By measuring o4 and o. for a given mass and acceleration voltage, the
rest-frame wave number can be obtained by taking the square-root of the

product of ¢4 and o, i.e.,

g9 =Y 04+ 0. (9)

Equation 9 is relativistically correct to all orders of g and
does not require the knowledge of g. The accuracy of collinear fast
atom beam laser spectrocopy can thus be used to obtain a similarly
accurate value of the rest-frame transition of an atom without doing an
experiment using a cell. This approach has even been used to test the
accuracy of the time dilation formula to a new precision in an experi-
ment performed at UNISOR by Juncar et al. (1985).

For this research, the rest-frame wave number of the center of
gravity of the 535 nm line of 203T1 was measured to be 18684.7901(10)
cm~l using the parallel-antiparallel method just described. Due to time
constraints and difficulty of alignment, the parallel-antiparallel
method was not used on each jsotope. Instead, the Doppler shifts of all
of the isotopes were calculated by first obtaining the Doppler shift and
velocity gc for 203T1 and then using appropriate formulas to deduce the
other isotopes' Doppler shifts. To do this, note that Eq. 8 can be
solved for g8 to yield

g = (0+/00)2 -1 . (10)

1+ (0+/60)2

For some calculators where round-off errors would affect the accuracy of
inserting numbers into this equation, two alternate forms are offered.
Setting Eq. 8 equal to the rest-frame wave number o, plus a Doppler

shift S and then solving for g gives the exact formula




(S/ag) + (1/2)(S/0y)2

1+ (S/og) + (1/2)(S/ag)?

or in power series form:

B = (S/og) - %-(S/oo)2 + %—(S/oo)“ + (higher order terms).

Knowing o,(203) and measuring ¢4+(203) for each on-line run gives B;(3C,
the velocity of 20371 in the observation region,

Since each isotope is accelerated by the same potential Vacc,
their g's are related. However, the Tl ions after being accelerated are
then slowed unequally by picking up an electron in the charge exchange
process. Assuming that the ions pick up free electrons from rest in the
charge exchange, from momentum conservation the observed velocity g;c
for an atom of mass m is found to be related to the velocity of the ion
of mass m;, before the charge exchange by the exact formula

(ml/m1+)2 312

2 -
1+ 812[(m]_/m1+)2 - 1]

B+ . (11)
Assuming that the initial energy given to each isotope is the same and
by relating relativistic energies, it can be shown that a second isotope
accelerated by the same potential would have a velocity B,4+C related to

B1+ by another exact formula

m + 1
Bpe? = 1 - [ == ( - 1) +1]-2 . (12)
2+ Mor Topt )

Once g8, is determined by the measurement of ¢ combined with oy, then g,
can be derived from Eq. 11. From g, can be obtained B,4+. Finally, g5,

the factor for the observed velocity of the second isotope, can be



obtained by using

(my+/my )2 Bp42

By = . (13)

1 +8,42[(my4/my)2 - 1]
Equations 11, 12 and 13 can be combined by straightforward,
albeit cumbersome, algebra to relate the observed velocities of two dif-

ferent isotopes using the assumptions above to yield the exact equation

X
2 = 14
B2 mzz(l_slz) + X ( )

where X = (2m1+)(m1+'m2+){1'812‘ (1'312)[1'612+812(m1/m1+)2] }+312m12 .

Equation 14 1is accurate for any accelerated and then neutralized ele-
ments., Without charge exchange, Eq. 12 is all that is needed to compare
g's. For the particular case of Tl1, direct substitution into Eq. 14
using my = my - me + IP, where me is the mass of the electron and IP is

the ionization potential, yields

Bo =V<m1/m25 8, (15)

to better than 13 parts in 108 for m, = 189 and m; = 205. Equation 15
was therefore used in the analysis of data whereas Eq. 14 is supplied
for those using other velocities or lighter masses where Eq. 15 might
not be sufficiently accurate.

To extract isotope shifts, the following procedure was used. A
reference isotope (203T1) is chosen whose rest-frame wave number, ¢4, is
known. Its Doppler-shifted center of gravity is measured. Subtracting
its rest-frame value gives its Doppler shift. Another isotope, with a

rest-frame transition gg, = og; + IS where IS is its isotope shift with




respect to the reference, is then measured to have a laboratory-frame

wave number of g,. The second isotope has a Doppler shift

Sp =0y = 0p3
=g,( 1 - /{1-8,)/(148,) )

which can be found without knowing the rest-frame wave number by using
Eq. 14 or 15 once g, is known from a calibration data set on the
reference isotope. Notice that the observed difference in the centers

of gravity is
(o2 - 01) = (0gp * S3) - (g + S)

(0gy *+ 1S + S) - (g1 + )

= (S, - §) + IS . (16)

The isotope shift is equal to the difference in the observed wave num-
bers minus the difference in Doppler shifts. This form is easier to
handle than obtaining and manipulating the rest-frame wave numbers
because the terms in Eq. 16 are all of the same size (GHz) whereas the
isotope shifts are many orders of magnitude smaller than the wave num-
bers themselves.

Yet another way of expressing the observed shifts is

1 +8, 1 +38) 1 +8,
(02'01)‘001[‘/71_82 "/1_61]"'15 _1'82 .

This form can be used with the expansion

L1+8 o2, las o low 355
T -8 1+3+23 +23 +23 +83 + e

in doing calculations in order to avoid several possible round-off

errors,
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Numerical analysis shows that the uncertainty of 0,001 cm~! in
00(203) leads to five significant digits in 8,93, Bms Spg3 and Sy, but,
since it is a systematic error, the difference in the roughly equal S,4;
and Sp is also accurate to five significant digits. Even though 00(203)
is known to only within 30 MHz, the associated uncertainties in Doppler
shifts are less than 1 MHz. Another uncertainty which affects the
Doppler shift calculation is in the masses used in Eq. 14 or 15.
However, an error of 0.001 amu (~ 1 MeV/c2) in the mass of a Tl isotope
would mean only as much as a 1 MHz error in Sy. The masses used for
calculations here were determined from the mass excesses listed by Tuli
(1985). Nearly all of the excesses listed for Tl were determined by
systematics, but errors greater than 2 MeV/c2 would be very doubtful.
The most serious uncertainty by far is whether or not the accelerating
voltage remains constant throughout an experiment. The change in
observed wave number with voltage for T1 at 50 kV is about 4 MHz per
volt. The voltage is not changed during experiments but is subject to
drift. Several calibration data sets are interspersed with on-line data
to monitor this voltage stability.

Not only is g needed to determine the IS, but the actual hfs
spacing as well., Each hfs transition is observed to be shifted
according to Eq. 8. The observed spacings are thus larger than the
rest-frame spacings by the factor [(1+g)/(1-g8)]1/2, or about 1.00075 for
T1 at 50 kV (the actual number changes slightly from mass to mass). The
observed spacings are interpreted in terms of level spacings by studying
the observed pattern and relating it to the hfs schemes as shown in Fig.

14, page 41, keeping in mind that higher-than-dipole moments can

o
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rearrange the energy ordering of levels. The equal separation of two
pairs of the peaks for I > 1/2 and the ratio of A factors being about 46
are instrumental in peak labeling., Once peaks are labeled properly,
rest-frame level spacings are extracted; e.g., for I > 1, the equal
separation of two pairs of peaks is just the 62P3/2, F=1+1/2 »

F =1-1/2, level spacing. The 7251/2 level spacing is the Doppler-
corrected difference in the “c" and "a" peaks for the I = 1/2 data,
while for the I > 1 spins it is obtained by taking the average of the
“f" - "b" and "e" - "a" spacings.

Using the Lande interval rule, the S splitting is just (I+1/2)
times the A(7251/2) hfs constant, since higher-than-dipole moments do
not affect an S term. For I = 1/2, the 62P3/2 splitting is simply twice
the A(62P3/,) constant since (I+3/2) = 2. The 62P3/, splitting for
I >1/2 was fit in two ways. The displacement energy of a level and the
hfs constants A, B and C are related by Eq. 4. Level spacings are given
by Eq. 5. Solving simultaneous equations of the form of Eq. 5 will give
the hfs constants in terms of the level spacings (a general solution for
the constants in terms of the P3/, level spacings is given in Schwartz'
1955 article). The constants for Tl were determined first by solving
such equations and secondly by doing a least-squares fit to the data
using the latter relations and assuming that the constant C was zero.
The justification for this assumption was based on the In and I octupole
moments. These moments were detected using very precise ABMR data to
obtain C's of 2.45(37) kHz for 1271 (Jaccarino et al., 1954) and
0.497(33) kHz for 115In (Kusch and Eck, 1954), while the A's and B's are

on the order of many MHz. The octupole moments observed are among the




57

largest known, but their effects on the hfs spectra required measure-
ments of the separation of hyperfine components several orders of magni-
tude more precise than the laser data supplies. Since the A and B
constants agreed well within their experimental errors using both the
three-equation/three-unknowns and the least-squares fit, and since any C
term would be expected to be on the kHz scale well within the MHz uncer-
tainty of the level separations, the least-squares fit was chosen as
being more reasonable,

Level ordering found for the odd-mass isomers is given in Fig.
16. The quadrupole moment, through the B coefficient, is sufficient to
invert the levels as shown. When interpreting the even-mass Tl data, a
special problem was encountered. The nuclear spins have not been
measured (Tuli, 1985), The observed hfs had four peaks, but no nuclear
spin will result in only four transitions. From systematics, an I = 2
ground state and an I = 7 isomer are assumed; both should have six hfs
transitions. Gamma-ray data acquired simultaneously with the laser data
were used to show what proportion of ground state and isomeric state
nuclei were being produced at mass 192. This determination was made by
comparing the ratio of the observed intensities of gamma-ray lines in
the 19271 decay. Originating from the 4% level in 192Hg, the 635 keV
line of 19271 decay had been calculated by Sousa et al. (1981) to be
only 11% as strong as the 423 keV line for the low-spin ground state but
91% as strong for the high-spin isomer. The ratio in the laser experi-
ments was over 90% suggesting the beam consisted of virtually all high-

spin isomers.




FIG. 16. Effect of nuclear moments on T1 atomic levels for I = 9/2.
The hfs spectra of the light odd-mass Tl isotopes taken in this work
reveal a level ordering corresponding to wyp > 0 and QS < 0.




59

To correctly assign the hfs peaks in the 192T1 data, on-line time
was spent recording the relative peak heights for varied laser powers in
hopes of using the optical pumping model (see appendix) to decipher the
data. It was found that the first of the peaks increased in relative
height while the third and fourth became roughly equal and as large as
the second peak for decreasing laser powers., The accuracy of the data
and of the model were not, however, sufficient to uniquely determine
peak assignments. Since six peaks are to be expected for I » 3/2 and
the isomer is assumed to be have I = 7 (although I = 6 is not unrea-
sonable), it was clear that for these T1 isotopes there is seen either a
triplet and three single peaks or two doublets and two single peaks.
Since two pairs of the peaks necessarily have the same separation and
the peaks observed are not equally separated, it follows that none is a
triplet and that the equally spaced pairs are in fact unresolved,
appearing as single peaks. It is found that of the possible per-
mutations of the assignments of the two doublets and two single peaks,
in only one case is the resultant ratio A(72S;/,)/A(62P3/,) = +46 as it
should be. This occurs for the ordering of peaks “c ab d ef." The
level ordering required for this is shown in Fig. 17, Having derived
the peak locations through the physics argument, the optical pumping
model predictions were reexamined for agreement. It was found that the
deduced ordering should indeed result in the peak behavior noted at
lower laser powers. Furthermore, by taking the peak widths and shapes
from the well resolved 193T1 data and fitting the 192T1 data using the
derived ordering, the six relative peak areas of the fit were found to

agree extremely well with the model. Agreement with both spin I = 7 and




FIG. 17. Effect of nuclear moments on Tl atomic levels for I = 7,
The hfs spectra of the light even-mass Tl isotopes taken in this work

reveal a level ordering corresponding to u, > 0 and Q 0. The 15/2
to 13/2 level spacing in the 62P3/2 mult1p*et is much® less than the
60 MHz experimental linewidth of the 535 nm transitions.




[ = 6 assignments were good since these two nuclear spins cause vir-

tually identical relative intensities. The data was thus analyzed for
both spin assumptions pending an actual measurement of the isomeric
spin, The A and B hfs constants for all Tl isotopes measured at UNISOR
are given in Table II. Previously measured constants of 201,203,205T]
by other groups are included in the table for comparison. The values
from this work are consistent with the previous measurements. The pre-
cision obtained here is much less than that of the ABMR meaurements of
Petersen, Palmer and Shirley (1968) but greater than that of the optical
measurements of Hull and Stroke (1961).

Even though A(62Py/,) is free of the hyperfine anomaly, A(72S,/,)
gives a more accurate magnetic dipole moment since its value is more
precisely measured. An unknown moment is found by relating to a known

moment of an isotope and using a rewritten form of Eq. 2 :

2, Mo (Hax/ux) (17)
BT XX TR (Trag /ug) )

The reference isotope was chosen to be 20571 which has I = 1/2, an
A(72S)/,) of 12292.4(8.3) MHz and a dipole moment of 1.6382136(1) n.m.
(Ekstrom, Wannberg and Shishodia, 1976). The values of o are as given
on page 42 using the nuclear shell model: for 189,191,193T1  which are
"Ny /2 nuclei, o is + 1072 n.m.; for 1939,201,203,205T) (x5, /,)

a = - 1072 n.m.; and for 190,192T1 (rs) /,vi;3/5) @ = ay + ay = 0. Owing
to the accuracy and the magnitude of «, it is sufficient to use on the
right side of Eq. 17 the magnetic dipole moment found assuming no ano-
maly, i.e.,

ux = (0.00026654(18)n.m./MHz) I Ay (18)




TABLE II. TI hyperfine constants measured at UNISOR (in MHz).
The best previous measurements are included where possible.

XT] A(72S, /5) A(62P;/,) B(62P3/,)
205 12292.4(8.3) 264.65(80) -
12291. (15.)@  265.038273(2)b
203 12179.7(5.6) 262.3(1.0) -
12184, (15.)a  262,029972(2)b
201 12045.3(9.4) 255.0(5.0) -
12052.(120.)¢  510.(120.)¢
193g 11942, (14.) 259.9(7.0) -
193m 3263.0(2.4) 66.7(2.3) -2476.(20.)
192m 275.9(1.9) 5.8(1.0) 526.(18.) If I =7
318.3(2.1) 7.2(1.3) 507.(17.) If I =6
191m 3225.9(3.4) 66.5(3.4) -2562.(31.)
190m 263.9(2.3) 5.4(1.6) 296.(24,) If 1 =17
304.5(2.6) 6.6(1.8) 286.(23.) If 1 =6
189m 3204.5(4.8) 65.3(4.8) -2578.(44.)

a Odinstov, 1960.
b Petersen, Palmer and Shirley, 1968.
¢ Hull and Stroke, 1961,
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where in Eq. 18 the 20571 numerical values have been used. The moments
obtained from Eq. 17 are listed in Table III along with all other known
T1 dipole moments as well as all of the known 535 nm isotope shifts.

The associated one standard deviation uncertainties Tisted with each of
the dipole moments derived in this work do not include the uncertainties
in the values of a used. This uncertainty should amount to less than
0.01 n.m. (Ekstrom et al., 1980. Equation 18 may be used with the
values of A(72S)/,) listed in Table II to determine the magnetic dipole
moments in T1 neglecting the correction for the hfs anomaly). The abso-
lute magnitude of the T1 magnetic dipole moments are plotted in Fig. 18.
The isotope shifts of the 535 nm line are plotted in Fig. 19.

It can be seen from Table III that the values from this work are
consistent with previous values of the moment and isotope shift, and
represent an improvement in accuracy in the case of 201T], With the
exceptions of 203,205,207T]1, the isotope shifts measured here are more
precise than previous optical measurements by a factor of from two to
six, This improvement is attributable to the linewidths in these
collinear laser experiments (~ 60 - 150 MHz) as compared to the previous
optical experiments which used lamps as the light sources and which had
corresponding Doppler widths of ~ 0.9 - 1.5 GHz (Hull and Stroke, 1961;

Goorvitch, Davis and Kleiman, 1969).




TABLE III. T1 magnetic moments and 535 nm isotope shifts.
XT u (n.m.) IS (GHz) T u (n.m.) IS (GHz)
207g 1.8676(2)2 1.783(3)a 198  +0.00(1)b -6.87(12)¢
205m 0.41(5)d - 197g 1.58(2)¢ -7.02(12)¢
205g 1.6382136(1)e 0.0f 196m - -8.64(12)9
204m 1.187(6)h - 196g +0.07(1)b -
204g +0.09(1)b -1.08(12)1 195  1.58(4)9 -8.22(12)9
203m 0.16(5)J - 194m - -10.37(12)9
203g 1.6222569(1)e -1,766(21)k | 1949 +0.14(1)b -
1.6231(13)1  -1,758(18)1
193m 3.9482(39)! -7.033(17)!
202m 0.896(42)M -
, 193¢ 1.5912(22)} -9.743(19)1
2029 +0.06(1)b -3.12(12)1
, . 192m 0.5180(36)! -10.892(30)11=7
201g 1.61(2)7 -3.72(12)1 0.5121(34)1 -10.877(30)'1=6
1.6051(17)1  -3.537(15)1
, 191m  3.9034(48)1 -8,265(65)]1
200g  +0.04(1)P -5.07(12)1
_ 190m  0.4953(36)1 -12.286(65)11=7
199¢ 1.60(2)b -5.31(12)1 0.4900(42)1 -12.275(65)11=6
198m  +0.64(7)b -6.48(12)n 189m 3.8776(63)1 -9,484(70)]

O Qa0 TN

_— e e T -

Neugart, 1984, 1 (207) does not include a hfs anomaly correction.
Ekstrom, Wannberg and Shishodia, 1976.

Davis et al., 1966,

Chen et al., 1972.

Ekstrom, Wannberg and Shishodia (1976) who utilized the value from
Baker and Burd (1963) with some corrections.

A1l isotope shifts here are given relative to 205,

Goorvitch, Davis and Kleiman, 1969,

Maier, 1972.

Hull and Stroke, 1961.

Karlsson et al., 1965,

Odinstov, 1960.

Present work. u includes the hfs anomaly but no errors due to same.
Values for both spin assignments in 190M,192MT} are given.
Hashimoto et al., 1974,

Goorvitch, Kleiman and Davis, 1967.
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isotope. See Table III for the data origins.




VI. INTERPRETATION OF RESULTS

It can be seen from the plot of the Tl magnetic moments, Fig. 18,
that all of the spin 1/2* nuclei have moments of about 1.6 n.m. The
spin 27 nuclei, none of which were measured by this laser system, have
moments less than 0.2 n.m. and possibly are showing a nearly linear
behavior with mass number, passing through y = 0 at mass 198. The
admixtures in the spin 7% isomers evidently contribute less with lower
mass resulting in a leveling-off of moments for lower masses. A very
good discussion of the moments of 194T1 and higher is given by Ekstrom,
Wannberg and Shishodia (1976) so one will not be made here. Finally,
the 9/2- moments are all nearly 3.9 n.m., comparable to the 9/2 moments
of 4.1 n.m. in Bi (Schmorak, 1980).

The isotope shifts of the 535 nm line are plotted in Fig. 19,
The most noticable details are that the data points lie generally along
a line, with the exception of the 9/2- data which lie somewhat above the
others. There is also considerable odd-even staggering in the data.
The odd-even staggering effect has been discussed by many authors
(Tomlinson and Stroke, 1962; Sorensen, 1966; Uher and Sorensen, 1966;
Reehal and Sorensen, 1971; Stroke, Proetel and Kluge, 1979; Barrett and
Jackson, 1977). Generally, isotope shifts (hence §<r2>) between nuclei
with even numbers of neutrons are nearly equal. However, the addition
of one neutron often produces less than 1/2 of the IS of two neutrons.
Hence, when plotting shifts, the odd-neutron data point lies closer to
the lighter neutron-pair point than to the heavier one. This is

"odd-even staggering." It is a field shift effect. It is most often
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seen in heavy elements, but has been observed in masses as low as (Ca
(however, not noticably in Na). Tomlinson and Stroke have theorized
that neutron pairs favor higher angular momentum states due to their
pairing energy versus the single particle energy. 0dd neutrons have no
pairing and so favor lower angular momentum states. In Hg, isomer
states with odd neutrons lie halfway between even-neutron levels, i.e.,
there is no staggering, implying that paired and unpaired i,;/, neutrons
cause equal changes in <r2>, In 1979, Stroke, Proetel and Kluge amended
this by saying that the lighter isomers experience a large Coriolis
force that decouples the neutron from the core causing the neutron's
angular momentum to align with the axis of rotation of the nucleus
rather than the nucleus' axis of symmetry. The staggering parameter
<> - <r2>

N+1 N

(1/2){<r2>N+2 - <r2>N}

Y =

is used as a measure of the polarization of the nucleus by one neutron
relative to the polarization by two. For no staggering, y = 1; for most
staggering y < 1; and it is possible to have y < 0. Neutrons with the
higher-j component of a nuclear fine structure doublet, having greater
spin-orbit energy and so being more likely found in the core, are better
for increasing deformations. However, "in the collective region, where
the deformations and particle orbits may change radically upon the addi-
tion of one or two neutrons, one must consider in detail the effects of
such variations" (Tomlinson and Stroke, 1962). In an attempt to explain
staggering, Sorensen showed that near-spherical odd-mass nuclei are
expected to have smaller <g2>, where g8 is the nuclear deformation para-

meter, than adjoining even-mass nuclei. Barrett and Jackson point out
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that "the situation is complicated by the density dependence of effec-
tive forces and the 'blocking' of a pair of states by the odd neutron.”
They add that the smaller <g2> is due to this blocking. Whatever the
origins are of staggering, the T1 isotope shifts track well the shifts
observed in the Hg, Pb and Fr isotones as shown in Stroke's review
article (1982). The relative isotope shifts of Hg, Pb and T1, including
data from this work, are shown in Fig. 20. The similarity of the long
isotope chains in Hg and T1 is particularly striking.

The trends in the Tl IS data for the individual spins seem to be
rather smooth with the exception of a kink in the spin 7t data between
masses 192 and 194, Assuming that the optical data obtained on 192T)
was solely that of the isomer state, which is what the gamma-ray
intensities indicate, then the discontinuity in the I = 7 data may indi-
cate (a) a change of spin in 190,192T1, (b) a sizable deformation
setting in without a spin change, or (c) there is some misanalyzed data.
Items (a) and (b) can only be proven by a measurement of the nuciear
spins in these isotopes. As for misanalyzed data, the leading candidate
seems to be that of the previous data for the reasons that follow:
Examining the paper of Goorvitch, Davis and Kleiman (1969) which pre-
sented the 19%,195,196T] data, it can be seen that their data was not
completely resolved because the different masses had overlapping
spectra. They deduced peak positions from repeated careful measurements
of interferograms with a densitometer but, and this is the key point,
they assumed that the magnetic moments for even-mass Tl isotopes are all
less than 0.089 n.m. At the time, this was a valid assumption based on

the paper by Brink et al. (1957). However, the data in this work and
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that of Ekstrom, Wannberg and Shishodia (1976) give moments of 0.495,
0.518 and 0.641 n.m. for the 190,192,198T] jsomers; it is only in the
ground state that such low moments seem to occur. With their assumption
of small u, they assumed that the even-mass Tl hfs was unresolved within
their linewidth of about 1.5 GHz. Their deduced 19%,196T1 separation
was 58 mK = 1.74 GHz. This compares to the present work's 7128, /2
separation between peaks of 2,07 GHz for 192T1 and 1.98 GHz for 19071,
If indeed they had misinterpreted these peaks and they were in fact both
from 19471, the IS would be nearly the average of their 194T] and 196T1
values which would place the 12%T1 IS in line with 190,192,198T], The
196T] could then also be assumed to be closer to the 195 "b+c" peak end
of their data, which would in turn also raise the 196T1 IS data point
into the now 190,192,194,198T) Jine, This could also conceivably lower
the 19571 point with respect to the other spin 1/2* data, even though
the 195T1 magnetic moment seems appropriate. With these changes, the
shifts in Tl would also better resemble those in Hg down to neutron
number 108. The argument presented here is not offered as conclusive
evidence but as a possibility that remains to be proven. On the basis
of this argument, the laser studies of light T1 isotopes are to be
extended after the completion of this dissertation to the isotopes
194,195T). Due to cross-sections and available beams, it is not
believed that an experiment on 196T1 will be possible at UNISOR. It is
hoped that both the isomer and ground state of 19571 will be observed.
The data should either confirm or refute the interpretation of the 1969
data given above, and with its better resolution should also produce

more accurate moments and even give quadrupole moments.
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The isotope shift can be interpreted in terms of nuclear infor-
mation by correcting for the mass shift (as described on page 45) and
then factoring out the electronic term from the resulting field shift to
leave the nuclear parameter » (Eq. 6). By assuming a deformed radius
given by rq = rp ( 1 +8 Y,5) where g is the deformation parameter and
rp normalizes the mass to that of a sphere of radius r0A1/3, the nonre-
lativistic radial moments can be calculated for each isotope from

straightforward integrals., Using Seltzer's values (1969) for Ti,
A = 8<r2> - 0,0111 s<r> + 2,936x10-6 &<r6> + ,,, .

Factoring the §<r2> out of the right side of the equation and with some
manipulation using calculations of the radial moments, it can be shown
that for TI

A = 0,93 6<r2>p + 0.89 §<r2>g (19)

where A and g refer to mass-only and deformation-only changes in mean-
square radii. This agrees with formulas for A used by Thompson et al.
(1983) for Pb and by Bonn et al. (1976) for Hg. As with most other
electronic constants in T1, the proportionality factor between the field
shift and A is not accurately calculable due to screening electrons. In
principle, other isotope shift methods including muonic X rays and
electron scattering could be used for calibration, but these give
moments <rke-ar>, not differences in radial moments, and thus com-
parisons with optical data are always model dependent. The muonic data
on Tl in fact measures the rather obtuse value <r2.419-0.15158> (Engfer

et al., 1974). Engfer et al. also interpret the data of Backe et al.
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(1972) (with whom they were co-authors) using a Fermi distribution with
st = 0 to obtain a thus model-dependent 203,205T] IS of - 0,115(3) fm2,
Euteneuer, Friedrich and Voegler (1978) combined their elastic electron
scattering data with the muonic X-ray data of Backe et al. to derive rms
radii of 5.4634(46) fm for 20371 and 5.4699(46) fm for 20571, Combining
these, one finds §<r2> = 0.071(71) fm2, a number whose uncertainty is as
great as the number itself,

Faced with no certain calibrations, various normalizations were
tried. The field shifts were extracted from the IS using the method
described earlier, With the above-mentioned muonic atom data of
0.115(3) fm2 for the 203,205T] IS and assuming higher moments are negli-
gible, an electronic factor of 15.16(43) GHz/fm2 was deduced. This
agrees with factors derived by using the droplet model (Myers and
Swiatecki, 1966, 1969 and 1974; Myers, 1969, 1970, 1977 and 1982; Myers
and Schmidt, 1981 and 1983; Pearson, 1982). The latest version of the
droplet model as described by Myers and Schmidt (1983) is quoted as
having an accuracy of 0.01 fm2. It gives the 203,205T] shift to be
0.106 fm2 and thus indicates an electronic factor of 16.4(1.6) GHz/fm2.
If the muonic atom data is used for calibration, a plot of §<r2> for the
T1 isotopes would have data points which, with the exception of the 9/2-
data, fall about one-fourth of the way between the predictions of the
droplet model and the values of §<r2> obtained from calculations for a
spherical nucleus having radius r0A1/3. Such a plot for Pb is given by
Thompson et al. (1983). In order to deduce deformations in Ti, the
method chosen was to normalize the droplet model values to the measured

field shifts.




One normalization attempted was to assume that the stable

203,2057] have virtually no change in deformation. A line drawn through
these points, representing the droplet model predictions, results in
points falling on both sides of the line. However, both the droplet
model and the expression given by Neugart (1981) for Eq. 19 show that
deformations would result in points only on one side of the g = 0 line.
In particular, Neugart relates the field shift to a volume and a defor-
mation effect, the deformation effect being proportional to 6<g2>, This
§<g2> term cannot possibly take both positive and negative values in
going away from g = 0 since from there §<g2> is necessarily positive for
non-imaginary deformations. The data was thus fit by normalizing the
droplet model so that no points would lie below the g = 0 line. Being
one nucleon away from from a doubly-closed shell, 207T1 was taken to
have a deformation of zero. The isotope with the greatest shift per
change in mass number relative to 207T} is 20071, The droplet model was
fit to these two points by also assuming zero deformation in 20071,
Figure 21 shows the results of this normalization. Lines obtained for
non-zero deformations are inciuded in the plot. Since the assumption of
zero deformation in 20071 is somewhat unfounded, it can be assumed that
the lines in Fig. 21 represent the minimum slopes and that deformations
obtained for isotopes by reading the plot are minimum values.

Regardless of the actual values, the plot shows that in going away from
the closed-shell of 207T1, deformations are increasing. The defor-
mations for each nuclear spin are in general smoothly changing with the
exception of the 192,194T] discontinuity discussed earlier. Finally,

the isomer shift in 19371 is seen to be the result of a large change
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FIG. 21. T1 535 nm field shifts and droplet model defor-
mations. The field shifts are derived from the isotope
shifts listed in Table III, page 64. Predictions of the
deformed droplet model, normalized to masses 200 and 207,
are given as lines in the figure.
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in deformations between the ground and excited states: a change of as
much as 60% if the normalization is correct.

Fortunately, the IS data are not the only source of information
available on the deformations of the light isotopes. There is remaining
information which comes from the hfs quadrupole constants B. No pre-
viously measured quadrupole moments are known in T1, so no calibration
exists. Also, the screening electrons and relativistic correction fac-
tors prevent an accurate simple calculation of the electronic factor
relating B and Q. A complex calculation using a relativistic
Hartree-Fock approach has, however, been done by Lindgren and Rosen
(1975). Using their value for <r-=3>,,, the relation obtained between

the spectroscopic quadrupole moment and B is

Q. = B/(1128 MHz/b) .

S

The Qg values obtained in this manner may be either too large or too
small but are proportionally correct.

The moments in the even-mass T1 result from the coupling of an
odd proton and an odd neutron, and do not lend themselves to simple
relations with the intrinsic quadrupole moments Q,. Assuming the
moments are proportional to the B's, then from the constants listed in
Table II, page 62, there is roughly a 60% change in the quadrupole
moments going from 190T1 to 192T1, This change shows up in the narrowed
spacings of the peaks in the 13071 data relative to those of 192T1, The
actual values of these moments are not estimated here,

For the 9/2- nuclei, there is the well-known relation for axially

symmetric deformation and strong coupling of the odd proton (see, e.g.,

e
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TABLE IV. T1 quadrupole moments and deformations.

2
T Qs Qo B <g3>1/2
(eb) from Qg from IS
193¢ - - - 0.099(1)

193m  -2,20(2) -4.02(3) -0.144(1)  0.158(1)
191m  -2.27(3) -4.16(5) -0.150(2)  0.170(2)
189m  -2.29(4) -4.19(7) -0.153(3)  0.181(2)

Bohr and Mottelson, 1975):

_ 3K2-1(1+1)
% = Q T y(2143) .

The strong-coupled character of the hg/p band suggests predominantly
oblate deformation (Newton et al., 1970). Negative values of Qy are
obtained for I = 9/2 and K = 9/2 and are listed in Table IV, as are the

deformations g, obtained by the relation for a rotational quadrupoloid:

Q@ = 2 ZA2/3rg28,(1 + 0.368,) .

1 V5n
The relation between this expression of the quadrupole moment and its
deformation g, compared to other quadrupole deformation parameters 1is

given in the enlightening review by Lobner, Vetteg and Honig (1970). It

suffices to say that g, B, and the soon-to-be-encountered ¢, are equal
to within a few percent for the deformation magnitudes here. The B'S
from the droplet model fit of the field shifts were converted to g,'s

for the table,

e




18

The deformations obtained from the quadrupole moments are some-
what smaller in a nonproportional fashion than those obtained from the
IS. The errors shown in Table IV represent measurement uncertainties
but not uncertainties in the proportionality constants used. Thus the
moments are proportionally correct (and the derived g,'s nearly so) but
may be too large or too small. The disagreement in derived deformations
from the IS and Qg is not unreasonable as the same type of discrepancy
has been previously observed in the neutron-deficient Hg isotopes where
Qo is underestimated from Qs due to violations of strong coupling and
axial symmetry (Bonn et al., 1976). Also, to first order the IS
measures <32>1/2 while the quadrupole moment measures <>, the two of
which are not necessarily equal. The differences in T1 are larger for
the lighter isotopes and may be in part due to mixing with a coexisting
state of opposite and larger deformation, which could simultaneously
reduce the quadrupole moment and increase the effective radius.

A theoretical calculation was carried out by Georg Leander of
UNISOR to see if all the observed features of the Tl isotopes would
emerge from the deformed shell model. It is an a priori microscopic
calculation in the sense that the parameter values are standard. First
the equilibrium shape of the intrinsic mean field was determined in the
Strutinsky approximation to Hartree-Fock theory for both the 1/2* and
9/2- configurations of 185-199T1, petails of the calculation are as
described by Nilsson et al. (1969). The only difference in the present
calculation compared to the older ones of Dionisio et al. (1976) and
Wieclawik et al. (1976) is the use of updated spin-orbit and orbit-orbit

strengths in the single-particle potential (Bengtsson and Ragnarsson,
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1983, with the change kp,upn = 0.095,0.18 for N = 3 and 0.080,0.22 for

N = 4), The new strengths are a universal set proposed by the Lund
group for use in all regions of nuclei with several improvements over
the older sets. The main difference in the present results compared to
older ones of Dionisio et al. and Wieclawik et al. is that the 9/2-
excitation energy now has a minimum around A = 189 - 187 as is observed
in experiment (see Fig. 22, part a). The quadrupole deformation coor-
dinate €, is shown by the dashed line in Fig. 22, part c for the 9/2-
configuration (for the 1/2% configuration, €9 = -0.07). Both the value
and the rate of change of the deformation in 189,191,193T] are seen to
be compatible with the experimental results. Clearly the rate of change
of the deformation is more than enough to account for the mass depen-
dence in the 9/2- excitation energy, through the deformation dependence
of the lowest Nilsson orbit from the hg/p shell. The mechanism for the
upturn in the lightest T1 isotopes is more subtle, namely a difference
in the rate at which the Strutinsky shell correction changes as a func-
tion of mass at the respective deformations of the 1/2% and 9/2- con-
figurations.

The main reason for doubting the role of deformation in the past
was based on the notion that a simple correspondence exists between the
deformation and the rotational moment of inertia. The observation in
185-199T1 of almost identical strong-coupled bands based on the 9/2-
level would then be incompatible with changing deformation. In order to
derive moments of inertia at the calculated 9/2- equilibrium defor-
mations, the formalism of Andersson et al., (1981) and of Arve, Chen and

Leander (1983) was used. The change in the Hamiltonian from a rotation

.
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FIG. 22. Comparison of theory and experiment in T1.
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tive to the ground state. Part b shows the 11/2" to
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shows both the neutron pairing gap energy, plotted on
the left, and the deformation, whose scale is on the
right side of the figure. In all three parts, the
experimental values are given as points and the theory

by lines.
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of the intrinsic mean field, F = -[Hint,J+1/k, is treated in the random
phase approximation (RPA). The effective coupling constant « is fixed
by the physical requirement of M-degeneracy, i.e. a zero-energy root to
the RPA equation. The lowest positive-energy root is collective and
represents the 11/2- first excited band member.

The results are plotted and compared to experiment in Fig. 22,
part b, The agreement in overall magnitude between theory and experi-
ment is somewhat arbitrary since the scaling of the theoretical results
is sensitive to the prescription for the strength of the pairing inter-
action (for the RPA calculations it was determined by the average gap
method with ¥ = 14//A MeV). The significant result is that the rota-
tional excitation energy stays almost as constant for 185-199T] in
theory as in experiment, despite the changing deformation. The micro-
scopic mechanism for this lies in changing neutron pairing correlations,
as can be verified by varying e,Ap,Ap and N one at a time, holding the
others fixed. The self-consistent neutron gap parameter, Ap, 15 plotted
in Fig. 22, part ¢ and is seen to increase with decreasing mass. Thus,
when the number of valence neutron holes increases, both the deformation
and the neutron pairing correlations increase with opposite and compen-
sating effects on the moment of inertia. The latter point is illus-
trated quantitatively by the arrows on the endpoints of the theoretical
curve in Fig. 22, part b. These arrows show the shift that comes from
the use of the self-consistent and N-dependent values of Ap, rather than
a single intermediate value. In summary, the calculation demonstrates
an interesting aspect of the competition between quadrupole and pairing

correlations, at least in these near-singly-closed-shell nuclei.
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In conclusion, a brief restatement is in order. The 62P3/, and
725, 7, hyperfine structures and the 535 nm line isotope shifts of
189m,190m,191m,192m,1939g,Mm,201,203,205T] have been measured using the
collinear fast atom beam laser spectroscopy system at UNISOR. The
magnetic dipole moments obtained from the hfs are consistent with other
data. The isotope shifts indicate that deformation is increasing with
decreasing mass, and that there is a large deformation change between
1939,MT], A deformed shell model calculation indicates that quadrupole
and pairing correlations are balancing to maintain the constant level
spacing of bands built on the 9/2- isomeric level while the level varies
in energy with respect to the 1/2% ground state.

At the time of this writing, future UNISOR experiments are
planned to measure 194519571 and to extend measurements below 18971, If
a satisfactory method to produce them is found, the low-spin isotopes
over the entire region X-195T1 will also be examined. These future

experiments might settle the discrepancy of the 192,194T1 isotope shift

discontinuity and provide valuable information on the yet lighter mass

9/2- isomers whose level energies are known to rise again relative to

the ground state after a minimum at mass 189.
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APPENDIX




THE OPTICAL PUMPING MODEL

The optical pumping model described below was first developed for
this project by W.M, Fairbank, Jr., to determine what percentage of TI
atoms would emit light over a finite observation region after having
been excited by laser light following a charge exchange process. His
original computer program OPTPUM has inputs of observation length,
distance from the charge exchange location to the center of the obser-
vation region, Doppler width of the transition and three somewhat non-
descript constants obtained by combinations of statistical weights and
transition rates describing each hyperfine transition. The output, such
as is given in Fig. Al, consists of the percentage of atoms which emit
1ight in the observation region tabulated for various laser powers and
laser frequency offsets from the central frequency of the transition
width. This provides both the relative amplitudes and shapes of the
Tines to be expected in the collinear experiments. Fairbank's model has
been adopted by this author and applied to a wide range of geometries
and to all nuclear spins of interest,

The program OPTPUM considers one hfs transition at a time. About
a center frequency, u = 0, is "drawn" a Doppler curve which is then sub-
divided into 120 pieces. For each piece, the amplitude and position ug
of the Gaussian is used to make a Lorentzian lineshape whose width
corresponds to the natural linewidth of the T1 transition. These 120
small Lorentzians are each depleted a different amount by a laser at a
third frequency u. Using the results from rate equations, these deple-
tions are calculated and the 120 values are summed for a given laser
frequency and geometry to determine what percentage of atoms are excited
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and decay to the ground state while in the observation region. This sum
is repeated for two slightly different charge exchange positions and the
three sums are averaged to take into account that the charge exchange
within the cell occurs along the beam and not at a distinct point, This
average is a single tabulated entry in the output. Repeating for the
same laser frequency but with different laser powers produces one row of
the table. Repeating all of the above for each different laser-from-
center-frequency offset (15 MHz steps from O to 300 MHz) produces all of
the rows in the table.

To understand and adapt OPTPUM, whose FORTRAN version is given in
Fig. A2, it is necessary to understand the notation it uses. Figure A3
shows the assignment of subscripts used for the various levels: 1 refers
to the laser-depleted level, 2 is the excited state, 3 is the levels
other than the ground state to which the excited state might decay, and
0 is the ground state. Directions of transitions are indicated by their
Einstein coefficients and order of subscripts. Hence stimulated absorp-
tion and emission are indicated by B,, and B,, respectively, while spon-
taneous emission has the form A,,. Since a narrowband laser is used,
the only stimulated transitions are By, and B,;; all other subscripted
possibilities are vanishingly small due to the energy differences
involved. This assumes that the splitting of the states is greater than
the Tinewidth., Using the statistical weight gj = 2F + 1, the relation
between the Einstein coefficients and the line strengths S for a

narrowband laser are given by Demtroder (1981, page 59) to be

A = 16w 3v3 S
ik 3€ohcs91 ik

e




209

250

44

45

S0

75

80

93

DIMENSIUN S(10)

DIMENSIUN P(10)

DATA P/.US)c10e2025¢10424¢5.,10,,30,,100,/
DATA SATl/108.4/

DATA AM1/15.14/

DATA v/21.7/

DATA ONUN/21,17/

wWRITE(S5,200)

FORMAT(' X,Y,2')

KEAD(S5,1000)X

READ(S,1000)Y

READ(S,1000)2Z

anYt(S,ZSO)X;Y;Z
WRITE(6,250)X,Y,2Z

FORMAT("' X,Y,2=',3F10,.4)
WRITE(S,44)

FORMAT(* OBSERVATIUN D]ISTANCE IN CM')
READ(S,1000)D0BS

nRITE(S,45)

FORMAT (' CtLL OISTANCE IN CM')
READ(S,1000)0
wRITE(S,50)008S,0
nRITE(6,50)008S,0

FORMAT (' DOBS=',fF8,2,' D=',F8.2)
wR1ITE(S,75)

FORMAT(* DUPPLER WIDIH IN MHZ')
READ(S,1000)UNUD
WRITE(S,80)0NVV
wWRITE(6,80)DNUD

FORMAT (' DOPPLER WIDTH=',F10,2,'MHZ"')
ONUD1I=DONUD/ (2. %SURT (ALUG(2,)))
DB=,05

SLP=SQRT(3,1415926)
CC=0B/(3,1a15926xSLPxDNUN/2.,)
WRITE(S,115)(P(1),1=%,10)
WRITE(6,115)(P(I),1=1,10)
FORMAT (' ‘y10F7.2)
WRITE(6,116)

FORMAT (* FREQ, ')

WRITE(S,117)

FORMAT(*' FREQUENCY LIMITS,STEP:11,12,13")
READ(S,1001)K1

READ(S,1001)K2

READ(S,1001)K3

K1=5K1+1

K2=K2+l

vo S00 K=K11K2'K3

VO 420 I=1,10

S(l)=o0

RK=h

U=RK=1

RIO=P(I)®AM]1/SAT]

LU0 410 L=1,3

RL=L=2

D=D+RL#0,635

SumM=0,

00 400 J=1,120

FIG. A2. The OPTPUM program.




110
130

S00

1000
1001

®J=J

8208 (RJI=60,.5)
EB=EXP(-B2B)

U0=8aDNUD 1
RNU=2 .« (U=-UO0) /DNUN
RIZRIO0«CC*EB/ (1. +RNUXRNU)
RK=(133,.¢Y%xR])/2.

21=X%R1

23SRK®RK=21

IF (23.61.0,) GO TU 110
12=1.E~6

GO T0 130

22=SQRT(23)

Al=22-RK

If (A1.€Q,.0,) GO TU 400
A2==12-RK

T1=(0-D0BS/2.)/V
12=(0+008S5/72,)/V

XXT=A1n1}

IF(XXT . LT,.=160,) XXT==160,
F1=SEXP(XXT)

XXU=AL-T2

IF(XXU.LT.~-160,) Xxu==160,
F2=EXP(XXU)

XXV=A2xaT]

IF(XXV . LT,=160,) XXV==160,
FI=EXP(XXV)

XXX=A2aT2

IF(XXX. LT.-160,) XXX==160
FA=EXP(XXX)
C1=21/7(2.%22%A1L)
C2=21/(2.%22%A2)
SIG=(Cia(F2=F1)=C2x(FUu~F3))xZx100,
SUM=SUM+SIG

CONTINUE

S(1)=S(1)+SuUm

CONTINUE

S(I)=sS(1)/3
WRITE(S,411)U,P(1),S(1)
FORMAT(3F12.4)

CONTINUE
WRITE(S,S550)U,(SC(I1),1=1,10)
WRITE(6,550)U,(S(1),1=1,10)
CONTINUE

FORMAT(11F7,2)
FORMAT(F10.0)

FORMAT(13)

END

FIG. A2. (continued).




LEVEL
2 (7251/2)
o~ ,./‘u; =
/ \\
1
; (62P3/2)
0 (62P1/2)

FIG. A3. Transitions and their notation for the optica) pumping

model.

Corresponding Tl terms are given in parentheses,
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_ 2n2e?
and Bik = 3gie T Sik

These can be combined to show

1z = P hv22§ A, i 2l g,
P %
Po 21 9

where p, is a characteristic intensity. For the T1 535 nm line, p, is
108 mW/cm? (SATI in OPTPUM). The quantity p is the laser intensity.
OPTPUM defines RIO to be the ratio p/p, = P(I)*AM1/SATI where AMI is a
constant factor converting the power P in mW to an intensity in mW/cm2.
The OPTPUM version shown in Fig. A2 has the power listed in a data array

at the first of the program. The input coefficients x, y and z are

defined as
9
g
F
y = ( 1+—g-Fl) aFFI
A
and Z =EF 20 .
9t Azz * Ay
L9 Sep
F_FF
where a.., = — A(Sy /72 + P3/2)
FEY T G TS pr /

and where F refers to the J = 1/2 hfs terms and F' to the J = 3/2 hfs

terms.
The problem of solving the associated rate equations lends itself

to a matrix solution. Let Ni denote the population of each state, where

i=0,1, 2 or 3. Define the vector




[, | [ -(pByytAg tAygtAy3) *0By, 0 O | I N,
= M . +(0By1+Ay1) B, 0 0N
N = ,then N' =

N, Ays 0 0 0f|N,

N | i Ase 0 0 0[N

which is the matrix form of the time-differential equations involved.

The boundary conditions are

- 0 ] -0 7
9
—— N Ny o
- 291
N(O) = =
N - N, (0) N - Nig
L o L o

where N is the total number of atoms originally in the metastable state.
This thus assumes that the charge exchange process populates the states
in a statistical fashion. The number N is set equal to 1 to give frac-
tional values of Ni'

The equation'ﬁ' = M N can be solved by the normal matrix methods

of setting the determinant|'ﬁ - ATW = 0 and solving for the eigenvalues

A. The four eigenvalue solutions are x = 0, 0, and

1 1
- ?‘9321+A21+A20+A23+0312)t[E(PBz1+A21+A20+A23+9312)2'9812(A20+A23)]1/2

Using A, to denote the non-zero eigenvalues and substituting these back

into the matrix equations, the solutions for the given boundary con-

ditions are found to be
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Nyg pBy2

= Adt ALt
o (t) X, A ")
N, (t) = N PB12 LIRS 0By 5 (Ayg*Ay3) (ent ex_t)]

= e _ )
1 10 A+— A_ A+- A_ A+ A-
N(t) = N - ]2k PPz (e“t eA-t>
N(t)-Nm Ay L+ A (&+t eL¢>
° Aroth23 X,- A_\%, .

These populations apply to aﬁy case for which the aforementioned assump-
tions are valid. The time t = 0 is the time of charge exchange (after
which the laser can first interact with the neutralized atom). As t+w,
all of the exponentials go to zero leaving the population distribution
as should be expected with atoms only in states 3 and 0. Nj(») is the
maximum possible fraction of atoms which could be detected since it is
populated only by the monitored decay from the excited state.

The rate of decay to the ground state is simply A, N,(t). The
fraction of atoms observable for a particular laser frequency and power
is determined by using the appropriate laser intensity ratio found from
the numerical convolution of the Doppler and the Lorentzian profiles and
then integrating A, N, (t) over the time during which the atom is in the
observation region or, equally, by taking the difference in N, between
the entry and exit times of the atom in the observation region. The
integration limits, being times, thus depend on the physical positioning
and length of the light collector combined with the velocity of the

atoms. For Tl at 50 keV, this velocity is about 21.7 cm/yus.

s
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Varying of the input distance parameters of the OPTPUM program
shows that the maximum number of detectable atoms occurs for an infini-
tely long observation region starting infinitessimally close to the
charge cell, regardless of laser power. This is obvious. For a given
non-zero distance to the observation region, however, the fraction
observable is a strong function of laser power and observation length.

A finite observation length close to the charge cell has the higher
signal rates for higher laser powers but when backed away from the cell
has peak rates at lower and lower laser powers. The further the displa-
cement, the lower is the maximum signal rate. One consequence of the
geometry which is not intuitively obvious is that at high laser powers
the maximum signal rate occurs not at the center of the peak but at some
offset frequency, as can be seen by the output in Fig. Al, page 89.

This can be traced to the more efficient depletion of observable atoms
before the observation region by the laser at or near the center fre-
quency. This has been observed in experiment as well. Even prior to
the formation of this central dip for increasing laser powers, it can be
seen that peaks broaden with higher powers. Thus the optimum resolution
occurs for the lowest laser powers while the power for the maximum
signal rate depends on the geometry.

A very instructive modification of the OPTPUM program has been
examining the emission rate as a function of distance and laser power
using a single creation point. For the range 1 to 100 mW, it was found
that the peak 377 nm emission rate occurs less than 1 cm after creation
and even within 4 mn for more than 10 mW. The maximum emission rate is

greater for the higher powers (3x and 18x for 100 mW compared to 10 mW




100
and 1 mW, respectively), but as a consequence of conservation of atoms
the higher powers produce lower rates downstream: the 100 mW rate drops
below the 20 mW rate after only 1.6 cm. Powers of 5 mW and less have
nearly constant emission rates for several cm. For a given offset fre-
quency the maximum emission rate is lower and is shifted slightly
downstream.

Since OPTPUM provides its information on individual hfs com-
ponents, comparisons between components both of the same and of dif-
ferent nuclear spins can be made. The approach used in this research was
to use the known observation length and vary its displacement in the
program so that the experimentally observed relative intensities were
matched. This was done for each experimental geometry and with and
without the magnetic fields in the cases of 203,205T] which have three
well separated peaks. For a given geometry, the maximum signal rate for
each hfs component comes at a slightly different laser power. Relative
line strengths match their theoretical ratios (as given in Fig. 15, page
48) only at the lowest laser powers. Curves of efficiency-versus-laser-
power as measured experimentally and using the power measured as the
beam exits the laser table consistently have peak efficiencies at 2-3
times the power predicted by OPTPUM but with the same relative peak
efficiencies. Normalizing experimental and computer-listed laser
powers, best fits were within 10% and were considered quite sufficient
for these purposes, although it is strongly believed that given enough
time to change even more of the program's parameters, fits to within a
few percent both in height and width should be possible. For the final

geometry, the maximum percentage of total atoms observable varies from
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19% for an I = 1/2 "b" peak down to about 4% for an I = 7 "f" peak
(where peaks are labeled as in Fig. 14, page 41). Figure A4 shows the
percentage of observable atoms expected as a result of optical pumping
for each of the I = 7 hfs components as a function of laser power. It
is seen that above 5 mW each curve branches. The lower branch
corresponds to the center-frequency peak height while the upper branch
corresponds to the maximum peak height. The largest peak ("d") reaches
7% before branching while all others lie between 4 and 5l2%. These
intensities can be conveniently normalized relative to the largest peak.
Figure A5 shows such a normalization where the I = 7 "d" peak was set
equal to 100% for all laser powers. The maximum peak heights were used.
These curves proved helpful in analyzing the I = 7 data as described in
the text.

With only small changes, the OPTPUM program could be adapted to
accept transition rates and the atomic level quantum numbers so that it
could calculate the parameters x, y and z itself for all appropriate
levels. More sophisticated revisions would include levels which are not
resolved and, even better, levels in a magnetic field observed with
various laser polarizations. A Breit-Rabi type calculation would be
required for the latter. Ultimately a nearly exact mathematical model
of the system might prove accurate enough to determine spins if the sta-
tistics of the data are sufficient to obtain precise relative inten-

sities and widths. The variation of parameters to fit known data

exactly would then be a time-consuming but rewarding effort.
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Optical pumping of the 535 nm transitions in T1 for I = 7,

FIG. A4.
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