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University of Washington
Abstract

Demonstration of Trapped
Single Laser Cooled Indium Ions

by Eric A. Burt

Chairperson of Supervisory Committee: Professor Warren Nagourney
Department of Physics

Single Indium ions have been confined in a RF Paul-Straubel trap, positioned within
an ultra high vacuum environment. Indium is a group IIIA atom and, in its singly
ionized state, has a J = 0 ~ J = 0 “clock” transition that is highly immune to shifts
from ambient fields and field gradients. The immunity to field induced shifts, to-
gether with the tight confinement characteristic of trapped single jons, makes a single
trapped laser cooled Indium ion an ideal candidate for high precision measurement
and frequency standards. Indium is the first group IIIA ion to be trapped singly.
The apparatus used, first to electrically detect large clouds of Indium ions, second to
optically detect such clouds, and finally to optically detect single ions is described in
detail. Since the “cooling” transition in In* is an intercombination line, laser cooling
Is not as strong as in other ion species that have been trapped. Therefore, successful
trapping and cooling of In* required the use of a precooling technique for loading
which is described. In addition, due to the weak cooling transition, it was essential to
drastically reduce instrumental scattering background. A technique for suppressing
the background and substantially increasing the signal to noise ratio, developed for
this experiment, is also described. Finally, spectroscopy on the cooling transition of
a single laser cooled Indium ion is given.
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Chapter 1
INTRODUCTION

In 1980 Hans Dehmelt and collaborators [Neu80] first successfully trapped a single
Ba* ion. This tremendous feat was the realization of one of the main steps towards
Dehmelt’s goal of isolating a single atomic particle at rest in space: a “mono-ion
oscillator”. Such a particle would be free from outside perturbations and observable
for long periods of time opening the way to measurements of unprecedented precision.
Since the first single ion was trapped, much work has been done in this field and
several other ions have been successfully trapped. Until recently, all of these ions
were Alkali-like, having non zero total angular momentum in the transition which is
studied. The angular momentum causes splittings and shifts in the transition due
to couplings with external fields and hence limits the precision of measurements that
can be made. Singly ionized Group IIIA elements do not have this drawback, but the
required light sources have traditionally been difficult to synthesize. Since deciding
on an ion to study is largely dictated by the availability of the necessary light sources,
Group IIIA ions had not been attempted. It has been the goal of this thesis project
to extend the field of single ion trapping into the realm of the Group I1IA ions by
trapping, cooling, and performing high resolution spectroscopy on single Indium ions.

The story of ion trapping has its beginnings in the 1950’s with Wolfgang Paul’s
experiments on radio-frequency (RF) traps [Pau58). It is well known that a 3 di-
mensional trapping potential cannot be created from a single DC electric or magnetic
field. A Penning trap consists of DC potential applied between a ring and two endcaps
and a magnetic field along the axis of symmetry. While this creates a good trapping
potential, the presence of the magnetic field may be undesirable. A single field can
provide a local energy minimum for an ion if it is inhomogeneous and it is allowed to
oscillate. An RF potential applied between a ring electrode and endcaps ( using the
same geometry as in the Penning configuration) creates this energy minimum. The
effective potential created by the inhomogeneous RF field is usually referred to as the



psuedopotential. These RF quadrupole traps are referred to now as Paul traps.

High resolution spectroscopy on ion clouds in an RF trap was first accomplished
in 1966 by Fortson, Major and Dehmelt [For66]. This experiment studied hyperfine
transitions in the ground state of 3He* which are in the microwave region of the
spectrum. Shortly after that, in 1967 Dehmelt [Deh67] experimented with large
clouds of ions cooled with a Helium buffer gas in a Paul trap. The ions were observed
electrically by driving the cloud coherently and detecting an induced current in an
external tank circuit. In this same paper Dehmelt gave a detailed analysis of trap
parameters such as expected trap depth, frequency, and capacity, as well as expected
cooling and heating effects.

In 1973 Dehmelt put forward the idea of a group IIIA mono-ion oscillator [Deh73].
This proposal was important for several reasons. Because of its high degree of isolation
and confinement, a single trapped ion has a very good potential for high precision
work. The 1973 proposal is the first to consider this. Also it suggests the use of T'*,
which is a group IIIA ion, as the ion to be studied. Group IIIA ions have a J = 0 -
J = 0 “field independent” transition which is largely immune to shifts from external
magnetic fields and electric field gradients making them excellent candidates for high
resolution spectroscopy. This proposal was expanded on in 1975 [Deh75, Win75].
The most notable addition was the suggestion that the very weak J =0 -J =0
transition could be observed by the absence of fluorescence in a strong transition
sharing the same ground state. In this scheme both transitions would be excited
with the atom going into the metastable state infrequently. When it did, fluorescence
from the strong transition would be shut off. Dehmelt referred to this as “electron
shelving” and noted that the technique could serve as a million-fold amplifier for
detection of the weak transition to the metastable state. This is the first mention of
the possibility of observing quantum jumps—something that there was much debate

over and wouldn’t be observed experimentally for another 11 years.

An essential part of being able perform high resolution spectroscopy on single ions
(indeed, perhaps even observing them) is being able to cool them to the point where
the Doppler width of the transition being studied is smaller than its natural width.
In 1975 Hansch and Schawlow [Han75] and Wineland and Dehmelt [Win75] first
proposed the use of lasers to perform this cooling. Ashkin [Ash70a, Ash70b, Ash78]

and Letokhov [Let77] also discuss laser cooling in different contexts. In this technique



the laser is detuned below (“to the red of”) the cooling transition as it excites the
ion. Because of its motion and owing to the Doppler effect, the ion is able to absorb
energy from the laser as it travels towards the laser beam. The absorption process
can be thought of as a collision between the ion and an incoming photon which causes
the ion to slow down. When the excited ion re-emits a photon it receives a recoil kick,
but these are directed isotropically (actually a dipole pattern) and the average kick
after many absorption-emission cycles is very small. Consequently the time-averaged

result is that the ion emits more energy then it absorbs and in this way is cooled.

Laser cooling of trapped ions was first observed by Wineland et al. [Win78] in
a small cloud of Mg* ions and concurrently by Neuhauser et al. [Neu78] in a small
cloud of Ba* ions. In the latter case, the cloud was first loaded in the presence of
a buffer gas. Then the gas was pumped out while the laser was detuned 500 MHz.
The number of ions could roughly be determined by the size of the cloud (down to
the diffraction limit) and occasionally cloud sizes small enough to correspond to 1 ion

were observed.

There are two important regimes of laser cooling in ions: Doppler cooling and
sideband cooling. Because of the oscillatory motion of the ion in the trap, the flu-
orescence given off after it has been excited will have sidebands spaced at the trap
frequency or secular frequency. When the ion is hot, the Doppler width is usually
much broader than the sideband spacing and the sidebands all coalesce to form the
usual Doppler profile. However, even when the ion is cold, if the natural width is still
larger than the sideband spacing, the sidebands will not be (clearly) resolved in the
resulting fluorescence. This is called the Doppler cooling regime. The optimal laser
detuning for cooling in this regime is one half the larger of the Doppler or natural
width for the transition. Since the Doppler width will change as the ion is cooled, the
laser detuning will have to be changed if cooling efficiency is to be maintained. The
Doppler cooling limit is the temperature associated with one half of the transition’s
natural width. On the other hand, if the natural width is smaller than the sideband
spacing then the sidebands are resolved. In this case, the optimal laser detuning is
the sideband spacing. The distinction between these two cooling regimes was first
made by Wineland and Dehmelt early on [Win75] and analyzed by Dehmelt using a
semi-classical argument in 1982 [Deh82). A full quantum mechanical treatment was
given by Wineland and Itano in 1979 [Win79a].



As far back as 1966 Dehmelt mentions the possibility of using trapped ions as a
frequency standard and he is generally credited as being the first to have the idea.
Building such a standard usually means locking a laser (in the case of an optical
transition) to the transition. There are many problems that must be solved before
such a standard can be converted into an atomic clock. Among these is that if an
optical transition is being used there are no electronics fast enough to count the
number of oscillations per second that are associated with this transition. Some sort
of frequency down conversion technique into the microwave region is needed. Such a
technique was proposed (and later developed) in 1979 by Wineland [Win79b] using
the (relatively) slow cyclotron frequency of an electron in a Penning trap as the
conversion mechanism. In this scheme “...the electron-cyclotron orbit is stabilized
by balancing the synchrotron radiation. .. with power supplied by the focused laser
beam...For the phase-lock condition, the measured cyclotron frequency is an exact
submultiple. . . of the laser frequency.” The laser is locked to the trapped ion and its
absolute frequency is determined by measuring the cyclotron frequency of an electron
in a Penning trap phase-locked to the laser.

As has already been mentioned, the first laser cooled single ion signal was seen in
1980 and hints of such a signal were seen as early as 1978. It is interesting that as
recently as 1977, textbooks were claiming that while one could analyze the interaction
of light with one atom (or ion), one would never be able to observe it directly {Cor77,
p. 494]. The belief was that one would only be able see ensembles of atoms (ions) in
actual experiments. There were indications of single ions as early as 1978 (the cloud
size argument already mentioned) but in 1980 these initial signs were confirmed by
seeing steps in the fluorescence during the loading process. The steps allowed the
experimentalists to see each ion as it is loaded. This made it possible to determine
exactly the amount of fluorescence associated with each ion and, therefore, when
only one ion was present. The work was done with a Ba* ion. While the successful
trapping and laser cooling of a single ion was a major milestone in the ion trapping
story, it was by no means the end of the story. It still remained to cool the ion into
the zero-point energy level of the trapping potential well. This would then represent
the closest that one could get to an ion at rest. It should be noted that precision
work does not necessarily require zero-point confinement. Rather, the elimination

of the first order Doppler shift is the key requirement. Nevertheless, being able to



study an ion in the zero-point energy level of a quantum mechanical oscillator is
interesting from a theoretical standpoint. Shortly after the trapping of the single
Ba* ion, in 1981, Wineland and Itano observed a single laser cooled Mg* ion and
measured its temperature at roughly 50 mK [Win81]. In 1983 Nagourney, Janik and

Dehmelt [Nag83] lowered this temperature measurement for a single laser cooled Mg*
ion to 5 mK.

Laser cooling of single ions had now been clearly demonstrated, but the ions that
were worked with all had natural widths large compared to the motional sideband
spacing so that the sidebands weren’t resolved. This meant that the cooling limits
reached were well above the trapping potential zero-point as well. One way to get
around this limitation that is sometimes possible is to use a 2-photon transition which
can be narrowed by detuning the two lasers from the two transitions involved. Steps
towards this goal were taken by the Seattle group (Janik, Nagourney and Dehmelt)
in 1985 who were able to resolve a 2-photon peak in Ba* [Jan85]. In this experiment
they observed Doppler free spectroscopy of a single Ba* ion and were the first to
demonstrate Lamb-Dicke confinement in optical spectroscopy [Dic53]. Lamb-Dicke
confinement refers to the situation where the amplitude of oscillatory motion of the
ion in the trap is much less than the wavelength of the radiation being used to excite
it (hence “confinement”). The importance of Lamb-Dicke confinement is first, that
the first order Doppler shift is eliminated and second, that the jon now exists in
a very small region of space. The latter makes measurements insensitive to spatial
inhomogeneities in the measuring device. Together these make possible high precision
measurement.

As has already been mentioned, in 1975 Dehmelt suggested the use of “electron
shelving” into a metastable state together with a strong transition sharing the same
ground state, as an amplifier for transitions into the metastable state. The process
of the strong fluorescence shutting off due to the shelving has come to be known as
quantum jumps. Suddenly, in 1985, there was much discussion on quantum jumps
and in 1985 and 1986 several groups predicted that this phenomena should be observ-
able [Coo85, Coh85, Jav86, Sch86]. Shortly after that in 1986, three groups observed
quantum jumps in rapid succession. The first was the Seattle group of Nagourney,
Sandberg and Dehmelt [Nag86] who made the observation on Ba*. Next came the
(then) National Bureau of Standards (NBS) group of Bergquist, Hulet, Itano, and



Wineland [Ber86] who made the observation in Hg* followed immediately by Sauter,
Neuhauser, Blatt and Toschek [Sau86] who also made the observation in Ba*. These
observations were very important because they opened the way to performing spec-
troscopy on these long lived (on the order of seconds) transitions which otherwise
would be too weak to detect. With quantum jumps, spectroscopy on a metastable
state sharing the same ground state as a strong transition is accomplished by count-
ing the number of jumps that take place as a function of iaser deiuning. The laser
exciting the strong transition, which is usually the cooling laser as well, is held de-
tuned to the red for cooling purposes. The laser exciting the metastable state is then
scanned across its transition and a signal averager counts the number of dark periods

in each frequency channel. This number, as a function of frequency, is the spectrum.

Now that very narrow transitions could be observed, the next goal was to make the
ions as cold as possible. For very cold ions the quantum energy levels of the trapping
potential become apparent. The lowest energy level, known as the zero-point energy.
is the ultimate target for laser cooling of ions. In 1989 the NBS group determined
that they had cooled a single Hg* ion to the extent that it was in the zero-point
energy level 95% of the time [Die89]. When the quantum number of the ion’s energy
level is low (on the order of 10), the quantum nature of the potential well makes itself
apparent in different absorption strengths of the two motional sidebands. If n is the
energy quantum number then the upper sideband strength is proportional to (r) + 1
whereas the lower sideband strength is only proportional to (rn) where the brackets
indicate averaging. Of course if () is large, the difference between the two strengths
is negligible. Only when (n) is quite low does the difference become observable. If
one measures the ratio of the two strengths then (n) can be determined.

With the zero-point essentially reached, some groups turned their attention to
extending these techniques to other trapping geometries and new ion species. One
drawback of the Paul RF trap is that, while it is possible to isolate and cool a single
ion into the zero-point energy, it is not possible to do so with more than one ion.
In a Paul trap, multiple ions will push each other away from the potential minimum
due to Coulomb repulsion. Away from the center, the ions will experience enhanced
micromotion and, due to collisions with the other ions in the trap, RF heating which
greatly increases their cooling limit. On the other hand, multiple ions at the zero-

point would improve the signal to noise ratio by the square root of the number of ions
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so there was interest in experimenting with other trap geometries which might make
this possible. One such geometry is the linear Paul trap consisting of four parallel
rods. The cross section of a linear Paul trap looks just like a conventional Paul trap,
but rather than being symmetric about the axis of the endcaps, it is symmetric along
the axis of the rods. Such a trap has a line along its center where the potential is
zero instead of a single point. Consequently it is possible to have many ions along
this line all in the zero-point energy level. Linear traps are recognized as having very
good potential for frequency standards and have been investigated by a group at the
Jet Propulsion Laboratory (JPL) [Pre89] and the NBS group (later known as the
National Institute of Standards and Technology or NIST) among others.

In 1990 the Seattle group demonstrated the Paul-Straubel trap [Str55, Yu90] with
single Bat ions. This is a variant of the Paul trap in which the endcaps have been
removed to infinity. There are many variations on this idea. Some Paul-Straubel
traps consist of the ring of a Paul trap with the endcaps removed. Others consist
of a flat strip of metal with a hole drilled through it to take the place of the ring.
The Paul-Straubel trap does not have a perfect quadrupole potential but very closely
approximates it at the center of the potential well. Since this is exactly where single
ions reside when they are cooled, Paul-Straubel traps work quite well. While they
do have increased anharmonicity and require higher voltages to get the same trap
well depth, the Paul-Straubel trap has a much more open geometry. This has two
advantages. First, it is easier to focus laser light into the trap with less background
because there are fewer electrodes to scatter stray light. Second and most important,
the simpler geometry makes smaller traps possible. A smaller trap means a higher
secular frequency which can make sideband cooling and the Lamb-Dicke regime acces-
sible where it might otherwise not have been. A third characteristic of Paul-Straubel
traps which turned out to be particularly useful was that they are much easier to
heat. During the ion loading process, impurities may be deposited on the trapping
electrodes. These impurities can cause contact potentials which can lead to increased
micromotion of the ions in the trap. Heating of the ring electrode can drive off such
impurities and can be accomplished simply by running a current through the ring.
On the other hand, heating of the endcaps (in a Paul trap) can’t be accomplished
with a current because they are only electrically contacted on one end (an electron

beam is one possible alternative). In contrast, the ring electrode is often electrically



contacted on both sides and if it is thin enough a current run through it provides
the desired heating. If the endcaps are no longer near the ring (as is the case with
the Paul-Straubel trap) then simply heating the ring suffices. A numerical analysis
of the Paul-Straubel trap for certain limiting cases was given by Brewer et. al. in
1992 [Bre92] and for more general cases by Yu et. al. in 1995 [Yu95]. Some calcula-
tions for the Paul-Straubel trap were performed by Schrama et. al. in 1993 [Sch93]
who also demonstrated an endcap-only trap—that is a trap with the ring removed
and the endcaps providing the approximate potential.

Yet another type of trap is the so called, “racetrack trap”. In a linear Paul trap,
a weak potential must be applied to the ends to prevent ions from escaping. This
requirement is relaxed in a racetrack trap where the ends of a linear trap are connected
to make a loop. In either of these two types of traps (and in some other types as well),
if large numbers of ions are loaded one expects to see chaotic behavior until they are
cooled. As they are cooled it is conceivable that the ions may go through a phase
transition to a more ordered state. In fact this was observed in 1992 by Wineland’s
group [Rai92] with Hg* ions in a linear trap and by Walther’s group [Wak92] with
Mg* ions in a racetrack trap (also known as a storage ring trap).

As far as high resolution spectroscopy is concerned, cooling the ion(s) into the
Lamb-Dicke regime is only part of the problem. The other part is having lasers
which are spectrally narrow enough to measure the width of the narrow transitions
now detectable with electron shelving. Whereas the narrow transitions have on the
order of 1 Hz widths, commercially available stabilization of dye lasers! is only to 1
MHz at best. Using the well known Pound-Drever stabilization scheme (Dre81, Dre83)
it is possible to lock the laser to an external reference cavity and lock the cavity to a
molecular line (or to the ion itself) for both long and short term stability in the tens
of kilohertz region. By using additional thermal and vibrational isolation techniques
for the cavity this can be brought down to the order of several kilohertz [Nag90]. To
get long term stability below 1 kHz however seems to involve a significant increase
in the amount of effort required. In 1992 Bergquist at NIST achieved long term
laser stability of 30 Hz and was able to resolve sub 80 Hz features in single Hg*

! As of this writing the only type of laser providing the desired tunability and power at the required
wavelengths is the dye laser. This is changing rapidly as diode lasers generate more power and
become available in wider wavelength ranges.



ions [Ber92].

A great deal of the work that has been done with trapped single ions has its roots
in the series of abstracts that Dehmelt published on the TI* mono-ion oscillator
between 1973 and 1975 [Deh73, Deh75, Win75). However, until recently, no one had
attempted to work on T* itself or even other group IIIA ions. As has been mentioned.
the advantage of group IIIA ions is the weak dependence on external fields of the clock
transition which is between two states with J = 0. Such a transition can usually be
found in non-group IIIA ions by forcing the transition to go from ms = 0 to mg = 0,
but this requires optical pumping. Such states usually still have a quadrupole moment
as well which will interact with a field gradient. States with J = 0 have no quadrupole
moment. The difficulty with group IIIA ions is that the strongly allowed 'S, — !P,
transition that would normally be the best candidate for a cooling transition is in the
vacuum ultraviolet (VUV) making it difficult to synthesize and work with. Instead it
is necessary to use the intercombination line, ! Sy —3 P,. This transition is accessible
(though still well into the UV), but is weaker than the strongly allowed transition and
so not as efficient at cooling. This difficulty prevented much work from being done
on group IIIA ions until recently when both Walther’s group and Dehmelt’s group
began work on In*. In 1994 both groups successfully trapped single laser cooled In*
ions [Pei94, Bur95]. Our work in this area is the subject of this thesis.



Chapter 2

THEORETICAL ASPECTS OF ION TRAPPING AND
COOLING

In this chapter I will describe in detail some of the parameters that are important
to ion trapping and cooling. When dealing with RF traps, the RF drive frequency
and voltage along with the trap size together determine the psuedopotential well
depth and secular frequency. The equations used to determine these values, along
with a description of how they change when one goes from a Paul trap to a Paul-
Straubel trap, will be given. The understanding of various heating and cooling effects
for both the buffer cooled ion cloud case and the laser cooled single ion case is also
essential. These topics lead to a description of zero-point confinement and Lamb-
Dicke confinement, which are important for Doppler-free high resolution spectroscopy.
Finally, I will describe the effect of ambient fields with respect to optical pumping
and the Hanle effect.

2.1 Trap Characteristics

A charged particle subject to a homogeneous oscillating field, such as that between
the plates of an ideal parallel plate capacitor, will feel a time dependent force but no
time averaged force. On the other hand if the field is inhomogeneous, such as that
in a capacitor with curved plates, then there will be a time averaged force. To see
how this can be possible, consider more closely the curved plate capacitor. To be
specific, let’s say that the two plates have radii of curvature r; and r, and a common
axis. Let there be a sinusoidally time varying potential applied across the plates. If
we position the charged particle halfway between r; and r; it will experience a force
whose direction and amplitude will vary at the same sinusoidal frequency and it will
oscillate along a radial line between the two plates. During the half cycle where the
particle is closer to the outer plate it is in a region of weaker field than during the
half cycle where it is closer to the inner plate. Consequently, the average force in the

outer half cycle is smaller than the average force in the inner half cycle. Since the
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two forces are oppositely directed towards the center of motion, the inner half cycle
force wins and the particle feels an overall time averaged force outwards towards the
region of weaker field. This is the underlying principal of the RF quadrupole, or
Paul trap. An RF potential is applied between the ring and endcaps which gives an
RF quadrupole potential. The field amplitude is smallest in the center so a charged
particle inside the region enclosed by the trap electrodes will feel an effective force
pushing it towards the geometric center of the trap. In this way a charged particle
can become trapped.
Following Dehmelt [Deh67] this can be made quantitative. The z-direction equa-
tion of motion is
mz = eEqcosit, (2.1)

where m is the mass of the ion, e is the electron charge, E¢ is the amplitude of the
field associated with the RF drive, and Q is the drive frequency. We seek a solution
to this equation of the form

z(t) =z 4+ 46(2), (2.2)

where Z is a constant and 6(t) is of the form fycosQt and is a small deviation in

position from z. Substituting this expression for z(t) into eq. 2.1 gives

— 6cQcost = eEqcosfit, (2.3)
from which we get that
5o = =50 (2.4)
0 — mQ2 . .

If we now assume that the field is inhomogeneous and expand it around z to first

order we get

Eolz(1)) = Eo(3) + a’f;’sz)&(t)cosm. (2.5)
The time-averaged force on the ion is then
(F(2)) = (eEg(2(t))cosQit) ~ (ea%)E(E)&(t)coth). (2.6)

Since (§(t)cosQt) = 18 we have

(1/e)F(2) = ——-— 57" (2.7)
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This implies a psuedopotential of
¥(Z) = eEY(3)/4mQ? (2.8)

(IF) = —|v¥|).- This result can be extended to 3 dimensions. We can write the
quadrupole potential between the trap electrodes as,

¢ = ApcosQt(z? + y* — 227). (2.9)

Taking the gradient of ¢ we can get an expression for the amplitude of the electric
field in the trapping region:

E% = 4A3(2* + 7% + 47%). (2.10)

Substituting eq. 2.10 into eq. 2.8 gives

eAtz) =2 , =2 =2 :
2(:: +¥° +42°). (2.11)

¥(z,9,%) = o

We would like to express this in terms a well depth, D:
¥(z,§,2) = D[z* + §* + 42%]/(423). (2.12)

Equating eq. 2.12 to eq. 2.11, we can solve for D:

= _ eAZ4z}
D= oy TRE

(2.13)

The quantity D is referred to as the psuedopotential well depth. When designing a
quadrupole trap, it is desirable to have the well depth in the z direction be the same
as the well depth in the r direction. This prevents an ion, that may be adequately
trapped in one direction, from hitting an electrode in the other direction. By exam-
ining eq. 2.12, we see that this requirement is satisfied if ro = 2z,. Note that this
is different than the similar condition for a Penning trap where ro = v/2z,. This is
because in the Penning trap potential, the coefficient of z is 2, whereas in the Paul

trap psuedopotential, the coefficient of z is 4. Substituting ry = 224 into eq. 2.13 gives

(2.14)
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From the expression for D we can now derive an expression for the trap axial
secular frequency, w., by noting that

2, .2
eD = %. (2.15)

By using eq. 2.8, eq. 2.10, and the fact that D = ¥(Z = z,) we have

eE}Z=0,§=0,7=2) 4e2A2z?

eD = ppr = — (2.16)

Putting together equations 2.15, and 2.16 we have

From eq. 2.9 the amplitude of the RF drive voltage is
Vo= ¢(r =0,z = z,t = 22/Q) = —2:2A,. (2.18)
Substituting this into eq. 2.17 we can express the secular frequency in terms of the

voltage:

2172
2 _ e‘Vs
wx

Finally using the assumption that ro = 2z we have

Ve
wp = 4V2—2 (2.20)

mQrd
2.2 Optimal Trap Geometry

In the geometry of a classical Paul trap, it is usually the case that ro & zo; that is,
the endcap separation is about the same as the ring diameter. For a Paul-Straubel
trap this condition can’t hold because the endcaps have been effectively removed
to infinity. As a result this geometry only approxirhates a quadrupole potential
very near the center of the trap. Away from the center the anharmonic terms in
the potential become very significant and lead to amplitude and position dependent
secular frequency shifts. Such anharmonicities exist in Paul traps as well, at least

due to fabrication imperfections, but most likely because the trap electrode cross
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sections are usually not hyperbolic. In a Paul-Straubel trap, more voltage is generally
required to achieve the same well depth—this is called the voltage loss factor. Various
geometries lead to different anharmonicities and voltage loss factors. Usually there
is a trade off between them; they can’t both be optimized at the same time. For
single ions which are laser cooled and reside very close to the center of the potential,
anharmonicity is probably less important than voltage loss. However the ion doesn’t
start off laser cooled. When it is first loaded, it may be quite hot and anharmonicities
may interfere with initial cooling. Consequently, a compromise between these two
competing effects is used.

Yu’s numerical analysis of trap geometries [Yu95] shows that for a toroidal Paul-
Straubel trap an ideal loss factor of 3.6 is reached for a trap aspect ration, A = t/ro =
.17 where t is the thickness of the ring and ry is the inner diameter. The anharmonic
terms for this aspect ratio are quite large. The aspect ratio corresponding to the
optimal value for C, (the fourth order term) is A = 1.1 (loss = 8.7!) and that for the
optimal value of Cs (the sixth order term) is A = .75 (loss = 5.6). See Section 4.9
for details of the trap geometry used in this experiment.

2.3 Trapping Ion Clouds

In the initial stages of the experiment, large ion clouds were trapped. This was done
as a proof of principle before moving on to the more difficult single ion work. It was
shown in 1978 [Neu78] that small ion clouds (< 50) could be laser cooled, however for
our initial work on In* we did not want to depend on laser cooling. Using a buffer
gas to cool instead, it is possible to trap and cool to room temperature, on the order
of 10° ions leading to a larger signal.

2.3.1 Buffer Gas Cooling

Buffer gas cooling works by diffusing a gas into the trapping region which is at
a substantially lower temperature (usually room temperature) than the ion cloud.
Collisions between the ions and the buffer gas tend to thermalize the ions with the gas.
Thus the lowest temperature of the cloud is limited by the buffer gas temperature.
An estimate of the cooling rate is derived by analyzing head-on collisions between

two particles of different mass and temperature. Let r = m/M be the mass ratio
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where m is the mass of the buffer gas and M is the mass of the ion. The conservation
equations give:

1 2 1 2 __ 1 2 1 2 99
2™M% + 2MV = 3my; + §MVl (2.21)
and,
myy + MVQ = muv; + M‘ll (222)

where the subscripts 0 and 1 refer to initial and final respectively. To first order in
the value of /1 — 2r these equations can be solved to give:

v =2V —w)(l-r) (2:23)
Vi = Vo — 2(Vo — vo)r- (2.24)

If we take the change in the energy of the ion due to a collision with a buffer gas

particle to be:

6E = %MVf - %MV(,2 (2.25)
then we can also write,
SE = —2(2 + )M V?r. (2.26)
Vo
If the ions are initially quite hot then we may take V5 >> v and,
1
6E ~ —4(§MV02)r (2.27)
o SE
m
= —4—1‘?. (2.28)
In the case of In* ions cooled by a He buffer gas the mass ratio is 0.03486 which
gives:
6E
5 = 0.140 (2.29)

as the fractional energy loss per collision.

Next we want to calculate the collision rate between each In* ion and the ambient
He buffer gas. In the reference frame of an In* ijon the flux of He passing by is nyV,
where ny is the number density of He and V' is the mean relative velocity of the In*
ions and the He atoms. The fraction of this flux that is scattered is given by nyVay

where oy is the scattering cross section between In* ions and He atoms. Since this
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is the number of He atoms scattered per second, it is the desired rate. Note that the
rate that we are interested in is independent of the density of In* ions. If there are
more In* jons then there are more total collisions, but there is also more total energy

to carry away by the same proportion. The He density is given simply by:

= e (2.30)

where Py is the pressure of He and T} is its temperature. The mean relative velocity

is given approximately by adding the separate mean velocities in quadrature:

V52 + 7% (2.31)

These separate mean velocities can be given in terms of the respective tempera-

tures [Rei65, p. 268]:
7 = ‘/%. (2.32)
Tm;

The cross section of two hard spheres is given by go = 7(r; + r2)%. For In* and He
we can take these two radii to be approximately equal so that,

oo = 471l (2.33)

Putting all of this together we get a collision rate of:

47r®Py |8k T Ty
R="T VoG + 2. (2.34)

Taking Ty = 300 K, T; = 3100 K (roughly 1/10 the well depth), M = 114.82 amu,
m = 4.003 amu, r = 0.53 x 107! m, and Py = 10~* Torr we get R = 1.66 s~
Taking this together with the fraction of energy carried off per collision (for hot In*

, use eq. 2.29) we have that the In* ions will be brought into thermal equilibrium
with the He buffer gas in a time of order 4 s. The actual time to thermal equilibrium
my be substantially faster since, as can be seen from eq. 2.25, buffer gas cooling gets

more efficient as the ion is cooled.

2.3.2 Heating Effects

There are several possible heating effects. One possibility is collisions with the trap
electrodes, but this effect is self limiting since only the hottest ions make such colli-

sions and once they do so they are usually ejected from the trap. The primary heating
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mechanism is called RF heating. If one considers just two ions in a RF trap then the

equation of motion for each ion is:

kq?

mz, = — f(z)cosQt + AT (2.35)
1= 42
_ kq* .
mrI; = —f(Iz)COSQt - (f—-f_)z (236)
27 41

where z; is the position of each ion, f is the position dependent force of the RF drive
at frequency 2 and the second term in each equation is the Coulomb interaction. The
difference of these two equations represents internal motion of the two ions:

2kq?

m(£, - £3) = ~(f(z1) ~ f(22))cost + ———
(7 —7,)

(2.37)
Since the field strength is inhomogeneous and the Coulomb collisions are at random
times and in random directions, the first term is a randomly changing force which
couples secular motion to internal ion motion. Essentially the ions are able to draw
energy from the RF drive, hence the name RF heating. Although I have not calculated
the size of this heating effect, experience shows that it is small compared to buffer
gas cooling for ion clouds as is evidenced by how close buffer gas cooling brings the
ion cloud to room temperature. RF Heating is virtually non-existent for single ions
since there are no collisions (except with residual gas atoms whose effect is closer to
that of buffer gas heating, than to RF heating).

2.3.3 Number of lons Trapped

The maximum number of ions in a Paul trap can be calculated from the volume
marked off by the electrodes taken together with the charge density obtained by
requiring that the energy of Coulomb repulsion be equal to the well depth of the
trap [Deh67]. In the Ba* experiment, buffer gas cooled clouds were observed to
occupy a space equal to about 1/3 of the endcap separation. This corresponds to
psuedopotential energy of about 1/10 the well depth. Using the same Coulomb energy

argument, but now equating this to eD/10 we get a maximum Paul trap capacity of:

Nmar = 2.57 x 10Dz, (2.38)



18

where D is in volts and zo (1/2 the endcap separation) is in cm. For example, our
Paul trap had D = 26 eV and z, = 0.0895 cin which gives N,... = 540,000 ions.
Estimates based on observed fluorescence are actually about an order of magnitude
less, so this number is to be taken as very approximate. Still, eq. 2.38 can be used
effectively to determine how the capacity varies with D and z,. if not to determine
the absolute capacity itself.

2.4 Trapping Single Ions

For trapping of single ions, the various heating effects become weak enough that laser
cooling works. A buffer gas would not be effective in cooling single ions because the
temperature would get no lower than 300 K which corresponds to a Doppler width
that would make the ion fluorescence unobservable. To observe the ion’s fluorescence,
the Doppler width must be on the order of the natural width.

2.4.1 Laser Cooling

While buffer gas cooling provides an efficient way to cool hot ions down to room
temperature, laser cooling provides a very efficient way of cooling ions into the sub-
mK realm. Here I will give the various cooling rates and limits appropriate to our
experiment. There are two cooling regimes leading to different limits: the weak
binding regime where v 3> w.! and the strong binding regime where v < w;.
In the weak binding regime where the atoms are approximately free, Wineland
and Dehmelt [Win75, Win79a] calculate the minimum energy to be:
hy
(Emin)wb = T (239)
where 7 is the natural width of the transition. If we were to have an ensemble of
atoms with this energy that were weakly interacting so that they were thermalized,
the equivalent minimum temperature would be:
hy

wb __ T
Tat = 52 (2.40)

11 will refer to the z-component for all values where it matters, though it should be understood
that I am simply leaving out discussion of the other components for simplicity.
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This is also known as the Doppler cooling limit. The minimum temperature is limited
by the recoil energy R = (hk)?/2M.

For the trapping parameters that we use, Int is in the strong binding regime
(¥ € w;) because v = 27 x 360kHz and w. = 2% x 1M H=. For strong binding, the
ion fluorescence takes on resolvable sidebands at the secular motion frequency. The
laser is tuned to the first lower sideband for cooling, hence this is also called sideband
cooling. The field seen by the atom is:

E, = Egsin(kz — wt) (2.41)
where r = z,sin(w,t) and z, is the amplitude of the ion’s motion. The field becomes:
E, = Eysin(kz,sinw,t — wt) (2.42)

which corresponds to frequency modulation at w, and with modulation index, 8 =
kz,. This can be expanded in Bessel functions to give the sidebands. The intensity
of the m* sideband is proportional to J? (kz,). If the laser is tuned to the m* lower
sideband, light of energy %(wo — mw,) is absorbed and light at hwyg is emitted leading

to an overall cooling process. The cooling rate given by Wineland is:

]0‘0

dE _.
:h‘do

T h J2 (kz,) (2.43)
where m is the order of the Bessel function that is largest for the given modulation
index, I is the laser intensity and oo = A?/2r is the light scattering cross section (here
we are assuming an allowed transition).

What sort of cooling rate do we have for an ion which is initially at room tem-
perature? This temperature corresponds to a secular motion amplitude of z, =
VEkBT/Mw? = 2.34 x 10~ cm. For a cooling laser at 231 nm this gives a modulation
index of 8 = kz, = 636. Maximum cooling will be achieved by tuning the laser to
the sideband with the largest amplitude. Even if the sidebands aren’t resolved at
this point, this will tell us the appropriate detuning frequency. For this modulation
index the m = -629 (the negative sign indicates red detuning) order Bessel function
is largest which suggests a detuning of 629 MHz (it should come as no surprise that
this is roughly half of the Doppler width). We have J2,(636) = 6.18 x 10~%. The

quantity Iog/huwy corresponds to the transition rate which for /n* begins to saturate



at about 1 MHz, so assume that the laser intensity I is such that the rate is 1| MHz
(less than 50 W of UV is required to do this). Putting all of this together gives
dE/dt = —1.61 x 1072 eV/s, or almost —400 K/s. So one would expect the ion
to reach its cooling limit within one second. Typically the cooling process involves
loading the ion and then “manually chirping” the laser frequency up from its initial
detuning as the ion cools (as the ion cools the optimal detuning decreases). For this
situation it is clear that the “chirp” can be quite fast by human standards.

The assumption that the ion is initially at room temperature after loading is com-
pletely arbitrary. In fact it could be a good deal hotter because the initial temperature
of the ion is determined by where it is in the psuedopotential at the moment that it
is ionized and how fast it is moving at that point. Since the ion can be created on the
edge of the trapping potential, it can have an initial temperature comparable to the
well depth. The speed that the atom is moving at when it is ionized is determined by
the thermal distribution of atoms being emitted from the oven. The well depth in our
Paul trap was 26 eV whereas the oven is about 1,000°C corresponding to a kinetic
energy of only a fraction of an eV. Therefore the initial position of the ion in the
psuedopotential should be the dominating factor in determining initial temperature.
In either case, this shows that the initial temperature can be much greater than room
temperature. Of course only atoms with less energy than the trap well depth when
they are ionized in the trapping region, will remain trapped. If we carry through the
same analysis with ions that start out with an energy corresponding to eD/10 (1/10
the well depth) we find that 8 = 6,364, Jeso(8) = 0.0363. This suggests a detuning
of 6.3 GHz. If we still assume this modulation index but only detune the laser by 1
GHz then Jn,(8) = .01 and dE/dt = —2.62 x 10~2 eV/s or about —32 K/s! Cooling
would be even slower for less detuning. If this were the initial detuning one would
want to leave the laser at this frequency for some time (about 190 s in this case) be-
fore scanning the laser frequency up. Ultimately we did find that a precooling period
of about 40 s was necessary before scanning the laser. As has just been shown this is

easily explained by assuming that the initial ion temperature is somewhat above 300

K.

A quantum mechanical treatment of sideband cooling [Win79a] in the strong bind-

ing regime which takes into account the effect of recoil on the emission and absorption
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spectra, gives a cooling rate of:
(LE[ ) = SZRS/16(x/u2) () (2.44)

where (n.) is now the mean occupation number of the quantized potential well and
R is the recoil energy. We find the cooling limit by setting this equal to zero and get:

(M )min = 5/16(7/w:)". (2.45)
For In* we have (n,)3B = 0.04 which is virtually in the zero point energy level. For
this reason it is thought that In* will cool directly to zero point confinement. By
way of comparison, the Ba* cooling transition has a natural width of about 15 MHz
and unless the secular frequency is dramatically increased (a non-trivial task), the
mean occupation number, (n.), will be substantially greater than 1.

2.4.2 Optimal Detuning for Laser Cooling

As discussed in the previous section, the optimal initial laser detuning is approx-
imately one half of the Doppler width or on the sideband with largest amplitude.
However since the initial temperature and Doppler width of a single ion can only
be guessed at, some precooling (leaving the laser at the detuned frequency without
scanning up) may be required before the Doppler width reaches the guessed value.

A room temperature In* ijon will be cooled most efficiently when the initial laser

detuning is set to about 630 MHz.

2.4.8 Lamb-Dicke Confinement

Zero-point confinement refers to a restriction of the energy level of the ion to the
zero point energy. On the other hand, Lamb-Dicke confinement [Dic53] refers to
the restriction of ion secular motion to a region smaller than the wavelength of the
radiation being used to excite it divided by 2x. Previously we saw that the modulation
index due to the ion’s motion was 3 = 27xz,/A. The amplitude of the first sideband
is proportional to 3/2 so its intensity is proportional to 3%/4 or (xz./A)?. Therefore,
if the ion is in the Lamb-Dicke regime, then r, < A and the sidebands are small
compared to the carrier. Thus, the importance of Lamb-Dicke confinement is the
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complete elimination of the first order Doppler shift. In theory the natural lineshape
is completely revealed in the carrier.

If we imagine a weakly coupled thermalized ensemble of /n* ions cooled to the
sideband limit then (n.)hv. = }kT and using (n.) = (n.)SE we have T,,;, = 3.8uK.
We can set this temperature equal to Mw?z?/k to get the secular motion amplitude
as a function of mean occupation number:

2(n,)h .
MO (2.46)

Tq =

Substituting values we have z, = 2.6 nm, well below the wavelength of 231 nm and
well into the Lamb-Dicke regime.

2.4.4 Heating Effects

For a single ion in an RF trap maintained at ultra-high vacuum there are very few
heating effects. This is evidenced experimentally by the fact that single ions have
been maintained in traps without laser cooling for 12 hours or more and that this
has been repeated on the same ion for weeks at a time. Since there are no other
ions in the trap there is no RF heating to speak of and since the buffer gas pressure
has been reduced by 6 orders of magnitude or more, buffer gas heating is all but
non-existent. If more than one ion is in the trap however, RF heating does become
a factor. Experience with other ions has shown that with as few as 2 or 3 ions in a

Paul-Straubel trap, the lifetime may be as short as several minutes.

2.5 Expected Fluorescence Signal Strength

It is useful to have an estimate on the expected fluorescence signal strength. For laser

power incident on an ion cloud well below saturation, the emission rate is

R = Bp(w) (2.47)

where B is the Einstein B coefficient and p(w) is the spectral energy density of the
laser at frequency w. B can be determined from the lifetime of the transition:
72 w23

B= h_ngA = h—wg?V (2.48)



where A = 29 = 1/7 (7 is the atomic lifetime and v is its natural width). The
spectral energy density is [Cor77, p. 284]

47
pw) = T 1(w) (249
where we can approximate the Lorentzian laser lineshape with a Gaussian:
2 —4!u—un!2
I(w) = IoAurl/ze T . (2.50)
The Doppler broadening is the Gaussian:
M(u-cn)z
D(w) = 2 e % | (2.51)

Apwi/?

If we now also approximate the natural lineshape by a Gaussian as well, then the
width of the convolution is simply the sum of the individual widths in quadrature.
Let the natural lineshape be

2 —Q!U-un)z
N(w) = me A (252)

The convolution is now

-4(6-'—09)2
C(UJ) = Io 2 a:

—C

A 72
where A? = A% + A% + A? (note that each A, is a 1/e width; the FWHM is found
from Aw; = A;VIn2). Putting this all together, we get the fluorescence rate

4r 7w2cd 2 Mewo?
M) = Thigaame © (254

(2.53)

The maximum signal is taken when w = wy:

47 47iP 4
¢ “mBTEA,

Rz = (255)

After converting to the half maximum widths and performing some algebra, we have

_ Vin2X3 ~
0 12k \/,72 + Aw%, + Aw‘i

Rar (2.56)
where Awp is the Doppler width and Awy is the laser width. This rate is expressed
in counts per second per ion irradiated. The collection efficiency is considered in
Section 4.10.2 and an estimate of the detected signal is determined in Section 3.2.2.



2.6 Saturation Power and Power Broadening

Even though the previous calculation was done assuming that the laser power was

well below saturation, we can get an idea of where the saturation power is by letting

Rma:r.'

24 (2.57)

and solving for Io. This gives

w‘lzfzc\/‘yz + Awd + Aw?
Vin2)3 ’

To get the saturation power we simply multiply by the laser spot area: 7w2 where wo

sat ___
¥ =

(2.58)

now refers to the spot size.

P T2 hawd\[1% + Dw} + Aw}
st Vin2X3 )

In addition to the previously considered widths there is also that due to power

(2.59)

broadening. Following Loudon [Lou83, p. 65, eq. 2.123], the power broadening is:
1
Avpg =2(7* + §|V|2)1/2 (2.60)

where 29 = 1/7 is the natural width 2, and |V| = eEy|D),|/h is the matrix element
of the transition. We can rewrite the matrix element in terms of the lifetime as:

13meohc®
|Dyz| = \/ P (2.61)

Since laser intensity I = (S) = ceoE3/2 = P/A, we have E? = 2P/ Acey. Putting this

all together gives,
/ 3A37P
Avpg =27y[1 4+ TIAA" (2.62)

As an example, if P = 50 yW and A = 7(40um)? then Avpg = 14.8 MHz, almost 50
times the natural width!

2 My apologies to the reader for the inconsistent definitions of v at different locations in the text.
In all cases it is explicitly stated which definition is being used.



2.7 Quantum Jumps

Quantum jumps, or electron shelving, is the technique which makes it possible to see
the highly infrequent transitions from a metastable state by the presence or absence
of fluorescence from a strong transition sharing the same ground state. Typically,
one laser is used for each transition, however, two lasers are not required. In the
case of Int the metastable state has a lower energy than the excited state of the
strong transition. While repeatedly exciting the ion into this excited state, it usually
decays into the ground state. Occasionally however, it will decay into the metastable
state. When this happens the fluorescence from the strong transition will shut off.
just as in the normal electron shelving scheme. Such shelving cannot be used to
do spectroscopy on the narrow transition because the number of times the electron
is shelved per unit time has no relationship to laser frequency. It can be used to
demonstrate the presence of a single ion and measure the lifetime of the metastable
state. This is useful in the initial stages of the experiment before a clock laser is set
up.

In order to observe quantum jumps with just one laser, there are certain require-
ments on the amount of fluorescence being emitted by the strong transition. First.
the detection integration time per channel must be shorter than the average lifetime
of the weak transition. If it isn’t, then fluorescence will always be getting into the
channel where the shelving took place. At best a slight reduction in signal will occur
which may not be larger than the noise. Let S be the number of fluorescence counts
detected in 1 second, B be the instrumental scattering background in 1 second and
let us assume that we have shot noise, N = vB. If we now change our integration
time per channel from 1 second to ¢, the new values for signal, background and noise
will be: §' = St., B' = Bt. and N’ = /Bt,. This gives a new signal to noise ratio of
S'/N'" = \/t.S/N. In order to be able to detect the difference between shelved and
not shelved, we need S’/N’ > 1. If we set the integration time per channel to 7/3
(1/3 of the weak transition lifetime) then:

ﬂ—l—\/fi 2.63
N TVIN (2.63)

To make this concrete, we routinely observe a background of B = 20s~! and the
lifetime of the weak transition is 140 ms. These values require S > 430s~!. Antic-

ipating the result of this thesis, that the fluorescence from a single ion detected by



the apparatus described here resulted in 100 s~! of signal, we need a 4x improvement
in signal to observe quantum jumps.

One way to increase signal is to stabilize the laser. Doing so increases the spectral
density by the same factor that the laser width is reduced. When the laser width
is larger than the width of the transition being excited, the laser power contained
in the portion of the laser width that doesn’t overlap the transition width is being
thrown away. Thus, as the laser width is made smaller, the power required to obtain
the same signal also goes down by the same factor up until the laser width becomes
smaller than the transition width. At this point, laser power is no longer being
wasted. Consequently, the same signal should be observable with the overall power
reduced by a factor eqaul to the ratio of the unstabilized laser width to the larger of
the stabilized laser width or the transition width. The reduced power means reduced
background; again by the same factor. The value of B = 20s~! was observed with
the laser commercially stabilized to about 5 MHz (as measured against a Tellurium
saturation line). The locking of this laser to an external reference cavity and the
Tellurium molecular line results in a laser linewidth of 30 kHz or a factor of over
100x improvement. This is well below the natural width of the transition, 360 kHz,
so the overall factor for power reduction without signal loss is determined by the
natural width and is about 10. This brings the background down to 2 s~! which is
comparable to the detector dark current level.

This is still not quite good enough though, because the ion is cold. Even with a
10 fold reduction in power we are still near saturation (these signal and background
values were observed with about 50 uW of UV power). While background is elimi-
nated, signal doesn’t increase with the higher spectral density. With an integration
time of 7/3 we still only have roughly 3 counts of signal per channel which may not
be observable above the dark current of the detector. This enhancement alone may
still work, however, because the stable laser is able to “sit” closer to the peak of the
transition without heating the ion. If this still doesn’t give the extra factor required.

then switching the output optic from an f/2 mirror to an f/1.4 corrected lens almost
certainly will.
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2.8 Ambient Magnetic Fields and Optical Pumping

The previously calculated HF Zeeman splitting was 382 kHz/Gauss in the 3P, state.
With a commercially stabilized dye laser (Avjg,e, = 10 MHz in the UV) this split-
ting isn’t resolved. However, with a 30 kHz externally stabilized laser this splitting
becomes resolved and leads to a potential optical pumping problem. If no attempt is
made to shield the ambient magnetic field of roughly 1 Gauss and the incident light is
linearly polarized, the ion may decay with Amg = %1. If this happens, the transition
frequency will have shifted by about 380 kHz (the ground state HF Zeeman splitting
is only 1 kHz) and since this is substantially larger than the laser width, the laser is
no longer resonant with the transition!

To resolve this problem, the incident light must be made circular polarized so as to
excite only a Amg = 1 transition (where the sign is determined by whether left or
right circular polarized light is used). This together with using the HF line, F = 9/2
- F =11/2 turns the transition into the 2-state system: mg = £9/2 — mp = +11/2.
This conversion is only as good as the optical element used to create the circular
polarized light (not to mention the purity of the input linear polarization from the
laser). Any deviation could possibly excite a Ampg = 0 transition, from mp = ~9/2
to mp = —9/2, for instance, which would be free to decay to the mg = —7/2 state,
again destroying resonance. A factor of 100x reduction of ambient field down to the
10 mGauss region using Helmholtz coils would once again make all of the sublevels
effectively degenerate. Alternatively, Helmholtz coils could be used to apply a field
which would move the splitting out to a point where accidental excitations into the
wrong state would be very unlikely. A 2-state system is still desirable, so both the

circular polarization and the field shielding/enhancement should be used.

2.9 Hanle Effect Rotations and Signal Strength

A possible concern for fluorescence detection is the effect of angular momentum pre-
cession due to a magnetic field. Because the angular momentum of the ion precesses
in whatever magnetic field happens to be present, the polarization of the emitted flu-
orescence may not be the same as that of the exciting laser beam. If the fluorescence
were passed through a polarization analyzer, the signal strength as a function of mag-

netic field strength would trace out a resonance lineshape. This is usually referred



to as the Hanle effect and is often used to measure transition lifetimes. A polarizer
is placed on the detector and classically, as the fluorescence polarization is rotated
the detected signal is attenuated. How much rotation occurs depends on the field
strength and the lifetime. The rotation takes place at the Larmor frequency so the
lifetime determines how far, on average, the angular momentum will precess before
emission takes place. A knowledge of the detected signal, the incident polarization,
the field strength and its direction will then give the transition lifetime.

The Hanle effect can also cause a problem for detection even when a polarizer isn’t
present. Let the ambient magnetic field be parallel to the incident laser beam direction
and call this the x direction. Let the incident polarization be in the z direction and the
detection be in the y direction. That is, a line from the radiating ion to the detector
is along the y axis. For this configuration, precession will be in the y-z plane. If there
were no field present, there would be no precession and the detector would be ideally
positioned to detect a dipole radiation pattern. With a field, however, the precession
could proceed to the point where the polarization of the fluorescence is along the y
axis and would not be observable along this axis. In some sense, the direction of
observation is taking the place of the output polarizer (analyzer). This could easily
result in a greatly attenuated signal which would be disastrous for a signal that may
already be quite weak. Of course the signal will never be completely extinguished
due to the finite width of the transition and averaging processes. To make this more
precise I will calculate the maximum and minimum fluorescence expected in a 1 Gauss
field (typical for our unshielded setups) as a percentage of the fluorescence with no
field present.

For the standard Hanle effect the intensity of atomic fluorescence can be written

as [Cor77, p. 483]
1 ~vcos(2a) + 2wsin(2a)
I(a) ~ - 2.64

where a is the angle of the analyzer relative to the incident polarization, in this

context ¥ = 1/7, and

eB
wr = gF2m

(2.65)

(3
with gr being the g-factor for an ion with total angular momentum F, e is the electron
charge, B is the field strength and m, is the mass of the electron. In our case we can

take a to be the angle between the incident light polarization and the y-axis. From



a simple dipole radiation pattern, we would expect to see maximum signal when
a = 7/2 and minimum signal when a = 0. If no field is present, eq. 2.64 reduces to

Io~2/7. (2.66)
For a = 0 we have,
1 7
I0) ~ = 4 ————— 2.67
©) Y 7+ 4t (267)

where in each equation the proportionality is the same.

To calculate the appropriate Larmor frequency we need the g-factors:

. FF+1)+J(J+1)=-1(I+1)
gr =gy 9F(F +1)

and

= JUADVH UL+ -5S+1) JJ+D)-LL+D+S(S+1)

2J(J+1) gs 2J(J+1) -+ (2.69)

For the In* 1S, =2 P, 9/2 - 11/2 transition,S=1,L=1,J=1,1=9/2and F =
11/2. These values give gr = 0.273. From eq. 2.65 w; = 2.40 x 10° (B = 1g). Note
that this value of w; is very close to the decay rate, 1/7, so we expect the Hanle effect
to be appreciable. In general if w; ~ 1/7 there is an effect and if w; < 1/7 there is
no effect. Here we have, v = 1/7 = 2.27 x 10%. Putting these values into eq. 2.66
and 2.67 with a = 0 and then taking the ratio we get

10) 1 1 _ -
T "3 + 21+ d/7) 0.592. (2.70)

That is, if the incident polarization is perpendicular to the y-axis then the observed
fluorescence will be 59.2% of what it would be with no field present.

The vulue just obtained is somewhere in between the maximum and minimum
possible intensity percentages (as a function of a). To find out what the worst case is
we must calculate these maximum and minimum values. To do this we find extremum
for the expression (see eq. 2.64)

yeos(2a) + 2w sin(2a). (2.71)
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This gives a local minimum at an;, = 122.4° and a local maximum at Qmar = 32.4°.
From eq. 2.64 we have for any value of a,

I{a) 1  2cos(2a)+ Bsin(2a) o
A -—2+ Y (2.72)
where 8 = w;/v. Substituting values for Wi, 7, a and (3 we get:
Homes) _ 0714 and LOmin) _ ¢ 5g6. (2.73)
Io Io

Thus, the price for not aligning the input polarization correctly with respect to the
output detection can be up to a factor of 2 in signal. Of course, this assumes a
roughly 1 G field in the x direction which turned out to be the case, but certainly
isn’t necessarily so. In this case the best angle for the incident polarization is 32.4°
from the z-axis, but if the polarization is parallel to the z-axis (the typical situation)
there is only an 18% reduction in signal.



Chapter 3
INDIUM

Due to their high degree of confinement and isolation, the potential for high reso-
lution spectroscopy on trapped single ions is quite good. The question of which ion to
trap still remains. One criterion is that the jon must have transitions that are reason-
ably accessible to current laser technology (for optical transitions). Another criterion
pertains to the strength of the proposed cooling transition and the narrowness of the
proposed clock transition. A typical candidate for cooling would be a strong elec-
tric dipole transition which can supply a large amount of cooling power during the
initial stages of loading when the ion is hot and the laser must be detuned far to
the red of the transition. In addition, a strong cooling transition will give a stronger
fluorescence signal, thus making it easier to detect, especially in the early part of an

experiment when the loading and alignment procedures are still being established.

3.1 Group IIIA Ions

To perform high resolution spectroscopy it is desirable for the clock transition to
be field-independent: a transition that is relatively immune to shifts from magnetic
fields and from field gradients. Stark shifts due to ambient electric fields for laser
cooled single ions are usually quite small and can be ignored. This is because a laser
cooled ion will reside very close to the center of the trapping potential. If there is
an ambient DC electric field in the vicinity of the trap, it simply serves to shift the
position of the potential center to a point where the potential cancels the DC bias.
That is, there is effectively no bias. There is, of course, an AC Stark shift which I
will come to in a moment. Since the electronic Zeeman shift is proportional to my,
one way to have a transition free from such shifts is to make sure that my is zero in
both states of the transition. If J is non-zero, then the ion must be prepared in the
my = 0 state. This requires additional apparatus to prevent optical pumping into
my # 0 states. A simpler way to accomplish this is to use states with J = 0, thereby
guaranteeing that m; = 0. Such states are forbidden (for a J = 0 - J = 0 transition,
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selection rules require that AJ = +1) and only proceeds to the extent that /J mixing
is strong (the IJ-coupling approximation is not valid).

One way to get a J = 0 - J = 0 transition is to use an ion with two valence
electrons in the same quantum state (up to spin state). This gives an integral total
spin which in turn will result in an integral total angular momentum J. Regardless
of whether the electrons form a singlet or triplet, there will always be a J = 0 state
present. Such is the case for singly ionized group IIIA atoms. These atoms have a
single p electron that, when stripped away, leaves two s electrons (the group I1IB
atoms also have 3 electrons but they are grouped as an inner d electron surrounded
by 2 s electrons with higher principle quantum number and ionization leaves an s
and a d electron). The ground state is a singlet s with J = 0. All group IIIA ions
have 'P; or 3P, excited states that could be used for cooling and a 3P, metastable
state that could be used for spectroscopy. Each of these states are coupled to the
same 'S, ground state making the electron shelving technique for amplification of the
fluorescence from the weak transition possible. An added advantage of the J = 0 -
J = 0 transition is that neither the ground or excited state has a quadrupole moment
which would interact with field gradients. Since field gradients in RF traps can be

rather large, this is an important consideration for ion trapping.

3.2 Cooling Transition Considerations: Choosing In*

Because of the field-independent clock transition, group II1A ions would appear to be
ideal candidates for high resolution spectroscopy, however there are some complica-
tions. The electric dipole transition, !Sp ! P, is generally in the vacuum ultraviolet
(VUV) making it difficult to synthesize and to manipulate. The next best cooling
transition is the intercombination line, 1Sy —3 P;. This transition requires a spin flip
and so is only as strong as the LS coupling which means that it is generally much
weaker than a typical electric dipole transition. For heavier ions, LS coupling is
stronger and so the !Sp —2 P, transition is likely to be strongest. This would suggest
TI*, the heaviest group IIIA atom, as the best choice. However the 'S, -2 P, tran-
sition in TI* is at 202 nm and so still on the edge of what can be synthesized. The
next heaviest group IIIA ion, In*, has the !Sy; —* P, transition at 231 nm and the
metastable clock transition, 'So—3 P, , at 237 nm—both accessible with current laser

technology. See Figure 3.1 for the In* energy level structure.  For these reasons,
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we have chosen to start our investigations of trapped, laser cooled, single group I1I1A
ions with In*.

3.2.1 Transition Lifetimes

Both the In* 'S, -3 P, (cooling) and 'S, —3 P, (clock) transition lifetimes have been
measured [Pei94]. Their values are: 7, = 0.44ps and 7ok = 0.14s. These and
other transition values are summarized in appendix A.

3.2.2  Erpected Fluorescence Signal From Trapped Indium lons

In Section 4.10.2 I will derive expressions for the detection efficiency of our apparatus
applied to ion clouds and single ions. Equation 4.13 gives the value

E;=92x10"7 (3.1)

for the detection efficiency in the ion cloud case. Taking this value together with
eq. 2.56 for the emission rate, and assuming a buffer gas cooled cloud of ions at room
temperature irradiated by a 5 MHz laser, we get

Romas(T = 300K, Awp = 27 x SMHz) = 9.48 x 10~ —0%N1S (3.2)

pW x ion x s° -

If we assume 50 uW of laser power incident on the ion cloud and 50,000 ions in the
trap we get a predicted signal of R,,... = 13,000s~!. This compares well with observed
values (to skip ahead for a moment), but the assumed trap capacity is about an order
of magnitude less than the capacity predicted in Section 2.3.3. So we still have an
order of magnitude floating around—most likely in the trap capacity calculation. One
can also see that a room temperature single ion would be unobservable, producing
an Rmar of much less than 1 s=1. If we now consider a laser cooled single ion, using
the value of 3.9 x 10~* for the detection efficiency given in eq. 4.14, we have

counts

R,,.,,(T >~ IOpI\,AwL =27 X 5MHZ) = Gﬁlm.

(3.3)

With a laser stabilized below the natural width this may not improve very much due
to saturation effects (see the next section). While the counts per uW would go up,

the saturation power goes down by roughly the same factor. See Appendix A for a
summary of these estimates.



3.2.8 Laser Power Requirements

A general discussion of saturation power was given in Section 2.6. Substituting values
for the cooling and clock transitions into eq. 2.59 and assuming a laser width of 5
MHz gives _

PZ3H(T = 300K) = 402uW, (3.4)
PZ(T ~ 10uK) = 1.34uW, (3:5)

and
PorH(T =~ 10pK) = 1.24uW. (3.6)

The last value may seem high for a weak transition, but the laser is quite broad. If
we now look at saturation powers with a laser stabilized to 30 kHz we get

P (T == 10uK, Awy, = 30kH2) = 9TnW, (3.7)

and
Paok(T = 10pK, Awy, = 30kHz) = T.4nW. (3.8)

Finally, consider the saturation power for an ion which is initially at 1/10 the well
depth of our Paul trap (about 30,000 K, see Section 4.9) and a 5 MHz laser:

P (T = 30,000K, Awy, = SMHz) = 4mW. (3.9)

These values, particularly the last one, suggest that high power for the cooling laser
may be needed (since the 231 nm light must be generated by SHG, anything in the
mW region is considered high power). On the other hand, 1 uW from the clock laser
should be sufficient. This is partly due to the fact that the clock transition is so weak,
but also because we never intend to look at it unless the ion is already cold and the

Doppler width has been eliminated. See Appendix A for a summary of these and
other estimates.

3.3 Hyperfine Structure and Zeeman Shifts

While the J = 0 -~ J = 0 transition of In* is immune to Zeeman shifts in the fine

structure, this is not true of the hyperfine structure. Here the nuclear spin of 9/2
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results in 2 non-zero value of F and so a potential shift proportional to mr. With
the values tabulated in appendix A and using the following definitions:

_ F(F+1)+JJ+1)-II+1) ,F(F+1)=J(J+1)+I(I+1)
gr = 9gJ —~ 91

2F(F +1) 2F(F +1)
(3.10)
g = g% (3.11)
kB
_ eh _ KB _ 27 yp-1
BN = oMy = 1.836 x 105 — 5.051 x 107*°JT (3.12)
pup = 9.274 x 1072JT"! (3.13)
_JU+D)+LEL+1) - S(S+1) poJUFD - LL+1)+5(S+1) (3.14)
2J(J +1) gs 2J(J+1) ‘
gs = 2 (3.15)
1
gr=ELo (3.16)
enl

we can determine the various Zeeman shifts. The relevant g values are:

9s(°P) =3/2

91=9;2 = 6.668 x 10~*
gi=9/2 = 1.224
gF=11/2(3P1) = 0.273
gr=9/2(*P1) = 0.0606
gr=r72(*P1) = —0.333

There are three hyperfine lines associated with the cooling transition. In first
order perturbation theory, the hyperfine splitting is given by ([Woo080, p. 174]):

AEyr = (yYIJFME|A(J)I- 3|v1J F M) (3.17)

where 7 specifies the configuration and A(J) is the hyperfine structure constant.
Expanding I- J gives:

AEpr = SADF(F +1) = J(J + 1) = I(I + 1)]. (3.18)

o] =
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The value of A(J) can be calculated with reasonable accuracy for atoms with one
valence electron [Ram53, p. 10], but for atoms with two valence electrons (such as
Indium II) the situation is more complicated. Kopfermann [Kop58, p. 139] gives an
approach for this case which assumes that the contribution to the field at the nucleus
due to the excited electron is small compared to that of the unexcited electron. An
approximation to the hyperfine structure constant can be obtained by calculating
the constant as if the unexcited electron were the only valence electron. Using this
approximation,

AERE ~ AER = a,,Iscos(, 1) (3.19)

where a,, is the hyperfine constant for just one valence electron and the argument to
the cosine term is referring to the angle between I and s, in the vector model. With

cos(I,s1) = cos(I,J)cos(J,S)cos(S,s1) = 1/2 (3.20)
we get:
AJ)=xa,, = §Mg; =1.95 x 10722J. (3.21)
3 n3
This yields
AEjf ~ %a,, =220 x 1022J (3.22)

and corresponds to a frequency shift of Av = 331GH:. Unfortunately this is about
an order of magnitude too high (based on observations)! so the approximation must
not be appropriate for Int .

The hyperfine structure constant is obtained from observations by using the in-
terval rule [Woo80, p. 175]:

AE(F) - AE(F —1) = A(J)F. (3.23)

In our In* work we observed a difference in wave numbers? between the F = 11 /2
and F = 9/2 states of 1.30 cm~! which corresponds to a frequency shift of 39 GHz

! Measurements by Peik et al. [Pei94], Paschen et al. [Pas38], Larkins et al. [Lar93] and our own
work are in very close agreement on the hyperfine splitting.

2The error in the device measuring the frequency was in the last digit, but the measurement
was only made once so I don’t know what other errors may be present, and I don't attempt to
determine error bars.
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and an energy difference of 2.59 x 10-2J. From this we get a value for the hyperfine
structure constant of:

A(J) =4.70 x 107%4J = .237cm™L. (3.24)

If the ambient magnetic field is not zero there will be a Zeeman shift for each of
the magnetic sublevels. In the weak field regime where A(J ) > gsupB (for Indium
the weak field regime corresponds to B < 0.1 T):

1
J#0: AEry, = 5A(J)K + grupBM (3.25)

J=0: AFEpm, =gjupgBM; (3.26)

where K = F(F +1) -~ I(I + 1) — J(J + 1). From this we get a Zeeman splitting in
the excited state of:

AEZ =grupB (3.27)
and in the ground state of:
AE% = gugB. (3.28)

A 1 Gauss field gives AES = 2.53 x 107%J or Avy = 382kHz and AEY = 6.18 x
107'J or Avy' = 932Hz. The ground state shift is the same as that for the 3P,
excited state since J = 0 in both cases. So the Zeeman shift for the excited state in
the clock transition is roughly 400 times smaller than that of the excited state in the
cooling transition. At about 1 kHz per Gauss it can be reduced to the level of a part
in 10'® by shielding the ambient magnetic field to the uGauss level.

3.4 The Stark Shift

The Stark shift for trapped ions is problematic. In non-degenerate perturbation
theory the Stark shift doesn’t come in until second order and is usually small. This
is particularly true, as has already been pointed out, in the case of trapped ions
because the ion positions itself at the point where the fields cancel out. However
if there is a small DC bias electric field present then the ion is pushed to a region
where the psuedopotential is non-zero (so that it can cancel the DC bias). Since the
psuedopotential is being created by an RF field, the ion will now experience a non-

zero RF field even if it is in the zero point energy level of the psuedopotential. Put
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another way, the time-average of the field amplitudes experienced by the ion cancel to
zero, but the time average of the squares of these amplitudes do not. The quadratic
Stark shift is proportional to E? so the ion will now experience an AC Stark shift
because the time average value of E? is non-zero. Whereas the original DC bias might
have been quite small (on the order of a volt), the resultant time average value of E?
can be quite large because the amplitude of the applied RF is usually quite large (on
the order of hundreds of volts or more). Thus, if no DC bias is present, then the AC
Stark shift due to the trapping field will be zero. However, even if there is a small
DC bias, the Stark shift due to this bias should be small, but it will create an AC
Stark shift which can be quite large. Consequently DC biases must be avoided and
this is one reason why the heatable Paul-Straubel traps, which allow one to remove
DC-bias-creating impurities, are desirable.

3.5 Isotopes

There are only two stable isotopes of Indium: A = 113 which has a 4.3% natural
abundance and is completely stable; and A = 115 which has a natural abundance
of 95.7% and a lifetime of about 10 years (see appendix A and [Rag89]). Both
isotopes have a nuclear spin of 9/2 which makes it unnecessary in our initial work® to
determine which isotope has been trapped—both have the same level structure and

characteristics. The slightly different masses lead to slightly different trap secular
frequencies at about the 1 percent level.

3 Although Zhao et al. (Zha95] have used the slight isotope induced change in the secular frequency
to selectively load different isotopes and measure the isotope shift in Ba*t ions.



Chapter 4
EXPERIMENTAL APPARATUS

In this Chapter I will describe the apparatus used to trap single Indium ions.
It turned out that this was very similar to the apparatus used to trap large buffer
gas cooled clouds. The latter differed from the former primarily in that it had a
mechanism for introducing Helium buffer gas into the vacuum chamber and it used
a conventional RF trap with endcaps. The single ion trap used was a Paul-Straubel
trap.

4.1 Overview

See Figure 4.1 for a schematic of the apparatus. The light source consists of a dye
laser pumped by an ion laser. The dye laser output at 462 nm passes through beam
steering optics and then into a beam splitter. The beam splitter picks off a small
portion of the beam for locking and stabilization purposes. The first part of this is
a Tellurium saturation cell for long term stability. The laser is locked to a Tellurium
line and tuned relative to that line via the frequency of the voltage applied to an
AOM. Another piece of the picked off beam is sent to the short term stabilization
apparatus. Here the beam is frequency modulated and reflected off of a high finesse
cavity. The result is an error signal which can be used to stabilize the laser well
below the level of stability provided by the commercial cavity supplied with the
laser. After passing through the beam splitter, the primary beam then enters the
Second Harmonic Generation (SHG) Enhancement Cavity (EC). In the cavity is a
non linear crystal which doubles the fundamental into the second harmonic at 231
nm. The fundamental that escapes through the output coupler is blocked while the
UV is steered towards the trap vacuum chamber. It is focused into the trap with
a UV transmissive corrected lens. The vacuum chamber consists of a quartz tube
with quartz windows fritted on. Connected to the tube are a triode ion pump and
a Helium leak. The latter can be filled with Helium and pumped out whenever it

is needed. Fluorescence from trapped ions is then transmiited perpendicular to the
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laser beam into a spherical mirror. The mirror reflects the fluorescence back through
a correction plate and into the Photo-Multiplier Tube (PMT) where the light is
collected and transmitted to the computer. The correction plate in front of the PMT
is used to correct for astigmatism in the output beam.

4.2 Laser Sources

The laser used for the In* cooling transition is a Coherent 699-21 ring dye laser
pumped by a Coherent Innova 400-25 Argon ion laser operating in multiline UV
mode (for maximum power). The pump laser is fitted with UV optics. When it
was new, the pump laser produced 7.7 Watts CW with its power supply set to a
maximum of 60 Amps. After several months this was reduced to roughly 6 Watts
where it tended to stabilize. Initially a Coherent CR-12 ion laser was used as a pump
but it generally did not produce more than about 3.5 Watts. This was marginal
at best in the early stages of the experiment when maximum power was needed.
We were fortunate to have the use of the Innova 400 which was loaned to us from
the University of Washington Physics Department’s Laser Facility. In addition to
increased power, the Innova 400 has a servo mechanism to keep the power output
steady (“Power Track”) making it largely a turn-key system.

The pump laser drives the 699 dye laser which uses Stilbene 3 (also known as
Stilbene 420). With new dye and 5 W of pump power this laser produces up to
500 mW single frequency at 462 nm. With a pump power of 3.4 W the dye laser
occasionally produced as much as 300 mW. This quickly degrades however since the
dye has a lifetime of about 100 W-hours. It was not uncommon for us to run the
laser all day with 5 W of pump power. During these times it was necessary to change

the dye every few days.

4.2.1 Dye Change Procedure

The dye recipe used was 750 mg of Stilbene 3 dye dissolved in 1 1 of Ethylene Glycol
(EG). The procedure for mixing the dye was as follows. The dye, in powdered form,
was put in a small beaker and 100 ml of EG was added. This was placed on a
magnetic stirrer with low heat until no undissolved dye remained. Meanwhile the old

dye in the 699 dye recirculator is emptied by detaching the hose at the jet assembly
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input and placing it into a bottle while running the recirculator. To get as much
old dye out as possible, the recirculator pressure is turned up to maximum. The
hose is then reattached to the jet assembly and residual dye in the recirculator dye
reservoir is poured out. The recirculator is then turned upside down on top of a
bucket and the filter housing is removed, taking care not to lose the filter O-ring and
to keep track of its orientation with respect to the filter. The filter and O-ring are
removed and the housing reiustalled. The recirculator is taken off the bucket and the
dye reservoir is filled with Methanol. The recirculator is then turned on for several
minutes to allow the Methanol to clean out any remaining dye. The dye hose is again
disconnected and placed into a waste can and the recirculator is emptied as before.
With the recirculator again upside down the filter housing is removed and a new filter
(with O-ring correctly oriented) is installed. We found that it was essential for the
O-ring to be oriented and seated correctly. If either of these aren’t done correctly,
bubbles in the dye jet will result leading to large noise in the laser power. To best
seat the O-ring, I would first install it, along with the filter and filter housing, while
the recirculator was upside down and then tighten the filter housing further when the
recirculator was right side up and I was able to get better leverage.

Finally the remaining 900 ml of EG is added to the dye reservoir and the recircu-
lator is turned on. The jet pressure is set to approximately 40 psi. Allowing the EG
to circulate for several minutes will filter out many of the air bubbles. Once the dye
is completely dissolved on the stirrer I would usually place the beaker in a pan of cold
water and continue to stir (with the heat off) to bring the dye to room temperature.
The dye mixture is then slowly added to the dye reservoir. This is given several
minutes to mix in, at which point the dye change is complete.

4.2.2  Reacquisition of Lasing after Dye Change

In order to maintain high 699 power output, as the dye ages the pump laser power is
usually increased. Consequently, after a dye change the pump power is often higher
than necessary. When the pump power is increased, maximal 699 power is achieved
by defocusing the pump beam somewhat (moving the focal point further in front
of the dye jet). This is to prevent the thermal lensing effect whereby if the pump
beam is too strongly focused in the jet, thermal effects will destroy the quality of

the beam and result in overall power loss. After a dye change, the pump power is
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brought back down and the pump focus must be brought back in. Usually the 699
should lase immediately with little effort after a dye change. If it doesn’t. something
is probably wrong. One possibility is a dirty Intra-Cavity Assembly (ICA). We had
great difficulty for a period of time for this reason. Any change in one of the laser
cavity optics, such as changing the pump focus, would completely throw the laser
out of alignment. Presumably the thick etalon inside the ICA had “hot spots” where
there was no dirt. It took a great deal of effort to get the laser aligned so that power
was optimal and the beam was going through a hot spot. Any change in an optical
element would move the beam and reduce power dramatically. Finally we had the
ICA etalons cleaned by Coherent and the problem completely disappeared.

Another potential impediment to laser oscillation action can be incorrect dye
mixture which can lead to the wrong amount of pump beam absorption in the dye
jet. If one calls Coherent for technical assistance on a dye laser one of the first things
they will ask is whether the dye absorption has been checked. I got used to checking
it before I would call them and set up a pump laser high reflector (HR) on a thin
post that could be inserted into the 699 cavity to check absorption. The procedure is
as follows. First, turn the pump power way down to less than 10 mW. With the dye
jet off and the dye splatter shield retracted, the weak pump beam is reflected off of
the pump mirror through the dye jet area and onto the inserted HR. The HR then
steers the beam to a power meter. With the beam thus safely directed, the pump
power can now be turned back up to a normal value. The power is measured with
and without the dye circulating to find how much power is being absorbed. A value
of 75-80% is considered optimal by Coherent.

4.2.3 Jet Assembly Problems after Dye Change

If the 699 lases with correct power (250 mW at 462 nm with a pump power of 3.4 W
was considered normal for our Stilbene 3 system) after the dye change but is noisy,
it is likely that there are air bubbles in the dye mixture. These will generally be
cleared out by the filter after some time circulating. If they don’t, then it is likely
that some matter has gotten stuck in the dye jet nozzle. At this point two steps
need to be taken. First, an error in the seating of the filter is the likely cause for the
contamination of the nozzle so this must be checked and corrected. Second, to remove

the contamination, the nozzle must be cleaned. If the nozzle itself is removed to do so



this may result in considerable realignment effort when it is reinstalled. Consequently.
to clean the nozzle it is much better to remove the entire jet assembly which mates to
the cavity on 3 ball bearings. These ball bearings completely determine the position
of the jet assembly within the cavity and make reinstallation trivial. To remove the jet
assembly, retract the dye splatter shield, slide the rubber “boot” off the jet assembly,
remove the dye hose and loosen the screws just below the connection of the dye hose
to the jet assembly. The assembly will just lift out. I typically cleaned it by placing
it in a large beaker filled with Methanol and suspending the beaker in an ultrasonic
cleaner for about 10 minutes. Care must be taken not to let the jet nozzle touch

anything during the cleaning process as this could damage it.

4.3 Laser Stabilization

“When working with RF, if you design an amplifier you get an oscillator

and if you design an oscillator you get an amplifier.” — Fritz Toevs

In order to do high resolution spectroscopy a frequency stable clock laser is required.
This has not been done yet on the In* experiment. Though not required in principle,
we found it advantageous to stabilize the cooling laser. There are two reasons for this.
First, a stable cooling laser has a narrower line width and therefore a higher spectral
density. This makes it possible to get the same amount of ion signal with less laser
power. Less laser power means lower background and a better signal to noise ratio.
The commercial stabilization for the 699 laser supplied by Coherent gives a laser
line width of 1 MHz RMS at best!. By locking the cooling laser to a Fabry-Perot
Interferometer (FPI) we were able to achieve a laser line width of approximately 30
kHz, so it is possible to get an order of magnitude decrease in background with no
loss in signal. The second reason for stabilizing the cooling laser is that it becomes
possible to tune the laser closer to, but still below the ion transition frequency without
heating the ion. Being able to tune the laser closer to resonance means an increase

in signal with no increase in background. Both of these factors taken together make

! In our experience, the laser rarely did better than 5 MHz as measured against a Tez saturation
line. The 1 MHz value is determined by observing RMS fluctuations in the error signal. It doesn’t
take into account cavity drift or high frequency components which may lead to a broader line.
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it easier to see the weak cooling transition and make it possible to observe quantum

jumps using only this transition (see Section 2.7).

There are two sides to stabilization. First there is high frequency “jitter”. The
most likely cause for jitter in dye lasers is the presence of air bubbles in the dye
stream. A dye circulation speed of 1 m/s and an average bubble size of 1 ym will
give frequency excursions of roughly 1 MHz. The width of the In* cooling transition
is 360 kHz. To resolve this natural width the laser must be narrower than 360 kHz.
Ultimately, high resolution spectroscopy is performed on the “clock™ transition. For
In* the clock transition width is on the order of 1 Hz (1/2x7). Obviously the limiting
factor in the precision of this spectroscopy is determined by the stability of the clock
laser. Jitter is greatly reduced by locking the laser to a high finesse cavity using an
FM sideband technique. Hereafter I will refer to the stabilization of short term hops,

or jitter, in the laser frequency as short term stabilization.

The second stability issue is long term drift. Measurements on our 699 showed
that it drifts roughly 1 MHz/min. We would usually scan the laser frequency at 1
sec/channel where each channel would cover about 0.4 MHz. Even without the laser
stabilized for jitter the cooling transition linewidth was in the 10 MHz range which,
at our typical scan rate, would take about 25 s to traverse. In this amount of time the
laser drift is appreciable and effects the signal. Perhaps more important is the effect
that drift has on optical optimization. To get the best possible signal, one “parks”
the laser as close as possible to the ion transition without laser heating and then
tunes the optics for maximum signal strength. This is virtually impossible to do with
a drift of 1 MHz/min on a laser cooled single In* ion because the signal strength is
changing with the drift. To eliminate the drift the laser is locked to a molecular line
obtained from a Tellurium saturation cell. Just as important as eliminating drift is
the ability to roughly locate the laser in the vicinity of the ion transitions of interest.
This can be accomplished (expensively) with a wavemeter, however we were able to
do quite well simply using the Tellurium spectrum. The pattern of Tellurium lines
near the ion transition is unique and relatively easy to find. At the start of each
day it usually only took a few minutes of searching the Tellurium spectrum to find
the desired laser frequency. Hereafter I will refer to elimination of laser drift as drift

stabilization.
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Figure 4.2: Short Term Stabilization Apparatus
4.4 Short Term Stabilization

The FM sideband technique used to reduce the short term frequency excursions or
“jitter” is described in many places (see for example, [Dre83]). Here I will restrict the

discussion to our implementation of it; the optics and the electronics used for locking.

4.4.1 Apparatus

See Figure 4.2 for a diagram of the apparatus used for locking. A small amount of
the primary beam is split off and passed through an electrooptic modulator, or EOM,
(ConOptics model 370 [EOMCon]) which has a drive frequency of 23.5 MHz. The
optical axis of the EOM is positioned such that the beam is frequency modulated
(optic axis parallel to incident polarization) with sidebands at plus and minus 23.5
MHz from the laser frequency. A step-up coil is placed at the input of the EOM
to give an RF amplitude of approximately 100 V. The frequency chosen is based
on the availability of crystal oscillators and the desirability of having the carrier be

substantially larger than the frequency of the error signal (typically as much as 5
MHz).



48

The laser generates linearly polarized light in the vertical direction so this is inci-
dent on the stabilization optics. The light passes through a polarization beam splitter
oriented to transmit this polarization. Next the beam passes through a quarter wave
plate creating circular polarized light. This is now incident on our reference cavity.
For the cooling laser stabilization we found it sufficient to use as our reference cav-
ity a Tropel model 240 spectrum analyzer (Fabry-Perot interferometer). This cavity
has a mirror separation of about 5 cm giving a free spectral range of about 3 GHz.
The finesse of the cavity is 3000 so that the cavity width is about 1 MHz. Tropel
builds this cavity in the confocal configuration. If m and ! represent the transverse
mode numbers, n is the longitudinal mode number, and L is the cavity length then
for a confocal cavity, modes with the same value of 2n + m 4 I will have degenerate
frequencies [Sve89, p. 174]. The best signal is achieved when the beam is mode
matched into the cavity and only the TEMg, mode is resonant. To resolve all of the
modes separately, making it possible to determine when the cavity is correctly mode
matched, the degeneracy just mentioned must be removed. This is accomplished by

moving the mirrors just slightly away from their confocal arrangement.

Some amount of the circularly polarized beam is reflected off the cavity input cou-
pler (call this the input beam) and some amount leaks out of the input coupler after
being transmitted into the cavity (call this the output beam). These two beams pass
through the quarter wave plate which now produces linear polarization orthogonal to
the original polarization and they are reflected by the polarization beam splitter. The
reflected beams are detected with a high frequency photodiode. The sidebands on the
input beam have opposite signs for frequency modulation. Only the part of this beam
resonant with the cavity will leak back out as part of the output beam. In addition,
the output beam has a 180° phase shift (negative sign). When the laser is right on the
cavity resonance, the carrier will be cancelled by the addition of the input and output
beams leaving only the sidebands in the reflected input beam. This gives a DC signal
at the detector. If the laser is slightly off resonance, the amplitude of the carrier in
the output beam will be reduced and when it is added to the input beam carrier it
will not be completely cancelled. The signal at the detector will be a combination
of the sideband and carrier strengths plus two beat note components with opposite
signs and unequal amplitudes. The beat notes are produced by the sidebands beating

with the carrier which is only possible off resonance. As the laser shifts frequency up
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or down from resonance one sideband will be weighted more heavily than the other
and will contribute more positively or more negatively to the overall signal. That is,
while the resonance lineshape doesn’t change sign as the laser sweeps through the
resonance frequency, the detected signal does. Hence, as the laser shifts up or down
in frequency, the detected signal will follow a dispersion lineshape ideal for use as an
error signal.

By expanding the frequency modulated laser light in Bessel functions one can show
that a signal proportional to the error signal will exist at the modulation frequency,
23.5 MHz [Hal81, Hil87]. After amplification, the detected signal is mixed with the
23.5 MHz drive in a Mini Circuits SRA-1W double balanced mixer. The signal is now
being detected far away from the DC laser noise and, in general, the 1/f noise is much
smaller at the modulation frequency than at DC. Since the signal is proportional to
the amount of power in the sidebands it is necessary to maximize this power. It can
be shown that sideband power is approximately proportional to the product of Jp
and J;. This product is maximized at a modulation index. 3 = 0.8. For small 3,

2
e ~1-2 (.1)

and g2
BB =1~ 5 (4.2)

Since the detector sees intensity, we can determine that 3 = .8 when the carrier
intensity is reduced to 68% of its unmodulated value. Therefore, it is possible to
maximize the detectable signal simply by changing the amplitude of the RF voltage
applied to the EOM until the carrier is reduced by 32%. The amplitude is changed
by adjusting the position of the input line on the step-up coil attached to the EOM.

The signal is electronically integrated, amplified, and then fed back to the laser.
There are several transducers in the laser cavity driven by the stabilization electron-
ics. First, there is the galvo driven Brewster plate (“woofer”) and the PZT driven
High Reflector (“tweeter”). These are supplied by Coherent as part of the 699 and
are driven by the 699-21 servo loop. In addition we have inserted an intracavity EOM
(Gsanger model PM 25 [EOMGsa]) with very low loss, high transmission windows
tilted at Brewster’s angle. The two windows are oppositely tilted so that the beam
suffers relatively little transverse offset. This works well enough that the EOM can

actually be inserted by hand into the laser cavity without loss of laser oscillation.



These three transducers taken together provide a hierarchy in bandwidth. The band-
widths are about 100 Hz for the Brewster plate, tens of kHz for the tweeter and up
to a GHz for the EOM (though the electronics bandwidth limits the latter to about
1 MHz). They are operated in parallel by the electronics so at any given frequency
the transducer with the most gain dominates. As described in the next section on
the electronics, a clever technique takes advantage of the commercially supplied servo
loop for low frequency excursions and as a backup for the added high frequency loop.
If the high frequency loop looses lock, the circuit will automatically revert to the low
frequency loop until the high frequency loop reacquires lock.

4.4.2 Electronics

The electronics used for short term stabilization consists of several parts: error signal
detection, EOM drive, slow path transfer, and redundant cavity locking. The overall
design is based on the locking circuit described by Sandberg [San93]. The description
here is not exhaustive, rather I will focus on areas either that Sandberg did not cover
or that we did differently. The reader is referred to Sandberg’s thesis for more details.
See Appendix C.3 for schematics of our implementation.

The detection electronics consists of an RF photodiode, a low noise preamplifier,
and a power amplifier. This produces a signal which is mixed with 23.5 MHz provided
by a TTL oscillator. The result is a signal proportional to the error signal present on
the sideband. This error signal is fed into the EOM drive electronics which essentially
consists of two integrators. One of the integrators has high bandwidth and the sther
produces high voltage (HV). Since their outputs are not cascaded, but rather applied
to either side of the EOM crystal (the EOM case has two inputs) we get the advantages
of both without a two-pole rolloff. In addition to being applied to the EOM, the
output of the high bandwidth integrator is fed to the slow path transfer electronics,
which is used to match the gain of the high and low frequency transducers at the
crossover point. This in turn is fed to the redundant locking electronics, which is
used to drive the 699 servo loop in a clever way to be described.

The whole circuit, except the detector, is fit into a single Nuclear Instrument
Module (NIM)? and runs off of £12V and +24V. We decided to make NIM our

2Sadly, this nicely compact configuration didn’t work very well. It was necessary to pull the
oscillator out of this box and run it externally to avoid excessive pickup.
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standard for several reasons. First, once a NIM crate is located one does not need to
deal with the perennial problem of setting up separate dedicated power supplies for
every new piece of electronic equipment. This not only reduces clutter but simplifies
adding new electronics. The NIM crate will hold up to 12 separate modules all
operating off of the same set of internal supplies. Second, NIM power supplies are
generaily quite stable. Third, the NIM crate is generally more space efficient than
regular rack mounted boxes since electronics boxes rarely are large enough to really
require the whole width of a rack and can usually be fit quite comfortably into a
single NIM slot. When this is not true, double slot boxes or multiple boxes can be
used.

Detection of the error signal coming from the FP1 is accomplished using an EG&G
model FND-100Q fast photodiode. This diode has an active area of about 5 mm.
making alignment easy, and a bandwidth of 350 MHz into 50 ohms. The latter is
needed because our signal carrier is 23.5 MHz. Photodiodes can be operated in either
of two modes: photoconductive or photovoltaic. In photoconductive mode the diode

is reverse biased to give low junction capacitance:

4
- 1.92 x 10°A4, (4.3)
Ve(Vo + Vi)

where Ay is the active detection area of the diode, p is the resistivity (ohm-cm) of the
depletion layer, V; is the contact voltage, and V,; is the reverse bias voltage. A higher
reverse bias voltage results in a lower junction capacitance and higher frequency
response. In photovoltaic mode the diode is operated with no bias into a resistive
load. This configuration is good for detecting weak signals. We use photoconductive

mode because our signal is strong and fast.

C;

When designing a photodetector circuit it is essential to be shot noise limited.
That is, shot noise is unavoidable whereas other sources of noise, such as Johnson
noise, are dependent on the circuit. Ideally, all other sources of noise will be less than
the shot noise. For our detector the typical amount of incident light. P, is about 5
mW at 462 nm. The responsivity, R, of the FND-100Q is about 0.25 A/W at 460
nm. Thus the signal current is i, = RP = 1.25mA and the associated signal voltage

across a 1kQ resistor is V, = i{,R = 1.25V. The shot noise current is given by the

equation [Hor93. p. 432}:
Isy(rms) = 1/2¢i, B (4.4)
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where q is the electron charge and B is the measurement bandwidth—about 5 MHz
in our case. Putting our value for 7, in we get Isy = 45 nA. Therefore the shot noise
voltage across our 1kQ resistor is Vsy = IsyR = 45uV. Now the Johnson noise
voltage is given by [Hor93, p. 433):

V; = VakTRB (4.5)

where k is Boltzman’s constant, T is the temperature, R is the resistance and B
is again the measurement bandwidth. Substituting the relevant values gives, V; =
9.1uV. In other words V; « Vsy and we are shot noise limited as desired.

The preamplifier used is a CLC (Comlinear Corporation) 425 which has a very high
gain bandwidth product (GBP) of 1.7 GHz, low input noise voltage of 1 nV/VHz,
and a reasonable slew rate of 350 V/us. The 425 is configured as a transimpedance
amplifier with the gain being determined by the feedback resistor. The signal appear-
ing at its output is simply V, = —i,R;. A larger R; gives more gain but at the price
of increased Johnson noise (see eq. 4.5) and reduced bandwidth. The feedback values
of Cy = 2pF and R; = 1kQ give excellent Johnson noise and an adequate rolloff
frequency of about 100 MHz. Another aspect of choosing the correct feedback values
is a Comlinear recommendation that C; = C; where C; is the capacitance of the
diode. EG&G indicates that the diode has 8.5 pF capacitance at 90 V bias. Since the
capacitance is inversely proportional to the square root of the bias voltage (eq. 4.3),
the capacitance for our bias of 15 V is roughly 17 pF. In order to make C 1= 17pF
we would have to lower R; below that required for gain purposes. We chose to use
a lower value of Cy which seemed to work well. A signal is taken directly from the
output of the CLC 425 as the DC output. It is also AC coupled into a Mini Circuits
Mar-3 linear amplifier for power amplification. The output of the linear amplifier is
capacitively coupled to the AC output of the detector box.

The output of the detector is connected to a Mini-Circuits SRA-1W double bal-
anced mixer as the RF. The LO is taken from the 23.5 MHz oscillator that is used
to frequency modulate the laser. The result at the IF is a DC signal proportional io
the error signal that exists on the first sideband. The oscillator consists of a crystal
TTL oscillator followed by a low pass Butterworth “z” filter. The filter has 3 dB
attenuation at 40 MHz and roughly 50 dB attenuation at 50 MHz (second harmonic).
Thus only the fundamental at 23.5 MHz gets through and it produces a nice sine
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wave. The 23.5 MHz signal is passed through a phase shifter (which can simply be
a length of cable) before it is sent to the mixer. The output of the mixer (DC error
signal) is fed into the EOM drive.

The next part of the electronics is the EOM drive. This is really the heart of
the circuit as it consists of the integrators which apply the error signal back to the
EOM in the laser cavity. The approach is to take advantage of the two inputs to the
EOM, one for each side of the crystal. One side is connected to a wideband low gain
integrator and the other side is connected to a lower frequency high voltage integrator.
In this configuration, the advantages of both can be used without the usual two pole
rolloff associated with two cascaded integrators. For the large bandwidth integrator
we use another CLC 425. Sandberg [San93] uses an Apex WAOQ!I which has a much
higher slew rate (about a factor of 10) than the 425, but the latter is less expensive
and seems to perform reasonably well. However, this is one place where the circuit
might be improved in the future—especially if it were going to be used in a situation
that required much higher frequency correction. For the high gain integrator we use
the Apex PA85 which has a 450 V swing along with 1 MHz GBP. This op amp has
a bipolar power supply for better frequency response. The feedback capacitor and
resistor on the PA85 are set to give unity gain at about 1 MHz and a rolloff at several
kHz. At this point the CLC 425 takes over since it has appreciable gain beyond 100
MHz.

After being integrated by the 425, the signal is split into several parts. The first
goes directly to the laser EOM as the high frequency EOM drive, the second goes
to the “slow path transfer” circuit to be described shortly, and the third goes to the
input of the PA 85. In this last connection a potentiometer is placed in series to
control the HV gain of this integrator from the front panel. Also a FET switch is
inserted that turns the HV op amp on or off depending on whether the laser is locked
to the reference cavity or not. The FET is controlled by the “Lock Control” input
which is 0 V if the laser is not locked and -15 V if the laser is locked (the generation
of the Lock Control value is described in the redundant cavity locking part of the
circuit). If Lock Control = 0 V (out of lock) then the NPN transistor hooked up to
the gate of the FET will turn on and current will flow through the 10kQ resistor also
connected to the gate. This current will bring the gate low, turning the FET off.
The overall effect is to turn off the HV EOM drive when lock is lost. When lock is



reacquired by the redundant locking circuit the HV EOM drive is also turned back
on.

The redundant locking electronics is used to make the standard 699 servo loop act
as a backup for the high finesse cavity (referred to as the external cavity) based loop.
First, if the laser is locked to the external cavity then the error signal fed into the 699
servo loop comes from this cavity. This means that this ~rror signal is now driving all
of the laser transducers: the intracavity EOM, the tweeter and the Brewster plate.
At the same time, the 699-21 is generating another error signal relative to its own
cavity. Instead of feeding this back through the 699 servo loop (which is already
being driven by the external cavity error signal), this signal is integrated and fed into
the 699 external control. This keeps the 699 cavity in resonance with the external
cavity. So the laser is not only locked to the external cavity, but both cavities are
kept in resonance with each other. The redundant locking electronics determines
whether the laser is locked to the external cavity by monitoring leakage light from
the back of the cavity. This is referred to as “cavity photodiode in” in the circuit.
Now, if the laser is perturbed and looses lock to the external cavity, the HV EOM
drive is turned off and the error signal driving the 699 servo loop is switched from
the external cavity to the 699 cavity. The 699 is essentially switched to normal
operation. This is possible because the reference cavity has been kept close all along
by the redundant locking apparatus. As the laser is brought back into lock by the
699 servo loop, it is likely to cross resonance with the external cavity. At this point
the cavity photodiode will detect an increased signal and will cause the whole loop to
switch to the external cavity for its error signal. Thus, we are able to take advantage
of the larger linewidth of the 699 cavity. The larger width means that its error signal
has appreciable amplitude further away from resonance. We use this error signal after
a laser jump to bring the laser back into the range of the external cavity error signal,
at which point it takes over.

As has already been mentioned, the lock control signal is 0V — system out of lock,
and —-15V — system in lock. Additionally there is a master lock switch on the front
panel. In the off (down) position the switch simply holds the lock control signal at
ground thereby turning off the HV servo. This will override the lock detection circuit.
That is, even if the lock detect photodiode has a strong signal and the lock detect

circuit attempts to put -15 V on the lock control output, the master lock control will
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keep it at ground (which, in turn, keeps the HV servo off). In the on (up) position.
the connection to ground is open and as soon as the lock detect circuit sees the lock
condition it will be free to turn on the HV servo. Note that turning the front panel
switch to ON does not imply that the circuit is now or will ever be in lock. It simply
indicates that locking is enabled. An LED light directly below the master lock switch
will go on as soon as lock is actually acquired.

The slow path transfer electronics is sandwiched between the EOM drive and
redundant locking. Its purpose is to supply some tunable gain right at the cross
over frequency between the EOM drive and the slower transducers. This happens
somewhere near 30 kHz as indicated in {San93]. The additional gain at crossover
is supplied to make the transition from the domain of one transducer to another

smoother.

4.4.3 Servo Loop Stability

This topic is covered quite well in Sandberg’s thesis. A good knowledge of feedback
control systems (see ref. [Van86]) and phase locked loops (see ref. [Hor93, p. 641] and
ref. [Gar79]) is very useful. I have also found ref. [Sto76] to be quite useful for overall
op amp stability questions. Since the 699 servo loop is an integral part of the whole
circuit and its transfer function is not known, it is difficult to do a detailed analysis
of the entire circuit’s frequency response and stability. Nevertheless, it is possible
to makes some useful qualitative statements. There are essentially 6 elements to
consider. The Brewster plate (unity gain at about 100 Hz); the tweeter (unity gain
at 10 kHz); the external cavity (unity gain at about 10 MHz); the EOM (unity gain
at about 1 GHz); the wideband integrator (unity gain at several hundred MHz);
and the HV integrator (unity gain at about 1 MHz). If all of these elements were
in series then there would very quickly be an unstable phase shift (6 pole rolloff).
Instead, several components are in parallel and when their gain drops below 1 they
are effectively out of the circuit with no effect on an overall phase shift. This is true of
the Brewster plate and the tweeter. Above 10 kHz only the EOM, the cavity and the
two integrators have any effect. As described by Sandberg, the cavity pole at 1 MHz
is cancelled by an effective zero due to the flat frequency response of the wideband
integrator at this frequency. The EOM rolloff is at a high enough frequency to be of

no concern here, leaving just the HV integrator. Hence the whole circuit, which has
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Figure 4.3: Apparatus used to lock to a Tellurium molecular line.

very high gain (and multiple pole rolloff) at low frequency, is reduced to one which
has just a single pole rolloff at unity gain and is therefore stable.

4.5 Drift Stabilization and Location of Indium Transitions: Tellurium Saturation
Cell

See Figure 4.3 for a layout of the apparatus used to lock the laser to a Tellurium
molecular line.  This apparatus uses saturation spectroscopy [Cor77, p. 414] to
achieve a narrow linewidth and the FM sideband technique [Hal81] to derive an error
signal. A small amount of the primary laser beam is split off using a microscope slide
as a beam splitter. This beam is again split into two paths: one goes through an EOM
and then into the Te; saturation cell, while the other goes through an Acoustooptic
Modulator, or AOM, (ISOMET model 1205C-1) and then into the saturation cell
from the other side. Because the second beam is transmitted through the second
beam splitter it is the stronger of the two and is referred to as the saturation beam.
The other beam is called the probe beam. Because the two beams are oppositely
directed they interact with different “Doppler subgroups”. That is, because of the



Doppler shift and an atom’s velocity, it will interact with the saturation beam at
some frequency off resonance. However, the Doppler shift will be opposite in the
probe beam and the probe beam will not be resonant. If the probe and saturation
beams are not shifted relative to each other then only molecular velocities very close to
zero will interact with both beams simultaneously. This narrow band of bi-resonant
velocities gives rise to the saturation profile. As the laser frequency is scanned,
the saturation beam sweeps out a Doppler broadened lineshape and is given enough
power to saturate the transition. When the laser frequency is below the transition the
saturation beam is resonant with molecules traveling with some velocity towards the
beam. Meanwhile the probe beam is also sweeping out a Doppler broadened line, but
it is also interacting with molecules traveling towards it which are necessarily different
from those interacting with the saturation beam. As the laser frequency reaches the
center of the Te; resonance, both beams will be resonant with the same group of
atoms and because the saturation beam is saturating the transition, the probe beam
will generate no fluorescence. Hence, if the fluorescence from the probe beam is
monitored a Doppler broadened profile with a narrow dip in it will be observed. The
narrow dip is the basis for saturation spectroscopy.

4.5.1 Apparatus

In our apparatus a Te; line is chosen which is close to the desired cooling transition
and the laser is locked to this transition to prevent it from drifting. In fact, since the
pattern of Te; lines near this transition is unique, it can be used as a sort of “road
map” for finding the correct laser frequency when it is first turned on. We were able
to operate in this way without ever needing the use of wave meter except during
initial setup.

Of course there is no Te, line which exactly overlaps the In* cooling transition, so
the saturation beam must be shifted relative to the probe beam. In our case we were
lucky to have a Te; line within 100 MHz of each of the In* HF lines that could be
used for laser cooling. An AOM is inserted into the saturation beam and an RF signal
is applied to it. The In* 9/2 - 7/2 transition lies 68 MHz above the nearest Te;, line.
Therefore, if 68 MHz is applied to the AOM then the second down-tuned (towards
the transducer) sideband will be resonant with the Te, line at the same time that

the unshifted laser is resonant with the Int transition. Note that while the second
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sideband of the saturation beam is shifted a full 136 MHz from the fundamental, the
Doppler subgroup which is simultaneously resonant with both beams at a frequency
half way in between. So the second sideband gives the required effective shift of 68
MHz. The 68 MHz RF signal is also mixed with a 10 kHz chopping signal to facilitate
phase sensitive detection.

Both the saturation and probe beams are loosely focused by 250 mm focal length
lenses. This focal length was chosen to give a beam confocal parameter roughly
equal to the saturation cell size. After going through the lens the saturation beam is
reflected by a 50% beam splitter which sends it through the saturation cell. On the
other side of the cell the probe beam is modulated at 4 MHz by a ConOptics EOM.
The modulation of the probe beam gives an error signal as described in [Hal81] that
is ideal for locking purposes. After being modulated the probe beam is directed by
a high reflector into the saturation cell. The probe and saturation beams are made

collinear by overlapping spots on either side of the cell.

The cell consists of a 1 inch diameter Pyrex tube approximately 6 inches long
with diagonal windows roughly near Brewster’s angle. Several grams of powdered
Tellurium are introduced into the cell. A Tungsten coil is wrapped around the cell.
Each end of the coil is attached to the two output leads of a Variac which is used to run
a current through the coil and heat the cell. The cell and coil are fit snugly between
shaped fire brick which in turn is contained in an Aluminum box with holes at either
end for the cell windows. The box holes are covered by microscope slides to transmit
the light but retard heat loss. A thermocouple is inserted into the box so that it just
touches the cell. For optimal signal, the temperature of the cell must be set correctly.
Too low of a temperature and there isn’t enough vapor pressure of Tellurium. Too
high and the signal begins to suffer appreciable collisional broadening. The signal
strength was measured as a function of thermocouple voltage (hence temperature)
and an ideal setting of 16.1 mV was found. For our setup this corresponded to about
32.5 V on the Variac and a temperature of roughly 400° C (using the 25°/mV rule).
Other experiments in our lab had success using a commercially supplied Tellurium
cell, but these cells use a single isotope of Tellurium. We tried this, borrowing an
existing cell, and found that none of the Tellurium lines were within several hundred
MHz of our Indium lines. On a suggestion from Shawn Hartley, an undergraduate

working in our lab at the time, we decided to build our own cell with naturally
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occurring Tellurium isotope concentrations. This turned out to be very successful.
With the natural isotope concentration we found Tellurium lines within 100 MHz of
all three hyperfine In* cooling transition lines. This made shifting of the saturation
beam with an inexpensive AOM quite accessible. In addition, with the help of our
expert glass blower, Bob Morely, our homemade cell was substantially less expensive
than the commercial variety.

4.5.2 Electronics

On exiting the cell, the probe beam is transmitted through the 50% beam splitter and
detected by a photodiode. The signal from the photodiode is amplified and mixed
with the 4 MHz oscillator to get a signal on the sideband away from carrier noise.
It is then mixed again with the 10 kHz oscillator for phase sensitive detection. The
latter is done as usual to detect the error signal away from the laser frequency thereby
improving the SNR. See Appendix C.4 for a schematic of this electronics.

During most of the experimental work, the error signal was simply displayed on
an oscilloscope. The handy graduate student then completes the feedback loop by
manually operating the laser external frequency control and keeping the laser near
the desired frequency. This was quite sufficient for the ion cloud work that we did
where the linewidths were on the order of GHz (recall the laser drift is only 1 MHz per
minute). However, for single ions where the cooling transition natural width of 360
kHz is resolved with a stabilized laser, we needed to eliminate the laser drift. To this
end, the saturation cell error signal is fed into a simple single pole integrator. From
here it is fed into the external frequency control of the laser. This loop has perhaps
only 1 kHz of GBP, but that is more than enough to correct the drift which is quite
slow. It is important to note that the absolute position of the Te; lines is highly
dependent on the temperature of the cell [Mci87], so that temperature stabilization
is essential to high preceision work. The temperature of the Te, cell is not currently
stabilized.

4.5.83 Operation of Laser Stabilization Apparatus

First consider the short term locking electronics. As already mentioned, the electron-
ics box fits into a NIM crate and requires £12V and £24V power from the crate.
The inputs are:
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e RF ERR IN: the error signal from the detector/amplifier box.

o A REF IN: the box generates its own clock signal at 32.5 MHz. This was later
replaced with an external 23.5 MHz oscillator. This signal is applied to the
modulation EOM and is mixed with RF ERR to produce a DC error signal.
Because the modulated RF ERR signal may be phase shifted from REF OUT,
A REF IN is provided so that the phase of the reference can be shifted before
it is mixed with RF ERR IN. In addition REF OUT should be attenuated to
200 mV before being input to A REF IN. In the current configuration, REF
OUT is not used.

e 699 ERR IN: this is taken from the 699-21 control box board 1A9 between TP1

and R17. The circuit is broken at this point and routed to a back panel BNC
connector.

e LCK DET IN: the signal from the cavity leakage photodiode which determines
whether the laser is locked to the external cavity.

e + HV IN: the two high voltage supplies for the HV op amp. Ideally this should
be between £100 V and 200 V, but can be operated in the range: £15V to
£225 V.

The outputs are:

e REF OUT: the internal 32.5 MHz clock. This has been replaced by an external
23.5 MHz oscillator. The output of the oscillator should be connected to the
modulation EOM and, after phase shifting and attenuation, to AREF IN.

e 699 ERR OUT: the error signal that is applied to the 699 servo loop in place of
its own error signal. This is connected to the ERR IN connector on the 699-2]
backpanel that is connected to the other side of the break in the circuit at TP1
(see the description for 699 ERR IN).

¢ 699 EXT OUT: the error signal applied to the 699 external frequency control
to keep the 699 cavity in resonance with the external cavity.
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e SLOW EOM OUT: connected to one side of the laser EOM. This is the error
signal generated by the HV op amp.

e FAST EOM OUT: connected to the other side of the laser EOM. This is the
error signal generated by the wide band EOM.

e LOW VOLTAGE POWER OUT: on the back of the NIM module is a lab
standard £15 V and +5 V output to be connected to the power input of the
detector.

Other controls:

e SLOW PATH GAIN: gain adjust for the slow path transfer circuit. Adjust
to reduce oscillations at the cross over frequency between the slow and fast

transducers.
e HV GAIN: gain adjust for the HV op amp.

e LCK DET OFFSET: a trim pot on the front panel to set the point at which

the lock detection circuit decides that the laser is locked to the external cavity.

e LOCK SWITCH: the master lock input. When switched off (down) locking is
disabled and the 699 will use it’s own cavity for locking. When switched on
(up) locking is enabled and the laser will be locked to the external cavity as
soon as the circuit is able do so.

e LCK DET LED: is lit when the laser is locked to the external cavity.

e 699 LCK DET LED: is lit when the laser is locked to the 699 cavity (not yet
implemented).

Once the laser is locked to the external cavity, its frequency can no longer be tuned
by the external frequency control (either the front panel knob or the back panel
BNC). It can only be tuned by changing the length of the external cavity. This is
accomplished by changing the frequency being applied to the saturation cell AOM. A
change in this frequency causes a shift in the sideband thereby changing the lock point
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of the saturation cell. If the error signal from the saturation cell is now connected
to the external cavity PZT (instead of to the laser external frequency input), then
the external cavity will shift its lock point as well. In fact, this is how the whole
apparatus should be set up even if changing the laser frequency isn’t needed.

The connections to the saturation cell (drift stabilization) electronics are as follows

(going from left to right on the front panel).

e 4 MHZ IN: externally derived 4 MHz sine wave. This same signal should also be
connected to the 20 dB amplifier and then to the saturation cell EOM. For small

phase adjustments use the frequency control on the 4 MHz signal generator.

e 4 MHZ FREQ (pot): frequency of internally generated 4 MHz signal—not
currently used.

e PHI (pot): first pot from the left marked PHI. For adjustment of the internally
generated 4 MHz phase—not currently used.

e SIGNAL: input from saturation cell photodiode.

e PHI (pot): second pot from the left marked PHI. For adjustment of the inter-
nally generated 10 kHz chopping phase (used for phase sensitive detection).

e 180° PHI (switch): unmarked and below the PSD continuous phase adjust pot.
Used to shift phase by 180°.

e 4 MHZ (out): output of internal 4 MHz signal. Connected to EOM—not cur-
rently used.

e 10 KHZ (out): output of internal 10 kHz chopping signal. This should be
connected to the IF port of a double balanced mixer (SRA-1W). The LO port
of the mixer is connected to a signal generator capable of going up to 120 MHz.
The RF port of the mixer is amplified and then connected to the saturation cell
AOM. The result is a roughly 100 MHz chopped signal applied to the AOM
and used to tune the lock point of the saturation cell.
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e 7 (unmarked knob): sets the integration time constant to gain a better SNR at
the expense of slower response.

e LEVEL and GAIN (two unmarked pots): the LEVEL adjusis the zero offset
of the error signal, which is particularly useful if this signal is to be fed into
locking electronics. GAIN is as the name implies.

e OUT: error signal output. Connect either to the saturation cell locking elec-
tronics or to the short term stabilization external cavity.

The saturation cell is relatively simple to operate. After the spots on either side of
the cell are aligned a strong line is usually visible right away. Connect the output to
a scope and scan the laser frequency over a 10 GHz range (almost regardless of where
the laser frequency is, a 10 GHz range will include a strong T, line). Once a strong
line is located optimize the optics on either side of the cell for maximum signal (it
may be necessary to locate a weaker line if the original strong line begins to saturate
the electronics).

4.6 Second Harmonic Generation

For the In* cooling transition we need a laser beam at 231 nm. Since there are no
tunable lasers which produce this wavelength directly we must use frequency synthesis
techniques. The dye laser produces radiation at 462 nm which is then doubled to 231
nm using Second Harmonic Generation in a §-BaB,0, (BBO) crystal. Particularly in
the early stages of the experiment, when none of the optical alignment was optimal, it
was useful to have a large amount of power in the UV. Since the conversion efficiency
in BBO at our wavelength is roughly 10~%, we were getting only a few uW at best. To
improve on this we decided to place the BBO crystal inside an enhancement cavity.
In the next several subsections 1 will describe the crystal we used, the enhancement
cavity, and the electronics used to lock the enhancement cavity to the laser. The
latter makes it possible to tune the laser while still maintaining enhanced UV power.

4.6.1 BBO Crystal

For our first crystal we are indebted to John Sandberg who loaned us one that was
used for his Ph.D. thesis project at MIT. This crystal was AR coated for 486 nm and
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243 nm. These wavelengths were deemed close enough to ours that the crystal would
probably generate reasonable power for us. It was cut for Type I phase matching
(both input photons are ordinary rays) and a phase matching angle of 60°. The
crystal was positioned on a rotatable mount to facilitate angle tuning. It was held
in place on this mount by a small piece of copper bent to apply enough pressure to
prevent it from moving but not so much to damage it. We decided that this was a
better arrangement than some sort of set screw where damaging pressure would be
very easy to apply. With 300 mW of power at 462 nm incident on the crystal we
were able to get between 5 and 10 uW of UV out. Later, in the enhancement cavity.
we were able to get 100 uW of UV with only 50 mW at 462 nm.

This borrowed crystal did quite well, but we eventually ordered our own. The

crystal is placed at a waist in the enhancement cavity with wo = 20um. This Gaussian
beam has a confocal parameter of:

27w
A
where A = 462nm. If the crystal is non-critically phase matched (phase matching
angle between the second harmonic and the optic axis is 90°) the optimal crystal
length is 5.68 x b [Yar89, p. 401]. However, in our case the crystal was critically
phase matched. In addition, this formula doesn’t take into account the small degree

of angular acceptance in BBO. Angular acceptance is a measure of how much the

b= =5.44 x 1073,

beam can deviate from its phase matching angle before there is appreciable loss in
conversion efficiency. This becomes important for long crystals (more accurately, for
situations where the ratio of crystal length to confocal parameter is large) where the
Gaussian beam has expanded to the point where its “sides™ are propagating at a
different angle than its axis. A more sophisticated approach was therefore needed
to determine the optimal crystal length. The definitive reference on this subject is a
detailed paper by Boyd and Kleinman [Boy68). This paper covers all of the important
general points in great detail, but does not discuss BBO specifically. An approach
which covers BBO (and is much easier to read!) is provided by A. Steinbach, M.
Rauner, and J. Bergquist [Ste95. Rau94] who systematically measured conversion
cfficiencies in BBO while varying beam parameters.

In [Rau94] the crystal length is held fixed and Rauner attempts to find the optimal
waist. We have the opposite problem. We had already constructed our enhancement
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cavity along with its special optics and so our waist size was more or less constrained
to 20pm. In addition Rauner is doing all of his work at a fundamental wavelength of
915 nm and a doubled wavelength of 257 nm. Nevertheless, the indices of refraction
differ only slightly between his wavelength and ours. He was able to show that at 90°
phase matching where there is no walk-off (see [San93, p. 107] for a nice discussion of
walk-off), the optimal length occurs at | = 2.84 x b where b is the confocal parameter.
At the other extreme, where walk-off is large, the optimal length occurs at ! = 1.39xb.
Assuming for the moment that we have relatively large walk-off and using our confocal

parameter, we get a length of | =~ 8mm. To determine relative walk-off size, Rauner
defines the walk-off parameter,

B = p\flk, /2 (4.6)

where &y = 27/), is the wave number of the fundamental. A value of B = 0 corre-
sponds to no walk-off and a value of B > 10 is considered large walk-off. A length of
8 mm in our case gives a walk-off parameter of B = 15, thereby justifying the assump-
tion of large walk-off. Hence a length of 8 mm was chosen. An aperture, or effective
face size of 3 mm x 3 mm was chosen as adequate since the beam remains tightly
focused over the length of the crystal. I say “effective face size” because the input
and output surfaces were Brewster cut so the aperture refers to the cross sectional
area perpendicular to the longitudinal faces of the crystal.

When purchasing a doubling crystal one must decide whether to have surfaces AR
coated or Brewster cut. Losses due to reflection at the faces for a given wavelength are
probably less for a Brewster cut face than for an AR coated face. However, since the
surface can only be at Brewster’s angle for one of two orthogonal directions at a time
(recall that the fundamental and second harmonic have orthogonal polarizations),
not to mention only 1 wavelength at a time, there will necessarily be some loss in
one of the two wavelengths. On the other hand the faces can be AR coated for
both wavelengths. Other workers in the field [Ber94] have determined that if the
faces are Brewster cut for the fundamental, the small loss due to reflection of the
second harmonic is more than made up for due to the larger circulating power in
the fundamental. In other words, the small increase in the fundamental achieved
by using the Brewster face leads to a large increase in circulating power due to the
enhancement of the cavity. The second harmonic is even more dramatically effected

since its power goes as the square of the fundamental power. If one plans to use the
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Figure 4.4: The BBO crystal viewed from above. The angle 8,4 is the cut angle. The
angle 0p indicates that the beam is incident on the crystal face at Brewster’s angle.
Brewster’s angle for a beam that is to propagate along the crystal axis is achieved by
cutting the crystal at 8,4 = 0p.

crystal single pass with no enhancement cavity, then AR coating for the fundamental
and second harmonic is probably the best way to go. If the crystal is to be placed in
a cavity, the Brewster faces should be used. Of course this is only true if maximum
power is required. If this is not the case, the added difficulty of having to keep the
Brewster-cut faces free of water contamination (BBO is sensitive to 40% humidity

and above) may not be worth the effort.

The index of refraction for BBO at 462 nm (ordinary ray) is n, = 1.68214 [Kat86].
If we take n,;(462) = 1.00059 [CRC66] then Brewster’s angle at 462 nm is g =
59.26°. Figure 4.4 shows a diagram of the Brewster cut BBO crystal from the top
view. To obtain a refracted beam that travels parallel to longitudinal axis of the
crystal, the angle 64 in the drawing is equal to §5. Table 4.1 summarizes the pertinent
parameters for the Brewster cut BBO crystal that will replace the AR coated crystal.



Table 4.1: The pertinent parameters for the Brewster cut BBO Crystal.

Indices of Refraction
n,(461.2nm) = 1.68214
n,(230.6nm) = 1.80898
n.(461.2nm) = 1.56029
n.(230.6nm) = 1.64614

Brewster’s Angle
tanfp(462nm) = ﬁ‘.’—'('(%%
0p = 59.26°

Phase Matching Angzle

N ng < (w —n"
0,, = 60.05°

Walk-oft Angle
tanp = 1n?(w)(n;?(2w) — n;%(2w))sin2w,
p = 90.52mrad

Cavity Waist
w, = 20pm

Confocal Parameter
b= 24 = 5.45 x 10-3

Crystal Length
l~1.5xb=8mm

Walk-off Parameter
B =pJ/Tk /2 =15

Aperture

a=3mm x3Imm
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4.6.2 SHG Enhancement Cavity

Before going into detail on the SHG enhancement cavity (EC), I will give an overview
of how it works and how it is locked to the fundamental beam. The schemes used
have been described in the literature [Han80, Ber82] so the description here will not
be comprehensive but rather should be viewed as complementary and focusing on
our implementation. There are two components to the operation of the EC. F irst,
is the enhancement of second harmonic and second is the locking of the EC to the
fundamental so that the frequency can be tuned.

The enhancement of the second harmonic is achieved by making the circulating
power at the fundamental inside the cavity greater than the power incident upon it.
The amount of enhancement is determined by the losses in the cavity, so great care
is taken to make the mirrors highly reflective. It turns out that the optimal input
coupling is that which matches the losses in the rest of the cavity. Consequently, one
usually obtains the best mirrors possible, calculates losses due to other intracavity

elements such as that due to the doubling crystal and the output coupler, and then
tries to match the input coupler to equal this value.

In our cavity there are two waists. The BBO crystal is placed at one of these which
is just before the output coupler. The output coupler is chosen to be highly reflective
in the fundamental and yet transmissive in the second harmonic. Consequently, the
second harmonic does not circulate in the cavity and is not directly enhanced by it.
Rather it is the fundamental that is enhanced. In this way the cavity need not have a
high Q at two different frequencies. Once the fundamental makes a round trip, it now
joins up with light entering the cavity. For these two to add effectively, they must
be in phase and mode matched. The phase relationship is handled by tuning the
length of the cavity. The mode matching is accomplished by placing two translatable
microscope objectives at the entrance to the cavity.

It is simple to make a cavity resonant with incident light by changing its length.
However any perturbation will knock the cavity out of resonance, not to mention
the fact that the fundamental cannot be changed without losing resonance. Hence
the cavity must be locked to the fundamental. This handles both noise shifts and
intentional tuning. The locking scheme used, cleverly takes advantage of polarization
sensitive elements in the cavity, and produces a discriminant with long tails to handle

the inevitable frequency jumps and subsequent loss of lock.
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The basic idea of the locking scheme is to translate a phase shift between the
incident light and the light that would be resonant with the cavity into a voltage
error signal. On resonance there is very little loss inside the cavity and so light
passing through the cavity receives very little phase shift. However. off resonance the
cavity has appreciable loss and there is an associated phase shift. So off resonance
the light reflected off of the input coupler and the light which escapes out through
the input coupler after circulating inside the cavity, are shifted in phase relative
to each other. In addition, the polarization of each beam is slightly rotated with
respect to the other due to the polarization sensitive nature of the BBO crystal.
Consequently, when the reflected and transmitted beams are recombined the result
is a beam with elliptical polarization. This is passed through a quarter wave plate
which reduces the elliptical polarization into two orthogonal beams 90° out of phase
and with different amplitudes. The orthogonal beams are then passed through a
polarization sensitive beam splitter so that the beams can be detected separately
in two photodiodes. The signals from the diodes are subtracted from each other
producing the error signal. When the cavity is on resonance the quarter wave plate is
rotated to produce equal amplitudes in the orthogonal beams and zero error signal.
Any deviation from resonance will cause one amplitude to change relative to the other.
The subtraction of the two signals gives a dispersive result. It is zero on resonance
and opposite in sign above and below resonance. Hence, it serves as a good error
signal and can be fed back to a PZT controlled mirror in the cavity to achieve lock.
Perhaps the biggest advantage that this scheme has over other locking schemes is that
the error signal produced has substantial “tails” that reach all the way to the next
cavity fringe. Consequently, no matter how far the cavity gets knocked out of lock,
it will always be able to reacquire lock automatically. In addition, the discriminant
is created by the cavity as it stands—no additional apparatus (such as a device to
frequency modulate the beam) is needed. All that is required is the A\/4 analyzer and
the error signal detector.

4.6.3 Cavity Optics

The mode matching into the cavity is accomplished using two microscope objectives:
one a 10x and the other a 4x. These are placed on a mount usually used for the

positioning of spatial filter optics. making it possible to finely tune the distance
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Figure 4.5: Second Harmonic Generation Enhancement Cavity.

between them. The cavity itself uses a bowtie geometry (see Figure 4.5).  For
ultimate enhancement one must carefully select cavity optics for low loss. Initially
however, our power requirements were not extreme and it was necessary to make
do with optics already in the lab where possible. The input coupler (IC) is a flat
dielectric coated laser mirror with 3.3% transmission (measured) at 462 nm. The
second mirror is a high reflector (HR) and has better than 99% reflectivity. In our
cavity the HR is positioned 171 mm from the IC. In between the IC and the HR is
an EOM used to modulate the cavity on and off resonance. This EOM is not part of
the enhancement or locking. It is used for the background suppression scheme that
is described in Chapter 5 and will not be described further here.

The HR is tilted at an angle just large enough to cause the reflected beam to clear
the EOM. This is the opening angle of the cavity. The larger the opening angle the
more the beams are propagating off the axis of the curved optics which are in the
cavity (to be described shortly). The greater the off axis propagation, the greater the
astigmatism that is generated. Consequently, the smallest angle possible is desired.
Since the Brewster faces of the BBO crystal introduce additional astigmatism, the
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crystal can be oriented (piane of incidence equal to the cavity plane) so as to use the
Brewster astigmatism to partially cancel the off axis astigmatism [Rau94]. This in
turn constrains the input polarization to be in the plane of the cavity as well.

The next optical element is the small PZT mounted curved high reflector called
the “tweeter”. The tweeter is placed 165 mm from the HR. We used a 699 tweeter
provided to us by Coherent Corporation which has a radius of curvature of 75 mm
and reflectivity better than 99%. The error signal generated by the cavity locking
electronics is fed back to the PZT attached to this mirror.

After the tweeter is placed the output coupler (OC) which also has a 75 mm radius
of curvature. Between the tweeter and OC, at the waist, is placed the BBO crystal.
The OC is specially coated to be highly reflective at 462 nm (better than 99%) and
highly transmissive at 232 nm (about 60%). Since the OC is transmissive in the UV,
the second harmonic exits the cavity here and the cavity need only be resonant with
the fundamental. The fundamental light reflected off of the OC is directed back to the
IC where it joins incoming light. Some of the circulating light is leaked out of the IC
collinear with light reflected off of the IC. Both of these beams, whose polarizations
are not the same, are reflected into the polarization sensitive beam splitter and from
there into the two photodiode detectors.

The total round trip length of the cavity is 57 cm giving it a free spectral range
(FSR) of about 530 MHz. We have measured the cavity enhancement factor, e, using
a technique suggested by Jim Bergquist [Ber94]. The value of e gives the ratio of
the circulating power to the incident power. This means that the amount of UV
generated by the cavity is e? times the power generated without it. Of course, losses
at the OC and other optics outside must be considered as well. For example, we were
able to achieve roughly 10 uW of UV single pass with 500 mW of incident power.
An enhancement factor of e = 15 should give 225 times more power in the UV with
the cavity or about 2.3 mW. This would be attenuated by about 50% due to the OC
transmission and other output optics to about 1.2 mW. In fact, we have observed
upwards of 1 mW, in basic agreement with this calculation. To measure e, a detector
is placed after the HR and the power is measured leaking out of the cavity. The IC is
then removed and the power is measured again. Let the first be Py, and the second
be Pi,;. Then e is the ratio of the two:

e = PhrO
Phrl

(4.7)
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This can be seen from the following. Let the incident power be P.. From the definition
of e, the power circulating in the cavity is e P,. If T}, is the transmission of the HR then
the power leaking out of the HR will be Py = eP.T,,. Now if the IC is removed,
the cavity is no longer resonant and the power leaking out of the HR is simply,
Piri = PT.. The ratio of Py, to P, is now clearly e. We found e changed from
day to day, no doubt dependent on how good our alignment was on that day. The
best I was able to achieve with these cavity optics was e = 24. Others [Rau94, San93]
have been able to get factors of 100 or more by employing better coatings on their
optics.

As already mentioned, the BBO crystal is placed at the waist which is formed
between the tweeter and the OC. The waist was numerically calculated to be wy =
24.3um with a confocal parameter of zp = 5.5mm. The waist was measured using a
knife edge technique to be wo, = 17.9 + 2.5um and wo, = 19.8 £ 2.5um where wo,
is the waist in the cavity plane and wg, is the waist in the plane perpendicular. In
this technique the distance required to change the beam attenuation (due to the knife
edge) from 10% to 90% is measured. Call this value Arjg.g. Using tables for the

error function it is then possible to determine that for a Gaussian beam,

_ Az1o-90

“o= T8 (48)

After leaving the cavity via the OC, the UV is passed through a prism to separate it
from the fundamental traveling collinearly with it. This pure UV beam is now directed
to the trap by a specially coated high reflector. Since the UV is the extraordinary
ray in the crystal, it is polarized perpendicular to the fundamental. The fundamental
emerges from the laser vertically polarized. It is convenient to configure the cavity
such that the plane containing the mirrors is horizontal. Initially, when using the
AR coated crystal, the fundamental polarization was perpendicular to the plane of
the cavity (there were no Brewster faces to correct off axis astigmatism so there was
no reason to rotate the fundamental polarization into the plane of the cavity) and
the UV was perpendicular to this, or horizontal. The UV was p-polarized, or in the
plane of incidence of the high reflector just mentioned, and the required angle was
unfortunately quite near Brewster’s angle. Careful coating of this optical element
made high reflectivity still possible. In the subsequent version of the cavity which

requires the fundamental to be in the plane of the cavity, the UV will now be s-
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polarized with respect to the output reflecting optic, making the reflectivity less of a
problem.

4.6.4 Cavity Locking Electronics

The circuit used to implement the polarization locking scheme is based on a schematic
published in John Sandberg’s Ph.D. thesis [San93] and also loosely on a schematic
designed by Bivomfield [Blo83]. One of the cavity mirrors is mounted on a piezoelec-
tric transducer (PZT) which is driven by the 3 pole filter contained in the circuit.
Normally, a 3 pole rolloff above unity gain would not be stable, but as [ will describe,
Sandberg modifies the feedback to address this. The following is an overview of this
circuit. See Appendix C.5 for the schematic.

Referring to this schematic, the input from the photodiodes is fed into an ad-
justable gain amplifier and then to an integrator network and a follower for monitor-
ing purposes. Each of the integrators in the network can be reset by turning on the
FET which is connected across the feedback capacitor. The first integrator in the
network is straight forward. The second two, however, have a resistor in series with
the feedback capacitor. At relatively high frequency the capacitor becomes a short
and the integrator becomes a simple inverting amplifier. The purpose of this is to
stabilize the circuit. At low frequency the three cascaded integrators give high gain.
However, at high frequencies each integrator will contribute 90° of phase shift and
if there were no resistors in the feedback the circuit would reach more than 180° of
phase shift before unity gain. The resistors cancel the phase shift at high frequency
because as inverting amplifiers these circuit elements now give exactly 180° of phase
shift each or a net phase shift of 0°. This leaves just the single pole rolloff of the first
integrator, thus acquiring only 90° phase shift and stable operation.

For the particular feedback values used, the cross over between integrator and
inverting amplifier occurs at roughly 1 kHz. For frequencies below this the gain (in
dB) is essentially the sum of the gains for the three integrators. For higher frequencies
the integrators turned amplifiers now have a gain of 0 dB so the net gain is just that of
the first integrator. Sandberg found that the gain was too high when the circuit was
out of lock and it would just oscillate. To solve this he put in an RC network which
disables the last two integrators for one time constant (about .5 s) after lock is lost.

After this amount of time the circuit has settled down, and with small excursions.



high gain can now be applied without oscillations.

A switch determines whether the integrated signal or an internal generated ramp
voltage is fed to the high voltage (HV) amplifier stage. The ramp voltage makes
it possible to scan the cavity across resonance. This feature is essential for optical
optimization. The switch is turned to scan mode and by adjusting the cavity optics
one is able to achieve maximum fringe height and a TEMg mode. The output
of the cavity is detected with a UV sensitive photodiode so that fringe height is a
direct representation of power. Lowest order mode operation is initially obtained by
reducing all but one mode per Free Spectral Range (FSR). Finally with the cavity
in scan mode, the fringe is made as “smooth” as possible, getting rid of higher order
modes which overlap the TEMg mode. The switch is then turned to lock and the
integrated signal is fed to the HV stage. The op amp recommended by Sandberg is
the Apex PAS8S. Its 450 V swing, 1 MHz bandwidth, and reasonable slew rate make
it an ideal candidate for driving a PZT. However its price is relatively high at several
hundred dollars. We used the much less expensive Apex PA41, which is a follow
on to the PA88 that has 350 V swing, comparable bandwidth and better slew rate.
This op amp is operated in single supply mode, but better frequency response can be
obtained by using a bipolar supply.

As mentioned previously, the error signal has tails that extend out to the next
(previous) cavity fringe. When the cavity goes out of lock it may go to a different
fringe as it reacquires lock. Eventually, the integrators and amplifiers will no longer be
able to provide gain for the potentially large error voltage. To remedy this, the circuit
detects when the error signal is too large (either positive or negative) by running it
through two comparators. Each of the comparators has a level that can be adjusted
via an internal trim pot. If the error voltage is too large, a 555 timer chip fires a
pulse which turns on the integrator feedback FETs, thereby resetting the integrators.

Lock is then reacquired on the nearest fringe.

4.7 Beam Shaping and Input Optics

Having generated the UV light, it is now necessary to focus it into the trap. Since
we do not have non-critical phase matching in BBO (8, # 90°) the UV beam that
comes out of the cavity has a large degree of walk-off. In our case the walk-off is in the

horizontal plane because that is the plane of the extraordinary ray. The result is that



outside of the cavity the beam is stretched into a highly non-Gaussian, rectangularly
shaped profile. This beam can be difficult to focus tightly and as a result can create
large amounts of scattering background as it passes through the trap. As has already
been mentioned, in addition to walk-off there is astigmatism in the beam, due to the
off axis propagation through the cavity (made worse in our case by the presence of the
intracavity EOM which increases the cavity opening angles and places two Brewster
windows in the path of the beam).

It is possible to greatly reduce the astigmatism. The first approach is to use
Brewster faces on the BBO crystal in the enhancement cavity {[Rau94]. To make
this work the plane of incidence of the Brewster face must be the same as the cavity
plane. In our case, we want the cavity plane to be horizontal so that necessitates
rotating the polarization of the fundamental before it enters the cavity. Outside the
cavity, standard techniques for correcting astigmatism can be used such as combining
a spherical lens with a cylindrical lens. Astigmatism means that if a lens is placed in
the beam, two orthogonal components of the beam will focus at different locations.
If a cylindrical lens is also placed in the beam such that it is focusing one of the
components and not the other, then adjustment of the various lens positions can

make both components focus at the same point.

In contrast to astigmatism it is very difficult to correct the walk-off. An output
lens is placed directly after the output coupler to minimize the divergence of the
beam. The placement of this lens can also have a small effect on the aspect ratio
(the ratio of the lengths of the long dimension to the short dimension of the beam
profile) of the beam. One interesting approach that actually corrects the walk-off is
to use two doubling crystals configured such that the walk-off in one is cancelled by
that of the other [Bos89]. This technique is difficult to implement, especially in an
enhancement cavity (not to mention that it requires two crystals) so we didn’t pursue
it. Techniques used for correcting astigmatism, such as the cylindrical lens approach
or taking a normal lens and tilting it, seem to also improve the appearance of the
unfocused beam shape. However, my experience was that these techniques did not
have a dramatic effect on the shape of the focused beam and, more importantly, on
the background. There was usually still a long and short dimension to the focused
beam, even if the symmetry of the unfocused beam appeared better.

Another approach that we used was spatial filtering. We noticed that, to the eye,



the beam intensity seemed uniform across its profile, but the actual intensity was
concentrated in one portion of the profile. We were actually able to get 60-70% of
the light from 10% of the profile by using a partial beam block. Strictly speaking,
this is not spatial filtering but did have a similar effect in that stray light is being
removed. While this would improve our ultimate spot size (in both directions), it was
very sensitive to beam alignment. Slight changes in beam position due to laser shifts
or enhancement cavity shifts would have dramatic effects on how much light was
being passed through the partial beam block. This necessitates constant vigilance in
keeping the alignment correct and was deemed not worth the modest improvement.
We also used “real” spatial filtering in which the beam is first tightly focused before
passing through a pin hole. The hope is that the parts of the beam that are not
tightly focused at the trap will also not be tightly focused at the pin hole and will
therefore be blocked. While we found this to be true (there was a definite halo that
was not being passed by the pin hole), it didn't seem to have a dramatic effect on
the background. Again, this approach was not made part of the apparatus because
it didn’t seem worth the added complexity.

To determine improvement in beam characteristics, the ultimate test is how well
the beam focuses through the trap. By placing a fluorescent card on the opposite
side of the trap from the input beam we could observe it being cut off by the trap
as we moved the beam transverse to its axis. Essentially, the trap serves as a knife
edge and optimal focus occurs when the image is cut off with the shortest transverse
beam displacement. In addition, at optimum focus, the direction of cutoff appears to
rotate 90°. By adjusting the position of the enhancement cavity output lens relative
to the output coupler to get a roughly symmetric output beam we were able to get
a focused spot at the trap of roughly 20-40pm in one direction and 60-80um in the
other. While this was satisfactory, it is one area where significant improvement is

needed.

The beam is directed from the SHG cavity to an expanding lens which is used to
increase the spot size before the beam is sent into the final focusing lens. The focusing
lens is placed at the base of the vacuum chamber and the beam is reflected up into
this lens and focused into the trap. The beam is expanded before being focused so
as to get the tightest possible spot at the trap. This means that a large part of

the aperture of the focusing lens is used and it must be corrected for spherical and



chromatic aberrations. We already had such a corrected lens with an f /5.6 aperture
from a previous experiment that was also transmissive in the UV. This aperture was
sufficient to not limit our focused spot size. Since the focal length of the focusing
lens is 85 mm and the distance from the lens to the trap is over 20 cm, the expanding
lens also serves to adjust the focusing point to the location of the trap. During initial
optical alignment, the position of the expanding lens is adjusted until the image of the
beam is sharply cut off by the trap as it is moved transversely. Fine adjustments in
the position of the beam, as it passes through the trap, are made by a two dimensional
translation stage. The micrometers attached to the stage have micron precision and
very little hysteresis. In addition to focusing the beam, the typical input alignment
procedure consisted of translating the input beam with the 2-D stage. The amount
of translation required to cut the beam off on one side, to cutting it off on the other.
(in both directions) is used to center the beam in the trap.

4.8 Vacuum Chamber

The vacuum chamber containing the trap consists of a quartz tube with quartz win-
dows fritted on (see Figure 4.6). It was manufactured by our glass blower Bob
Morely. In fact, this was intended only as an initial design for testing purposes, how-
ever our final design using a stainless steel tube ended up being not as good. Only
sapphire windows are available on a conflat flange for mounting on a stainless steel
base. It is difficult (expensive) to get Sapphire windows welded to the stainless steel
knife edge flange in sizes greater than about 1 inch. On the other hand, quartz win-
dows in just about any size can be obtained and these are easily fritted onto a quartz
tube. Large windows make large opening angles for output optics more accessible.
The advantage of the stainless steel tube is that everything on it can be removed and
replaced by simply unbolting it, whereas the quartz tube requires the glass blower to
make changes. Nevertheless the need for large UV-transmissive windows was essen-
tial so this was the design used. In addition to the size issue. quartz windows have
substantially better transmission than Sapphire at our wavelength.

Our tube consists of quartz plates fritted onto the main structure for the in-
put/output windows and glass-to-metal seals attached via a knife edge flange for the
pump and electronic feedthroughs. The input window is at the bottom and requires
the beam to be directed upward to reach the trap. It is fritted on at roughly Brew-
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ster’s angle and the small amount of light that is reflected off of its surface is detected
and used to monitor the background suppression modulation (see Chapter 5). The
window directly above the trap is used for beam focusing and alignment using a flu-
orescent card. The windows in front and in back of the trap are the output windows.
The plane of the trap is positioned so as to reflect light coming from the input window
away from the primary output window which is in front of the trap. This tends to
reduce the amount of background light scattered into the detection apparatus.

The electronic feedthrough consists of an off-the-shelf glass-to-metal seal which we
then had modified by Morely to include 9 tungsten pins. On the vacuum side the pins
are attached to the various trap parts. At the base of each pin is a mushroom shaped
glass washer that protects the pins from being shorted to each other by deposits from
the oven. On the air side, the wiring to control the trap is connected (see Section 4.9
for details). Great care is taken to avoid applying sideways pressure to the leads.
Since they are made from Tungsten they are brittle, and in addition, the glass at
the base of each one can easily crack. To cut them to the precise size that we want,
we use an electric discharge machine (EDM) which cuts via a discharge between the
object to be cut and a cutting tip. A servo loop keeps the discharge current constant

so the cutting tip never actually touches the lead and no force is applied.

On the opposite side of the tube from the electronic feedthrough is the ion pump
attached with another glass-to-metal seal. We used a Varian Triode lon Pump which
is optimized for Noble gasses. Carefully following good cleaning and bakeout proce-
dures (see Section 4.8.1) we were routinely able to reach pressures in the 10~!! Torr
range. The emphasis on Noble gas optimization was to accommodate our early work
with buffer gas (He) cooled ion clouds. It was necessary to be able to effectively
pump out the buffer gas to search for single laser cooled ions and this pump was able
to go from 10~ Torr of Helium to an overall pressure of 10~!° Torr within hours.
In addition, our quartz windows are more permeable to Helium than glass windows.
Consequently, even without the introduction of the Helium buffer gas, we still need
the noble gas pumping ability. Due to the strong magnetic field generated by the
pump, it was enclosed in an iron sleeve. This reduced the magnetic field at the trap

from several Gauss to below the ambient Earth’s magnetic field of roughly 1 Gauss.

To load buffer gas into the vacuum chamber, a Helium leak is connected to the

side of the tube between the output windows and the pump. The leak consists of a



quartz finger attached to the side of the tube and contained in a2 quartz bulb. Since
the permeability of quartz to Helium is very strongly dependent on temperature. a
tungsten coil is wrapped around the quartz finger and current is run through it to let
Helium into the tube. The coil is connected to a Variac via a step-down transformer
supplying about 5 A of current. With this current the coil glows dull red. The bulb
surrounding the coil contains about 100 Torr of Helium. We found that with 5 A
running through the coil for about 10 minutes we were able to introduce about 10~°

Torr of Helium into the vacuum chamber. See Section 4.8.2 for more details on the
Helium leak.

4.8.1 Cleaning and Bakeout Procedure

In order to reach the ultra-high vacuum required for single ion trapping it is necessary
to thoroughly clean and bakeout the vacuum chamber. I will outline the procedure
we use here.

The cleaning of the tube itself was left to our glass blower as part of the tube
fabrication. The glass to metal feedthrough was placed in an ultrasonic cleaner,
first in a solution of trichloroethylene to remove oils and other organic compounds,
second in methanol to remove the trichloroethylene and lastly in acetone to remove
the methanol and possible water deposits. Great care must be taken to make sure
that no Acetone remains in small hard to reach places (such as inside the ovens).
A heat gun is quite useful in getting rid of residual solvent. In general, new items
such as the pump flange, are not cleaned since the manufacturer ships them ready for
ultra-high vacuum. However, anything that has been touched or worked with should
be cleaned using the same sequence of solvents. The exception, of course, is any part
that has already been used at vacuum successfully and has not been contaminated.

After cleaning is complete, the pump was connected to the tube (using a moly-
disulfide anti-seize lubricant on the screws to make later removal possible). A “T” is
connected to the pump flange and the tube. An OFHC copper pinchoff and a Nude
Bayard-Alpert vacuum gauge are all connected to the “T”. As a rule of thumb, a
knife edge flange should be tightened to the point where the two faces just touch.
The screws should be tightened down in “cylinder head” fashion to keep pressure
evenly distributed. If this is done correctly, then a relatively small torque will suffice

to tighten the screws until mating occurs. At that point it will become significantly
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harder to tighten any further and the job is done. If it becomes hard to tighten down
before mating occurs than the copper gasket is probably not seated correctly.

When all parts are connected, the assembly is leak tested. The leak testing device
is attached to the tube through the pinchoff (which is still open at this point) via a
liquid nitrogen trap. All attachments are made with rubber hose and hose clamps.
Very little, if any, vacuum grease is used on any of these connections. If it is used.
great care must be taken when bringing the tube up to air after the test. If significant
negative pressure exists when the rubber tubing is removed and grease is nearby, some
can be sucked into the tube. The trap is necessary to prevent oil from the mechanical
pump in the leak tester from contaminating the tube. Once the leak detector has
been cycled up to its best vacuum (usually there are several stages) Helium gas is then
blown over the tube. If no leaks are detected, then a needle is attached to the Helium
hose, and Helium is blown directly into the leak test ports on all of the flanges. If no
leaks are found, then the whole system is placed in a loosely fitting plastic bag which
is then filled with Helium. If the system gets this far, then leak testing is done.

To remove the leak tester, the rubber hose between the liquid nitrogen trap and
the tube is clamped. The cold trap is then removed from the nitrogen dewar and
brought up to room temperature while still being pumped on. Once it is clamped.
the hose connected to the tube can now be removed. This is done slowly so as not to
create too much of an in rush of air.

After the system has been successfully leak tested, it is then connected to the
bakeout system. Qur system consists of a sorption pump as the fore- pump and a 30
1/s ion pump. The sorption pump is first cleaned by attaching a heating mantle to
it and baking it for about an hour (a release valve on the sorption pump allows the
resultant out-gassing to escape). After the mantle has been removed and the sorption
pump has cooled somewhat, a liquid nitrogen dewar is attached to it and filled with
liquid nitrogen until boil off subsides. This is all done with the sorption pump closed
off from the rest of the system. The pinchoff on the tube is connected to the bakeout
port and a valve to the sorption pump is opened bringing the tube to moderate
vacuum (several mTorr). On the second and later tube recyclings this last step was
sometimes hindered by the presence of Helium in our system. Since Helium is far
from condensing at liquid nitrogen temperatures, we found it necessary to remove
residual Helium with a mechanical pump working together with the sorption pump.
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The sorption pump is allowed to pump on the system for roughly 30 minutes until
the pressure comes down below 5 mTorr. At this point, starting the ion pump can be
attempted. At this pressure, the ion pump will be working very hard creating several
hundred mA through its electrodes. The pump is unstable at this point in the process
because the current creates heat which causes a pressure increase. However, before
appreciable heating has taken place some pumping action will occur. Therefore, the
ion pump is switched on and the pressure is monitored carefully. Ac first it will go
down, and then due to the heating it will begin to rise. As soon as the pressure
starts to rise, the ion pump is turned off and allowed to cool. A fan, positioned
between the sorption pump and the ion pump, blows air cooled by the presence
of the liquid nitrogen onto the ion pump. This shortens the cooling time. This
procedure is repeated several times until the pressure is low enough that the pump
is stable (usually several mA of pump current). At this point the pump is switched
to “run” and the pressure should come down to under 20u4 of pump current within
several hours (perhaps longer for a new tube).

The next step is to construct an oven surrounding the tube. We have several oven
boxes whose enclosed volume we augment with fire brick. All cracks are “sealed”
with fiber glass. Copper leads are attached to the filament feedthroughs so that a
filament bakeout can also be accomplished in addition to the bakeout of the tube
as a whole. The copper wire should have no insulation and be attached to the
feedthroughs with alligator clips. A Chromel-Alumel thermocouple is also inserted
into the oven, just touching the tube, to monitor temperature. The ovens are con-
nected to a Variac which is set to 30 V to start the temperature increase. Both the
temperature (25°C/mV) and the pressure are monitored. The temperature should
not rise faster than 1°C/minute to prevent excessive thermal stress on the tube and
the pressure should not go higher than 1-2 mA of pump current to keep the pump
on. The Variac voltage is continually increased subject to these constraints until an
optimal bakeout temperature of about 350°C is reached. Done conservatively, this
takes most of a day and may require an ultimate Variac voltage of over 100 V. Once
the temperature has reached equilibrium at the desired value, the system is baked for
several days or until the pump current comes down to roughly 201 A. On one system
which had never been put under vacuum this took over two weeks! Typically 3-5

days is sufficient, especially with carefully recycled systems.
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When the system is finally cooled down, the same 1°/minute change should be
adhered to. As the ovens are cooling, the filament wires are connected to a Variac
via a transformer able to supply 5 A. A small opening is made in the oven and the
filament Variac voltage is turned up slowly until the filament glows yellow (roughly
the temperature it will be when it is used to create an electron beam for ion loading).
An inductive current meter is used to measure the current through the filament wires.
Not more than 5 A of current should be required to reach the desired filament glow.
Once this filament temperature is reached it is maintained for about 30 minutes.

With the filament bakeout complete and the ovens down to room temperature.
the ovens are removed and a gauge controller is attached to the tube’s pressure
gauge. The pressure should be in the 1078 Torr region or better. Next the pinchoff
connecting the tube to the bakeout system is pinched off forming a cold weld at its
tip. While this is being done, the pressure in the tube should be monitored for any
sudden changes—a sure sign that the pinchoff has been done incorrectly. The tube is
now free standing and the power supply for its own pump should be connected and
turned on. If everything has gone well the pressure should go to the 10~° Torr or
even the 1071 Torr quickly. However, I have had systems that started at 10~8 Torr
and eventually ended up at 10~ Torr or better, but took several days of pumping
to get there. At this point the tube is ready to be set up in the experiment.

4.8.2 Buffer Gas Plumbing

Initially, the Helium leak was sealed off once it was filled with Helium. This worked
quite well as far as getting Helium into the system, but quartz retains some perme-
ability to Helium at room temperature and so it continues to leak in even when no
current is flowing through the coil. The room temperature permeability of quartz to

Helium is:
1 em*(ST Pymm

G~10 em?[sec/Torr’

(4.9)

In words, 10~ cm® of Helium at STP flowing per second through a 1 cm? area 1 mm

thick and with 1 Torr pressure drop between the two sides. The leak rate is then,
Ri==—— (4.10)

where A is the cross sectional area of the membrane separating the two regions and

P is the difference in pressure between them. The quartz finger has a surface area of
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Figure 4.7: Apparatus used for loading helium buffer gas into the vacuum chamber.

about 30 cm?. The thickness of the membrane is 1.5 mm and the pressure in the bulb
is 120 Torr. Putting these numbers into eq. 4.10 gives, R; = 1.9 x 10~3Torr — I/sec.
For our bulb which had a volume of about 320 cm?, this gives an expected change
in pressure of about 5 x 10~3Torr over one day. We have observed on the order of
10~* Torr per day in rough agreement with this calculation. Obviously this is not a
problem during times when we want Helium to be in the system, but when we want
ultra-high vacuum it is disastrous.

We resolved this unwanted leakage by placing input and output ports on the leak
bulb allowing us to load the bulb with Helium when we wanted it in the vacuum tube
and removing it from the bulb at other times (see Figure 4.7).

The following procedure was used to operate this apparatus. First, it is necessary
to evacuate the bulb so that when we put Helium into it and we measure the pressure,
we will know that the pressure is entirely Helium. With all valves closed the pump
is turned on and the cold trap is placed in its liquid nitrogen bath. Pump valve
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2 is opened to evacuate the cold trap and then pump valve 1 is opened to pump
out the bulb. With the pump operating, the Variac is slowly brought up to a high
enough voltage so that the coil just begins to show dull red (with the 6 V step-
down transformer in use, we set the Variac at 70-80 V). Care must be taken here
because as the bulb is evacuated the coil is less able to dissipate heat and gets hotter.
Sometimes the Variac must be turned down from its initial value to prevent the coil
from overheating and causing damage. The heat provided by the coil allows the pump
to remove Helium impregnated in the walls of the quartz finger. This bakeout lasts
about 10 minutes.

Next, the bulb needs to be filled with Helium. The Variac is turned off and the coil
is allowed to cool down for about 10 minutes. Pump valve 1 is closed to remove the
pump from the system. The Helium tank regulator is turned on providing positive
Helium pressure at the Helium valve which is then opened. Helium then floods the
system up to pump valve 1 and the gauge can be used to estimate how much Helium
has been allowed in. Initially we put only enough in to just make the gauge start to
move (starting at about 50 mTorr). After much use, however, we found that allowing
a significant portion of atmospheric pressure of Helium worked better and wasn’t so
much that it flooded the vacuum system. When the desired amount of Helium is in
the bulb, the Helium valve is closed and the Helium regulator is turned off.

To put Helium into the vacuum tube, the coil is again turned on to the same
voltage as before. We found that leaving the coil on for 5-10 minutes gave us about
107 —10~* Torr of Helium in the vacuum tube. At this point, pump valve 1 is again
opened to remove the Helium from the bulb. The coil is left on as before, to get
the residual Helium out of the finger. We generally continue to pump on the heated
coil for up to an hour (since the Helium is now in the vacuum tube, other work can
continue in parallel). Finally the coil is turned off and the pump continues to operate
until the whole system is at room temperature.

4.9 Trapping Apparatus

During the course of the experiment several trap headers were built. The header
consists of the glass-to-metal flange, the tungsten feedthroughs and the apparatus
attached to them. Here I will restrict myself to a description of the two successful

systems we used; one for trapping ion clouds and the other for trapping single ions.
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Figure 4.8: Paul trap used to trap ion clouds.

I will have more to say on the other trap headers that we used in Chapter 6.

The header used to trap ion clouds consisted of a Paul trap (a toroidal ring and
two spherically tipped endcap electrodes)—See Figure 4.8. The trap geometry is the
same as that used by Gary Janik in his thesis on trapping Magnesium and Barium
ions [Jan84, p. 43]. The ring electrode was constructed out of .035 in stainless steel
wire bent around to form the ring at the end of a lead. The endcaps were made out of
1/8” stainless steel welding rod with the roughly hemispherical shape being achieved
on the belt sander. The ring diameter, 2rq, and the endcap separation, 2z, were
both 1.61 mm. The endcap and ring leads were wrapped in, and spot welded to an
advance strap. The advance straps were spot welded to the tungsten feedthroughs.
An RF drive with frequency = 27 x 10MH > and amplitude V5 = 400V is applied
to the ring electrode to give a secular frequency of wy = 27 x 1.8M Hz and a well
depth of Dy = 26eV .

As has already been mentioned, each feedthrough is fitted with a small glass

“mushroom” to prevent shorting. The mushroom is held in place by a small piece of
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.01 in Tantalum spot welded to the tungsten lead.

The ovens consist of .001” stainless steel shim stock rolled into a cylinder by
wrapping it around an extra piece of tungsten rod (the same used for the feedthrough
which is 12 gauge). The shim stock is first spot welded to the rod, then wrapped
around the rod and then spot welded where it overlaps itself. By gently twisting the
rod, the inner weld is broken without breaking the weld of the shim to itself and the
oven cylinder is removed from the rod. The oven is about 1/4 long and about 1/16”
diameter. A small portion of one end is crimped and spot welded to a .03” Tantalum
lead. Another piece of shim is wrapped around the open end of the oven and spot
welded to a second .03” Tantalum lead. A .01” Tantalum “hatch” is attached to
the open end of the oven and bent across the opening after the Indium is loaded to
prevent it from falling out. The two Tantalum leads are then spot welded to tungsten
feedthroughs via a 1 mil advance wrap (tungsten and Tantalum don’t spot weld to
each other very well but each spot welds to advance easily). About 40 J of energy
is required to spot weld 12 gauge tungsten to advance and 30 J to spot weld .03"
Tantalum to advance. A small strip of Indium, which comes in wire form with much
the consistency of solder, is inserted into the oven cylinder (after the whole apparatus
has been cleaned) and the Tantalum hatch is closed. Due to the high vapor pressure
of Indium a current of only 4 A run through the oven was usually enough to load
ions. Note that the melting point of Indium is about 150°C so it is important to
configure the oven in the vacuum chamber such that it never has its opening pointing
downwards. This is true for the configuration on the optical table and on the bakeout
system.

The current running through the thin filaments generates electrons which are
used as an ionizing electron beam source. Two .03” Tantalum wires were connected
to Tungsten feedthroughs in the usual way and bent around so that their ends were
parallel to the feedthroughs and about 1/4”. apart. The filament itself is made from
.008” 2% Thoria-impregnated Tungsten (to enhance emissivity). It is first etched in a
solution of Potassium Hydroxide to get it’s diameter down to about .006”. A section
of this is cut to fit between the two Tantalum holders and is carefully spot welded to
them with about 14 J. It is very easy to break the filaments with too much welding
energy. Since resistance is highly temperature dependent in these filaments, it is easy

to burn them out by simply applying a fixed voltage across them immediately. A
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constant current supply was built to provide an adjustable current of approximately
6 A. This resulted in about 254 of electron beam current at the trap—plenty to
ionize the Indium.

To direct the electrons being emitted from the filament, an anode with a small
hole is placed between the filament and the trap. There is a direct line of sight from
the filament, through the hole, to the trap center. The anode is kept positive relative
to the filament, thus attracting electrons which are then directed towards the trap.
In addition, the anode serves to protect the filaments from the ovens and blocks light
given off by the filaments from getting into the detection optics. The anode was
constructed out of a 1 cm square piece of 1 mil advance spot welded to a Tantalum
lead and positioned so that it partially surrounds the filament. Usually the anode as
well as the ovens and filament, are positioned on longer feedthrough pins than the

trap so as not to block any of the laser or fluorescence paths.

Several modifications to the header were made for trapping single ions. We used
a Paul-Straubel trap with no endcaps [Yu91)]. The trap is formed from a single piece
of 125 um (.005”) Tantalum wire. It is first bent around a mandrill and then twisted
around itself tightly. This forms the first lead. Next, a second mandrill of diameter
equal to the desired ring diameter is placed tightly against the twisted wire which is
then wrapped again to form the loop of the trap. The wire is then twisted around
itself again to form the second lead. Thin wire was used so that the trap could be
heatable, making it possible to drive off micromotion-causing impurities. The inner

diameter of our trap was 1 mm and with 125 um wire the effective lead thickness was
250 pm.

A Paul-Straubel trap is only able to approximate the quadrupole potential pro-
vided by a Paul trap. The closer the ion is to the center of the trap, the better the
approximation. The simpler design makes laser alignment easier, reduces scattering
background, and makes trap heating possible. The price of these advantages is an
increase in the RF drive amplitude required to produce the same well depth and a
large anharmonicity at a given distance from the trap center. An exhaustive numer-
ical analysis of these effects has been carried out on several trap geometries [Yu95].
In Section 2.2 I discussed the results of Yu's analysis which apply to a square ring
trap. While this reasonably approximates the trap ring that we use. it doesn’t take

into account the leads connecting the ring to the feedthroughs. We chose to use a



Table 4.2: Parameters of the single ion trap. Ry is the trap inner diameter, t is
the thickness of the trap ring, d is the lead thickness, V; is the amplitude of the RF
drive, § is the drive frequency, w is the secular frequency, D, is the well depth in
the z direction (trap axis), 3 is the calculated modulation index for a DC potential
of 1 V applied across the ring, L is the voltage loss factor for a Paul-Straubel trap
compared to a Paul trap, and C.4 and C,¢ are the anharmonic coefficients. As a side
note, Vo is measured by disconnecting any ground connections to the trap, turning
on the filament as an electron source and turning on the trap drive. Charge builds up
on the trap in accordance with the drive amplitude and the latter can be measured
with a high impedance probe attached to the trap electrode.

Ry = 1mm
t = .005:n.
d = .010zn.
Vo = 500V

N =2rx9.95MH:
w=2rx104MH:
D, =33V

B =68

L =537

C:4 =.105

C.¢ = —.687

trap that had a relatively good compromise between voltage loss and anharmonicity
in the analysis of the ring alone as a starting point. We then calculated the effect of
adding the leads to this geometry. The geometry we chose uses 5 mil (125 um wire)
forming a 1 mm diameter ring. Since the leads are twisted wire the effective thickness
is 250 um . With a radius of 500 um this gives an aspect ratio of A = t/ry = .5
where t is the thickness of the wire in the ring. When the analysis is carried out
on this geometry (including the leads), we get [Yu95a], for the fourth order term,
C4 = 0.105, for the sixth order term, Cs = —0.687, and for the loss factor, L = 5.37.
These are large anharmonicities but the loss factor is reasonably good. See Table 4.2

for a summary of trap parameters.

The trap is mounted to the tungsten feedthrough electrodes at an angle to break

the radial symmetry enabling the laser to cool in all three dimensions at once. Sce
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Figure 4.9: The Paul-Straubel trap used for single ions. Also shown is the mounting
angle used to break the trap symmetry. Note that the trap leads don’t show the wire
being twisted—difficult to do in my drawing program!

Figure 4.9. It is also coated with Aerodag, a flat black carbon layer which, it was
hoped, would reduce background.

In addition to the filament, field emission points (F EPs) were added to the single
ion trap header. FEPs can be easily manufactured, produce reasonable electron beam
currents and most importantly, produce no light background. We thought that using
FEPs for our electron beam source would make it possible to load ions and search
for an ion signal simultaneously since the weak signal would not be lost in the nojse
associated with the filament background. As it turned out, we almost always use the
filament but I will give the FEP fabrication procedure here since it may be useful in
the future.
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The FEPs are made from 3/4 in sections of 20 mil nonr-welding tungsten. Place
a tungsten section in a pin vise attached to a micrometer and set up the micrometer
so that it can be used to lower the tungsten section into an etching solution. The
usual solution is 8% KOH placed in a small beaker along with a metal plate electrode.
A voltage is applied between the immersed tungsten and the plate electrode with a
Variac that attached through a 6 V step-down transformer. A DVM is attached in
series with the Variac so that the current can be monitored. Insert the tungsten
into the solution .3 in beyond where the meniscus forms and raise the Variac voltage
until 360 mA of current flows. The tungsten will preferentially etch at the sharper
edges naturally producing a sharp point. The amount of current is proportional
to the surface area so as etching proceeds, the current will go down. When it has
reached 180 mA (about 10 minutes) immediately turn the voltage down until only
30 mA of current flows. Allow the solution to continue etching until the current is
further reduced to 20 mA and then turn the Variac off. Remove the tungsten from
the solution and wash with distilled water. View the tip under a microscope. If the
etching has been done correctly, the tip should disappear into the micron range. Such
a tip can produce greater than 1 uA of electron beam current when a 500 - 700 V
potential is applied. I attached several FEPs to the trap header by spot welding
them to a .01 in Tantalum lead (a tricky business at best since the slightest touch
of a FEP tip will destroy it) to form a sort of “Gatling gun” arrangement. For any
given voltage applied to the FEP electrode, only one FEP will fire (due to the highly
non-linear turn on characteristics). So, including others is simply insurance against
one burning out.

The ovens and anode are the same as for the ion cloud header except that the
anode is now used to direct a beam from the FEP as well as the filament and so two
holes appear in it. Since the trap has no endcaps, small compensation electrodes are
added. These consist of small 5 mm square pieces of advance spot welded to .01 in
Tantalum wires which are welded to the feedthroughs. The compensation electrodes
are placed perpendicular to the axis of the trap such that their centers are “pierced”
by it. They are far enough away that they don't interfere with the open Paul-Straubel
geometry but close enough to shift the trap center when as little as several volts are

applied (about 3-5 mm from the trap center).



DT o

SWR T Step-Up T } HV Mon.

HP 606A Amp. Coil
Sig. Gen. T
9.95 MHz

Figure 4.10: Block diagram of electronics used to generate the trapping potential.

4.9.1 Trapping Electronics

The electronics used to generate the trapping potential are shown in Figure 4.10.
The RF drive is generated by an HP 606A signal generator producing about 2 V at
9.95 MHz. Even though these generators are old, they are quite stable, and they have
been used in this lab for this purpose with good results. The amplifier is built around
an IRF 510 VFET and gives about 20 dB of gain. The schematic can be found in
appendix C.1. Following the amplifier the RF is passed through a standing wave ratio
meter (SWR) which gives a reading of how well matched the various components in
the circuit are by comparing the forward power to the reflected power [ARRL, p. 16-2].

SWR = iﬂ (4.11)

-p
where p = /P, /Py, P, is the reflected power and P; is the forward power (the lower
the SWR the better). The RF is matched into a step-up coil and the frequency is
fine tuned to optimize the SWR. We usually operate at a value of SWR = 1.5. The
output of the step-up coil is coupled directly to the trap and capacitively divided into
an HV monitor. The step-up coil provides another 20-30 dB of gain for an amplitude
of approximately 400-500 V at the trap. The HV monitor value has been calibrated
using the technique already mentioned of charging up the trap. The HV amplitude
at the trap is 149 times the amplitude measured at HV monitor.

The oven is very simply controlled by a Variac. Of course the actual current
flowing changes from oven to oven, but we found roughly 4 A sufficient for most
of our needs. See Chapter 6 for more details on oven operation and the loading
process. The filament is operated by a constant current power supply. Since the

resistance of the filament changes with temperature, if it’s power supply is simply set
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to a predetermined voltage with no constraints on the current, the filament can be
easily burned out. The constant current supply automates the process of bringing the
filament up to the correct voltage without causing damage. To turn on the electron
beam, a second switch is supplied which lowers the potential of the filament relative
to the anode by 100 V. Thus, electrons emitted by the filament are now attracted
to the anode, and go through the anode hole which directs them towards the trap.
When the electron beam is turned off, the potential of the filament is simply raised
30 V above the anode. Since the filament takes about 1 minute to warm up, the
electron beam switch allows the operator to turn the electron beam on and off at will
without having to wait for the warm-up. A microammeter is placed in series with
the electron beam switch and the filament making it possible to measure the electron
beam current (of course not all of this current goes directly to the center of the trap).
The compensation plates and the anode were generally kept at ground.

Much of this apparatus was placed under control of the data collection computer
while retaining the option of manual control. A Forth program called SCAN was
written to automate ion loading and spectra taking. When SCAN is started, it turns
on the oven and then waits for the number of seconds indicated in the command-
setable variable, OV-WAIT. After this time expires, the filament is turned on and
again the program waits, now for the time indicated in the variable FIL-WAIT. After
this time, the electron beam is turned on and then after the time indicated in EBEAM-
WAIT, everything is turned off. At this point, the loading process is complete. SCAN
then starts the laser frequency sweep and displays the detected counts on the data
collection computer screen. After a full screen of data has been collected. SCAN saves
the associated file and terminates. This program makes it possible to perform the
entire loading process, which might take 10 minutes, by entering just one command.
Other useful programs include LOAD-ION, which just does the ion loading part of
SCAN; DXA, which can be used to display a screen of data with blocks of channels
averaged; and ADDSCR, which adds two screens together—a manual integration.

These last two programs were written largely to assist in detecting small signals.

4.10 Detection Strategy

Detection of the ion signal was done in several stages. First, a buffer gas cooled ion

cloud was detected electronically. The coherent oscillations of the cloud in response
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to a drive voltage causes a small current to be induced in a tank circuit. Next, a
buffer gas cooled ion cloud was detected optically by exciting it with the laser and
collecting the resultant fluorescence in a photomultiplier tube. Finally there was
optical detection of a single ion. In what follows I will describe the apparatus used
for each of these cases.

4-10.1 FElectrical Detection

Basically, the idea in electrical detection is to apply a ramp voltage to the ring
in addition to the RF already being applied. A second RF signal is applied to the
endcaps to drive ion secular motion. The ramp causes the secular frequency to change
and as it comes into resonance with the endcap RF, a large coherent cloud oscillation
is created which induces a current in an LC tank circuit attached across the endcaps.
This current is picked up and amplified to produce the electrical detection signal.
This type of detection was particularly useful in the early stages of the experiment to
demonstrate that our loading mechanism worked (before the laser system was even
set up).

Figure 4.11 shows a block diagram of the apparatus used for electrical detection.
The normal RF drive at Q applied to the ring of the trap is augmented by a ramp
voltage at several hundred Hz. With just Q present the secular frequency of the
trap would be wo. The addition of the ramp shifts the secular frequency to wo + c.
Meanwhile a second RF drive at Q + w, where w = wy, is applied to the endcaps.
When the secular frequency of the trap, wp + ¢, is equal to «, the entire cloud will
perform a driven oscillation and its amplitude will grow until it reaches equilibrium
with various damping mechanisms present. The large amplitude coherent oscillation
at w of the ion cloud will induce a current in the LC tank circuit attached to the
endcaps. This signal at w is fed into a preamp and then into a phase detector. A
schematic for the preamp shown in Figure 4.11 can be found in appendix C.2. The
phase detector derives its quadrature information from an w signal obtained by mixing
the original Q ring drive with the Q + w endcap drive. Finally, the phase detector
produces a DC signal proportional to the amplitude of ion oscillations at « which
is further amplified and displayed on an oscilloscope (the scope is configured in XY
mode with the ramp voltage being used as X and the signal as Y). The result is a

roughly Lorentzian line shapc and is a good indicator of whether there are ions in
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Figure 4.11: Block diagram of electronics used for electrical detection of an jon cloud.
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Figure 4.12: Apparatus used for optical detection of ions.

the trap.

The anharmonicity of the trap can be demonstrated by making the well depth
smaller. This causes the amplitude of the ion oscillations to increase, thereby moving
the jon cloud further from the center of the trap where it does not have a perfect
quadrupole potential. The result is a frequency shift and an increased asymmetry
in the electrically detected lineshape [Lan76, p. 87]. The asymmetry is readily
observable on the oscilloscope.

4.10.2  Optical Detection

Optical detection of an ion cloud is accomplished by exciting the cloud with the cool-
ing laser focused into the trap and resonant with the cooling transition at 231 nm.
The ion fluorescence is collected by a spherical mirror which focuses it into a pho-
tomultiplier tube. Figure 4.12 shows the apparatus used.  The ion fluorescence
emerges from the ion cloud in a dipole pattern with an axis dependent on how the
polarization of the exciting beam is oriented. In our case the dipole axis is horizontal

and perpendicular to a line connecting the trap with the output mirror. A small



portion of it goes through the opening between the trap ring and trap endcap. This
light forms a cone which is collected by a 6 in diameter f/1 spherical mirror. The
mirror is positioned at roughly its radius of curvature (12 in) from the ion source so
that light from the jons will be focused onto a photomultiplier tube placed just below
and in front of the trap (outside the vacuum). This makes the collection efficiency of
the mirror effectively f/2 and therefore the collected output cone forms a solid angle
of 1/64 x 4= steradians (1/64 of the sphere).

Ideally, a fast corrected lens should be used on the output. These can be quite
expensive, especially if they are to be UV transmissive. As an intermediate step, we
chose to use a mirror instead. The mirror is about 2 orders of magnitude less expensive
than an equivalent aperture corrected UV lens, however it does have disadvantages.
First, our mirror is Aluminum with a Magnesium Fluoride coating. This is inexpen-
sive but has a reflectance at our wavelength of about 85% degrading somewhat over
time. This is certainly no limitation of the mirror approach, since a dielectricly coated
(more expensive) mirror could be used to get reflectance up into the 99% range. The
next concern is that the collected light is off axis. That is, the light is not reflected
directly back towards the trap, but slightly off to one side. This can introduce astig-
matism and coma into the reflected beam. Finally the distance from the PMT to the
mirror is not the same as the distance from the mirror to the trap causing additional
aberrations. Nevertheless, this approach had been used successfully in this lab and
so we decided to try it.

Just before entering the PMT, the fluorescence passes through an “astigmatism
correction plate”. The plate is simply a quartz window tilted at an angle with respect
to the axis of the fluorescence. The tilt angle introduces additional astigmatism which
can be used to cancel that caused by the off axis reflection. The correct angle is
determined with the following procedure. Fluorescent paint is placed on the side of
the pinhole plate covering the PMT aperture. The UV laser beam being focused into
the trap is tilted off the center of the trap until it is reflected off of the side of one of the
trap electrodes. The reflection now serves as a sample UV point source from very near
the trap center and can be used to get the output fluorescence focused into the PMT.
Since the reflected light is off axis, the induced astigmatism produces two different
focusing points in two orthogonal directions. The spot on the fluorescent paint never

focuses to a sharp point but goes from diffuse to elongated in one direction, to diffuse
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and then elongated in the orthogonal direction as the PMT is translated along the
light axis. The closer in space the two elongation points are, the less astigmatism
there is and the sharper will be the focus in between them. If the astigmatism is bad
then not only will some fluorescent light be lost, but light being reflected from the
trap may get in, thereby increasing instrumental scattering background. The angle
of the astigmatism correction plate is determined empirically by finding the point
where the two orthogonal foci are closest to each other. We have been able to use
this system to reduce a spot of several hundred microns to under 50 microns. While
this is a nice improvement, we still have a large background signal and it is most
likely caused by instrumental scattering getting into the PMT via coma (which is not
removed by the correction plate) and residual astigmatism.

After passing through the correction plate, the fluorescent light is then collected
by a PMT detector. The detector we use is a Hamamatsu R1657 side-on type pho-
tomultiplier tube. The photocathode material is Cs-Te which the manufacturer calls
solar blind. While we did find the detection to be greatly attenuated in the visible, it
is not completely cut off. It was still quite necessary to run with the room lights off
and our PMT shielded from ambient light sources. It is possible that our sensitivity
to room light was really to UV which is present in room light (particularly fluores-
cent lights)—we never pursued this enough to find out. The quantum efficiency for
this PMT at 231 nm is roughly 30%. Once the signal is collected by the PMT it is
amplified, discriminated and then sent to a pulse generator to create a TTL pulse
for each photon count detected. This TTL signal is passed along to the computer for
display and storage.

A pinhole is placed over the PMT aperture to prevent scattered light from be-
ing detected along with the signal. We used pinhole diameters between 50 um and
200 pm. As has already been mentioned, we put fluorescent paint on part of the
pinhole surface for alignment purposes. The presence of the correction plate compii-
cates alignment. Typically, alignment is accomplished by back-lighting the trap and
centering the reflected shadow of the trap on the pinhole. Normally, the fact that
the back-light source and the actual fluorescence are at very different wavelengths
wouldn’t make a difference. However, the correction plate is tilted and so it refracts
the beam (exactly the feature we are taking advantage of for correction). Of course

the fluorescent beam is refracted differently than the back light so it is not correct
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to center the shadow on the pinhole. Instead we calculated that the difference in
transverse position of the two beams due to refraction is about 400 pum (see Ap-
pendix B.1). We were able to determine this empirically by observing the position of
the optimal ion cloud signal and it agreed well with our calculation. More details on
the alignment procedure will be covered in Chapter 6.

In order to calculate an expected ion signal it is necessary to track all of the various
loss factors present between the generation of ion fluorescence and the detection
apparatus. Combining all of these we get an overall collection efficiency for ion
clouds:

Ecl = QEpmtTmeAphnorAinz- (412)

The quantity Q is the ratio of the detection solid angle to the sphere (with the ap-
proximation that radiation is isotropic instead of in dipole pattern—for our purposes
here this is a reasonably good approximation) and has a value of 1 /64. E,m is the
quantum efficiency of the PMT and is taken to be 30%. T, is the transmission of
the 4 quartz window surfaces: two for the vacuum chamber output window and two
for the PMT window. We used T, = (.96)%. The quantity, R.., is the reflectivity
of the output mirror and was taken to be .85. The quantities Ay, and A, taken
together represent what portion of the fluorescing region of the ion cloud is being
observed. Ay is the fraction of the cloud that is interacting with the focused laser
beam. Assuming a Gaussian beam (an approximation) with a 20pum waist intersect-
ing a spherically shaped ion cloud of diameter 20/ V10, we calculate Ain: = .00235.
A, is that fraction of A;,, which is not cut off by the pinhole and for a 75 um pinhole
we get A, = 1/6. Finally, T.,, is the transmission of the correction plate and is about
.7. All of this taken together gives:

E4=9.2x10"". (4.13)

For single ions, A;,; and A, do not enter in since we are dealing effectively with a
point source. Consequently in this case we have:

E,=QE, . .T,RnT... = 3.9 x 10°*. (4.14)

I have already mentioned that the photon counting data is sent to a computer
for display and storage. The computer used is a very simple Apple Ile. The decision
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to use this computer was based on several factors. First it was possible to obtain
working Ile’s from our University surplus for $25. At this price we purchased several
and had no shortage of spare parts. Second, we have an ongoing need to be able to
modify whatever data collection system we are using at a hardware level to interface
to various sources of data. Extensive experience exists within the lab making these
sorts of modifications to the Ile and so it was relatively easy to simply copy what had
already been done. The primary modification made in our case was the addition of an
interface board which reads the TTL photon counting signal and determines the total
number of counts detected per some predetermined unit of time. This information is
placed in registers from whence it can either be stored or displayed on the screen as a
function of time. In addition the board generates a ramp voltage which is sent to the
laser external control for frequency scanning. For each unit of time (a so-called “bin”
whose value is set by the operator), the voltage is incremented by 1/256 of the full
scale value to give 256 bins for the whole screen. Thus, when the computer is causing
the laser to scan its frequency linearly in time, the photon counts vs. time display on
the computer becomes a photon counts vs. frequency display, or spectrum. Far more
sophisticated data acquisition systems exist, but none cheaper or as simple to set up.
The automatic loading programs described in Section 4.9.1 are also on the Ile. Data
was easily transported by serial port to an Apple Macintosh system for analysis.

4.11 Background

The subject of background is a thorny one for this experiment. The elimination of
one of the sources of background required some hard work and a little bit of cleverness
and was a key to our success. Essentially there are two sources of background. First,
there is ambient light which comes from room light or any other surrounding light
source. It is usually quite simple (though perhaps not convenient) to eliminate this
type of background by enclosing the trap and detection apparatus in a box which
seals out light, and by taking advantage of the fact that the fluorescent light is at
a different wavelength than the ambient light (e.g., the use of solar bind detectors).
The second source of background is caused by scattering of laser light off of parts of
the trap and is called instrumental scattering. This light is at the same wavelength
as the fluorescence and comes from almost the same location so that the techniques

used to eliminate ambient background won’t work to reduce the scattered variety.
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Technically, scattered light can get into the detection system from other parts of the
experiment as well, but these are usually far away from the trap and can be shielded
by the same apparatus used to screen out ambient background. So when dealing
with instrumental scattering background we are talking about light scattered from a
region very close to the jon source—probably the trap electrodes.

Ideally, the pinhole in front of the PMT aperture should screen out even instru-
mental background and in fact it does a fairly good job of doing just this. For example.
if the output optics are set up to give 1:1 magnification, then the image of the trap
and the jon source at the PMT will be the same size as it is at the source. If the
pinhole is made smaller than the inner diameter of the trap and the optical imaging
1s perfect (no aberrations) then, by definition, no light except that coming directly
from the ion can get into the PMT. However no imaging optics are perfect and this
is especially true in our case where we have aberrations due to the geometry of our
optics. In non-perfect optical systems, points are not imaged as points. Rather, they
are imaged as a spread-out spot. These spots may be small and circular in the case
of diffraction limitations, or they may be large and irregularly shaped in the case of
astigmatism and coma. In this latter case, one point on the trap electrode and one
point in the center of the ion cloud might be imaged to two spots which overlap. The
imaged spot belonging to the point on the trap will be centered outside of the pin
hole, but because of its large irregular shape, some part of it is well within the pin
hole. Hence, we have introduced a rather insidious form of background at the same
wavelength as the fluorescence and we have no simple way of blocking it.

It turns out that with Int* even the instrumental scattering background can be
virtually eliminated (at the price of a relatively small amount of signal). This is the
subject of the next chapter on background suppression. Suffice it to say here, that
by sealing the trap from ambient light and by suppressing scattered background, we
were able to reduce our background signal from tens of thousands per second to under
30 counts per second. This was essential to seeing a signal which was initially only

50 counts per second.



Chapter 5

BACKGROUND SUPPRESSION

In the previous chapter I pointed out that background from light scattered off
of the trap electrodes needs to be reduced as much as possible. If one is detecting
a strong signal, background can often be subtracted out leaving the signal largely
untouched by excessive noise. However, if one is detecting a weak signal then the
large amount of noise that will accompany a large background signal may make it
difficult to analyze or even detect the signal. Since background noise usually goes as
the square root of the background amplitude (shot noise), when the background is
high enough that the signal to noise ratio (SNR) is 1, then the signal will become
increasingly difficult to pick out. This turned out to be the case for the In* cooling
transition. We needed a way to reduce background, or more importantly, increase

the SNR, by a significant amount.

One approach is to reduce the amount of scattered light that reaches the detector
without significantly reducing the signal. This can be achieved with a judicious choice
of PMT pinhole size. We eventually found that for single ions it was possible to make
significant improvements with pinhole sizes down to 50 um. However, this size was
difficult to use even when all of the alignment issues had been resolved (the smaller
the pinhole, the more critical the alignment into it). Before we had seen the first
single ion signal, the exact alignment procedure was yet to be determined and we

needed a bigger pinhole rather than a smaller one to alleviate the search problem.

Another way to reduce the amount of scattered light that reaches the detector is
to improve the output optics. As discussed in Chapter 4, the current apparatus uses
a mirror to collect ion fluorescence and focus it into the detector. This arrangement
causes two types of aberration. First, since the PMT must be placed below the trap
(so as not to block the fluorescence) there is astigmatism due to off axis propaga-
tion [Bor80, p. 211]. Second, due to the size of the vacuum chamber surrounding the
trap, the distance from the trap to the mirror and that of the mirror to the detec-

tor, are not the same. This, taken together with the off axis propagation, leads to
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coma [Bor80, p. 211]. Both types of aberrations cause unwanted scattered light to
be focused into the pin hole. One solution, of course, is to use a corrected lens. This
can be quite expensive, especially for a UV transmissive lens. However, such a lens
will be used in the future on the Indium experiment.

Another approach to background reduction is to reduce the amount of light that
is scattered. This can be done by changing the type of trap or its geometry, or by
improving the shape and size of the focused laser spot. Increasing the trap size is
not particularly practical since very high voltages would be required to maintain the
same trapping parameters. Improving the characteristics of the focused spot is a
good idea in general and we spent a great deal of time trying to do so on the Indium
experiment. Even though we were able to get some improvements, they weren't
dramatic (we needed at least order of magnitude improvements and we were getting
at best 50%). Improving the beam shape at the focus remains an open issue for this
experiment and one that should continue to be addressed. However, it occurred to
me that we might be able to modulate the laser light and take advantage of the ion’s
finite lifetime to greatly reduce the background. This turned out to be true and was
critical to our success in detecting the weak single ion signal. The technique that we
used came to be called background suppression and is the subject of this chapter.

5.1 Overview of the Background Suppression Method

By taking advantage of the finite lifetime of the In* cooling transition, it is possible
to eliminate the background by alternately turning the incident light beam on and
off and then only turning the detection on when the light is off. When the light is
off the signal can still be detected because of the transition lifetime but the back-
ground associated with the light is gone. The total amount of signal detected per
unit time is reduced (because it is decaying rather than steady and the detection
duty cycle is less than 100%), but since the background is not present, the signal to
background ratio may go up dramatically along with an improvement in the signal
to noise ratio. The amplitude modulation of the laser has a half period comparable
to the resonance lifetime of the In* cooling transition and the detector is on only
when the laser is off. The lifetime of this transition is 440 ns [Pei94] which makes
it possible to usc relatively simple electronics to produce the chopping signal and

detection gating. The modulation is accomplished by placing an EOM in the second



104

harmonic generation enhancement cavity and applying a square wave voltage to it.
This essentially changes the optical path length of the cavity (at the frequency of the
square wave) thereby taking the cavity in and out of resonance with the fundamental.
When it is on resonance, UV is produced. When it is off resonance, UV is greatly
reduced. Meanwhile, the detection is gated so that it is only on when the cavity is off
resonance, producing very little UV. With this modulation in place we have observed
a reduction in background by as much as a factor of 500 and an associated increase
in the signal to noise ratio by a factor of 5.

5.2 Theoretical Analysis of a Two State System Response to Square Wave Modu-
lated Excitation

We consider here a two level atomic system with excited state lifetime 7. The atomic
system is excited by a laser which is chopped on and off with square wave modulation.
The duty cycle of the modulation is not constrained to be 50%. With the laser power
near saturation the excited state population is nearly 50% at the end of one laser-on
pulse. During the subsequent detection time, 7; (and corresponding laser-off time).
most of the atomic system decays so an appreciable fluorescence can be detected.
Since the laser is off during this time the background is almost reduced to nothing
(see Figure 5.1).

To determine the optimal modulation period and duty cycle (the fraction of the
modulation period during which the detection is on) it is useful to calculate the
response of the system to a square wave modulation of the laser. To a first approx-
imation this can be achieved by analyzing an RC circuit driven by a square wave
modulated voltage. The results are essentially the same as those obtained by solving
the two state rate equations and are particularly useful in the case where the laser is
broad. However, if the laser is narrow (where narrow means that its coherence time
is long compared to the Rabi period of the two level system) then coherence effects
start to become important and a more general approach using the two level optical
Bloch equations in the Rotating Wave Approximation [Lou83, p. 54] is appropriate.
Taking into account the finite laser width, these equations are:

LASER ON:
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Figure 5.1: Schematic showing UV light modulation and detection gating.
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where p is the two level density matrix, V is proportional to the dipole matrix element

between the two states, wp is the transition frequency between the two states, w is
the laser frequency, é¢ is a random phase shift between 0 and 27 [Cut66], and 7 is
equal to 1/27. The quantity é¢ has a uniform distribution and is applied at a random
Poisson distributed time with mean equal to the laser coherence time to simulate the
finite laser width.

These equations can be solved exactly. While the solutions to equations 3 and
4 are just simple exponentials, the solutions to equations 1 and 2 are quite complex
especially when one accounts for arbitrary initial conditions. The complexity of the
solutions make them difficult to use, so we numerically integrate the equations with
a 5' order adaptive step size Runge-Kutta algorithm [Pre92].

This analysis was carried out in the specific case of the 552 'S, — 5s5p 3P,
transition of In*. The upper graph in Figure 5.2 shows the calculated excited state
population as a function of time for a given modulation period and duty cycle assum-
ing an ideal laser (infinite coherence time) with 100uW of power focused to a 40um
spot giving an intensity of 6.25W/cm?. The ion is assumed to be in an orbit smaller
than the focused laser spot, hence it is always being irradiated by the laser. This is a
good assumption for single laser cooled ions. The oscillations during the laser-on time
are due to Rabi flopping and suggest that if the laser-on time, 7, is a half integral
multiple of the Rabi period then maxima in fluorescence will be observed. Similarly

if 7, is an integral multiple of the Rabi period then minima in the fluorescence will be
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observed. Figure 5.3 shows the calculated fluorescence as a function of modulation
period for several duty cycles. The expected maxima and minima are apparent along
with an increase in fluorescence as the duty cycle is increased. The latter is explained
by noting that the population inversion due to Rabi flopping is greatest during the
first “flop” (spontaneous emission destroys coherence making subsequent inversions
smaller). A larger duty cycle means a shorter 7 corresponding to earlier inversions.
Thus, at the beginning of the laser-off time the excited state population is higher,
leading to more fluorescence. Figure 5.4 shows the same calculated fluorescence as a
function of modulation period, but now with a 10 MHz wide laser modeled by random
phase shifts as discussed previously. The same behavior of higher fluorescence for
shorter 7 is evident in spite of the added laser noise. This is not surprising since this
coherence effect takes place on the time scale of less than 50 ns whereas the laser
coherence time is 100 ns. Note that in Figure 5.4 (c) I have indicated points of local
maximum and minimum fluorescence. The reason for these extrema has been de-
scribed, but Figure 5.5 helps to demonstrate it visually (note that we are once again
assumning an ideal laser for simplicity since this doesn’t change the result). Graph
(a) of this figure corresponds to a .38 us modulation period (5x the Rabi period)
whereas graph (b) corresponds to a .45 us modulation period (6x the Rabi period).
In (a) we see that since the laser is being shut off at the maximum population in-
version (7; equals a half integral multiple of a Rabi period since in this case there is
a 50% duty cycle), the excited state population (and hence the fluorescence) stays
higher than in (b) where the laser is turned off at the minimum population inversion
(71 equals an integral multiple of a Rabi period).

From Figure 5.2 (b) it is clear that the optimal 7 is 1/2 Rabi period. Figure 5.6
shows calculated fluorescence vs. 7, with 7; set at 1 /2 Rabi period. This graph
predicts an optimal 7, of 350 ns giving a fluorescence over 90% of what it would be if
there were no modulation. This corresponds to a modulation period of approximately

388 ns and a duty cycle of 90.3%. An ideal laser with infinitely long coherence time
was assumed.

Solving the equations with a coherence time of 100 ns simulating a 27x10 MHz
laser width does not appreciably change the results since the flopping is happening on
a shorter time scale. In addition, note that while the inversion level dies out during

each laser-on time, it comes back up to its initial value after the laser has been off.
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This is due to the fact that during the laser-off time, the excited state population is
allowed to drop well below what would normally be the steady state level. Since the
two level system behaves almost exactly like an underdamped harmonic oscillator, as
long as the excited state population is below the steady state at the beginning of the
laser-on time, it will always overshoot beyond the steady state value when the laser
is first turned back on. Hence, the larger fluorescence obtained by taking advantage
of the Rabi flopping is not a transient effect and is present for macroscopic times as
long as the laser is being modulated.

It is interesting to compare this result with a similar calculation using the rate
equations. A rate equation calculation predicts an optimal fluorescence which is only
32% of the value obtained by leaving the laser on continuously. This is much less than
the 90% optimum predicted by the Bloch equations approach which should come as
no surprise since the rate equations will never show coherence effects such as the Rabi
oscillations that we have just taken advantage of.

In practice, our current electronics limits us to 400 ns pulses so we are not able to
take full advantage of the Rabi flopping. Figure 5.7 shows fluorescence vs. 74 with 7
held fixed at 400 ns. It is clear that a 74 of about 568 ns gives maximal fluorescence of
43.7% of the unmodulated fluorescence. A similar calculation including the finite laser
width (finite coherence time) gives a maximal fluorescence of about 35% occurring
at 74 = 440 ns as shown in Figure 5.8. Note that this is in agreement with the rate
equation result because our pulse is now substantially longer than the coherence time.
This combination of parameters has been implemented and the predicted fluorescence
observed.

5.3 Background Suppression Apparatus

As was mentioned in the beginning of this chapter, the amplitude modulation of the
laser is accomplished with an intracavity EOM (Gsanger model PM 25) in the SHG
enhancement cavity. The high bandwidth of this EOM makes it possible to generate
the RF modulation required to make this method work for allowed atomic transitions.
A 70 volt amplitude of the modulation suffices to shift the cavity off resonance by 4
to 5 half widths of the cavity fringe which is roughly a Lorentzian line shape. Since
the shift is occurring on the time scale of microseconds and the locking electronics

has only a kilohertz bandwidth, the shift happens too fast to cause the cavity to go
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out of lock. This shift is enough to reduce the circulating visible power by a factor
of 22 and the generated UV power by a factor 500, which is also the background
reduction factor. The modulation voltage is an amplified TTL signal whose duty
cycle, frequency and phase relative to detection are all adjustable.

To set the modulation parameters we first set the laser-on time, ;. We then
purposely misalign the input laser beam onto one of the trap electrodes to create an
abnormally large scattering signal. Next, we adjust the relative phase of detection to
minimize this background. To get the correct duty cycle, we note that the number of
detected counts will come down sharply as the duty cycle is reduced, if the detection
time is overlapping the laser-on time. Once the detection gate falls completely outside
of the laser-on time, the detected counts will fall off much less sharply. Consequently.
tuning the duty cycle to correspond to this change in the rate that counts are falling
off as a function of duty cycle gives an optimal signal. In practice, several iterations
of this procedure are required for best results. Note that this fine tuning of the duty
cycle is not to be confused with the calculation of its optimal value in Section 5.2.
The calculated value is used as a starting point. Fine tuning then takes into account
the fact that the UV light does not shut off instantaneously, among other details.

5.4 Background Suppression Results

With a 70 Volt modulation at a frequency of 1.1 MHz and approximately 50% duty
cycle we were able to achieve a factor of 500 decrease in background and a factor
of 5 increase in signal to noise (see Figure 5.9). While this is a nice improvement,
it is not particularly useful for signals which are large compared to the background.
However, this scheme becomes very useful when the signal is instead quite weak, and
otherwise might be lost in the noise. This is demonstrated in Figure 5.10 which shows
a weak In* ion cloud signal with and without the background suppressed. When
background suppression is turned off, the signal is barely discernible in the noise.
As a preview to the next chapter, Figure 5.11 shows our first single ion signal with
and without background suppression. In each graph the laser was blocked just after
passing the center of the resonance to prevent laser heating (and possible expulsion
of the ion from the trap), hence the sudden drop in fluorescence. Clearly, it would

have been very difficult to detect this signal without some enhancement in the signal
to noise ratio.
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Chapter 6
RESULTS

In this chapter I will discuss the results of our single ion experiment. Our work
started with electrical detection of large buffer gas cooled ion clouds, followed by
optical excitation and detection of clouds and finally, single ions. The work with
clouds proceeded quickly and because of the large amount of experience trapping
other ion species in this lab we were optimistic that we would also be able to see a
single In* ion signal quickly. Our initial optimism turned to concern however, as the
search for a single ion signal went from weeks to months and finally to years. Single
laser cooled In* ions proved difficult to trap due to the weak cooling transition. We
knew this would be the case to some extent, but it would take some time for us to
determine exactly how to allow for it. Initially, we used procedures that had been
used with success on other species. When these didn’t work we began to modify
them. I will go into detail on what we tried and what finally worked.

6.1 Buffer Gas Cooled Ion Clouds

There are several factors involved in successfully trapping ions. First, a valid loading
procedure must be determined so that ions can be reliably placed in the trap. Second,
a priori procedures for optical alignment must be established so that both the laser
beam into the trap and the fluorescence into the detector can be set up without the
aid of an ion signal for optimization. Third, the correct frequency of the atomic
transition to be studied must be known quite accurately (within a small factor of the
transition width) so that the search in frequency space is minimized.

Large buffer gas cooled ion clouds were chosen for initial work for several reasons.
First, buffer gas cooling (thermal dissipation through collisions with the buffer gas—
see Section 2.3.1) is very efficient and requires no alignment. Of course, the ultimate
cooling limit is essentially the ambient temperature which may be many orders of
magnitude greater than that achievable with laser cooling. Buffer gas cooling can

only be considered an intermediate step. But it is a good one, because ultimate
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cooling temperatures are not desired when one is searching in frequency space for a
signal. The Doppler broadening of room temperature simplifies the search problem.
In addition, the large number of ions makes the signal stronger and also easier to
detect when other parts of the apparatus may not be optimized.

At the beginning, electrical detection was used because it is a well established
technique and required neither the laser, nor its associated second harmonic genera-
tion, to be operational. This way we were able to focus on just the loading apparatus.
Once we were able to reliably load ion clouds we could then turn to optical excitation

and detection with confidence knowing that there was an ion cloud present to work
on.

6.1.1 Loading Procedure

Initially the Helium leak was a sealed bulb with no capacity for changing the amount
of Helium contained within it. It is desirable not to have too much Helium in the
bulb because the leak rate (even when the heating coil is off ) is proportional to the
pressure in the bulb (see eq. 4.10). An attempt to load Helium into the vacuum
chamber with only 2 mm of Helium in the bulb was unsuccessful. A pressure of 200
mm was found to work quite well and eventually even 100 mm worked fine.

The following is the loading procedure that we used in the initial stages of the
experiment.

e Turn off the pump for the vacuum chamber.

¢ Helium is loaded into the vacuum chamber by applying a current through
the heating coil with a Variac set to between 10-12 V. Later we would step down
the Variac to get finer control on the coil voltage. The particular voltage setting
was chosen to give the coil a dull red glow in room light (I didn’t record the
actual current). The heating coil is left on for about 5 minutes resulting in a

Helium pressure in the vacuum chamber of about 10~ Torr.

¢ Turn on the Indium oven. This was controlled with a Variac that was set

to 42 V (roughly 4 A). The oven was allowed to warm up for about 1 minute.

e Turn on the filament. This is done concurrent with the oven warmup. It was

initially controlled by a Variac and was turned up very slowly (about 30 seconds
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or more to reach operating voltage) to avoid burning out the filament. Later,
a constant current supply was used to operate the filament so that we could
simply turn it on without having to ramp up the voltage. The filament voltage
was set to about 30 V! to give 50 uA of electron beam current. Later, 25 A4
of electron beam current was found to be sufficient. In Chapter 4 I mentioned
that the electron beam current is implemented by changing the potential of the
filament relative to the nearby anode. A potential of —190 V turned the electron
beam op and +50 V turned it off. A filament warmup time of about 30 seconds
was required before the desired electron beam current would be generated.

¢ Pulse the electron beam current on. Once the filament and oven have
warmed up, the electron beam current is pulsed on for several seconds (later we
found that the ion signal would continue to increase if the electron beam was
left on for up to 1 minute).

¢ Turn off filament and oven.

6.1.2 Electrical Detection

The ramp voltage applied to the ring electrode of the trap is also applied to the X
input of an oscilloscope. After ions have been loaded, and with the electrical detection
signal applied to the Y input of the scope, a slightly asymmetric resonance lineshape
was displayed. The signal to noise ratio was about 50. The lineshape is roughly
Lorentzian and its width is due primarily to the Q of the tank circuit being used to
detect the signal. The asymmetry is due to the fact that the ion cloud is large and
samples the anharmonicity of the trap (which wil increase the further the ions are
from the center). This anharmonicity could be exaggerated by changing the RF drive
amplitude (£2). A lower amplitude gives a shallower trapping psuedopotential. The
shallower trap allows the ions to move in larger orbits where the potential is more
anharmonic. As the RF amplitude was further decreased, the anharmonicity would
increase, until the signal would suddenly disappear. Once the trap depth gets smaller
than a certain value, the ions are simply expelled from the trap.

! Unfortunately, in the early stages of the experiment, I didn’t record the filament current, only the
voltage.
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We also observed a double peak in the resonance. This is another measure of the
anharmonicity of the psuedopotential. That is, as the DC voltage was scanned up,
the observed peak was at a different point than when the DC voltage was scanned
back down. This effect is explained very nicely in [Lan76, p. 88-89]. The basic idea
is that as the amount of anharmonicity in the potential is increased (or equivalently
as an ion’s orbit increases causing it to sample more anharmonicity) the frequency
at which a peak in the resonance lineshape occurs is “pulled” up. Eventually the
pulling becomes so severe that a region of instability is created leading to a hysteresis
in the lineshape. There are two stable solutions between which the ion jumps, and it
jumps at different points depending on whether the frequency is being increased or
decreased.

Using a very simple argument based on the energy density due to Coulomb repul-
sion of ions packed together, we estimate a cloud size of between 10° and 106 ions.
Visual observations of ion clouds trapped in the Bat experiment suggest that these
clouds reach a size of approximately 1/3 of the ring inner diameter before leakage be-
comes significant. This corresponds to 1/10 the well depth. This estimate should be
taken is very approximate, since it may not apply very well to the In* configuration
(we can’t see these clouds since they fluoresce in the UV). See Section 2.3.3 for more
details.

Once loaded, the ion signal stayed for months at a time. Occasionally, it was
necessary to pump out a small amount of the buffer gas. Due to leakage (quartz
remains slightly permeable to Helium at room temperature), the pressure would tend
to go up slightly on the time scale of days or weeks. The leakage was apparent in
the increased width of the resonance line. As the Helium was pumped out, the line
would become sharper at first until too much Helium was pumped and buffer gas
cooling was no longer strong enough to balance heating effects. At this point, the
signal would abruptly disappear. After some experience, care was taken to turn off

the pump before the ion cloud was ejected from the trap.

6.1.3 Optical Alignment Procedures

The optical alignment procedure for ion clouds was relatively straight forward. First,
the beam is focused into the trap by using the combination of the two input lenses.

The corrected lens is placed as close to the vacuum chamber window as possible and
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the other lens is adjusted to get the resultant focus at the trap. The focused beam
is moved within the trap by a 2-D translation stage holding the corrected lens. The
beam is observed on the opposite side of the vacuum chamber with a fluorescent card.
It is focused when the amount of translation required to eclipse the beam with the
trap ring electrode is minimized. When the beam is focused right at the trap, its

eclipse appears to come from all sides symmetrically (instead of from just one side,
as is the case when the focus is not at the trap).

Next, the output focus must be set. To do this, the input beam is translated so
that it is hitting the trap electrode. This creates a UV point source relatively close
to the trap center and focusing this into the PMT will be very close to focusing an
ion light source into the PMT. Fluorescent paint is placed on the pin hole covering
the PMT so that the point source can be observed there. The position of the PMT
is moved slightly so that the point source image is just to one side of the pin hole.
The PMT is then moved along the axis of the output mirror to find the best focus of
the spot on the fluorescent paint.

To remove some of the astigmatism in the output fluorescence, a correction plate
is tilted in front of the PMT. As has already been described, this corrects some of
the astigmatism at the expense of shifting the position of the fluorescence on the
PMT. When the trap is back-lit, its shadow appears on the pinhole. We calculated
the difference between the shift of this shadow and the shift of the UV to be about
350 microns (see appendix B.1). Once an ion signal was obtained we were able to
verify that this calculated difference was correct. Consequently, the output alignment
procedure was to center the pinhole in the shadow of the trap, and then shift it to
account for the correction plate refraction. This was in the vertical direction since
the plate was tilted arcund a horizontal axis. There was also a smaller deviation from
center in the horizontal direction due to irregularities in the trap geometry and to
how these are imaged in the trap shadow.

Similarly, the input alignment is accomplished by centering the focused spot in
the trap. The spot is translated from one side of the trap to the other (visible only
as it eclipses the focused beam). The indicated distance between the two sides of
the trap is determined and divided by 2 to get the center location. This is done in
one direction, then in the orthogonal direction and then repeated for better accuracy.

As with the output alignment, once we had an ion signal we were able to develop
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empirical adjustments to this centering algorithm.

6.1.4 Optical Fluorescence Detection

While making our original search for an optical ion cloud signal, we were aided by the
electrical detection system that told us our loading procedure was working. Since the
cloud was expected to take up a substantial portion of the trap volume, input align-
ment was not critical. Likewise, the input and output foci, though important, were
probably not critical. We expected to be able to use a priori alignment procedures
and be close enough to see a signal. We had hoped to make output alignment also
non-critical by using a large PMT pin hole, but even without the high power (and
associated background) delivered by a doubling enhancement cavity (our initial work
was done with only single pass doubling through our BBO crystal), the background
still proved to be a limiting factor. Consequently our search boiled down to two areas:
output alignment and laser frequency.

At the time of our initial search the only source of information we had on the
correct wavelength of the In* 1S, —2 P, cooling transition was the comprehensive
study of Paschen and Campbell in 1938 [Pas38]. This study gives a wave number of
43350.62 cm™! for the F = 9/2 — F = 9/2 hyperfine (HF) line. We split off part of
our visible beam into a Burleigh Wavemeter to monitor our exact laser frequency and
searched within plus and minus 1-2 em™?! from the Paschen value.

To alleviate the output alignment search problem we started with a 200 ym pin-
hole. This gave us about 200 s~! background with about 1 uW of UV power incident
on the trap. After several days of fruitless searching in frequency space, we decided
to try a 100 um pinhole to reduce the background. We now had only 25 s~! of
background and saw the signal almost immediately. The initial signal was only 35
s~! which explains why it was difficult to see it with the higher background. The
wavemeter indicated a central wave number for the resonance of 21675.15 cm=! or
43350.30 cm™" in the UV. We suspected that this was the 9/2 — 9/2 line but were
concerned about the discrepancy between our wave number and Paschen’s. To verify
that this was indeed the 9/2 — 9/2 line we searched for the other two hyperfine lines
expected to be about .4 em™! above and below this one in the visible. Both were
found immediately but the slight discrepancy from the Paschen values continued.
Our value for the 9/2 - 7/2 transition was 43349.24 cm™! compared to the expected
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value of 43349.56 cm™! and for the 9/2 - 11/2 transition our value was 43351.60
ecm~! compared to the expected value of 43351.90 cm~! . In each case we were low
by 0.30 - 0.32 cm™! . Later we would find out that work done concurrently by Peik
et al. [Pei94] agreed completely with our results. As expected, the largest number
of counts came from the 9/2 - 11/2 HF line (because of the larger number of decay
pathways). On this transition we saw 63 s~! with 20 s~ background.

From eq. 3.2 we expected to see roughly 260 counts per second for each uW of
incident power. Now that we had an ion signal, and could optimize our alignment, we
were able to improve our signal towards this goal. Eventually, we achieved a signal
strength of 500 s~! with 245 s~! of UV background (the UV power was 5-10 pW
out of the crystal or about 2-3 uW at the trap) on the 9/2 - 7/2 HF line. This
signal is shown in Figure 6.1 along with a fit to a Gaussian lineshape. A power
of 2 uW at the trap should produce about 520 counts per second which is in quite
good agreement with the observed value. Using the notation of eq. B.5 we obtained
in this case: background = ko = 250 s™! | signal = k; = 497 s~! and 1/e half width
= k3 = 24 channels. Using eq. B.6 this value of k3 corresponds to a full width at half
maximum in the UV of 6., = 1.56GHz and using eq. B.7 this gives a temperature of
T = 325°K — as expected, just above room temperature. This signal was obtained
during the early stages of the experiment before the background suppression system
had been implemented. Later, with the second harmonic generation enhancement
cavity producing several hundred uW of UV power and the background suppression
scheme in place we were able to get a signal like the one shown in Figure 6.2 for the
In* 9/2 - 11/2 HF line. In this graph the signal to noise ratio is good enough to
show up the discrepancy between the Gaussian fit and the actual lineshape (Voigt
profile). The data does not rise or fall quite as rapidly—characteristic of a Lorentzian

influence.

6.1.5 Tellurium Saturation Spectroscopy

The wavemeter used to monitor our laser frequency was very convenient, but ul-
timately we wanted to lock the laser frequency against drift in addition to simply
knowing what its frequency was. To this end, we incorporated a Tellurium saturation
cell. As discussed in Section 4.5, the idea was to lock the laser to a molecular line to

prevent drift. As a bonus, the pattern of molecular lines in the vicinity of the locking
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Figure 6.1: Resonance signal from the In* 1S5~ P, F = 9/2 — F = 9/2 transition.
This signal was gathered with approximately 2 uW UV power incident on the ion
cloud, a 100 gm PMT pinhole, and 1 s of integration per channel. Each channel
corresponds to 40 MHz in the UV. This spectrum was taken without background
suppression or the SHG enhancement cavity.
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line provided a “road map” enabling us to locate the correct laser frequency at the
beginning of the day without the wavemeter.

In order for locking to be feasible, we needed to have a Tellurium molecular line
within 200 MHz and preferably 100 MHz of the In* line. This facilitates the use
of inexpensive AO Modulators to shift the laser frequency from the In* line to the
Tellurium line. Our initial search for an appropriate molecular line was performed
with a single-isotope Tellurium cell. With this cell we were unable to find a line
within 500 MHz of any of the In*+ HF lines. Next, we tried a naturally occurring mix

of Tellurium isotopes and were rewarded with a molecular line within 100 MHz of all
three of the In* HF lines.

The next step was to determine, as accurately as possible, where each of the
potential molecular locking lines were relative to their corresponding In* HF lines.
For ion clouds this was not a concern since the width of the ion cloud resonance
(~ 1.5 GHz) was already much larger than the frequency difference between the In*
line and the molecular line (< 100 MHz). However, for laser cooled single ions where
the resonance width is less than 400 kHz, precise knowledge of the shift was required.
A typical curve fit of 6 GHz scan over the In* resonance gave a one sigma error in
the center location of about 7 MHz.

The first technique used to determine the shift was to scan the In* line, switch
the photon counting input going into the computer from the In* fluorescence to the
Tellurium saturation signal, and then rescanning the same frequency range. The
two scans could then be compared. In this approach, the two scans were taken one
after the other, which means that added to the already existing uncertainty of 7
MHz was the uncertainty due to the drift of the laser during the scans. Given that
two complete scans at 1 second/channel integration take about 12 minutes, and that
the laser (commercially stabilized) drifts about 1 MHz/sec, this drift represented
an additional uncertainty of 12 MHz. Adding the two errors in quadrature gives a
frequency shift uncertainty of 6 f ~ 14 MHz.

To reduce part of this uncertainty, we reconfigured the interface board in the
computer to muitiplex the ion signal and the saturation signal together, so that each
channel for each signal is being integrated at virtually the same time. This eliminates
drift uncertainty. Another potential systematic was laser power drift. During the

course of a scan, the laser power usually degraded by several percent. This introduces
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Figure 6.3: Block diagram of electronics used to map the position of Tellurium
saturation lines relative to In* HF lines.

a slight asymmetry in the resonance line shape and will introduce an error in the fit if
not corrected. We chose to multiplex a third data stream into the computer consisting
of the signal from a PMT measuring the strength of the UV beam used to excite the
ions. The fluorescence signal was then normalized to the laser power using this third

signal, eliminating power drift errors. The apparatus used is shown in Figure 6.3.

The UV beam signal used for normalization and the saturation signal are multi-
plexed together and sent to the computer on the “Photon Counts A” port. The ion
fluorescence is input to the computer on the “Photon Counts B” port. The interface
board has a digital countdown timer (on the 6822 VIA chip) which is used to control
the multiplexer through the “MUX CTL” port. The same timer is used to demulti-
plex the signal on the board. The laser frequency is controlled from the “Laser Scan”
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port. A software program was written that transfers the three data streams to three
separate files. A dual scan of the In* 9/2 - 7/2 HF line and associated Tellurium
lines produced by this system is shown in Figure 6.4. Figure 6.4 (a) shows the
normalization signal with a clear power drift. Figure 6.4 (b) shows the In* 9/2 -
7/2 HF line fit to a Gaussian. Figure 6.4 (c) shows the Te saturation signal that was

obtained using the first down-tuned sideband generated with a 92 MHz modulation. .
For this particular run, the center of the In* line was 0.9+ 1.1 channels or 21.1 £25.7

MHz below the large saturation line in the center of the bottom graph.

Sidebands 1 through 4 down-tuned were analyzed in this fashion. For each side-
band, 4 dual scans were taken. This made it possible to graph the frequency difference
between the In* line center and the saturation line as a function of sideband number
(all with the modulation frequency fixed). A straight line fit to this data gives a zero
crossing, or point where the AOM induced shift makes the In* line and the saturation
line coincide. The zero crossing will, in general, not correspond to an integral value
of the sideband number. However, given the modulation frequency, we are able to
extrapolate to the frequency shift and therefore the modulation frequency, required if
one of the sidebands is to be used. The data is summarized in Table 6.1 and graphed
in Figure 6.5. From Figure 6.5 we see that the zero crossing occurs at 68 MHz
down-tuned. Therefore, for the In* 9/2 - 7/2 HF line, the closest Te saturation line
should be shifted into alignment by applying 68 MHz modulation to the AOM and
using the second down-tuned sideband.

A similar dual scan of the In* 9/2 - 11/2 HF line is shown in Figure 6.6. This
one did not use the power normalization, but was done with background suppression
for an improved signal to noise ratio. In this figure the 3 GHz scan refers to the
visible laser frequency. The UV scan width is then twice this, or 6 GHz. A fit to the
data indicated that the In* line was 27.1 + 2.2 MHz below the specified Tellurium
line with 100 MHz modulation being applied to the AOM and the second up-tuned
sideband being used. This means that, given the center frequency determined from
the upper graph, the frequency of this center was 127.1 MHz below the Tellurium
line. This is due to the fact that the oppositely propagating beams in the saturation
cell cause the saturation line to occur shifted by one half of the modulation frequency
for each sideband. Thus, lines observed using the first sideband are shifted 50 MHz
and those observed using the second sideband are shifted 100 MHz. Since we are



132

. 1970
F
2 1960
"
e
S 1950
Q
@ 1940
[} [ | [ 1 1 L
0 50 100 150 200 250
Channel Number (23.4 MHz/ch.)
(a)
&
[ )
(S~
[ ]
-
[
-]
[ -]
[* )
E
2 1 1 1
0 50 100 150 200 250
Channel Number (23.4 MHz/ch.)
(b)
4000  { T ] |
=
o 3000
P
E 2000
-
o 1000
0 1 1 1 1
0 50 100 150 200 250
Channel Number (23.4 MHz/ch.)

(c)

Figure 6.4: Dual scan of In* 9/2 - 7/2 line and Te saturation signal. Graph (a)
shows the normalization signal used to cancel errors due to laser power fluctuations.
Graph (b) shows the In* line with the number of counts normalized. Graph (c) shows
the saturation signal. The In* spectrum was taken without background suppression
or SHG enhancement.
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Table 6.1: Data for the frequency difference between the In* 9/2 - 7/2 line and
a Tellurium saturation line as a function of AOM sideband. The difference, §f, is
measured in numbers of channels. In these spectra, each channel corresponds to 23.4
MHz. The negative sign in front of the sideband number indicates that this is a
down-tuned sideband. The sign in front of §f indicates whether the In* line was
above (+), or below (—) the saturation line.

Sideband Run  §f(channels) Avg.
-4 1 +128 £ 1.3
-4 2 +120 £ 14
-4 3 +9.7+13
-4 4 +13.0+14
+11.9 £ 0.8
-3 1 +5.2 1.5
-3 2 +9.5 £ 1.1
-3 3 +9.1 £ 1.0
-3 4 +7.0 £ 1.1
+7.7+£ 0.7
-2 1 +1.1 £1.2
-2 2 +16 + 1.3
-2 3 +24 £ 1.1
-2 4 +3x1.1
+1.7 £ 0.7
-1 1 -09 £ 1.1
-1 2 3.0+ 1.0
-1 3 -19+£1.1

-1.93 + 0.6
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using the second up-tuned sideband, we are shifting the light up 100 MHz and then
the figure shows that the Tellurium line was an additional 27.1 MHz higher or 127.1
MHz altogether. The error of 2.2 MHz is in the location of the Tellurium line relative
to the In* line center. The error in determining the latter was 3.0 MHz. Therefore,
the correct shift as indicated from this data was 127.1 + 3.7 MHz.

When we finally saw our single ion signal, we were able to determine that the shift
was really 94 + 5 MHz. This was outside of the error bars by over 25 MHz. Looking
back on this data now, it seems that one likely explanation for the discrepancy is the
lack of normalization in fitting the 9/2 - 11/2 data. Since each channel corresponds to
23 MHz in the UV, a one channel error in the fit could easily lead to the difference that
we observed. Another possible explanation is that there was a small amount of laser
cooling causing a slight asymmetry in the In* resonance lineshape. The asymmetry
required to create the error would not be readily visible from our fits. The effect of
laser cooling would be to make the line fall off more rapidly above resonance due to
a small heating factor. This would tend to shift a symmetric Gaussian fit downwards
predicting a lower center. Our calculated line center was indeed lower than that
finally observed with single ions. Of course, laser cooling is a major effect in the
line shape of single ion resonances. The difference is that with the single ions it was
expected, whereas with the clouds we deemed it too small to be of concern. For
future reference then, it is clearly important to normalize the data by the UV power
and to be more careful with the fit. In spite of this possible error in judgment we
were able to use the frequency information gained from this analysis to narrow down

our search in frequency space for the single ion signal.

6.2 Laser Cooled Single Indium Ions

The value of the buffer gas cooled ion cloud signal was that it enabled us to fine tune
much of the apparatus on a real signal that would be very similar to a single ion signal.
This was necessary since we expected the search for the single ion signal to be very
difficult. We needed to reduce the uncertainties in each of the parameters associated
with loading and alignment to make the search space as small and manageable as
possible. In this section I will describe the search and go into detail on some of the
more important techniques that we tried. Finally, I will describe what ultimately

worked.
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6.2.1 Single Ion Search Strategy

One of the first concerns in our search was how large the expected signal would be
and whether it would be detectable. Section 3.2.2 derives expressions for the expected
number of counts for both a buffer gas cooled ion cloud and a laser cooled single ion.
Eq. 3.3 gives a value of 661 s~! per uW of incident power for the single ion case. With
saturation power well under a micro-Watt we did not expect to see more than 500
s~! in any case. Since this model had agreed quite well with the observed value in the
ion cloud case there was some optimism that the signal would be observable in the
single ion case as well. This model doesn’t take into account background suppression,
but in a worst case the reduction in signal from background suppression is about a
factor of 5 or a signal of 100 s~! . Since we were routinely getting less than 20 s~! of
background, a signal of 100 s~! should have been readily observable.

Another concern was polarization rotation due to the Hanle effect. This is dis-
cussed in detail in Section 2.9. There I determined that for the ambient magnetic
fields we have near our trap, a factor of 2 reduction in signal can result from not align-
ing the input polarization properly with respect to the position of the fluorescence
detector. The basic rule of thumb of aligning the input polarization perpendicular to
the line joining the ion and the detector (which is generally what we did) should result
in no more than 20% signal reduction. In order to get the maximum fluorescence,
it is necessary to rotate the input polarization by about 34° from the perpendicular
just mentioned. We did not adjust the input polarization beyond the perpendicular
since the marginal increase didn’t seem worth the added complexity.

I have already mentioned that trapping ion clouds allowed us to reduce our search
space to output alignment and laser frequency. Strictly speaking this isn’t quite true.
Our ion cloud work enabled us to determine that our loading apparatus worked, but
we still didn’t know how our procedures would need to be modified in order to reduce
the loading process to just one ion. In addition, we knew from calculations, like those
in Sections 2.4.1 and 2.4.2 that a hot single ion might require some form of initial
precooling. How necessary would this be and how could we accomplish it? As far
as loading goes, initially our approach was to simply lower the values for the loading
parameters that worked with clouds. We brought the oven and filament up to the
same current, but pulsed the electron beam on for only several seconds instead of the

minute or so used with clouds. When this didn’t work we systematically went through
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all reasonable combinations of oven voltage, electron beam current, and electron beam
on-time. Much care was also taken to set the input and output foci as accurately
as possible. We were able to set the input alignment accurately, but as I've already
mentioned, the output alignment was made difficult by the presence of the correction
plate.

A typical day of searching involved carefully aligning and focusing the UV into
the trap, setting the output alignment to the position of our best estimate and then
scanning the loading parameters and laser frequency. My co-workers on the Ba*
single ion experiment® had good success in loading single ions with what they called
“continuous loading”. The idea in continuous loading is to save time by leaving the
loading apparatus on for long periods of time, but at low levels. This was done
with the laser detuned slightly below the expected transition frequency. Eventually
an ion would load and the laser would immediately begin to cool it. Shortly after
that a signal would appear. Sometimes they loaded more than one ion. This was
usually evidenced by increased signal strength and increased micromotion sideband
amplitude (I'll return to the subject of micromotion later on). A good example of
multiple trapped ions is shown in ref. [Jan84, p. 74]. Several things could be done at
this point to get a single ion. The laser could be tuned over the transition to cause
a small amount of laser heating which might kick some of the excess ions out. The
trap depth could be reduced allowing the hotter ions to escape. Even if the depth
isn’t reduced the hotter ions may still escape, leaving one ion remaining in the trap.

The alternative loading approach, called “pulsed loading”, is more time consum-
ing. This is particularly true in the initial stages of experiment before all of the
parameters have been refined. Pulsed loading consists of turning on the oven and
the filament as usual and then pulsing the electron beam for several seconds. After
the electron beam is turned off, the laser is scanned to find an ion signal. Because of
the expected weakness of our signal (several hundred counts per second with perfect
alignment and probably less before an ion signal was available for optimization) we
were not able to tolerate the high background associated with leaving the filament
and electron beam on continuously. With Indium’s weak cooling transition (approx-
imately 50 times weaker than that of Barium) it was essential for us to reduce the

background as much as possible. We had already put quite a bit of effort into back-
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ground suppression and the 1000 or so counts per second from the filament could
easily swamp the Indium signal. The background from the filament is present re-
gardless of whether the electron beam is on. To eliminate the background, not only
did we have to turn off the electron beam, but we had to turn off the whole filament
circuit. This added more time to the search procedure, since each time it was turned
back on the filament required about one minute to heat up to the point where the

electron beam current was stable.

6.2.2 Single Ion Search Space

In order to see a single ion, the following items needed to be correctly determined and
so they were all part of the “search space”: Input/output alignment, input/output
focus, oven voltage, electron-beam current (determined by filament current and fil-
ament circuit potential), electron-beam on-time, PMT pin hole size, laser frequency
and initial laser detuning. Some of these had been refined already from the ion cloud
work, but as searching went on yielding no results, all of them became suspect. The
actual details of the search are not too enlightening. Suffice it to say here that a great
deal of time was spent varying one parameter or possibly a pair of parameters while
holding the others constant.

In addition to varying parameters, the experimental apparatus went through sev-
eral evolutionary changes to improve power, reduce background and improve detec-
tion efficiency. For example, we started with simple Magnesium Fluoride coated
Aluminum mirrors on our input optics which had a reflectance of between 60-80%
(and which tended to degrade with time). Eventually, we went with dielectric coated
mirrors for our wavelength with better than 99% reflectance. Several other optics
were optimized as well by going to higher transmission UV quartz. The input focus-
ing lens was upgraded to a UV transmitting corrected lens. We greatly improved our
UV power by setting up the enhancement cavity for the SHG. We implemented the
background suppression scheme to dramatically reduce the background. For awhile
we did our searches on the In* 9/2 - 7/2 HF line because it was associated with
the strongest Te line. However, it had two drawbacks. First, because of the fewer
number of decay pathways, the 9/2 - 7/2 line is the weakest of the 3. The strongest,
9/2 - 11/2, produces about 30% more signal. Second, if the ambient magnetic field is
oriented in just the right way (see Section 2.8), it is possible to have no signal at all
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due to optical pumping. While the latter problem was unlikely, it was still a concern
and in any case the former problem was motivation enough to switch our search to
the other line which we eventually did.

6.2.3 Chronology of Single Ion Search

Our first attempts at finding a signal were actually performed on a trap and vacuum
chamber that I haven’t referred to yet, largely because it was not the apparatus which
eventually produced a result. This first apparatus consisted of a stainless steel tube
modeled after that used in the Ba*t experiment. It had 6 ports; 3 with sapphire
windows, one with a glass window, one for the trap header and one for the pump.
The trap was of the Paul-Straubel variety, manufactured by drilling a hole in a flat
wire strip with an electrical-discharge machine. This trap had already been used at
one time in the Ba* experiment to trap single ions. Other than this, the apparatus
was very similar to that already described. One problem with this type of vacuum
chamber is the narrow aperture provided by the sapphire windows. These windows
are required for UV transmission (the quartz windows available on Conflat flanges
must not be baked higher than 200°C and we need to bake at 350°C) and yet require
a special U-shaped mount to attach them to the surrounding flange. This mount
limits the size of the window. Larger windows are prohibitively expensive and would
have required a complete redesign of the vacuum chamber. Finally, the transmission
of these windows was about 10% lower than quartz at our wavelength. Eventually we
came to realize that a quartz tube with quartz windows fritted on (all built by our
glass blower), that can be baked at better than 400°C, gave us more flexibility and
better performance.

In spite of the disadvantages, this tube was and still is, quite successful on the Ba*
experiment and so we tried it for Indium. After several months of searching, I began
to notice that the windows were starting to get coated by Indium from the ovens. I
was careful to direct the oven aperture away from the windows when I installed it,
but the Indium doesn’t come out in a straight beam, so eventually the windows will
acquire a coating.

I took the opportunity of taking apart the steel tube, to put the quartz tube back
on the table and further refine the loading and alignment parameters on an ion cloud.

Another reason for going back to ion clouds was to try to reduce the gap between
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loading clouds and loading single ions. By that I mean we tried to see whether we
could get to a small laser cooled cloud [Neu78] starting from a buffer cooled cloud.
The first approach was to get a buffer cooled cloud signal, pump out the buffer gas
(the signal disappears) and then pump gas back in to see if the signal reappears.
In fact it did, confirming our suspicion that at least for a short while, the signal
disappears not because the ions are gone, but simply because they heat up and the
signal is too broad to see.

Next, since we knew that ions stayed in the trap for some time even after the
buffer gas was pumped out, we tried to use evaporative cooling as a way of bridging
the gap between buffer gas cooling and laser cooling. The idea was to get a buffer
gas cooled signal, pump out the gas and then reduce the well depth. The hottest ions
would leave the trap, hopefully leaving only a small number of cold ions which could
then be laser cooled. Although this seemed promising, I was never able to get a laser
cooled signal out of it. When I loaded gas back in, I found that a small number of
ions were indeed still there, but probably too many to be laser cooled. In fact if I had
pushed harder on this it might have eventually worked. If there are initially 50,000
ions in the buffer gas cooled cloud and I reduce the signal by a factor of 100 there
are still be 500 ions left, which are probably too many. I tried reducing the signal
further and further, beyond where it could still be detected in hopes that I would
reach a threshold where laser cooling would take over and the signal would return,
but without success.

It turned out that when the buffer gas was pumped out, the signal didn’t com-
pletely disappear as we first thought. If we took long integration times and did an
on/off resonance comparison, it was still possible to see a signal. The signal would
continue to get weaker over the pumping period, but at one point was still visible
after several hours of pumping. We considered this to be our first vacuum /n* signal,
though it is unlikely laser cooling was having much of an effect. Figure 6.7 shows data
taken after the gas had been pumped on for 5 hours. The places where the laser was
placed on and off resonance are indicated. Our pressure gauge indicated 10~° Torr
when the signal finally became lost in the noise. This corresponds to a pure Helium
pressure of about 10~® Torr. Once the vacuum came down into the 10~? region |
tried sweeping the laser from below the transition. I wanted to see if I could get any

laser cooling and increase the signal. Only once did I sce any effect and it wasn’t
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Figure 6.7: A vacuum ion cloud signal obtained after 5 hours of pumping. The
indicated pressure was about 10~° Torr which suggests a Helium pressure of about
10~# Torr. The reductions in signal near channels 10 and 30, are caused by the laser
being manually tuned off resonance.

repeatable. While loading and observing very small clouds I noticed that sometimes
I could load without even turning on the oven! We attributed this to Indium being
deposited on the surface of the filament. When it and the electron beam were turned
on we were emitting both Indium and electrons.

I did an analysis of different pin hole sizes to see which one gave the best sig-
nal characteristics. The pin hole sizes varied from 60 gm to 300 ym in diameter.
Some were purchased from Melles Griot and others were homemade. To manufacture
the homemade variety, we used an extra FEP and “drilled” the hole with the FEP
mounted as the cutting tool on an electrical discharge machine. We found that we
could make any size we wanted with a nicely uniform round edge. The largest signal
is, of course, obtained with the largest pin hole. However, it is accompanied by larger
background so that the signal to background (SBR) and signal to noise (SNR) ratios
give more information. The hope is that, since the signal source is very nearly a
point and the background source is spread out, as the pin hole is made smaller the
background will be strongly reduced while the signal will only be slightly reduced.

This is less the case with a cloud than a single ion since the latter is much more
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localized. The best SBR was achieved with the 75 um pin hole. This was true even
though the signal was reduced by a factor of 5 or 6 by going from the 150 pm to the
75 pm as an example, and confirmed our hope that the signal was far more localized
than the background. On the other hand, the SNR was best in the 150 um pin hole.
This is easy to understand. Assuming that the image of the fluorescing cloud on the
pin hole is substantially larger than the pin hole, as the pin hole size is increased,
the signal goes up quadraticly. Assuming the noise is shot noise, then it goes as the
square root of the background which is going quadraticly with the pin hole size. So
the signal is growing faster than the noise. This is almost definitely not true for single
ions, where a larger pin hole will not lead to a larger signal. In fact, an ion cooled
into the Lamb-Dicke regime will reside in a region much smaller than the wavelength
of the light used to excite it (see Section 2.4.3 and [Win87]). In our case, this is on
the order of nano-meters and well below the diffraction limit for a focused 231 nm
beam. Theoretically the smaller the pin hole the better. However, I found that with
pin holes smaller than 75 um, searching for the precise alignment became exceedingly
difficult. Beyond 150 um the background began to go up faster with pin hole size (as
we begin to overlap the source of it more) and no advantage in either SBR or SNR
was obtained for pin holes larger than 150 um. The conclusion was to use the 150 um
pin hole for the single ion search since it gave reasonable SBR and SNR performance
and it eased the alignment search problem.

Since we were opening the quartz tube to put in the trap we decided to take the
opportunity to modify our electron beam apparatus by adding field emission points
(FEPs) to the existing filament. FEPs were desirable because they operate with
high voltage and low current (rather than the other way around for filaments) and
so produce no background. Jumping ahead a little bit, it turned out that the FEPs
worked very well generating an electron beam current. We were able to successfully
load buffer gas cooled ion clouds in the Paul trap with the FEPs. However, when we
attempted to load single ions in a Paul-Straubel trap, the high voltage necessary to
make the FEPs work (about 500 V) combined with their close proximity to the trap
interfered too much with the trapping potential. Ultimately we used the traditional
filament for loading of single ions.

We also decided to try coating the trap with Aerodag. Aerodag consists of very
small flakes of Carbon suspended in an organic solvent. It is usually used as a
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lubricant. When it is sprayed on a surface, the solvent completely evaporates (enough
that it doesn’t impede ultra-high vacuum) leaving only the Carbon. On the trap
surface the Carbon can act as a sort of anti-reflection coating. Indeed, a reduction in
reflection of incident light, and hence background, has been observed using Aerodag
on the Ba* experiment.

When we started to use this trap we noticed immediately that our ion cloud signal
was decaying away on a time scale of tens of seconds. The first thing we suspected
was that somehow a charge was building up on some part of the trap header, such
as the oven, creating a large contact potential. We were able to rule this out, but I
attached a large “bleeder” resister to the oven just to be safe. Next, we considered
what had been changed in going to this setup. We weren’t using the FEPs at all now
so we doubted that they were causing any problem. That left the Aerodag.

We noticed that the decay rate was interrupted if the laser was blocked. In fact
we were even able to observe this overnight. So the problem seemed to be related to
the laser as well as possibly the Aerodag. We found that a photo-electron current
of about 1 nA induced by the laser was being emitted by the trap. We verified that
it was laser related by turning the laser on and off and observing the current. The
energy of our UV photons is about 4.9 eV so they are in the right neighborhood to be
able to generate photo-electrons from Carbon or stainless steel (this particular trap
had stainless steel electrodes). However, the work functions of stainless steel and
Carbon are comparable so why the sudden change? Perhaps there was a co-moving
UV spot that hadn’t been present before. This brought us back to the beam shaping
issue. We tried to see if changing the shape of the input beam changed the photo-
current. We were able to have an effect by changing the waist and by translating
the position of the waist in the trap. In fact, we were able to observe the strongest
photo-current by hitting the ring or the upper endcap with the beam. Hitting the
lower endcap reduced the effect by a factor of 20.

To gain a better understanding of the photo-current characteristics of stainless
steel and stainless steel coated with Carbon, I created a test system consisting of
two endcap-shaped electrodes—one bare stainless steel and the other stainless steel
coated with Aerodag. The test system was baked out and brought down to 10~
Torr. Strangely enough, when the laser was directed onto the electrodes, both gave
off the same amount of current.
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Finally, we tried spatial filtering of the input beam. With a series of pinholes,
and normalizing by the power in the beam after the pinhole, we found the ion signal
decay rate greatly reduced with the smaller pinhole. Strangely, the photo-current
was largely unaffected by the pinhole size.

As time passed, we noticed that the decay problem seemed to improve and, even-
tually, all but disappeared. One possibility was that there was some residual organic
compound in the Aerodag that was heating the ions and causing the signal to dis-
appear. After time this residue would eventually be pumped out by the ion pump.
It was possible that with a heatable Paul-Straubel trap the situation would be im-
proved, since we would be able to hasten the removal of the residue. This might
partially explain why there were no decay problems observed on the Ba*+ experiment.

We spent quite some time loading small ion clouds and attempting to bridge the
gap between buffer gas cooled clouds and laser cooled single ions. We decided to make
the gap smaller by replacing the Paul trap (ring and endcaps) with the Paul-Straubel
trap (ring only) that we wanted to use for single ions. The goal was to trap buffer gas
cooled clouds, pump out the buffer gas and without changing any of the alignment,
attempt to trap single ions. Thus we would use the cloud as our initial alignment,
thereby eliminating much of the uncertainty associated with an a priori alignment
procedure developed for one trap, but applied to another. In addition, having the

ability to heat the trap might completely eliminate the decay problem and reduce
potential micromotion problems.

The new trap that we used is the one described in Chapter 4: a twisted pair of
Tantulum wire wrapped around a mandrill to form a ring (see Section 4.9). Making
the trap out of thin wire instead of drilling a hole in a strip makes it possible to
get appreciable heating of the trap by running a current through it. This is how we
climinate of micromotion-causing impurities that get deposited on the trap surface.

The RF drive voltage is connected to both ends of the Paul-Straubel trap so that
no current runs through it during normal operation. However, to heat it we removed
the RF drive and attached the trap electrodes to the oven electronics. In this way,
the trap completes the oven circuit instead of the oven. The “oven” voltage is then
brought up to 37 V resulting in a current of 2.5 A (enough to make the trap glow
brightly). This is maintained for 5-10 minutes. The voltage is turned off and the trap

and oven wiring is returned to its normal configuration. The first time we heated the
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new trap we saw a dramatic change in pressure—from 1.2 x 10~1° to 3 x 10-7. The
pressure returned to normal shortly after the trap heating was complete. Subsequent
heatings produced smaller pressure changes. Another side effect of heating was a
slight repositioning of the trap due to temperature induced stress relief. Re-alignment

of the laser was easily accomplished however and subsequent heatings had smaller
effects.

With the new system still uncontaminated with Helium, I made an initial single
ion search with only the rudimentary a priori alignment procedure determined from
the other trap. After several days of no result I proceeded to load the Helium and look
for a buffer gas cooled ion cloud signal in the Paul-Straubel trap (something that we
hadn’t done before). With the oven voltage set to 47 V (4.7 A—just enough current
to make it glow dull red) and normal loading and alignment procedures determined
from the previous trap, I found the buffer cooled In* 9/2 - 11 /2 HF line. The signal
was weaker than in the other trap, due no doubt to the reduction in well depth in
this trap. Decay of the signal was now almost undetectable. A fit to a full screen
of fluorescence counts with the laser frequency fixed showed a decay rate of only 2-3
counts on a 60 counts per second signal over 5 minutes. This sort of decay rate is not
easy to see with the noise level that we have and has probably been there all along.
It is not a serious problem, but as an aside, it could have caused a slight asymmetry
in the resonance line shapes that we used to determine the position of the In* line
with respect to Tellurium lines. As the reader may recall these determinations were
off by a factor well outside of the error bars (see Section 6.1.5).

After verifying that I was able to easily reproduce the ion cloud signal, I then set to
work determining the optimal alignment parameters for this trap. Once I determined
these parameters, I was able to demonstrate their accuracy. On subsequent days I
would align the laser without an ion signal to use for optimization. Then I would load
an ion signal and see how close the signal was to being optimal. I was usually within
15%. Now that I had more confidence in my alignment I went back to searching for
the single ion signal again. After 3 more weeks, on July 7, 1994, I finally saw a laser
cooled In* ion signal.
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6.2.4 Loading and Observing Laser Cooled In* ions

When I first detected a laser cooled In* signal I was in the process of experimerting
with the initial laser detuning. Also, given our negative experience with stray FEP
voltage, on a suggestion from Prof. Nan Yu, I completely turned off the loading appa-
ratus after loading. This eliminated the possibility of there being any stray DC biases
around to interfere with the trapping potential. At first, this seemed unnecessary be-
cause such precautions were not required in the Bat experiment. However, once
again, the weak cooling transition of In* may require this sort of special handling
and it certainly couldn’t hurt. Later, once I had a signal, I was able to verify that
the voltage due to the filament-off-bias (about 40 V) could indeed cause a problem,
but wouldn’t by itself always prevent the loading process from being successful. I was
using the same oven voltage and electron beam current that I had successfully used
with ion clouds. The only difference in loading was that I used a 2 second electron
beam pulse instead of the much longer period for clouds. I set the laser scan width
at 1 GHz (in the visible) and started it at 400 MHz below the estimated transition
location. I was beginning to suspect that I was loading ions, but due to the weakness
of the cooling transition, they were just too hot to see. So I tried keeping the laser
frequency fixed at its initial detuning location for about 40 seconds before starting to
scan up. This was not a new idea, but taken together with optimized power, back-
ground, optics, alignment, and the elimination of stray biases it was enough. As |
scanned the laser up, I saw a broad “bump” at approximately the expected location.
See Figure 6.8.

Once I found this signal and had verified that it wasn’ a laser power fluctuation
or some other systematic, I tried a narrower scan. Figure 6.9 shows a 100 MHz
scan over the same signal. The laser is blocked just as the fluorescence begins to
drop, to avoid laser heating. Note the narrower features on the broad top of the
line. It was first thought that these might be Zeeman splittings but they are spaced
about 10 MHz apart. At about 1.4 MHz per Gauss splitting in our roughly 1 Gauss
field, Zeeman lines should be closer (and probably not resolved by our commercially
stabilized laser). The 10 MHz separation suggests micromotion sidebands at the RF
drive frequency. I will come back to this later.

The background suppression scheme that we developed was critical to our success

as is clear from Figure 5.11. The first graph shows the same first signal that we
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Figure 6.8: First laser cooled In* ion signal observed. The laser was being scanned
manually at approximately 1 channel (about 8 MHz) per second. The second “bump”
at the end of the scan is where the laser was backed off and then rescanned up.
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Figure 6.9: First laser cooled ion signal with a narrower scan of 200 MHz. The laser
is blocked just as the fluorescence drops (see text) accounting for the low count rate
above the transition. The approximate HWHM is 20 MHz.
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detected, but without background suppression. This weak signal would have been al-
most impossible to find without some sort of SNR enhancement. Now that we had the
signal though, we were able to optimize our optics. This improved the signal enough
that background suppressioz was no longer required to easily see it. Figure 6.10 shows
another comparison of a signal without and with background suppression after the
optics were optimized. Note also that the signal without background suppression,
about 400 s7', is in very good agreement with the predicted value of 661 - (see
Section 3.2.2). This suggests that our understanding of the various loss factors and
widths was good and that we can turn this around on the multi-ion case. There, our
estimated signal agrees with the observed value only if we assume 50,000 ions in the

trap. This is probably a more realistic number than the predicted capacity of 500,000
ions.

Optimizing the optics required locking the laser to the Tellurium line. This was
necessary because the transition width was quite narrow (less than the laser width)
which made it difficult to keep the laser frequency at the maximum fluorescence
location. The 1 MHz drift per minute caused the fluorescence intensity to change
substantially during the optimization process. Locking to the Tellurium line doesn’t
require special electronics since it is low frequency. A single pole low bandwidth
integrator does the job. The output of our Tellurium saturation electronics box,
which produces an error signal, is routed into the integrator and from there to the
external control on the back of the 699-21 laser control box. Of course, when the laser
is stabilized for high frequency excursions as well, the high finesse cavity is locked
to the Tellurium line by feeding back the integrator output to the cavity instead
of the laser. With the laser locked to the Tellurium line I was able to refine the a
priori alignment procedure (see Section 6.2.9). The strongest signal that I was able
to obtain in this way is shown in Figure 6.11. The narrowest line I obtained (without
a stabilized laser) is shown in Figure 6.12. This spectrum was obtained after heating
the trap to reduce micromotion (see the next section) and indeed, not only is the line
narrower, but there doesn’t appear to be any micromotion. A partial fit to the first
half of this lineshape gives a FWHM of 10 MHz.
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Figure 6.10: A comparison of a laser cooled ion signal after optical optimization,
(a) without and then (b) with background suppression. In each case, a channel
corresponds to 781 kHz and 1 second of integration. UV power was set to 50 uW. A
75 pym PMT pinhole was used.
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Figure 6.11: Best laser cooled ion signal. This one was obtained after optical opti-

mization. Each channel is 781 kHz and 2.5 seconds of integration. The approximate
HWHM is 9 MHz. The UV power was 50 4 and the PMT pinhole was 75 um .
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Figure 6.12: Spectrum showing the narrowest laser cooled ion signal obtained without
an externally stabilized laser. Each channel is 781 kHz and 1 second of integration.
The approximate HWHM is 5 MHz.



6.2.5 Micromotion

We fit the optimized signal in Figure 6.11 to find its width. Since it is only the first
half of the line (because I block the laser when the fluorescence begins to decrease),
only the portion up to its maximum value was fit. This gives 12 MHz FWHM.
In almost every scan that I did (including this one), I found that the fluorescence
has two peaks: one right at the beginning and one just before I blocked the laser.
The separation of these peaks was consistently between 5 and 10 MHz (since the
laser width was comparable to this it was not possible to determine the separation
very accurately). While the laser width prevents these peaks from being accurately
resolved, the fact that they show up consistently suggests that they are part of the
signal instead of noise spikes. Given the separation of roughly 10 MHz it seemed
likely that the peaks were the carrier and lower sideband due to micromotion.

At the absolute center of the trapping potential, the field is zero. However, any
distance away, the field is non-zero and oscillating at the RF drive frequency. The
time average of this oscillatory field together with its inhomogeneity result in the
time independent trapping psuedopotential. Away from the center though, the ion
will see a time dependent RF field. Thus the RF drive causes a slow oscillation at
the secular frequency (w;) and a fast (small) oscillation at the drive frequency ().
In our case the sidebands caused by the secular motion are at about 1 MHz and
probably unresolved. Zeeman lines due to the splitting of the mp sublevels in the
~ 1 Gauss ambient field are likewise of order | MHz apart (for the cooling transition).

Consequently, the peaks that we observed are most likely due to the micromotion.

To test this, I waited until I had a signal that was broad and had well defined
peaks. 1 then heated the trap and reloaded. Heating the trap is done to essentially
clean it and reduce micromotion-causing contact potentials. The signal obtained after
heating should be narrower and the peaks should be less well defined. Figure 6.13
shows an excellent example of :he effect that heating the trap has on the signal. The
overall signal is much narrower after the heating and the left peak is less pronounced,
however the separation of the left peak and the central part of the line is different
in each case. This would not be the case for micromotion sidebands. The resolution
of this inconsistency will have to await a stabilized laser. Note that the consistent
presence of micromotion sidebands is often an indicator of more than one ion in the
trap. This issue will be taken up subsequently.
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Figure 6.13: The effect of heating the trap on a laser ion cooled signal. Graph (a)
shows the ion signal before heating and Graph (b) shows a different ion signal loaded
just after heating. The improvement in micromotion is evident. In both graphs each
channel is 781 kHz and 1 second of integration.
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6.2.6 Determination of the Correct In* Cooling Transition Frequency Relative to a

Tellurium Line.

Since the laser-limited linewidth of the ion fluorescence was now on the order of
10 MHz (at least after heating the trap) and the Doppler-free Tellurium lines were
also about 10 MHz it was now possible to easily determine the relative frequency of
the two within 10 MHz. We found that the correct detuning for the Tellurium line
nearest the In* 9/2 - 11/2 HF line was 94 MHz to the blue. I determined this simply
by changing the modulation on the saturation cell AOM until I obtained maximum
fluorescence. As mentioned in Section 6.1.5 this disagrees with our estimate derived
from clouds. Most likely the discrepancy is due to fit errors caused by systematics
such as signal decay or a non-Gaussian lineshape. The saturation AOM is modulated
at 94 MHz and we use the second uptuned sideband.

6.2.7 Single Ions?

It was easy to make the assumption that we had a single laser cooled ion, but this
needs to be proven. We only knew with certainty that we had a laser cooled cloud of
no more than a few ions. The signal was not visible unless the laser was scanned up
from the red which implies that the laser is cooling. As to whether it was a single ion
or a small cloud of ions, more needs to be said. First of all, if it was actually a small
cloud then experience with other ion species suggests that only a very small cloud
of 2 or 3 ions is stable (Paul-Straubel trap). Any more than that and RF heating
will cause them to leave the trap. Experience had also shown that small clouds did
not persist in the trap for more than a few minutes without continuous laser cooling
whereas a single ion could stay much longer. It was fairly common for the In* laser
cooled signal to stay overnight. With no laser cooling for up to 20 hours, this is a
strong indicator of only one ion. Our signal strength always seemed to have the same
value of about 100 counts per second, also indicating one ion. If small clouds were
being loaded, one would expect to see incremental amounts of signal for 1, 2 or 3
ions. Finally, I varied the loading parameters to determine the minimum required to
load. Initially I loaded with the oven voltage set to 47 V. When I lowered it to 45 V,
I would only load infrequently—perhaps once every 3 or 4 tries. This guarantees that
loading is weak and it is unlikely that more than one ion at a time will be loaded. One

other factor is that I did see signals with no resolved micromotion. This would be
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highly unlikely with small clouds, however, this same apparent lack of micromotion
could also be caused by a sudden laser frequency jump past the transition peak®.

Each of these arguments is compelling, but they don’t constitute proof. If we are
actually seeing 1 ion then it is suspicious that we don’t ever see an indication of 2 ur
3. One technique used to get just one ion from a small cloud, is to scan the laser just
past the transition in order to cause a small amount of laser heating. This will kick
out some of the ions. The signal should go down incrementally. It is disturbing that
we have not been able to demonstrate this. Of course, the only way to prove how
many ions we have in the trap is either by seeing some sort of incremental increase
or decrease in signal, or to see quantum jumps.

If the ion jumps into a metastable state, the fluorescence will suddenly drop. This
is what is referred to as a “quantum jump” [Coo085]. If it always drops to zero (the
background level) then a single ion is indicated. Multiple ions will cause multiple
levels of fluorescence to be observed as one or more of the ions is shelved in the
metastable state. The demonstration of quantum jumps is the next target of this

experiment.

6.2.8 Loading Parameters

With a laser cooled signal I was able to verify that certain extraneous voltages were
lethal to the signal. Typically, my loading procedure involved turning off the entire
loading apparatus (oven and filament) after the load was complete. If I then turned
the filament voltage back on to its normal value the signal disappeared. What is
more, the signal didn’t return at all when the voltage was turned off, indicating that
the ion(s) is(are) being kicked out, rather than simply displaced from the beam. Not
surprisingly, the same result is true for the FEP voltage which is several times larger
than the filament voltage. Evidently, turning the loading apparatus off after loading
was another critical part of finding a signal.

A Paul-Straubel trap is distinguished from a Paul trap by the absence of endcaps.
Usually compensation plates are added on each side of the trap ring electrode along

the trap axis. A voltage can be applied to these plates to partially make up for

3 That is, just as the laser reaches the first micromotion peak, it jumps several MHz and a sudden
decrease in signal is observed. It looks like the transition reached a peak and didn’t display
micromotion, but, in this case, it has simply skipped over the multiple peaks.
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the lack of endcaps. Since the effect of the plate voltage is supposed to reduce the
anharmonicities of the trap, the signal should improve. This was not observed but
was only attempted once. [ found that 30 V was enough to displace the signal out
of the laser beam (the signal went to zero), but did not result in ion loss. Once the
voltage was removed tne signal reappeared. Smaller voltages seemed to have little
effect on the signal.

While it was much easier to load a laser cooled ion with the laser initially red de-
tuned by several hundred MHz, I occasionally had success with the laser red detuned
only 50 MHz. If I didn't see a signal with the laser detuned by only 50 MHz it was
often possible to move it out to 300-400 MHz, scan it back up slowly and have a signal
appear. The best explanation for this is that the load is successful either way, but
the signal is only visible if the ion loaded happened to be initially cold enough that
laser cooling at 50 MHz detuned worked. Hotter (and more typical) ions required the
larger initial detuning.

To verify that our power was well above saturation as we expected (see Sec-
tion 3.2.3), I doubled the laser power to see if there was any change in signal. There
was not. In fact, a reduction in power by a factor of 2 left the signal largely unchanged
although now a reduction was discernible. In this particular case the UV power out
of the enhancement cavity was 50 uW which meant that about 25 pW was making
it to the trap. A substantial reduction in power from here should still be possible
though I didn’t try. This is one useful way to increase the signal to background ratio
since the background will @5 down linearly with power.

6.2.9 Alignment Procedure

The following is the procedure used to align and focus the input and output optics.
The procedure given is the one that eventually worked. It applies to the twisted wire
Paul-Straubel trap which we used to trap single In* ions.

e Input Focus: The input focus is adjusted by translating one of the input
lenses. The correct position of this lens is determined by translating the input
lens closest to the trap in a direction perpendicular to the beam. This has the
effect of also translating the beam. When the beam is shifted enough that it

hits the trap, the image of the spot on the other side of the vacuum chamber
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will be eclipsed. Standard focusing techniques can be used with the trap acting
as a knife edge.

Output Focus: The (focused) input beam is moved transversely to hit the
trap in such a way that it creates a reasonably good UV point source. This
UV reflection is imaged on fluorescent paint on the pin hole covering the PMT
(the PMT is shifted slightly to one side so that the spot is on the paint instead
of the pin hole itself). The PMT is now translated along the output axis until
the fluorescent spot is sharply focused. This is now the correct focus for this
spot—not necessarily the ion. A correction factor was determined but of course
it is highly dependent on where the reflected spot comes from. I consistently
chose a spot centered in the horizontal direction and shifted to the top edge
of the trap. After much experimentation, I found the optimal focus to be 6.8

thousands of an inch closer to the output mirror than the position indicated by
the spot focus.

Input Vertical Alignment: The input beam is centered in the trap. There
are two orthogonal directions. I arbitrarily called the direction parallel to the
output axis the input horizontal direction and orthogonal to that, the input
vertical axis. The optimal input vertical position was 16 um towards the pump
from center. Center was determined by splitting the distance between eclipsing
the beam with two opposite sides of the trap. This correction from center was
subject to shifts in the ion position which could easily be caused by contact
potentials. Best accuracy was obtained after heating the trap.

Input Horizontal Alignment: The optimal position was 8 pum off center
moving away from the output mirror.

Output Vertical Alignment: For the output alignment, the PMT is trans-
lated in two orthogonal directions perpendicular to the output axis. Here the
names vertical and horizontal can be taken literally. The position of the PMT
was determined relative to a shadow of the trap on the pin hole created by a
lamp placed on the opposite side of the vacuum chamber. If the lamp is placed
on the axis joining the trap with the center of the output mirror, then small

variations in tilt and position of the lamp will have no effect on the position of
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the shadow on the pin hole. The pin hole is then centered in the shadow. The
vertical position must account for the correction plate shift (eq. B.3) of about
400 um . Consequently, the optimal position was 8.5 thousandths upward. This
made the pin hole just touch the bottom edge of trap shadow (or the top edge
as viewed through a telescope that we used which inverted the image).

e Output Horizontal Alignment: Strangely, the output horizontal position
required a rather large correction also. I could not account for this, but it
was consistently required. Best signal was obtained by moving PMT 3.8 thou-
sandths in the direction away from the pump.

6.2.10 Loading Procedure

The following was the loading/search procedure that finally worked. This procedure
is partially automated by the SCAN command on the data collection computer—see
Section 4.9.1.

e Laser Scan Range: Set the scan range on the laser controller to the desired
width (usually 1 GHz in the visible).

e Initial Laser Detuning: Set the initial detuning 400 MHz to the red of the

transition frequency as determined by the location of Tellurium lines.
o Filament Voltage: Set the filament voltage to 48 V (about 4.5 A).
e Oven Voltage: Set the oven voltage to 47 V (also about 4.5 A).

e Pulse Trap RF Off: Momentarily break the RF connection to the trap to
kick out ions (we thought that if too many ions were in the trap from previous
loads, they would be hot due to RF heating and the signal would be too broad
to be visible).

e Oven/Filament Warmup: Turn on the oven and filament such that the

filament warms up for 1 minute and the oven warms up for 30 seconds.

e Pulse E-beam: Pulse the electron beam on for 2 seconds.
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e Oven Off: Turn oven voltage off.
e Filament Off: Turn filament voltage off.

o Precool: After the load is complete leave the laser sitting at its initial detuning
for 40 seconds. It is thought that this additional time is required to cool with
the weak In* cooling transition.

e Scan Laser: Scan the laser frequency up towards the ion transition at 1 second
per channel. This was often done automatically by having the computer send
a ramp voltage signal to the laser controller (the ION command).

o Set Final Laser Width: As soon as a signal is detected, detune the laser
to the red again and change the scan width to 100 MHz (visible). With the
detuning set to 50 MHz the laser is now ready for spectroscopy of this transition.

It can be shown (see Section 2.4.2) that for a hot ion, with a Doppler width of the
transition much greater than the secular frequency of the trap (Ap > w;), that the
optimal laser frequency for maximal laser cooling is down-tuned by 1/2 the Doppler
width from the transition peak. Of course this position changes as soon as cooling
starts to take effect which can be very fast (less than 1 second) for strong transitions.
It does, however, suggest a good starting point for setting the laser frequency if hot
ions are expected. Since room temperature Int ions in a cloud have a Doppler width
of 1.5 GHz, we took 800 MHz (in the UV) as a good frequency detuning to start
at. This also holds in the “weak binding” regime [Win79a] where now v (the natural
width of the transition) > w;. In this case, laser cooling has already reduced the
Doppler width to be equal to or less than the natural width. So the optimal laser
detuning is 1/2 of the natural width.

6.3 Conclusions

The ultimate goal of this research is to establish a new frequency standard based on a
single laser cooled In* ion. The first major step towards this goal has been achieved:
the trapping and laser cooling of single In* ions. In this thesis I have described

the various techniques we used to reach this point: the electrical detection of buffer



gas cooled ion clouds stored in a Paul trap, the optical detection of these clouds, a
background suppression scheme that allowed us to improve the SNR, and finally a
detailed description of the apparatus and procedures used for loading and detection

of laser cooled ions in a Paul-Straubel trap.

6.4 Where to Next?

The next goal for this experiment is the observation of quantum jumps without a
clock laser. This will demonstrate the presence of only one ion in the trap at a time.
To reach this goal the SNR needs to be further improved. The first step in this
direction is the stabilization of the cooling laser below the natural linewidth of the
In* cooling transition. This has already been achieved. With an increase in spectral
density by a factor of 10x or more it should now be possible to turn the laser power
down from 50 uW several uW with no significant loss in signal and to achieve a 10x
reduction in background (since we are already well into saturation, we don’t expect
the signal to increase with higher spectral density). An additional benefit is that it
should now be possible to tune the laser closer to the peak of the cooling transition
without appreciable laser heating. This may lead to a larger signal. The apparatus
used to stabilize the laser below the In* cooling transition width is described in this
thesis.

The second step towards quantum jumps is to improve the output optics. An
f1.4 Schwarzschild reflecting lens will be used in the future that should double our
collection efficiency, reduce reflection losses (our current mirror reflects only 85%
whereas the new lens will be coated to transmit better than 99%), and eliminate off
axis aberrations, focusing the light more precisely into the PMT pinhole. In addition,
the new trap will be oriented such that the optimal output axis will be perpendicular
to the output window. This should eliminate astigmatism in the focused output
fluorescence which will make the astigmatism correction plate (and its associated
losses) unnecessary. The net effect of the new lens will then be at least a factor of
2.5 increase in signal and probably more. Based on calculations in Section 2.7, the
stabilized laser taken together with the new lens should provide enough improvements
to see quantum jumps.

To build a frequency standard it is necessary to perform high resolution spec-

troscopy on the narrow clock transition. This will require a second laser system
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producing light at 237 nm. Plans are in place for, and development has already
started on, a clock laser consisting of a twice doubled 946 nm laser. Since the clock
laser has much lower power requirements than the cooling laser, the lower power ob-
tained from laser diodes (compared to dye lasers) is well worth the added stability,
reliability and reduction in maintenance. This clock laser system would consist of the
diode laser at 946 nm, a KNbO, based doubling enhancement cavity producing light
at 473 nm, and a BBO based doubling enhancement cavity producing light at 236.5
nm. The latter cavity would be almost identical to the one used currently for the
cooling laser. While the ultimate power requirements for the clock laser are probably
much less than 1 uW at 236.5 nm, higher power may be needed during the initial
search for the transition. It is possible that the clock laser system will be able to
produce as much as 10 uW for this purpose.

Once the clock laser is set up, it must be stabilized. A technique almost identical
to the one used for the cooling laser will probably be applied here, with the primary
difference being the stability of the external cavity. Greater care must be taken to
isolate it thermally and vibrationally since, for frequency standard work, the clock
laser needs to have a width of less than 1 Hz. With the clock laser and its supporting
apparatus in place, it will be possible to do high resolution spectroscopy. It should
also be immediately possible to demonstrate zero point confinement since the In*
cooling transition width is much less than the secular frequency of the trap.
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Appendix A
INDIUM ION SUMMARY

This Appendix summarizes some of the aspects of Indium II (singly ionized In-
dium, usually referred to as In* ) that are relevant to this experiment. Table A.1
gives information on the cooling and clock transitions. There are two stable iso-
topes of Indium: A = 113 and A = 115. Information found in [Rag89] (except where
noted) on abundances, magnetic moments, and quadrupole moments is compiled in
Table A.2.

Table A.3 summarizes the saturation laser power for each transition and for various
widths. Note that 15 GHz corresponds to the Doppler width associated with roughly
1/10 the well depth of our Paul trap, 1.5 GHz corresponds to the Doppler width at
300 K, and Awp = 0 indicates that the Doppler width is much smaller than the
other widths. For the clock transition, we are only interested in the Awp = 0 case
because observations on this transition will only take place when the ion is cold. See
Section 3.2.3 for more details.

Table A.4 summarizes the estimated fluorescence signal from the cooling transition
that should be observed as a function of number of ions, laser power, laser width and
Doppler width. An ion cloud cannot be buffer gas cooled below 300 K so the last
two entries in the first row are not applicable. Similarly, the fluorescence signal from
a single ion is not interesting unless it is cooled well below 300 K. Note that these

values do not take into account the effect of background suppression. Finally, the

Table A.1: Frequencies and Lifetimes for Indium II Transitions.
transition: 552 15, — 5s5p 3P, 582 1Sy — 5s5p 3P,
wavelength: 230.6 nm 236.5 nm
v(cm™1) [Lar93): | 43,351.614(2)(5) (F=11/2) | 42,275.986(2)(7) (F=9/2)
43,350.351(3)(6) (F=9/2)
43,349.289(3)(6) (F=7/2)
T [Pei94): 0.44 ps 0.14 s
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Table A.2: Data on abundances, magnetic moments, and quadrupole moments for
each stable isotope. This information was found in [Rag89] except where noted.

abundance ;3 = 4.3%
abundance ;s = 95.7%

T = stable

s = 4.41 x 10My.

hws = Ihs = +9/2

pit? = 5.5289(2)un (ref. [Ric57))
ui = 5.5408(2)un

Qus = +0.799

Qus = +0.810

Table A.3: Saturation laser power for the In* transitions with various combinations

of widths: @y corresponds to the laser width and wp corresponds to the Doppler
width of the transition.

transition: I cooling l] clock

| Awp = 15GH: | Awp = 1.5GHz [ Awp =0 [[ Awp =0
Auwp =5MH:|  4mW 402 uW 1.34 piv [ 1.24 W
Awp =30kHz§ 4mW 402 uW 97 W || 7.4 nW
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Table A.4: Estimated fluorescence signal for the In* cooling transition.

Awp = 1.5GH:z Awp =10 Awp =0
Awp, =5MHz | Awyp =5MHz | Awp, = 30kH =
N = 50,000 13,000 s~! NA NA
P =50 uW
N=1 NA 661 s! 914 57!
P=1uW

saturation power for a laser cooled ion irradiated by a 30 kHz laser is about 100 nW.

The power for the last entry in the second row has been reduced to this value. See
Section 3.2.2 for more details.



Appendix B
SOME USEFUL FORMULAE

This appendix summarizes several useful formulae found in the text. A derivation
of the displacement of the output fluorescence due to the presence of the astigmatism
correction plate (see Section 4.10.2) is derived in Section B.1. A discussion of the
Gaussian lineshape used to fit Doppler broadened spectra is given in Section B.2.
Finally a list of other formulae used in the text is given in Section B.3 along with
references to where they are either derived, or at least discussed.

B.1 Correction Plate Displacement

This section gives the derivation of the displacement between two beams of different
wavelengths incident on the correction plate used to reduce astigmatism in the ion
fluorescence. Further discussion of this plate may be found in Section 4.10.2. If two
collinear beams of different wavelengths are incident at an angle 8; on a material with
indices of refraction n, and n, (for the two wavelengths) and thickness t, then they
will emerge on the other side of the material still collinear but displaced from each
other. See Figure B.1. The two angles of refraction through the plate are 6, and
0,. The respective displacements of each beam from the original direction, measured
along the output face of the plate are d; and d;. The difference between these two
displacements is Ad and the component of this difference transverse to the output

propagation direction is Ad;. From simple geometry we have
Ad,; = Adcosb; (B.1)
where Ad can be written as
Ad = t(tanf; — tand, — tanb; + tand,). (B.2)
Combining equations B.1 and B.2 and applying Snell’s law, one obtains:

sino,-

Ad, = t(tan(sin™Y( )) - tan(sin'l(%rwz)))cose,-. (B.3)
2

m
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Figure B.1: Astigmatism correction plate geometry.



In our situation there were two cases to consider. First, the output fluorescence goes
through the output window of the vacuum chamber. This window has thickness
t, = 5mm and incident angle 8 = 20°. The second case is the correction plate
with thickness t. = 9.53mm and incident angle 8 = 53°. The first wavelength is
231 nm for our cooling transition. The second wavelength is taken to be 550 nm, or
in the middle of the visible spectrum. Both materials are quartz so that n, = 1.52
and n, = 1.46. Substituting these values into eq. B.3 gives a transverse displacement
due to the window, Ad, = 47um, and due to the correction plate, Ad, =~ 343um
respectively. The fluorescence-detecting PMT is positioned just after the plate. So the
displacement along the PMT aperture and perpendicular to the axis of the fluorescent
beam is

Ad.yy = 390um. (B.4)

B.2 Gaussian Fits

This section describes the Gaussian lineshape used to fit Doppler broadened data.
The true lineshape is usually a convolution of Gaussian and Lorentzian lineshapes,
called a Voigt profile. At the temperatures found in a buffer gas cooled ion cloud,
however, the Lorentzian contribution is quite small by comparison to the Gaussian
contribution. Therefore, the true lineshape can be closely approximated by a Gaus-

sian. The equation used for Gaussian fitting was:
t=ko+ kle'((il'-":)/’!:;))2 (B.5)

where t is the number of transitions per channel, k; are the fit parameters, and z
is the channel number. The values ko and k; are in units of counts per integration
channel. The values k; and k; are in number of channels. From k3, which is the 1/¢
half width, we obtain the full width at half maximum (FWHM) in MHz from the
equation:

Suhm = 2VINZksAf = 1.6Tk;Af (B.6)

where Af is the width of each channel in MHz. Finally, one can obtain an approxi-

mate temperature from this:

T = (87u4m/1500)?300 (B.7)
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where room temperature, 300 K, corresponds to a FWHM of 1500 MHz for In*
[CorTT, Section 8.3].

B.3 Summary of Useful Equations

What follows is a listing of various useful equations found throughout the text. A
reference to the appropriate location in the text for each equation is also given.

Buffer Gas Collision Rate (eq. 2.34):

4rriPy |8k T; Ty
R=—m V=Gt )

Energy Transfer From In* To Buffer Gas Per Collision (eq. 2.29):

é6E
T = 0.140

Doppler Cooling Limit (eq. 2.40):

wa _h_‘)‘

min — 2%
Sideband Cooling Limit (eq. 2.45):

(ne)mn = 5/16(7/w;)?

Sideband Cooling Rate (eq. 2.43):

Power Broadening (eq: 2.62):

’ 3\3rP
Avpg =29y/1 + m



Secular Motion Amplitude (eq. 2.46):

Paul Trap Capacity (eq. 2.38):

Nomaz = 2.57 x 10°Dz,

Paul Trap Secular Frequency (eq. 2.20):

SV o)
w2 = mQrd To= %0
Paul Trap Well Depth (eq. 2.14):
— eAir?
D= m—Q: (7‘0 = 220)

Maximum Fluorescence Count Rate (eq. 2.56):

2vIn2)3
Roaz = Io i

Saturation Laser Power (eq. 2.59):

72 hew? \/ v + Awd + Aw?

Py =
‘ Vin2x33
Gaussian Beam Spot Size (eq. 4.8):
wn = Azyo_g0
°~ 128

Gaussian Lineshape (eq. B.5):

t = ko + kye((=—k)/ks)?

Correction Plate Displacement (eq. B.3):

6
d = t(tan(sin=} (=

. ing;
) — tan(szn"l(sm
ny nay

212k \/72 + Awd + Aw?

)))cosb;



Appendix C
ELECTRICAL CIRCUITS

This appendix contains schematics for several of the key pieces of electronic equip-

ment used in the experiment.

C.1 Trap RF Drive Amplifier

Figure C.1 shows the circuit used to amplify the RF drive () on the trap ring
electrode. The input was usually several volts at about 10 MHz. The VFET gives
about 20 dB of gain. The output is routed to a step-up coil which increases the
voltage amplitude of the signal by about another factor of 10.

C.2 Electrical Detection Preamp

Figure C.2 shows the schematic for the preamp used in the electrical detection of ion
clouds. The circuit is based on one described in [Hor93, p. 428). It uses two followers
on the input to give a large input impedance and better common mode rejection
ratio (CMRR). Good CMRR (100 dB or more) is a requirement since the signal is
still together with other (large) sources of RF at this point.

C.3 Short Term Laser Stabilization Electronics

This section describes the schematic for the short term laser stabilization electronics.
This circuit is an adaptation of one found J. Sandberg’s Ph.D. thesis [San93].

Figure C.3 shows the electronics used to detect the error signal for laser stabi-
lization. The FND-100Q is the photodiode detector. The error signal is fed into the
CLC425 wide band, low noise amplifier and then into the Mini-Circuits MAR-3 power
amplifier. The signal is both AC and DC coupled to the output. The AC coupled
output is generally used as the input to the RF mixer in the next stage.

Figure C.4 gives the schematic for the reference oscillator and the RF mixer. The

24 MHz crystal oscillator determines the frequency of the modulation voltage applied
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to the EOM to create sidebands on the laser. The output of the oscillator at J2 is
routed to the EOM via a Motorola CA2832C power amplifier (not shown) and also
to the LO input of the Mini-Circuits SRA-1W mixer via a phase shifter (this is not
shown either—it could be as simple as just a length of cable). The RF error signal
from the detector is routed to the RF port of the mixer. The DC error signal is then
available on the IF port of the mixer.

Figure C.5 shows the integrator network. The DC error signal from the mixer is
connected to J1 on the non-inverting input of the wide band integrator (CLC425).
The output of this integrator is connected to one input of the intra-cavity EOM, to the
slow path transfer electronics, and to the inverting input of the HV integrator. The
signal at B enables or disables the HV integrator. The output of the HV integrator,
at J3, is connected to the second input of the intra-cavity EOM. When the laser is
locked to the external cavity, the signal from both integrators is being applied to the
EOM. When the laser is not locked, the HV integrator is disabled by LOCK CTL. In
this way, the ringing and overshoot that may be associated with a high gain 2-pole
rolloff is avoided. The high gain of both cascaded integrators is only applied when
lock has been acquired.

Figure C.6 shows the cross over network used to match the gain of the intra-cavity
EOM to that of the tweeter at the frequency where one takes over from the other.
This is called the slow path transfer circuit because the inherent 699 transducers have
much lower bandwidth than the intra-cavity EOM. The match is accomplished by
tuning the Slow Path Gain Adj. pot. The signal at B from the Lock CTL circuitry
enables or disables the integrators. The output at C goes to the redundant locking

circuitry which uses the 699-21 servo loop as a backup for the high bandwidth EOM-
based servo loop.

Figure C.7 shows the redundant locking circuit. The LOCK DET IN input comes
from a photodiode that detects leakage light coming out of the reference cavity. When
the laser is locked the leakage light will be more intense then when the laser is out of
lock. The lock signal is routed through an LED which acts as a lock indicator. The
output at B is the lock control signal used by other parts of the circuit and represents

the lock detect signal unless that is overridden by the Master Lock Control switch.

The error signal from the slow path transfer circuit is routed to C. The error signal
from the 699-21 (derived from its own cavity) is routed to 699 INT ERR IN at J6. If
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the laser is locked to the external cavity then the error signal at C will be enabled and
routed to the 699 INT ERR OUT port at J5. There it is routed to the existing 699
transducers as if this were its very own error signal. The 699-21 circuitry is broken
between TP1 and R17 on board 1A9 and routed to its backpanel. The output is then
routed to J6 on our circuit with J5 on our circuit then being routed back to the input
on the 699-21 backpanel. f LOCK CTL indicates OFF (not locked to the external
cavity) then the error signal at C is disabled and instead the 699 error signal is routed
directly back into the 699-21. If LOCK CTL indicates ON then the 699 error signal
is prevented from going back to the 699-21; instead it is routed to the 699 EXT OUT
at J7. From here it is connected to the 699 external control.

In summary, the redundant locking circuit drives the 699 transducers with either
the error signal from the external cavity, or from the 699 cavity, depending on whether
the laser is locked to the external cavity. It also keeps the 699 cavity close to the
external cavity by driving the 699 external frequency control. This makes it possible
for the circuit to quickly switch between error signals if the high frequency servo loop
loses lock.

C.4 Drift Stabilization Electronics

The schematic for the drift stabilization electronics was not available on-line at the
time of this writing, so I have included a block diagram of it in Figure C.8 instead.
The 4 MHz oscillator drives the EOM that creates the sidebands on the laser. Mixing
this with the detected saturation signal produces a DC error signal on the IF port
connected to the input of the phase sensitive detector (PSD). The reference for the
PSD comes from the 10 kHz chopping signal which is applied, together with 94 MHz
shift signal, to the AOM. The 10 kHz portion of this signal chops the saturation
beam on and off and the 94 MHz portion causes the AOM to create sidebands at
+47 MHz. This modulation frequency, together with which sideband is chosen, de-
termines the frequency shift between the fundamental laser frequency and the Te
saturation line. The output of the PSD is then routed into an integrator and from
there to either the 699-21 external frequency control or the external cavity used for

short term stabilization. The former is used if the latter is not operational.
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C.5 Enhancement Cavity Locking Electronics

The locking electronics for the SHG enhancement cavity is used to lock the cavity
to the fundamental laser frequency. This makes it possible to tune the laser and,
without losing lock, to tune the second harmonic. The circuit is described in more
detail in Section 4.6.4. Figure C.9 shows the detection and integration stages. The
detection stage consists of the two photodiodes that detect the orthogonally polarized
beams, followed by an amplifier and a unity gain inverter. Both the error signal and
the inverted error signal are available. The integration stage consists of a follower for
monitoring purposes, and three integrators. Each integrator can be reset by the HV
rail detect circuitry which determines whether the error signal has gone out of the HV
amplifier range. The second and third integrators are prevented from contributing
immediately to the gain by an RC circuit. Maximum gain is applied only when the
circuit has acquired lock.

Figure C.10 shows the HV and HV rail detect stages. The HV stage takes its input
either from the integrators or from the sweep signal. The latter allows sweeping the
cavity across the laser line; particularly useful during alignment. The output of the
HV stage goes to the cavity PZT. The HV rail detect circuitry determines whether
the HV amplifier has reached one of its rails and so is not able to generate a valid
error signal any longer. If this is the case, a reset signal is sent to the integrators. The
cavity is momentarily taken out of lock while the electronics attempts to reacquire
lock on a closer cavity fringe.

Figure C.11 shows the sweep circuit that generates the internal ramp voltage used

for sweeping the cavity across the laser line.

C.6 Gating and Detection Electronics

Figures C.12 through C.14 show the circuitry for the background suppression gating
electronics. This circuit was designed by Bryan Venema and Phil Williams of our
electronics shop. With it we are able to control the duty cycle and frequency of the
laser light modulation and the duty cycle and relative phase of the detection gate.
The detected photon counts are input at J2 and gated by the signal at C to give a
gated count signal at J3.
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