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\ Abstract

Study of Short-lived Unstable Nuclei by Means of Laser
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The effectiveness of laser-induced nuclear orientation in the study of short-lived unstable
nuclei using radiation detection has been increased by the use of saturation spectroscopy
to produce sub-Doppler resolved changes in the anj§otropic spatial distribution of the
514-keV gamma rays from the 1 —u8 isomer ™Rb) The width (HWHM) of these
change signals is about 60 MHz, a factor of ten better than Doppler-broadened signals
previously obtained. This technique has been used to study the D1 and D2 transitions
for the isomer. Precise values of the hyperfine A and B coefficients have been determined,
and used to extract a value for the nuclear magnetic dipole moment (6.043 &.005)gz,
and, for the first time, a measured value of the nuclear quadrupole moment (-.733.17)b.
Additionally, and a new, more accurate value for the isomer shift (-113 @S)MHz has
been determined. (4 .cSrc, /M )
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Chapter 1

Introduction and Overview

The work described in this thesis is the culmination of a program begun in 1975 at the
George R. Harrison Spectroscopy Laboratory to incorporate laser spectroscopy and its
techniques into the field of nuclear physics using laser optical pumping. This technique,
which is used to orient nuclei via the hyperfine interaction, is known as Laser Induced
Nuclear Orientation (LINO). If the oriented nuclei are unstable, the resultant nuclear
decay produces an anisotropy in the otherwise isotropic radiation decay pattern. This
anisotropy, produced by the hyperfine resonance absorption, yields information about
the nucleus.

Prior to this work, the anisotropic radiation signals produced in a gas-cell system
were of Doppler width (approximately 360 MHz at the 1/e half width at 160°C, the tem-
perature of our previous experiment with rubidium). This signal, while narrow enough in
certain cases to allow for resolving the hyperfine resonances, in other cases is too broad
to allow resolution. This indeed was the case for 85™Rb, the 1-us isomer which was the
focus of our prior work, where the inability to resolve the D2 transitions prevented a
measurement of the quadrupole moment. This limited the usefulness of the LINO tech-
nique. Our goal was simple: to develop a technique using LINO that produced a narrow
resonance anisotropic signal, and demonstate the usefulness of the technique by measur-

ing something that could not otherwise be measured optically, such as the quadrupole
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moment of #™Rb. This thesis describes the successful accomplishment of that goal.

1.1 The Study of Short-Lived Nuclei: Why and
How

The study of short-lived isomers is important because it can yield information about
nuclei otherwise not available. For example, the measurement of the quadrupole moments
of the 8 isomeric states !°*mHg.18"™Hg by the Mainz group led to the idea that the
occupation number of a sub-shell and the type of coupling might be as important as the
intrinsic deformation [22]. However, because short-lived isomers by their very definition
do not last very long, they can be difficult to study.

There are methods to study nuclei, both optically and non-optically. As we are dealing
in this work with optical measurements using lasers, we shall review briefly some of the
techniques available. The discussion follows Feld(21], and his talk “Lasers in Nuclear
Physics” at the 1982 conference by the same name.

There are several methods available for the study of radioactive nuclei using the
hyperfine structure, and they can be categorized by the method in which they detect the
signal. The three signal detection methods are detection of optical photons, detection
of atoms or ions, and detection of nuclear radiation. These methods, and the lifetimes

accessible to study by them are shown in Fig. 1.1.

1.1.1 Techniques Based on the Detection of Optical Photons

The detection of optical photons includes several specialized techniques. One technique
is laser-excited fluorescence in a cell. In this technique the sample from a mass-separated
beam is collected on a foil, moved quickly into a cell, and heated. As the laser is tuned
through the hyperfine resonances, the fluorescence will peak. This technique has been
used to study several isotopes of Hg [29]. A narrow resonance signal can be achieved

here using saturation spectroscopy [22]. The technique is limited to relatively long-lived
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LIFETIMES ACCESSIBLE TO
OPTICAL MEASUREMENT TECHNIQUES
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Figure 1-1: Lifetimes accessible to different laser techniques
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species (7 ~ minutes ) and relatively high densities. Other techniques rely on atomic
beams produced in an accelerator, neutralized, and then optically pumped. For example,
atomic beams have been used to study several radioactive isotopes of Ba (30, 31). The
lifetime limitation in these beam experiments is the transit time through the system,
requiring a half-life of > 10 ms. Atomic beam fluorescence produces a sub-Doppler
signal by using laser radiation at right angles to the beam to access the narrow transverse
velocity profile. The resulting fluorescence is then examined. Another beam technique,
kinematic velocity compression in a fast atomic beam, produces a narrow resonance signal
using a co-propagating (rather than transverse) laser beam in conjunction with a fast
atomic beam. The atoms in the beam, accelerated as ions and then neutralized, have
their Doppler width reduced by a factor u/v,, where u is the thermal velocity and v, is
the velocity of the ions in the accelerated beam. This technique has been used by the
Otten group to study Rb at Mainz [32). A major problem with fluorescence techniques
is the high background optical radiation, which may greatly diminish the signal.

1.1.2 Techniques Based on Detection of Atoms and Ions

Techniques based on atom or ion detection are generally more sensitive than those detect-
ing optical photons because the background signal is usually much less. A particularly
useful technique is the atomic beam laser optical pumping with magnetic detection which
produces sub-Doppler signals in the same fashion as atomic beam fluorescence, but has a
higher sensitivity since it detects the atoms themselves. Radioactive atoms are produced
on line by spallation, fission, or fragmentation reactions and then collected in a vessel
where they are neutralized and thermalized. They exit through a diaphragm to form
an atomic beam. The beam is irradiated transversely by the laser in the region of a
weak magnetic field. The equilibrium populations of the sub-levels in the ground state
are altered due to this optical pumping. The beam then enters a strong magnetic field,
where the nuclear spin and electronic angular momentum are decoupled, forming two

groups of Zeeman levels with M; = +1/2. The field gradient is designed to focus only
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one component onto a detector. The detector is a hot tungsten tube, which ionizes the
beam as it passes through. The ions are then mass-separated and counted by an electron
multiplier. Optical resonances are then observed by either a depletion or increase in the
number of counts produced on resonance. This technique has been used by Thibault [19]
to study an entire chain of rubidium isotopes and isomers. We have used information

from that experiment to help analyze our results.

1.1.3 Methods Detecting Nuclear Radiation: RADOP

The most sensitive technique, and the one which is the main focus of this thesis, is
RADOP (RAdiation Detection by Optical Pumping) developed by the Mainz group and
used on radioactive isotopes of Hg, Au, and Cd [22]. It is this work that produced
the unexpected nuclear shape deformation in the light Hg isotopes mentioned earlier.
This technique was developed and applied by J. Bonn, G. Huber, H. J. Kluge and E.W.
Otten. The original work was done with an optical lamp as a pump source, with later
work done using a laser. The advantage of the technique is its sensitivity, allowing
the measurements of very short-lived nuclei. Shimkaveg has summarized the work done
using this technique [6]. The results are shown in Fig 1.2. As the figure shows, the
technique can be used on line or off line, which means at an accelerator facility or away
from one. The techniques have used different types of radiation; gamma radiation, 8
radiation, and fission fragments. The advantage of doing the experiment on line is that
the short-lived nuclei are produced right there, and that several nuclei can be measured.
The problem is usually the background radiation, and the time it takes to acquire a
statistically significant signal.

The advantage of off line work is obvious; no accelerator is needed. This keeps the
cost down significantly. The problem of excessive background radiation is also avoided.
However, constructing an off line system introduces its own problems, some of which
limit the applicability of the technique quite a bit.

The first problem is finding a suitable parent-daughter system. Normally, the parent
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Light Accelerator Signal Form  Count

Year Species (T,;;] Source Facility and Magnitude Rate
1967~ alkalies, eg. lamp . cyclotron, 8, 01-1% ~ 1000/s
1976 K (12 s) 7 MeV

mercury, eg. lamp ISOLDE 7 (E2) 28% 1500/s

199 Hg (43 m) : (M4) 35%  150/s
1973 MHg (47 d) lamp none v, 3% 420/s
1979 249%am (1 ms) broadband cyclotron, fission 40/hr

dye laser 49 MeV  fragment,
33%

1979 42Na (20 ms) single-  Vande v, 05% 300/s

mode dye Graaf,
laser 2.5 MeV

1984 5%Rb {1 us) 2 single- none v, 2% 1000/s
mode ring
dye lasers

Figure 1-2: Short summary of radiation detection by optical pumping (RADOP). (From
Shimkaveg.)
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is a relatively long-lived nucleus that produces a daughter and other decay products. The
daughter must live long enough to be neutralized (if it is an ion) and optically pumped
many times to produce a significant population transfer to some Zeeman sub-level (optical
pumping is discussed in chapter 3). This greatly limits the possible number of systems
that can be studied. The parent must be one that does not stick to the wall of the cell,
or else it becomes difficult to optically pump. This usually leads to the choice of a noble
gas for a parent (such as *Kr in our case).

The neutralization of the daughter can be difficult also. While it is advantageous to
use a stable isotope of the isomer being examined to provide resonant change exchange,
the stable isotope can absorb much of the pumping light, affecting the signal generation.
Spin exchange with the stable isotope can also lead to a loss of signal. So, it is not an easy
system to design. Additionally, unless one has chosen a particularly clever system, only
one isomer can be studied per cell. Usually information from a whole chain of isotopes
is used to draw some significant conclusion about nuclear structure. However, if it is a
particularly interesting isomer, it may justify study by itself.

Prior to this work, a major disadvantage was the Doppler width signals produced in
the gas-cell system. We have eliminated that disadvantage and increased the precision
of the experiment by an order of magnitude, allowing us to measure for the first time the
quadrupole moment of the isomer. A further complication in the original experiment was
the need for two lasers to excite both ground state levels to achieve significant population
transfer. We have shown that it is possible to achieve significant population transfer with
only one laser, greatly simplifying the experiment. However, we pay a price for this in

terms of counting time, which increases by an order of magnitude.
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1.2 Brief Review of the MIT LINO Project: Suc-
cessful Development of the ¥™Rb Gas-Cell Sys-
tem

As mentioned above, this work builds on the earlier efforts of many people, and in
particular the previous Ph.D. students on the project, Drs. Burns, Pappas, Quivers, and

Shimkaveg. Their work is summarized in the following section.

1.2.1 Brief Review of Earlier LINO Work

Dr. Burns did the initial work on the effects of optical pumping, both on laser saturation
spectroscopy and on laser induced nuclear orientation. In laser saturation spectroscopy,
he observed experimentally and explained theoretically three effects: (1) anamolous struc-
ture; (2) reduced saturation threshhold; and (3) very narrow linewidths. He recorded the
initial observation of LINO, as manifested in anisotropic gamma emission, in both #*Na
and ?*™Na , providing a preliminary value for the isomer shift in the latter [26]. Dr.
Pappas continued this work, achieving nuclear polarization of 90% in ?3Na, using veloc-
ity changing collisions as a method to increase the pumping efficiency. He also observed
gamma anisotropy in 2*™Na, deriving a value for the magnetic dipole moment, and the
isomer shift [17).

Dr. Quivers developed a theoretical model of optical pumping with velocity changing
collisions, describing quantitatively the creation of the Doppler pedestal and Lorentzian
dip later demonstrated experimentally for 8™Rb in this work. It is his model we used to
successfully predict our results [16].

Subsequently, Dr. Shimkaveg and his colleagues successfully developed a gas-cell
system that produced gamma anisotropy in the decay of the 1-us isomer ®*™Rb, which
has spin 9/2* and is the 514 KeV isomeric state of 3*Rb. The isomer **™Rb was produced
from the f— decay of **Kr, enhanced to 30% in a sample of natural Kr. The decay scheme
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Figure 1.3: Decay scheme of **Kr, producing the 1 — us isomer 3™Rb.

is shown in Fig. 1.3. The isomer was neutralized using natural rubidium, consisting of
72% %5Rb and 28% %"Rb, at a temperature of 160°C. The isomer was pumped near the
D1 line (794.7 nm) and the D2 line (780 nm), producing Doppler broadened anisotropic

signals.

1.2.2 Brief History of This Work

The precision of Dr. Shimkaveg’s work was limited by two factors, (1) the Doppler width
of the anisotropy signal, and (2) the shift of the signal’s line center due to absorption of
the pump light by natural rubidium in the cell. The uncertainties in the location of the
transitions were approximately £60 MHz.

Although this did not prevent him from obtaining an accurate value for the magnetic
dipole moment, as the ground state splitting is large and the transitions are well resolved,
it did prevent him from getting an accurate value for the isomer shift. It also prevented
him from obtaining a value for the hyperfine B value, as the expected contribution from
this term to the energy splitting in the D2 was roughly the same as the uncertainty in
those splittings. Additionally, the D2 Doppler broadened ‘ransitions overlap, making the
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resolution of any measurement difficult. The need for a sub-Doppler technique apparent,
Dr. Shimkaveg and his colleagues attemped a sub-Doppler measurment using the *™Rb
gas-cell system at cell pressures of 450, 300, and 80 mTorr of 8Kr. Using two lasers,
as was done throughout his Doppler broadened work, they fixed one laser on a chosen
hyperfine transition frequency. The second laser, tuned to a different transition, was
moved across the Doppler profile of that transition, and data taken at different locations.
When the two lasers pumped the same velocity group, they expected a sub-Doppler
anisotropic signal to be produced. The results were quite inconclusive. (For discussion
of the underlining theory see [6][pgs. 106-110].)

When I joined the group in 1986, the experiment was being attempted again, using
the same technique, but larger cells. The larger cells contained more radioactive gas,
and thus it was felt that they would produce a higher signal-to-noise than the smaller
cells. The results were also quite disappointing, as no sub-Doppler signal was obtained
after a tremendous amount of effort. Following Prof. Feld’s guidance, Dr. Hutton and
I, using Dr. Quiver’s theoretical model, wrote a computer program that described the
behavior of the system. This model predicted success, but only using the much smaller
cells originally designed by Dr. Shimkaveg.

In fact, the model predicted that Dr. Shimkaveg’s experiment should have worked.
There are several possible reasons why the experiment didn’t work. The precision in lo-
cating the laser frequency may have been overestimated in the first experiment, thereby
causing significant broadening of the observed results. (Our precision was greatly en-
hanced by the use of the Autoscan system, described in chapter 5.) The relative drift
between the two laser may have also been excessive, producing a very broad signal. (This
problem is eliminated by using only one laser.) The power available may have been in-
adequate. (We had over twice the power in our experiment from the Coherent laser.)
Additionally, the data taken in his experiment is probably inadequate to analyze the
results. It may be that there is a sub-Doppler signal sitting on top of a Doppler pedestal

in his work. It is not possible from the observed data to draw any conclusions.
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However, while trying to replicate Dr. Shimkaveg’s experimental results with our
computer model in the high pressure limit, we observed an interesting fact: one laser
was producing the bulk of the anisotropic signal. The model actually predicted that
we could replicate Dr. Shimkaveg’s work with only one laser. Obviously, we were quite
skeptical about this, as we assumed that the second laser was necessary to re-distribute
lost population back into the pumping cycle in order to produce any significant anisotropy.
(The reason why this not necessary is explained in chapter 3.) However, we decided to
attempt the Doppler broadened experiment with one laser, just to assure ourselves that
the model was incorrect in this regard. Actually, it was correct, and we were able to
replicate Dr. Shimkaveg’s results, for the most part. (There is a difference when pumping
with one laser vs. two, and the difference is transition dependent. This also is explained
in chapter 3.)

Once we realized that we could pump with one laser, the idea of using standing wave
saturation followed quickly. Prof. Holbrow, visiting with us for a year from Colgate
University, had re-written our computer program using a Gauss-Jordan technique, which
was quite a bit more efficient than our original program. We asked him to modify
the program to account for standing wave saturation, and to predict the results of the
experiment. His program predicted success. We therefore ran the experiment, and the

results are described in this thesis.

1.3 Organization of This Thesis

The thesis is organized going from the general to the specific. In chapter 2 the hyperfine
interaction which couples the atomic and nuclear parameters is discussed. The theory
of the sub-Doppler change signal in the low pressure limit is presented in chapter 3.
Chapter 4 shows how we model the system, including the recoil effect of the 8 decay on
the daughter and the background absorption of light by the natural rubidium. We present

the predictions of our model, and an analysis of the signal-to-noise produced as a function
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of counting time. Chapter 5 presents the experimental data, and shows how we extract
the hyperfine A and B terms, with their associated moments, as well as the isomer shift.
Chapter 6 looks at the nuclear information extracted using the single particle model to
see if the isomer behaves differently from the ground state. Additionally, we look at the
behavior of the isomer with reference to both its ground state and the other 9/2+ Rb
isomer, 88™Rb, to see if the behavior is very much different, or if the single particle spin
state is the determining factor in the nuclear behavior. In chapter 7, we present our

conclusion.
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Chapter 2

The Hyperfine Interaction:
Coupling the Nucleus and the

Atomic Electrons

The study of isomers is hindered by the lack of a means to optically excite a nucleus
from the ground state to an upper state, a situation that will remain that way until the
gamma-ray laser is built (if ever). However, we czn use the hyperfine coupling between
the atomic electrons and the nucleus to affect the spatial distribution of the gamma-rays
from the de-excitation of the 8™Rb to the ground state of 35Rb.

Although the total charge in the nucleus is the main determinant of the energy levels of
the atomic electrons, the motion of the constituent nucleons and their charge distribution
also affects these levels, causing very small or hyperfine splittings in optical spectra. These
splittings provide physicists a window into the nucleus, and, through optical pumping a
way to influence the nucleus. The hyperfine energy terms arise from the fact that the
nucleus is not a point charge and is not truly spherical. Because the nucleus is not a point
charge but is composed of neutrons and protons, the motion of the charged protons can
produce a net current loop, and therefore a magnetic dipole moment. (This is discussed

in Chapter 6.) Additionally, the protons and neutrons have their own intrinsic dipole
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moments which can add together. This net dipole is then subject to a magnetic field
produced by the motion (and intrinsic spin) of the atomic electrons, and the resulting
energy term. Because it is not truly spherical the charge distribution of the protons can
give rise to a quadrupole (and higher) moment. This moment is subject to a electric field
gradient produced by the atomic electrons, and therefore produces a change in the energy.
Because different nuclei with the same charge can have different numbers of neutrons
(isotopes), they can have different volumes and shapes. These differences correspond to
energy differences or shifts between the isotopes. Finally, even the same nucleus when
excited to a higher nuclear energy level can have a different shape, producing a change

in energy or isomer shift. The hyperfine energy terms can be written

Eltyperfine = EDipole + EQuadrupote + 6 ElLsotope shift (2.1)

This section deals with these energies, how these are produced, and what we actually

measure.

2.1 The Magnetic Dipole E:ecigy: A Product of
the Nuclear Magnetic Dipole Moment and the
Electronic Magnetic Field

The Hamiltonian of a magnetic dipole in a magnetic field can be written
Hpipote = —M - B (2.2)

and is a product of the nuclear magnetic dipole due to the motion of the nuclei and the
magnetic field caused by the motion of the electrons. The nuclear dipole in the electronic

magnetic field is illustrated at Fig. 2.1.
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Figure 2-1: The nuclear magnetic dipole in the magnetic field of the electron.

2.1.1 The Magnetic Field at the Nucleus Produced by the

Atomic Electrons

It is a well-known fact that a current moving in a loop produces a magnetic field which can
be described by Maxwell's equations. An electron, which is a charged particle, classically
orbits the nucleus and therefore will produce a magnetic field. Additionally, because the

electron has intrinsic angular momentum associated with it, there is a contribution to

the magnetic field from the electron’s spin.
The field produced at the nucleus by the orbital motion of the electrons is the vectoral

sum of the fields produced by the individual electrons, and can be written in terms of

their individual orbital angular momentum as

s —eHx(~F) eh ok
B = c z.: r - mcz r3 (2.3)
or -
By = -2pp Z ) (2.4)

where [; is the orbital angular momentum of the ith electron measured in units of A,

27




and pp is the Bohr magneton (efi/2mc). The field contribution due to the spin of the

individual electrons at the nucleus is

2 B rt 3: -
Z_ n — 5). (2.5)

The total field is is the sum of the two contibutions and can be written

B=Y - 2‘”’ (l r';’"?.-). (2.6)

The magnetic field above is valid for the electrons outside the nucleus. For the case
of the s electron (and relativistically the p electron) this is not true. However, it can
still be treated classically as done by Armstrong [7]. If we assume that the nucleus is a
sphere with uniform spin density throughout the volume, then there will be a uniform
magnetization of M = —2up | 1 |? 5, where v is the wave function at the center of
the nucleus, r = 0. Inside a sphere of uniform magnetization M is a field B = (8x/ B)MO )
with no magnetic field outside due to the s electron because of spherical symmetry of
the electron density. Therefore, the s electron produces a field

= 16n P

B=——usp |0

- (2.7)

at the nucleus. This field can be calculated using an approximate value for the wave
function.

Segré list the values for the B; field of rubidium for the different states [2, page 259,
table 6-5]: for the 25;/; state, B = 1.3 x 10® G; for the 2P/, state, B = 1.6 x 10° G;
and for the 3P/, state, B = 8.6 x 10* G. From these values it is clear that the electronic
ground state of rubidium, which is an s state, will have a much larger energy splitting

than the excited states.
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2.1.2 The A Term: Relating the Magnetic Dipole Moment
and the Electronic Magnetic Field

What we actually measure spectroscopically are energy splittings. However, knowing the
angular momentum states of the transition levels allows us to extract the hyperfine A
term. The A term is related to the product of the magnetic dipole moment and the
electronic B, as shown in this section.

We can rewrite the magnetic dipole moment operator in terms of the angular mo-

mentum of the nucleus,

-

ﬁ = '7hf= g”st= %I (28)

where v is the gyromagnetic ratio, gy is the nuclear g factor, and uy in the nuclear Bohr
magneton (eh/2myc) with m, the mass of the proton.

We can also rewrite the magnetic field in terms of the total electronic angular mo-

mentum
. By
— 2.
By=~J (2.9)
so that the Hamiltonian term is
HDspole = 17 I-J. (210)

Since the total angular momentum of the atom can be written

F=T+7J (2.11)
then the I J can be written
[J=3(F-r-7 (2.12)
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The expectation value using the quantum mechanical operators F, I, and J is
(FMp |F?* —I* —J* | FMp) = [F(F +1) - I(I1 + 1) ~ J(J + 1)]A%
We can then write the energy term as
Epipee = SIF(F +1) = I(I+1) = J(J + 1)

or

AC
Epipote = =5~
where
_ B,
T 1J
and

C = [F(F+1)=I(I+1) - J(J +1)].

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

From this development, it is clear that the A term is a product of the magnetic dipole

moment of the nucleus and the magnetic field of the atomic electrons. Since it is the A

term that we measure optically, we cannot determine precisely what either u or B; are,

only their product. If, however, we have an independent measure of u, perhaps from a

scattering experiment, we can extract the value of B;. Assuming that the electronic B;

remains the same, this field can then be used to extract the magnetic dipole moment for

other isotopes, although one may have to correct for the change in the spatial distribution

of the magnetic dipole moment (see 5.4.1).
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2.2 The Quadrupole Energy: A Product of the Nu-
clear Quadrupole Moment and Electronic Field

Gradient

The quadrupole moment arises from the non-spherical charge distribution within the
nucleus. This quadrupole moment sees a gradient in the electric field produced by the

atomic electrons, so again the energy term is coupled.

2.2.1 The Electric Field Gradient at the Nucleus

Just as the electrons produce a B field that affects the magnetic dipole moment, they
also produce a gradient in the electric field at the nucleus, affecting the quadrupole

moment.

The potential seen at the nucleus due to the electrons is
a(0) = 2 g, (2.18)
€ f'e e

where p,(r.) represents the electronic charge density, and the origin is taken at the center

of the nucleus. Then the z component of the electric field at the origin can be written as

_ % - Pe(Te)
E,=- 7l —-’_2 2z, d7, (2.19)

So, then the gradient of the electric field along z is
9E, _ Pe(Te) (0.3 _ 2
= - / (3 = rd) dre (2.20)

This integral can be evaluated since the electronic charge density is proportional to the
wavefunction. However, just as can be done in the case of the magnetic dipole moment, if

the quadrupole moment is known from nuclear scattering experiments, then the electric
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field gradient can be extracted. Once extracted, and assuming again that the electronic
factors remain unchanged from isotope to isotope, this value can be used to determine

the quadrupole moment for other isotopes.

2.2.2 The B term: What We Actually Measure

The energy due to the quadrupole interaction can be treated in a fashion similar to the
treatment provided the magnetic dipole energy term, although it is more complex (see

[8, pages 377-379)] or [2, pages 251-253]). We will simply quote the result here

_B3C(C+1)-2I(I+1)J(J +1)
Bawirade = T =01 1)5@7 - 1) (2.21)
where
0E, 8V
B=eQ—" =eQor. (2.22)

The B term is nonzero only if J > 3.

2.3 The ¥™Rb Hyperfine Energy Diagram

We have seen that it is the product of the atomic and nuclear terms that produce the
hyperfine structure. From the preceding discussion, we can construct a hyperfine energy
diagram using the hyperfine A and B terms. Knowing the relationship between the energy
splittings allows us to use the actual measurements to determine these terms. Once we
know these hyperfine terms, we can extract the nuclear moments.

The hyperfine énergy diagram is shown in Fig 2.2.

Also, from the above equations, it is easy to see that the energy difference between
two F levels can be written

SF[2F? — (I +1) - 2J(J + 1) + 1]
sl —1)J(2J - 1) '

AEp=Er~Ep_,=AF+B (2.23)
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Figure 2-2: The hyperfine energy diagram For #*™Rb, showing the energy shift from the
electronic J states due to the A and B terms.
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IfI =1/20rJ =1/2, then B = 0 and the only contribution is from the A term, making
the splitting easier to interpret. This splitting

A Ep = AF (2.24)

forms the ladder interval rule since each successive rung in the ladder is in increments
of A. This is the case in rubidium for the D1 transitions, where the traasition is from
aJ =1/2toaJ=1/2state. The D2 transitions, from a J = 1/2 to a J = 3/2 state,
involve both A and B terms. The B term can then be used to extract a value for the
quadrupole moment (see 5.4.2). Dr. Shimkaveg estimated that the B term would be
about 35 MHz [6][page 89] in ®*™Rb, so that the Doppler broadened anisotropic signals
from the D2 transitions would overlap, preventing a measurement of the B term. The
inability to resolve these splitting, and therefore the inability to measure the quadrupole

moment, are why we decided to develop a sub-Doppler system.

2.4 The Isotope Shift: Caused by Changes in the
Nucleus

Our work provides a direct measure of the isotope shift of #*™Rb. There are two com-
ponents to the isotope shift, the mass shift and the field shift. The mass shift is due to
the different nuclear masses between isotopes and the field shift is due to changes in the
coulombic potential produced within the nucleus by size or shape changes. We present a
brief description of both terms. The isotope shift is often given in terms of a change in
the mean square radius of the nucleus, so we show how the isotope shift can be converted

to a change in the mean square radius.
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2.4.1 The Shift Caused by the Change in the Reduced Mass

The mass shift is also divided into two components; (1) the normal mass shift and (2)
the specific mass shift. The normal mass shift is also called the Bohr shift or reduced
mass effect. In the solution to the hydrogen atom using the Schroedinger equation the

reduced mass is introduced in the center of mass coordinate system as

m.M

= (2.25)

7

where m, is the mass of the electron and M is the nuclear mass. The kinetic energy is
then p3/2u. It is clear that if the mass of the nucleus is changed, then the reduced mass
is also changed, and a shift in the energy levels will occur. The shift for single electron
atoms can be expressed as (4]

Vg — Vi, m,(MH - ML)
= 2.26
VH ML(MH + M,) ( )

where the subscripts H and L stand for heavy and light respectively. For example, the
shift between 3Rb and ®5Rb is 57.025 MHz, or 75% of the total observed isotope shift.

If in two electron atoms there is a correlation between the electrons, then the energy
shift is not merely the sum of two one electron shifts, but has an interaction term, called
the specific mass shift (SMS). This term is normally small compared to the normal mass
shift and is treated as a perturbation to the same shift. The specific mass shift has been
found to be negligible experimentally for the rubidium isotopes [19].

Since the mass does not change between as isomer and the ground state, there is no

mass shift. However, there is a field shift.

35




2.4.2 The Shift Caused by a Change in the Coulombic Poten-
tial

The field shift involves the electrostatic interaction between the atomic electrons and the
nucleus. There are two sources of a field shift; (1) the volume change of the nucleus
and (2) the shape change of the nucleus. The field shift can be understood in the
following fashion: the Coulomb potential seen by an electron outside the nucleus is just
V. = —Ze/r. However, if the the electon penetrates the nucleus, as does an s electron
(and to a much smaller degree, a relativistic p electron), the potential within the nucleus
(V) is different than that outside, and depends on the volume and shape of the charge
distribution. This is illustrated in Fig. 2.3.

The change in energy can be written
o
AE=e /o Y2(r)(Vy — V)anridr, (2.27)

The wavefunction varies very little across the nucleus, so it can be removed from the
integral, leaving
AE =e| 9o |? /' "(Vw — V. )arr3dr. (2.28)
0

The integral can be transformed [27][page 496] to an expression containing the mean

square charge radius

AE = %w | Yo |2 Ze*(r?) (2.29)

where the mean square charge radius is

(r?) = -21:-//1(1') r?dV (2.30)

where Ze is the total nuclear charge and p is the nuclear charge density.

The energy shift is then related directly to the mean square charge radius.
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Figure 2-3: The field shift is caused by changes in the nuclear radius from isotope to
isotope. The change is produced by either a volume change or shape change.
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2.4.3 Converting the Isotope Shift to a Change in the Mean
Square Charge Radius

The energy shift between isotopes due to changes in the coulombic potential can be

written

S§(AE, — AB;) = %w | o |* Ze36(r) (2.31)

so that shifts in energy between isotopes can be directly related to changes in the mean

square radius.

For rubidium, the expression above is modified to include both screening and rela-

tivistic effects and is written
3
6E =78, | Yo ' 2(2)6(r*) (232)

where the electronic factors are the | v |?, the Bohr radius (ao) and f,, the screening
factor due to the other electrons in the atom. The nuclear factors are f(Z) and 6(r?).

The nuclear quantity
f(Z2)s(r*) =C (2.33)

is normally called the isotope shift constant, and the electronic quantity is
a3
"8, |9(0) = F, (2.38)
so that the shift can be written
§E = FC. (2.35)

For our application, however, the relationship is best given in terms of frequency and

mean square charge radius as

§u = % £(2)6(r*) (2.36)

which relates the measured isotope shift to the change in the mean square charge radius.

Thibault gives the nonrelativistic value for the 5s electron at the nucleus extracted

38




from a measurement of 3Rb as | 15 |*= (2.05)/a3, and a calculated value for the screening
factor as 8, = 1.1 [19]. Therefore the total electronic factor is F/h = 0.19128899.

The f(Z) function includes information about the charge distribution within the
nucleus as well as relativistic correction factor. It has been evaluated for rubidium [4][page

43] as f(37) = —3398 MHz/fm™?, so that the total conversion factor can be written

Sv

= T650MHz/fm? (2.37)

§(r?)

Our measurement of the isotope shift §v can then be converted to a §(r?).
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Chapter 3

The Production of the Sub-Doppler
Change Signal using LINO

This chapter presents the theory of the sub-Doppler change signals produced in the
gamma-ray emission of the 8™Rb isomer using laser induced nuclear orientation (LINO).
It explains how optical pumping produces an excess population in a particular sub-level of
the level being pumped and how this population excess produces an anisotropic radiation
pattern in the gamma-ray emission of the nuclei. It explains how a Doppler-broadened
signal results from using a gas in a cell system, and then how standing wave saturation
can narrow that signal to homogeneous width. It explains the effects of velocity changing

coliisions in the production of anisotropy, and shows why the experiment is conducted in

a low pressure region.

3.1 Anisotropy through Optical Pumping

Of paramount importance in this experiment is the redistribution of the populations of
the hyperfine sublevels, producing an excess of population in some levels and a depletion
in other sublevels. These non-equal populations produce anisotropy in the gamma-ray

decay of the isomer. This section describes the hyperfine structure of the isomer, the ma-
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trix elements coupling various electronic states, the process of population redistribution
through optical pumping, and the effect of population redistribution on the gamma-ray

spatial distribution.

3.1.1 The Coupling Between Electronic States: The Electronic

Dipole Transition

As described in chapter 2, the hyperfine structure of 85™Rb couples the nuclear spins
states (I) and the electronic angular momentum states (J) into a total atomic angular
momentum (F). Each F level will have 2F+1 Zeeman sub-levels which are degenerate in

energy in the absence of an external field.

The Absorption of Linearly Polarized Light

The atomic electrons can be excited from the ground F, Mr state to an upper F', Mp
state by the absorption of an incident photon. The incident light is described by the
location of the electric vector relative to the propagation axis (Poynting vector) of the
light. It can be circularly polarized (right or left) or linearly polarized. The absorption
of the light by the atomic electrons depends on the polarization, and is governed by
quantum mechanical selection rules. For linearly polarized light, the AMr = 0 rule
governs, for right circularly polarized light the rule is AMr = 1, and for left circularly
polarized light AMp = —1. For reasons explained later on in this section, we have chosen
linearly polarized light for the experiment.

The cross section for absorption between a photon an atomic electron is given by the

absorption cross section [16]

| |2 IN
o = 8rk—m——L 3.1
o hyy YH (31)

where vy is the natural width of the transition, vy is the homogeneous width of the
transition, k is the wavenumber, and £ is the lineshape function describing the transition.

A discussion of these quantities is deferred until section 3.2. The quantity of interest
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Figure 3-1: Sub-level structure of F =5 ground state and first excited state F' = 4 of
8mRb. Each F level is divided into 2F +1 sub-levels. Matrix elements for absorption of
linearly polarized light are shown between sub-levels.

presently is | p |2, the electronic dipole matrix element. The evaluation of the matrix
elements between the different F levels and M sublevels of 8™Rb is done in Appendix
1. These matrix element represent the relative strength of different couplings.

As an example, consider the matrix elements coupling the F=5 to F/ = 4 transition
shown in Fig. 3.1. The total matrix elements added across the level equal 165/225. Now
consider the F=4 to F' = 4 transition, shown in Fig. 3.2. Adding the matrix elements
across this transition yields a 60/225 sum. Therefore, taking the ratio of the two shows
the first transition to be 2.75 times stronger than the second for absorption with linearly

polarized light.

Radiative Decay and Branching Ratios

For radiative decay the selection rules are AMp = 0,+1. The matrix elements for the
decay for the states described above are shown in Fig. 3.3. The total decay rate from
the excited state is given by 1/7 where 7 is the spontaneous lifetime of the excited state,

which in this case is 27 nanoseconds. That rate can be apportioned to the various levels
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Figure 3-2: Matrix elements for absorption for linearly polarized light from F=4 to F'=

4 transition.

and sub-levels in the same way that absorption is. For example, the decay to the F=5
ground state is the sum of all the matrix elements which is 495/225. The sum for decay
to the F=4 state is 180/225. Therefore the branching ratio to the F=>5 ground state is

495 99
Tes = 957180 = 138 (3.2

and for the F=4 ground state

180 36
r404 = a—g = I‘a'g. (3.3)

The actual decay rate to the level is the branching ratio times the total decay rate, 1/7.
So, relatively speaking, this F=5 to F' = 4 transition could be categorized as a strong

absorber with a relatively low loss rate to the unpumped level.

3.1.2 Population Transfer within Sub-Levels through Optical

Pumping

Population can be transferred within sub-levels of a pumped level. The population trans-
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Figure 3-3: The matrix elements for decay from the F/ =4 level.
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Figure 3-4: Matrix elements for decay of an atom excited to F' = 4, Mp=4 sub-level.
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fer effect can best be visualized as walking the population of the sub-levels over to an
unpumped level. For example, consider an atom in the F=5, Mgs=4 state excited into
the F' = 4, Mp=4 sub-level, as shown in Fig. 3.4. It can decay three ways back to the
F=5 state, and two ways back to the F=4 state, the sum of the matrix elements being
75/225. From the diagram, the probability that it will go to the F=5, Mp=5 state is
45/75 or 60 % . The probability that it will go to either the F=5, Mg = 4 or Mg = 3
state is 10/75 or 13%. The probability that it decays to the F=4 unpumped ground state
is 20/75 or 27%. If it goes back into the F=5 pumped sub-levels, it can be again excited
to the upper level where it will decay following the same probability pattern. In the
same manner the other pumped sub-levels are pushing population over to the unpumped
levels. This creates an excess population in the unpumped levels.

The more times these atoms are excited to the upper level, the more population is
transferred to the unpumped ground levels. In an unstable atom, the number of cycles
and hence the amount of population transferred, depends on the lifetime of the isomer
and the spontaneous emission time of the excited state. If the incident laser intensity is
high enough that the probability that the atom will absorb a photon approaches certainty,
then the number of cycles can be approximated by dividing the lifetime of the atom by

the spontaneous decay time of the excited state, i.e.,

Tatom average isomer lifetime ) (3.4)

#cycles =
Tspontaneous decay

In the case of 3™Rb, the average lifetime of the isomer as an atom is 1 microsecond, and
the spontaneous decay time is 27 nanoseconds, yielding 37 cycles. (The atom’s average
isomer lifetime is different from the average isomer lifetime of 1.4 microseconds since the
isomer is produced as an ion and must be neutralized before it can be optically pumped

[see section 4.1.2].)
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Lost Population to the Unpumped Level

As described above, and illustrated in Fig. 3.4, when pumping with only one laser, a
certain percent of the population is lost to the F=4 ground state. For those pumping
schemes which have relatively strong matrix elements between levels, such as the AF =
+1 transitions, it is still possible despite this loss to achieve a significant population excess
in some sub-level of the pumped level, and therefore a significant anisotropy. However
for the AF = 0 transitions, which have relatively weak matrix elements with linearly
polarized light, the loss term (branching ratio to unpumped state) becomes dominant,
and very little population excess is created in a particular sub-level of the pumped level.
This effect clearly shows up in our experimental results [chapter 5].

To enhance these weak transitions, a second laser can be used to redistribute this
“lost” population by pumping it to an excited state, where some of it would decay back
into the the ground state of interest for re-distribution. This was done by Dr. Shimkaveg
in his work. In our work we did not use a second laser, as it was possible to map enough

transitions in the D1 and D2 to extract the information we needed.

Relative Population Excess and Sublevel Grouping: The Three Level Model

The population of each of the 20 ground state sub-levels (11 from the F=5 level and 9
from the F=4 level) in the absence of optical pumping is the same, N7,/20, where Nroe
is the total population of the levels. The population excess for a particular sublevel can

be written
ENup = NEZE=tPumring _ yjfc0oticl Pumping (35)

For simplification in modeling, Quivers has suggested [16] that it is possible to group
common sublevels together based on their approximate behavior when being optically
pumped. For example, when optically pumping the F=5 to F’ =4 transition described
earlier, the 20 sublevels of the F=5 and F'=4 levels can be reduced to three levels,

numbered and constructed in the following manner: (1) the 9 My = 4..0.. — 4 sublevels
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Figure 3.5: Population transfer to trapped Mr = +5 levels. Excess population also
produced in F=4 ground state, but does not contribute to anisotropy.

of the Sy/3 F = 5 level ; (2) the 2 My = 15 sublevels of the S,/ F = 5 level ; (3) the
9 sublevels of the F' = 4 level. In this model, the source of the anisotropy is the excess
population in the 2 level.

The population transfer effect for this model is illustrated in Fig. 3.5. The dashed
lines show the population in each sub-level in the absence of laser pumping. The laser
pumping re-distributes the population equally to the grouped sub-levels. The Mp = £5
sub-levels (or level 2) are the trapping levels. Although there is also excess population
in the F=4 level (Fig. 3.5), in our model it is the excess population built up in a sub-
level relative to the other sub-levels of the level that produce the anisotropy. In the
F=4 ground state, the excess is assumed equally distributed within all the sub-levels,
producing no anisotropy. While this is not strictly true, it is a fair approximation as

shown by Dr. Shimkaveg [6][page 166].
The relatjve population excess produced by this particular pumping scheme can be

written
6§Nss (3.6)

Nrot

P=
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which is directly related to the observed anistropy (see below).

3.1.3 The Excess Population in the Sub-Levels Causes an Anisotropic

Pattern in the Gamma-ray Emission of the Isomer

The excess population built up in the Mp = +£5 sub-levels will produce an anisotropy
in the gamma-ray emission of the isomer. This Mp = +5 sub-level corresponds to a
nuclear spin state of I = £9/2, so there is a population excess in this nuclear sub-level.
Since this state is defined with reference to a quantization axis (also called a keeper field
[17]), there will be more gamma rays emitted on average in this direction, and less on
average from other directions. In the following section, we see how this excess population

produces the anisotropic gamma-ray pattern.

Multipole Radiation Patterns

The excited state at 514 keV has a spin parity of 9/2* while the ground state has 5/2-, so
that the decay involves a A I =2 with a parity change, characteristic of the M2 radiation
which is observed in this decay. The angular intensity pattern emitted from a radiating

quadrupole of charges or currents is [25)
c
I(0) = 2= 2 | 83, 7] Xag(6, ) |* (3.7)
8wk? 5

where c is the speed of light, k is the wavevector (27 /), the coefficients a;, depend on
the source, and

(l_-_q_)ﬁ.i.q_)lyzﬁl 1

| Xagl0,9) = EEDO =9 1y 0,6) 2 4L vig(0,9) 12 + 29

12

(3.8)

where q = (-2, -1, 0, +1 , +2 ) is the orientation transfer (AM;) radiated from the
quadrupole source, the Y} ,,’s are the familiar spherical harmonics and the X functions are

identical for £q due to parity symmetry. The X’s are also axially symmetric, independent
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of ¢, since the ¢ variable appears only in the phase of the spherical harmonics, and is lost
when evaluating the magnitude. The radiation patterns produced are shown in Fig 3.6.
In the absence of optical pumping the a;, coefficients add to 1, producing an isotropic
decay pattern. This corresponds physically to the case where the sub-levels are all equally
populated, as is the case in the absence of laser optical pumping. Excess population in the
M; = £9/2 sublevel produces an anisotropic component superimposed on the isotropic
background. Since the M; = +9/2 state corresponds to the X;;; function, then the

radiation pattern (®ra) corresponding to this state is equal to
.15 =| Xasa |= ——(1 — cos*d). (3.9)
' ' 16x
The total radiation pattern of the sample can be written
8(6) = Co + P(32-)(1 ~ cos'd) (3.10)

where C, represents the isotropic background, and the anisotropic component is pro-
portional to the relative population excess (equ. 3.6) in the My,; sublevel. The total
radiation as the sum of the two pattern is illustrated in Fig. 2.7.

so that the normalization constant is

1-7P

= 12
Co= 1 (3.12)
The expression then becomes
1 (1 — 5cos*8)
@(0) = Z‘;[l +P 3 ] (3.13)
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Figure 3-6: Radiation patterns produced by F,Mp sub-
$smRb. (Courtesy of Shimkaveg)
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Figure 3-T: Total radiation pattern seen by detectors is the sum of the isotropic back-
ground due to equal populations in all sub-levels, and the anisotropic pattern due to
excess in Mp = £5 sub-levels.

We note that in the limit as the population excess goes to zero, the pattern becomes

isotropic, i.e.
1

and in the limit where all the population is in the £9/2 sub-level, or P = 1, then
3(8) = ——(1 — cos*8) =| Xaus [* (3.15)
167
or completely anisotropic.

Calculation of Anisotropy

The function used to measure anisotropy is

Nm - Ngff
A Y ———————— 3'16
Non + Nojf ( )
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where N, refers to the number of counts with the laser on and N,¢4 refers to the number
of counts with the laser off. Since we used two detectors in this work, detector 1 at Q°

and detector 2 at 180° to our quantization axis, our anistropy is
A=A+ A (3.17)

where the subscript 1 or 2 refer to the detector 1 and 2 .
For the limiting case of a point source and point detector the rumber of counts seen
by the detector is proportional to the radiation pattern i.e., N; & $(0) and N; o $(180).

Then the number of counts seen by detector 1 with the laser is on can be written
Ny = N1op5(1 - P) (3.18)

where P is the relative population excess defined previously. The anisotropy for detector

1 is then
_ Nioss(1 =P 1) N _2
2

A, = ~
1T Niogs(1 =P +1)

(3.19)

where 1 — P +1 ~ 2 for small P. If the detectors are properly balanced so that Ny 45 =
N; 045 the total anisotropy can be written

A= -P (3.20)

so that the anisotropy produced is approximately equal to the relative population excess

in the M.s sublevels.

3.2 Creating a Sub-Doppler Change Signal in the
Anisotropy through Saturation Spectroscopy

We have seen above how the excess population in a particular sublevel can result in an

anisotropic gamma-ray emission signal from the radioactive nuclei. In this section we
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will explain the shape and width of the anisotropy signal produced. We will look at why
a Doppler-broadened signal is produced when using a gas in a cell system, and then we
will see how we use saturation spectroscopy to narrow the signal to homogenous width.
We first start out, however, by providing a little background information on lineshapes

necessary for discussing our results.

3.2.1 One Laser Beam Creates a Doppler-Broadened Signal

The spectral lines in absorption and emission spectra are never exactly monochromatic.
Instead, the intensity of the line can be described by a distribution function, I(w), around

a central frequency
Wwg = (E,' - E)‘)/h (3.21)

where

AE = E; - E (3.22)

corresponds to the energy difference between upper and lower levels. The frequency

interval
6w =| wy —w ' (323)

between the two frequencies w; and w; for which I(w;) = I(w;) = I{(wo)/2 is called the

full width at ha.i maximum (FWHM).

The Natural Linewidth

For an atom in an excited state the radiative decay of the emitted light can be written

1

(= o + (727 (324

I,=1Io

where wo = vo/2x is the natural frequency of ‘ne transition, ¥ = 1/2x7,, is the natural

or radiative linewidth (in Hertz) and ,, is the spontaneous lifetime (in seconds) of the

54




transition. To compare distributions, the normalized distribution is introduced

/: g(w — wo)d(w — wp) = 1. (3.25)

Then the normalized Lorentzian profile hecomes

1 v
27 (w — wo)? + (7/2F°

9(w —wo) = (3.26)

Now, in the general case, there are also non-radiative relaxation mechanisms that
contribute to the broadening, in particular the collision broadening contributions. These
include pressure broadening caused by neutral nonresident collisions between rubidium
and krypton atoms. These are different than the velocity changing collisions discussed
later, in that it is not the velocity changing effect that is important but rather the time-
varying change in phase associated with the differential shift in electronic eigenstate
energies that an absorbing atom is subject to during a collision. Such collisions also
produce a pressure shift in the center frequency of the homogeneous lineshape. The
contribution Yprespure due to pressure broadening is proportional to the density of Kr
atoms. At room temperature, this amounts to 19.8 MHz/Torr (FWHM) in the D1 line
and 17.6 MHz/Torr (FWHM) [28]. The rubidium lines are also broadened by resonant
broadening self-collisions, which amount to about 16 MHz (FWHM) at 300 mTorr. The

total decay constant then is written

YHomogeneous = YNatural + YPressure + YSelf- (327)

In our experiment, the vy is 6 MHz , and the 4p is equal to 6.0 MHz at 300 mTorr for the
D1 and 5.5 MHz for the D2, and the self broadening vs = 16 MHz so the total linewidth
is 28 MHaz.

For a full development see Feld [13]. For an abbreviated discussion see Demtrdder

[15)[page 80-83).
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The Doppler Profile

The atomic oscillators of a gas are continually undergoing random thermal motion. Then
an assembly of atoms at a temperature T will have a distribution of velocities along a

particular direction given by the Maxwell-Boltzman distribution

G(kv) = kl—u'e:::p—(lw/lw)2 (3.28)

where u is the thermal velocity given by eqn. (3.5) and

k=uwlc (3.29)

is the wavenumber, usually written in inverse centimeters. This type of distribution has
a Gaussian profile and the width of this distribution is often given as ku, which is the

1/e half width. A Gaussian profile can also be normalized such that

/ ~ G(kv)d(kv) = 1. (3.30)

To an observer at rest, the resonant frequency of the atom with velocity component
v along the direction of emission or absorption of radiation will appear Doppler-shifted
to frequency

wv) =w(l +v/c) =w + kv. (3.31)

Atoms with different velocity components will appear to have different resonant frequen-
cies. The Doppler-broadened distribution can then be divided into different velocity
groups (or “bins”), each of homogeneous width (yy) with a Lorentzian profile. The
number of groups is written

NG % 2k‘u/‘7}1 (332)

with vy given in FWHM. This is illustrated in Fig. 3.8.
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A Doppler-broadened distribution is divided into different homogeneous ve-

57




Optically Pumping the Homogeneous Group

The interaction of the monochromatic laser radiation with the thermalized gas involves
mainly those atoms in the velocity group which are Doppler-shifted into resonance with
the laser frequency. In a multi-level system like the one we are dealing with, if the laser
radiation is intense enough it can transfer a sizable fraction of the atoms in this group
from a particular ground state energy level into another ground state level by exciting
the atoms into an upper level, where a fraction of them decay into the other unpumped
ground state level. This population transfer is described in 3.1.2. The “optical pumping”
process can actually burn a “hole” in the Doppler distribution at the resonant velocity
group. The more intense the beam, the deeper this hole is. At a certain intensity,
however, the population transfer “saturates” and the population transfer is no longer
directly proportional to the incident radiation. This population transfer effect, digging
a hole at a particular velocity group in the pumped level and producing an excess in the
population of the trapped level at the same velocity group is shown in Fig. 3.9 for a
three level system. Note that the excited state acts only as a transfer mechanism here.

The rate at which atoms in a particular velocity group are optically pumped into the
excited state is given by

O'HI
R=—"L (3.33)

where oy is the cross section for absorption given earlier and depends on the matrix
elements coupling the ground state to the excited state, and where I is the intensity of
the incident radiation. The Lorentzian profile factor £ is similar to that described earlier
but now includes the Doppler-shifting, i.e.

3 i
L= o T (3.34)

where w is the frequency of the laser and wp is the frequency of the transition. The
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OPTICAL PUMPING 3 LEVEL DOPPLER SYSTEM

\ opation
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Figure 3-9: Optical pumping 3-level system digs a hole in the pumped level, and puts
the excess population in the trapped level.

59




intensity at which the transition saturates is given by (16]

Ve hw

—_— ) 3.35
7¢+7Q_FBR)UH‘Y’ ( )

I =(

where ~. is the excited state relaxation rate, <, is the ground state relaxation rate, and
I'pr is the decay rate from the excited state back to the optically pumped ground state.

The excited state relaxation rate in the absence of collisions can be written

1 1
e = — + 3.36
‘7 T'P Tau’ ( )
and the ground state relaxation rate is written
Yo = ! (3.37)
g Tavg '

where T,,, is the average lifetime of the isomer as an atom. Note as the branching ratio,
[gr, increases the saturation intensity increases also, making it more difficult to transfer
population. These expression will be modified when collisions effects are considered
(section 3.3).

In our detection scheme we count the gamma rays from all velocity bins at the same

time. Therefore, our anisotropy is proportional to the number of excess atoms in the

unpumped sub-level. When the laser frequency is in resonance with a particular velocity
group of atoms, the number of atoms transferred to the unpumped level is proportional
to the number in that group, which is governed by the Doppler distribution function. As
the laser is tuned into resonance with different velocity groups, the anisotropy function
will map out the Doppler profile.

This one beam pumping is illustrated in Fig 3.10. The population transferred to the
trapped level is shown (cross-hatched) with the resultant Doppler profile mapped out.
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Figure 3-10: One beam optical pumping transfers population to trapped level. The re-
sultant anisotropy, proportional to total excess number of atoms from all velocity groups,

maps out Doppler profile.
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3.2.2 The Counter-Propagating Beam Produces a Saturation

Effect

Now consider a sample of atoms in a cell optically pumped by a laser beam split into
two beams, with one beam entering the front of the cell and the other beam entering the
rear of the cell. When the laser frequency is detuned off the atomic resonance, wp it will
interact with two velocity groups of atoms, the group moving towards the beam entering
the front of the cell with v = A/k and the group moving towards the rear of the cell with
the minus velocity. The number of atoms transferred to the trapped level will reflect
the contribution from two different velocity groups. However, when the laser frequency
is tuned into resonance with the atomic transition only one group of atoms will be in
resonance, the group with zero velocity. If the transition is saturated, that is if the laser
intensity is high enough so that the number of atoms in a velocity bin transferred to the
trapped level is not directly proportional to the intensity of the incident light (non-linear
response), then the number of atoms in the trapped level will decrease, causing a dip in
the anisotopy signal measured by the detectors. This is illustrated in Fig. 3.11.

This decrease is called a “Lamb Dip” after Willis E. Lamb, Jr. who postulated its
existence in 1962, and is used to obtain a narrow resonance in the absorption spectrum

of atoms. Here, it is creating a narrow resonance in the gamma emission of an unstable

nucleus.

3.2.3 The Difference Between the Two Anisotropies is the
Change Signal

We can measure the effect of the overlapping beams in the following manner. Let the
beam entering the front of the cell be #1 and the counterpropogating beam be #2. If

both beams illuminate the cell, the spatially overlapped beams will produce a count rate

NBoth = Noff + ANBcoml + ANBum2 +e€ (338)
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Figure 3-11: Two-beam optical pumping. When laser is tuned to zero velocity group,
less atoms are transferred to trapped level. The resulting dip is shown in the anisotropy

profile.
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where Nz is the count rate in the absence of optical pumping, ANjeam1 is the change
in count rate due to beam 1 in the absence of beam 2, A Nyegm 2 i8 the count rate due to

beam 2 in the absence of beam 1, and ¢ is the decrease in both due to overlap of excited

velocity groups.

Now if we turn off beam 2, and count only with beam 1 on, we get

NBeam1 = Nogs + ANBeam1- (3.39)

Likewise, if we count with only beam 2 on then we get

NBeam2 = Noff + ANBeamz (340)

and, counting with no beam on we get N,s¢.

We can therefore define the difference function, or change signal, as

NBoth - NBeaml - NBeamZ + Noff — €

D LA = INors (3.41)

which is the quantity that we measure experimentally. The difference signal is shown in
Fig. 3.12.

3.3 Velocity Changing Collisions Affect the Optical
Pumping

The isomer is undergoing velocity changing collisions in the cell as a function of krypton
pressure. A velocity changing collision (vcc) is an elastic collision which does not destroy
the orientation (Zeeman sub-level) of the atom. As the name suggests, these collisions

move atoms from one velocity group to another. The vcc rate can be written
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Figure 3-12: The change signal is produced by the difference between two laser pumping
and one laser pumping.
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where nx, is the number density of krypton atoms in the cell, gy is the cross section for
collisions (estimated at 50 A? using “billard ball” type collisions [6][page 68]), and v,« is
the relative velocity between the isomer and the krypton atoms. The number of vec’s in
the isomers lifetime is usually written as I'yeeTavg-

Vec's can be either desirable or undesirable, depending upon what type of signal one
is trying to produce. If one is trying to produce a Doppler-broadened signal, then the
vec’s allow one to optically pump most of the atoms in the Doppler profile, producing a
relatively large anisotropy, but a broad signal (which may be adequate depending upon
the resolution needed). This was done in Dr. Shimkaveg’s experiment. If one is trying to

produce a narrow Lorenztian signal, then the vcc’s have an undesireable effect and must

be minimized.

3.3.1 Pumping With Many Vcc’s Increases the Number of
Atoms Pumped But Gives a Broad Signal

The vec rate does affect how the laser saturates the homogeneous group, since atoms
will spend less time on average interfacing with the laser. The effect is included in the

relaxation rates given earlier, so that the excited state relaxation rate becomes

1 1

Ye = ; + Toug + Fyee (343)
and the ground state relaxation rate becomes
1
Yo =7 + loee- (344)

Tovg

As the vcc rate increases, it becomnes harder and harder to saturate the particular velocity

group in resonance with the laser.

Since the laser radiation pumps only the particular velocity group which has been

shifted into resonance, and therefore only a fraction of the atoms in the Doppler distri-
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Figure 3-13: Effect of vec’s on laser optical pumping, with pump laser tuned to resonance.
Buffer gas perturbers cause vcc’s into and out of the resonant velocity bin (broken vertical

lines). (From Quivers.)

bution. This fraction is normally approximated as 1/Ng where Ngis defined earlier. One
way to increase the number of atoms in resonance with the laser is to introduce vec’s into
the system. During optical pumping the vcc’s transfer pumped atoms into nonresonant
velocity groups and replenish the resonant velocity group with atoms not yet pumped.

This is illustrated in Fig. 3.13.
This allows the laser to effectively interact with more of the atoms in the distribution

than it would normally.
To completely remove velocity selectivity from the pumping process, two conditions

must be met [16]. The number of collisions ([yee Tuvg ) in the atom’s lifetime must be

relatively high, i.e.
ToeTony >> 2% = Ng (3.45)
TH

with [oe determined using eqn. (3.6) and T,y = 1.0ps from Hutton’s calculations

(section 3.1.2). Also the collision rate must be much greater than the pump rate

lvee >> R (3.46)
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where R is defined earlier.

When these two conditions are met, the parameter that specifies the effectiveness of
pumping the Doppler distribition is called the optical-pumping saturation intensity and

is written [16]
lhw 1

3.47
POD Tavg ( )

where p is the branching ratio to the trapping state and op is the Doppler-broadened
absorption cross section, which can be written

THVT

Sk <P —(kv/ku)?. (3.48)

op =0y

Note that it is reduced from the homogeneous cross section.

There are two saturation parameters now when pumping with vcc’s. The dominant
one depends on the number of vec’s. In the low pressure region with few vee’s I, >> Iy,
and it is easier to pump the homogeneous group than the whole profile. At high pressure
with many vec’s I, >> I,, and it is easier to pump the whole profile than the particular
velocity bin.

The initial experiment done by Dr. Shimkaveg was in the high vcc limit, where
all velocity selectivity was removed. At a temperature of 160°C with 4 Torr of krypton
pressure the isomer’s average velocity is thermal and ku = 360 MHz, so that I'yec Taug = 29
. Since vy equals 100 MHz (FWHM), then Ng = 7 and the experiment was conducted
primarily in the Doppler regime (6][page 152].

3.3.2 Pumping with Just a Few Vcc’s Produces a Dip and
Pedestal

Ideally in our experiment, where we are trying to produce a homogeneous signal at the
zero velocity bin, we would have no vecc’s, as they tend to destroy velocity selectivity.
However, this is not possible since the buffer gas that causes the vcc’s is the source of

our isomers. Therefore, we operate at a low pressure where there are some vcc’s, but
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Figure 3-14: The effect of vce on population transfer to the trapped level. The case with
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not enough to remove all the velocity selectivity. For example, at 300 mTorr of Kr
pressure the number of collisions in an isomers lifetime as an atom is 2. We are then
in an intermediate area, where we expect both velocity selective features and velocity
independent features.

Being in this intermediate region produces two components in the population trans-
ferred to the trapped level (and in the resultant anisotropic change signal described
earlier), (1) a narrow “dip” of homogeneous width produced by atoms that are resonaat
with the field but do not undergo vecc’s, and (2) a broad Doppier “pedestal ” with all
velocity selectivity removed. This is illustrated in figure 3.14.

The relative size of the two features depend on the dominance of the vce process. The
larger the pedestal, the more effective the vcc’s. For a fixed laser intensity, the size of

the pedestal increases with pressure, while that of the dip decreases.
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Chapter 4

The Experimental 89mRb Gas-Cell
System

4.1 Isomer Production and Neutralization in a Cell

System

This section explains the production of the isomer and its neutralization for optical
pumping. In particular, since this experiment is conducted in low pressure regions, for
reasons explained in chapter 3, the focus is on the neutralization process at low pressure.
Included in the discussion on neutralization is the effect of the non-thermal velocity
distribution of the recoiling isomer when the parent 8 decays, an important consideration

at low pressure.

4.1.1 Production of the Isomer

Krypton gas, enriched to 30% % Kr, is placed in a sealed pyrex cell along with a small
drop of natural rubidium. The radioactive krypton, which has a half life of 10.7 years,
decays by 8~ emission 99.6% of the time to the ground state of ®*Rb and 0.4% of the time

to an excited state of 3°Rb, the isomer ®*™Rb, which subsequentially undergoes gamma
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decay (M2) with a half life of 1.0 microseconds. The decay scheme is shown earlier in

Chapter 1.

4.1.2 Neutralization of the Isomer

The isomers are produced predominantly in a singly ionized state. (A small number
are produced in a doubly ionized state due to Auger processes (see [6][pages 72-76)),
but this is a small effect which we can neglect). The optical transitions of the 8™Rb*
lie far in the ultraviolet where tunable dye lasers are not available. Therefore, in order
to optically pump these ions, they must first be neutralized. This is the function of
the natural rubidium in the cell, which will undergo resonant charge exchange with the
isomers and neutralize them. Rubidium, because its charge exchange cross section is very
large, minimizes the amount of material needed in the cell, preventing an excess number
of disorienting collisions from occuring. The rate at which the ions neutralize is called

the charge exchange rate and is written

Pdmrge ezchange = M RLTVrel (4 1)

where npy is the density natural rubidium, o. is the resonant charge exchange cross
section, which is estimated at approximately 550+ 50 A? [6][page 71], and v, is the
relative velocity between the 8™Rb isomer and a neutral atom of natural rubidium. The
density of the natural rubidium in the cell is tabulated as a function of temperature in
Dr. Shimkaveg’s thesis [6][page 71]. It is approximately exponential, and therefore is the
predominant factor in the charge exchange rate at pressures above 100 mTorr. Below
100 mTorr, the v, term also obeys an exponential type behavior, as will be discussed

below.
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Thermalization of the Isomer - The v, Term

As seen above, the charge exchange rate depends on the relative velocity between the
charged isomer and the neutral krypton in the cell. Additionally, the collisions rate,
which also is extremely important in our work, depends on the relative velocity between

the neutral isomer and the krypton gas. These relative velocities are quite different in

low pressure regions (approximately below 500 mTorr) than they are in higher pressure
regions. This can be understood by looking at what happens when the parent decays
by B— , and seeing how this effects the relative velocity term. The following is a brief
summary from the work by Dr. Hutton and Prof. Quivers [12].

The nuclear decay to the isomeric state can be written
BKr -®™ Rb+ B + 0. (4.2)

Some of the energy goes into the kinetic energy of the §~ particle, some into the 7, and
some into the recoil of the nucleus. The angular correlation between the electron and

neutrino emitted during #~ decay can be written
w@)=1+ a%coaa (4.3)

where v is the electron velocity, ¢ is the speed of light, and § the angle between the
momenta of the electron and the anti-neutrino in the rest frame of the parent. The value
cf a is equal either to +1 or -1/3 , depending on whether the transition is Fermi transition
or Gamow-Teller.

In the Fermi interaction, the electron and anti-neutrino are emitted in the singlet state
(spins anti-parallel) thus carrying away no angular momentum. Due to their helicities,
they tend to be emitted in the same direction and so their linear momenta tend to
add. This means that the recoil energy transmitted to the daughter will be relatively
large. The selection rule for this process is Al = 0, with no change in parity. In the

Gamow-Teller interaction, the electron and anti-neutrino are emitted in the triplet state
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(with spins parallel), and tend to be emitted in opposite directions, so that their linear
momenta tend to cancel. Consequently, the energy transmitted to the daughter is less.
The selection rules for this process are A = 0,1 (no 0 — 0) with no change in parity.

In the 85™Rb system, both transition selection rules can be satisfied since the tran-
sition is from I = 9/2% to I' = 9/2*. Therefore, for this case all that can be said is
—1/3 < a £ +1. In either case, the initial velocity distribution of the recoil ion is ap-
proximately Gaussian with a peak velocity of 1.17 x10% for a = -1/3 , or 1.41 x10% for

a = +1. The thermal velocity of a particle in a gas can be written

_ [2ksT
=\ (4.4)

where kg is the Boltzman constant, T' is the temperature in degrees Kelvin, and Mzg

is the mass of the atom. Using a temperature of 160°C (the temperature at which the
initial Doppler experiments were done) yields a value of u = 2.8 x 10%cm/s. Therefore,
the recoil speed is between 4.2 and 5.0 times thermal.

Now the “hot” ion will undergo velocity changing collisions (vcc’s) at the following

rate

It =nk,of vea (4.5)

where o, is the cross section for collisions between the ion and a buffer atom and has
been estimated to be approximately 350 A2 based on Rb ion mobility data [12]. After
the ion is neutralized the collisions can be treated as “billard ball” type collisions with

the vce rate the same as given earlier ( equ. 3.42) and written
Pm;c = NKrOyccVrel-

After their recoil, the 3™Rb ions will undergo vcc’s with the Kr atoms in the cell,
and will eventually thermalize. They will also undergo resonant charge exchange with

the natural rubidium as described earlier.

73




The parameters of interest in our work include the charge exchange rate, the mean
time for the ion to neutralize, and the relative velocity as a function of pressure. Dr.
Hutton extracted this information using a time-dependent approach. He first assumed
a Gaussian distribution of ions with a width v > u at time t=0, which thermalizes as
a result of collisions with the Kr atoms in the cell, and so has a time dependent width
v}(t). By including charge exchange, they calculated the width of the neutral isomers as
a function of time, v,(t). They then time averaged v,(t) to get an average velocity of the
neutral Rb isomers in the cell. The average velocity of the neutral isomer as a function
of pressure for both values of a is shown in Fig. 3.1 (For a complete description of this
non-thermal effect, see reference [12].)

The relative velocity depends on whether a = +1 or -1/3, but quickly approaches
the thermal relative velocity above 500 mTorr. From Fig. 4.1 it can seen that at lower
pressures (< 100 mTorr) it is a very pronounced effect. This large relative velocity term
at very low pressures means that the velocity distribution is very large, and so the number
of homogeneous velocity groups will be greatly increased. Since the number of atoms is
conserved, the number in each velocity group will be much less that at thermal velocity.
Therefore the laser, which interacts with only one velocity group, will pump less atoms
to the trapped level, decreasing the anisotropic signal. As seen later in this chapter, this
effect greatly diminishes the signal-to-noise below 100 mTorr.

For our modeling, we used both a’s and averaged the corresponding relative velocities.
We als.. used the charge exchange rate and mean time to neutralize provided by the

authors as input into our model.

4.2 Modeling the System

After initially failing to produce a sub-Doppler signal experimentally (which involed
months of work) using large cells at low pressure, we modeled the system in order to

determine the proper experimental parameters for producing a change signal. We wanted
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Figure 4-1: Calculated average velocity of the neutral ™Rb isomers in the cell vs. Kr
density and pressure for the two cases a =+1 and a =-1/3.
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specifically to determine the proper pressure and temperature at which to operate. The
model is based on the theoretical model of laser optical pumping developed by Prof.
Quivers [16], and is fairly simple. We group the sub-levels within a manifold that behave
similarly when optically pumped into equivalent groups. This approach allowed us to
reduce a 29-level model to a 3-level model, simplifying tremendously the computational
effort necessary to solve the system.

Although we originally thought that two lasers were necessary for the experiment, the
model showed that it was possible to produce a significant change signal with only one
laser. This was an additional benefit from using the model, as a one laser experiment
is much simpler to conduct than a two laser experiment. This model predicted fairly
accurately the sub-Doppler signal we later observed. The details of that model are

discussed in this section.

4.2.1 The Mathmathical Model

As mentioned earlier, we chose to model optical pumping on the S;/; F = 5 to Py;; F/'=
4 transition. The sub-level grouping is the same as given earlier: (1) level 1 is composed
of the 9 My = —4...0...4 sublevels in the F=5 ground state; (2) level 2 is composed of the
2 Mfp = 5 sublevels in the F=5 level and (3) level 3 is composed of the 9 sublevels in
the F' = 4 excited state. The F=4 level does not contribute to the population transfer to
the 2 level, and is not included. The fact that atoms are lost to this level is included in
the branching rate terms, which are reduced do to the presence of this level (see section
3.1). The three-level model is shown in Fig. 4.2.

The rate equations for the number of atoms in a particular velocity group, N(v), can

be written

dN; Ny - N.
—dtlz— 1 9 3(R++R_)+P31N3—79N1+WgNl+8: (4'6)
dN.
W’- = T3N3 ~ 79Ny + WN3 + S, (4.7)
76




3 LEVEL MODEL

)
f— ‘_A;k X e
Iy I R} R- Ly 32

LOST TC :
F = 4 LEVEL

Figure 4-2: Three level model for optical pumping the D1 F=5 to F’ = 4 transition.

d N3 — N,
gtls = - 3 9 1(R++R_)—’7=N3+W¢N3, (48)

with the components described below. The optical pumping rate produced by the laser

is as given earlier

UHI
=-—°L
Ry hw *
with the Lorentzian lineshape as
c 2/

£= (w —wo F kv)3 + 7

and the (+) and (-) terms here indicate the propagating and counter-propagating beams.

The excited state relaxation time is

I
Te = Tep “'r
and the ground state relaxation is
1
% =l + 3
"7




with Iy as the vcc rate.
The production rate resulting from the 8 decay of the parent into the particular

velocity group of atoms is given

S = -2% Fcg An;sk,G(kv) . (4.9)

and the production rate into the trapped level is given

S, = 11—0 Fog Anasir G(kv) (4.10)

with A the krypton decay rate (8.21 x 10-'?/s) which is a product of the decay rate
of the 8Kr and the branching ratio to the 8™Rb state, Fcg the charge exchange rate
extracted from Hutton’s work (section 3.1.2), ngsi, the density of the radioactive krypton
in the cell, and G(kv) the Doppler distribution. The quantities 'z r are the branching
ratios for the decay from the excited state. The quantity W is the collision kernel in the
strong collision approximation where one collision completely thermalizes the atom (i.e.
it retains no memory of its velocity prior to the collision). This collision term represents

atoms knocked into this velocity bin from another bin. The kernel can be written
W, (e) = F: (,)G(kv) (4.11)

The quantity
N; = / Ni(v)dv (4.12)

is the total population of the i’th level.

The interpretation of the equations is straight-forward. For example, eqn (4.6) is read
as follows: The rate change per unit volume of atoms in level 1 must be equal to minus
those atoms that absorb photons from both laser fields and are excited to the higher
energy level 3 plus those the decay by spontaneous emission back into level 1 minus

those the leave the velocity group either by a vcc or gamma decay plus those that are
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knocked into the velocity group by vecc’s plus those that are “born” in the velocity group
from the decay of the parent. The interpretation of the other equations is similar.

The equation can then be solved for the population excess in level 2, which is directly
related to the anisotropy function

ON;

T (4.13)

~ —p ~

The difference between the anisotropy produced by two beams and that produced by
one leads to the change signal. However, the above equation must be modified using a
correction factor to account for the fact that the detectors are not point detectors. This
correction factor has been calculated numerically by Dr. Shimkaveg [6][pgs. 146-150] as
a function of the detector diameter (a) and the distance to the cell (d), and is given for

our geometry at 0.86.

4.2.2 Numerical Solution of the Model

The coupled equations described above can be solved numerically. We solved them by
two different methods and obtained identical results. The first method was a brute
force technique where we chose a At and solved the equations for AN;, subject to the
constraint that the total population be conserved. We then used the new populations
in the equations, and again solved them for AN;. We continued this until there was no
longer an appreciable change in the populations of the levels. We then used the excess
population in level 2 to determine the anisotropy. This technique, though effective, was
very time consuming computationally.

The second technique, written by Prof. Holbrow, employed the Gauss-Jordan matrix
inversion technique to the solve the steady state equations (placing the dN/dt terms
equal to zero). This technique also is iterative, but takes much less computational time

to solve.
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4.2.3 Predictions of the Model

The predicted change signal at 300 mTorr produced by optically pumping with a single
laser is plotted as a function of average intensity in Fig. 4.3. The change signal is com-
posed of a narrow dip and broad pedestal as expected. The dip is fitted to a Lorentzian
profile and the pedestal is fitted to a Gaussian profile. There are two key features of the
signals; (1) The dip is power broadened at high intensities and (2) the dip to pedestal
ratio varies as a function of intensity.

From Fig 4.3, it is clear the dip and the pedestal grow at different rates. The change
signal is decomposed into a dip and pedestal, and the growth of each as a function of
average intensity is plotted simultaneously in Fig 4.4. Notice that at intensities above
120 mW/cm?, the dip starts to saturate, and the pedestal dominates. At low pressure,
and few vcc’s, Is is much less than Ipp, and it takes a lot of power to pump the pedestal.
The opposite case occurs with many vec’s, where Is is much greater than Ipp, and it

takes a lot of power to pump the dip (see section 3.3).

4.3 Cell Design and Optimization

There are several considerations necessary when designing the optimum cell, in particular
the pressure and the length and the radius. One also has to decide at what temperature
to run the experiment, but that can be maximized experimently once a cell is constructed.
In this section we detail the procedure for design a suitable cell for the experiment. The
important criteria in selecting the proper geometry is not just the amplitude of the dip at
a particular pressure, but the count rate seen by the detectors. The quantity to maximize
is the dip signal-to-noise, which gives the relative strength of a signal. This quantity is
discussed next.
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Figure 4-3: Change signal at 300 mTorr predicted by numerical model as a function of
average intensity. A single laser was used to optica.lly pump sample.
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Figure 4-4: The change signal is decomposed into a Lorentzian dip and Gaussian pedestal,
with the amplitude of each shown at various intensities.
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4.3.1 Calculation of Signal-To-Noise

The signal-to-noise (S/N) function? is defined as the magnitude of the signal divided by
its uncertainty and is given for the change signal as

D

5 (4.14)

S/N =

The value of D given earlier can be written as the difference between two anisotropies

D=A"~ Apam2 (4.15)
so that
AD = AA' — AApeama (4.16)
where
NBoth - NBeaml
'
= 4.
A SN, (4.17)
and
NBeam2 h Noff
ABeam2 = . 4.
Beam 2 WNogs (4.18)

The uncertainty in A can be written [6](pg. 145]

1

AA = —— (4.19)
Noss/2
or, using the fact that
Nogs = Total Count both Detectors = 2N, Single Detector (4.20)
we can write this as
AA = ! (4.21)

v/ Noss od.

1Also called signal-to-Background since the background is really not noise.
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Adding the two uncertainties in quadrature, then,

1 1
(AD) = + 4.22
) Noffed  Nogfad (422)

and we get as our uncertainty

1

AD = (4.23)
;;Noff sd.[2
with our signal-to-noise as

S/N = Dy/Nogsa/2. (4.24)

What is important in this experiment is not the total signal-to-noise, but the signal-
to-noise of the dip component of the change signal. So, when using the above expres-
sion for maximization, the change signal must first he decomposed into the dip and the
pedestal. Only the amplitude of the dip is then used for comparison between intensities
and pressures.

An expression for the count rate is given later, but clearly it is proportional to the

number density of radioactive atoms in the cell, which is equal to
nesmry = (3.3 X 10'®/Torr — cm?®) i, (4.25)

where the numerical factor is just a conversion factor relating pressure to density using

the natural gas law [6][page 68]. So, the S/N is then

S/N « /pir (4.26)

and we can uses this factor to pick the proper pressure to operate at if we know the

amplitude of the dip there, which we do from our model.
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4.3.2 Dip Amplitude vs. Pressure

Using our model, we looked at the ampitude of the dip (Ap;p) in the range from 80 mTorr
to 450 mTorr. The dip amplitude for several average intensities is plotted vs. pressure in
Fig. 4.5. The results are quite interesting. Note that the dip starts to decrease relatively
fast beyond 300 mTorr, which is not surprising, as the vcc rate is increasing and washing
out the dip. However, it is also decreasing below 100 mTorr, which may seem surprising
at first, but actually is expected from Dr. Hutton’s work. Recall (Fig 4.1) that below
100 mTorr the relative velocity between the isomer and the krypton atom starts to climb
very quickly due to the low density. At a pressure of 80 mTorr, the ku width of the
distribution is estimated by Hutton at 840 MHz, which means the number of velocity
bins in the Doppler profile has increased substantially. The number of atoms in each bin
therefore decreases, and so the amount of population transferred decreases also, making
the dip smaller.

Now, using this curve, and the proportionally relationship between the amplitude and
the square root of the pressure, we can plot the relative S/N as a function of pressure.
This is done in Fig 4.6. From this figure it is clear that the S/N is maximized around
300 mTorr, and that any pressure in the range 250-350 mTorr would be acceptable.

Now, having chosen the pressure, we can design the proper geometry for the cell.

4.3.3 Absorption Effect on Average Intensity

The model we used above to predict the change signal was based on using the average

intensity in the cell. The intensity in the cell at any location can be written [6][page 195
1(p,2) = —fexp —(a2)] exp ~(2)? (4.27)
’ ma? a

where P is the incident power, a is the 1/e half-width of the beam, a is the absorption
coefficient, p is the radius of the cell at any point out to R, and z is the location along

the axis of the cell to any point out to L. The average intensity in the cell can then be
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Figure 4-5: Dip amplitude vs. pressure at various values of [
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written

T=— (292 [1 - exp—(aL)] [L - exp —(g)’]. (4.28)

al (R
Dr. Shimkaveg has done extensive work on cell design to maximize anisotropy. He

has found that it is maximized when (R/a)? = aL = 2.01 [6][pg. 200], where a is the 1/e

‘half-width of the laser beam, R is the radius of the cell, a is the absorption coefficient,

and L is the length of cell. We are also interested in maximizing the anisotropy, since it
is the difference between the anisotropy produced by the two beams and that produced
by the one beam that we actually measure. So, using these criteria, we must develop
a method for choosing R and L that maximizes the dip signal-to-noise. Prior to doing
that, however, we will first discuss the quantity a that appears in the above equation,

and also the signal-to-noise function.

The Absorption Coefficient

The absorption coefficient due to background absorption by the natural rubidium can be

approximated

a = fnpy + gnpspkr + hnk, (4.29)

where f, g, and h are a function of laser detuning from natural rubidium line center, and
Pk- is the krypton pressure in Torr. Following Shimkaveg [6][page 213], to estimate a we

use the values of the parameters evaluated at -5049 MHz from ®Rb line center, i.e.,

f =6.28 x 10~6cm?
g = 1.67 x 10~*®cm?/Torr
h =5.95 x 10~3°cmS5.

Using these values, we can compute the a at various temperatures from 140°C to
170°C, the range of temperatures at which we can conduct the experiment, using the
krypton pressure of 0.3 Torr. These temperatures are fairly close to the limits dictated

by charge exchange and spin exchange. For example, at temperatures below 135°C there
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is no appreciable experimental anisotropy measured, primarily because the density of
natural rubidium in the cell is to low to provide for adequate charge exchange. Above

180°C the effects of spin exchange start to greatly diminish the signal [6].

4.3.4 Maximizing Signal-to-Noise

The S/N function for the dip can be written

where Ap,, is a function of average intensity, given in Fig. 4.7.
Using the expression for average intensity from above, and using the criteria for

maximizing anisotropy, aL = (R/a)? = 2.01, the average intensity can be written
8

= P
I=—=(0.1746) (4.31)
or
a? = £ (0.1746) (4.32)
wl
or, using the R? = 2.01a?
R= \/(2.01) 7%_ (0.1746) (4.33)

and, finally, inserting the available power, P= 150 mW, we can write

R(I) = 4.0935\/; : (4.34)

where T is given in mW/cm?.

Now, at a fixed point into the cell we can write our S/N p,, as

S/Np,, = C Apy R (4.35)
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where C is a constant and includes the value of z, and the expression can be evaluated as
a function of I only, using Fig. 4.7. The expression maximizes at ] = 2TmW/cm? where
Apip = 0.00075 and Reptimum= 0.79 cm.

In a similar fashion, we can fix the radius and write the S/Np,, as
S/Np, = C1 Apip VL (4.36)

where C; includes the value of the radius.
We can use the fact that the Ap,, is proportional to the charge exchange fraction,
which at a constant pressure is a function of temperature, and the fact that a is also a

function of temperature, and determines L using aL = 2.01. The expression becomes

S/NDip = Cg FCE \/2.01/&. (4.37)

The charge exchange fraction can be written

PCETuv
Frp = by _avg 4.38
cE PCETcwg +1 ( )

where

I'cE = nRry 9CE Vre

has been given earlier and T,,, is the lifetime of the isomer. Using the v, from Hutton’s
work, and the a from above, we find the optimum temperature at 165° C, and the

optimum length of the cell at L = 6.42cm.

Predicted Counting Time

Having determined the optimum cell, with R= 0.79 ¢cm, L= 6.42 cm, and V= 12.587

3

cm?, we can calculate the amount of time necessary to count to obtain a statistically

significant signal.
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The number of decays seen by a detector can be written
Q 2
N=A ek A (rR*L) t, (4.39)

where A = 8.21 x 10~ is the activity defined earlier, (2/47) = 0.06 is the normalized
solid angle, ¢ = 0.27 is the concentration fraction of radioactive Kr, n = 0.32 is the
detector efficiency, nx, = 0.99'%cm—3 is the Kr density and t. is the counting time in

seconds. Now, recall that from above
S/NDip = Apip /N/2

using the expression for N, we can solve for the counting time

po o (S/Np
sounting = A3, 2.65 x 103

(4.40)

Then considering the S/N that we require, we can predict the necessary counting
time. To establish that we have a real change signal, we using the criteria S/N =4
(10,000 to 1 odds). At the chosen I = 27 mW/cm?, we expect an Ap, = 0.00075 so we
get t. = 1.0734 x 10* seconds or 3.0 hours.

Actual Cell

As it turned out, we did not have to construct a sub-Doppler cell to use for our first
attempt. Dr. Shimkaveg had actually madc several low pressure cells for his attempt
at a sub-Doppler signal, at various sizes and pressures. We analyzed the S/N for the
existing cells. Although not optimized, we found one that was acceptable with a R =
0.60 cm and L = 4.2 cm. Operating at a temperature of 150°C, we had an aL = 0.5872,
and using (R/a)?® = 2.01, we had an average in*ensity of 94 mW/cm? with a predicted
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Apip = 0.00126. So, comparing the S/N of this cell to the idealized cell

Ap; R vI
S/ N Actual/Optimum) = Dipactun "ActualV —Actual (4.41)
ADip Optimum Ropti \/ Loptimum

where, upon substituting the appropriate values, we get a ratio = 0.83, meaning that

this cell was within 83% of our optimum. So this is the one we used, with the results

given in the next chapter.
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Chapter 5

Experiment Results and Analysis

This chapter describes the actual experiment acd is ¢'vided into fowr sections: (1) general
description and experimental arrangement; (2) experimental apparatus; (3) the results;

and (4) the analysis.

5.1 General Description and Experimental Arrange-
ment

A schematic of the experiment is shown in Fig. 5.1 and described in the following way.
A cell containing radioactive krypton gas is maintained in a controlled thermal and
magnetic environment. The output from a narrow frequency high intensity dye laser has
two low intensity beams sequentially split from the main beam to be used for frequency
control. The first beam goes to a reference cell containing natural rubidium and is used
to produce Lamb dips, and the second beam goes to a 1.5 GHz Fabry-Perot spectrum
analyzer. The remainder of the output is sent through a 50-50 beam splitter, providing
two equal intensity beams. The first beam is incident upon a shutter, which when open
allows the beam to enter the cell. A lens is placed between the shutter and the cell to
control the size of the beam entering the cell. Similarly, the second beam is brought

around to the rear of the cell using mirrors, and is incident upon a second shutter, which

93




when open allows the beam to pass through a lens into the rear of the cell. When both
beams are in the cell, they form a standing wave. The amount of time the beams are on
and off is controlled by the computer which sends a voltage to each solenoid to open or
close it as programmed. The gamma rays emitted from the cell are detected by 3-inch
Nal(TI) detectors, with the output fed through a nuclear electronics package, and into a

computer where the anisotropy is calculated.

5.2 Experimental Apparatus

For convenience in discussing the apparatus used, this section is further divided into
three functional areas: (1) target cell and its environment; (2) optical pumping source
and frequency monitoring apparatus; (3) nuclear data acquisition and control electronics.
We will provide here a functional description of the apparatus. Since the “home-built”
equipment such as the cells, the oven, and the preamp for the nuclear electronics package

was built by Dr. Shimkaveg, the reader is referred to his thesis for construction details.

5.2.1 Cell-Gas System

A pyrex cell is 40mm long and 12mm in diameter and is filled with 300 mTorr of Kr
containing 1 mCi of 10.7-y 8Kir. The cell is placed inside an oven, with the temperature
maintained at 150°. The oven consisted of three pieces: two end pieces with 1-in diameter
quartz windows to allow the light through, and a central core consisting of commercial
fire brick with a 2.25 inch cylinder hole for cell placement. Resistive nichrome heating
wire was imbedded in each end piece, while the central piece was left unheated, so that
the end pieces would be hotter. This design was used to keep the cell windows hotter than
the center of the cell. If the windows were not hotter, then the rubidium vapor would
condense on them, and block the incoming light. A single DC power supply, operating
at approximately 20 volts, was used to provide current to both end plates in parallel.

Initially, the rear of the cell was cooler than the front, as we did get some condensation
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Figure 5-1: Schematic diagram showing experimental arrangement.
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on the window. We corrected this by placing a variable resister in series with the front
heating element and adjusting it until the two windows were clear. We also drilled some
holes in the ceunter of the cell to make it slightly cooler than the end. This seemed to
work quite well, and we were able to clear the windows.

The magnetic field is controlled by a three-axis Helmholtz coil arrangement, each coil
with its own independent current source. To set the field we used a three-axis hole effect
probe . Using this probe, we first nulled the earth’s magnetic field, and then established a
1 Gauss B field along the quantization axis (perpendicular to the direction of propagation
of the beam). Our initial attempt to reproduce Dr. Shimkaveg’s results failed, however,
because we set the field incorrectly the first time. The field actually quenched the signal.
This was discovered by turning off the field altogether, and running the experiment. Our
results doubled. We then reset the field properly and maximized the signal as a function
of field amplitude. It turns out that the signal reaches a maximum at about 0.5 Gauss,
and stays flat above that. However, as the field increases from 0.5 Gauss to 1 Gauss, we
found that the count rate in the detectors decreased by 15% due to interference with the
Nal(TI) detectors. Therefore, we set the field at 0.5 Gauss.

5.2.2 Laser Frequency Location

In our work, we were able to achieve excellent precision using the Coherent CR699-29
Autoscan Dye Laser, pumped with a 3000K Coherent krypton cw laser. The Autoscan
is the state of the art dye laser, designed to allow the user to select by computer any
frequency within the dye range (in this case for LD700 that means from 700nm-800nm),
do seemless scans across large frequency ranges (100 cm™!), and allow for input from
three data channels while scanning for later analysis. The controller is an Apple Ile
computer with software designed to locate the laser to £3MHz inputs. When a desired
laser frequency is input into the program, the laser first locates itself by using its specially
designed wavemeter located at the output of the dye laser, then moves different tuning

elements in the laser to bring itself to the specified frequency, re-reads its location, and
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retunes until it is within the 3 MHz specified. The wavemeter is calibrated with known
reference frequency, which in our case is the F=2 to F'=1 Lamb dip transition (see
below). Once it is calibrated, it < 'y needs to be re-calibrated if the laser itself is re-
aligned. During a scan the three data channel analog inputs are converted to digital
signals, and displayed on the monitor as a function of frequency, with the Autoscan
program locating any point on the signal to +3MHz.

Although the system works well at 795 nm and 780 nm, its performance is guaranteed
only to 750 nm. Therefore, we devised a procedure to insure correct frequency location.
We first located the 8Rb F=2 to F' =1 transition using the Lamb dips input into a
data channel. We then performed a series of scans through the Lamb dips, and used the
ground state splitting of 8’Rb (which is known to very high precision) to determine a
scan error. The scan error is usually very small, aproximately 0.5% or less. A larger error
typically implies improper aligned which must be corrected. (Of course one could also
use the ground state splitting of 8Rb to calibrate the scan error, but since we decided to
use the outlying 87Rb transitions which are closest to the ®*™Rb transitions as frequency
references, we used 8"Rb.)

We calculated the frequency difference between the reference transition and the de-
sired location and sent the laser there. Once there, we scanned the laser back through the
known reference point and read the location of the transition on the autoscan monitor.
We then applied the correction factor previously determined. This procedure allowed us
to locate ourselves within + 6 MHz of the reference transition. (In theory, we should
be able to locate ourselves even more precisely since the autoscan program will digitize
the input signal into 1 MHz samples. However, it will only print the location to 3 MHz
precision. We did at one time attempt to modify the autoscan program to achieve this
higher precision, but were unsuccessful.)

As an independent test of this procedure, we calibrated a 1.5 GHz spectrum analyzer
using the same ground state 8’Rb splitting, and fed that signal into a separate data

channel while we scanned the laser. We then measured the frequency difference between
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the reference transition and the start location using the calibrated spectrum analyzer,
an obtained agreement within the uncertainty claimed.

The Lamb dip signals are obtained by utilizing a standard pump-probe arrangement.
The probe beam is split from one of the frequency monitoring beams mentioned earlier,
and sent through a natural rubidium reference cell into a photomultiplier tube (PMT).
The rest of the beam is sent through a reference chopper, then into the rear of the
cell. When the beam is on a resonance, a very narrow Lorentzian dip is produced. The
output from the PMT is fed into a lock-in amplifier, and the amplified signal is sent to

the autoscan data input channel.

5.2.3 Data Aquisition

The experiment is controlled by a program on an IBM-PC, written in the ASYST lan-
guage, a special language designed for control of laboratory equipment and for data
analysis. The program controls the timing sequence of the shutter, following the se-
quence described in section 4.3.1, to produce a change signal. Additionally, the program
also controls a standard scalar-timer where the number of gamma rays detected in a
specified time frame is recorded. Finally, the program will calculate the change signal
from the data input from the scalar timer.

The gamma rays are detected with two 3-in Nal(TI) detectors placed up to the oven
wall, about 1.5 inches from the center of the cell. The detectors are maintained at 1200
volts by a regulated high power supply. The incident gamma rays produce a voltage pulse
which is fed through a pre-amplifier into an amplifier and then into a single channel
analyzer (SCA). The amplitude of the pulse is proportional to the amplitude of the
gamma ray detected.

The single channel analyzer is set to allow only certain voltage pulses through, in
order to eliminate background radiation. The output from the SCA is sent to a scalar-
timer, where the nu-aber of counts in a specified time is recorded. That count is then

sent to an IBM-PC, where the number of counts is recorded and used to compute the
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anisotropy.

5.3 Results

The results of both the Doppler-broadened experiment and the Sub-Doppler Experiment
are presented. The Doppler-broadened results established the fact that one laser pump-
ing would indeed produce ameasureable signal. Additionally, it gives a measure of the
strength of the different transitions. The sub-Doppler results yield information as to the

location of the 3*™Rb transitions.

5.3.1 Doppler-Broadened One Laser Pumping

Initially it was thought that two lasers were needed to produce an anisotropy signal,
due primarily to the fact that population was lost to an unpumped level. However,
our computer model showed that a single laser did provide a substantial signal. This
surprised us, and actually cast doubts on our model. However, we decided to try single
laser pumping to reproduce Dr. Shimkaveg’s results, and indeed we were able to do so
as seen in Fig. 4.1 and 4.2.

From these results, the transitions can be categorized as follows: (1) the A F = -1 tran-
sitions, which push population to the high Mp sublevels, produce a positive anisotropy
and are quite strong, reflecting the strength of the matrix elements of the pumping,
and the relative weakness of the matrix elements of the unpumped level; (2) the A F
= +1 transitions, which push population to the lower Mg sublevels, produce negative
anisotropy and are still relatively strong; and (3) the A F =0 transitions, which push
population to the lower MF sublevels, produce negative anisotopy, and are very weak.

However, there were substantial difference from Dr. Shimkaveg’s results in the relative
amplitudes of the transitions, notably those with AF = 0. (Note that certain transitions
are substantially larger than those produced by Dr. Shimkaveg. This is because the

laser he used had a defective element, which when corrected allowed the laser to produce
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Figure 5-2: Single laser Doppler-broadened results on the low energy ®*™Rb D1 transitions
using original 4 Torr cell with 300 mW of power. Frequency is reference to *Rb F =2
to F’ = 1 transition.
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Figure 5-3: Single laser Doppler-broadened results on the high energy ®**™Rb D1 tran-
sitions using original 4 Torr cell with 300 mW. Frequency is reference to *”Rb F=1 to

F' = 2 transition. :
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Transition Two Laser Ampiitude {%] | One Laser Ampiitude (%] %m"i;{fﬁ:i:
! D1 F=3 — F'=¢ 1.8 1.3 1.2
1; D1 F=3 — F'=3 -0.70 -0.23 3.04
\ D1 F=¢ — F'=¢ - -_— _
1 F=i - Fi=s 15 0.70 21 |

Table 5.1: Single Laser Optical Pumping on the D1 with Doppler broadened transitions
contrasted with two-laser pumping (from Shimkaveg)

approximately twice its previous power. This large power allowed us to produce a larger
signal with one laser than Dr. Shimkaveg had been able to produce with two.) To
discern the effect of the second laser, we ran the experiment at the same power that Dr.
Shimkaveg used (150 mW). We ratioed the two laser results to the one laser results to
determine some measure of the enhancement effect of the second laser. The results are
shown in table 5.1. Several points are made clear. Just as one would expect, the second
laser enhancement is most pronounced on the F= 4 to F transition (AF = 0). This
is because in the one laser pumping scheme, the population lost to the unpumped F=5
level is relatively large due to the strong matrix elements between the F=5 and F' =4
level. Also, as one would expect, the effect is very weak for the F=5 to F’ =4 transition,

for just the opposite reason. The effect on the F=4 to F’ =5 case is intermediate between

the two.
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5.3.2 Sub-Doppler Experimental Results

Once we realized that we could effectively optically pump with one laser, we considered
the idea of “Lamb dipping” the signal. After our modeling predicted success (chapter
4), we attempted our first sub-Doppler change signal. The initial change signal was
produced by optically pumping the D1 F=5 to F'= 4 transition and is shown in Fig 5.4.
The dashed line is the predicted value using the model discussed in section 4.3, and is
in good agreement with the actual results. Just as we did with the results of the model,
we least-square fit the experimental results to a Lorentzian dip (45 MHz HWHM) and a
Doppler-broadened pedestal (ku =534).

The frequency locating technique described above was not used for this data collection,
as it was done before we developed that technique. Instead, we simply used the Autoscan
wavemeter directly to locate ourselves in frequency space. We also did not correct for
frequency drift as we did later on. Having said that, the signal and its location in
frequency space are virtually identical with that found using the more sophisticated
technique. This is because the Autoscan system is quite powerful and quite precise when
properly aligned, as it was in this case. Nevertheless, to assure correct frequency location

we developed the alternate technique, and retook the data as described below.

5.3.3 D1 and D2 Summary Results

We re-measured the D1 transitions with the frequency selection technique described ear-
lier. Those results, as well as our D2 results, are presented in Tab. 5.2. The measurements
were made using the 8’Rb Lamb dip transitions for reference as described above. The
locations were then calculated with regard to the ®*Rb line center using the known hy-
perfine A and B values for 3’Rb [18] and the known isomer shift value for 35Rb to *’Rb
measured by Thibault [19]. D1 and D2 line centers are the calculated frequencies in the
absence of hyperfine structure. The value of ku used is 523 MHz, determined from the
D1 measurements, and quite close to the original (534 MHz) Doppler width measured at
300 mTorr.

103




]

=S40 -

. i > 1 1
“edol | -zdo. | 290 Fao.

FREQUENCY [MHz]
Figure 5-4: Initial sub-Doppler change signal produced by single laser optical pumping
with 300 mW on F = 5 5y/2 to F'=4 P,;; transition. Cell pressure is at 300mTorr.

Solid line is a least-square fit to a Lorentzian and Doppler composite curve. Frequency
is reference to peak location. Dashed line is signal by our model.
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Type Observed 87Rb Av Av reference
Of 85mRb Reference Observed | ®Rb Line Center
Transition Transition Transition | (+ 6 MHz) (£6.5 MHz)
D1 F=5 - F'=4 F=2 - F'=1 -3602 -6593
D1 F=¢ - F'=5 F=1 - F'=2 2800 7457
D2 F=5 - F'=4 F=2 > F'=1 -3291 -5932
D2 F=5 — F'=6 F=2 - F'=1 -2641 -5354
D2 (6 — 5) Crossover | F=2 — F'=1 -2806 -5519

Table 5.2: Results of measurements on the D1 and D2 transitions. Measurements are
made with reference 8’Rb transitions, and given with regard to calculated %Rb line

center.
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The D1 F = 5 to F' =4 transition is shown in Fig 5.5, the D1 F=4 to F'=4 transition
is shown in figure 5.6, and the D2 transitions are shown in Fig 5.7. The relative location
of all the transitions is shown in Fig. 5.8.

The results are predictable. For the D1 transitions, the strongest peak is the F=5
to F'= 4 transition, and the change signal has a negative sign as expected. The F=4 to
F'=5 transition is fairly strong also, with a positive change signal. The widths of the
dips are about equal. The A F =0 transitions are too small to measure.

The D2 transitions are also predictable. The F= 5 to F/ =6 transition is very strong,
and is positive. It is a particularly strong transition since population optically pumped
to the F' =6 level cannot decay to the F =4 level due to the selection rule A F =0,41.
The F=5 to F'=4 transition is relatively strong, as expected, and negative. The F=5 to
F’ = 5 transition does not appear, which is not unexpected.

The appearance of the crossover between the F/ = 6 to F/ =5 transition is also
predictable. Although the F=5 to F’ =5 transition is very weak, it is still pushing
population towards the lower My sublevels, just as the F=5 to F/ =6 transition is. This
is why there is a crossover transition between them. On the other hand, the F=5 to F/
=4 transition is pushing population the other way, so the tendency is to cancel out, and
therefore no crossover appears. The widths of the signals are consistent with expectations
also, and are within 20 % of each other. The F=5 to F' = 4 signal is narrower that that
of the F=5 to F' = 6 signal, indicating a larger saturation intensity (as expected from

examining the matrix element [Appendix 1].

5.3.4 Determination of Uncertainty

To determine a measure of the uncertainty in the location of our peaks, we added to
the change signal amplitude of every other frequency point its uncertainty, and to the in
between points we subtracted the uncertainty. We then refit the data and determined a
new location. We then reverse the process, changing plus to minus, and refit the data.

We averaged the two results, and the difference between that result and the actual result
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Figure 5-5: Observed gamma ray change signal for 3™Rb D1 F = 5 to F' =4 *™Rb
transition Transition pumped with 300 mW total power, at cell pressure of 300 mTorr.
Frequency measurement is made reference to 3’Rb F=2 to F' = | transition
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Figure 5-6: Observed gamma ray change signal for #*™Rb D1 F = 4 to F' =5 8mR}b
transition. Transition pumped with 300 mW total power, at cell pressure of 300 mTorr.
Frequency measurement is made with reference to 3’Rb F=1 to F'=2 transition

108




[0)]
(@]
(e ]
1
L]

CHANGE SIGNAL (%)

-l

CROSSOVER
6 — 5

] IL 1 ] |

~2450 - 2850 —3250 | —3850
FREQUENCY [MHz]

Figure 5-7: Observed gamma ray change signal for 3™Rb low energy D2 transitions.
Transition pumped with 550 mW total power, at cell pressure of 300 mTorr. From
higher to lower frequency, the F= 5 to F'= 6 transition, the 6 to 5 crossover, and the
F=5 to F'= 4 transition. Frequency measurements made with reference to Rb F=2 to

F’ = 1 transition.
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became our uncertainty (+ 6 MHz).

We also refit the data by using a ku =360 MHz, the thermal width, to see how sensitive
the peak location was to this parameter. It is actually very insensitive, as it usually shifts
the location less than 3 MHz. This is in contrast to fitting Doppler-broadened peaks,
where the ku parameter has a pronounced effect. In truth, one can probably eyeball the
location of the transition to within + 6 MHz using the raw data. This indeed is one of
the nice features of a sub-Doppler signal. (The bad feature is that you have to count so

long.)

5.4 Analysis of The Results

In this scction we use the observed frequency measurements to calculate values for the
nuclear parameters of interest, the A term and the magnetic dipole moment, the B term

and the electric quadrupole moment, and the isomer shift.

5.4.1 Determining the A terms, and the Magnetic Dipole
Moment

The total ground state and excited state splitting of the 3Rb D1 is (7647 + 3)Mhz,
calculated using the known hyperfine coefficients provided in Arimondo [18]. From the
hyperfine energy diagram (Fig. 2.2), the ground state and excited state splitting can be
written 5Apy 2 + 5Ap3/a, so that combined with the results in Tab. 5.2, the total D1
85mRb splitting can be written

A% = 5Ag, /3 + 5Ap1/2 = (14049 + 9)MHa. (5.1)

We can use this total splitting to determine the individual A terms and the magnetic
dipole moment.

A standard technique for extracting the magnetic dipole moment from a hyperfine

111




measurement of A is to due it ratiometrically to some known isotope, or in our case, the

known ground state of the isomer. For example

Assm _ (HssmBr)/Tssm/J (5.2)
Ass (nasBy)/IssJ |
If one assumes that the electronic factors are the same for the isomer and the ground
state, then they cancel, and assuming no hyperfine anomaly (see below), the equation
can be re-written to solve for the unknown magnetic dipole moment in terms of known

quantities,

Agsm Tasm
m = —— lias. 5.3
Hsas Ags Tas Has ( )

(In the same way, the unknown quadrupole moment can be found

Bssm
Bae Qss. (5.4)

QSSm =

However, we use a different method in this thesis, as described later in this section.)

Adding the contributions from Ap;/; and Aps/; we can write

Ag‘s &IBSMRB
Ry = SomRs 8SmR X 5.5
,“85 Rb Ag;“mal Igsm ”asm ( )

Substituting the known value of p = 1.3533505uN [24], with Iss = 5/2 and Issm = 9/2,
yields a value
sesm = (6.043 £ .005)un. (5.6)

It can also be seen that the A ratios between isomer and isotope are equal, i.e.

ASpP AR

AR T A &0
and likewise with Ap;/; and Aps/;. Therefore, we can write
Asy/z = (2510 + 2)MHz, (5.8)
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and
Ap3/a = (62.04 £ 0.07)MHz. (5.10)

The Hyperfine Anomaly

The hyperfine anomaly, or Bohr-Weisskopf effect, arises from the fact that the magnetic
dipole moment associated with the nucleus is not a point dipole, but is distributed
throughout the nucleus. We can account for this effect by adding a correction term,

€, to our A value derived above
A = —giun Hoh*(1 + €) (5.11)

so that the ratio of two A terms is

A_allte) o, o (5.12)

or defining
1A2 =€ — € (513)

we can rewrite the differential hyperfine anomaly as

Ay = e (5.14)

For example, in rubidium, the anomaly between ®Rb and 3”Rb has been measured
by Penselin et al. [11] as g5 g7 = 0.0035135(17). However, in our work, we are unable to
measure both the nuclear g factor and the hyperfine A value independently. In addition,
our uncertainties are probably not small enough to measure any anomaly. This is exactly
the situation that occurred with Thibault’s study of rubidium isotopes, where she found

no evidence of any anomalies [19].
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5.4.2 Extraction of Electric Quadrupole Moment
The electric quadrupole value can be derived in a similar fashion, once the hyperfine B

value is determined. From the splitting between the D2 F'=6 level and the F' (6 — 5)

crossover, we can write

As—oc.o. = 3Ap3/3 + 33343 (515)

or solving for B
B = 3(Ag—co. — 3Ap3;3). (5.16)

Using the value for Ag_.c,. of (165 + 8.5)MHz, and the value for Aps/; from above, yields
B = (—63.36 + 25)MHz. From the the F' = 6 and F’ =4 splitting, we can write

Ag—s = 11Ap3;s + 458338 (5.17)
and again solving for B
_ Agu—114p33
B= .45833 ) (5:18)

Using the value for Ag_4 of (650 & 8.5)MHZ, and again the value for Aps/; from above,
yields B =(—70.8 £+ 18.6)MHz. A weighted average of the two values gives us a value of

B = (—68.2 + 15)MHsz. (5.19)

Thibault [19] uses a conversion factor based on the Hartree-Slater calculations that show

the best agreement with experiment. That conversion factor is

Q. = 1.064 x 10-?B (5.20)
with Q, in barns and B in MHz. This yields a value for the quadrupole moment of

Q. =(-.73%.17)b. (5.21)
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5.4.3 Extraction of Isomer Shift Value

To solve for the isomer shift value we write each transition in equation form. For example,

the D1 F=5 to F’ = 4 transition can be written as
Asa + 2254513 + 2.T15Apy /3 =R LC (5.22)

where the 8™RLC represents the calculated transition frequency in the absence of hy-
perfine structure. The quantity As4 represents the energy of the transition (in MHz) and

can be written with reference to the *®LC in the following way,
Agq = AYRELC L88Rb 1.0 (5.23)
Substituting this quantity into the above equation, and using the fact that

Isomer Shift = év = ™R LC 3R [C (5.24)
allows us to rewrite the expression as
ARREC | 2.25A51/3 + 2.T5Apy /3 =%™F LC %R LC = §vp,. (5.25)
In a similar fashion we can write the other D1 transitions as
ARPLC _2.75A5, /3 — 2.25Apy2 = bvpy. (5.26)
Substituting the values from Tab. 5.2 , and the A values from above, yields

§vpy = (120.6 + 5.7)MHz.
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This value must be corrected for the D1 collision effect (6], which is (-1.6)MHz, yielding

a value of
6v = (119 + 6)MHz.

The D2 transitions can be written in a similar fashion, i.e.

AE™EC +2.25A51/; — 6.75Ap1/2 — .25B = bvpa (5-:27)
ABRMC | 9 95Ac /2 + 4.25Ap3ja + .20833B = bup, (5.28)

and
ABRLC | 2 95A51/2 — 3.75Ap3ja + 08334B = bup. (5:29)

Using the values of A and B from above, and the values from Tab. 5.2, we arrive at a

value of
Avps =(—-108.4 £ 6)MH .

Correcting for the D2 collision effect (-1.75)MHz, leaves

Av = (—-106.7 + 6)MHz.
Averaging the two values for Av yields a value of

Av = (~113 + 5)MHz. (5.30)
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Chapter 6

Discussion Of Nuclear Parameters

To discuss the results of the experiment, the nuclear shell model is introduced. The model
is used to calculate the single particle magnetic dipole moment and electric quadrupole
moment values, and these are compared to the actual values observed. Additionally,
the values for other rubidium isotopes are examined. The observed quadrupole moment
is used to calculate a deformation parameter. The observed isomer shift value is first
converted to a change in the mean square radius, and then converted to a change in
deformation. The two deformation parameters are then compared. Again this is done
for the other isotopes also. The 3*™Rb values are then compared directly to the ™Rb

values, a similar 9/2 single particle state.

6.1 The Nuclear Shell Model

The model used in this work for the interpretation of the results is the nuclear shell model,
which combines the extreme single particle model of the nucleus with the collective effects

of the nuclear core. A very brief summary of the history behind this model is provided

in this section.
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6.1.1 Brief Development of the Shell Model

The shell model arose from an effort to explain the observed charateristics of the nucleus.
The evolution of the model is described below.

The liquid drop model, as the name implies, came about due to the similarities
of the nucleus to a classical liquid drop. Classical liquid drops of incompressible fluid
have two properties that stand out; (1) the interior densities are the same, and (2)
their heat of vaporization are proportional to their masses. The heat of vaporization
is the energy necessary to divide the drop into its constituent molecules. In a similiar
fashion, nuclei have two properties (1) their interior mass densities are approximately
the same and (2) their total binding energies are approximately equal to their masses,
i.e. AE/A ~ constant. Here AE is the energy necessary to remove the last nucleon, and
A is the number of nucleons. The nucleus is modeled as a sphere with uniform interior
density having a well defined surface. The radius is proportional A!/3, the surface area
proportional to A?/3, and the volume proportional to A.

The liquid drop model gives a good description of the average behavior of nuclei in
terms of binding energy. However it does not explain the particular stability of certain

nuclei when the number of protons, neutrons or both equals a “magic” number;

Z and/or N = i.e. 2, 8, 20 , 28, 50, 82, 126.

This situation is similar to the shell closure known to occur in the electronic configuration
of the atom. This led scientist to develop a shell model for the nucleus. However a key
sticking point in the analogy with the atomic case arose. In the atomic case it is assumed
that the electrons move independently in an atomic potential. In the nucleus, due to the
high density, it was hard to believe that nucleons could move without constantly being
scattered, and producing a type of Brownian motion [1, page 576].

The answer was provided by Weisskopf through the Fermi gas model[l]. This model,
which is similar to the free electron gas model for conduction electrons in a solid, assumes

that each nucleon moves in a net potential produced by all the other nucleons in the
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nucleus. This net potential has a constant depth inside the nucleus, due to the uniform
density of nucleons there, and outside the nucleus the potential falls off consistent with the
range of nuclear forces. The potential can then be approximated as a three-dimensional
finite square well. Each individual nucleon occupies a particular energy level consistent
with the exclusion principle which forbids identicle particles from occupying the exact
same state. The only collisions that can occur are between two nucleons of the same type

exchanging quantum states, producing no measureable effect [1, page 578].

6.1.2 The Extreme Single Particle Model

The next logical step in the evolution of the model was to solve the Schroedinger equation
for the potential which best described the empirical evidence. Although many central
potential forms were tried, none were found that properly produced the shell closure
effect at the magic numbers. In 1949, Mayer (and independently Jensen), introduced
the concept of spin-orbit coupling[l]. They proposed that each nucleon, in addition to
a central potential, feels a strong spin-orbit coupling. This coupling is much stronger
than that felt in the atomic case, and is not magnetic in origin, but is due to the strong
nuclear force. This model correctly produced shell closure at the magic numbers. It
also predicts the total angular momemtum and parities of the ground states of almost
all the nuclei. A diagram of these states is shown in Fig. 6.1. Although successful in
some predictions, the shell model is not quite as good in predicting such quantities as
the magnetic dipole moment or the quadrupole moment. The model predicts that the
entire magnetic moment of an odd-A nucleus should be due entirely to the last unpaired
nucleon, since the magnetic dipole moments of the other nucleons should cancel out in
pairs just as the angular momenta does. This however is not correct. The magnetic
moment is not due entirely to the last unpaired nucleon, but also has a contribution
from the other nucleons. The total angular momenta and magnetic dipole moment are
not always paired off such that they cancel. The assumption only works for the total

angular momentum since it is quantized. Therefore if the pair at any one time has

119




Ih -7
.” 3S|

3s e 82 ’4 2d Jl/zz
T g
2d i 2ds,

Iy e T
e ) 812
7p ‘~..:‘.: :0 /;g"/z
R N
T 28 \lrsll
\2p3/2
2s 20 ”7/2
——— 1y,
ld = 23'/2
b 8 Ids,
----- 1Py,
l ) Ip.’l/z
___i_—_ ---------- —-—.:—-———/IS|I2

with Spin=0Orbit

Nuclear Eigenstates it
Splitting

Potential

Figure 6-1: Single Particles States with Spin Orbit Splitting.

120




non-zero angular momentum, the odd nucleon must have exactly the right amount to
compensate and keep the total angular momentum of the nucleus constant. The total
magnetic dipole moment is not quantized, so this compensation effect does not apply.
Although the predictions of the shell model are not accurate, they do provide a limit on
the values of the magnetic dipole moment. However, the quantitative predictions of the
electric quadrupole moment made using this model are usually very inaccurate, showing

the major weakness of this model.

6.1.3 The Shell Model and %™ Rb

As described in chapter 1, 3%Kr decays into an excited state of 8Rb, at 514 Kev above
ground. The nucleus has 48 neutrons, two neutrons short of shell closure. This excited
state, designated as an isomer, is written ™Rb, and has a half-life of 1 — us. The spin of
the excited nucleon is 9/2%, placing it in the gg/; single particle state, as shown in figure

6.2 (along with other possible configurations for rubidium).

6.1.4 The Shell Model: Single Particle Plus Core Collective
Motion

A combination of the single particle model and the liquid drop model is known as the
collective model. It incorporates aspects of both models to best fit empirical data. The
model assumes that nucleons in unfilled subshells of a nucleus move independently in
a net nuclear potential formed by the core of filled subshells, just as the single particle
model does. However, the net potential due to the core is not spherically symmetrical
as in the shell model, but is a potential that undergoes shape deformations. These
deformations represent the collective motion of the nucleons in the core of the nucleus.
Just as in the shell model, nucleons fill energy levels associated with the potential, split
by the same-splin orbit coupling. A way to view this model is to consider the unpaired

nucleon with a relatively large angular momentum moving in a orbit with a large radius,
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near the core of the nucleus of filled sub-shells. Due to the nuclear force, the unpaired
nucleon distorts the core. This distortion follows the path of the nucleon, much like
the moon produces tides on earth. This distortion in turn affects the motion of other
unpaired nucleons. So in the collective model part of the angular momentum is carried
by the “tidal waves”[1, page 592] of the nucleus, and part by the separate nucleon. This
moving deformation is partly composed of protons, and therefore is a current producing
a magnetic dipole moment. The total magnetic dipole moment is the sum of the core
effect and the single nucleon effect. This model also is better at explaining the electric
quadrupole effect, as the bulk of this moment can be attributed to the deformation of

the core.

6.2 Comparison of Observed Results to Single Par-
ticle Predictions.

The single particle values for the 35™Rb isomer are derived in the following section, and

compared to the observed results.

6.2.1 The Source of the Nuclear Magnetic Dipole Moment:
The Motion of the Nucleons

The magnetic dipole moment of the nucleus can be considered as arising from its con-
stituent nucleons. If J is the current density, then it can be considered as arising from
a charge density p so that J = (pt)/c. If the charge density is composed of constituent
parts of charge e and mass m, the angular momentum density is L = (Mp/ e)(7x ) and

80

- 1 e -
M= EE/L‘W (6.1)




B |
----------

or quantum mechanically for Z protons

Mo —leh/wfjwv (6.2)
orbital = 2 Mec pa k .
where I is the orbital angular-momentum operator of the kth proton, v is the wave
function of the nucleus. Since all the particles have the same ratio of charge to mass,
the magnetic dipole is parallel to the total angular momentum operator with which it is

associated {3]. The orbital magnetic dipole operator then is
Mortitat = po 2 I (6.3)
where pg = (eh/2myc). Or, including all nucleons

A
Mortisar = po Y o (6.4)
k=1
and g‘(,',),,o,, =1 and gf,',)u,,m = 0. Likewise, the magnetic dipole moment associated with

the spin angular momentum

A
M.p‘-,‘ = Uo Z gkgk (65)

k=1
where gproton = 5.5856 and gneutron = —3.8263.

The magnetic-moment operator then of the nucleus can be written

A
M = 4o ¥ (90 + 6{50). (6.6)
k=1

The total angular momentum of the nuclear system can be written as the sum of the

angular momentum of the constituent nucleons

F= 350+ 5) (6.7

k=1
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or

-

I=L+8§ (6.8)

The magnetic moment is defined as the expectation value of Mz in the state where

Iz = I representing the maximum projection along a spatial axis
1 L
p=gl = ;/\p“ Mz 9;1dV (6.9)

In the extreme single particle model, the angular momentum and magnetic moments
cancel in pairs, leaving only the contribution from the last nucleon, and I = i. In that

situation, there are two cases depending on whetheri =l+3ori=1-3. Fori=1+}

pelat+ s (6.10)
For the case where 2 = [ ~ %
(i + Do — 4]
= ; . 6.11
G+1) (6.11)

The values arrived at using these formulae produce the Schmidt lines, which seem to be
rough limits on the actual values obtained by measurement.

In the collective model approach the actual magnetic moment has two components,
that due to the single particle and that due to collective effects. A rough measure of
how well a particular nucleus can be described in the single particle model is obtained
by looking at the ratio of its actual value to its single particle value. This is done in Tab
6.1 for the various n/2 isotopes of rubidium measured by Thibault {19], and our value of
85mRb.

From the table it is clear that the single particle model is a good predictor for the
two isomers measured. That is because the excitation of the single particle to the higher
angular momentum state, or classically larger orbit, diminishes pulling effect on the core

iof nucleons , and the magnetic moment approaches that of a single particle.
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“Rb | Spin | pep(in] | Hobs[un] | Lot l
[____________________—————————-l
7 | 3/2 3.8 0.657 |0.17
79 |5/2] 86 | 336 | 3.9
8im | 9/2| 68 | 56 | .82
81 | 3/2 3.8 | 2.06 .04
83 |5/2| 86 | 142 |1.65
85 | 5/2| .86 | 1.36 |1.58
85m|9/2| 6.8 | 6.04 |.89
87 | 3/2| 379 | 275 | .73
89 | 3/2 3.79 2.38 .63
91 | 3/2 | 3.79 2.18 .08
93 | 5/2| .86 | 1.41 |1.64
o5 [5/2| .8 | 133 |155
o7 | 3/2| 379 | 184 | 49

Table 6.1: Comparison of single particle magnetic dipole moment values to actual ob-

served values for several n/2 isotopes of Rb.
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6.2.2 The Single Particle Quadrupole Moment

The electric quadrupole moment is defined as

Qu = r21‘_?__1)[3(1,,1,- + L) - 61 (6.12)

where I(k = 1,2,3) are the components of T and

Q= (%{)1/3(%)”:[ = (-l-i—w)l”/‘l‘},z Qa2 ¥ dV. (6.13)
The value
@i = oy 1= TBeE ~ D) = | ;50 (6.19)

so that Q is the expectation value of Q33 in which the z component of I has its maximum
value I. @Q is called the electric quadrupole moment, and is the quantity usually quoted
experimentally[3, page 69]. In the shell model the quadrupole moment for a single proton

is
2I -1

Q single particle = —3-2'(7_*_—1)("2), (6.15)

where

(r?) = % [ otryrav. (6.16)

is the mean-square of the distance from the center of the nucleus. For a spherical nucleus,

the radius is given from the liquid drop model as
ro = RoA? (6.17)
where R, is equal to 1.2 fm [19]. Then, the mean square radius becomes
(%) pn = S(RoA™/%) (6.18)
which is used in evaluating the single particle quadrupole moment.
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The single particle prediction can be compared to the actual measured values as was
done with the magnetic dipole values. Again the values are taken from Thibault [19]. This
is done in Tab. 6.2. It is interesting that there are two distinctive behaviors displayed
here. Most of the quadrupole values are only about a factor of *wo different from the
single particle value, showing that the single particle model is a good approximation for
these nuclei. However the isotopes 81, 81m, 85m , 77, and 97 show definite deviations
from single particle behavior. Again, though, note that 81m and 85m have very similar

values.

6.2.3 The Quadrupole Moment of a Deformed Nucleus

The collective model explains these deviations by allowing for deformation in the central
core. Here a deformation parameter is introduced in the the nuclear radius r(6) in a

direction at angle 6 to the symmetry axis. Then

r(8) = ro(1 + BYa0(cos) + ....) (6.19)
or, stopping at Y30
r(6) = ro[l + ﬂ(z‘})l/’(gm’o -3 (6.20)

For ellipsoidal nuclei, the deformation parameter is related to the difference between the

semiaxes, Ar , such that

a—b Ar 3.5 0
zm)/_2=7=-2-(4_ﬂ:) g = §. (6.21)

The actual quadrupole moment can be found in two steps[2]. The quadrupole moment
with respect to the symmetry axis (/) is

Q = ‘/IGT” / QL) = ‘/35;21'319(1 +0.368) (6.22)
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“Rb | Spin | Qup(b] | Qobs[b] | ]

77 | 3/2 | .0623 | 0.695 | 11.2

79 | 5/2 | 091 | -.098 | 1.1

8lm | 9/2 | -.118 | -.743 | 6.3

81 | 3/2 | .065 | .398 | 6.1

83 | 5/2 | .004 | .196 | 2.1

8 | 5/2 | .096 [ .228 | 2.4

85m | 9/2 |-.122| -.73 | 6.0

87 | 3/2 | .068 | .130 | 1.9

89 |3/2| .069 | .144 | 21

g1 | 3/2| .070 | .154 | 2.2

93 |5/2 | .101 | 177 | 1.8

95 |5/2 | .103 | .211 |2.05

97 |3/2 | .073 | 581 | 8.0

Table 6.2: Comparison of single particle quadrupole values with actual observed values.
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This quadrupole moment must then be projected onto some spatial axis. This is done

using the wave functions of a rotating ellipsoid[2], producing

I2r-1)
(I+1)(2r1+3)

QR=¢q (6.23)
Then using the experimental quadrupole moment yields a . 1e for the deformation

parameter. These deformation values will be compared with the deformation values

derived from the isotope shift in the following section.

6.3 Deformation Parameter

As seen above, the nucleus in some cases is best described as deformed . This deformation
manifest itself in a change of the mean square radius attributed to two factors, a change
in volume and a change in shape. Isolating the change in shape allows again for the
measurement of another deformation parameter, frs. Since the Bgq is derived using the
wavefunction for a rotating ellipsoid, it is a measure of the permanent deformation of the
nucleus. The ;s quantity however can include vibrations, which do not change the mean
nuclear charge radius but do change the mean square radius. Therefore, a comparison
of the two deformation parameters can yield information about the nucleus. If they are
exactly the same, the assumption can be made that the nucleus is permanently deformed,
and well represented as a rotor. If they do not agree, then this assumption is not valid,
and the nucleus may be undergoing vibrational motion or even a composite vibrational
and rotational motion. This section describes how the 875 parameter is extracted from the
change in mean square radius. Since Thibault has analyzed many rubidium isotopes in
this manner, Her methodology of analysis is presented in this section, where we then apply
it to the isomer *™Rb. In the discussion section, we will compare the two deformation

parameters for the isomer.
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6.3.1 The Methodology For Separating the Mean Square Ra-
dius into a Volume Change and a Deformation Change.

For deformed nuclei the radius is given by equ. (6.20), and so using equ. (6.16) the mean

square radius at constant volume is given
2 5 a3yy(n2
(e = (1 + 2= (89)(r) o (6:2¢)

Then the total change in mean square radius can be written as the sum of the volume

change and the shape change
§(r®) = 6(r")upn + 6(r*)s (6.25)

where

5(r*)s = =6((6%) () (6.26)

is the change due solely to deformation.

In order to isolate this change due to deformation, we merely subtract the change
due to volume change from the total change. However, when studying isotope chains, we
must add an empirically determined term to account for the fact that volume changes

more slowly if we add only neutrons. The change in volume then becomes
Supn(r?) = nz—(r")upn (6.27)

where 7 is the empirical term. In rubidium, Thibault has found that 7 is not a single
quantity, but depends on the number of neutrons in the isotope. The 8’Rb isotope, with
a closed neutron shell at N=50, is the closest to spherical, so all measurements are made

reference that isotope. Then 5 = 0.25 for N< 50 and = 0.8 for N> 50 [19]. The change
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due to deformation only is then

§(r%)s = (%) — noa(r)up (6.28)
To solve for the change in the deformation parameter, the change in mean square
radius is re-written to isolate §(3?),

4x §(r?)g

5(6%) = 5 . (6.29)

Then if the reference isotope deformation is known, the deformation can be written
ﬂimmef = [ﬂgzroundctate + 6ﬂ2]1/2' (630)

6.3.2 Calculation of the Deformation Parameter

Using 3"Rb as the reference isotope, Thibault {19] observed for ®*Rb a év of (-80.1
+1.4)MHz, composed of a calculated mass shift of -57.025 MHz and a field shift of
(—23.075 + 1.4)MHa.

The change in mean square radius for *Rb due to deformation is
§(r*)s = 0.0355 — (0.25) (-25-) (-8—;1273) (1.2)? = 1005 + 0022 fm?.  (6.31)
This value is then used to compute the change in deformation
4x .1005
N =, . .
6(6%) = T iems = 0151 (6.32)
Then, using the value of 815 = 0.14 from Thibault [19)

Basrs = [(0.14) + 0.015]*/2 = 0.186 ~ 0.19 + .01 (6.33)

which is the value used by Shimkaveg. (The value for § used here is taken from Fig.
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12 in an article by Thibault [20] with no uncertainty assigned to it. Furthermore, it is
the best value for reproducing the quoted values for the other deformations given in her
work. A reasonable guess for the uncertainty, then, would probably be +0.01. It is also
important to keep in mind when evaluating the results that the 7 value is a fitted value,
and therefore has some undetermined uncertainty associated with it.)

For 8™Rb the observed shift from 8"Rb is (-193.1 + 5.2), adding the shift from 87RB to
85Rb and the shift from 35Rb to 3™ RB. Subtracting the mass shift leaves (—136.1+5.2) .
The field shift is then converted to a change in the mean square radius, (0.209 £.008)fm?.
The component due to volume change is the same computed above for #Rb (-0.0650 fm?),

yielding a mean square radius change due to deformation of
§(r?)asmrs = 0.2740 % .008 fm?. (6.34)
This in turn can be converted to a change in deformation of
§(B%) = 0.041 £ .0013 (6.35)
which in turn yields a deformation parameter of
Basm = [(0.14)? + 0.041]*/2 = 0.25 £ .02. (6.36)

This value, and the other deformation values derived from measurements by Thibault
are given in table 6.3. The three isotopes of 77, 81, and 97 all appear to have closely
matched deformation values, suggesting they are permanently deform nuclei, and may
act as rotors. Once again, 81m and 85m display similar behavior. They do not appear to

be not pure rotors, but probably have some deformation and some vibratioral behavior.
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ARb (53 (1‘2) [fmz] 5ﬂ2 ,3[5 ,BQ %:;,i
77 .583 094 | 34| 45| .76
79 .469 074 1 .31 .04 | 7.75

81m .326 051 ) .26 | .18 | 1.44

81 .356 056 | .27 | .26 | 1.04
83 182 028 | .22 | .07 | 3.14
85 101 015} .19 | .08 | 2.38

85m 265 041 |.25|.17 | 1.47

87 0 0 |.14|.08|1.75
89 .094 .014 | .18 | .09 | 2.00
91 130 .019 | .20 | .09 | 2.22
93 161 .023 | .21 | .06 | 3.50
95 196 027 1.22 | .07} 3.14
97 621 .086 | .35 | .33 | 1.06

Table 6.3: Comparison of quadrupole and isomer shift deformation parameters for several
isotopes of rubidium. All values from Thibault except that of 3*™Rb measured in this
work.

134




“Rb | Spin | pep(un] | sobe(un] || L2 | Qupib] | Quaald] || §2 | Brs | Ba | 8z !l
————————-——————-——-———rr——qr____——-—..——'L———_—
- 1

81 | 3/2 | 38 206 | .54 || .065 | 398 |l 6.1 | .27 | .26 || 1.04
‘ ‘ !
| 8m | 9/2 | 68 56 || 82 |l -118 | -743 || 6.3 || 26 | .18 l L4 |
85 | 5/2 | .86 1.36 1 1.58 ]| .096 | 228 || 2.4 || .19 | .08 || 2.38 ;
lssmlo/2 | 68 | 604 | .89 [-122] -73 |60 .25]17 ! 1.47 |

Table 6.4: Comparison of 33™Rb and 32™Rb along with ground states.
6.4 Comparing the 9/2% spin nuclei: 3™Rb and
85m Rb

Because both 81™Rb and #™Rb have a proton in the excited 9/2 state, it is worthwhile
to compare the parameters of both to see if there are may differences between them
attributable to the short (1 — us) lifetime of the %™Rb compared to long (32 minutes)
lifetime of 8'™Rb. This is done in table 6.4, along with the ground states of both isomers.

From the table, it is quite clear that the two isomers have very similar behavior. They
both approach the single particle magnetic dipole moment value, both quadrupole mo-
ments show pronounced collective effects, and the isotope shift and quadrupole moment
deformation parameters are close. Interesting enough, their behavior relative to their
ground state is totally different. The ground state of 3Rb is close to a single particle
state in terms of collective motion, as the ratio of Qo./Q.p is about two. The isomer
clearly displays more collective behavior. The #Rb and its isomer both demonstrate
collective behavior.

However, in terms of deformation parameter, the situation is reversed. The %Rb
isotope, and its isomer, are not pure rotors, but both probably have vibrational motion

(the ground state has been showm to have such motion [19]). On the other hand, 8Rb
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looks like a pure rotor, while the isomer clearly is not. The conclusion drawn here is that
the 9/2 orbital is dominant in determining behavior for these two cases, and that the

lifetime difference does not play a major role.
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Chapter 7

Concluding Remarks

In conclusion, we have extended the appicability of the LINO technique to the study of
short-lived isomers by demonstrating that saturation spectroscopy ~an be used to produce
a narrow resonance change signal in the gamma-ray emission of the 1 — us isomer, 8™ Rb.
The new technique has allowed for an order of magnitude increase in precision. We have
also simplified the experiment by showing that it is possible to do optical pumping with
only one laser, even with a system that has two ground state hyperfine levels relatively
far apart (> 1 GHz).

We have used that technique to measure the quadrupole value of the isomer for the
first time. We have also measured a more accurate and precise value for the isomer shift,
and confirmed the earlier Doppler broadened measurement of the magnetic dipole mo-
ment. The deformation parameter of the isomer was computed using both the quadrupole
moment of the isomer and the isomer shift. While the two values do not agree, they both
are larger than the corresponding ground state values, showing that the isomer is clearly
more deformed than the ground state.

The isomer displays behavior very similar to the longer lived 8*™Rb isomer, suggesting
the dominance of the excited 9/2 level in determining behavior. These two isomers have
values of the magnetic dipole moment, electric quadrupole moment and deformation

parameter which are within 10% of each other.
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The development of this technique can be considered as an additional tool to used
when necessary to resolve overlapped transitions. If a Doppler resolved signal is adequate
to resolve transitions in a gas-cell system under study, it is best to use a one beam signal,
since the sub-Doppler technique increases the time necessary to perform the experiment
tremendously. Sometimes, however, the sub-Doppler technique is the only way to resolve
overlapped lines.

Although there are other candidate system available for study [6], the overall goal has
been primarily the development of a technique that allows one to study very short-lived
nuclei. Through the efforts of my predecessors a technique was developed using a gas-cell
system off-line. My colleagues and I have improved that technique, allowing for narrow
resolutionusing a single laser. The goal of the LINO project here at MIT has been met.
This experiment successfully terminates the LINO project in the George R. Harrison
Laboratory (at least for the time being).
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Appendix A

Matrix Elements of 3°™Rb

The cross section for absorption for rubidium can be written

8rk
00 = 80| (P, Mes | b | F, M) P (A1)
which can be reduced to [6][327-329]
O’(Mp - MFI) =U .7‘-2.7 -2'; (A2)

The UF?J? term is called the reduced matrix elements, and are given for all 3™Rb

transitions on the following pages.
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Appendix B

Publication

The following publication was printed as a proceeding from the NICOLS 89 confer-
ence at Bretton Woods, and is copyrighted by Academic Press. It was published in
Laser Spectroscopy IX, Academic Press (1989).
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OBSERVATION OF SUB-DOPPLES LASQ% INDUCZD NUCLZAR

ORIZNTATICN OF b

W.d. Quivers, Jr., J. Mackin, J.T. Hutton, 1. Lercel ,
M. Ctteson, G. Shimkaveqg, R.R. Dasari, C.H. Holbrow,
M.5. Feld, and D.E. Murnick.

George R. Harrison Spectroscopy Ladoratory
Massachusetts Instituce of Tecanology
Cambridge, MA 02139

I. Introduction

We report the first observation of sub-Doppler resolved gamma
anisotropy produced by Laser Induced ©Nuclear Orientacion
(LINO) [(l]. As discussed below, the anisotzopy was p:od¥ced
by laser optical pumping the D1 transition of the lus
isomer.

Sub~Doppler LINO is uniquely suited £for resolving closely
spaced hyperfine structure (hfs) of very shorzlived isomers,
whose lifetimes are between 50 nanoseconds and 1
milli-second. In addition, sub-Doppler LINO allows more
precise measurements of hf splittings to be made. For
example, this leads to more accurate measurements of nuclear
magnetic dipole and electric quadrupole moments, as well as
isomer shifts.

LINO uses laser optical pumping to produce electronic
alignment. This is transferred to the excited nucleus via
the hyperfine interaction. When the oriented auclei decay,
anisotropy is observed in the spatial distribution of the
emitted gamma rays. The hfs of the isomer is determined by
monitoring the anisotropy as a function of laser detuning.

II. Laser Optical Pumping & Velocity Changing Collisjions

Many applications of LINO require the use of a buffer gas.
For example, on-line cell studies use buffer gas to slow down
and confine the species of interest. Also, as is in our
case, the buffer gas can be the parent of the species of
interest.

The main effect of the buffer gas is to induce velocity
changing collisions (vcc’s) between the isomers and the
buffer gas atoms. As Fig. la shows, vcc’s xnock atoms out
of the resonant velocity bin and distributes them over the
remainder of the Doppler distribution. Simuitaneocusly vcc’s
are also knocking atoms into the resonant bin. The net
effact produces increased Doppler coverage (2].

Ogucsi g Wik T
/\/""‘"
: L

(2) (%

Fig. 1 Laser Optical pumping with 7CZ.
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As Fig. la shows, vecec’s knock atoms out of the resonant
velocity bin and distributes them over the remainder of the
Doppler distribution. Simultaneously vecc’s ace also knocking
atoms into the resonant bin. The net effect produces
increased Doppler coveragqge (2]. The effect of the vcc’s on
the optical pumping process is shown in Fig. 1lb. Anisotropy
is caused by the excess population transferred to level 1.
This population consists of a broad (“Doppler width) optical
pumping pedestal and a narrow (sub-Doppler width) feature.
The pedestal is produced by those isomers that undergo vce’s
before they decay, whereas the narrow bump represents isomers
that decay before any vcc’s. For a given intensity and
increasing buffer gas pressure the pedestal will grow at the
expense of the bump. At high enough pressures the bump will
disappear and the experiment enters the Doppler limited
regime [2]). So to achieve sub-Doppler resolution it |is
crucial that the buffer gas pressure be low enough for the
narrow feature to be present.

II1. Sub-Doppler LINO

As the above discussion indicates, sub-Doppler resolution
requires low buffer gas pressutes. This is a disadvantage
because there is a decrease in signal size due to incomplete
Doppler coverage. A further reduction in signal size also
occurs if the buffer is the parent.

However, since the saturation intensity is proportional to
the vecc rate [3), it becomes easier to saturate a par-ticular
velocity group. Hence less intensity is required to saturate
and larger cell volumes can be pumped, with a corresponding
increase in signal size.

These effects can be combined in such a way as to result in
resonably sized signals. The key is to determine the optimum
cell design (i.e. volume, pressure, etc.) for a given lasger
power.

IV. LINO and Saturation Spectroscopy

In our axperiments the saturation effect of. two
counter-propagating pump beams (Lamb-dip configuration) is
used to produce the sub-Doppler anisotropy signal.

"‘“
(a)

">

g e

3
! ]

-t 2,
} M «
1 1
YVeioawy Veiocucy a4 0
Off-Resonarcs (4 =4,) Op-Resonancs (4, 0) Laser Deaming, 4,
(b) (¢)
rig. 2 Saturation and Anisotropy
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Figure 2 shows this effect. The anisctropy is proportional
to the area under the excess popuvlation transferred to the
unpumped level, as depicted by the shaded portion of Fig. 2b.
Due to the nonlinearity of saturation, the area off resonance
is larger (more efficient pumping) than the area on resonance
(less efficient pumping). So, as Fig. 2c shows, as the laser
is tuned through the hf transition, the anisotropy is greater
off resonance than near or on resonance. This decrease
manifests itself as a sub-Doppler anisaotropy signal, much in
the same way as the wusual Lamb-dip does in ordinary

spectroscopy.

V. Experiments and Results

Figure 3a shows the production scheme for the lus $3% Rrp
isomer, which decays with the emission of a 514 kev gamma
ray. The anisotropy produced by optical pumping on the D1
transition (A = 7947 A). The pumping scheme is depicted in
Fig. 3b. A linearly polarized beam pumps the F = 5 to F' = 4
hf transition. The anisotropy is created by the excess
population transferred to the end My = 1 S sub-

levels. Since the ground state hf splitting of 12.5 GHz is
much larger than the Doppler width, population also accu-
mulates in the F = 4§ hf level. The overall effect is added

to the isotropic background.

Pad o v
B2 107y
e __\
BN Mgy 10w
ﬂ- wn” o F,se_ S ot dhennt Commet
99.6% 1 C Gy 3 4 43+ 43
‘ Fad ——— teeeere e  Sww—
-’a—_—-——— s - +3 +4
YRb M,
(a) S )

Fig. 3 e decay abd optical pumping schemes.

The experimental setup is
shown in Fig. 4. The cell
contains 300 mTorr of
krypton, which is the
parent and also acts as a
buffer gas, plus natural
tubidium for resonant
charge exchange. The
number of isomers in the
cell is amuch less than
one. Two counterprop-
agating beams of equal
power (150 mW) are
incident on opposite faces
of the cell. The beams
are formed by splitting
the output beam from a dye - Fig. 4 Experimental set up.
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ring dye laser utilizing uD700 dye and pumped by a 5 W
krypton ion laser. The sub-Doppler anisotropy change signal
is shown in Fig. Sa. The solid curve is a computer fit. The
siqgqnal shows a narrow feature with a 90 MHz width (FWHM)
resting on the beginnings of a broad optical pumping
pedestal. £ach data point represents five hours of counting
time, done in ten minute intecrvals to correct £for laser
drift, etc. Figqure ©Sb shows that the width of the
sub-Doppler signal is approximately 10% of the Doppler width.
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Fig. 5 Sub-Doppler anisotropy change signal

VI. Future Prospects

Our next step is to yse sub-~Doppler LINO to make the first
measurements of the '°“Rb electric quadrupole moment. This
:fequires that we apply LINO to the D2 transition, where the
estimated excited state hf splittings are less than the
Doppler width. We will also utilize sub-Doppler LINO in
precise on-line studies of chains of very shortlived isotopes

and isomers.

In addition to the above projects, LINO will be applied to
kinematic studies of the weak interactions. Generally
speaking, in these kinds of experiments the recoil of the
daughter is studied. One such experiment uses LINO to measure
the electron-antineutrino angular correlation in **Kr beta-
decay [4]). Although not necessarily an application of LINO,
it may also be feasible to use lasers to search for neutrino
‘mass in bound-state beta-decay studies ([S5] and . electron

capture,
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Appendix C

Hyperfine Structure of Natural
Rubidium

Natural Rubidium, consisting of 78% 3°Rb and 28% 37Rb, is used in this experiment
for calibrating the location in frequency space of the 8*™Rb transitions. The hyperfine
structure of both isotopes is given in this appendix. All A and B values are from Arimondo

(18], and the isotope shift value is from Thibault,
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873b Hyperfine Structure

I=3/2
A - +
) o3 2‘25‘*};;/2
> ~ =z ---- 2 --75Ap:~/2 -
3/2 A Sod 2.75hpas2 +
0 -3.754,-
-2 ‘75801 /2
Pr/o—f—T—=I. pl/

o1 D2
‘--_ 2__—.. .?5ASI/2
21/2 ..
/ = | e——c——— —1-25Asl/2
FINZ STRUCTURZ HYPERFINZ STRUCTUR=E
> - - - -y -->
J =L + 3 F=I-7
Asl/2 = 3417.34130642 B = 12.52(9)
Api/z = 406.2(8) Ap3/2 = 8u.3u5(55)

All Values in MHz. All values from Arimondo (see 3ef).
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85Rb HYPERFINE STRUCTURE

I=35/2
b 3.74Ap3/2 + .2532
?3/2 J ST 3 -:23Ap3/p = 3B
S 2—————— -3.2505,, - +1CB
l————— -5:25894/5 + ,703
o ee Y e— 1,2
P12 — =277 3 5 A851/2
D1 D2
- 3 —— 1.25Ag1/2
S1/2 —— S
FINE STPUSTUR=E HYDPERFINZ STRUCTUERS
> -»> - > - ->
g =L + 8 F=2I=
Agy/p = 1011.910€13(2) B=25.88(3)
= . £ = 2:00
Apl/?_ 120.72(25) Ap3/2 £.009(22)

Isotope Shift From 87Rb = -80.1 (Thibault).

All values in MHz. All values from Arimondo except isotope shift.
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LOCATION OF C7Rb and S9Rb TRANSITICNS
ALL LOCATIONS REFERENCE ©/Rb LINE CEINTER

D1 LINE. 53280_,2 - SP!PIIZ 7947 R

hygerfine ccmeenent n./nay a, center frequency (M¥z) (: 2)
3728 FT=2 - =l 03 sak’ -3071
373h T=2 » =2 038 skt -2258
B/oh T=5 - =2 06 (70/9)7X’ -1553
¥y T=3 - =3 6 (36/9)mA° -1194
¥Ry T=2 - =2 06 (n0/¢)mX? 1480
¥TH Tz » T=3 06 (70/S)=R° 1842
373p F=l - =t 035 Xk’ 3764
3735 F=i » T=2 035 SmaA’ 4576

s = 9.9 MEz/Torr (HWEM] X py;
pressure shift = =7.9 MEz/Torr
ax? = 503x107'° cm?

Dg LINE 5828112 4 5P:P3n 7800 ]

hyperfine compcnent n;/nay ao; center frequency (MHz)
8TRb F=2 - =} 028 X2 -2793
87Rb F=2 » F'=2 035 s -2636
8TRb F=2 » 7'=3 038 14nX? ~2369
8Rb F=3 » =2 06 (20/9)mX? -1429
8Rb F=3 = F'=3 06 (70/9)nR? -1365
#Rb F=3 » F'=4 06 (162/9)m&? -1245
$Rb F=2 = &=t 06 (54/9)mX? 1578

8Rp F=2 » 7=2 06 (70/9)mA’ 1607
85%h F= » 7= 6 (56/9)mk? 1670
87Rb F=l » 7= 035 Py 3962
87Rb F=t = 7=} 035 5aX? Lou2
TRy F=l » 7'=2 038 SaR? 4199

¥» = 88 M=z/Torr (EWHEM) X py,
pressure snify = ~8.8 M2/ Torr
X% = 4844207 cm?
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