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Project Summary

Overview: This project will investigate laser-driven transitions in trapped molecular ions. Such
transitions have applications to precision measurements, optical frequency metrology, and searches
for new physics. In this project, undergraduate students will contribute to the forefront of scientific
research.

Intellectual Merit: This project will develop the tools needed to use vibrational transitions in
molecules as precise optical frequency references and probes for time-variation of the proton-to-
electron mass ratio. Such time-variation arises naturally in some theories of quantum gravity or
dark matter. Molecular vibrations are promising places to look in next-generation searches.

The particular transition proposed here – from the ground vibrational state to the eleventh
vibrationally excited state in O+

2 – has a narrow natural linewidth, high sensitivity to drifting
constants, and long-term prospects as an optical molecular clock. It also has a transition frequency
where optical measurement techniques are well developed. A key tool for this work is a stable optical
local oscillator (a laser with wavelength 1063 nm) that is referenced to an iodine (I2) molecular
clock.

This project builds on the PI’s experience with trapped charged particles and precision measure-
ments as well as existing infrastructure for trapping and cooling O+

2 molecules. A suite of experi-
ments will demonstrate the promise of this system. First, two photons from the optical local
oscillator will drive the transition, which will be detected by dissociating the molecule in a state-
selective way. Second, the uncertainty in the absolute frequency of the transition will be reduced
by a factor of approximately one million by comparison with a calibrated I2 line. Third, continued
comparison of the O+

2 clock with the I2 clock over the course of a year will match or improve the
best limit on changes in the proton-to-electron mass ratio that have been set in molecular systems.
It will search for both drifts and oscillations in the ratio as a probe of additional dimensions, new
scalar fields, and ultralight dark matter.

Broader Impacts: Precision spectroscopy impacts fields beyond atomic, molecular, and optical
physics, including chemistry, astronomy, astrophysics, high-energy particle physics, and quantum
gravity. Many of the techniques used here (trapping individual atoms and molecules, quantum
state control) and larger themes (quantum gravity and dark matter) attract the interest of the
general public.

The participation of undergraduates in the research program is integral to its success. Students
will be introduced to active questions in the field and the experimental techniques being used
to answer them. Many skills in experimental physics are transferable to a wide array of future
endeavors. Students will present results through posters and presentations both locally and at
conferences as well as write them up in journal articles and theses. Alumni of the PI’s lab have gone
on to success in top graduate programs. The project will also advance the career of a postdoctoral
scholar.
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Project Description

1 Introduction

We propose to investigate electric-dipole-forbidden vibrational overtones in trapped molecular ions.
Such transitions have applications to precision measurements, optical frequency metrology, and
searches for new physics. We will drive an overtone as a two-photon transition in a system that is
of long-term interest as both an optical molecular clock and as a probe for time-variation of the
proton-to-electron mass ratio.

Even simple molecules contain a rich set of internal degrees of freedom. If these internal states
can be controlled at the quantum level, there are many applications to fundamental physics [1, 2]
such as searches for new forces [3], investigation of parity [4, 5] and time-reversal [6, 7] symme-
tries, or searches for time-variation of fundamental constants [8–19]. Experiments with molecular
ions [7,20–22] are already at the forefront of these scientific questions, taking advantage of the long
interrogation times allowed in trapped systems.

In atomic systems, electric-dipole (E1) forbidden transitions play important roles as qubits [23–
25] and clocks [26, 27] due to their long lifetimes and narrow linewidths. These transitions in mo-
lecules have not been as exploited for precision measurements or reference transitions. In diatomic
molecules with identical nuclei, all rotational and vibrational transitions within the same electronic
potential are electric-dipole forbidden, offering a suite of narrow lines with frequencies from the
radiofrequency to the optical. The nonpolar nature of the molecule suppresses systematic shifts
related to electric fields, such as AC Stark shifts and blackbody radiation.

Some of these lines are particularly sensitive to variation in the proton-to-electron mass ratio μ =
mp/me, which is predicted to change over time in many extensions to the standard model [2,28,29].
Some extensions predict a monotonic drift [28], but others involving ultralight dark matter suggest
that μ may oscillate with a frequency set by the mass of the dark-matter particle [29]. Models
typically predict that the relative change of μ should be of order 40 times larger than that of the
fine-structure constant α [28]. Current limits on present-day changes to μ come from atomic clock
experiments [30,31]. Nearly all the sensitivity to μ variation comes from the hyperfine structure of
cesium, and extracting the precise μ dependence requires a model of the cesium nuclear magnetic
moment [32]. The reliance on cesium clocks also means that atomic techniques are nearing their
feasible limits, as the cesium microwave clock has been surpassed in stability by optical clocks [27]
and is unlikely to improve by orders of magnitude in the near future. The vibration and rotation of
molecules provide a model-independent means to search for variation in μ [8–10,13,14,16]. Current
limits set by molecules [33] are roughly three orders of magnitude less stringent than those set by
atoms. We seek to continue developing molecular control techniques with an eye towards closing
this gap.

We have already trapped O+
2 molecular ions and sympathetically cooled them to the Coulomb-

crystal state with co-trapped Be+ atomic ions.

This proposal builds on our prior work and has these specific science goals:

1. Drive the E1-forbidden v=0→11 vibrational transition in O+
2 using two photons at 1063 nm.

2. Reduce the uncertainty on the measured transition frequency from several gigahertz to 10 kHz.
3. Repeat the measurement over the course of one year to set a limit on time-variation of the

proton-to-electron mass ratio of μ̇/μ < 6 × 10−14 yr−1, which would match the current best
measurement in a molecular system [33].

1



We chose the v = 0 → 11 transition because it has the long-term prospect [19, 34] of setting
a limit several orders of magnitude tighter than the current best (Cs-clock-based) measurement
μ̇/μ < 10−16 yr−1 [30, 31]. Further, high-power commercial lasers at 1063 nm are readily available
and the techniques are well-developed for narrowing the laser’s linewidth [27, 35–37], stabilizing it
long-term [38,39], and measuring its frequency against calibrated reference lines in iodine [40, 41].

This project will introduce undergraduate students to active questions in the field and the
experimental techniques being used to answer them. It will advance the career of a postdoc,
who will participate fully in the research program, work closely with the students, and join the
community of scholars at Amherst College.

2 Results from Prior NSF Support

CAREER: Fundamental Physics Through Precision Measurements
of Trapped Charged Particles

June 1, 2013–May 31, 2018, $600,000, Award PHY-1255170

At the beginning of our current grant, the PI was a relatively new assistant professor and was
just setting up his lab. We had the electrodes for an ion trap, but only pieces of a vacuum chamber
and parts for a laser system. During the award period, we built a versatile ion-trapping apparatus,
built a novel laser for cooling beryllium ions [42], investigated candidate molecular ions for precision
measurement experiments, wrote a paper on the favorable characteristics of the O+

2 molecule [18],
and loaded mixed crystals of Be+ atoms and O+

2 molecules. The goals of the current proposal
directly extend our prior work.

The products of our prior support include two peer-reviewed papers [18,42], five undergraduate
honors theses [43–47] with two more underway, two invited conference talks, two invited colloquium
talks, and at least ten posters presented at DAMOP, undergraduate-focused conferences, or on-
campus symposiums. This work has involved 19 undergraduate students and one postdoc.

Intellectual merit of prior support

We have identified O+
2 as a molecule possessing a high sensitivity to

present-day variation in the proton-to-electron mass ratio μ.

We have also determined experimentally feasible means for measuring this time-variation. Se-
arches for change in μ usually involve monitoring the energy difference �ω between two energies
with different μ dependence, �ω = E′(μ)−E′′(μ). The fractional change in μ is then related to an
absolute frequency shift Δω through

Δμ

μ
=

1

μ

(
∂ω

∂μ

)−1

Δω =

[
∂ω

∂(lnμ)

]−1

Δω. (1)

The quantity in square brackets is sometimes called the absolute enhancement factor because it
correlates with a larger absolute frequency shift for a given fractional shift in μ. The ideal system
would have both a high absolute enhancement factor and the ability to resolve small absolute
frequency shifts.

2



In molecules, both vibrational and rotational energies are sensitive to μ. In particular, for a
state of energy

E/(hc) = Te + ωe

(
v + 1

2

)
+ BeJ(J + 1), (2)

the electronic energy Te is independent of μ, the vibrational coefficient ωe scales as μ−1/2 and the
rotational constant Be scales as μ−1. (Here, the parameters are given as wave numbers. For scaling
of additional coefficients, see Refs. [48–50].) Thus the absolute sensitivity of a particular state to
variation in μ is given by

1

hc

∂E

∂(lnμ)
= −1

2ωe(v + 1
2) −BeJ(J + 1). (3)

Transitions between different vibrational states will generally yield higher sensitivity both because
ωe tends to be larger than Be and because selection rules preclude transitions between states of
vastly different J . The first term in Eq. 3 shows a linear growth in the sensitivity with vibrational
states. Thus, it is favorable to measure vibrational overtones rather than the v = 0 → 1 fundamen-
tal. As was pointed out in refs. [11,12], anharmonicity in the potential decreases the sensitivity as
the levels approach dissociation so there is a peak sensitivity at energies approximately 3/4 of the
dissociation energy. The maximum sensitivity of a molecule is proportional to the potential depth,
such that one should look for experimentally viable routes in deeply bound molecules.
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Figure 1: Potential curves (in the Morse approx-
imation) for the X, a, and A states of O+

2 . The
horizontal lines indicate the measured energies of
vibrational states [51–53]. Inset are the doublet-
X and quartet-a levels closest to degeneracy, in-
cluding spin–orbit splittings. The labels on each
fine-structure level indicate Ω in the case (a) (low-
J) limit. From ref. [18].

As we point out in ref. [18], the O+
2 mole-

cule has a deep electronic ground state potential
(54 600 cm−1 = 6.8 eV) and a relatively simple
molecular structure. It is homonuclear, so nu-
clear symmetry eliminates half the rotational
states and forbids electric dipole (E1) transiti-
ons within an electronic state. Thus vibratio-
nal transitions should be very narrow-line be-
cause they decay primarily as electric quadru-
pole (E2) radiation. As discussed more tho-
roughly below, this nonpolarity also suppres-
ses many systematic effects [12, 17–19, 34, 54]
such as some AC Stark and blackbody radia-
tion shifts. The most common isotope of oxygen
(16O, 99.8 % abundance) has no nuclear spin,
so O+

2 lacks hyperfine structure. Unlike many
molecular ions, O+

2 has measured spectroscopic
parameters [51–53, 55–60] and existing theore-
tical calculations [61–65].

There are three main approaches to a μ-
variation measurement in O+

2 . First, one
could drive a vibrational transition directly.
Although these are dipole-forbidden, they are
quadrupole-allowed. The N+

2 ground-state v =
0 → 1 electric-quadrupole transition has been
driven directly with a quantum cascade la-
ser [21]. Similar techniques could be applied to O+

2 . We do not choose this approach because
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the laser sources (at 5.3 μm for O+
2 ) are not yet available with narrow linewidths and thus our

ability to resolve Δω in eq. 1 is compromised. Attempts to drive transitions to v > 1 suffer from
very small quadrupole moments. A second approach is to drive the vibrational overtones as two-
photon transitions. This is the approach we adopt and discuss below. A third approach relies on
an accidental degeneracy between several excited vibrational states of the ground X 2Πg potential
and low vibrational states of the excited a 4Πu potential [18], as shown in fig. 1. This degeneracy
brings states with different μ-sensitivity within radio or microwave frequency of each other. It has
the potential for high absolute sensitivity while requiring only modest relative precision. It is an
intriguing prospect, but the two-photon vibrational overtone approach looks favorable at this point
for both technical and systematics-related reasons.

We have built an apparatus that can load beryllium atomic ions for
sympathetic cooling of co-trapped molecular ions.
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Figure 2: Schematic of the Be+ cooling laser sy-
stem. For simplicity, it omits many mirrors, len-
ses, and diagnostic and control electronics. From
ref. [42].

The cooling transition in Be+ is at 313 nm,
and we have built this UV laser using a uni-
que design of third-harmonic generation of a
940-nm infrared laser (see fig. 2). We have pu-
blished a manuscript [42] describing the system
and demonstrating its use in laser cooling and
detecting Be+ ions and sympathetically cooling
molecular ions. Our system’s maximum output
power of 36 mW is more than needed for sim-
ple Doppler cooling. Though we will not need
to sideband cool for the work in this proposal,
our system has that capability, which will be
helpful in the long term.

Our source for Be+ ions is thermal emis-
sion from a beryllium wire. We currently io-
nize the atoms via electron-impact. We are in
the process of constructing a 235-nm laser that
will resonantly photoionize beryllium [66]. We
are using a new design that frequency-doubles
a 470-nm diode laser. The blue laser diodes
are only recently available and allows for a sim-
pler system than the more traditional fourth-
harmonic-generation of an IR diode laser [67]
or the third-harmonic [68–70] or fourth-harmonic-generation [71] of a pulsed Ti:Sapphire laser. We
are on track for completing this new photoionization laser in January 2018, and expect to write a
manuscript describing its use. Besides enhancing the efficiency and cleanliness of our Be+ loading,
the 235-nm laser will play an important role as a photodissociation laser for O+

2 , which is discussed
below.
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Figure 3: Two types of ion crystals in our
trap. The upper (a) is pure Be+. The lower
(b) is a mix of Be+ and O+

2 , where the mo-
lecules appear as non-fluorescing gaps in the
crystal. The trap parameters were different
in these two cases, yielding slightly different
aspect ratios and ion densities.

r

A 2
u

X 2
g

2 +
u

X 3
g

d 1
g

301 nm

301 nm

Figure 4: (2+1) REMPI of neutral oxygen.
The lower X and d states are in neutral O2,
while the others are in the ion O+

2 .

We have loaded O+
2 molecules into Coulomb crystals.

Figure 3 shows such a mixed crystal of Be+ and O+
2 . Our vacuum chamber includes a precision

leak valve (Lesker VZLVM29) for controlled admittance of gas such as O2. Our initial loading was
via electron-impact ionization. This is not state-selective and the nonpolar O+

2 does not thermalize
readily with blackbody radiation (BBR). (Indeed, this immunity from BBR is a feature for us.)
So we are moving to a 2+1 resonance-enhanced multiphoton ionization (REMPI) scheme (fig. 4).
By use of REMPI, we will have vibrational selectivity and load ions into only a few rotational
states. A frequency-doubled pulsed dye laser (Quantel TDL60) generates 10-ns pulses of energy
0.25 mJ near 301 nm. These pulses excite a two-photon transition from the neutral oxygen X 3Σ−

g

state to the Rydberg d 1Πg state [72–74]. A third photon ionizes that state. (The third photon
is likely from the same pulse, but the beryllium cooling and photoionization lasers have enough
energy as well.) Because the Franck-Condon factors between the neutral d 1Πg and ion X 2Πg

states are nearly diagonal, we have complete vibrational selectivity. Because the transition to the
neutral d 1Πg is rotationally resolved, selection rules constrain the final ion state to be in only a
few rotation states [75, 76].

Intellectual merit of prior support – educational plan

The CAREER grant included an educational plan as an integral component. In addition to student
involvement in research, discussed below, I collaborated with other members of my department to
revise the physics major curriculum. Our revision emphasized maintaining high-quality instruction
while adding flexibility in the required coursework and a renewed emphasis on experimental work.
As an example of such a change, I revised our sophomore-level lab course with an eye toward
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quality over quantity. Students now go in-depth over several weeks on an experiment instead of
changing topics each week. I shifted the writing emphasis from producing 12–13 unique lab reports
to additional instruction on scientific communication, including time for peer review and revision.
In our introductory-course labs, we have added multi-week projects on topics of the students’ own
design. We have just added a new introductory-level course on oscillations and waves.

Broader impacts of prior support

The participation of undergraduates in the research program has been integral to its success. Du-
ring the prior grant, 19 undergraduate students participated on the work. Of these, 11 worked
through the summer, five completed a senior honors thesis [43–47], and two are currently working
on a thesis. Students in my lab have designed and built external cavity diode lasers, scanning
Fabry Perot cavities, microcontroller-based experiment sequencers, and a variety of electronics and
computer-programming projects. They have done experiments with Be+ ions to characterize trap-
ping parameters and determine the mass of co-trapped molecular ions. They have done theoretical
calculations for practical things like nonlinear optics, searched the literature for candidate molecu-
les for constants-variation experiments, and calculated molecular photo-ionization rates including
all the spherical-tensor algebra.

Thesis students in my lab have continued to graduate school in physics, electrical engineering,
and related fields at Stanford, Scripps Institution of Oceanography, Dartmouth, Princeton, Caltech,
and Harvard. Current senior Alexander Frenett won a Goldwater Scholarship based on work in my
lab and his considerable promise.

Beyond instruction for lab skills specific to their projects, I have trained each student in research
techniques such as data handling and analysis, the responsible conduct of research, and how to
search and read the literature. I closely mentor each student as they work with me. Over the
summer, Amherst College provides a variety of programming such as to scientific communication,
how to use various software packages (e.g. Mathematica or Python), and research ethics.

My students have opportunities to present their work publicly. Several students have joined
me at DAMOP to help present our group’s poster and to learn about our field. Summer students
present posters at a symposium on campus in early fall. Thesis students give two public lectures
on their work and write substantial documents [43–47]. Alexander Frenett presented a poster at
the NSF-sponsored Optics and Photonics Winter School at the University of Arizona. Lauren
Weiss won an award for her poster at the NSF-sponsored Emerging Researchers National (ERN)
Conference in STEM. Six students are co-authors on refereed publications [18, 42].

My prior support funded a two year term for a postdoc. Dr. Ryan Carollo has been a valuable
member of our group, and I have given him opportunities both to demonstrate his skills and to grow
as a scholar during this phase of his career. He has worked closely with our students. He attended
and/or presented at DAMOP and the North American Conference on Trapped Ions (NACTI). He
has been a co-author of two papers [18, 42] and the first author on one [42].

It is difficult to separate the Intellectual Merit and Broader Impacts of the educational compo-
nent of my CAREER grant. Much of our curricular revision was done with an eye toward increasing
the diversity of our physics majors to take advantage of the diverse student body at Amherst Col-
lege. Our department (and I personally) have worked closely with the Amherst Association of
Women in Science as well as a new initiative called Being Human in STEM. Our resulting acti-
ons include curriculum-scale changes such as increasing the flexibility of our major requirements
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through electives as well as classroom-scale changes such as implementing values-affirmation exerci-
ses in our introductory courses. These exercises have been shown [77] to reduce gender achievement
gaps in such courses.

3 Intellectual Merit

Vibrational overtones

Spectroscopy and control of molecular vibrational states could improve our knowledge of funda-
mental physics and lead to better optical clocks. Vibrational overtones (transitions with |Δv| > 1)
have been driven with one photon in several heteronuclear molecular ions, such as 40CaH+ [78] and
HD+ [22]. In homonuclear ions, such transitions are electric-dipole forbidden. Because their only
decay mechanism is through quadrupole radiation, these transitions should have extremely narrow
linewidths. In principle, it is possible to drive such vibrational transitions at higher order, and
the v = 0 → 1 transition has been driven in N+

2 as an electric quadrupole E2 transition [21]. For
overtone transitions, the quadrupole moment rapidly vanishes. Instead, it is possible to drive them
as a two-photon transitions. Two-photon transitions are used, for example, in the forbidden 1S–2S
transition in atomic hydrogen [79,80].

The homonuclear molecule O+
2 is a good system for developing techniques for quantum control

of molecular vibrational states. Table 1 lists some vibrational levels of O+
2 and several parame-

ters relevant for driving two-photon transitions from v = 0 and for other parts of our proposal.
Spectroscopy of O+

2 has been undertaken for many years [51–53,55–60] in part because of the impor-
tant role it plays in the ionosphere of Earth and other planets [81]. The most relevant spectroscopy
for our needs comes from high-resolution emission spectra [58] and VUV-laser-excited, pulsed-field-
ionization photoelectron spectra [51]. They give uncertainties on the vibrational transitions at the
few-gigahertz level.

v′ λ
(nm)

−1
2π

∂ω
∂(lnμ)

(THz)

Ω/(2π)
I

(10−6 Hz
W/m2 )

PD λ
(nm)

v′ λ
(nm)

−1
2π

∂ω
∂(lnμ)

(THz)

Ω/(2π)
I

(10−6 Hz
W/m2 )

PD λ
(nm)

1 10 614 28 1.5 113 11 1063 249 2.0 238
2 5386 54 2.3 123 12 984 266 1.9 257
3 3617 80 1.6 133 13 917 281 2.2 277
4 2738 104 1.7 144 14 860 296 2.1 299
5 2211 128 1.7 155 15 810 310 2.5 324
6 1859 151 1.5 166 16 767 323 2.5 352
7 1609 172 1.8 179 17 730 334 2.8 381∗

8 1421 193 1.6 192 18 696 345 2.9 401∗

9 1275 213 1.9 206 19 667 355 3.2 423∗

10 1158 231 1.7 221 20 640 364 3.6 446∗

Table 1: Parameters for the first 20 vibrational transitions from v′′ = 0 to v′, driven as two-
photon transitions at wavelength λ. Also given are the absolute sensitivity of the transition to
μ-variation, the Rabi frequency as a function of laser intensity, and the optimal wavelength for a
photodissociation (PD) laser. For transitions with v′ > 17, the best Franck-Condon overlap would
drive a transition to a bound state, so the energy to the continuum is given instead with an asterisk∗

marking the change.
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We have chosen the transition

|X 2Πg,1/2, v
′′ = 0, J ′′ = 1

2〉 ↔ |X 2Πg,1/2, v
′ = 11, J ′ = 1

2〉 (4)

because it has the best mix of sensitivity to variation in μ, available laser technology (1063 nm),
and nearby calibrated reference transitions [40, 41]. Driving this overtone transition instead of the
fundamental increases the sensitivity by almost a factor of nine, as one would expect from eq. 3.
(It is nine not eleven because we have accounted for additional anharmonic terms [11,12].) Moving
farther up the ladder to v′ = 20 would increase the sensitivity by another 50 %, but at the cost
of more complex or lower power lasers and fewer options for absolute frequency calibration. Our
choice of J = 1

2 is motivated by suppression of Zeeman and electric quadrupole systematic effects,
which we discuss below.

Experimental procedure

Our experimental goals are to drive the v = 0 → 11 transition, measure its frequency to 10 kHz
accuracy, and repeat the measurement over the course of one year to set the limit μ̇/μ < 6×10−14.
The general procedure for each of these goals is similar.

1. Load approximately 50 Be+ and O+
2 ions through photoionization and cool to a Coulomb

crystal
2. Probe the v = 0 ↔ 11 transition at 2 × 563 943 GHz (1063.20 nm or 18 811.1 cm−1/2)
3. Photodissociate the v = 11 state to O + O+ through the excited 2Σ+

u state
4. Dump the trap and analyze the ions with time-of-flight mass spectrometry

r

1063 nm

1063 nm

235 nm

A 2
u

X 2
g

2 +
u

Figure 5: Two-photon probe and one-photon pho-
todissociation transitions

We have the computer and data-acquisition
hardware in place for these experiments. This
includes a hardware-based sequencer, flexible
direct-digital synthesis (DDS) rf systems with
real-time amplitude, frequency, and phase con-
trol, and a hybrid LabVIEW/Python experi-
ment programming software. We discuss each
experimental step below and show the probe
and dissociation steps in fig. 5.

Photoionization of beryllium is through
a resonant excitation of the neutral at
235 nm [66–71]. This laser is the honors thesis
project of Christian Pluchar, and we anticipate
its completion in January 2018. Photoioniza-
tion of oxygen is a 2+1 REMPI scheme [72–74].
We have the frequency-doubled pulsed dye la-
ser required for this scheme. For our initial ex-
periments, we will load from 300 K background
gas leaked into our chamber at pressures around
10−9 mbar. By tuning the dye laser such that
it resonantly excites the neutral oxygen Rydberg state |d 1Πg, v = 0, J = 1〉, we will ensure ion
populations only in the |X 2Πg, v = 0, J = 1

2 ,
3
2 ,

5
2 ,

7
2〉 states. The vibrational selectivity is high
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because of diagonal Franck-Condon factors between the ion state and the neutral Rydberg state.
With only one pulsed laser, we will necessarily excite J ’s other than our target J = 1

2 [75,76]. This
will eat into our signal, but will not effect the measurement for those ions that are in the correct
state. It is possible that ions in the other states could be used for diagnostics such as magnetic
field or laser intensity calibrations. We will use ion crystals of approximately 50 ions in order to
increase our signal and duty-cycle. Our target precision is not yet at a level where micromotion or
other off-axis effects must be avoided entirely (see systematics discussion below).

We will probe all O+
2 ions simultaneously. The Rabi frequency of the two-photon transition

may be estimated by second-order perturbation theory with the transition driven off-resonantly
“through” the excited A 2Πu state. Electric-dipole transition moments, Franck-Condon factors and
other parameters are tabulated in ref. [82], based on fits to experimental data. From them, we
estimate the Rabi frequencies in table 1. For a 1 kHz Rabi frequency and a 100 μm waist, we
require a power of 8 W. For each μ-variation experiment, we will time-stamp the probe pulse so
that the data can be analyzed for oscillations in μ [29] not just drifts. We have a GPS receiver that
will allow accurate time recording, as in ref. [83].

To determine whether an ion has made the transition, we will photodissociate the |X 2Πg, v =
11〉 state to the continuum of the 2Σ+

u state. This electronic state shares the same O(3Pg) + O+(4Su)
dissociation channel with the X state, but it has a much shallower potential and its potential
minimum is significantly offset [62, 65], as shown in fig. 5. Using the potential’s parameters from
an ab initio calculation in ref. [65], we estimate the energy of a dissociating transition that has
the maximum Franck-Condon overlap. That is, we calculate the energy difference between the
X potential at the outer turning point of each vibration level and the 2Σ+

u potential at the same
internuclear separation. The results are included in table 1. For our target level v = 11, that energy
corresponds to a laser at 238 nm. Our 235 nm beryllium photoionization laser is well matched, and
the Franck-Condon overlap is still favorable at that wavelength. We anticipate photodissociation
to be a much faster process than other state-detection techniques, such as laser-induced charge
transfer with a background gas [84, 85].

In order to count the number of O+
2 ions versus O+ ions (and thus the fraction of ions in

v = 0 versus 11), we need to analyze the masses of the ions in the trap. Our current technique
involves probing the crystal trapping parameters such as resonant excitation of the ions’ normal
modes [86, 87] or taking the Paul trap’s mass-dependent a and q parameters into the instability
region for one mass but not another [88–90]. In this way, we have been able to distinguish O+

2 (mass
32 amu), O+ (16 amu, which we have loaded by electron-impact dissociation), and Be+ (9 amu).
Other molecular ion experiments have relied on techniques such as comparing ion-crystal images
with simulation [21, 85]. Time-of-flight mass spectrometery (ToF-MS) [91–97] is a faster way to
analyze the trap contents and has unit detection efficiency. In it, a voltage pulse extracts the ions
from the trap and sends them down a field-free drift region to be detected by a microchannel plate
(MCP) detector. The extraction field adds the same energy to each ion such that the lighter ones
are moving faster. Thus, detection time correlates with mass. This technique is destructive, but
photodissociation is as well. Alexander Frenett is currently constructing our ToF-MS as part of
his honors thesis project. We anticipate testing it in a separate vacuum chamber in spring 2018
and installing it in the main chamber with the trap during year one of this grant. Our mass-
resolution needs are modest (resolving masses 9, 16, and 32 amu), but we are designing our system
such that it can easily resolve Be+ from BeH+, which is an occasional contaminant ion. This
corresponds to m/Δm = 10, which again is quite modest compared to others’ published results
such as m/Δm = 50 [92], 100 [95], 500 [96], and 1100 [97].
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Figure 6: Overview of our probe laser system at 1063 nm. It is stabilized on short- to medium-
timescales with a ULE cavity and referenced long-term to a molecular transition in I2.

Laser source at 1063 nm

The laser used to drive the two-photon transition must be a well-stabilized optical frequency source.
Fig. 6 gives an overview of the system we intend to assemble. Because the only decay mechanism
of the v′ = 11 level is quadrupole radiation, the transition linewidth will be entirely set by the
probe laser. The equipment budget of this proposal is mostly for acquiring the source and requisite
materials to stabilize and amplify it. We plan to use a tunable diode laser as our master oscillator.
While a fiber laser has an intrinsically narrower linewidth, diode lasers are more tunable and are
available with more output power (200 mW); we plan on actively stabilizing the laser. We opt for
a commercial diode laser to take advantage of the engineering that has gone into making it more
stable and robust (e.g. ref. [98]).

For short- to medium-term stability, we will stabilize the laser with an ultra-low expansion
(ULE) Fabry-Perot cavity [27, 35–37]. While it is possible to narrow optical sources to sub-hertz
linewidths [37, 99], we will not need to go to such lengths. Our target precision of μ̇/μ < 6 ×
10−14 yr−1 corresponds to a frequency precision of 2×10−14, which is 6 Hz at 1063 nm. (Note that
we will not have to measure the absolute frequency in hertz to that level; see the measurement
discussion below.) We can estimate the required linewidth with a simple calculation. With a laser
of linewidth Γ, probe times equal to Γ−1, N ions, and total experiment duration τ , we would expect
a statistical uncertainty δω ∼ √

Γ/(Nτ), assuming our signal-to-noise ratio is limited by quantum
projection noise [100]. For example, a laser of linewidth 1 kHz probing 10 ions would reach our
required 6 Hz in 0.4 s. We intend to shoot for a sub-100 Hz linewidth, which will enable the option
of longer probe times and/or lower powers because of increased laser coherence. This will require
a high-finesse, temperature-stabilized, ULE cavity but likely not any active vibration suppression.

Absolute calibration with I2

Ideally, optical frequency measurements like the one proposed here are referenced to other optical
clocks [27, 101–104] via a frequency comb [105]. That level of precision is not yet needed to hit
the target of this proposal. Instead, we will double the master laser to 531.60 nm and reference
it to molecular iodine. The doubling will be single-pass in a commercial fiber-coupled periodically
polled lithium niobate waveguide doubler. These devices have specified conversions of 100 %/W up
to 100 mW input [106], which corresponds to 100 mW in the infrared converting to 10 mW in the
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green. They can be used at even higher input powers [107, 108], but this level of green light will
suffice for I2 and 100 mW of IR will be available in our setup before the amplifier. The conversion
is single-pass with no feedback required except to temperature-stabilize the crystal.

Using iodine as an optical frequency reference is a well-developed technique [38, 39, 109]. With
a room-temperature gas of iodine, there are tabulated references lines through the 499–676 nm
range [40]. Our setup will use modulation-transfer spectroscopy, which yields sub-Doppler line-
widths, is free of any Doppler shift, and gives a nearly flat baseline [110–112]. Many such systems
have been built near 532 nm (doubled Nd:YAG), and they are able to achieve parts in 1014 or
better with few-second integration times [38, 39,109].

In order to achieve long-term stability, systematic effects in the iodine cell must be controlled.
The largest such affects are pressure shifts and light-pressure shifts. The pressure in our iodine
cell will be controlled via the vapor pressure [113] of a sample of crystalline iodine in a cold finger.
Vapor pressures of 0.8–0.4 Pa would require temperatures of −15 C to −20 C for the cold finger [38].
Measured pressure shifts are on the order −3 kHz/Pa [39,112], which would correspond to roughly
200 Hz/K. To keep an absolute stability of 12 Hz (6 Hz in the IR) would require cold-finger stability
at the level of 0.06 K. Light-pressure shifts seem to change with experiment-specific effects such as
wavefront curvature, but are of the order of 1 kHz/mW [39, 112]. With a 1 mW pump beam, we
would require 1 % power stability.

Our μ̇ experiment does not require calibrating the O+
2 transition frequency in hertz as long

as we have a stable reference source. In this case, we will simply measure the frequency offset
from a particular iodine line (lines numbered 1193 and 1194 in ref. [40] are within our O+

2 line’s
uncertainty) over time. It turns out that another nearby line (number 1209) has been measured
with an accuracy of 8 kHz by use of a cesium-calibrated frequency comb [41]. We will use this
iodine line to measure our O+

2 transition to a similar level in hertz (goal 2 of this proposal). The
ULE cavity’s 1.5 GHz free-spectral range will provide a stable frequency reference for bridging the
approximately 132 GHz offset.

Measurement of μ̇/μ

The most sensitive measurement of μ̇/μ in a molecular system used a carbon-dioxide laser near
10 μm to measure a rovibrational transition in a beam of SF6. By use of a frequency comb and a
cesium fountain clock, they tracked the SF6 frequency versus the cesium hyperfine frequency over
the course of two years. They set the limit μ̇/μ = (−3.8 ± 5.6) × 10−14 yr−1 [33]. We aim to
match or improve this limit. By using a 10-times higher transition frequency, we will not need sub-
hertz optical frequency measurement (their resolution was 0.8 Hz). By comparing our frequency
to another optical reference (I2 rovibrational/electronic transition vs. Cs hyperfine transition), we
will not need access to an atomic fountain to achieve parts in 1014 precision.

The O+
2 v = 0 ↔ 11 transition’s absolute sensitivity to changes in μ is 1

2π
∂ω

∂(lnμ) = −249 THz.

That is, if μ were to increase by 6× 10−14, the frequency would decrease by 15 Hz. Because we are
referencing our transition to iodine, we need to include any effect μ-variation would have on that
molecule. Most of the energy of the 531 nm transition goes to changing the I2 molecule’s electronic
state from X 1Σ+

g to B 3Π+
0u. The particular iodine transition that appears to be closest to our

O+
2 transition is between v′′ = 0 in the X potential and v′ = 32 in the B potential [40]. Using

the molecular constants in ref. [40], we estimate this transition’s sensitivity to be −36 THz. The
net effect is to reduce our sensitivity by 10 % so that our measurement will have net sensitivity
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Shift Value Estimate (10−14)

Systematics for O+
2

AC Stark shift (probe beam) δf
f×Ω/(2π) = −2.5 × 10−15 Hz−1 −25(1)

Stark shift (trap) δf
f×E2 = −5.4 × 10−24

(
V
m

)−2 −0.05(5)

Blackbody radiation −2.5 × 10−18 −0.0003
First-order Doppler 0 0

Second-order Doppler δf
f×u2

0
= −2.4 × 10−16 μm−2 −2(2)

Zeeman shift 0 0
Quadrupole shift 0 0

Systematics for I2
Pressure shift δf

f×P = 5.3 × 10−12 Pa−1 300(2)

Light pressure shift δf
f×P = 1.8 × 10−12 mW−1 200(1)

Table 2: Systematic effects. The last column gives estimates for experimental parameters described
in the text.

−213 THz and a shift of 6×10−14 in μ will lead to a shift in the transition of 12 Hz on 531.60 nm
(6 Hz on 1063.20 nm), which is a fractional frequency of 2 × 10−14. With the combination of the
ULE cavity and iodine lock, this is achievable in precision.

In order to achieve that level of accuracy, we must evaluate systematic effects. Table 2 sum-
marizes the leading systematics. The upshot is that the O+

2 system is largely immune from any
perturbations at this precision and our main limitations will come from the I2 reference.

We have chosen O+
2 for this measurement because it is nonpolar, so it is not surprising that

electric-dipole-related shifts are small. By use of the same tabulated parameters [82] used to
estimate the Rabi frequencies, we estimate the shifts from blackbody radiation, low-frequency Stark
shifts (e.g. from the trapping fields), and AC Stark shifts (e.g. from the probe light). Ref. [19]
calculates these shifts for other transitions in O+

2 , and we generally agree with its results. The
probe beam’s AC Stark shift is listed in the table as a function of Rabi frequency (assuming a
Gaussian beam). For a 100 Hz Rabi frequency, we would have a shift of −2.5× 10−13, which would
require stabilizing the laser power at the 8 % level. Typical commercial lasers and and amplifiers
already meet this spec, but it can also be improved by feeding back to an AOM drive. We could
reduce the shift further with lower intensity, reduce the uncertainty with better power stability, or
suppress the shift with pulse sequences like the hyper- [114, 115] or auto-balanced [116] Ramsey
methods, which are used on the electric-octupole (E3) clock transition in Yb+. We have the rf
hardware in place to do such pulsing.

Any ion located off the rf null of our trap will experience Stark shifts from the trapping
fields [117]. Our trap produces radial electric fields with curvature of order 109 V/m2, which
we can calibrate in situ using the motional frequencies of the trapped ions. To keep the shifts
below 2× 1014, we would need to keep the ions within 60 μm of the trap axis. As discussed below,
we will likely confine them to within 10 μm, which would have a 36-times smaller shift. At 300 K,
we estimate the blackbody radiation shift to be negligible at −2.5 × 10−18.

First-order Doppler shifts are highly suppressed because the ions are trapped [118]. Any pos-
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sible first-order shift can be monitored with counter-propagating probe beams [119]. Second-order
Doppler shifts arise from finite temperature and micromotion [117]. At the 0.5 mK theoretical
Doppler-cooling limit of Be+, the second-order Doppler shift would be −1.4 × 10−18. Even at sig-
nificantly higher temperatures, this is negligible for our proposal. Excess micromotion, however,
can produce significant shifts. Based on our current radial trapping parameters, we estimate that
ions a distance u0 = 10 μm off the rf null will have a shift of −2 × 10−14. Thus, we will run with
long, thin crystals for the precision work.

The 2Πg state is of Hund’s case (a) and has two fine-structure manifolds. We choose the Ω = 1/2
states because they can suppress the quadrupole and Zeeman shifts. The quadrupole shift [120,121]
arises in principle because of the non-zero quadrupole electric field in the ion trap. The shift scales
as 3M2

J − J(J + 1) [19, 120, 121]. For states with J = 1/2, the quadrupole moment is exactly
zero and so the shift is also exactly zero. The Zeeman shift is suppressed by 103 in the Ω = 1/2
state because the electron’s orbital and spin magnetic moments largely cancel. There should be a
residual shift of about 1 kHz/G (∼ 10−3 Bohr magnetons), but for transitions with ΔMJ = 0, the
net shift will also cancel. We have not yet estimated the quadratic Zeeman shift, but because the
Ω = 3/2 fine-structure manifold has no J = 1/2 state, we expect it to be quite small.

Systematic shifts from iodine are discussed above. For the pressure shift, we would expect a
pressure shift of a few kilohertz, but would calibrate it by varying the vapor pressure and extrapola-
ting to zero pascals. During measurements, we would need cold-finger temperature stability around
0.06 K. Light-pressure shifts would also be calibrated, and would require 1 % power stability.

Long-term prospects

The O+
2 molecule and our chosen v = 0 ↔ 11 transition have systematic effects that are favorable

for several orders of magnitude improvement on the current-best limit of μ̇/μ < 10−16 yr−1 [30,31].
For a higher-precision experiment, the long lifetime of trapped ions would be key. It would allow
greatly turning down the probe beam’s intensity and thus AC Stark shift, which would also be
suppressed with composite pulse sequences [114–116]. Fewer ions would be used such that they
could all reside on the trap’s rf null, which would suppress the trap Stark and second-order Doppler
shifts. In order to increase the fraction of time devoted to probing the ions, a non-destructive
quantum-logic detection technique [122, 123] would be used. The first intrinsic limit to be hit
would be the blackbody shift at −2.5 × 10−18. For comparison, the Al+ optical clock [101, 119],
which has the smallest blackbody shift of currently used optical clocks, has room-temperature shift
−8 × 10−18 [124].

The other main change for a future measurement would be the replacement of the I2 optical
frequency reference with an optical atomic clock [27,101–104]. The iodine reference is limited both
by the cell (and thus pressure shifts) and the ∼ 1 MHz natural linewidth of the transition. An
optical atomic clock would have the added benefit that it is insensitive to variation in μ. The clock
comparison itself would require a frequency comb, which is now a standard (though expensive)
technique.
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Timeline

We currently have in place the ion trap, beryllium cooling laser, and oxygen photoionization laser.
We can load mixed crystals of Be+ and O+

2 .
This year (the last of our current grant), we are working on the beryllium photoionization laser,

which will double as the O+
2 |v′ = 11〉 photodissociation laser. We are building and testing the

time-of-flight mass spectrometer (ToF-MS) in a separate vacuum chamber. We are also working
on a pulsed supersonic beam of O2. Our proposed experiments do not rely on this beam working,
but it would greatly enhance our O+

2 loading efficiency by increasing the density of molecules at
the photoionization laser focus, decreasing the internal temperature of O2 and thus increasing
the population in the low-J state we seek to ionize, and reducing the pressure of the experiment
chamber.

In year one of this grant, we will acquire and assemble the 1063 nm master-laser system. We
will demonstrate the narrow linewidth of the laser and lock it to iodine. We will also integrate our
ToF-MS into our trap vacuum system, which will require a modification to our trap electronics to
allow dumping the trap rapidly [92–97]. The PI anticipates being on sabbatical this entire year
and will dedicate the majority of his time to this project.

In year two, we will observe the |X 2Πg,1/2, v
′′ = 0, J ′′ = 1

2〉 ↔ |X 2Πg,1/2, v
′ = 11, J ′ = 1

2〉
transition and measure its frequency in hertz relative to a calibrated iodine line [41]. We will
investigate systematic shifts of the O+

2 and I2 systems.
In year three, we will measure our transition multiple times relative to the closest I2 line as a

test of μ-variation. Each O+
2 probe pulse will be time-stamped so the data can be analyzed for

both drifts and oscillations in μ. We will continue to investigate systematic shifts.

4 Broader Impacts

Impacts to science and the general public

Precision spectroscopy impacts fields beyond atomic, molecular, and optical physics, including che-
mistry, astronomy, astrophysics, high-energy particle physics, and quantum gravity. The techni-
ques of trapped molecular ions can play an important role in quantum-state-controlled chemi-
stry [125, 126], astrochemistry [127, 128], and the development of quantum information proces-
sors [129]. The optical transition used in this work has systematics favorable enough that it could
one day be used as an optical clock [19, 27]. Indeed, if the tools can be developed to control and
read out molecular states more efficiently, the additional levels in molecules make them more flex-
ible than atoms for next-generation clocks [130, 131]. This proposal works on developing those
techniques.

The general public retains an interest in many of the themes of this proposal, such as trapping
atoms and molecules, control at the quantum level, quantum gravity, dark matter, and symmetries
of nature. At the local level, the PI has worked to generate interest in these themes. I have
given talks on my work to students and alumni. A student has built a “paperclip trap” (fig. 7) that
demonstrates the principles of our atom/molecule trap by capturing a piece of dust in an alternating
electric potential. The potential is just the 60 Hz power line transformed up to an amplitude of
6 kV [132], with hefty resistors as a safety current-limiter. A laser illuminates trapped particles
such as dust or lycopodium spores. This semester, another student is building a mechanical model
of our trap from a rotating saddle [133].
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Figure 7: Lycopodium spores levitated in a 6-kV,
60-Hz “paperclip trap”.

As part of this grant, we will install these
demonstration pieces in the new science cen-
ter at Amherst College that will open in sum-
mer 2018. We will place them on public display
with information about trapped ions and their
applications to precision measurements, time-
keeping, and quantum information processing.

Training of students

Undergraduate students will be crucial to the
success of this research. Our lab has a good
track record of interesting and exciting student
projects and of students finding success after
graduation. They have been involved in the
preliminary planning that went into this pro-
posal and will continue to work on the design,
construction, data taking, analysis, and presen-
tation of results. Current undergraduate Chris-
tian Pluchar is building the 235 nm photoioni-
zation/photodissociation laser for his senior honors thesis. Senior Alexander Frenett is conducting
his thesis work making our ToF-MS as well as next-generation loading with a pulsed supersonic
beam.

Student projects to be enabled by this support include: building an iodine modulation-transfer
spectroscopy setup, building a temperature-stabilized vacuum enclosure for the ULE cavity, sta-
bilizing the diode laser to the cavity and iodine, searching for and observing the resonance, and
calibrating systematic effects in O+

2 and I2. Along the way, there will be many small projects for
newer students. Examples of such projects are building photodetectors given a design sensitivity
and bandwidth or setting up a double-pass AOM.

Students will continue to have opportunities to present their work publicly. Summer students
will have an on-campus poster session. Thesis students will present two public talks on their work.
Several students will present at a national conference like DAMOP. They will co-author journal
articles as the work progresses.

Training of a postdoc

For a project of this scale, a postdoc will keep the momentum moving when the PI is called away for
teaching or other duties. Funding for a postdoc does more than just advance the science, though.
It will further the career of an accomplished scientist. As discussed more fully in my postdoctoral
mentoring plan, the person hired for this work will join a community of scholars at Amherst. They
will have the opportunity to lead an aspect of the research, to attend and present at conferences,
and to mentor students in the lab.
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DOI: 10.1038/nature08006
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B. D'Urso, R. Van Handel, B. Odom, D. Hanneke, and G. Gabrielse
Physical Review Letters 94, 113002 (2005)
DOI: 10.1103/PhysRevLett.94.113002

Synergistic Activities 

Member-at-Large on Executive Committee of APS’s Topical Group on Precision Measurements & 
Fundamental Constants (2015–2018) 
 Launched targeted recruitment effort at conferences 
 Grew membership more than 10 %  to over 500 
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Budget Justification

A.1. Senior Personnel

I request two-months of summer salary per year to support my work on this project. I have included
a 4 % cost-of-living adjustment.

B. Other Personnel

B.1. Postdoctoral Scholars

I request support for a postdoc for two years, split over three years as 0.5 yr, 1 yr, 0.5 yr. A postdoc
will be important in maintaining progress during the academic term and providing continuity
as students graduate. The postdoc’s role is more fully discussed in the Postdoctoral Researcher
Mentoring Plan. I have included an approximately 4 % cost-of-living adjustment.

B.4. Undergraduate Students

I include funds for summer support for one student for ten weeks per year. Student summer costs
are $__ an hour for 40 hours per week.

C. Fringe Benefits

The faculty, postdoctoral, and student salaries have respective benefits rates of 19.0 %, 29.0 %, and

0 %.

D. Equipment

The year-one equipment budget will allow for acquiring and assembling the 1063 nm optical source.

The budget breaks down as follows:

1. Master diode laser at 1063 nm (e.g. Toptica DLC DL Pro): $____
2. Linewidth-narrowing cavity

• High-finesse ULE cavity: $_____
• Ion vacuum pumps for enclosure: $____
• Electronics for stabilizing the laser (e.g. Toptica FALC and PDD modules with

chassis):$____

3. Fiber-coupled PPLN waveguide doubler: $____

The ULE cavity will require a vacuum enclosure, but we have the capabilities to make that in-
house to save considerable expense. The waveguide doubler creates the 531.6 nm light for locking
to iodine.

The year two equipment budget will purchase the high-power fiber amplifier that will allow
driving the two-photon transition.

1. Ytterbium-doped fiber amplifier (10 W): $____

These prices were determined from formal quotations from leading companies (Toptica Photo-
nics, Stable Laser Systems, NEL/NTT Electronics, HCP Photonics, IPG Photonics).
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E.1. Domestic Travel

Conferences are an important part of the scientific endeavor. I request funds to allow travel to a 
conference (e.g. DAMOP) for the postdoc, at least one student, and myself.

G. Other direct costs

G.1. Materials and Supplies

I include $____ a year for the first two years and $____ in year three to cover construction and 
improvements to the apparatus. The first two years will require a considerable amount of 
construction, including the ULE cavity’s vacuum enclosure and the iodine modulation-transfer 
spectroscopy and temperature-stabilization setup. Like most tabletop atomic physics experiments, 
ours is largely self-built. While we will require some funds for materials and consumables, most of 
the funds will go to two categories: optics and electronics.

• Optics : Our optics needs include acousto- and electro-optic modulators, safety equipment,
and general optics like mirrors, lenses, waveplates, polarizers, and fiber optics. We may need
to replace a laser diode or tapered amplifier on our 313 nm system.

• Electronics: Our electronics needs revolve around thermal stabilization (of cavities, va-
por cells, and lasers), laser control (current controllers and servolocks), computer control
(ADC/DAC/DAQ boards, microcontrollers, oscilloscopes), and radiofrequency generation
(signal generators, direct-digital synthesis (DDS) boards, mixers, splitters, amplifiers).

G.2. Publication Costs

I include funds for dissemination of our results. The requested amounts are in line with the current
publication charge at Physical Review Letters ($765). We will likely also publish details about our
optical system in one of the journals of the OSA (Optics Letters fee $125/page).

G.6. Other

I include funds for housing an undergraduate student for 10 weeks during the summer. The housing
fee is $125 per week.

I. Indirect Costs

All personnel costs (sections A, B, and C) are subject to the indirect cost rate of 55.5 %.
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Current and Pending Support
(See PAPPG Section II.C.2.h for guidance on information to include on this form.)

The following information should be provided for each investigator and other senior personnel.  Failure to provide this information may delay consideration of this proposal.

Investigator:
Other agencies (including NSF) to which this proposal has been/will be submitted.

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Summ:

*If this project has previously been funded by another agency, please list and furnish information for immediately preceding funding period.

USE ADDITIONAL SHEETS AS NECESSARYPage G-

David Hanneke

CAREER: Fundamental Physics through Precision Measurements
of Trapped Charged Particles

NSF
600,000 06/01/13 - 05/31/18

Amherst College
0.00 0.00 2.00

RUI: Driving Forbidden Vibrational Overtones in Trapped
Molecular Ions (This proposal)

NSF
514,119 07/01/18 - 06/30/21

Amherst College
0.00 0.00 2.00

11



Facilities, Equipment and Other Resources

At the start of this grant, Amherst College will have just commissioned a new 250,000 square-foot
science center with state-of-the-art laboratories and shops. Within this new space, Amherst College
will provide without charge many facilities, including personnel, in support of this research. These
include

• Laboratory space,
• Staffed machine shop,
• Staffed electronics shop,
• Extensive library with many journals available online,
• Utilities (electricity, water, deionized water, processed chilled water, LN2),
• Computing facilities (internet access, a computer cluster, software such as Mathematica,

Matlab, Solidworks, and LabView),
• A department laboratory technician, and
• Secretarial support.

We may also draw on the library facilities and other resources of the Five College Consortium (Am-
herst, Hampshire, Mount Holyoke, and Smith Colleges as well as the University of Massachusetts).

Amherst College provides funding for some students over the summer and occasionally during
the academic term. It provides a small amount to assist student travel to conferences. We have
also made use of the DAMOP student travel grants.

The Physics & Astronomy Department at Amherst College will occupy parts of the first two
floors of the new science center. The second floor will house a dedicated physics classroom, six
teaching laboratories, and storage space for teaching equipment. The first floor houses the physics
research labs and the college electronics and machine shops. The machine shop is 2,700 square feet
and is fully equipped with lathes, milling machines, bandsaws, sheet metal equipment, grinders,
and welding equipment. We have a three-axis CNC mill with tool-changer that we have had great
success using on intricate projects such as our trap electrodes. Our machinist, Jim Kubasek, has
extensive experience with precision machining, but also with educating. Twice a year, he teaches
three-week machine shop classes to students. Upon completion, they have access to a 500+ square-
foot faculty/student shop, which is also equipped with lathes, milling machines, and other tools.

The Physics & Astronomy Department hosts five experimental research programs. While the
physics goals are diverse, the techniques overlap enough for sharing of some common equipment.
Four of the groups make extensive use of lasers and optics, a different four produce vacuum or
ultrahigh vacuum, and four require precision radio frequency and microwaves. We routinely share
equipment including leak detectors, a dry pump-out station with turbomolecular pump, a bake-
out setup for ultrahigh vacuum chambers, and radiofrequency test and measurement equipment
including a spectrum analyzer and vector network analyzer.

The PI’s laboratory consists of approximately 1,000 square feet of space. I have been involved
in the design process from the beginning, and the laboratory is being constructed based on the
needs of my research program. This space is subdivided into two roughly equal size rooms: one
for the main experiment and all laser radiation and one for prep work. The lab temperature is
designed to be stable within approximately 0.1 ◦C under constant heat load. The lab is located on
the ground floor of the building in a corner and designed to be low-vibration (VC-D spec). The
ceilings are 13′ high and have embedded anchors capable of holding significant weight. They will
be used for suspending platforms with utilities and electronics above the laser tables.
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In addition to standard laboratory equipment and supplies, the following more specialized equip-
ment is available.

Ion trap and control accessories

• Ion trap (linear rf trap with segmented electrodes)
• rf source (oscillator, power amplifier, home-made helical resonator)
• DC source (NI PXI-6723 analog waveform generator, home-made filter board with bias-tees)
• UHV chamber (viewports, electrical access, precision leak valve, beryllium ovens, ion gauge,

and getter/ion pump)
• Objective lens (custom, Sill Optics)
• EMCCD camera (Andor iXon3 885)
• Photomultiplier tube (Hamamatsu H10682-210)
• Time-of-flight mass spectrometer (under construction, target completion March 2018)

– Photonis LongLife Micro-Channel Plate
– Home-made electrodes and electrostatic lenses

Lasers and accessories

• 313 nm cooling laser for Be+

– 36 mW max output, tunable
– Beamline includes AOMs with DDS drivers for tuning and pulsing the laser

• Pulsed, doubled dye laser at 301 nm for O2 photoionization

– Quantel 660B Nd:YAG pump (120 mJ at 532 nm, 10 ns, 20 Hz)
– Quantel TDL60 oscillator with two amplification stages (∼ 0.08 cm−1 bandwidth)
– Continuum UVX doubler with tuning tracker
– Neslab System II heat exchanger for chilled water

• 235 nm for Be photoionization and O+
2 photodissociation (under construction, target power

2 mW, target completion January 2018)
• Burleigh WA-1500 wavemeter (0.2 ppm accuracy)
• Burleigh WA-4500 pulsed wavemeter (0.02 cm−1 accuracy)
• Home-made wavemeter with 0.1 ppm resolution (shared)
• Two scanning Fabry-Perot cavities for transferring long-term stability (< 3 MHz/day) from

a stabilized HeNe to a diode laser
• Stabilized HeNe laser (2x Melles Griot 05-STP-901, 1x HP 5517B)
• Infrared viewer (FJW Find-R-Scope)
• Power meter with sensors (Thorlabs PM100D, S121C, S120VC)
• Optical tables (4′ × 10′, 4′ × 6′, 3′ × 8′)

Test and measurement equipment

• Four computers with LabView and various interfaces (ethernet, GPIB, RS232)
• DAQ boards (NI USB-6001, NI USB-6343)
• Various oscilloscopes (e.g. Agilent DSO-X 2004A)
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• Benchtop and handheld digital multimeters
• Various linear DC power supplies (e.g. Instek GPS-4303)
• Spectrum analyzer (HP 8563A, shared)
• Vector network analyzer (Keysight E5063A, shared)

Precise and accurate radiofrequency equipment

• GPS-disciplined rubidium oscillator (SRS PRS10 with SynPaQ/E-M12M-T receiver)
• 10 MHz distribution amplifier (Symmetricom 6502)
• Direct digital synthesizers

– Enterpoint Milldown boards (4)
– Four channels of AD9910 DDS’s per board
– Each channel with Analog Devices ADL5330 variable-gain amplifier
– Each board with a Xilinx Spartan 6 controller
– Capable of real-time frequency, phase, and amplitude control
– We have a total of 16 channels

• Various commercial synthesizers (HP 8648B, HP 8656B, Rigol DG4062)
• Various rf power amplifiers and other components (mixers, splitters, filters, detectors)

Other equipment

• Turbo pumping station: Agilent TwisTorr 84 FS turbo (67 L/s), IDP-3 scroll pump
• Pulsed supersonic beam apparatus (under construction, target completion March 2018)

– Parker Series 9 valve
– Beam Dynamics skimmer

Finally, we note that we do not anticipate any delay in the start of this project due to moving to the
new science center in the summer of 2018. The current apparatus was designed with an anticipated
future move. For example, as many optical systems as possible are modular and mounted on smaller
optical breadboards that are attached to the larger optical table rather than having individual
components bolted to the large table directly. The College has been proactive in mitigating any
potential consequences of construction and moving.
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Data Management Plan

Data content and collection

Our data constitute the scientific record of our endeavors, and we take its management seriously.
The data in our lab arise from two primary sources: the construction and modification of the
apparatus and the science. The documentation of both is conceptually similar, though the actual
process is more automated for the science data.

The apparatus-related data involve a person making a change that is documented in a log. We
primarily keep our logs online in two forms: a blog and a wiki. The blog, based on the WordPress
software, is our lab notebook. It typically contains daily entries or perhaps several per day that
document precisely what we do and why. It is accessible via password from across campus and
via VPN from around the world. It is searchable and allows uploading of images and documents.
Every member of the group has their own personal blog and can read and comment on every other
blog. The wiki, based on the MediaWiki software, is our repository for lab knowledge. Once a
device works, this is where you put the instructions. Since working in this lab will be the first
research experience for most students, we take care in instructing them in proper data collection
techniques and the importance of writing everything down. (And not on scrap paper!) Because
some tasks are necessarily done away from a computer, we still issue each student a paper notebook
that supplements the online log.

The science data consist of at least one of the following (1) images of ion crystals, (2) digitized
microchannel plate events, and (3) photon counts from the Be+ ions, registered as pulses from a
photomultiplier tube. Each event is logged in our data acquisition software and is accompanied by
significant metadata, including a time-stamp. For example, if the data were acquired at the end of
a particular laser pulse sequence, we automatically keep copies of the software that programmed
the sequence and the hardware state during the experiment. Because the quantity of data is modest
compared to hard-drive sizes, the storage of the computer-generated data is in simple ASCII files.

Data storage and preservation

Data, the blog, the wiki, and the LabView and Python programs reside locally on desktop computers
in the lab. The computer hosting the blog and wiki has its hard drives mirrored using RAID. All
other lab computers automatically back up to this server daily. The server, in turn, automatically
backs up daily to a hard drive elsewhere on campus.

In an effort to instruct the students about data preservation, we have a laboratory policy that
the wiki may be continually revised to show the state of our current knowledge, but the blog should
not be changed as it is the record of events as they were when written. In the case of egregious
error, one may alter a post by placing a strike through the offending text (the equivalent of an X in
a paper notebook), but the original record must remain. Nonetheless, both the wiki and the blog
keep versioning logs so all changes to inputs are recorded.

Aside from personnel documents, we do not expect any data that requires special handling
because of its sensitive nature. Our Human Resources office is the primary caretaker of personnel
files.
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Dissemination

Formal dissemination will be via publications and presentations. My students, postdoc, and I will
present the results of this work in colloquia and at conferences, both by talk and poster. We will
publish our results in widely accessible journals as well as on the arXiv preprint server. Amherst
College maintains an open-access collection of all scholarly work produced by its faculty1. On my
personal web site2, I post links for all my papers to the publisher’s web site and the arXiv. Whenever
allowed by publishers, I post the original journal article. Conference posters are accessible online
as well. Senior theses are posted on my web site and the department’s web site3 and are archived
in the College’s library.

We also seek ways to informally disseminate our work. The atomic physics community is a
generally friendly one. We have benefited from the sharing of both data and “tricks of the trade”,
and we happily give back as we develop tricks of our own.

We will provide data to other researchers upon request. In the past, we have provided others
with both raw data and analyzed data that went into a figure.

1https://acdc.amherst.edu/collection/octagon
2https://dhanneke.people.amherst.edu/publications.shtml
3https://www.amherst.edu/academiclife/departments/physics/alumni/senior_theses
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Postdoctoral Researcher Mentoring Plan

The role of a postdoc at Amherst College is both similar to and different from that at a major
research university. The primary purpose of the position is to participate in a world-class research
program and to mature towards being an independent scientist. Since we are at a small college,
however, I will encourage participation in the other aspects of college life, including the educational
aspects of our program such as mentoring undergraduates and possibly teaching.

The postdoc hired under this program will join a vibrant scientific and educational community.
In addition to the faculty and regular staff, the Physics & Astronomy Department currently hosts
three postdocs, a graduate student (formally affiliated with the University of Massachusetts), and a
post-baccalaureate researcher. During the academic term, we have a weekly colloquium with outside
speakers. Postdocs regularly attend the colloquium and meet with the speaker. Locally, Amherst
joins Smith, Mount Holyoke, and Hampshire Colleges as well as the University of Massachusetts
to form the Five College Consortium. These five colleges provide a broader community with many
seminars and resources. The University in particular provides a network of other young scientists. I
expect the postdoc to present at one or more conferences a year to keep in touch with the scientific
community at large.

My mentoring of the postdoc as scientist will involve skills needed for success both in the lab
and out. As needed, I will provide hands-on training in laboratory techniques, though I anticipate a
good postdoc will have a number of skills to teach me as well. Training on the responsible conduct
of research will be provided through the College’s formal training, by calling attention to issues as
they arise, and by example. I will seek opportunities for the postdoc to develop skills in scientific
communication, including writing research papers and grant proposals as well as presenting results
in seminars and conferences. I will mentor the postdoc on future career plans, including explicitly
discussing those plans, helping them set goals related to the plans, and providing opportunities to
meet their goals.

The liberal arts college environment presents unique opportunities for mentoring of the postdoc
as educator. They will necessarily work closely with the undergraduates in the lab, presenting the
postdoc with the chance to advise and mentor the students and me with the opportunity to mentor
the mentor. The continuity of a multi-year postdoc will also help bring the students up to speed
more quickly as they cycle in and out of the lab.

If the postdoc has an interest in teaching, I will work to give them the opportunity. In the past,
postdocs have put together small courses on their graduate work or other topics and taught them
to students during our three-week January interterm. Other postdocs have been integrated more
formally into our classes as instructors in teaching labs or discussion sections.
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RUI Impact Statement

Research at Amherst College

Amherst College is a small, highly selective, liberal arts college located in western Massachusetts.
We have approximately 1,850 students and 200 faculty members. Our college has a strong com-
mitment to research and to engaging students in active questions at the forefront of knowledge.
The sciences at Amherst attract significant external funding, including 15 active NSF awards and
a total of $9.4 million over the past five years to support research in STEM and the social sciences.
The challenging work set out in this proposal is well-matched to Amherst.

The Physics & Astronomy Department has eight tenure-line faculty members. We are enga-
ged in work on precision measurements with trapped molecular ions (David Hanneke), topological
features in Bose-Einstein condensates (David Hall), local Lorentz invariance and laser-cooling mole-
cules (Larry Hunter), quantum nanomagnets (Jonathan Friedman), DNA folding (Ashley Carter),
direct-imaging of exoplanets (Kate Follette), neutrino scattering theory (William Loinaz), and field
theory and the foundations of physics (Kannan Jagannathan). Each of the faculty members doing
experimental work has external funding. Ashley Carter and I have current NSF CAREER grants.

The quality of the work in the Physics & Astronomy Department has been recognized with
national awards. David Hall and Larry Hunter have received the APS Prize for a Faculty Member
for Research in an Undergraduate Institution (in 2012 and 1991). Student Benjamin Heidenreich
was a finalist for the APS Apker Award for undergraduate research in 2006. Former undergra-
duates Michael Foss-Feig and Adam Kaufman have gone on to win the 2013 and 2016 awards for
Outstanding Doctoral Thesis Research in AMO Physics (now the Jin Prize). My current thesis
student Alexander Frenett received a Goldwater Scholarship in 2017.

Student involvement in research

Research involvement is an important part of many students’ education at Amherst. It emphasizes
that science occurs primarily outside the classroom. It develops skills that complement those
learned through coursework. It gives a taste of research for those considering grad school.

Students can get involved as early as their first year. Most initially notice the research culture
through the posters that line the hallway, the weekly colloquium, or the examples used in the
classroom that are drawn from work done on campus. The college holds a competition for Summer
Undergraduate Research Fellowships (SURF) that are only available for students completing their
first or second year. These fellowships come with ten weeks of funding and include many social
events and seminars on topics like programming languages, how to make a poster, or research
ethics. There is a poster session in the early fall to celebrate the students’ work.

About 75 % of our physics majors write a senior honors thesis. An honors thesis at Amherst
is a substantial undertaking, comparable to a masters-level work at some institutions. The time
investment is equivalent to three of eight courses in the senior year. Most students spend part of the
prior summer getting started, and the college typically provides support for eight weeks of summer
work. I often use NSF funding to bring this up to ten weeks of support. My own work has involved
27 students over 6.5 years. Seven of them have completed senior honors theses, and two theses are
currently underway. Table 3 lists my thesis students and what they did after graduation. Six of
my thesis students have been co-authors on publications, which I indicate with an asterisk on my
biographical sketch. I expect the work of my current two thesis students will lead to publications
as well.
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Student Thesis title After graduation
Alex Frenett ’18 Still in progress, time-of-flight mass

spectrometry and supersonic beams
applying to physics grad school

Christian Pluchar ’18 Still in progress, construction of a 235-
nm laser for beryllium photoionization and
O+

2 photodissociation

applying to physics grad school

David Lane ’17 Developing a Quantum Toolbox: Experi-
ments with a Single-Atom Harmonic Oscil-
lator and Prospects for Probing Molecular
Ions

Gap year then grad school

Ned Kleiner ’16 Quantum Control of Be+ Ions Harvard Earth and Planetary
Science Ph.D. program

Jiajun Shi ’15E Radiofrequency Synthesis System for Laser
Modulation

Caltech electrical engineering
M.S.

Phyo Aung Kyaw ’14 Constructing an Ultra-High Vacuum Cham-
ber and a Radio Frequency Helical Resona-
tor for Trapping Ions

Dartmouth electrical engineer-
ing Ph.D. program

Chu Cheyenne Teng
’14E

Frequency Control and Stabilization of a
Laser System

Princeton electrical engineering
Ph.D. program

Shenglan Qiao ’13 Constructing a Linear Paul Trap System
for Measuring the Time-variation of the
Electron–Proton Mass Ratio

Stanford physics Ph.D. program

Celia Ou ’13 Third Harmonic Conversion UC San Diego, Scripps Institu-
tion of Oceanography Ph.D. pro-
gram

Table 3: Undergraduate honors theses supervised. An “E” on the class year indicates a December
graduation (’14E is Dec. 2013).

Commitment to diversity

Amherst College is committed to maintaining a diverse student body. Over many years, the college
has worked to increase student diversity. This work has paid off. Of American students at Amherst,
45 % self-identify as students of color and 34 % self-identify as minorities that are underrepresented
in the nationwide population of college students. We are a national leader on economic diversity
and have a need-blind admission policy and a commitment to meet the need of any admitted
student without the use of loans. We are one of very few schools that extends this commitment to
international students.

Amherst is also committed to increasing the diversity in STEM fields. At a White House
Summit on STEM access in January 2014, our college president committed us to “Increase the
proportion of low-income and disadvantaged Amherst students who major in science and math
fields.” We maintain an extensive support network for these students as we work towards that goal.
We run a “Summer Science” program that brings first-generation and/or low-income students to
campus for several weeks before their freshman year. They do some work on building quantitative
skills, but the main purpose is cohort-building and an introduction to life at the college. Support
continues through the year with a Quantitative Skills Center staffed with a faculty director, full-
time staff associate director, and several full-time associates and fellows. Select students are invited
to participate in an “intensive advising” program in which they meet with a faculty advisor twice
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a month instead of once a semester. I am participating as an advisor in this program and have
found it fruitful in helping my advisees work through their unique challenges at getting acclimated
to college life. The Amherst Association of Women in Science is one of the larger student groups
on campus and is active in training student mentors, hosting discussions with faculty, and holding
alumni panels to discuss careers in STEM.

Particular impact of this project

This project will have a particularly strong impact on the training of three to five students who
will do their honors thesis on this topic, an additional 6–15 students who will work on it over
the summer or during the academic term, and a postdoc who will use it as a stepping stone on a
scientific career. It will also impact my own career by allowing me to build on the foundation laid
by my CAREER grant.

Through this work, students will be introduced to topics such as

• Lasers and electro-optical techniques
• Optical frequency metrology
• Molecular clocks
• Atomic and molecular physics, including evaluation of systematic effects
• Computer programming, simulation, and data analysis
• Computer-assisted design, such as SolidWorks

I am particularly excited to bring optical frequency metrology to our college. This is a vibrant and
growing field, and I look forward adding a few orders of magnitude of precision to our work.
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