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ABSTRACT

This Dissertation describes how I used a three nanograting Mach-Zehnder atom

beam interferometer to precisely measure a wavelength of light, known as a tune-

out wavelength, that causes zero energy shift for an atom. I also describe how such

measurements can be remarkably sensitive to rotation rates. It is well known that

atom interferometry can be used to measure accelerations and rotations, but it was

a surprise to find out that tune-out wavelength measurements can under certain con-

ditions be used to report the absolute rotation rate of the laboratory with respect to

an inertial frame of reference. I also describe how we created conditions which im-

prove the accuracy of tune out wavelength measurements. These measurements are

important because they serve as a benchmark test for atomic structure calculations

of line strengths, oscillator strengths, and dipole matrix elements. I present a new

measurement of the longest tune-out wavelength in potassium, �
zero

= 768.9701(4)

nm. To reach sub-picometer precision, an optical cavity surrounding the atom beam

paths of the interferometer was used. Although this improved the precision of our

experiment by increasing the light-induced phase shifts, the cavity also brought sev-

eral systematic errors to our attentions. For example, I found that large ±200 pm

shifts in tune-out wavelengths can occur due to the Earth’s rotation rate. To solve

this problem, I demonstrated that controlling the optical polarization, the magnetic

field, and the atom beam velocity distribution can either suppress or enhance these

systematic shifts. Suppressing these systemic shifts in tune-out wavelengths is useful

for precision measurements used to test atomic structure calculations. By enhancing

these systematic shifts, the interferometer can be a gyroscope that utilizes tune-out

wavelengths.
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CHAPTER 1

INTRODUCTION

1.1 Atom Interferometry

Atom interferometry, in which de Broglie waves of atoms are coherently split and

later recombined to make interference fringes, is an important method in atom op-

tics. Atom interferometry was used to study atomic properties such as polarizabili-

ties [1, 2, 3], Van der Waals forces [4, 5], and tune-out wavelengths [6, 7, 8, 9, 10, 11].

Measurements of acceleration and rotation rates have also been demonstrated with

atom interferometery [12, 13, 14, 15]. More recently, atom interferometry has even

been used to place constraints on theoretical models of dark energy [16]. Atom

interferometer detectors for gravitational waves have also been proposed [17, 18].

The work presented in this dissertation used atom interferometery for a precision

measurement of a tune-out wavelength. As will be described, when a laser at a tune-

out wavelength interacts with an atom, the atom does not experience an energy

shift. In other words, the dynamic polarizability of an atom is zero at a tune-out

wavelength. Polarizability will be discussed in the next section.

One application for this precision measurement of a tune-out wavelength is to test

state-of-the-art atomic structure calculations. This work is described in Chapter 3

and Appendix A [7]. Another application of our tune-out wavelength measurements

is to use them to measure rotation rates. An atom interferometer gyroscope based

on this principle is described in Chapter 4 and Appendix C [12].

1.2 Polarizability

Polarizability describes how an atom behaves in an electric field. The electron cloud

of an atom is stretched or deformed due to the interaction of the charged particles of
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the atom with the electric field. The negatively charged electrons and the positively

charged protons in the nucleus are forced in opposite directions. The induced dipole

moment, ~p = e · ~r, of an atom in an electric field, ~E, is equal to the polarizability

times the electric field to the first order as shown in Eq. 1.1. The induced dipole

moment is

~p = ↵~E + � ~E2 + ..., (1.1)

where e is the magnitude of the charge of the electron ~r is the displacement of the

electron cloud, ↵ is the electric dipole polarizability and � is the hyperpolarizability.

The hyperpolarizability and other higher order terms are negligible in the experi-

ments presented here because the applied electric fields (up to 106 V/m) are small

compared to the 1013 V/m electric field that would be needed to field-ionize the

atomic states that I studied. In future experiments, detection of the hyperpolar-

izability may be possible under certain experimental conditions as discussed later.

For atoms in L 6= 0 states, the induced dipole moment depends on the orientation

of the atom in the electric field and is described by a tensor polarizability. In this

work, we use ground state alkali atoms which are spherically symmetric. Thus, the

induced dipole moment is independent of the orientation of the atom in an electric

field (when one ignores the very small tensor polarizability associated with nuclear

spin). It does, however, depend on laser polarization as later described in Sec. 1.4.

The S.I. unit of polarizability is Cm2/V. It can be convenient to express polar-

izability in units of volume. In c.g.s. units, polarizability is expressed in cm3. The

conversion between S.I. and cgs units for polarizability is

↵ [S.I.] =
�
4⇡✏

0

· 10�6

�
↵[c.g.s.]. (1.2)

In atomic units (a.u.), e, me, 4⇡✏
0

, and ~ are equal to 1. Polarizability in a.u. is

naturally expressed in units of the Bohr radius cubed, a3

0

. The conversion between

S.I. and a.u. for polarizability is

↵ [S.I.] =
�
4⇡✏

0

a3

0

�
↵[a.u.]. (1.3)
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Figure 1.1: Polarizability of ground state potassium. The tune-out wavelength
(�

zero

) between the D1 and D2 lines is labeled. Eq. 1.9 was used to calculate the
polarizability and is explained in Sec. 1.4.1.

For calculating polarizabilites, atomic units are often used. However, in this thesis,

most equations for polarizability will be expressed in S.I. units.

Static polarizability refers to the polarizability of an atom in a static electric

field, ↵(! = 0). A good approximation for the static polarizability is

↵(0) ⇡ e2

m

X

k

fk
w2

k

, (1.4)

where fk is the oscillator strength from the ground state to excited state k and !k

is the resonance frequency. Precision static polarizability measurements for alkali

atoms have been made with our atom interferometer as described in [1, 2, 19].

In the case of a laser field, the polarizability depends on the laser frequency

(because of dynamic polarizability) and the polarization of the laser (because of
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vector polarizability). A good approximation for the dynamic polarizability is

↵(!) ⇡ e2

m

X

k

fk
w2

k � !2

. (1.5)

This assumes either linear laser polarization or an average over all hyperfine ground

states. Dynamic polarizability calculations are explained in detail in Sec. 1.4. A

plot of the dynamic polarizability between the D1 and D2 lines for ground state

potassium atoms is shown in Fig. 1.1.

Roots in the dynamic polarizability spectrum are called tune-out wavelengths,

�
zero

, and occur where

↵(!
zero

) = 0

for !
zero

= 2⇡c/�
zero

. (1.6)

�
zero

is shown in the dynamic polarizability plot in Fig. 1.1. In my work shown in

Appendices A and C and discussed in Chapters 3 and 4, I made precision tune-out

wavelength measurements using an atom interferometer. Applications of tune-out

wavelengths in other experiments are described in Sec. 1.4.2. In the next section, I

present an overview of my work and this dissertation.

1.3 This Dissertation in Brief

The main theme of my dissertation is precision tune-out wavelength measurements

made with atom interferometery and their applications.

In the rest of Chapter 1, I show dynamic polarizability calculations that are

needed for understanding our experiments with potassium atoms. I show that the

dynamic polarizability and roots in the dynamic polarizability spectrum depend on

the atomic spin state and the optical polarization of the laser. This background

is important for our experiments because it helps explain why there can be large

shifts in measured tune-out wavelengths. It also helps us better understand some

of the experimental conditions (laser polarization) that result in either an atomic

spin-dependent polarizability spectrum or an atomic spin-independent polarizabil-
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ity spectrum. This understanding of how the laser polarization a↵ects the dynamic

polarizability spectrum is crucial for the new work in this dissertation. First, we

minimized the atomic spin-dependence to reduce systematic errors in precision tune-

out wavelength measurements that serve as a benchmark test of atomic structure

calculations. This is described in Chapter 3, Appendix A, and reference [7]. Second,

we increased this atomic spin-dependence to make a more sensitive atom interferom-

eter gyroscope. This is described in Chapter 4, Appendix C, and reference [12]. In

Chapter 1, I also describe how tune-out wavelengths are used in other experiments.

This helps show how tune-out wavelengths have emerged in the last five years in

a variety of experiments and that making tune-out wavelength measurements in

general is interesting for a wider range of applications.

In Chapter 2, I provide an introduction to the three nanograting Mach-Zehnder

atom interferometer that I used for the new research presented in this dissertation.

First, I describe the apparatus including the atom beam, the nanograting, and

the detector. Then, I describe the interference fringes that we measure with the

interferometer. I discuss phase shifts to the interference fringes that arise from

di↵erent forces acting on the atoms. These include inertial forces from the earth’s

rotation rate and acceleration. I also discuss phase shifts that arise from an atom

interacting with a static electric field gradient and a laser. They are proportional to

the polarizability. All of these phase shifts are important for tune-out wavelength

measurements. Because inertial phase shifts and phase shifts from external electric

fields depend on atom velocity and our atom beam has a spread in velocity, some

atoms experience di↵erent phase shifts than others. In addition, this dispersion

can be compensated when atoms interact with a combination of velocity-dependent

forces. I introduce this concept of dispersion compensation, which is fundamental to

understanding how we build the atom interferometer gyroscope shown in Chapter

4, Appendix C, and [12] and for understanding systematic errors that can arise for

tune-out wavelength measurements made with our interferometer. In Chapter 2, I

also apply geometrical optics theory to describe electrostatic lenses for atomwaves.

This is interested because it is an example of how to apply a theoretical framework
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used in optics with light to atoms. I show measurements of the focal length and

aberrations of the electrostatic lens [20] that we used for the atom interferometer

gyroscope that is described in Chapter 4, Appendix C, and [12].

In Chapter 3, I describe our new tune-out wavelength measurement,

�
zero

= 768.9701(4) nm, that is 3.6 times more accurate than the previous mea-

surement in [6]. This work is also described in [7] and shown in Appendix A. This

measurement is an example of one particularly important application for tune-out

wavelengths and atom interferometery. This �
zero

measurement serves as a bench-

mark for atomic structure calculations and has smaller uncertainty than the only

calculation to date that was presented with an error bar [21]. It also serves as a

benchmarck for several other calculations shown in references [22, 23, 24, 25, 26].

From this �
zero

measurement, we reported the ratio of the potassium D2 and D1

line strengths, R = 1.9977(11), the ratio of oscillator strengths, ⇢ = 2.0066(11), and

the ratio of the lifetimes, ⌧
4p

1/2

/⌧
4p

3/2

= 1.01223(55).

To determine �
zero

, we measured the light-induced phase shift, which is propor-

tional to the dynamic polarizability, at several laser wavelengths near �
zero

. To help

achieve the higher accuracy, I used a multipass optical cavity (MPC). The MPC

surrounds the atom beam in the vacuum chamber. It consists of two plane mirrors

that reflect the laser beam multiple times across the atom beam. In Chapter 3,

I discuss the construction and alignment of the MPC. The goal of the MPC was

to increase the slope of the light-induced phase shift versus wavelength spectrum

near the tune-out wavelength. In Chapter 3, I discuss the enhancement (of about a

factor of six as compared to a single beam experiment in [6]) for this signal slope. I

also describ ideas for other optical cavities that might be able to enhance the signal

even further. With the MPC as opposed to a single laser beam and the improved

mechanical stability associated with using an optical fiber to bring the light directly

into the vacuum chamber, the statistical precision of our �
zero

measurement was

improved from 1.4 pm in [6] to 0.3 pm. I also describe how the MPC facilitated our

discovery of several systematic shifts in tune-out wavelength measurements.

Because there are are many laser beams that intersect the atom beam at slightly
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di↵erent angles in the MPC, we developed a new technique, Decoherence Spec-

troscopy, to measure the net Doppler shift in our MPC. Decoherence Spectroscopy

is described in Chapter 3 and in [27] shown here in Appendix B. This measurement

is based on the fact that near an atomic resonance, photon scattering causes deco-

herence or contrast loss for the atom interference fringes. For this measurement, we

monitored contrast as a function of laser wavelength near resonance. The exper-

imental set-up is the same as it is for tune-out wavelength measurements, except

the laser power is reduced to avoid power broadening of the contrast spectrum.

Using the contrast spectrum data, we measured the laser wavelength that causes

the most contrast loss and compared it to the known atomic resonance frequency.

With this measurement, we determined that the net Doppler shift in our experiment

is - 0.21(1) pm. Therefore, we applied a + 0.21(1) pm correction to our tune-out

wavelength measurement. The statistical and systematic error budget for the net

Doppler shift measurement with Decoherence Spectroscopy is discussed in Chapter

3. It includes the statistical uncertainty (0.05 pm), errors from the variable laser

beam spot sizes (< 0.08 pm), imperfect mirror reflectivity (< 0.01 pm), the excited

state hyperfine splitting (< 0.001 pm), misalignment (< 0.02 pm), and dephasing

(< 0.01 pm).

In Chapter 3, I also show that the broadband light that originates from the

tapered amplifier used in our experiments can cause shifts in tune-out wavelength

measurements. I describ how we measured, controlled, and corrected for these shifts

in order to report an accurate tune-out wavelength measurement. To measure the

broadband laser spectrum, we used a commercial spectrometer in combination with

an etalon that helped us increase the dynamic range of the spectrometer as described

in Chapter 3. We measured that the peak wavelength of the Gaussian broadband

radiation spectrum depends on the temperature of the tapered amplifier. This is

important because the shift in tune-out wavelength measurements also depends on

the peak wavelength of the Gaussian distribution. I show how this shift is calcu-

lated, where the core of the calculation depends on the integral over all wavelengths

of the broadband light spectrum times the dynamic polarizability. The slope of the
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broadband light spectrum near the D1 and D2 resonance, where the polarizability

is greatest, most significantly impacts the shift in measured tune-out wavelengths.

The broadband light distribution can even be located such that there is no shift

in tune-out wavelength measurement. We use the term broadband tune-out wave-

length to refer to the peak wavelength of the broadband light distribution that

results in no shifts for tune-out wavelength measurements. In the experiment, we

adjusted the temperature of the cooling water for the tampered amplifier to make

the peak wavelength be close to the broadband tune-out wavelength. This set-up

minimized the shift in �
zero

measurements from broadband radiation. We measured

the broadband spectrum and corrected for the residual shift. We measured a peak

wavelength �
peak

= 767.5(3) nm, the width of the Gaussian broadband spectrum

�BB = 5(1) nm, and the ratio of power of the monochromatic component of the laser

to the broadband light component P
mono

/PBB = 370(4). From these measurements,

we calculated that the broadband light was responsible for a - 0.08(8)pm shift in

our �
zero

measurements. Therefore, we applied a +0.08(8) pm correction to our �
zero

measurements.

I also explain another cause of systematic shifts in tune-out wavelength mea-

surements that arises from spin-dependent dispersion compensation of inertial phase

shifts in our atom interferometer. These shifts in �
zero

measurements are summa-

rized in the context of precision tune-out wavelength measurements in Chapter 3

and [7] shown in Appendix A. They are more fully described in the context of an

atom interferometer gyroscope in Chapter 4 and [12] shown in Appendix C. For

tune-out wavelength measurements that are used to test atomic structure calcula-

tions as described in Chapter 3 and [7] shown in Appendix A, we minimized this

systematic shift by using the set of experimental conditions shown in the first col-

umn of Tab. 1.1. Data taken with the variety of experimental parameters listed

supported the conclusions summarized in in Tab. 1.1 [12, 7]. We used linearly po-

larized light because the polarizability is spin-independent for linear polarization.

We used a magnetic field that is perpendicular to the optical propagation direction

because the atomic spin states precess about the field such that any di↵erences in
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Table 1.1: Summery of experimental that either minimize (column 1) or maximize
(column 2) shifts in �

zero

measurements that arise from atomic spin-dependent dis-
persion compensation of inertial phase shifts. The velocity of the atoms is described
with the central velocity v

0

and a velocity spread in velocity �v [28]. ~B is the
magnetic field vector and ~k is the laser propagation vector. For precision tune-out
wavelength measurements that serve as a benchmark for atomic structure calcula-
tions it is important to minimize systematic shifts in �

zero

measurements. To make
an atom interferometer gyroscope that uses �

zero

measurements, it is important to
maximize the sensitively of measured �

zero

to rotation rates.

Experimental parameter precision �
zero

measurements gyroscope
optical polarization linear circular

magnetic field orientation ~B ? ~k ~B k ~k
atom beam velocity spread small: �v = v

0

/16 large: �v = v
0

/8

the light-induced phase shift time-average to zero. We also used an atom beam with

a small velocity spread, which means that there is less dispersion in general. I also

showed that the direction or sign of these systematic shifts in �
zero

measurements

depends whether the laser shines more on the left or right path of the atom inter-

ferometer. To determine any residual shifts, we measured �
zero

with the laser on

each side. We found a 2.6 pm di↵erence between �
zero

measurements made with the

laser on the left or right paths. This can be compared to the more than 400 pm

di↵erence measured with the experimental conditions listed in the second column in

Tab. 1.1. To report the final �
zero

, we averaged the measurements made with more

laser power on the left or right atom interferometer paths with the experimental

parameters listed in column 1 in Tab. 1.1.

To report �
zero

= 768.9701(4) nm, we took 90 individual light-induced phase

shift versus wavelength spectra over nine di↵erent days. We used the central 80%

of the raw data to find the tune-out wavelength for each measured light-induced

phase shift versus wavelength spectra. Then, we report the weighted average of

these trimmed data sets. The standard error of the mean was 0.14pm. For the final

0.3pm statistical uncertainty that we reported, we used two times the standard error

of the mean. We applied a 0.21(1) pm correction for the net Doppler shift and a

0.08(8) pm correction for the broadband light.
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The �
zero

measurement described in Chapter 3 and in [7] shown in Appendix A is

significant because it is 3.6 times more accurate than our previous measurement in

[6] and it is 7.5 times more precise than the uncertainty in theory calculations [21].

Thus, it serves as an excellent benchmark for testing atomic structure calculations

as shown in Chapter 3. The methods and analyses developed for this measurement

in potassium can be applied to measuring other tune-out wavelengths in the future.

In Chapter 4, I demonstrate a new application for tune-out wavelength measure-

ments by showing how they can be sensitive to rotation rates. This atom interferom-

eter gyroscope with tune-out wavelengths works because of atomic spin-dependent

dispersion compensation for inertial phase shifts. It is also described in [12], shown

in Appendix C. This is an interesting gyroscope to consider because there it has

an optical readout and is sensitive to absolute rotation rates, as opposed to just

changes in rotation.

In Chapter 4, I explain that because the Sagnac phase and the acceleration phase

are dispersive, there is some contrast loss in the interference fringes. Then, I show

how we used a static electric field gradient to increase the interference fringe contrast

by compensating for the dispersion from inertial phase shifts. For this, I show data

of the interference fringe contrast versus the phase shift induced by static electric

field gradients. With a simple Gaussian fit to the data, we find the phase shift that

results in maximum contrast. I explain that this phase shift depends on the velocity

of the atoms. By taking measurements at di↵erent velocities we can determine

both the rotation rate and the acceleration along the plane of the interferometer’s

nanogratings. This type of gyroscope that uses contrast data and is based on atomic

spin-independent dispersion compensation from static electric field gradients is also

shown in [29].

Then, I show in Chapter 4 how we used light near a tune-out wavelength for

atomic spin-dependent dispersion compensation of inertial phase shifts. For these

measurements, we used the experimental parameters listed in column 2 of Tab. 1.1.

Using circularly or elliptically polarized light is necessary to have a light-induced

phase shifts that depend on atomic spin state. This also means that there is a
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di↵erent root in the light-induced phase shift versus laser wavelength spectrum for

di↵erent atomic spin states. Even the sign of the phase shift is opposite for some

atomic spin states as compared to others when the laser is tuned near �
zero

. For this

reason, the dispersion compensation for inertial phase shifts is di↵erent for di↵erent

atomic spin states. This also means that interference fringe contrast is dependent

on the atomic spin state. The interference fringes that we detect are an ensemble

average over all atomic spin states and atom velocities. Since the contrast depends

on the atomic spin state, the average is like a weighted average over the phase shifts

for each atomic spins state, and the roots in the measured phase shift spectrum shift

towards the roots for those atom that had higher contrast fringes. Thus, there is

a shift in the measured tune-out wavelength and this shift depends on the rotation

rate of the interferometer. I measured ±200 pm shifts in �
zero

measurements that

depend on the rotation rate of the interferometer, which can be compared to the

subpicometer accuracy with which they can be measured.

In Chapter 4, I also show how we use static electric field gradients to calibrate

measured shifts in �
zero

and rotation rates. When the dispersion in the phase shifts

from static electric field gradient compensates the dispersion in inertial phase shifts

equally for all atomic spin states, then the light-induced phase shift with the laser

at �
zero

should be zero. Thus, to measure the rotation rate we find the root in

the light-induced phase shift versus the phase shift from the static electric field

gradient. Using this method, the measured rotation rate around a vertical axis was

⌦ = 0.4(2)⌦E. ⌦E is Earth’s rotation rate. In our laboratory, the expected value is

0.5⌦E. This measurement is described in [12] shown in Appendix A. In Chapter 4,

I also discuss the sensitivity of this atom interferometer gyroscope. I calculate that

optimized experimental parameters can lead to a sensitivity of 0.05⌦E/
p

Hz.

In Chapter 5, I summarize the results and impact of the work presented in this

dissertation. I also explain how this work can a↵ect future research directions. This

includes extending this work to measuring other potassium tune-out wavelengths

and tune-out wavelengths for other atoms. Additionally, using a laser at �
zero

could

pave the way for measurements of the hyperpolarizability.
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1.4 Polarizability Calculations

The dynamic polarizability can be split into the sum of contributions from the

valence electrons ↵v, the core electrons ↵c, and the core-valence coupling ↵vc [21, 22].

The dynamic polarizability is

↵ (!) = ↵v + ↵c + ↵vc. (1.7)

↵c and ↵vc are small, but not negligible compared to ↵v. Several theorists have

calculated ↵c and ↵vc [30, 21].

The sum over states approach is used to calculate ↵v [21]. Following this method,

the polarizability of a particular state |n, J, F, mF i includes contributions from tran-

sitions to all excited states. The polarizability of a particular state |n, J, F, mF i is

↵v (!) =
1

~
X

n0,J 0,F 0,m0
F

|hn0, J 0, F 0, m0
F |dq| n, J, F, mF i|2 2!k

!2

k � !2

, (1.8)

where !k are the transition frequencies and |hn0, J 0, F 0, m0
F |dq| n, J, F, mF i| are elec-

tric dipole transition matrix elements that depend on optical polarization q =

m0 � m, corresponding to �
+

, ⇡, or �� transitions. To do the calculation in a.u.,

one can set ~ = 1, convert ! to a.u. by multiplying ![S.I.] by ~/EH , where EH is

the Hartree energy, and use a.u. for the dipole matrix elements.

To calculate the contribution to the polarizability from several transitions, we

use the quantum theory of atomic response in the weak excitation limit in Eq. 1.8

[21, 31, 32, 33, 34, 35]. We also employ the electric dipole approximation because

our atomic dimensions are much smaller than optical wavelengths [21, 31, 32, 33,

34, 35]. We apply the small damping approximation because tune-out wavelengths

are located many line widths away from atomic resonances [21, 31, 32, 33, 34, 35].

An average polarizability over all polarizations can be obtained by including a

sum over q in Eq. 1.8 and dividing by 3 (since there are three possibilities for q).

This should be equivalent to the result with q = 0 in Eq. 1.8. Similarly, the average

polarizability over states |F, mF i can be calculated by including a sum over |F, mF i
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and dividing by the degeneracy (2F + 1). Equivalently to doing explicit sums to

calculate the average polarizability over all |F, mF i and polarizations, the dipole

matrix elements can be rewritten as

↵v (!) =
1

~

✓
1

3

◆✓
1

2J + 1

◆X

n0,J 0

|hn0, J 0 ||d|| n, Ji|2 2!
0

!2

0

� !2

, (1.9)

where hn0, J 0 ||d|| n, Ji =
p

2J 0 + 1 hn0, J 0 |d| n, Ji are reduced dipole matrix ele-

ments. From Eq. 1.9, we can see that the polarizability can be written in terms

of line strengths S. Line strengths, reduced dipole matrix elements and Einstein A

coe�cients are all related as

S = |hJ 0 ||d|| Ji|2 =
3⇡✏

0

c2~
!3

0

(2J 0 + 1) A. (1.10)

In addition to the relations between dipole matrix elements, line strengths, and

Einstein A coe�cients that have been presented thus far, using the Wigner-Eckart

Theorem dipole matrix elements or reduced dipole matrix elements can be converted

to di↵erent bases with Clebsch-Gordon coe�cients or the Wigner 3j and 6j symbols

as done to obtain Eq. 1.9 from Eq. 1.8 [31, 32, 33, 34, 35, 36]. These calculations

are

|hF 0, m0
F |dq| F, mF i|2 =

0

@ F 0 1 F

�m0
F q mF

1

A
2

|hF 0 ||d|| F i|2 (1.11)

and

|hF 0 ||d|| F i|2 = (2F + 1) (2F 0 + 1)

8
<

:
J 0 I F 0

F 1 J

9
=

;

2

|hJ 0 ||d|| Ji|2 . (1.12)

For �
+

transitions, q = 1. For ⇡ transitions, q = 0. And, for �� transitions, q = �1.
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1.4.1 Dynamic Polarizability Calculations for Potassium

To support the experiments in this thesis, we are interested in calculations of the dy-

namic polarizability of Potassium between two atomic resonances, more specifically

between the D1 and D2 lines. Here, the contribution to the polarizability from the

principle transitions, 4s
1/2 to 4p

1/2 and 4s
1/2 to 4p

3/2, dominates. To simplify the

calculation, we split the sum over all states in ↵v shown in Eq. 1.8 into two separate

sums, one that includes the principle transition ↵p and the other that includes all

other transitions ↵
tail

. In this thesis, I define ↵v as

↵v = ↵p + ↵
tail

. (1.13)

One needs to be careful when comparing Eq. 1.13 to the other work because the

term ↵
tail

has been defined in di↵erent ways. Here, ↵
tail

includes all transitions

except the principle transitions, ↵p. We rewrite Eq. 1.7 as

↵(!) = ↵p + ↵
tail

+ ↵c + ↵vc = ↵p + ↵
other

, (1.14)

and we denote ↵
other

= ↵
tail

+ ↵c + ↵vc. As a reminder, ↵c is the contribution to the

polarizability from core electrons and ↵vc is the contribution to the polarizability

due to coupling between the valence and core electrons. For potassium atoms at

2⇡c/! = � = 768.97 nm, ↵
other

= 6.7009 a.u. [22]. Using Eq. 1.9 and Eq. 1.14, the

polarizability of ground state Potassium near the D1 and D2 lines is

↵ (!) =
1

3~

 ��⌦4p
1/2 ||d|| 4s

1/2

↵��2 !D1

!2

D1

� !2

+

��⌦4p
1/3 ||d|| 4s

1/2

↵��2 !D2

!2

D2

� !2

!
+ ↵

other

. (1.15)

Ab initio calculations of these dipole matrix elements have been performed by [21,

37]. For the evaluation of ↵ (!) shown in Fig. 1.1, we use empirical values for

AD1

= 3.75 · 107 s�1, AD2

= 3.80 · 107 s�1, !D1

= 2⇡c/(770.1083 nm), and !D2

=

2⇡c/(766.7009 nm) [38], and a theoretical value for ↵
other

[22]. Uncertainties in

these values are also discussed in [38] and [22]. Eq. 1.10 is used to relate the
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reduced dipole matrix elements and Einstein A coe�cients. A plot of the calculated

dynamic polarizability of K with these values is shown in Fig. 1.1. Using Eq. 1.10,

the polarizability of K in Eq. 1.15 can also be written in terms of line strengths and

R. The polarizability for potassium between the D1 and D2 lines is

↵ (!) =
SD1

3~

✓
!D1

!2

D1

� !2

+ R
!D2

!2

D2

� !2

◆
+ ↵

other

, (1.16)

where

R =
SD2

SD1

=

��⌦4p
3/2 ||d|| 4s

1/2

↵��2
��⌦4p

1/2 ||d|| 4s
1/2

↵��2 . (1.17)

Equation 1.16 and 1.17 are used to do fits to the data for precision tune-out wave-

length measurements with R as the only free parameter.

For some experiments, it is important to consider the dynamic polarizability

of a particular hyperfine ground state. This can include experiments with atoms

that are pumped into a particular hyperfine state or experiments such as the atom

interferometer gyroscope that is described in Chapter 3. Here, we calculate the

dynamic polarizability of each hyperfine ground state |F, mF i of potassium. For this

calculation, we also use Eq. 1.14, but this time ↵v is calculated with the hyperfine

dipole matrix elements as shown in the sums in

↵ (!) =
2

~
X

F 0,m0
F

��⌦4p
1/2, F

0, m0
F |dq| 4s1/2, F, mF

↵��2 !D1

!2

D1

� !2

+

2

~
X

F 0,m0
F

��⌦4p
3/2, F

0, m0
F |dq| 4s1/2, F, mF

↵��2 !D2

!2

D2

� !2

+ ↵
other

. (1.18)

We calculate the dipole matrix elements in Eq. 1.18 using Eq. 1.12, Eq. 1.11, and

Eq. 1.10. NIST-recommended values for Einstein A coe�cients and D1 and D2 line

resonance frequencies are used. These same values were also used in calculating ↵

in Eq. 1.15 and are listed below Eq. 1.15. In Eq. 1.4.1, The transition frequencies

for di↵erent hyperfine states are approximated by the same “center of gravity”

value. Taking into account di↵erent transition frequencies for di↵erent hyperfine
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states produces negligibly di↵erent results within the precision of the experiments

described in this dissertation.

A plot of the dynamic polarizability of the hyperfine ground states of K is shown

in Fig. 1.2. The polarizability of each hyperfine ground state depends on the po-

larization q as seen in Eq. 1.4.1. For q = 0, the dynamic polarizability spectrum

is the same for all the hyperfine ground states and is equivalent to ↵ in Eq. 1.15

(shown in Fig. 1.1), which includes an average over all hyperfine ground states and

all polarizations q. However, for q = ±1 light, the polarizability spectra depends on

the hyperfine ground states. An average over all hyperfine ground states for q = 1

and/or q = �1 results in a polarizability spectrum that matched the one for q = 0

transitions and ↵ in Eq. 1.15. For q = ±1 polarizations, there are di↵erent �
zero

for di↵erent hyperfine ground states. Tune-out wavelengths for di↵erent hyperfine

ground states span a range of about 2 nm between the D1 and D2 lines for K.

For |2, 2i with q = 1 polarization and |2, �2i with q = �1 polarization there is no

�
zero

between the D1 and D2 lines. This lack of a zero-crossing in the polarizability

occurs because for that particular state and polarization, there is no transition to

an excited state in the 4p
1/2 manifold.
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Figure 1.2: Polarizability of each hyperfine grounds state of potassium for q = 1,
q = 0, and q = �1 polarizations.
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1.4.2 Tune-Out Wavelengths and Applications

As discussed in Section 1.2, tune-out wavelengths occur at roots in the dynamic

polarizability spectrum, ↵ (!
zero

) = 0. They are located between two atomic reso-

nances, where (neglecting ↵
other

) the contributions to the polarizability from each

of the principle excited states is equal and opposite. When irradiating with light

with a wavelength of �
zero

, an atom experiences a net zero energy shift. Tune-out

wavelengths were described by Safronova, Williams, and Clark in 2004 [39] and by

LeBlanc and Thywissen [40] in 2007. Precise calculations of tune-out wavelengths

for alkali atoms were presented by Arora, Safronova, and Clark [21] in 2011. And,

precision measurements of tune-out wavelengths were first made in 2012 for Rb [8]

with cold atom di↵raction and for K [6] with the atom interferometer used for this

dissertation. A summary of �
zero

measurements is shown in Tab. 1.2. Next, we

describe some applications for tune-out wavelengths.

The frequency-dependent response of an atom, the dynamic polarizability, is

important in experiments where lasers are used to control and manipulate atoms,

such as in optical traps and atomic clocks. Certain laser wavelengths, such as

magic-wavelengths and �
zero

(also known as magic-zero wavelengths), can result

in favorable experimental conditions for di↵erent applications and studies. In the

case of atomic clocks that use optical lattices, the wavelength of the lattice is cru-

cial because the clock lower and upper states of the atom may shift by di↵erent

Table 1.2: �
zero

measurements and uncertainties. AIFM refers to atom interferom-
etry.

atom �
zero

(nm) method reference
K 768.9701(4) AIFM [7]
K 768.9712(15) AIFM [6]
Rb 789.85(1) BEC di↵raction [41]
Rb 790.032388(32) BEC AIFM [9]
Rb 790.01858(23) BEC scattering in optical lattice [11]
Rb 423.018(7) BEC di↵raction [8]
Rb 421.075(2) BEC di↵raction [8]
He* 413.0938(9)(20) trapping potential [10]
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amounts, thus jeopardizing the transition frequency used to define the second. At a

magic-wavelength, the polarizability or Stark Shift of the clock states is the same.

Thus, magic-wavelengths are used for optical lattice atomic clocks. �
zero

or tune-

out wavelengths or magic-zero wavelengths di↵er from magic wavelengths. At �
zero

there is no energy shift of the state due to the laser light; thus the laser is invisible

to the atom. Lasers tuned to �
zero

are also useful for a variety of atomic physics

experiments, and some are briefly described in the next few paragraphs.

Multi-species atom trap experiments can benefit from operating at �
zero

. Optical

lattices in a multi-atomic species experiment can be tailor made to each trap one

type of atom while remaining invisible to the other type of atom [40]. This trick can

be accomplished by operating each lattice at a �
zero

of the atoms that one desires

to not e↵ect. One can use a separate lattice for each atom without the atoms

interacting with the other lattice. Such combinations of lattices have been used for

entropy transfer experiments between 87Rb and 41K [41].

Selective qubit state manipulation for quantum information processing can be

conveniently realized with clever use of lasers operating at �
zero

. One can imagine

that a laser used to manipulate one atom operates at a �
zero

for a di↵erent atom,

and vice versa. Thus, one is able to independently manipulate two di↵erent atoms

at the same time. A complete quantum information processing scheme that relies

on tune-out wavelengths was developed by Daley et al. [42].

Methods for trapping and manipulating atoms with evanescent light fields from

tapered optical fibers have been realized in [43, 44]. Circularly polarized light at a

tune-out wavelength was coupled into an optical fiber and used to create a fictitious

magnetic field ( a state dependent energy shifts ) for Cs atoms. This enabled

trapping close to the optical fiber surface and state-dependent manipulation of the

atoms.

In Chapter 4, I present a new application for tune-out wavelengths. I describe a

novel atom interferometer gyroscope that utilizes tune-out wavelengths as a read-out

for absolute rotation rates [12].

Another important application is precision measurements of tune-out wave-
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lengths that serve as a benchmark test for atomic structure calculations. In Chapter

3, I present a measurement of the longest tune-out wavelength in Potassium with

sub-picometer precision.
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CHAPTER 2

ATOM OPTICS WITH A 3 NANOGRATING MACH-ZEHNDER ATOM

INTERFEROMETER

2.1 Three Nanograting Mach-Zehnder Atom Interferometer

The three nanograting Mach-Zehnder atom interferometer used in this work is de-

scribed in [45, 46]. A simple schematic is shown in Fig. 3.2. The beamsplitters

for atoms are silicon nitride nanogratings with a 100nm period. The gratings were

fabricated at MIT as described in [45, 47]. Nanogratings work as beamsplitters

and recombiners for all di↵erent types of atoms and molecules so long as the Van

der Waals forces are not so large that the atom or molecule sticks to the grating

bars instead of flying through the grating slots. In such a situation the period of

the nanograting can be increased until the atom or molecule is transmitted. In

this interferometer, the 100nm-period nanogratings are separated by about 1 meter.

Each nanograting di↵racts atoms. After the second grating, di↵erent di↵racted or-

z

x	

atom	
beam			

nanogra-ngs	

atom		
detector	

s

L1	=	1	m	 L2	=	1	m	

dg	=	100	nm	

Figure 2.1: Schematic of a three nanograting Mach-Zehnder atom interferometer.
The distance between the nanograting is 1 m and the period of the nanograting is
100 nm.
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ders are combined at the third nanograting, where 100nm period interference fringes

are formed. To see the interference fringes, the second nanograting is translated in

x̂ and the atom flux as a function of nanograting position is detected.

A supersonic thermal beam of potassium atoms was used in this work. The atom

beam includes atoms in all atomic spin states. K atoms are heated inside a nozzle

and an inert gas (Ar or He) carries the vaporized K atoms through a 50µm aperture

at the end of the nozzle. Atoms then travel through a skimmer and two collimating

slits before reaching the first nanograting. The same method is used to make Li,

Na, Rb, and Cs atom beams. The supersonic atom beam has a velocity distribution

P (v) that can be modeled by Eq. 2.1 [48]. The mean velocity is determined by

the carrier gas mixture, and is typically between 1000 and 3000 m/s. The velocity

distribution of the supersonic atom beam is

P (v) = Av3e�(v�v
0

)

2/(2�2

v

), (2.1)

where the normalization constant A =
⇥p

2⇡v
0

�v (v2

0

+ 3�2

v)
⇤�1

for vr = v
0

/�v � 1.

Typically, vr can be chosen between 5 and 25. The atom beam velocity and veloc-

ity distribution can be measured with atom di↵raction when the di↵raction orders

are su�ciently resolved or with a method that uses phase choppers implemented

with pulsed (chopped) quasi-static electric field gradients as described in [28]. The

high precision phase chopper velocity measurement method has a 0.1% uncertainty

and does not require resolved di↵raction. Phase chopper velocity measurements

were used to make static polarizability measurements for Cs, Rb, and K with 0.1%

precision [2].

Atoms are detected with a Langmuir-Taylor hot wire detector that ionizes the

atoms. Then, the ions are accelerated into a channeltron electron multiplier that

counts the electrons. Typical operating count rates are between 20,000 and 80,000

counts/second. The detector detects atoms regardless of atomic spin state. This de-

tector works well for most alkali metal atoms (Na, K, Rb, Cs). To detect other atoms

in this interferometer, di↵erent detectors are needed; whereas the same nanograting
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may be used.

In the next sections, I describe the phase shift and contrast of the detected

interference fringes. Interference fringe data from our interferometer is shown in

Fig. 2.2. 19

Figure 1.3: A typical atom interference fringe from our Mach-Zehnder atom inter-
ferometer determined from 5 sec of data. We fit this data to find the fringe contrast
C and phase �.

The phase of the atom waves along each path evolve according to

� =
1

~

Z
E(t)dt (1.10)

where E(t) is the total energy of the atom as a function of time. All of the phase

shifts described in this thesis are created by energy shifts (�1 µeV) much smaller

than the kinetic energy of the atoms (�0.1 eV), and much more slowly varying (�100

µm) than the de Broglie wavelength (�10 pm). These are, loosely, the conditions

for the application of the WKB approximation. In the WKB approximation the

phase is described by

� =
1

~

Z
p(z)dz (1.11)

where

p(z) =
p

2m(E � U(z)) (1.12)

Figure 2.2: Interference fringes from our atom interferometer.

2.2 Phase Shifts

The phase � acquired by atoms on each path is

� =
1

~S, (2.2)

where S is the classical action that can be defined in terms of the Lagrangian as

S =
R
�

L dt [49, 46]. Equation 2.2 can be rewritten as

� =
1

~

Z

�

p(z)dz, (2.3)

where p(z) =
p

2m[E � U ], m is the mass of the atom, U is the potential energy,

E is the kinetic energy of the atom, and � is the path the atom takes. The phase



35

di↵erence between two paths in the interferometer is

� = �
1

� �
2

=
1

~v

Z

�

1

Udz �
Z

�

2

Udz

�
. (2.4)

In the next few sections, we consider phase shifts due to various types of inter-

actions with di↵erent U , such as static electric fields and lasers. The total phase

shift is the sum of phase shifts from each interaction. We consider the interactions

shown in

�
total

= �
Sagnac

+ �
a

+ �rE + �L, (2.5)

where �
Sagnac

is the Sagnac phase shift, �
a

is the acceleration phase, �rE is phase

shift due a static electric field gradient, and �L is the light-induced phase shift.

Each of the types of phase shifts is described in the next few subsections. We also

describe how some interaction regions act as lenses for matterwaves.

2.2.1 Sagnac Phase

The Sagnac phase depends on the rotation rate ⌦ of the interferometer [50, 51]. The

Sagnac phase is

�
Sagnac

=
4⇡L2⌦

vdg

, (2.6)

where L is the distance between nanogratings and dg is the period of the nanograt-

ings. The Sagnac phase also depends on the velocity of the atoms. This means

that for atom beams with a velocity spread, there will also be a spread in Sagnac

phase shifts. As will be described later, this results in some contrast loss in the

interference fringes.

2.2.2 Acceleration Phase Shift

The acceleration phase is due to the gravitational acceleration g [50]. The acceler-

ation phase is

�
a

=
2⇡L2g sin(✓)

v2dg

, (2.7)
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where ✓ is the tilt angle of the nanogratings with respect to g. The acceleration

phase also depends on the atom velocity, but it has a 1/v2 dependence as opposed

to the 1/v dependence of the Sagnac phase.

2.2.3 Phase Shifts from Static Electric Field Gradients

nanogra-ngs	

atom		
detector	

sta-c	electric	
field	

atom	
beam			

z

x	

+	V	

–	V		

Figure 2.3: Schematic of the atom interferometer with a static electric field gradient
on the paths of the interferometer.

The energy shift (dc Stark shift) of an atom in a static electric field is

U
Stark

= �1

2
↵
0

(0) ~E2, (2.8)

where ~E is the static electric field. In our interferometer, the electric field induced

phase shift of an atom traveling along path � is

�E = �1

2
↵
0

(0)

Z

�

~E(z)2dz. (2.9)

In our experiments, atoms on both paths of the interferometer travel through an

electric field interaction region that consists of two cylindrical pillars or one cylinder

and a ground plane. The design of these interaction regions is described in detail in

[52, 1, 53, 54, 2]. For this two-cylinder or cylinder and ground plane geometry, there

is an analytical solution for the electric field everywhere (can be derived using the
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method of images [53]) and for the phase, �
E

, acquired by atom traveling through

this static electric field. This phase is

�
E

(x) =
4⇡↵

0

(0)V 2

~v
ln�2

✓
a + R + b

a + R � b

◆
b

b2 � x2

, (2.10)

where V is the voltage applied to the cylinder electrodes, parameters a, R, and

b = a
p

1 + 2R/a relate to the geometry of the cylindrical pillars as described in [1],

and x is the position of the atom in the interaction region. We typically apply a

maximum V = ±6 kV. For the two cylinder geometry, a = 1.960 mm and R = 6.350

mm. For the one cylinder and ground plane geometry, a = 0.893 mm and R = 0.765

mm [20].

In our experiments, atoms on both paths of the interferometer travel through

the static electric field interaction region. Since the atoms on di↵erent arms

of the interferometer travel through this interaction region at di↵erent loca-

tions, they accumulate di↵erent phases. We measure the di↵erential phase shift

�rE = �
E

(x
1

) � �
E

(x
2

) that is due to the gradient in the electric field for di↵erent

paths of the interferometer.

2.2.4 Light-Induced Phase Shifts

atom	
beam	

nanogra+ngs	

atom		
detector	

laser	

Figure 2.4: Schematic of the atom interferometer with a laser shining asymmetrically
on the atom beam paths.
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The ac Stark shift is

U(!) = �1

2
↵(!)

h
~E (!)

i
2

, (2.11)

and the light-induced phase for an atom interacting with a laser along one path

through the interferometer is

�L(!, x) =
↵(!)

2✏
0

c~v

Z
I(x, z)dz. (2.12)

As described in Chapter 1, ↵(!) depends on the polarization of the laser, orientation

of the magnetic field, and the atomic spin state.

2.3 Contrast

The contrast of the interference fringes is

C =
I
max

� I
min

I
max

+ I
min

, (2.13)

where I
max

is the maximum atom flux and I
min

is the minimum atom flux. The

detected interference fringe pattern is a sum of interference fringes from all detected

atoms (all spin states, all velocities, etc.). When the sinusoidal fringes from di↵erent

atoms (e.g.di↵erent velocities, spin states) have slightly di↵erent phases, the contrast

is reduced. For the example of atoms with di↵erent velocities, the observed contrast

is

Cei� = C
0

Z
P (v)e�i�

total

(v)dv, (2.14)

where C
0

is the contrast of the interference fringes for atoms of one velocity (or only

one atom).

2.4 Dispersion Compensation

The phase accumulated by atoms traveling through a static electric field and a laser

beam depends on the velocity of the atom, which determines the interaction time



39

and the separation between the atom beams s. The separation s depends on the

di↵raction angle (and hence the de Broglie wavelength). Our detected fringes are

an ensemble average of fringes from all detected atoms. Because atom beams have

a spread in velocity, fringes formed by di↵erent atoms will have slightly di↵erent

electric field induced phases and Sagnac phases. If there are no dispersive (velocity-

dependent) phases, then the three nanograting design ensures that atoms with any

velocity (hence de Broglie wavelength) will make interference fringes with exactly

the same period and phase. Therefore, all atom velocities contribute to the signal

without causing any loss in contrast. This changes when dispersive phases are in-

troduced. Due to the velocity spread of our atom beam and a velocity-dependent

interaction region, the contrast of our detected interference fringes is reduced. How-

ever, one velocity-dependent interaction can cancel the spread in phase or dispersion

due to another velocity-dependent interaction. We call this dispersion compensation

[55, 56]. With dispersion compensation, the detected interference fringes will have

higher contrast. This is important because it can be used to increase the contrast

and thus decrease the noise of the interferometer. Dispersion compensation is also

the basis for how we can measure rotation rates with our atom interferometer as

will be described in Chapter 4.

2.5 Electrostatic Lenses for Atomwaves

Here, I explain how static electric field gradients are lenses for atomwaves and how

we calculated and measured the focal lengths and spherical aberrations of our elec-

trostatic lenses. These electrostatic lenses are part of the atom optics toolkit for

matterwaves. Characterizing these lenses is especially important for understanding

and quantifying how they a↵ect atoms in the interferometer when making precision

static polarizability measurements that use static electric field gradients. This is

further described in references [20, 2].

Classically, in a ray picture, atoms traveling through the static electric field

are deflected. We can interpret the static electric field interaction regions in our
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experiment as (negative) lenses for atoms [20]. The surface of constant phase (or

wavefront) z(x) induced by our lenses is

z (x) =
↵ (V/c)2

mv2

b⇥
1 � (x/b)2

⇤ , (2.15)

where c = b(4⇡)�1/2ln[(a + r + b)/(a + R � b)], and the phase

�
lens

= kdBz (x) . (2.16)

Parameters a, b,r,R, and x are describe the geometry of the static-electric field

interaction regions in these experiments as shown in [20, 1]. A derivation for the

focal length and aberration coe�cients for our lenses is shown in the next subsection

and in reference [20].

atom	
beam	

nanogra+ngs	

atom		
detector	

sta+c-electric	field	
interac+on	region	/	

lens	electrosta)c	lens

Figure 2.5: Schematic of an atom interferometer with an electrostatic lens for atom-
waves.
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2.5.1 Calculated Focal Length and Aberration Coe�cients

The phase induced by our electrostatic lenses shown in Eq. 2.15 and Eq. 2.16 assumes

that the atom beam enters the lens at an angle that is parallel to the optical axis.

This assumption allows us to obtain a closed form solution for the induced phase.

It also means that we cannot derive any o↵-axis aberrations for our electrostatic

lens from Eq. 2.16. Numerical simulations show that in our experiment o↵-axis

aberrations are negligible [52].

For simplicity we rewrite Eq. 2.16 as

z (x) =
g b⇥

1 � (x/b)2
⇤ , (2.17)

where g = ↵(V/c)2/(mv2) has velocity dependence (i.e. chromatic aberration).

We define normalized pupil coordinates as

x⇢ =
x

b
. (2.18)

b is the distance from the optical axis to the edge of the lens. It is also the physical

pupil radius,

r⇢ = b. (2.19)

We do a Taylor Series expansion of the wavefront at the exit pupil and write the

aberrated wavefront WA using normalized pupil coordinates. Here, we write WA in

units of length (i.e. m) as

WA = �bg
⇥
1 + x2

⇢ + x4

⇢ + x6

⇢ + ...
⇤
. (2.20)

We used the typical sign convention used in optical engineering and lens design,

where waves originating from the left are negative and waves originating from the

right are positive as described in [57]. Subscripts in the aberration coe�cients,

such as W
020

and W
040

, correspond to terms in the power series expansion of the

wavefront for a rotationally symmetric system as done in light optics. For our lens,
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the expansion terms will be necessarily di↵erent since there is di↵erent symmetry in

our lens. However, we keep the subscripts for the spherical aberration terms because

those will still have the same functional form. O↵-axis aberration terms can di↵er.

The 0th order term in Eq. 2.20 is position-independent and corresponds to an

optical flat with no optical power.

The 2nd order term (x2

⇢ term) in WA is the focusing term (or defocus). This is

not an aberration in the same way as all the other higher orders terms. Defocus

simply means that the chosen image plane is not located at the location of the in-

focus image. To fix a defocus error in a system, one can simply move the chosen

image plane location to the location of the in-focus image. If there are no other

aberration, the result will be an unaberrated image. From this 2nd order term,

we calculated the location of the image plane �z or paraxial focal length in this

case (since we did not subtract a reference spherical wavefront from the aberrated

wavefront). For this calculation, we used similar triangles as shown in Fig 2.6,

x�rp

x = rp; x� = 1

x

z
R

�z

�x (x�)
(x� = 0; z = 0)

Exit Pupil

Image Plane

Figure 2.6: Diagram showing defocus �z of the image plane.
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where
�z

R
= �✏x (x⇢)

x⇢rp
. (2.21)

Next, we calculate the transverse ray error, ✏ (x⇢), for a wavefront error only due to

defocus described mathematically as

W = W
020

x2

⇢. (2.22)

The transverse ray-error, ✏x (x⇢) from any W is

✏ (x⇢) = �R

rp

@W

@x⇢

. (2.23)

For defocus error only,

✏ (x⇢) = �2
R

rp
W

020

x⇢. (2.24)

Using Eq. 2.21 and Eq. 2.24,

�z = 2

✓
R

rp

◆
2

W
020

. (2.25)

We used this formalism to now calculate the “defocus” or paraxial focal length

of our electrostatic lens from the W
020

term in WA in Eq. 2.20. Since we did not

subtract a reference wavefront, the �z that we calculate from Eq. 2.25 is the paraxial

focal length of the lens (for our lens the principal planes are at the lens). For our

electrostatic lenses,

f = �z = 2

✓
�b/(2g)

b

◆
2

(�bg) = � b

2g
. (2.26)

Now, we consider the spherical aberration and the change in focal length due to

4th order spherical aberration. We ask: how much do we need to move the image

plane or how much defocus do we need in order to have a system with spherical

aberration be in focus for a given x⇢? We need to add an amount of defocus �W
020

to the 4th order spherical aberration contribution W
040

, such that the image is in
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focus. The image is in focus when

✏x = 0 (2.27)

Now, we calculate the necessary �W
020

(x⇢) for a focused image. We start by writing

the wavefront

W = W
040

x4

⇢ + �W
020

x2

⇢. (2.28)

Then we use Eq. 2.23 to calculate the transverse ray error

✏x (x⇢) = �4
R

rp
W

040

x3

⇢ � 2
R

rp
�W

020

x⇢ = 0. (2.29)

We obtain

�W
020

= �2W
040

x2

⇢. (2.30)

We use Eq. 2.25 and Eq. 2.30 to calculate the �z or change in focal length �f due

to 4th order spherical aberration. For our lenses,

�f = �4

✓
R

rp

◆
2

W
040

x2

⇢. (2.31)

Using the same approach we calculate the change in the focal length due to an nth

order spherical aberration term

�fn = �n

✓
R

rp

◆
2

Wonox
n�2

⇢ . (2.32)

For our electrostatic lens in Eq. 2.17,

W
040

= �bg. (2.33)

Using Eq. 2.31 and Eq. 2.33, we find that the change in the focal length of our lens
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due to the 4th order spherical aberration is

�f
4

=
b

g
x2

⇢. (2.34)

For our Lens A, �f
4

= 12119x2

⇢ or �f
4

= 5.6 · 109x2 in units of meters. For lens A

at position x = 600 µm, �f
4

= 2.02 km.

The focal length and spherical aberration coe�cients depend on atom beam

velocity or atomic deBroglie wavelength. This means that there is axial chromatic

aberration, 4th order spherochromatism, and higher orders of spherochromatism in

our lenses.

2.5.2 Focal Length and Aberration Coe�cients from Phase Shift versus Lens Po-

sition Data

To obtain the focal length and 4th order aberration coe�cients from phase shift

data, we make a fit to the phase shift versus lens position data using a polynomial

of the form

� (x) = a
1

x + a
3

x3 + ... . (2.35)

We made the fit such that the zero phase point of the fit is aligned with the position

of zero phase in the data. We can truncate the fit after the highest order term that

we would like to measure. The phase shift versus lens position data is related to the

derivative of the wavefront and thus transverse ray error ✏x. The measured phase is

� = � (x + s) � � (x) ⇡ d�

dx
s = s

2⇡

�dB

dWA

dx
(2.36)

and

� =
2⇡

�dB

s


2

b2
W

020

x +
4

b4
W

040

x3 + ...

�
. (2.37)

Using Eq. 2.35 and Eq. 2.37, we calculated the aberration coe�cients from the fit

parameters. We calculated

W
020

=
�dBb2

4⇡s
a
1

(2.38)
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and

W
040

=
�dBb4

8⇡s
a
3

, (2.39)

or, more generally,

Wono =
�dBbn

2n⇡s
an�1

. (2.40)

We obtained the focal length from W
020

by using Eq. 2.32, and found

f =

✓
�b

2g

◆✓
�b

2g

◆
�dB

2⇡

1

s
a
1

. (2.41)

The two terms in parentheses are equal to the focal length as calculated in Eq. 2.26.

We substituted this into Eq. 2.41 resulting in

f =
2⇡

�dB

s

a
1

. (2.42)

We further simplified Eq. 2.42 by substituting the path separation s = L�dB/dg and

we define kg = 2⇡/�g. The result is

f =
kgL

a
1

. (2.43)

Figure 2.7 shows phase shift versus lens position data for Lens A and for Lens

B. Table 2.1 shows construction parameters for Lens A and Lens B. For Lens A, we

measured f = �5.8(3) m and W
040

= 32(3) waves. For Lens B, we measured f =

�20(1) m and W
040

= 130(27) waves. For comparison, Tab. 2.2 shows calculations

of the focal length f and spherical aberration WSA for Lens A and Lens B.

Table 2.1: Electrostatic lenses for atom-waves. Pillars refers two cylinder electrodes.
Chopper refers to the cylinder-plane electrodes.

Lens A: chopper Lens B: pillars

cylinder radius (R) 0.765 mm 6.350 mm
cylinder edge to optical axis (a) 0.893 mm 1.960 mm
electrode voltages (V) 0, 3 kV ± 6 kV

This atom optics analysis of our static electric field gradients is important for
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Table 2.2: Calculation of focal length and spherical aberration for Lens A and Lens
B. We assume a K beam with velocity 2000m/s

f W
040

Lens A – 6.1 km – 35.0 waves
Lens B – 21.7 km – 129.6 waves

atom beam velocity measurements and static polarizability measurements that both

use electrostatic lenses [20]. A similar atom optics analysis can also be extended to

other interaction regions and here we provided an example of how this can be done.

In this chapter, I described our Mach-Zehnder atom interferometer. I also de-

scribed the atom interference fringes that we detect. I explained how the rotation

rate of the earth, acceleration, static electric fields, and lasers cause phase shifts to

the interference fringes. In addition, I showed how static electric field gradients are

negative lenses for atomwaves. In the next chapter, I explain how we measured light-

induced phase shifts to report a potassium tune-out wavelength with subpicometer

accuracy.
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FIG. 4. (Color online) Atom interferometer differential phase-
shift data. Graphs show measured values and theory for Lens A2

(top) and Lens B (bottom). Differences from the linear fit shows
deviation from an ideal thin lens. Error bars are smaller than the data
symbols.

Therefore, a constant slope in φ(x) indicates a quadratic
phase factor in "(x), as expected for a lens. Furthermore,
nonlinearity in φ(x) indicates spherical aberration.

We use the slope #φ/#x locally to find the focal length f
using a relationship derived for spherical waves,

f = kgL

!
#φ

#x

"−1

, (12)

where kg = 2π/dg is the grating wave number (dg = 100 nm),
and for Lens A2, L = −o = 0.33 m. The observed #φ/#x =
−3.6 rad/mm near the ground plane, so the paraxial focal
length is −5.8 ± 0.3 km.

To describe spherical aberration, we also report how the
focal length gets shorter as we use the lens farther away from its
optical axis. At x = 600 µm, for example, the slope #φ/#x
increases to −8.8 rad/mm for Lens A2 and the Rc is −2.4 km.
This is consistent with the focal length measurement for lens
A2 that we obtained in Sec. V because x = 600 ± 50 µm was
the position of Lens A2 for contrast measurements in Fig. 3.

We also measured f for Lens B. Data in Fig. 4(b) shows
#φ/#x = −2.6 rad/mm near the optical axis. Thus, the
paraxial focal length for Lens B is f = −20.0 ± 1.0 km. With
Lens B off axis by x = 1.15 mm, we observed #φ/#x =
−3.4 rad/mm and thus infer that Rc is −15.3 ± 0.8 km.

Spherical aberration can also be quantified by fitting φ(x)
with a polynomial a1(x/b) + a3(x/b)3. The best-fit parameter
a3 for Lens A2 gives WSA4 = a3/(8πs) = 32 ± 3 waves and
for Lens B gives WSA4 = 130 ± 27, where WSA4 is the fourth-
order spherical abberation coefficient as discussed in the next
section.

VII. CALCULATED f AND ABERRATIONS

In the previous two sections we presented atom optical shop
testing experiments that served to measure the focal length and
spherical aberrations of a lens for atoms. Next, we calculate
the focal length and spherical aberration coefficients for our
atom lenses to check the measurement results.

The atom wave phase induced by our lens [10,23,45–47] is

"(x) = 4παV 2

~v
ln−2

!
a + R + b

a + R − b

"
b

b2 − x2
, (13)

where α is the atomic polarizability, V is the electrode voltage
with respect to the ground plane, v is the atom beam velocity,
x is the beam position relative to the optical axis, and b =
a
√

1 + 2R/a is related to the geometry of the electrodes (see
Table I), where R is the radius of the cylindrical electrode and
a is the electrode spacing for Lens A (or half the spacing for
Lens B).

To calculate the focal length and spherical aberration
coefficients of our lenses, we first find the surface of constant
phase z, or wave front, induced by the lens by evaluating
" = −kdBz,

z(x) = −α(V/c)2

mv2

b

1 − (x/b)2
, (14)

where c = b(4π )−1/2 ln[(a + R + b)/(a + R − b)] has units
of length and is comparable to the gap size in our experiments
(c = 1.17 mm for Lens A and c = 2.32 mm for Lens B).
Written this way, z(x) depends on the ratio of the potential
energy U = −αE2/2 to the kinetic energy K = mv2/2. This
relation is expected since the index of refraction for atom waves
due to the electric field is n = (1 − U/K)1/2 [59]; hence,
n − 1 depends to first order linearly on the small parameter
(U/K). Therefore, we introduce a dimensionless parameter
g = α(V/c)2/(mv2) for what follows. In our experiments
g ≈ 10−7, which explains why the focal lengths are so long
for our electrostatic lenses for atoms.

The radius of curvature, Rc of the isophase surface z can be
found from a local circle fit to Eq. (14) (the so-called osculating
circle):

Rc = − b

2g

{[1 − (x/b)2]4 − 4g2(x/b)2}3/2

[1 + 3(x/b)2][1 − (x/b)2]3
. (15)

Equation (15) also shows how the radius of curvature Rc

depends on the distance from the optical axis x (spherical
aberration) and the de Broglie wavelength λdB since g depends
on v−2 (chromatic aberration). At x = 0, i.e., on the optical
axis, the focal length is equal to Rc; hence,

f = − b

2g
. (16)

For a 2000 m/s potassium atom beam, we calculate f =
−6.1 km for Lens A2 and f = −21.7 km for Lens B.
These calculations are in agreement with the focal length
measurements. For Lens A2 at x = 600 µm, Rc = −2.3 km.
This calculation is also consistent with the measurements of
Rc in Sec. VI.

Next, we study z(x)/λdb = WA, known as the aberrated
wave front, which we have expressed in units of waves. We

033612-5

Figure 2.7: fits to phase shift versus lens position data for lens A and Lens B.
Adapted from [20].
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CHAPTER 3

PRECISION TUNE-OUT WAVELENGTH MEASUREMENTS

In this chapter, I will discuss our tune-out wavelength measurement for potassium

atoms. Our measurement of �
zero

= 768.9701(4) nm is also described in [7] and

shown in Appendix C. Here, I will describe how we improved the accuracy of our

previous measurement of this tune-out wavelength [6] by a factor of 3. I will discuss

the optical cavity that we built and installed inside the atom interferometer vacuum

chamber, and how this improved the precision of the experiment. In addition, I will

describe a new technique, Decoherence Spectroscopy, that we developed to measure

the net Doppler shift from the laser beams in the optical cavity. Then, I will discuss

the broadband light spectrum of the laser and how we measured it. I will explain how

the broadband light causes a systemic shift in the measured tune-out wavelength and

how we tune the broadband light emitted by the diode laser to minimize the shift in

the tune-out wavelength. I will also discuss the optical polarization, the magnetic

field orientation in the atom interferometer, and the earth’s rotation rate in context

of systematic shifts to tune-out wavelength measurements. I will explain how we

minimize these systematic shifts and cancel them by averaging measurements made

with light on the left and right arms of the interferometer.

Precision measurements of tune-out wavelengths are important because they test

atomic structure calculations. In particular, they can be used to report ratios of

line strengths (R), ratios of oscillator strengths (⇢), or ratios of lifetimes. From the

�
zero

= 768.97014(42) nm measurement for K, we report

R =
SD2

SD1

=

��⌦4s ||D|| 4p
3/2

↵��2
��⌦4s ||D|| 4p

1/2

↵��2 = 1.9977(11), (3.1)

⇢ =
fD2

fD1

= R

✓
!D2

!D1

◆
= 2.0066(11), (3.2)
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and
⌧
4p

1/2

⌧
4p

3/2

=
R

2

✓
!D2

!D1

◆
3

= 1.01223(55). (3.3)

The above measurements are more precise than ratios R, ⇢, and ⌧p1/2/⌧p3/2 obtained

by other experiments [58]. A more detailed comparison is discussed in Section 3.6.

3.1 Measuring Light-Induced Phase Shifts in an Atom Interferometer

To make tune-out wavelength measurements, we shine light asymmetrically on the

arms of the atom interferometer described in Chapter 2, and we measure the light-

induced phase shift of the interference fringes. As described in Chapter 2, the

light-induced phase shift is proportional to the polarizability. The measured phase

shift

� (!) = b ↵ (!) , (3.4)

where b includes the laser beam irradiance and the atom beam velocity. The polar-

izability for K near the D1 and D2 lines is

↵ (!) =
SD1

3~

✓
!D1

!2

D1

� !2

+ R
!D2

!2

D2

� !2

◆
+ ↵r. (3.5)

Tune-out wavelengths, defined by ↵(2⇡c/�
zero

) = 0, are also zero-crossings in the

phase versus laser wavelength spectrum as shown in Eq. 3.4. Many experimental

parameters such as the laser power or atom beam velocity a↵ect the slope of the

phase shift, but do not a↵ect the zero-crossing (for linearly polarized light). For this

reason, it is especially advantageous to use �
zero

measurements as a benchmark for

atomic structure calculations.

The measured light-induced phase shift of the interference fringes is the di↵erence

in light induced phase accumulated on the paths of the interferometer. �(!) =

(�
L,path1

� �
L,path1

), where �L, described in Chapter 2, is the phase accumulated

along one path of the interferometer. In other words, the light-induced phase shift
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depends on the irradiance gradient over the paths of the interferometer.

�(!) =
↵(!)

2c~✏ov

Z
s

d

dx
I (x, y; !) dy, (3.6)

where v is the atom beam velocity, s is the separation of the paths of the inter-

ferometer, I (x, y; !) is the laser beam irradiance, y is the atom beam propagation

direction, and x is the direction perpendicular to y. The coordinate axes are shown

in Fig. 3.2 a.

To measure the light-induced phase shift � (!), shown in Eq. 3.4 and Eq. 3.6,

we take a reference phase measurement with no laser shining on the interferometer

and another measurement with the laser shining on the interferometer,

� (!) = �
Lon

� �
Lo↵

. (3.7)

We alternate between these light on and light o↵ conditions every 5 seconds (one

file). We fit a polynomial to the reference phase data, and then subtract it from

the light-induced phase data to obtain �. This accounts for phase drift that occurs

over time in the interferometer. The laser wavelength is set to a value within about

50pm of �
zero

. We alternated between wavelengths, one above and one below �
zero

,

approximately every 125 seconds or 25 files. A typical data series is shown in Fig. 3.1.

To extract the tune-out wavelength from the phase shift versus laser wavelength

data, we do a fit to that data spectrum using Eqs. 3.4 and 3.5 with R and b as

free fit parameters. Then, we set Eq. 3.5 equal to 0 and solve for �
zero

using the

value for R from the fit to the data. To report �
zero

= 768.97014(42) nm, we used

90 data series, such as the one shown in Fig. 3.1, obtained on nine di↵erent days.

The statistical analysis is discussed in Section 3.6. In the next section, I describe

the optical cavity used to deliver light on the atom interferometer paths. The laser

system is later described in Section 3.4.
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Figure 3.1: (a) Phase data. Each file contains five seconds of data. Laser light
was chopped on and o↵ every file. Light-on data are shown in solid red circles and
light-o↵ data are shown in open black circles. After approximately 25 files the laser
wavelength was changed. (b) Light-on phase data from (a) versus laser wavelength.
Adapted from [7].

3.2 Optical Cavity Interaction Region

In this section, I will describe the new optical cavity interaction region, shown in

Fig. 3.2, that we built for making making tune-out wavelength measurements. This

new interaction region for the light and atoms resulted in a factor of three im-

provement in the precision of tune-out wavelength measurements made with our
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apparatus in [6]. In the first tune-out wavelength measurement made with this

atom interferometer, only a single 200mW laser beam interacted with the atoms [6].

The laser beam shines asymmetrically on the paths of the interferometer and the

light-induced phase shift depends on the irradiance gradient between the paths as

shown in Eq. 3.6. To increase the precision of tune-out wavelength measurements,

we can increase slope of the phase shift versus wavelength spectrum, b in Eq. 3.4. To

do this, we can increase the line-integral of the irradiance gradient in the interferom-

eter (d/dx)
R

I(x, y, !)dy, or the di↵erence in total laser power shining on di↵erent

interferometer paths. Other methods to increase the slope of the phase shift versus

wavelength spectrum would be to decrease the atom beam velocity v and increase

the separation between the arms of the interferometer, s, as suggested by Eq. 3.6.

However, in our experiment, we chose v ⇡ 3 m/s to obtain a more favorable signal

to noise ratio, and s depends on the de Broglie wavelength or v and the period of

the nanogratings. Thus, to increase the slope, we increase (d/dx)
R

I(x, y, !)dy with

an optical cavity.

3.2.1 Multipass Cavity Design and Construction

The optical cavity that we built for precision tune-out wavelength measurements

consists of two plane mirrors. This is a non-resonant optical cavity designed to

redirect the laser beam onto the atom beam multiple times. For this reason, we

refer to it as multi-pass cavity, or MPC. A schematic of the MPC is shown in

Fig. 3.2b. This MPC is the simplest cavity that would increase the slope of the phase

shift versus wavelength spectrum and thus the precision of tune-out wavelength

measurements. Other types of optical cavities are discussed in subsection 3.2.5.

To construct the MPC, we use two flat ThorLabs E02 mirrors. They are cut

to about 1 cm in length, and are slightly o↵set in y to allow the incident laser

beam to enter. An additional mirror is used to guide the light from the optical

fiber into the MPC. A photograph of the MPC is shown in Fig. 3.3. The mirrors

are separated by three 1 cm. Three peizos allow us to slightly adjust the angles

between the two almost parallel mirrors. We use these piezos to control how the
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Figure 3.2: (a) Top-view schematic of a three-grating Mach-Zehnder atom interfer-
ometer passing through an optical cavity; (b) Side-view schematic of the plane-plane
optical cavity aligned so atoms interact with multiple passes of the laser beam. Both
atom beam paths shown in (a) are represented by one thick line and pass through
the cavity in (b). The atom beam paths are each 30 µm thick and have a 10 µm sep-
aration between them. The mirror angle deviation from parallel (✓) is exaggerated
to show how the laser beam folds back at di↵erent angles. Adapted from [27].
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laser beam propagates through the MPC. We can adjust the mirrors to make the

laser beam exit the MPC on the same side that it enters the MPC, as shown in

Fig. 3.4, or to exit on the opposite side. For tune-out wavelength measurements, we

adjust the piezos so that the laser beams turn around in the MPC and overlap on

top of each other as shown in Fig. 3.4a. This alignment with the laser beam entering

and exiting the MPC on the same side will allow the atom beam to interact with

more laser beams. This is also a favorable operating condition for reducing the net

Doppler shift between the laser beams in the MPC and the atoms, as described in

Subsection 3.3.

Figure 3.3: Photograph of the Multi-pass optical cavity

After the laser beam exists the optical fiber, we use a lens to adjust the location

of the beam waist. We chose the beam waist location near the turnaround point for

the laser beam inside the MPC, as shown in Fig. 3.4. There are about 19 reflections

on each mirror before the laser beam begins walking back upon its path in this

slightly wedged MPC and 19 after the turn around point. Hence the atom beam

interacts with 76 passes of the laser beam.

To simulate how light propagates inside the MPC as shown in Fig. 3.4, we use

the geometrical optics matrix formalism [57, 59]. More specifically, we use this

to calculate the locations of the reflected laser beams in MPC given di↵erent (near

parallel) tilt angles in both directions between the mirrors and the angle of incidence
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of the laser beam. The spot sizes can also be simulated geometrically, but for more

accuracy one needs to take into account that the laser beams are Gaussian and have

a finite beam waist as described in many text books such as [32, 59].
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Figure 3.4: Top view of the multi-pass cavity with a schematic representation of the
atom beams (purple) and the laser spots (red). (a) The mirror angles are adjusted
so the laser spots propagating in �y overlap with those propagating in +y. This
configuration is used for tune-out wavelength measurements; (b) The mirror angles
are adjusted such that the laser spots propagating in �y and +y do not overlap.
Adapted from [27].

3.2.2 Light-induced Phase Shift with a Multipass Cavity

To increase the slope of the phase shift versus wavelength spectrum, what matters

most is the number of laser spots within the Rayleigh range, not the necessarily total

number of laser spots. First, let’s consider the phase shift due to a single Gaussian

laser beam with the following irradiance profile

I (x, y) =
2P

⇡w2

e
�2(x2+y

2)
w

2 , (3.8)

where P is the power in Watts and w is the laser beam width in meters, defined

as the radius of the laser beam at 1/e2 irradiance. We calculate the light-induced

phase shift for a single laser beam using Eq. 3.6.

�
single

=
↵ (!) s

2c~✏ov

8Pxp
2⇡w3

e
�2x

2

w

2 , (3.9)
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where x is the location where the atoms cross the laser beam and s is the separation

of the atom beam paths at the location of the interaction region (laser beam). In

our experiment, where w > s, the phase shift is maximum when x = w/2. Then,

�
single,max

=
↵(!)s

c~✏ov

✓
2

e⇡

◆�1/2
P

w2

. (3.10)

From Eq. 3.10, we see that the light-induced phase shift in our experiment depends

on the inverse square of the laser beam width, w�2. Naively, we would then conclude

that the smaller the laser beam width, the larger the measured light-induced phase

shift. However, this condition holds only if the laser beam waist is larger than the

thickness of the atom beam. If the contrary is true, then not all the atoms experience

the maximum phase shift. Thus, the measured light-induced phase shift would be

reduced and the contrast of the interference fringes would also be reduced (since

not all atoms would get the same phase shift). In our apparatus, the atom beam

thickness is approximately 60 µm. Therefore, for an experiment with a single laser

beam interacting with the atoms we choose w = 60 µm.

The light-induced phase shift for multiple laser beams, such as the laser beams

in the MPC, is the sum of phase shifts from each laser beam shown in Eq. 3.10. In

the MPC the laser beam waist also changes size as the laser beam propagates. The

light induced phase shift due to multiple laser beams in the MPC is

�
multi

=
↵(!)s

c~✏ov

✓
2

e⇡

◆�1/2

P
X

n

Rn

w (z0n)
2

. (3.11)

n is the laser spot number with n = 0 corresponding to the laser beam with w = w0
0

.

Here, R is the reflectivity of the mirrors. The beam width for the nth laser spot

is w (z0) = w0
0

⇥
1 + (z0/z0R)2

⇤
1/2

, where z0R is the Rayleigh Range and z0n = nl is the

distance from the location of w0
0

for laser spot n in the MPC given the separation

between the mirrors is l. In the case where there are many laser spots interacting
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with the atom beam, we can replace the summation in Eq. 3.11 with an integral so

�
multi

/
Z ✓

1

w (z0)

◆
dz0

l
=

1

w2

0

✓
z0R
l

◆
=

⇡2

�l
. (3.12)

Eq. 3.12 shows that the light-induced phase shift depends on the number of laser

spots within the Rayleigh range (z0R/l) and on the inverse square of the laser beam

waist
�
w�2

0

�
. This is because the smallest spot sizes contribute most to the light-

induced phase shift signal, and more of these spots results in an even larger signal.

However, the Rayleigh range is inversely proportional to w�2

0

. Thus, the light-

induced phase shift does not depend on the laser beam waist as shown on the right

hand side of Eq. 3.12.

One method to increase the light-induced phase shift would be to use a small

separation between the mirrors in the MPC. However, l should not be smaller than

the height of the atom beam to prevent the atom flux from decreasing. In our

apparatus, the vertical extent of the atom beam is about 1mm. A small l would

make it di�cult to alight the MPC in the atom interferometer. We chose l = 1 cm.

3.2.3 Multipass Cavity Alignment in the Atom Interferometer

In order to align the MPC in the atom interferometer, the MPC is placed on a

horizontal translation stage, a vertical translation stage, and a rotation stage. A

photograph of this set-up is shown in Fig. 3.5. The horizontal translation stage

moves the MPC by up to one inch in x. On top of the horizontal translation stage,

there is a plate and an L-bracket that is also attached to the vertical translation

stage. The vertical translation stage moves the MPC by half an inch in z. There is

an aluminum L-bracket attached to the vertical translation stage and to the rotation

stage. The rotation stage can rotate the MPC by more than 90 degrees about a

vertical axis. An aluminum block with a post for holding the MPC assembly is

attached to the rotation stage. It also allows for adjustments to the MPC position

so that the laser spots are approximately on the axis of rotation. The optical fiber

fits under the rotation stage.
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not& preserve& circular& polarization,& hence& when& I& minimize# the# light# power#
incident#on#the#CP#detector#I#have#elliptical# light# incident#onto#the#HOM&(it&is&
mostly&linear&actually).&In&the&next&version&I&will&use&E03&mirrors&that&will&maintain&
circular& polarization.& I& also& coached& Tyler& to& make& amplifier& circuits& for& all& the&
detectors&and&to&build&a&box&for&them.&(I&haven’t&yet&taken&a&photo&of&it).&
&
Mounting:&
&

&
&
The&mounting&I&designed&and&built&is&shown&in&the&photo&above.& &The&longitudinal#
translation#stage#moves#one# inch.&I&also&reQsoldered&the&connector&for&the&motor&
so&that&there&are&no&exposed&pins.&On&top&of&the&longitudinal&translation&stage,&there&
is&a&plate&and&an&L&bracket&that&is&also&attached&to&the&vertical&translation&stage.&The&
vertical#translation#stage#moves#half#an#inch.&The&encoder&on&the&motor&does&not&
work.&I&picked&a&spring&for&the&vertical&translation&stage&that&can&support&the&weight&
of&the&rotation&stage&and&HOM.&The&tallest&part&of&the&vertical&translation&stage,&not&
counting&the&motor&and&the&moving&part,&is&10cm&from&the&board.&&There&is&an&Al&LQ
bracket& attached& to& the& vertical& translation& stage& and& to& the& rotation& stage.& I&
designed&it&such&that&there&is&enough&clearance&for&the&fiber&to&fit&under&the&rotation&
stage.& The& configuration& shown& in& the& photo& has& the&minimum& distance& from& the&
board&to&the&rotation&stage.&The&encoder&on&the&rotation&stage&does&not&work.&There&
is&a&piece&of&Al&attached&to&the&rotation&stage.&It&has&post&for&holding&the&HOM.&&It&also&
allows&for&adjustments&to&the&HOM&position&so&that&it&can&be&centered&with&the&laser&

Figure 3.5: Photograph of the Multipass optical cavity mounted on translation and
rotation stages needed for alignment in the atom interferometer

The MPC assembly is placed inside the vacuum chamber between the first and

second nanogratings as shown in Fig. 3.2 a. The initial position for the translation

and rotation stages is approximated by eye when the MPC assembly is placed inside

the vacuum chamber. The angles between the mirrors in the MPC are adjusted such

that the laser spots seen on the mirrors are in a straight line and enter and exit the

MPC on the same side. We use a (near IR) camera to better view the laser spots

on the bottom mirror.

To align the MPC to the atom beam after the MPC is roughly placed inside the

vacuum chamber, we use the horizontal, rotation, and vertical motors to maximize

the light-induced phase shift. Vertically, we just check the clearance of the atom

beam to make sure that it is not hitting the mirrors or the supporting structure.

Then, we iteratively align the horizontal position and the rotation of the MPC. If

the rotation axis was precisely at the center laser spot in the MPC, then the rotation

and horizontal position could be aligned independently. However, this is not the case
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Figure 3.6: Phase shifts vs. MPC position. The magnitude of the phase shift is
maximum at two locations corresponding to laser beams aligned either on the left
or right arm of the interferometer.

in our experiment so we must iteratively align the horizontal position and rotation.

An example of the light-induced phase shift versus the MPC horizontal position is

shown in Fig. 3.2.3. There are two MPC locations where the magnitude of the light-

induced phase shift is maximized. These correspond to the laser beams located on

either the left of right arms of the interferometer or, more precisely, to the maxima

of the irradiance gradient across the atom beams. We repeat scans such as the

one shown in Fig. 3.2.3 at di↵erent rotation angles to find the optimal rotation and

position of the MPC.

3.2.4 Signal Enhancement

The purpose of the MPC was to increase the light-induced phase shift in order

to allow for more precise tune-out wavelength measurements. Here, we compare

the slope of the light-induced phase shift near �
zero

with and without the MPC.

Data taken both cases is shown in Fig. 3.2.4. As shown, the phase shift slope is 1.9

mrad/pm for the experiment with the MPC and 2900m/s atoms. In comparison, the
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phase shift slope is 0.76 mrad/pm for a single laser beam experiment with 1600m/s

atoms. The signal slope depends on v�2. Thus, we predict that for a single-pass

experiment with 2900m/s atoms the phase shift slope would be 0.23 mrad/pm.

This predicted phase shift slope is 8.2 times smaller than the slope observed with

the MPC. The average light-induced phase shift slope of the data used to report

�
zero

= 768.9701(4) nm is 2.1 mrad/pm.

In addition to a larger phase shift slope, the experiment also benefited from

improved mechanical stability associated with the MPC and bringing the laser into

the interferometer vacuum chamber via an optical fiber. The statistical precision (2

⇥ standard error of the mean) was improved from 1.4pm in [6] to 0.3pm.
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Figure 3.7: Enhanced slope for phase vs. wavelength data due to multi-pass cavity.
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multi

is d�/d� = 1.9 mrad/pm for an atom beam with v = 2900m/s
(red line and open circles). A smaller slope of 0.76 mrad/pm was observed for a
single-pass experiment (�

single

) with a slower v = 1600m/s atom beam (blue line
and solid circles). Adapted from [7].
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3.2.5 Future Improvements for a Laser-Atom Interaction Region

To enhance the phase shift versus wavelength slope further, some modifications can

be made to this MPC or a di↵erent interaction region, such as ones described in this

subsection, can be built. The key to having a big phase shift slope is for one path

of the interferometer to be irradiated with much more laser light than the other.

First, we will consider improvements to the MPC. As previously mentioned, the

spacing between the two mirrors in the MPC, l, can be reduced. This will allow for

more laser spots with small beam widths to interact with the atoms. Thus, �
multi

will

increase, as shown in Eq. 3.12. However, this will make it more di�cult to couple

light into the MPC. Another idea to increase the irradiance gradient with the MPC

interaction region is to block some of the laser light from reaching one of the paths

of the interferometer. This can be done, for example, by placing a thin wire or other

obstruction near one of the mirrors. The laser spots would be aligned with the wire

such that part of the laser spots is blocked on one side. Thus, there will less laser

power shining on one of the interferometer paths, which will increase the phase shift

slope. However, this would make it more di�cult to compare measurements made

with the irradiance on the other (left or right) atom interferometer path. Next, we

consider other laser-atom interaction regions that may result in a higher phase shift

slope as compared to the MPC used in the experiments described in this dissertation.

curved mirrors and lenses

In the MPC, the width of the laser spots increases as the laser beam propagates,

and the larger spot sizes contribute less to creating a large irradiance gradient and

phase shift slope. As seen in Eq. 3.10, the phase shift for a single laser beam is

proportional to w�2. If the laser spot sizes can remain small as the laser beam

propagates through the optical cavity, then the phase shift slope will be larger.

We can use one or two curved mirrors in the MPC to refocus the laser beam as it

propagates. Alternatively, we could also place a cylindrical lens in-between the flat

mirrors of the current MPC. A combination of curved mirrors and lenses can also
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be used to achieve this goal of increasing the phase shift slope by keeping the laser

spot widths small as the laser propagates through the optical cavity. This cavity

will have a more complex alignment than the simpler plane-plane MPC used for the

experiment presented in this dissertation.

power build-up cavity

Another way to increase the phase shift slope is to use more laser power. For a

single beam experiment or for multiple laser spots, the phase shift depends on the

laser power, as can be seen in Eq. 3.10 and Eq. 3.11. To increase the laser power,

we can use a power build-up cavity, such as a bow-tie cavity. Perhaps this can be

build around the paths of the interferometer or a beam from the power build-up

cavity can be sent into a MPC. The cavity alignment here will be more challenging

because the resonant cavity needs to be tuned and mode matching will be needed.

non-Gaussian beams and Lloyd’s mirror

As mentioned earlier in this section, to increase the light-induced phase shift ver-

sus wavelength slope, the irradiance gradient across the atom interferometer paths

should be increased. In our current experiment we use Gaussian laser beams and

an MPC to shine light across multiple paths. An improvement could be to instead

design an interaction region where there is no light (or a minimum) shining on one

of the paths. This is similar to the idea of placing an obstruction in the current

MPC to block some of the light from reaching one of the atom interferometer paths.

Another idea for future investigating is the use of a non-Gaussian laser beam to

achieve larger irradiance gradients.

Another idea is to exploit optical interference fringes to create a large irradiance

gradient across the atom interferometer paths by shining a dark fringe on one of the

paths and a bright fringe on the other. Using Lloyd’s mirror is an example of how

it may be possible to create such optical fringes inside the atom interferometer. A

constraint for optimizing this would be to make sure that the optical fringe period
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is larger than the atom beam widths and comparable to two times the separation

of the atom beam paths.

In the next few sections, we consider systematic shifts to tune-out wavelength

measurements that arise from the MPC and laser system used in our experiments,

as well as how to measurement and correct them.

3.3 Decoherence Spectroscopy in the Atom Interferometer for Measuring Doppler

Shifts

Because the laser beams in the MPC are not perfectly perpendicular to the atom

beams, there is a Doppler shift that we must take into account when measuring

tune-out wavelengths in our experiments. We developed a decoherence spectroscopy

technique to measure the Doppler shift from the set of laser beam spots in the MPC

that interact with the atom beam. We measured a �0.21(10) pm Doppler shift for

our tune-out wavelength measurements. This decoherence spectroscopy for atom

interferometry is described in detail in [27], which is also reproduced in Appendix

B. In this section, I will summarize the experiments, results, and analysis as it

pertains to tune-out wavelength measurements.

Decoherence spectroscopy uses quantum decoherence due to photon scattering to

cause laser-wavelength-dependent contrast loss. We measured this contrast loss in

the atom interferometer. We used the same experimental set-up (laser beam, MPC,

atom beam) as we did for tune-out wavelength measurements, but we attenuated the

laser power and tuned the wavelength near the D2 resonance. A measured spectra

using this technique is shown in Fig. 3.3. Next, I will summarize the model used to

describe the interferometer contrast loss due to decoherence from photon scattering.

As explained in [27] and Appendix B: “To model the atom interferometer con-

trast, we start with the fact that scattering even one photon per atom reduces

the atom interference fringe contrast nearly to zero if the components of each

atoms wave function are separated by a distance larger than the wavelength of light

[60, 61, 62, 63, 64, 65, 66, 67, 68]. In one view, this is because each scattered photon
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Figure 3.8: Decoherence spectroscopy data (red solid circles) showing contrast vs
laser wavelength. Theoretical curves are shown in solid blue for no Doppler shift
and dashed blue for a �0.21 pm Doppler shift. The best fit model indicates that a
+0.21 pm shift should be added to our �

zero

measurements due to Doppler shifts in
the MPC [27]. Adapted from [7].

conveys information about which path atoms traveled through the interferometer.

In a related perspective, scattering entangles atoms with photons, and the photons

constitute part of the atoms environment. Ignoring the state of the environment

leads to observations of the atomic system with decreased coherence. Hence, atom

interference fringe contrast that remains after interaction with the laser light is pro-

portional to the probability P
0

(!) for atoms to scatter zero photons. We thus write

the normalized contrast as
C

on

C
o↵

= P
0

(!).” (3.13)

The theory to describe photon scattering is well known and is explained in many

textbook such as these [33, 69], and resonance frequencies for potassium are also
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well known with recommended values complied by NIST [70]. Thus, we can compare

our measured contrast loss spectra to the predicted spectra with no Doppler shifts.

In [27] and Appendix B, I derive the contrast spectra for our experiment shown as a

solid blue line in Fig. 3.3 and in Eq. 3.14. The contrast spectrum for this experiment

is described by

C
on

C
o↵

=
X

F

�F

A

Y

p

exp

"
� (⌦

Rabi

/2)2 �T

(! � !
0,F � �!p)

2 + (�/2)2 + ⌦2

Rabi

/2

#
. (3.14)

�F = 2F + 1 is the degeneracy of each level. A =
P

F �F is the normalization

constant. ⌦
Rabi

is the Rabi frequency. � is the natural decay rate. T is the exposure

time that the atoms interact with the laser. For the data shown in Fig. 3.3, T = 3/�.

Figure 4 in [27] shows data for di↵erent exposure times. !
0,F is the resonance

frequency. �!p = (p✓ + �)|~v||~k| is the Doppler shift for each laser beam, p, in the

MPC. The laser spot corresponding to p = 0 is the central beam in the MPC, which

is the last laser spot before the laser beam propagation directions changes. For this

experiment, integers p range from -38 to 38. ✓ is the angle between the mirrors

in the MPC. In this experiment ✓ = 1.3 mrad. � is a parameter that allows for

asymmetry in the range of Doppler shifts and this is the net Doppler shift that we

measure.

With the data shown in Fig. 3.3, we measured � = 28(7) mrad or 1.6� ± 0.4�,

which corresponds to a shift in the contrast spectrum of �0.21±0.05 pm as compared

to a model with no net Doppler shift, � = 0. The 0.5pm statistical uncertainty comes

from a �2 analysis of the data. We report a final net Doppler shift measurement of

�0.21 ± 0.1 pm. Next, I summarize other possible sources of errors in Tab. 3.1.

The variable laser beam spot sizes, imperfect mirror reflectivity, excited state hyper-

fine splitting, misalignments, and dephasing are not included in the contrast model

shown in Eq. 3.14 that is used to determine the net Doppler shift from the data in

Fig. 3.3. We place an upper bound on the error in the net Doppler shift measure-

ment due to not including those physical complications in the model used to fit the

data. These complications and uncertainty estimates are described in [27].
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Table 3.1: Error budget for the net Doppler shift measured using decoherence spec-
troscopy. Statistical and systematic uncertainties added in quadrature combine to
make the total uncertainty of 0.1 pm.

Source of error Uncertainty (pm)
statistical uncertainty 0.05
variable laser beam spot sizes < 0.08
imperfect mirror reflectivity < 0.01
excited state hyperfine splitting < 0.001
misalignment < 0.02
dephasing < 0.01
Total 0.10

Using this decoherence spectroscopy technique, we measured the net Doppler

shift in the tune-out wavelength measurement experiment. The precision of the

method is three times greater than the statistical uncertainty in our tune-out wave-

length measurement as will will describe in Sec. 3.6. We add a +0.21(10) pm

correction to our tune-out wavelength measurement to take into account the net

Doppler shift that we measured using decoherence spectroscopy in the experiment.

3.4 Broadband Laser Light

In this section, I will describe the laser system used for tune-out wavelength measure-

ments and I will explain how broadband light from the laser can cause systematic

shifts in measured tune-out wavelengths. Importantly, I will demonstrate how to

minimize and correct these systematic shifts. This work is also described in [7] and

reproduced in Appendix C.

3.4.1 Laser System

We use an external cavity diode laser (ECDL) with an Eagleyard EYP-RWE-0790-

04000 laser diode to send about 20mW of light to an Eagleyard EYP-TPA-0765-

02000 tapered amplifier (TA), which outputs 1.2 W. In addition to the monochro-

matic laser light, there is some broadband spontaneous emission light exiting from

the TA. A cylindrical lens is used to adjust the shape of the laser beam. The laser
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Figure 3.9: Schematic of the Laser system and optical paths used for the tune-out
wavelength measurements. The diagram is condensed and it is not drawn to scale.
For simplicity, some of the elements, such as some mirrors for alignment, optical
isolators, and fiber coupler lenses, are not shown in the schematic.

is then coupled into a single mode optical fiber (Thorlabs SM-600) that outputs

200mW of light into the MPC in vacuum. The laser beam is focused into the MPC

and goes through a linear polarizer. There is a quarter waveplate after the TA and

before the optical fiber to adjust the laser polarization. A small part of the laser

beam from the ECDL is sent into a potassium vapor cell to monitor the spectro-

scopic signal and some of the beam is sent into a Bristol 621B wavemeter. The laser

wavelength is tuned by adjusting the ECDL grating and/or current. A feedforward

circuit is used to adjust the laser current and cavity length to obtain a larger mode

hop free range. A lens is used to collect light after it exits the MPC. It is then sent

into a spectrometer (Photon Control model SPM-002-C). A simplified schematic of

the laser system is shown in Fig. 3.9. Next, I will describe how we measure the

broadband laser spectrum.
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3.4.2 Measuring the Laser Spectrum

Figure 3.10: Power spectrum output from our tapered amplifier. The broadband
spectrum (open blue circles) was observed with 1000 times more acquisition time
while using a dark fringe from an étalon to suppress the monochromatic component
of the spectrum, as described in this paper. A spectrum with the monochromatic
light tuned to a bright fringe of the étalon is shown with a solid red circles. Adapted
from [7].

To measure the laser spectrum, we use commercial spectrometer (Photon Control

model SPM-002-C) with a 1-mm thick glass etalon in reflection mode to increase the

e↵ective dynamic range of the spectrometer. Without filtering by the etalon, it was

not possible to measure the broadband light because the high power monochromatic

component of the spectrum would either saturate the detector or the acquisition

time of the detector would be too short to detect the low power spectral density of

the broadband light. To detect the low power broadband light, a dark fringe from

the etalon is used to reduce the high power monochromatic component of the laser

spectrum by 3 orders of magnitude. This allows us to increase acquisition time of

the spectrometer so that the low-power broadband light can be detected without
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the high-power monochromatic component saturating the detector. To detect the

full spectrum, instead of using a dark fringe to suppress the high-power component,

a bright fringe is aligned to the high-power component of the laser spectrum. The

broadband light is spread over many bright and dark etalon fringes in both cases.

For the 1-mm thick glass etalon, the free spectral range of the etalon is 0.2 nm or 100

GHz; whereas the spectrometer has 1 nm resolution. Thus, the etalon fringes are not

resolved by our detector. The power in the broadband laser light is simply two times

greater (average over many dark and bright fringes) than what we measure with our

experiment. We correct for this e↵ect in our measurements. A measurement of

the full laser spectrum (aligned to bright fringe) and the broadband laser spectrum

(aligned to dark fringe) is shown in Fig. 3.4.2.

Using a monochromatic HeNe laser, we checked the spectrometer’s calibration

and measured the spectrometer’s response as shown in shown in Fig. 3.4.2. The

measured HeNe wavelength was within 0.1 nm of the known HeNe wavelength.
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Figure 3.11: monochromatic HeNe laser spectrum as measured by the Photon Con-
trol model SPM-002-C spectrometer. A Gaussian fit is shown in black. This spec-
trum shows the asymmetric response function of the spectrometer. Even so, the
central wavelength as determined by the Gaussian fit was within 0.1 nm of the
known HeNe laser wavelength.
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3.4.3 Broadband Light Induced Phase Shifts

Here, I will describe how the broadband light a↵ects the light induced phase shift

and tune-out wavelength measurements. First, we model the laser spectrum as a

monochromatic component P
mono

plus a Gaussian broadband component P
broad

as

P
laser

(�) = P
mono

(�) + P
broad

(�). (3.15)

The monochromatic component of the laser is

P
mono

(�) = P
M

(�)�(� � �
M

), (3.16)

where P
M

is the power of the monochromatic component and �
M

is the wavelength

of the monochromatic component. The broadband component of the laser is

P
broad

(�) =
PBB

�BB

p
2⇡

e�(���
BB

)

2/(2�2

BB

), (3.17)

where PBB is the power of the broadband light, �BB is the peak wavelength of

the Gaussian broadband distribution, and �BB is the rms width of the broadband

distribution.

The total light induced phase shift is equal to the sum of the light induced phase

shift from the monochromatic light component and that from the broadband light

component,

�
total

= �
mono

(�M) + �BB. (3.18)

The light induced phase shift due to the broadband light is

�BB =
1

2✏oc~v

Z Z
s↵(!)

dI
broad

(!; x; y)

dx
dy d!. (3.19)

As shown in Eq. 3.19, the broadband light induced phase shift is proportional to

the polarizability times the broadband light irradiance spatial gradient on the paths

of the interferometer integral over all frequencies and the atom beam path. We can
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calculate the shift in the tune-out wavelength caused by the broadband light as

��
zero

= �BB

✓
d�

d�

◆�1

. (3.20)

For our experiments, the �BB > ��
FS

, where ��
FS

the fine structure splitting,

as shown in Fig. 3.12a. This means that P
broad

and I
broad

are approximately linear

functions of � near the D1 and D2 resonances. These are the wavelengths (or

frequencies) that matter most for determining �BB in Eq. 3.19. Thus, the spectral

slope of the broadband distribution near the D1 and D2 resonances matters. This

depends on �BB and �BB. The error in the tune-out wavelength measurement ��
zero

due to the broadband light as a function of the peak wavelength of the broadband

light distribution �BB is shown in Fig. 3.12b. Here, we can see that there is a �BB

that results in no error to the tune-out wavelength measurement ��
zero

= 0. We call

this wavelength the broadband tune-out wavelength, �
BB,zero

. If the spectral width of

the broadband distribution is larger than the fine structure splitting, �BB > ��FS,

then

�BB ⇡ �D2

+
fD1

fD1

+ fD2

��FS. (3.21)

For narrower �BB, the �BB that minimizes the �BB and ��
zero

shifts from �
BB,zero

to �
zero

. For this experiment, we calculate

�BB ⇡ �D2

+
1

3
��FS ⇡ 767.84 nm. (3.22)

Next, I show how we tune the peak wavelength of the broadband light distribution

to minimize ��
zero

.

3.4.4 Tuning the Broadband Spectrum

To minimize the error in tune-out wavelength measurements due to the broadband

laser light, we change the temperature of the TA to tune �BB close to �
BB,zero

.

Figure 3.13 shows two TA spectra taken at two di↵erent laser temperatures. Colder

temperatures result in a bluer broadband spectral distribution. The di↵erence in
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Figure 3.12: Predicted error in measured �
zero

due to broadband light. (a) Spectra
of ↵(!) and P
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vs. wavelength used in Eq. (3.19) to calculate �
BB
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P
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order to be viewed conveniently on the same graph. (b) Resulting error (��

zero

) as
a function of the broadband peak wavelength �
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. Adapted from [7].
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spectrometer counts is due to di↵erent acquisition time or angle of the etalon. To

cool the TA, the temperature of the cooling water for the laser mount was adjusted

and monitored. We found that a water temperature of about 14�C made �BB close

to �
BB,zero

. There was a limit to how much we could cool the TA because we did not

want condensation to form on the TA mount. Next, I will describe the temperature

and spectra data taken on days that we measured tune-out wavelengths.
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Figure 3.13: Spectra measurements at di↵erent TA mount temperatures are shown
in red or blue open circles. Gaussian fits are shown in solid lines.

For tune-out wavelength measurements, we took measurements of the laser spec-

trum multiple times over several days. We also measured the TA cooling water

temperature on all of the nine days that we measured tune-out wavelengths. Tem-

peratures ranged from about 13 to 15 �C. These water temperature measurements

are shown in Fig. 3.14. However, the broadband light spectrum was measured on the

first four days that we made tune-out wavelength measurements. From this data, we

measured the peak wavelength of the broadband light distribution, �BB = 767.5 nm

with a 0.3 nm standard deviation. The average of �BB measurements for each day

and the average over all days is shown in Fig. 3.15. The average TA cooling water
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Figure 3.14: TA water temperature

temperature for the �
zero

measurement days where the spectra data were taken was

13.8(4)�C, and the average temperature for the �
zero

measurement days where the

spectra data was not taken was 14.7(5)�C. From previous work, a 1�C change in TA

temperature leads to a 0.05nm shift in wavelength [71]. This means that �BB for

the days with no spectra data was 767.55nm (or no greater than this). Thus, the

average peak wavelength of the broadband light spectrum for all days is 767.5 nm.

Next, I discuss the uncertainty of this �BB.

To estimate an upper bound on the error in �BB due to a range in TA temper-

ature, we first consider the error due to the temperature variation of the cooling

water over all the days that �
zero

measurements were made. The temperature of

the TA cooling water spanned a range of 2�C. A range of 2�C in the temperature of

the TA would mean 0.1nm range in peak wavelength. As such, 0.1 nm is an upper

bound for the uncertainty in �BB due to the variation in water temperature. This

is a satisfactory upper bound on this source of error for two reasons. First, we know

the average peak wavelength better than this 0.1 nm estimate for the full range of

temperature variation. Second, we safely assume that the actual TA temperature
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Figure 3.15: �BB measurements.

range was less than the 2�C range in the cooling water temperature. For the total

uncertainty in �BB, we consider the uncertainty due to the variation in water tem-

perature (0.1 nm), the uncertainty in the spectrometer wavelength accuracy (0.1

nm), and the statistical uncertainty of �BB measurements (0.3 nm). To report the

total uncertainty in �BB for �
zero

measurements, we add these sources of error in

quadrature as follows
p

0.32 + 0.12 + 0.12 = 0.33 nm.

From the spectra data, we measured �BB = 5.0(5) nm. Based on spectra mea-

surements taken at di↵erent temperatures, this might get only slightly bigger for a

1�C change in TA cooling water temperature. We double the uncertainty as upper

bound to obtain �BB = 5(1) nm. This uncertainty ends up being negligible when

calculating shifts in �
zero

measurements.

To calculate the shift in �
zero

due to the broadband light shown in Eq. 3.20, we

also need to know the power ratio of the monochromatic to the broadband light com-

ponents because �BB depends on PBB, and (d�/d�)�1 depends on (PM + PBB)�1 ⇡
P�1

M . We took several sets of spectra measurements for the full laser spectrum and

the broadband spectrum such as those shown in Fig. 3.4.2. To determine the ratio
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PM/PBB, we do a Gaussian fit to the data and find the area under each measured

spectrum distribution. We took into account that the broadband power is cut in half

by the etalon fringes. Measurements of PM/PBB are shown in Fig. 3.16. From these

measurements, we report PM/PBB = 370(40), where 40 is the standard deviation.
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Figure 3.16: PM/PBB measurements. The result is PM/PBB = 370(40)

In summary, we measured �BB = 767.5(3) nm, �BB = 5(1) nm, and PM/PBB =

370(40). Next, we calculate ��
zero

based on these measurements.

3.4.5 Correction for Tune-Out Wavelength Measurements

Using Eq. 3.20 and measurements of the laser spectrum as described, we calculate

��
zero

= �0.08(8) pm. A summary of the laser spectrum measurements and the

resultant uncertainties in ��
zero

are shown in Tab. 3.2. From this, we apply a

+0.08(8)pm correction to our tune-out wavelength measurements.
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Table 3.2: Error budget for the shift in �
zero

measurements due to broadband radi-
ation. Uncertainties added in quadrature combine to make the total uncertainty of
0.08 pm.

Property Measurement Uncertainty Uncertainty in ��
zero

�BB 767.5 nm < 0.3nm 0.08 pm
�BB 5 nm < 1 nm 0.007 pm
PM/PBB 370 < 40 0.006 pm
Result: ��

zero

= �0.08(8) pm

3.5 Shifts in �
zero

Measurements on Left versus Right Paths of the Interferometer

We measured systematic shifts in tune-out wavelengths when elliptically polarized

light illuminated the atoms. These measured shifts arise from the fact that the Earth

is rotating, and they depend on the laser polarization, the orientation of the present

magnetic fields, and the velocity distribution of the atom beam [12, 7]. The physical

explanation for these shifts in tune-out wavelength measurements is described in

Chapter 4. This e↵ect can be used to make an atom interferometer gyroscope as

described in [12] and in Chapter 4. Here, I will explain how we set-up the experiment

to minimize these systematic shifts in tune-out wavelength measurements.

To monitor and quantify these systematic shifts in tune-out wavelength measure-

ments, we utilize the fact that the shifts are antisymmetric with respect to the atom

interferometer path that receives more laser light [12, 7]. We take tune-out wave-

length measurements on the left and right paths of the interferometer with di↵erent

optical polarizations and magnetic field orientations. Results from these measure-

ments are shown in Fig. 3.17. To quantify the shifts, we calculate the di↵erence

in tune-out wavelength measurements on the left and right sides of the interferom-

eter. Shifts are greatest for circularly polarized light and a magnetic field B that

is parallel to the optical propagation direction k. Systematic shifts are minimized

with linearly polarized light and a magnetic field that is perpendicular to the optical

propagation direction. The reasons for this are explained in Chapter 4. Here, we

use the data shown in Fig. 3.17 to justify our choice of experimental conditions and

to quantify a systematic error for precision �
zero

measurements.
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Figure 3.17: �
zero

measurement as a function of optical polarization and magnetic
field orientation. Data with circularly polarized laser light are from [12] and were
taken with v ⇡ 1600 m/s atom beams. Data with linearly polarized light were take
with v ⇡ 2900 m/s atom beams. Open square red data show measurements with
the laser beam on the right side of the interferometer and solid circle blue data show
measurements on the left side. Adapted from [7].

Based on data shown in Fig. 3.17, we use linearly polarized light and a magnetic

field oriented perpendicular to the optical propagation direction. To ensure linearly

polarized light, we send the laser through a linear polarizer before the beam enters

the MPC. We tune the polarization of the light entering the optical fiber to the

MPC with a quarter wave plate in order to maximize the light transmitted through

the linear polarizer right before the laser beam enters the MPC. This optics set-up is

shown in Fig. 3.9. In order to apply a magnetic field near the light-atom interaction

region, we wrapped magnetic field coils in a Helmholtz configuration around the

vacuum chamber. We calculated that the coils we used provided about a 10 Gauss

magnetic field at the MPC. Additionally, we used a vo = 2.9 km/s atom beam with

a velocity spread �v = vo/16. With these experimental conditions, the di↵erence in

measured tune-out wavelengths on the left and right arms of the interferometer was

only 2.6pm. This remaining di↵erence could be due to imperfect linearly polarized
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light, imperfect magnetic field, or some other non-zero spin-dependent force that

changed with the irradiance gradient. To report a final �
zero

measurement, we

average the tune-out wavelength measurements taken on the left and right sides

of the interferometer as shown in Fig. 3.5. We estimate an upper bound on the

uncertainty of 10% of the di↵erence between �
zero

measurements taken on the left

and right sides (�right

zero,lab

+ �left

zero,lab

)/10 = 0.26 pm.

To explain this estimate of the uncertainty, I compared the phase shift versus

wavelength slopes for �
zero

measurement data taken on the left and right arms of the

interferometer because this could indicate that there were di↵erences in laser power

or irradiance gradients between data taken on di↵erent arms of the interferometer.

For measurements taken on the left side, d�/d� = 2.2(4) mrad/pm. For measure-

ments taken on the right side, d�/d� = 2.0(5) mrad/pm. This is a less than 10%

di↵erence in phase shift slope of both sides. Those slopes are from raw phase shift

versus wavelength data that was not yet normalized based on laser power. If we

compare power normalized slopes, then the di↵erence in slope between the left and

right sides was only 3%. This indicates that an upper bound uncertainty of 10% of

the di↵erence in the tune-out wavelength measurements on the left and right sides

is satisfactory.

To further reduce these types of systematic shifts in �
zero

measurements in fu-

ture experiments, one recommendation is to produce a stronger magnetic field in the

MPC. In the current experiment, atoms experience only about two Larmor preces-

sions while interacting with the laser in the MPC. This is important because these

systematic shifts in �
zero

measurements result from spin-dependent forces as will be

described in Chapter 4. One way to increase the magnetic field strength would be

to locate the magnetic field coils closer to the MPC inside the vacuum.

3.6 Final Measurement Results and Analysis

Here, I will discuss the final �
zero

measurement results including the corrections

described in the previous few sections. We report �
zero

= 768.9701(4) nm. This is
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Figure 3.18: Determination of �
zero

from the average of average 1

2

(�right

zero,lab

+�left

zero,lab

).
Only statistical error bars of 2 times the standard error of the mean are shown.
Systematic corrections totaling 0.3 pm, and systematic uncertainties totaling 0.3
pm are later added before a final result is presented for �

zero

. Adapted from [7].

the result from 91 data sets of the light-induced phase shift versus laser wavelength

similar to the data shown in Fig. 3.1. For each data series, the central 80% of the data

in each file was used to find the tune-out wavelength as described in the beginning

of this chapter. �
zero

measurements for each data series are shown in Fig. 3.6. We

calculate the weighted average of these individual �
zero

measurements separately for

data taken with more laser power on left or right arms of the interferometer. Then,

we find the average of measurements on the left and right arms of the interferometer.

These averages are also shown in Fig. 3.5. The result from this procedure was

768.96984(29) nm, where the uncertainty is two times the standard error of the

mean. For comparison, Fig. 3.6 also shows �
zero

measurements where all of the data

was used (not just the central 80%) and results for a simple average as opposed

to a weighted average. The results from the di↵erent analysis methods were all

within 0.3pm, and the statistical uncertainty (standard error of the mean) ranged

from 0.15pm to 0.24pm. For the reported �
zero

measurements, we use the weighted

average of the trimmed data sets for which the standard error of the mean is 0.145
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Table 3.3: Error budget for the �
zero

measurement. Statistical and systematic un-
certainties added in quadrature combine to make the total uncertainty of 0.4 pm.
Corrections due to known systematic shifts are also shown. The left/right shift
refers to the error from the di↵erence in �

zero

measurements when the irradiance
gradient is greater on either the left or right arms of the atom interferometer, as
shown in Figs. 3.17 and 3.5. The left/right shift depends on the optical polarization,
the magnetic field orientation, the earth’s rotation rate, and the atom beam velocity
distribution, as described in this paper and in [12].

Source of error Correction (pm) Uncertainty (pm)
2 ⇥ Standard error - 0.29

of the mean
Doppler shift + 0.21 0.10
Broadband light + 0.08 0.08
Left/Right shift - 0.26
Total + 0.29 0.41

pm. Then, we add a 0.29 pm correction for the net Doppler shift in the MPC and

the for the broadband light. The final result is �
zero

= 768.9701(4)nm. This error

budget summarized shown in Tab. 3.3.

This precision tune-out wavelength measurement, �
zero

= 768.9701(4) nm, is

also a measure of the ratio of D2 to D1 line strengths, R = 1.9977(11); oscillator

strengths, ⇢ = 2.0066(11); and lifetimes, ⌧
4p

1/2

/⌧
4p

3/2

= 1.01223(35), as shown in

Eq. 3.1, Eq. 3.2, and Eq. 3.3. We combined these results from tune-out wavelength

measurements with our static polarizability measurements from [2] to report indi-

vidual values for line strength, oscillator strengths, and lifetimes. From this analysis

we report ⌧
4p

1/2

= 26.78(4) ns and ⌧
4p

1/2

= 26.46(4) ns. These lifetimes are consis-

tent with measurements from [58]. They also have smaller uncertainty as compared

to the 7 ns uncertainty in [58]. This analysis is also described in detail in [3].

As previously mentioned, this precision tune-out wavelength served as a bench-

mark test of atomic structure calculations. These calculations are sophisticated

relativistic many-body calculations. There are a variety of calculation methods

[22, 23, 24, 25, 26]. The results from these di↵erent calculation methods are similar,

yet they have slight di↵erences. They are shown in Fig. 3.20 as R and ⇢ along
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with our �
zero

measurements and a measurement of lifetimes from [58]. Our new

�
zero

measurement has the smallest uncertainty. Our measurement has 6.7 times

smaller uncertainty in R than the measurement from [58] that does not use �
zero

.

For comparison, reference [58] used beam-gas-laser spectroscopy.

Figure 3.20 also shows calculated and experimentally measured R and ⇢ values for

other alkali atoms. This is included because the methods used to measure the �
zero

for potassium presented in this dissertation can be extended to other atoms in the

future. This is an advantage of using atom interferometer with thermal atom beams

as opposed to using Bose-Einstein condensates to measure �
zero

as done for Rb in

[8, 9], but cannot be done for all atoms. Tune-out wavelength measurements in other

atoms, such as heavier atoms like Cs, are more sensitive to the core polarizability.

As such, �
zero

measurements might be a good way to test ↵c. Additionally, making

measurements at �
zero

may be the key to making the first measurements of the

hyperpolarizability �, which depends in the laser intensity. This is because at �
zero

,

the polarizability is zero so the hyperpolarizability becomes the next dominate e↵ect,

but requires more laser power.
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Figure 3.19: �
zero

measurements for individual data series are shown. Blue data
points represent results from trimmed data sets where the central 80% of the data
was used to find �

zero

. Red data points represent �
zero

measurements where all of the
data was used for the fits. Solid points represent data taken with more laser power
of the right arm of the interferometer and empty points represent data taken with
more laser power of the left arm of the interferometer. “avg” stands for the average
of the individual �

zero

measurement and “wavg” stands for the weighted average of
the individual �

zero

measurements.
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Figure 3.20: Theoretical calculations shown with solid circles, and experimental
measurements shown with open circles, of ⇢ the ratio of oscillator strengths (top)
and R the ratio of line strengths (bottom). MBPT refers to many-body pertur-
bation theory and the number in parenthesis refers to the order [25]. RMBPT
refers to relativistic many-body perturbation theory [23]. DF refers to Dirac-Fock
basis orbitals [23]. SD refers to the single-double all order method [23]. RCICP
refers to the relativistic configuration interaction plus core polarization approach
[22]. CICP refers to the configuration interaction plus core polarization method
[22]. DHF refers to the Dirac-Hartree-Fock method [24]. CCSD refers to singles-
doubles coupled-cluster method [24]. BGLS refers to beam-gas-laser spectroscopy
measurements [58]. AIFM refers to atom interferometry measurements. BEC IFM
refers to interferometry measurements made with Bose-Einstein Condensates [9].
Photo assoc. spec. refers to Photo association spectroscopy [72, 73, 74]. Abs. spec.
refers to Absorption Spectroscopy [72]. Adapted from [7].
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CHAPTER 4

ATOM INTERFEROMETER GYROSCOPE

In this chapter, I will discuss our atom interferometer gyroscope based on dispersion

compensation with electric field gradients and light near a tune-out wavelength. This

atom interferometer gyroscope is also described in [12] and shown in Appendix A. To

our knowledge, this is the first demonstration of an atom interferometer gyroscope

that uses tune-out wavelengths. This demonstrates a new application for tune-out

wavelengths. It also provides a spectroscopic readout for an atom interferometer

gyroscope.

Building atom interferometer gyroscopes has been a long standing goal in the

atomic physics community because atom-based gyroscopes have the potential to

outperform photon-based or optical gyroscopes. As stated in Chapter 2, atoms or

photons accumulate a Sagnac phase shift in an interferometer as shown in Eq. 2.6.

The Sagnac phase can also be written in terms of the enclosed area of the interfer-

ometer A as

�
S

=
4⇡~⌦ · ~A

�v
. (4.1)

To compare the response factor to rotations for atom versus photon interferometers,

we compare �
Sagnac

for each case and find

�
S,atom

�
S,photon

=

✓
�
photon

�
atom

◆⇣ c

v

⌘
⇡ 1010. (4.2)

From Eq. 4.2, we see that given an interferometer with the same enclosed area, the

one that uses atoms would have about 1010 times more phase shift for a given rotation

rate. Additionally, since �
atom

depends on v�1, �
S,atom

/�
S,photon

is independent of
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the atom velocity v, and can be written as

�
S,atom

�
S,photon

=
m

atom

c2

h ⌫
light

. (4.3)

Still, the Sagnac phase itself is manifestly velocity dependent hence it is what we

call a dispersive phase.

Several atom interferometer gyroscope have been demonstrated such as those

described in [75, 14, 76, 15, 77, 78, 79, 80, 81, 13, 50, 51]. Unlike other atom in-

terferometer gyroscopes, ours uses static electric field gradients and a laser near a

tune-out wavelength for dispersion compensation. Because the Sagnac phase de-

pends on atom velocity and our atom beam has a spread in atom velocity, some

atoms acquire more �S than others. The detected interference fringes are from the

ensemble of all atoms. Thus, there is some contrast loss in the interference fringes

due to the velocity dependence of �S. For some atom interferometers [14, 80, 81, 13],

an auxiliary rotation is applied to compensate for the earth’s rotation and restore

the interference fringe contrast. In others [76, 51], interference fringe contrast as

a function of applied rotation is used to measure the earth’s rotation rate ⌦E. In

the next few sections, I describe how we use static electric field gradients and laser

irradiance gradients for dispersion compensation.

The contrast C and phase � of our interferometer is

Cei� = C
0

X

F,m
F

P|F,m
F

i

Z 1

0

Pv (v) ei�totaldv. (4.4)

�
total

= �S +�a +�rE +�L +�
0

is the total phase shift, which includes the Sagnac

phase, the acceleration phase, phase from a static electric field, phase from a laser,

an initial phase due to the grating locations. Here, capital � represents phase shifts

for atoms at a particular velocity and lowercase � represents an observable phase

shift that is an average for an ensemble of atoms with a spread in velocity. C
0

is the

initial contrast of the interferometer. P|F,m
F

i = 1/8 is the distribution of spin states

in the interferometer. Pv(v) is the velocity distribution of the atom beam, shown
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in Eq. 2.1. Next, I describe how we compensate the dispersion in the Sagnac phase

and the acceleration phase (shown in Eq. 2.7) using static electric field gradients.

4.1 Dispersion Compensation with Static Electric Field Gradients

As described in Chapter 2 and simplified here in Eq. 4.5, the phase shift from a

static electric field gradient is dispersive with a 1/v2 dependence. It is written as

�rE =
⇡↵ (0) L

dgmv2

Z
d

dx
E2dz. (4.5)

The observed phase shift due the static electric field gradient �E = �
on

��
o↵

, where

�
on

is the interferometer phase when the static electric field is on and �
o↵

is the

interferometer phase when the static electric field is o↵. Both can be described by

Eq. 4.4.

Figure 4.1 shows interference fringe contrast versus electric field induced phase

shift. The two-cylinder gradient electric field interaction region that was used is

described in Chapter 2 and [3]. Data in Fig. 4.1 is shown for two di↵erent atom

beam velocities and velocity distributions. The velocity and velocity spread were

measured accurately and precisely using a velocity measurement technique with

phase choppers as described in [28]. For both velocities shown in Fig. 4.1, the

maximum contrast occurred at a nonzero electric field. This is where the dispersion

due to �rE undid or compensated for the dispersion due to �S + �a, and this

increased the interference fringe contrast. For slower velocity atoms, the contrast

maximum occurs at a bigger electric field induced phase shift than it does for faster

atoms. For a larger spread in velocities in the atom beam, the contrast curve is

sharper or the contrast falls o↵ more rapidly from the maximum as the electric field

induced phase shift changes. Mathematically, we express the condition for dispersion

compensation as
d

dv
(�S + �a + �rE) = 0. (4.6)

Since we are interested in finding the �r
E

that results in maximum contrast (�C
max

rE ),
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Figure 4.1: Contrast versus phase induced by an E-field gradient. Data is taken at
two di↵erent atom beam velocities and velocity distributions. Gaussian fits to the
data are used to find the electric field induced phase shift that results in maximum
contrast of the fringes. Data (28 minutes) for faster velocity atoms with a larger
spread in velocity is shown in red. Data (18.5 minutes) for slower velocity atoms
with a smaller spread in velocity is shown in blue.

we approximate �rE = �C
max

rE (v
0

/v)2 in Eq. 4.6. Solving Eq. 4.6, with �S from

Eq. 2.6, �a from Eq. 2.7, and the above expression for �rE we find that

�C
max

rE = �2⇡L2

dg

✓
⌦

v
0

+
ax

v2

0

◆
, (4.7)

where ax = g sin (✓) is the gravitational acceleration along the nanograting vector

direction.

As shown in Eq. 4.7, �C
max

rE depends on both the rotation rate ⌦ and the accelera-

tion ax. However, there is a di↵erence in the velocity, v
0

, dependence associated with

the rotation rate and acceleration. Thus, taking measurements at several di↵erent

velocities allowed us to di↵erentiate between ⌦ and ax or ✓. These measurements
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are shown and further described in [29]. In [29], dispersion compensation with static

electric field gradients in our atom interferometer was used to make a rotation rate

measurement with an uncertainty of 0.5⌦E and an acceleration measurement with

an uncertainty of 0.005g.

4.2 Dispersion Compensation with Light near a Tune-Out Wavelength

Here, I will discuss dispersion compensation with light near a tune-out wavelength

and shifts in tune-out wavelengths that depend on ⌦E. There can be shifts in

measured tune-out wavelengths, �
zero,lab

, that depend on ⌦ because with circularly

polarized light near �
zero

, dispersion compensation for �S and �a is di↵erent for

atoms with di↵erent spin. As comparison, for static electric field gradients, �E and

the spread in phase was the same for all atomic spin states. Therefore, the contrast

of the interference fringes was the same for all spin states. This is because static

polarizability is independent of atomic spin. The dynamic polarizability, however,

can depend on atomic spin state as described in Chapter 1. At a particular wave-

length of a circularly or elliptically polarized laser, �L (shown in Eq. 2.12) and the

root in �L is di↵erent for di↵erent atomic spin states |F, mF i. Therefore, a di↵erent

laser wavelength is needed to compensate for the dispersion in the Sagnac phase for

each spin state. A theoretical model from Eq. 4.4 of the phase shift versus laser

wavelength for each |F, mF i is plotted in Fig. 4.2.

At a particular laser wavelength, there is a di↵erent spread in phase for each

spin state as can be seen in Fig. 4.2. This means that the fringe contrast for each

|F, mF i atomic state is di↵erent. If the contrast for each atomic state were the same,

then the measured phase �L would be a simple average over all spin states and the

measured root in the �L spectrum would be at �
zero

(�
zero,lab

= �
zero

). Since this

is not the case and each spin state has a di↵erent spread in �L, the measured �L

spectrum can no longer be thought of as a simple average. Instead, we can think

of the measured �L as a weighted average of �L for each atomic spin state. Thus,

there is a shift in the measured tune-out wavelength (�
zero,lab

6= �
zero

). This shift
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Figure 4.2: dispersion compensation. The phase �L(�, v)+�S(v)��off is plotted
for 95% circularly polarized light interacting with five atomic spin states (colors)
and a range of atomic velocities spanning 80% to 120% of v

0

= 2000 m/s. Black
curves show spectra for velocity v

0

for each spin state. Curves for each spin state
coalesce in caustics at a di↵erent � where spin-dependent �L(�, v) compensates for
dispersion in �s(v). The ensemble phase shift (green line) shows the root in �
at �

zero,lab

, which is shifted by -120 pm from �
zero

. The phasor diagram (inset)
illustrates how �L compounds with �S to increase dispersion for one spin state and
decrease dispersion for another spin state. Adapted from [12].

depends on the Sagnac phase (and thus ⌦) because �S breaks the symmetry in the

spread in phase for each spin state.

Figure 4.3 shows the light-induced phase shift as a function of laser wavelength

for the laser positioned with more irradiance on the left or right sides. The data

shows measured tune-out wavelengths �
zero,lab

that are about ± 200 pm away from

�
zero

. The shift in the measured tune-out wavelength depends on ⌦. However, it

also depends on other factors such as the laser power, the laser polarization, the

magnetic field, and the atom beam velocity spread. For linearly polarized light, the

polarizability is the same for all atomic spin states (q = 0 for ↵(!) in Eq. 1.4.1 shown
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Figure 4.3: Measured light-induced phase spectra �(�) using elliptically polarized
light and a magnetic field parallel to the optical k vector. The open square red data
show �

zero,lab

= 768.758(15) nm when the laser beam is on the right side of the atom
interferometer, and the solid circle blue data show �

zero,lab

= 769.174(7) nm when
the laser beam is on the left side of the atom interferometer. Each data point is the
average of 40 five-s files, and the error bars show the standard error of the mean.
Broad band radiation from the tapered amplifier caused a systematic shift of 15(5)
mrad that we accounted for in the � data shown. The red and blue curves show
the theory using Eqs. (1)-(5) with an additional average over the width of the atom
beam. For these data, the grating tilt ✓ was -20(5) mrad. Adapted from [12].

in Fig. 1.2). As such, there would be no shift in the measured tune-out wavelength

in this case. The magnetic field similarly a↵ects the experiment because it defines

the axis of quantization for the atoms. If the magnetic field is aligned perpendicular

to the laser beam propagation direction, then the atomic spin states precess about

the field so that the resulting spin-dependent di↵erences in the light shift time-

average to zero. Figure 3.17 shows how the laser polarization and magnetic field

orientation a↵ect the measured tune-out wavelength. The laser polarization and

magnetic field orientation shown in Fig. 3.17 is approximate, meaning that the label

linearly polarized light corresponds to light that is mostly linear and similarly for the

other labels. From Fig. 3.17, we see that circularly polarized light and a magnetic
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field that is parallel to the optical propagation direction results in the largest shifts

in measured tune-out wavelengths and thus bigger sensitivity to ⌦. Data shown in

Fig. 4.3 were taken in these conditions.

Because the shift in the measured tune-out wavelength depends not only on ⌦,

but also on the factors mentioned in the previous paragraph, it can be di�cult to

deduce ⌦. For this reason, we used static electric field gradients to calibrate the

relationship between shifts in tune-out wavelengths and ⌦, as described in the next

section.

4.3 Using Light near a Tune-Out Wavelength and Static Electric Field Gradients

Here, I will explain how we used both a laser at �
zero

and static electric field gradients

to report ⌦. We use the static electric field gradient to add an additional dispersive

and spin-independent phase shift that can compensate for the dispersion in �S and

�a uniformly for all spin states. This means that when �E compensates for the

dispersion in �S + �a, there will be no shift in the measured tune-out wavelength.

Figure 4.4 shows the light-induced phase shift and contrast at �
zero

as a func-

tion of the phase from a static electric field gradient �rE. Since the light-induced

phase shift at �
zero

vanishes when �rE compensates for the dispersion in phase, this

condition is also described by Eq. 4.6 with �rE = �root

rE . We solve Eq. 4.6 for ⌦ as

⌦ = �dgv0�
root

rE

2⇡L2

� g sin(✓)

v
0

. (4.8)

Now, we don’t need precise knowledge of experimental parameters such as the laser

power or laser polarization to report ⌦. Using the data shown in Fig. 4.8, we

measured �root

rE = 1.2(3) rad. We also measured ✓ = 10(2) mrad by comparing the

nanograting bars to a plumb line as described in [29]. The velocity v
0

= 1585(10)

m/s was measured using phase choppers [28]. Using those measurements and Eq. 4.8,

we find ⌦ = 0.4(2)⌦E. This can be compared to the vertical projection of ⌦E at the

latitude of the interferometer 32�, which is ⌦ = 0.5⌦E.

Simultaneously, we use contrast versus the phase shift from the electric field
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gradient (without light), to measure ⌦ as described in Eqs. 4.7 with the measured

values �C
max

rE = 0.6(2) rad, v
0

= 1585(10) m/s, and ✓ = 10(2) mrad. The result was

⌦ = 0.6(2)⌦E. The discrepancy between the rotation rate measurements using the

phase or contrast data indicates a systematic error. More experiments are needed

to determine the source of this error. Next I discuss the rotation sensitivity of this

type of gyroscope.
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Figure 4.4: (top) Contrast data as a function of phase shift induced by an elec-
tric field gradient �rE. A Gaussian fit (dashed black line) to the red data points
shows that a maximum in contrast occurs at �rE = 0.6(2) rad due to disper-
sion compensation. The solid red curve shows the theory using Eqs. (1)-(6) with
⌦ = 0.6⌦E. (bottom) Light-induced phase shift � as a function of �rE, using light
at �

zero

= 768.971 nm. An error function fit (dashed black line) to the blue data
points shows the root �root

rE = 1.2(3) rad. The solid blue curve shows the theory
using Eqs. (1)-(6) with ⌦ = 0.4⌦E. For these data, the grating tilt ✓ was -10(2)
mrad. The solid green curves show contrast and phase theory for ⌦ = 0, but the
same ✓ = �10 mrad. Adapted from [12].

4.4 Sensitivity Estimates

Here, we discuss the current sensitivity of our gyroscope and estimate the potential

sensitivity of our gyroscope with experimental improvements motivated by the work
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described in the sections above and in [12]. A summary of our sensitivity estimates

is shown in Tab. 4.1. We conclude that with optimized experimental conditions,

our gyroscope will have a sensitivity of 0.05 ⌦e/
p

Hz. Next, I explain each of the

estimates in more detail.

Table 4.1: Gyroscope Sensitivity Estimates. Sensitivity estimates for various ex-
perimental conditions, contrast with the light o↵ and on, and atom beam flux are
listed.
sensitivity condition contrast atom beam flux⇣
⌦e/

p
Hz
⌘

(%) (counts/second)

1.0 current noise Fig. 3 data 9.4 and 3.7 24,000
0.64 shot-noise, current Fig. 3 data 9.4 and 3.7 24,000
0.15 shot-noise, improvements Fig. 3 data 20 and 7.9 100,000
0.05 shot-noise, improved 100,000

4.4.1 Sensitivity Estimate from Data

Now, we estimate the sensitivity (excluding systematics) of our gyroscope to rotation

with the experimental conditions and phase uncertainties in data shown in Fig. 4.3,

Fig. 4.5, and Fig. 4.6. We compare this to the shot-noise limit for the experimental

conditions for the data shown in those figures. In the experiment, the average count

rate was 24,000 atoms/second. The contrast with the light o↵ C
o↵

was 9.4%, and

the contrast with the light on C
on

was 3.7%, and we spend half the time with the

light on. The shot noise phase error based these experimental conditions is

�� =
q

��2

on

+ ��2

o↵

=

r
2

N

s
1

C2

on

+
1

C2

o↵

. (4.9)

For our experiment, we calculate

�� =

r
2

24000

r
1

0.0372
+

1

0.0942
= 0.265 rad/

p
Hz.
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From the data and theory in Fig. 4.5, we estimate � (�
zero

) due to 0.53⌦e in the

lab. The data in Fig. 4.5 show a � (�
zero

) = 0.32 rad with ⌦ = 0.53⌦e and ✓ = �20

mrad. The theory fit to the data results in � (�
zero

) = 0.23 rad with ⌦ = 0.53⌦e and

✓ = �20 mrad. Using the same parameters in the model except with ✓ = 0 (dashed

lines in Fig. 4.5), we find that � (�
zero

) = - 0.22 rad with ⌦ = 0.53⌦e. Thus, for our

experiment, this shot noise sensitivity of 0.265 rad/
p

Hz corresponds to

0.64⌦e/
p

Hz.
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Figure 4.5: Measured light-induced phase spectra � (�) using elliptically polarized
light and a magnetic field parallel to the optical k-vector. The open square red data
show �

zero,lab

= 768.758(15) nm when the laser beam is on the right side of the atom
interferometer, and the solid circle blue data show �

zero,lab

= 769.174(7) nm when
the laser beam is on the left side of the atom interferometer. Each data point is
the average of 40 five-second files and the error bars show the standard error of the
mean. Broad band radiation from the tapered amplifier caused a systematic shift
of 15(5) mrad that we accounted for in the � data shown. The red and blue curves
show the theory using Eqs. (1) - (5) in [12] with an additional average over the
width of the atom beam. For these data, the grating tilt ✓ was -20(5) mrad. The
theory in dashed is for grating tilt ✓ = 0.
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We can similarly use the data in Fig. 4.4 to estimate the sensitivity of our

gyroscope. In this set of data, we observed a phase shift of 0.071 radians per 0.4

⌦e.The actual phase uncertainty at �
zero

in the data shown in Fig. 4.3 of and Fig. 4.5

here is 0.038 radians in 130 seconds of data (half the time with light on and half

with light o↵). This is a sensitivity of 0.43 rad/
p

Hz or

1.0⌦e/
p

Hz.

Thus, the noise in our experiment is 1.6 times larger than the shot noise limit. The

reason that our observed fluctuations in phase are larger than the shot noise limited

expectations may be from our atom detector noise, which includes a background

count rate, as well as non-Poissonian counting statistics. Additionally, the laser

that we use to induce phase shifts is not perfectly stable in power or frequency.

With some improvements in the experiment, we can typically get 20% contrast

and a count rate of 100,000 atoms/second. These improvements would lead to a

shot noise limited sensitivity of 0.061 rad/
p

Hz, which corresponds to a sensitivity

of

0.15⌦e.

Similarly, we can examine the data in Fig. 4.4, and we observed a phase shift

of 0.075 radians per 0.4⌦e. The atom beam flux was about 20,000 atoms/ second,

C
on

was about 13%, and C
o↵

was about 7%. Using Eq (1), we find that the shot

noise limited �� = 0.162 rad/s, which corresponds to a sensitivity of 0.91⌦e/
p

Hz.

With some improvements to the experiment, 20% contrast and a count rate of

100,000 atoms/second, the shot-noise limit is �� = 0.047 rad/s. This corresponds

to 0.27⌦e/
p

Hz.

4.4.2 Shot Noise Limited Sensitivity Estimate

Here, we assess the potential sensitivity of our atom interferometer gyroscope and

compare this to our current experiment. We define a merit function for our experi-

ment in order to determine optimal conditions for the greatest sensitivity to rotation
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and to estimate the expected improvement in the sensitivity of our gyroscope. Sen-

sitivity to rotation increases as � (�
zero

) increases and �� decreases. � (�
zero

) can be

calculated using Eq. (1) and (2) in [12], and �� can be calculated using Eq. (1)

here. We define a figure of merit, FOM , as

FOM =

r
2

N

� (�
zero

)

��
=

� (�
zero

)q
1

C2

on

+ 1

C2

o↵

=
� (�

zero

) C
o↵r

1 +
⇣

C
o↵

C
on

⌘
2

. (4.10)

The limit to the sensitivity arises from balancing the benefit of an increased � (�
zero

)

against the cost of increased statistical phase noise ��. This compromise occurs

because maximizing the scale factor, �(�
zero

)/⌦, requires significant contrast loss

from the two mechanisms described by Eq. (2) in [12]: first, averaging over the

spread in �S (which is a↵ected by �v) and second, averaging over the distribution

in �L (which is a↵ected by the laser irradiance and polarization).

We use Eq. (1) and (2) from [12] to calculate C
on

, C
o↵

, and � (�
zero

). The results

of our calculations are shown in Fig. 4.6. The“X” shows the experimental conditions

for the data shown in Fig. 4.5. From our simulations shown in Fig. 4.6, we can see

that it is possible to achieve 3 times better sensitivity to rotations if we optimize

experimental parameters.

Optimizing the experiment can lead to a sensitivity of

0.05 ⌦e/
p

Hz. (4.11)

Similarly, we can have a 4.6 times improvement based on the experiment for the

data in Fig. 4.4. This will lead to a sensitivity of 0.057⌦e/
p

Hz. The reason that

this is slightly larger than the improved sensitivity of the data shown in Fig. 4.3

is that there was a slower atom beam velocity vo in experiment corresponding to

data in Fig. 4.3. Including the improvement due to the slower vo to the experiment

for data shown in Fig. 4.4, will lead to a sensitivity of 0.05⌦e/
p

Hz (same as the

calculation based on experiment for Fig. 4.3.
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CHAPTER 5

CONCLUSIONS AND OUTLOOK

In this dissertation, I demonstrated two applications for tune-out wavelength mea-

surements using atom interferometery: 1) precision measurement to test atomic

structure calculations and 2) atom interferometer gyroscope for measuring absolute

rotation rates.

First, I showed a new K tune-out wavelength measurement, �
zero

= 768.9701(4)

nm. This measurement is 3.6 times more accurate than our previous work [6]. This

higher accuracy was achieved by using a multipass optical cavity. With the enhanced

sensitivity of this experiment, we also uncovered several sources of systematic shifts

in �
zero

measurement. First, there was a Doppler shift because the atoms inter-

acted with multiple laser beams at di↵erent angles. To measure the net Doppler

shift in the MPC, we developed a decoherence spectroscopy technique [27]. With

this method, we measured a �0.21(10) pm Doppler shift and made a correction to

our �
zero

measurements. We also measured the e↵ect of broadband laser radiation

on �
zero

measurements. We adjusted the temperature of the laser to minimize this

shifts in our measurement of �
zero

from broadband light. Then, we measured the

laser spectrum and corrected for residual shift in �
zero

by adding +0.08(8) pm. Im-

portantly, we learned how to optimize experimental parameters in order to minimize

shifts in �
zero

that arise in part from the rotation rate of the atom interferometer.

The origin of these shift was the spin-dependent dispersion compensation of inertial

phase shifts. To minimize these shifts, we used linearly polarized light, a mag-

netic field perpendicular to the optical propagation direction, and an atom beam

with a small velocity spread. To correct our �
zero

measurements from any residual

shifts from this e↵ect, we took measurement with more laser power either on the

left or right paths of the interferometer and averaged them to report the final �
zero

measurement. This measurement serves as a benchmark test of atomic structure
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calculations.

We also learned how to optimize our experiment to enhance these shift in mea-

sured tune-out wavelengths that are also sensitive to absolute rotation rates. With

this, we demonstrated a unique atom interferometer gyroscope that uses tune-out

wavelengths. We used elliptically polarized light, a magnetic field parallel to the

laser beam propagation direction, and an atom beam with a large velocity spread.

With this set-up, we observed ±200 pm shifts in tune-out wavelength measurements.

The physical e↵ect that took place for this to occur was spin-dependent dispersion

compensation of the Sagnac phase, which depends on ⌦. We also showed that a

static electric field gradient can be used to compensate for this dispersion equally for

all atomic spin states and thus can increase interference fringe contrast. From this

contrast versus �rE data we can also measure rotation rate. Then, we combine both

static electric field gradients and a laser beam at �
zero

to make an atom interferom-

eter gyroscope that relies on light-induced phase shift versus �rE to measure ⌦. In

our proof of principle experiment we used this gyroscope to measure ⌦ = 0.4(2)⌦E.

We also showed that there is potential to improve the sensitivity of this gyroscope

in the future by better optimizing experimental parameters.

This study of �
zero

measurements with atom interferometry can pave the way

for new experiments. The methods and techniques developed here for measuring

the longest �
zero

for K atoms can be extended to other K �
zero

measurements and

to other atoms. This is because the three nanograting atom interferometer used

for K atom beams also works with other atom beams. In our laboratory, we have

worked with Na, K, Rb, and Cs interferometers for other measurements, such as

static polarizability measurements [2]. New developments in atom beam technology

and atom detector technology may allow for additional atomic and molecular species

to be used in the future with a nanograting based interferometer. The idea of using

an optical cavity that surrounds that atom interferometer in vacuum can also help

increase sensitivity for other �
zero

measurements, but new optical cavities will need

to be designed and built. Additionally, measurement of the hyperpolarizability may

be more easily accomplished by using light at �
zero

, where the polarizability is zero.



102

APPENDIX A

REPRINT: POTASSIUM TUNE-OUT WAVELENGTH MEASUREMENT

USING ATOM INTERFEROMETRY AND A MULTIPASS OPTICAL CAVITY

The following manuscript is submitted as a peer-reviewed article in Physical Review

A. The results of this article are discussed Chapter 3. The manuscript is reprinted

with permission from the PRA. Original reference: R. Trubko, M.D. Gregoire, W.F.

Holmgren and A. D. Cronin, “Potassium tune-out wavelength measurement using

atom interferometry and a multipass optical cavity”, Phys. Rev. A 95, 052507

(2017).
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Potassium tune-out-wavelength measurement using atom interferometry
and a multipass optical cavity
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The longest tune-out wavelength for potassium atoms, λzero = 768.9701(4) nm, was measured using an atom
interferometer with a large irradiance gradient supported in a multipass optical cavity. Systematic errors in λzero

measurements that arise from laser light, Doppler shifts, and the Earth’s rotation are described. The ratio of
oscillator strengths for the potassium D2 and D1 lines inferred from this λzero measurement is ρ = fD2/fD1 =
2.0066(11), and the ratio of line strengths is R = SD2/SD1 = 1.9977(11).

DOI: 10.1103/PhysRevA.95.052507

Tune-out wavelengths (λzero) are associated with roots in the
dynamic polarizability spectrum of an atom. Light at a tune-out
wavelength therefore causes zero energy shift (no ac Stark
shift) for atoms in a particular state. Precise λzero measurements
[1–5] serve as a means to study several atomic properties
including lifetimes; oscillator strengths; oscillator strength
ratios; atomic scalar, vector, and tensor polarizabilities and
hyperpolarizabilities; the polarization of atomic core electrons;
core-valence electron correlations; and relativistic and QED
effects on atomic transition amplitudes [6–15]. Improved
knowledge of λzero values can also be important for several
experiments that use species-specific and state-specific optical
dipole potentials created with light near a tune-out wavelength
[16–23]. Tune-out wavelengths, also known as magic-zero
wavelengths, were mentioned in 2004 by Safronova et al.
[6]. They were introduced in more detail in 2007 by LeBlanc
and Thywissen [16], and more precise calculations of several
λzero were presented in 2011 by Arora et al. [7]. The most
accurate measurements of tune-out wavelengths to date have
used atom diffraction [1,5], atom interferometry [2,3], and
studies of trapped atom dynamics [4].

Here we present an improved measurement of the longest
tune-out wavelength for potassium, λzero = (786 970.14 ±
0.41) pm. We describe how we made this measurement using
a multipass optical cavity to recycle light shining on an atom
interferometer. Then we discuss methods we used to reduce
errors and estimate systematic uncertainties. We interpret this
measurement in terms of the ratio of line strengths,

R = SD2

SD1
= |⟨4s∥D∥4p3/2⟩|2

|⟨4s∥D∥4p1/2⟩|2
= 1.9977(11), (1)

and the ratio of oscillator strengths,

ρ = fD2

fD1
= R

!
ωD2

ωD1

"
= 2.0066(11), (2)

for the D1 and D2 lines in potassium associated with the
4s-4p1/2 and 4s-4p3/2 transitions. We discuss the impact of
this measurement on our knowledge of the 4p1/2 and 4p3/2
state lifetimes.

To measure λzero we applied an irradiance gradient on
the paths of a three-nanograting Mach-Zehnder atom beam
interferometer [24–26] as shown in Fig. 1. Then we report the

root in the light-induced phase-shift spectrum,

φ(ω) = α(ω)
2ch̄ϵov

#
s

d

dx
I (x,y; ω) dy, (3)

where ω = 2πc/λ is the laser frequency, v is the atom beam
velocity, s is the atom wave-packet separation, and dI/dx is
the irradiance gradient. Figure 1 shows the coordinate axes.

I. MULTIPASS CAVITY ENHANCEMENT

To improve the precision of λzero measurements we built an
optical cavity that increases the line integral of the irradiance
gradient

$
dI
dx

dy. We used an optical fiber to guide light directly
into the vacuum chamber and to launch a laser beam into a
multipass optical cavity (MPC). The MPC is made of two
plane mirrors separated by ℓ = 1 cm. The mirrors surround
the atom beam as sketched in Fig. 1 so atoms interact with
approximately 40 passes of the laser beam. This is not a stable
resonator (the laser spots walk and grow without bound), so
we refer to it as a multipass cavity (MPC).

To quantify the benefit of the MPC we first discuss the phase
shift φsingle caused by a single laser beam propagating in ẑ with
an irradiance profile I = [2P/(πw2)] exp[−2(x2 + y2)/w2],
where P is the power and w is the beam width (radius at
e−2 irradiance). From Eq. (3), the phase φsingle ∝

$
dI
dx

dy =
[8Px/(

√
2πw3)] exp[−2x2/w2] is maximized when the laser

beam center is offset from the atom beam paths by x = w/2.
Then, with that optimized alignment, φsingle ∝ |

$
dI
dx

dy|max =
(8/eπ)−1/2(P/w2). Because the laser beam width is large
compared to the s = 20 µm separation of the atom interferom-
eter paths (w ≫ s), we neglect higher-order derivatives, e.g.,
d2

dx2

$
I dy. We find the maximum phase shift due to a single

pass of a laser beam is

φsingle =
!

2
eπ

"−1/2
α(ω)s
ch̄ϵov

P

w2
. (4)

Since φsingle is proportional to P/w2, we are motivated to
use a smaller waist to get a bigger signal. However, the 60-µm
thickness of the atom beam sets a constraint on the minimum
waist w. If the laser beam is smaller than this, it tends to reduce
the ensemble- averaged light-induced phase shift and contrast.
Therefore, we chose w ≈ 60 µm to produce a more uniform
irradiance gradient across all of the atom beam paths.

2469-9926/2017/95(5)/052507(10) 052507-1 ©2017 American Physical Society



104

TRUBKO, GREGOIRE, HOLMGREN, AND CRONIN PHYSICAL REVIEW A 95, 052507 (2017)

FIG. 1. (a) Top-view schematic of atom interferometer paths
passing through a multipass optical optical cavity. (b) Side-view
schematic of the plane-plane optical multipass cavity aligned so atoms
interact with multiple passes of the laser beam. The deviation from
parallel is exaggerated to show how the laser beam folds back at
different angles.

Fully separated interferometer paths would enable us to
apply light on one path while leaving the other path through
the interferometer completely in the dark, as demonstrated in
[3]. This would cause a phase φ1 = α(ω)/(2ch̄ϵov)

!
I (ω) dy

that is larger than the gradient-induced phase shift in Eq. (4) by
the ratio φ1/φsingle = (

√
e/2)(w/s). However, producing such

well-separated atom beam paths requires improved collimation
and/or larger diffraction angles, both of which reduce the
atomic flux in our apparatus. An alternative method to increase
φ without reducing atomic flux is to use more laser power or
recycle the laser light.

That is why we constructed a MPC to recycle light and thus
increase light-induced phase shifts. Because the MPC sketched
in Fig. 1(b) is built with two plane mirrors, the laser beam
diameter eventually grows as the laser propagates in the MPC.
Therefore, one might expect that there is a tradeoff between a
small waist or a long Raleigh range, but this is not the case.
Even though a smaller waist causes a larger signal for a single
pass of the laser beam, a long Raleigh range makes several
passes contribute significantly to φ. These factors compensate
as shown with Eqs. (5) and (6).

The MPC enhances the signal by the factor

φmulti

φsingle
= w2

0

"

n

R′n

[w′(z′)]2
, (5)

where R′ is the reflectivity of the mirrors and w′(z′) = w′
0[1 +

(z′/z′
R)2]1/2 is the laser beam width. z′ = nℓ after n reflections

in the plane-plane cavity where ℓ is the separation between the
two mirrors, and n = 0 corresponds to the laser beam waist
location. The Raleigh range is z′

R = πw′2
0 /λ. We use primes

(w′, z′, and R′) to indicate quantities for the laser beam in the
MPC.
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FIG. 2. Enhanced slope for phase vs wavelength data due to
multipass cavity. The slope for φmulti is dφ/dλ = 1.9 mrad/pm with
v = 2900 m/s atoms (solid line and solid circles). A smaller slope
of 0.76 mrad/pm was observed for a single-pass experiment (φsingle)
with v = 1600 m/s atoms (dashed line and open circles).

For comparison, w0 is the waist in a single-pass experiment.
For high-reflectivity mirrors (R ≈ 1) and z′

R ≫ ℓ, we approx-
imate the sum in Eq. (5) with the integral

!
[w′(z′)]−2 dz′/ℓ to

find the enhancement factor:

φmulti

φsingle
= π

#
w0

w′
0

$2#
z′

R

ℓ

$
= π2 w2

0

λℓ
. (6)

The last form shows that the enhancement is independent of w′
0

and z′
R. For our experiments with w0 = 60 µm, λ = 769 nm,

and ℓ = 1.0 cm, Eq. (6) yields a calculated enhancement
of ℵ = 4.6. With reflectivity R′ = 99.7%, Eq. (5) predicts
ℵ = 4.0.

We experimentally verified that our MPC increased the
signal slope as shown in Fig. 2. With the MPC, the slope of
dφ/dλ = 1.9 mrad/pm with 2900 m/s potassium atoms was
significantly larger than the slope dφ/dλ = 0.76 mrad/pm that
we observed with a single pass of the laser beam. This was
true even though we had used slower (1600 m/s) potassium
atoms for the single-pass experiments. For a more direct
comparison, because the signal slope depends on v−2 we
predict that a single-pass experiment with 2900 m/s potassium
atoms in our experiment would have an even smaller slope
of 0.23 mrad/pm. This predicted single-pass slope is 8.2
times smaller than the slope we observed with the MPC. This
validates that the MPC is serving its purpose. The data with the
MPC used for the tune-out wavelength measurement presented
here were obtained over 9 days with an average signal slope
of 2.1 mrad/pm and an rms distribution of 0.5 mrad/pm.

Our experiment also benefited from improved mechanical
stability associated with the MPC and with bringing the
laser into the atom interferometer vacuum chamber via an
optical fiber. Repeated measurements of λzero demonstrated
less scatter than we had in [2] by factor of 6. The MPC
improved our statistical precision for λzero measurements from
1.4 pm in [2] to 0.3 pm in the present work. In each case we
quote a 2σ statistical uncertainty (where σ is the standard
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error of the mean [27]), and both [2] and this measurement
used approximately 30 h of data.

Another example of an optical cavity to enhance irradi-
ance on an atom interferometer was described by Hamilton
et al. [28], who used intracavity light to make an atom
interferometer. In comparison, we only used a cavity as an
interaction region. Yet, similar to Hamilton et al., we benefit
from increased light-atom interactions intracavity. In principle,
a resonant cavity with curved mirrors can further increase
irradiance and maintain smaller beam waists in a cavity mode,
both factors which would increase dφ/dλ. Resonant cavities
can also serve as a spectral filter, which can be both beneficial
and detrimental as we discuss in the section on tuning out
broadband light (Sec. IV).

II. CHOICE OF ATOM VELOCITY

Experimentally, we found it more favorable to work with
velocities of 2900 m/s as compared to 1600 m/s. So, here
we discuss reasons why there may be an optimum atom
beam velocity for λzero measurements with our apparatus. The
velocity of the atoms has an effect on the signal-to-noise
ratio for two reasons. First, slower atoms receive larger
light-induced phase shifts because the signal φ is proportional
to v−2. This is because the interaction time is proportional to
1/v, and the separation, s in Eq. (3), depends on the de Broglie
wavelength λdB = h/mv. However, slower atom beams also
have much lower atom count rates (N ∝ v3) and therefore
worse statistical precision (shot noise) in phase described by
δφ = (C

√
N )−1. Thus, the shot noise limited signal-to-noise

ratio is

RS/N = φ

δφ
∝ C√

v
(7)

This naïve estimate shows that higher signal-to-noise ratios
would be obtained with velocity as low as possible. However,
this assumed zero detector background noise and zero drifts in
the laser wavelength, laser power, laser beam alignment, and
atom fringe reference phase over time.

If we consider a more realistic model with a flux-
independent background (average) atom count rate due to
detector noise, then we find there is an optimum atom beam
velocity. If the observed counts N = N0 + B are the sum of
N0 detected atoms and B background counts, this increases
the fluctuations in counts and reduces contrast so

C = C0
N0

N0 + B
, (8)

where C0 is the contrast that would be observed if B = 0. Then

δφ = 1

C
√

N
=

√
N0 + B

C0N0
(9)

and

RS/N = φ

δφ
∝ v−2C0N0√

N0 + B
. (10)

Now let N0 = kv3, where k = 100B/(3 km/s)3 is typical.
This means that the background B is about 1% of the count
rate that we observe with 3 km/s atom beams. Then we find

FIG. 3. Decoherence spectroscopy data (solid red circles) show-
ing contrast vs laser wavelength. Theoretical curves are shown in
solid blue for no Doppler shift and dashed blue for a −0.21-pm
Doppler shift. The best-fit model indicates that a +0.21-pm shift
should be added to our λzero measurements due to Doppler shifts in
the MPC [29].

the velocity that maximizes RS/N is

v =
!

2B

k

"1/3

= 814 m/s. (11)

This model of signal to noise identifies a nonzero optimum
velocity. Additional phase noise due to drifts in alignment
will make the optimum velocity even higher. This is because
faster atoms provide higher flux, and this enables us to operate
experiments faster and thus control for drifts better. Hence, our
selection of 2–3 km/s atoms may be close to optimal.

III. DECOHERENCE SPECTROSCOPY

The MPC causes a set of Doppler shifts. As indicated in
Fig. 1 we do not have a simple crossed-beam experiment.
Instead there are many laser beams crossing at different angles
relative to the atom beam.

To measure the range of Doppler shifts in our multipass
cavity we developed decoherence spectroscopy [29]. This
technique uses quantum decoherence due to photon scattering
to cause laser-wavelength-dependent contrast loss.

For decoherence spectroscopy we used the same experi-
mental laser beam and atom beam geometry as we did for
λzero measurements, but the laser wavelength is tuned near
resonance (across the D2 line). The laser power is also
attenuated by several orders of magnitude to reduce power
broadening. Then, we monitor the atom interference fringe
contrast as a function of laser wavelength as shown in Fig. 3.

A model decoherence spectrum shown as a dotted blue line
in Fig. 3 makes the best fit to the decoherence data. The theory
used for the fits to the data is explained in [29]. The measured
contrast spectrum is shifted by (−0.21 ± 0.10) pm from the
theoretical prediction. Therefore, we apply a (+0.21 ± 0.10)
pm correction to our λzero measurement. This correction
accounts for the net Doppler shift in our experiment and for
any systematic errors of the Bristol 621B wavemeter that we
use to measure the laser wavelength.
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FIG. 4. Power spectrum output from our tapered amplifier. The
broadband spectrum (open blue circles) was observed with 1000 times
more acquisition time while using a dark fringe from an etalon to
suppress the monochromatic component of the spectrum, as described
in this paper. A spectrum with the monochromatic light tuned to a
bright fringe of the etalon is shown with solid red circles.

IV. TUNING OUT BROADBAND LIGHT

Broadband light from a tapered amplifier (TA) laser can
cause errors in λzero measurements. Therefore, we measured
the spectrum of broadband emission of our TA and controlled
it in order to minimize systematic errors in λzero.

For more background, as discussed by Bolpasi and von
Klitzing [30], there are several categories of atomic physics
experiments for which broadband light causes problems such
as heating, decoherence, or background signals. There are also
some types of experiments such as fluorescence spectroscopy
and magneto-optical trapping that are not adversely affected
by a small amount of off-mode light. However, in experiments
to measure λzero, broadband light near a resonance can add
significant light-induced phase shifts.

To minimize broadband light we saturate the TA [31] with
20 mW of light from an external cavity diode laser [32] after
an optical isolator, and spatially filter the 1.2-W TA output by
focusing it into a single-mode optical fiber [33] after another
optical isolator. The fiber brings 200 mW of light into the
multipass cavity in vacuum.

To measure the broadband spectrum shown in Fig. 4, we
used a grating spectrometer [34] in conjunction with a thin
(1-mm) glass etalon, which increases the effective dynamic
range of the spectrometer. A dark fringe and bright fringe are
used alternately to suppress or transmit the monochromatic
component of the laser. A dark fringe in reflection from the
etalon suppresses the monochromatic component of the laser
by a factor of 1000, whereas the broadband light spectrum
is spread over many etalon fringes. Etalon fringes are not
resolved in Fig. 4 since the 0.2-nm (100-GHz) free spectral
range of the etalon is five times smaller than the 1-nm
resolution of the grating spectrometer. Thus, the power of
the broadband light spectrum is two times larger than what is
measured and we make a correction for this effect. Suppressing
the monochromatic light increased the dynamic range of
our spectrometer system sufficiently for us to measure the
broadband spectrum when the TA was seeded. For comparison,

the unseeded TA light has about three times more power and a
1–2-nm bluer broadband spectrum (not shown). We observed
the broadband spectrum shown in Fig. 4 using a 1-s acquisition
time. We measured the relative power in the monochromatic
peak using a maximum in reflection from the etalon (a bright
fringe) and reducing the spectrometer acquisition time to 1 ms.
The asymmetric spectral peak reported for the monochromatic
light in Fig. 4 is due to the spectrometer’s response, as we
verified using a monochromatic HeNe laser.

Scanning the seed laser wavelength by 1 nm causes no
observed changes in the broadband spectrum of the laser. This
is important because to measure φ(λ) we scan the wavelength
of the seed laser on either side of λzero as shown in Fig. 2.
Also of note, the peak wavelength of the broadband spectral
component depends on the temperature of the TA’s water-
cooled mount. With this, we can minimize shifts in φ(λ) caused
by broadband light by adjusting the TA temperature.

To model how broadband light affects our λzero measure-
ment, we write the TA output spectrum as a monochromatic
component plus a broadband component:

Plaser(λ) = Pmono(λ) + Pbroad(λ). (12)

A delta-function spectrum describes the amplified monochro-
matic laser light, Pmono(λ) = PMδ(λ − λM), where PM is
the power of the monochromatic component and λM is the
wavelength of the monochromatic component. A Gaussian
distribution describes the broadband component, Pbroad(λ) =
PBB(σBB

√
2π )−1 exp[−(λ − λBB)2/(2σ 2

BB)], where PBB is the
power of the broadband component, λBB is the peak wave-
length of the broadband distribution, and σBB is the rms width
of the Gaussian broadband distribution. This representation
leads to a two-component model of the phase shift

φtotal(λM) = φ(λM) + φBB, (13)

where φ(λM) is given by Eq. (3) with ω = 2πc/λM, and the
phase shift due to the broadband radiation from the seeded
TA is

φBB = 1
2ϵoch̄v

! !
s α(ω)

dIbroad(ω; x,y)
dx

dy dω (14)

with the spectrum of Ibroad(ω; x,y) found from the measured
Pbroad(λ). Then the shift in measured λzero caused by φBB is

δλzero = φBB

"
dφ

dλ

#−1

. (15)

As shown in Fig. 5, the shift δλzero is an antisymmetric function
of λBB. Therefore, we can tune the broadband spectrum to
make δλzero = 0.

If the spectral width of the broadband radiation is larger
than the fine structure splitting, σBB > )λFS, then a peak
wavelength λBB near

λBB,zero ≈ λD2 + fD1

fD1 + fD2
)λFS (16)

can null φBB and thus minimize error in λzero. This λBB,zero is
the peak wavelength for a broadband spectral component that
causes zero phase shift. So we call λBB,zero the broadband
tune-out wavelength. Here, the fine structure splitting is
denoted by )λFS ≡ λD1 − λD2, and for K, )λFS = 3.4 nm.
To derive Eq. (16) we express dynamic polarizability as a
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(b)

(a)

FIG. 5. Error in λzero due to broadband light. (a) Spectra of α(ω)
and Pbroad vs wavelength used in Eq. (14) to calculate φBB. Two
different Pbroad spectra indicate how temperature-tuning the tapered
amplifier laser adjusts the peak wavelength λBB of the broadband
light. Pbroad and α(ω) are scaled in order to be viewed conveniently
on the same graph. (b) Resulting error (δλzero) as a function of the
broadband peak wavelength λBB.

sum over states with just the D1 and D2 excitations, we
ignore αr in Eq. (17), and we make the near-resonance
approximation that ω2

D1 − ω2 ≈ 2ω(ωD1 − ω). Hence λBB,zero
is approximate, but it is significantly different than λzero.
For alkali-metal atoms with an oscillator strength ratio [see
Eq. (2)] of ρ ≈ 2 we find the broadband tune-out wavelength
is approximately λBB,zero = λD2 + (1/3)'λFS, whereas the
tune-out wavelength for monochromatic light is approximately
λzero = λD2 + (2/3)'λFS. For narrower broadband spectra
(so the inequality σBB > λFS is no longer satisfied) the
peak wavelength that minimizes φBB will shift from λBB,zero
towards λzero.

We controlled λBBpeak by adjusting the temperature of the
tapered amplifier mount (to 14 ◦C) with the goal of making
λBB = λBB,zero. We used the spectrometer and etalon system
to measure λBB = 767.5(3) nm, and σBB = 5(1) nm, and
PM/PBB = 370(40). With these data we used Eqs. (14) and
(15) to infer that broadband light caused a systematic error
of −0.08(8) pm for our tune-out-wavelength measurement.
Therefore, we applied a correction of +0.08(8) pm before we
presented our final result for λzero. This correction and the
uncertainty in this correction are smaller than the statistical
precision of our λzero measurement.

V. MINIMIZING ERRORS DUE TO EARTH’S ROTATION

In [22], we reported large (±200 pm) systematic shifts
in measured tune-out wavelengths, λzero,lab, due to the
Earth’s rotation rate, )E , and elliptically polarized light.
Such errors stem from balancing the Coriolis force with
atomic-spin-dependent forces that are caused by light near

FIG. 6. λzero measurement as a function of optical polarization
and magnetic field orientation. Data with circularly polarized laser
light are from [22] and were taken with v ≈ 1600 m/s atom beams.
Data with linearly polarized light were take with v ≈ 2900 m/s atom
beams. Open red squares show measurements with the laser beam
on the right side of the interferometer and solid blue circles show
measurements on the left side.

a tune-out wavelength. In [22] we demonstrated that λzero,lab is
more sensitive to )E when we use circularly polarized light,
magnetic fields parallel to the light propagation (along ẑ),
and atom beams with broad velocity distributions. For the
λzero measurement reported here we reduced the sensitivity to
)E by using linearly polarized light, a transverse magnetic
field (along x̂), and a narrow atom beam velocity distribution.
To create those conditions in the laboratory we installed a
polarizer immediately prior to the MPC inside the vacuum
system, we applied a 10-G transverse magnetic field with
coils outside vacuum, and we used a 50-µm-diam nozzle for
the supersonic beam jet to obtain an rms velocity spread of
σv = v0/16, where v0 = 2.9 km/s is the most probable atomic
velocity in the beam.

To monitor systematic errors due to )E we measured how
the root λzero,lab depends on the sign of the irradiance gradient.
Alternately illuminating the left and right sides of the atom
interferometer reverses the sign of the atomic spin states (mF

numbers) that participate in phase echoes [22]. This changes
the sign for the error (λzero,lab − λzero). Figure 6 summarizes
how the difference λ

right
zero,lab − λleft

zero,lab was reduced by using
linearly polarized light and the transverse magnetic field. We
attribute the remaining difference to smaller but still nonzero
spin-dependent forces that change with the irradiance gradient.
Therefore, as suggested by Trubko et al. [22] we report the
average 1

2 (λright
zero,lab + λleft

zero,lab) for our measurement of λzero,
as shown in Fig. 7. We estimate an additional systematic
uncertainty of (λright

zero,lab − λleft
zero,lab)/10 = 0.26 pm associated

with this averaging procedure. This uncertainty accounts for
the fact that the magnitude and uniformity of the irradiance
gradient, and hence the size of the systematic shift, can be
slightly different when we reverse the sign of the irradiance
gradient by moving the MPC from left to right.

VI. RESULTS

Here we summarize the data acquisition, analysis, and error
budget. Data in Fig. 8 were acquired with light chopped on or
off in between every file. Each file index (point) represents 5 s
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FIG. 7. Determination of λzero from the average 1
2 (λright

zero,lab +
λleft

zero,lab). Only statistical error bars of two times the standard error
of the mean are shown. Systematic corrections total 0.3 pm, and
systematic uncertainties totaling 0.3 pm are later added before a final
result is presented for λzero.

of data. The wavelength of light was automatically switched
every 125 s, and the laser wavelength was measured with
a Bristol Instruments 621B wavemeter and recorded four
times per second. Files with laser wavelength changes greater
than 0.1 pm were ignored. The light-off data were used to
remove the (∼6 rad/h) phase drift. Twenty minutes of data
from a series of 220 files shown in Fig. 8(a) were used to

FIG. 8. (a) Phase data for the laser shining on the right path of
the interferometer. Each file contains 5 s of data. Laser light from
the tapered amplifier was chopped on or off in between every file.
Light-on data are shown in solid red circles; light-off data are shown
in open black circles. After 24 files the seed laser wavelength was
automatically changed. (b) Phase data from (a) vs laser wavelength.
Corrections for the net Doppler shift and broadband laser light have
not been applied to the shown data in (a) and (b).

TABLE I. Error budget for the λzero measurement. Statistical and
systematic uncertainties added in quadrature combine to make the
total uncertainty of 0.4 pm. Corrections due to known systematic
shifts are also shown. The left and/or right shift refers to the error from
the difference in λzero measurements when the irradiance gradient is
greater on either the left or right arms of the atom interferometer,
as shown in Figs. 6 and 7. The left and/or right shift depends on
the optical polarization, the magnetic field orientation, the Earth’s
rotation rate, and the atom beam velocity distribution, as described in
this paper and in [22].

Source of error Correction (pm) Uncertainty (pm)

2× Standard error 0.29
of the mean
Doppler shift +0.21 0.10
Broadband light +0.08 0.08
Left and/or right shift 0.26
Total +0.29 0.41

make φ(λ) spectra shown in Fig. 8(b). We obtain a λzero
measurement from this spectrum by finding the root of a φ(λ)
fit. The fitting procedure uses χ -squared minimization and a
theoretical spectrum given by Eq. (3), where φ(ω) is simplified
to φ(ω) = bα(ω) and α(ω) is shown in Eqs. (17) and (18). R
and b are the free parameters. This analysis is further described
in [2]. Ninety-one data sets similar to Fig. 8, some longer in
duration than others, representing over 30 h of data in total,
were compiled on a total of 9 different days to make 91 separate
λzero measurements.

We compared results using the mean of all the data, the
trimmed mean using the central 80% of the data, the weighted
average using error bars that come from finding roots of
individual φ(λ) data sets, and the trimmed weighted mean
[27]. The results were all within 0.3 pm, and the statistical
uncertainty (standard error of the mean) using these different
methods ranged from 0.15 to 0.24 pm. For the final result
we used the trimmed weighted means for λ

right
zero,lab and λleft

zero,lab
shown in Fig. 6.

The error budget for this λzero measurement is presented
in Table I. The statistical uncertainty in λzero that we report,
0.3 pm, is twice the standard error of the mean [27]. Table I
also summarizes the three types of systematic errors we
discussed in the sections on decoherence spectroscopy, tuning
out broadband light, and minimizing errors due to &E . These
errors in turn are related to Doppler shifts, broadband light, and
optical polarization. Table I summarizes the correction (if any)
and the uncertainty due to each source. Our final result with
corrections applied and statistical and systematic uncertainties
added in quadrature is λzero = 768.9701(4) nm.

VII. DISCUSSION

Several calculations of tune-out wavelengths [7–14,16]
use the sum-over-states approach to calculate the dynamic
polarizability α(ω), expressed in terms of reduced dipole
matrix elements ⟨i∥D∥k⟩ or oscillator strengths fik . For K

052507-6



109

POTASSIUM TUNE-OUT-WAVELENGTH MEASUREMENT . . . PHYSICAL REVIEW A 95, 052507 (2017)

between the D1 and D2 lines,

α(ω) = e2fD1

m
!
ω2

D1 − ω2
" + e2fD2

m
!
ω2

D2 − ω2
" + αr

= ωD1|⟨4s1/2∥D∥4p1/2⟩|2

3h̄
!
ω2

D1 − ω2
" + ωD2|⟨4s1/2∥D∥4p3/2⟩|2

3h̄
!
ω2

D2 − ω2
"

+αr, (17)

where ωD1 and ωD2 are atomic resonance frequencies, and
αr = αtail + αcore + αvc includes residual contributions from
all transitions except the principle D1 and D2 transitions,
contribution from core electrons, and the contribution from
valence-core coupling [12,35–38]. Theoretical values for αr
have been calculated by several theorists including [12,35,39].
Using our λzero measurement of 768.9701(4) nm and the
theoretical αr(λzero) = 6.7009 a.u. [12], we report the ratio
of D1 and D2 line strengths for K as

R = SD2

SD1
= |⟨4s∥D∥4p3/2⟩|2

|⟨4s∥D∥4p1/2⟩|2
= 1.9977(11) (18)

and the ratio of oscillator strengths

ρ = fD2

fD1
= R

#
ωD2

ωD1

$
= 2.0066(11) (19)

and the ratios of lifetimes

τ4p1/2

τ4p3/2

= R

2

#
ωD2

ωD1

$3

= 1.01223(55). (20)

Independent measurements of state lifetimes by Volz et al.
[40] established the value R = 1.9989(74). Holmgren et al.
[2] found R = 2.0005(40) based on a tune-out-wavelength
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FIG. 9. Comparison of measured and calculated values for the
longest λzero for potassium. Calculations are shown in solid red circles.
Calculations that assume R = 2 or αr = 0 are shown with open red
circles. The result from lifetime measurements is shown with solid
green triangles. Measurements made with atom interferometry are
shown with solid blue squares.

measurement. Now, with a more precise λzero measurement
we report R = 1.9977(11). This result has 6.7 times smaller
uncertainty for R than was experimentally measured with-
out tune-out wavelengths. The uncertainty of 0.0011 for
R reported here primarily comes from uncertainty in the
measured λzero. For comparison, a contribution of 0.0001
to the uncertainty in R is due to a 5% uncertainty in αcore.
Our experiments with a multipass cavity have improved the
statistical precision in the λzero measurement by a factor of 6
compared to [2]. However, due to the systematic shifts that
we have described, the experiment with a multipass cavity has
only improved the total uncertainty for R by a factor of 3.6 as
compared to [2].

If we combine this measurement of λzero with our re-
cent measurement of static polarizability for potassium of
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FIG. 10. Theoretical calculations shown with solid circles, and
experimental measurements shown with open circles, of ρ, the ratio
of oscillator strengths (top), and R, the ratio of line strengths (bottom):
MBPT refers to many-body perturbation theory and the number in
parentheses refers to the order [45]. RMBPT refers to relativistic
MBPT [37]. DF refers to Dirac-Fock basis orbitals [37]. SD refers
to the single-double all order method [37]. RCICP refers to the rela-
tivistic configuration interaction plus core polarization approach [12].
CICP refers to the configuration interaction plus core polarization
method [12]. DHF refers to the Dirac-Hartree-Fock method [39].
CCSD refers to the singles-doubles coupled-cluster method [39].
BGLS refers to beam-gas-laser spectroscopy measurements [40].
AIFM refers to atom interferometry measurements. BEC IFM refers
to interferometry measurements made with Bose-Einstein conden-
sates [3]. Photo assoc. spec. refers to photoassociation spectroscopy
[47,67,68]. Abs. spec. refers to absorption spectroscopy [47].
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α(0) = 289.7(3) a.u. [41,42] and the theoretical value αr(0) =
6.26(33) a.u. [35], then we can report the values for individual
oscillator strengths, dipole matrix elements, lifetimes, and
line strengths with reduced uncertainty. All of these physical
quantities are related as described in [42]. For lifetimes of
the 4p1/2 and 4p3/2 states, we report τ4p1/2 = 26.78(4) ns
and τ4p3/2 = 26.46(4) ns. As a comparison, Volz et al. report
independent lifetime measurements τ4p1/2 = 26.79(7) ns and
τ4p3/2 = 26.45(7) ns [40]. These results are consistent, but ours
offer a smaller uncertainty. Other experiments by Wang et al.
and Falke et al. are sensitive to the average of lifetimes, but
not the difference (or ratio) of the τ4p1/2 and τ4p1/2 lifetimes
[43,44].

Figure 9 compares calculations and measurements for the
longest tune-out wavelength for potassium. We show experi-
mental results in Fig. 9 from this work, from Holmgren et al.
[2], and the λzero inferred from the independent measurements
of the 4p3/2 and 4p1/2 state lifetimes by Volz et al. [40]. The
only calculation with a published uncertainty so far is by Arora
et al. [7], who presented λzero = 768.971 nm with a 3-pm
uncertainty based on many-body perturbation theory (MBPT)
calculations. Relativistic configuration interaction with core
polarization (RCICP) calculations by Jiang et al. [12] showed
λzero = 768.97077 nm. We also used results for dipole matrix
elements from Johnson et al. [45,46], which were already
discussed in the context of R by [47], in order to infer λzero
using Eq. (17).

Along with the theoretical results [7,9,45,46] we plot-
shifted λzero values that show how the value of λzero from
Aurora et al. would change if we assume a value of zero for αr
in Eq. (17). Setting αr = 0 decreases λzero by only 0.2 pm [12].
Then we show a shifted prediction for λzero that we produced
using Eq. (17) and the hypothesis that R = 2 (but still using
the measured values for λD1 and λD2). Setting R = 2 increases
λzero by 0.4 pm.

Historical discussions of the oscillator strength ratio
anomaly problem [37,48–60] explain why R and ρ deviate
from the statistical value of 2 that would be naïvely expected
from the statistical degeneracies of the 4p3/2 and 4p1/2 states.
Both relativistic effects and core polarization effects are
important, as pointed out by Fermi in 1930 [61] and discussed
extensively by Migdalek [48–50,62–66]. Figure 10 shows
theoretical predictions and experimental measurements for R
and ρ for Na, K, Rb, and Cs. This shows that R < 2 and ρ > 2
are trends that get more pronounced for heavier atoms. With the
λzero measurement presented in this work, we have shown that
R < 2 with 2σ significance and ρ > 2 with 5σ significance for
K atoms, where σ here refers to the total uncertainty in our λzero
measurement summarized in Table I. The λzero measurement
presented here constitutes a significant demonstration of the
oscillator strength ratio anomaly for potassium.

To conclude, λzero measurements have stimulated creative
experimental work in several laboratories, such as synchro-
nized pulsing of light on atoms in a time-orbiting potential
trap so as to control k⃗ · B⃗ [3], coherent addition of diffraction
amplitudes from multiple short light pulses [1], and novel
studies of atom trap dynamics [4]. In the work presented here,
we developed a multipass cavity interaction region for an atom
interferometer. We developed decoherence spectroscopy. We
also used the concept of a broadband tune-out wavelength.
These methods help to improve λzero measurements and
demonstrate techniques for atom interferometry.
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Abstract: Decoherence due to photon scattering in an atom interferometer was studied as a function
of laser frequency near an atomic resonance. The resulting decoherence (contrast-loss) spectra will
be used to calibrate measurements of tune-out wavelengths that are made with the same apparatus.
To support this goal, a theoretical model of decoherence spectroscopy is presented here along with
experimental tests of this model.

Keywords: atom interferometry; decoherence; spectroscopy; tune-out wavelength

1. Introduction

Quantum decoherence is a prominent topic in physics, because it can help to explain the
transition from quantum to classical behavior [1–6]. Seminal studies of decoherence using matter wave
interferometers [7–11], trapped ions [12], microwave cavities [13], superconducting circuits [14,15],
and quantum dots [16,17] illustrate mechanisms that limit quantum sensors, quantum memory,
and quantum information processing gate fidelity. Decoherence is usually described as a culprit
that causes deleterious effects. In contrast to this, here we discuss an application where decoherence
serves as a resource to improve the accuracy of a basic physics measurement Some other examples of
using decoherence or contrast-loss as a resource in atom optics include [18–21].

We developed decoherence spectroscopy to support an atom interferometer experiment that we
designed to measure a tune-out wavelength (�zero). Tune-out wavelengths occur at roots in the
dynamic polarizability spectrum of an atom, and �zero measurements can serve as benchmark tests
of atomic structure calculations [22–33]. Here we use decoherence to calibrate the frequency-axis
for light-induced phase shift spectra, as we discuss in more detail in Sections 2–4. Since we use
a multi-pass optical cavity to enhance the light-induced phase shifts, the resulting decoherence spectra
have nonintuitive features. Yet, analysis of these novel decoherence spectra can improve the accuracy
of �zero measurements. Therefore, the purpose of this paper is to present the theoretical development
and experimental tests of a decoherence spectroscopy model for this application.

This paper is organized as follows. First, we explain the problem that motivated us to develop
decoherence spectroscopy. Next, we explain a general model for decoherence spectroscopy. Then,
we compare this model to several data sets taken under different conditions. To conclude, we discuss
possible improvements and basic limitations of this technique.

2. Motivation

Our motivation is to improve measurements of tune-out wavelengths, �zero, made with
an atom interferometer [34–36]. These �zero measurements test theoretical polarizability spectra
�(�) described in references [22–33]. To measure �zero, we apply an irradiance gradient on the paths
of a Mach–Zehnder atom beam interferometer [37–39]. Then, we report the root in the light-induced

Atoms 2016, 4, 25; doi:10.3390/atoms4030025 www.mdpi.com/journal/atoms
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phase shift spectrum as �zero. We can model the phase shift (�) spectrum, and contrast (C) spectrum
due to decoherence from spontaneous emission (shown in Figure 2) with the equations

�(�) =
Re [�(�)]

2ch̄�ov
s(v)

d
dx

Z
I (x, y; �) dy (1)

and
Con(�) = Coff exp


�2� Im [�(�)]

ch̄�ov

Z
I (x, y; �) dy

�
(2)

where � is the laser frequency, �(�) is the atomic electric dipole polarizability,
�(�) = (4��/�oc)Im[�(�)] is the atomic cross section to scatter photons, v is the atom beam
velocity, s(v) is the atom wave packet separation at the laser beam, and I is the irradiance. The spectra
described by Equations (1) and (2) become somewhat more complicated because of hyperfine structure,
power broadening, and Doppler shifts, which is why we eventually develop Equation (11) to use in
place of Equation (2) for decoherence spectroscopy. Figure 1 shows the x, y, and z coordinate axes,
along with a schematic diagram of the experiment.

y	

x	
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beam	

nanogra-ngs	

op-cal	cavity	

atom		
detector	

(a)	 (b)	

atom		
beams	

Laser	
beam	
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1	m	 1	m	

1	cm	 θ	

1	cm	

1	cm	
100	nm	

Figure 1. (a) Top-view schematic of a three-grating Mach–Zehnder atom interferometer passing
through an optical cavity; (b) Side-view schematic of the plane–plane optical cavity aligned so atoms
interact with multiple passes of the laser beam. Both atom beam paths shown in (a) are represented by
one thick line and pass through the cavity in (b). The atom beam paths are each 30 µm thick and have
a 10 µm separation between them. The mirror angle deviation from parallel (�) is exaggerated to show
how the laser beam folds back at different angles.

To improve the precision of �zero measurements, we constructed an optical cavity that recycles
laser light shining on the atom interferometer paths. This multi-pass optical cavity (MPC) consists of
two plane mirrors, and has no resonant enhancement. However, the optical cavity introduces Doppler
shifts that further complicate the phase shift and contrast spectra. Since we do not have a simple
crossed-beam experiment with the atom beam and laser beams crossing exactly perpendicularly,
we needed a method to quantify the spectral offset that results from several laser beams—each with
a slightly different angle—interacting with the atom beam. For this we used the sharpest spectral
features we could find in Figure 2, which are the contrast dips near the D1 and D2 resonances produced
with relatively low-power light.

The D1 and D2 resonances for 39K are separated by the 3.4 nm (1700 GHz) fine structure splitting,
and we aim to measure the �zero between these resonances—near 768.971 nm —with sub-picometer
(sub 0.5 GHz) accuracy. A laser beam co-propagating with our 3 km/s atom beam would cause
an 8 pm (4 GHz) Doppler shift. So, ideally we would use slow atoms or perfectly-crossed atom and
laser beams. However, in our optical cavity there are laser beams propagating over a range of angles
spanning ±1.5 degrees. Hence, we have a range of Doppler shifts spanning ±0.4 pm. Our decoherence
spectroscopy measurements inform us that a 0.21 ± 0.10 pm correction should be added to our �zero
measurements due to Doppler shifts.
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Figure 2. Phase shift and contrast loss spectra for potassium atoms, simulated for different amounts of
laser power using Equations (1), (2) and (11). �zero is the root in the phase shift spectrum in between
two resonances. Contrast loss due to photon scattering occurs near the D1 and D2 resonances. We use
the sharpest features of (b) to calibrate �zero measurements modeled in (a).

3. Decoherence Spectroscopy Model

To model the atom interferometer contrast, we start with the fact that scattering even one photon
per atom reduces the atom interference fringe contrast nearly to zero if the components of each atom’s
wave function are separated by a distance larger than the wavelength of light [3,6–11,13,18]. In one
view, this is because each scattered photon conveys information about which path atoms traveled
through the interferometer. In a related perspective, scattering entangles atoms with photons, and
the photons constitute part of the atoms’ environment. Ignoring the state of the environment leads to
observations of the atomic system with decreased coherence. Hence, atom interference fringe contrast
that remains after interaction with the laser light is proportional to the probability P0(�) for atoms to
scatter zero photons. We thus write the normalized contrast as

Con
Coff

= P0(�). (3)

The probability for an atom to scatter zero photons depends on the laser frequency �, irradiance
I, exposure time T, and the Doppler shift �� = �v ·�k, where �v is atomic velocity and�k is the laser beam
propagation vector. We will start our model for P0(�) by considering a single laser beam.

The probability to scatter m photons is a Poisson distribution,

Pm =
(RT)me�RT

m!
, (4)
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where R = R(�) is the photon scattering rate. Hence, the probability that an atom will not scatter any
photons is P0(�) = e�RT . The scattering rate

R = �Pex(�) (5)

depends on the natural decay rate � and the probability Pex(�) for atoms to be in the excited state.
Pex(�) is the steady-state excited state population

Pex(�) =
(�Rabi/2)2

(� � �0)2 + (�/2)2 + �2
Rabi/2

(6)

where �Rabi is the Rabi frequency and �0 is the resonance frequency for a two-level atom, as described
in textbooks [40,41].

Next, we add an index F to account for the ground-state hyperfine splitting and an index p to
account for different individual laser beams crossing the atom beam. Figure 3a,d show the probability
for atoms in ground states F = 1 and F = 2 to be in the excited state, as a function of laser wavelength
for a given laser beam (p = 0) with laser irradiance corresponding to �Rabi = 6� and �Rabi = 24�,
respectively. Figure 3 also shows the effect of power broadening. The probability of scattering zero
photons from a particular laser beam (p) is then given by Equation (4) with m = 0, combined with
Equations (5) and (6):

P0,F,p(�) = exp

"
�(�Rabi/2)2�T

(� � �0,F � ��p)2 + (�/2)2 + �2
Rabi/2

#
. (7)

In a multi-pass optical cavity constructed with two plane mirrors, as shown in Figure 1,
the Doppler shifts for each beam are different by the integer p times the angle � between the two mirrors.

��p = (p� + �) |�v||�k| (8)

where the parameter � allows for asymmetry in the range of Doppler shifts (e.g., a residual or net
Doppler shift that we will use our data to find). Here, the laser beam p = 0 corresponds to the
central beam, which is the last one before the laser beam propagation direction changes, and p ranges
symmetrically from �N to N. Figure 3b,e show the probability for atoms in ground states F = 1
and F = 2 to scatter zero photons from a single laser beam (p = 0) with power corresponding to
�Rabi = 6� and �Rabi = 24�, respectively.

The probability for an atom in one particular hyperfine level to scatter zero photons after
interacting with the set of multiple laser beams in the MPC is given by the product

P0,F(�) =
pmax

�
p=pmin

P0,F,p(�). (9)

To describe the contrast observed with an atom beam that is in a statistically random distribution
of Zeeman mF states associated with the F = 1 and 2 hyperfine levels, we average over all mF states
to find

Con
Coff

= �
F=1,2

�F
A

P0,F(�). (10)

where �F = 2F + 1 is the degeneracy of each level, and the normalization constant A = �F �F.
Condensing Equations (7)–(10), we obtain

Con
Coff

= �
F

�F
A �

p
exp

"
�(�Rabi/2)2�T

(� � �0,F � ��p)2 + (�/2)2 + �2
Rabi/2

#
. (11)
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Figure 3c,f show a model from Equation (11) for contrast, given an ensemble of atoms with initial
populations randomly distributed in the hyperfine states associated with levels F = 1,2. The width and
depth of the contrast-loss spectral features increases with more laser beams. The contrast only goes to
zero at laser wavelengths for which atoms in both levels F = 1 and F = 2 scatter photons with high
probability. This explains the shape of the contrast loss spectra. If the range of Doppler shifts (plus the
power-broadened line widths) exceeds the hyperfine splitting, then the contrast goes to zero for a range
of laser wavelengths. In our notation, the condition [(�/2)2 + �2

Rabi/2]1/2 + �(pmax � pmin)�(v/c) �
(�0,2 � �0,1) is sufficient for contrast to be reduced to zero.
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Figure 3. Decoherence spectroscopy model. Graphs (a,d) show the probability of finding atoms in
an excited 4p state of 39K while exposed to laser light with wavelength � = 2�c/� and irradiance such
that �Rabi = 6� (a) or 24� (d). Graphs (b,e) show the probability of scattering zero photons (P0,F) after
atoms pass through a laser beam, as described by Equation (7) with an interaction time of T = 3/�, and
�Rabi = 6� or 24�, respectively. Graphs (c,f) show Contrast after passing through multiple laser beams
as described by Equation (9) with parameters � = 1.3 mrad, � = 0. The red and blue curves show the
contrast for the atoms in a specific F level with a single laser beam (p = 0), and the solid black curve
shows the combined contrast for the ensemble of atoms. The thinner black curves show the contrast for
varying number of laser beams interacting with the atom beam, using (�N � p � N, with N = 1, 3, 9,
18, 35, or 50).

4. Decoherence Spectroscopy Data

Now we will compare the theoretical decoherence spectra derived with Equation (11) to data.
To obtain decoherence spectroscopy data, we used the same laser and atom beam alignment as we did
for phase shift, �(�), measurements. However, to obtain sharp spectral features, the laser wavelength
is tuned near resonance, and the laser power is attenuated by several orders of magnitude so � ⇡ �.
We monitored the atom interference fringe contrast as a function of laser wavelength, as shown in
Figures 4 and 5. We measured the range [pmin, pmax] = [�38, 38] and � ⇡ 1.3 mrad by counting
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the number of laser reflections and measuring the displacement of the reflected spots on the mirror.
Our model for the decoherence spectrum given in Equation (10) then has free parameters �Rabi, T, and �.
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Figure 4. Decoherence spectra showing contrast as a function of wavelength. Theoretical curves based
on Equation (11) with T = 3/� and � = 1.3 mrad are shown too. The laser power (hence the parameter
�Rabi) was deliberately varied for the different data sets. Higher irradiance results in deeper and
broader contrast loss features. The red, orange, green, and black fits show a net Doppler shift of
�0.21 pm. The fit in blue shows a net Doppler shift of �0.48 pm, but we suspect the laser power may
have drifted during this data set, thus causing a spurious shift in the line center.
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Figure 5. Contrast data spectrum (green points) and model (green line). The dashed red and blue
lines show contrast spectra for each hyperfine ground state with no Doppler shift. The model has
parameters �Rabi = 6.2�, T = 3/�, � = 1.3 mrad, and � = 28.3 mrad, which corresponds to a net
Doppler shift of �0.21 ± 0.05 pm.

Contrast data for different laser irradiance and associated models based on Equation (11) are
shown in Figure 4. All parameters except �Rabi—which is related to the laser beam irradiance—are
the same for the models shown in Figure 4. We also note that � was the same for all the data series
shown in Figure 4, except for series shown in blue. The series in blue could be offset because of drifts
in the alignment or the power of the laser beams during data acquisition. Slightly better fits for each
individual data series shown in Figure 4 are possible if other parameters (such as T and �) are allowed
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to be different for each series. This could be due to minor imperfections in the model that we discuss
in Section 5.

A model decoherence spectrum, shown as a green line in Figure 5, makes the best fit to the
decoherence spectra with � = 1.6� ± 0.4�, or a shift to the contrast spectrum of �0.21 ± 0.05 pm
compared to a model with � = 0. This uncertainty of 0.05 pm comes from a �2 analysis of the data
in Figure 5. We would like to interpret this observed shift as a correction that should be applied to
a tune-out wavelength measurement due to the net Doppler shift in our experiment and also any
systematic error of the Bristol 621B wavemeter that we used to measure the laser wavelength. However,
we must slightly increase the uncertainty of this correction in order to allow for possible systematic
errors in the difference between the Doppler shift for the contrast-loss spectra and the Doppler shift
for the phase-shift spectra, as we discuss in the next section. Therefore, we apply a +0.21 ± 0.10 pm
correction to our �zero measurement.

5. Discussion

Next, we will discuss complications with this experiment that are not yet accounted for in the the
model we have presented. We also estimate the extent to which these complications can cause errors.
Then, we will discuss some fundamental limits of decoherence spectroscopy and consider how well
this method could be used to assess corrections to tune-out wavelength measurements in the future.
We also compare this approach with other methods.

5.1. Complications and Suggested Improvements to Decoherence Spectroscopy Model

One complication is that the phase and contrast depend differently on the spatial profile of
irradiance I(x, y). The phase shift depends on irradiance gradients d/dx[

R
I(x, y)dy], as shown in

Equation (1), but decoherence only depends on the time of flight through the laser beam, which is
related more simply to

R
I(x, y)dy. Hence, the variable size and position of the laser beam spots

sketched in Figure 6 makes some laser beams contribute more to the phase shift signal, while different
beams contribute more to the decoherence signal. This can be incorporated into more sophisticated
models by making the Rabi frequency �Rabi,p, interaction time Tp, and the irradiance gradients
d/dx[Ip(x, y)] different for each beam number (p), as suggested by Figure 6.

To estimate the uncertainty caused by these factors, it is helpful to point out that the photon
scattering probability can grow with the spot size w (for I > Isat), but � depends on w�2. Hence,
the tightly focused beams contribute much more to the phase shift signal. We estimate that the possible
systematic error due to variable spot sizes could be as large as 0.08 pm in the present experiment,
because the smallest spot is located—by design—very close to the symmetric point where the laser
beam begins to turn around as it reflects back and forth and “walks” inside the MPC, as sketched
in Figures 1 and 6. We observed that the beam waist was within four spots of the turnaround point,
and there were 19 beam spots on each mirror from the turnaround point to the first or last beams
(entering or exiting) the MPC. From the spectra shown in Figures 4 and 5, we determined that the
extreme beams (with p = +38 or p = �38) are associated with a range of Doppler shifts that span
0.8 pm (i.e., +0.4 pm for the most red shifted and �0.4 pm for the most blue shifted beams, with respect
to the beam at the turning point). Based on this information, we conclude that the phase-shift spectrum
would have a net Doppler shift that is within 0.08 pm of the net Doppler shift for the decoherence
spectra in Figure 5.

Our model of decoherence spectroscopy in Equation (11) could also be improved by including
the effects of imperfect mirror reflectivity. This is another reason why the Rabi frequency �Rabi in
Equations (10) and (11) should be replaced with a value �Rabi,p that depends on the p index. We added
this to our model and it changed the reported Doppler shift for contrast-loss spectra by less than
0.01 pm. This is a much smaller shift than the statistical uncertainty (0.05 pm) in the present experiment.
We also note that the imperfect mirror reflectivity affects both the phase and the decoherence spectra



121

Atoms 2016, 4, 25 8 of 11

in the same direction. So, the systematic error caused in �zero measurements from this imperfection in
the model is negligible (smaller than 0.01 pm) in the present experiment.

Systematic differences between Doppler shifts for the phase and Doppler shift for the contrast
spectra that are due to beam misalignment (as sketched in an extreme case in Figure 6b) are estimated
to be smaller than 0.02 pm. To justify this estimate, we explain how the experiment was aligned. First,
the mirrors making the MPC were adjusted with three piezo stacks so the string of laser spots entering
and exiting the the MPC retrace their path, as sketched in Figure 6a. Then, the transverse position and
overall rotation of the MPC assembly were adjusted in order to optimize (maximize) the phase shift.
Furthermore, we note that the spots entering and exiting the MPC were much larger (greater than
0.5 mm in diameter), and these spots entered and exited approximately 1 cm from the turnaround
point. With this geometry, it is nearly certain that all of the beams in the MPC contributed to the
decoherence spectra. To estimate the uncertainty due to misalignment, we calculate that a 0.02 pm
difference between phase and decoherence spectra Doppler shifts could occur if one of the large spots
completely missed the atom beam.
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Figure 6. Top view of the multi-pass cavity with a schematic representation of the atom beams (purple)
and the laser spots (red). Different alignments can result in different Doppler shifts and irradiance
gradients for the laser beams that illuminate the atom beam. (a) The mirror angles are adjusted so
the laser spots propagating in �ŷ overlap with those propagating in +ŷ. This configuration is used
for tune-out wavelength measurements; (b) The mirror angles are adjusted such that the laser spots
propagating in �ŷ and +ŷ do not overlap.

In the model we have presented so far, we have not yet included the excited state hyperfine
splitting. Instead, the model presented in Equations (7)–(11) and Figures 4 and 5 represented
a three level atom, with two ground levels (4s1/2, F = 1, 2) and one excited level (4p3/2). When we
include hyperfine structure in the excited states, and use the Rabi frequency for each |F, mFi to |F�, m�

Fi
transition, the spectra change only slightly, and the resulting best fit shift is different by less than
0.001 pm. The fact that this shift is negligible was expected because the excited hyperfine splitting is
not resolved in this experiment.

Contrast loss due to other mechanisms is an interesting topic in its own right. So, we discuss
systematic errors due to dephasing in the next sub-section. We will conclude that dephasing also
causes a small impact (<0.01 pm) on the best fit net Doppler shift of the contrast loss feature.

To summarize the error budget, we have considered errors and uncertainties due to complications
to our model from variable laser beam spot sizes (<0.08 pm), imperfect mirror reflectivity (<0.01 pm),
misalignment (<0.02 pm), and the excited state hyperfine splitting (<0.001 pm). Next, we will explain
uncertainty (<0.01 pm) due to dephasing. Added in quadrature, all of these sources of uncertainty and
the statistical uncertainty (0.05 pm) combine to make the total 0.10 pm uncertainty in the best fit shift
for the decoherence spectroscopy feature.

5.2. Contrast Loss Mechanisms: Decoherence versus Dephasing

So far, the model for contrast loss that we have described in this paper only takes into account
decoherence from photon scattering. However, there can also be contrast loss from dephasing—i.e.,
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a distribution in light-induced phase for the ensemble of detected atoms. The origin of dephasing can
be from the distribution in atomic velocity, from the distribution in the irradiance gradients across the
thickness of the atom beam, or from the distribution of atomic spin states. We developed models of
contrast loss from these dephasing mechanisms in order to study the relatively minor impacts on our
decoherence spectra.

To understand why dephasing has less impact than decoherence near resonance, we point out
that decoherence due to photon scattering in general depends on ��2, where � is the detuning
from resonance. In comparison, the RMS spread in light-induced phase shifts generally depends on
��1. These differences are summarized in Table 1. Furthermore, contrast loss due to dephasing is
mostly symmetric about line center, and therefore tends to slightly broaden but not shift the contrast
loss feature.

Using calibration data far from resonance (with 500 pm detuning) and models of phase shifts, we
found that dephasing due to the spread in velocity and the thickness of the atom beam (compounded
with double gradients in irradiance) caused at most a 10% loss in contrast near line center. This is
a small effect compared to decoherence. As mentioned earlier, this source of contrast loss is nearly
completely symmetric about line center. The spectral offset from this dephasing is less than 0.001 pm.
Dephasing due to the distribution of atomic spin states (taking into account both the ground and
excited state hyperfine structure) was found to shift the best-fit contrast loss spectrum by less than
0.001 pm in models of our experiment for the conditions for the data in Figure 5. Based on these several
models, we find that dephasing contributes an uncertainty of less than 0.01 pm to the spectral shift of
the best-fit decoherence spectrum.

Table 1. Dependence on I, �, and v for decoherence, dephasing, and phase shifts.

Observable in Presence of Laser Dependence on I Dependence on � Dependence on v

C loss from decoherence I 1/�2 1/v
C loss from dephasing |d2 I/dx2| |1/�| �v/v
light induced � dI/dx 1/� 1/v2

5.3. Comparison with Other Methods and Limits in Precision

Other methods of montoring the Doppler shift could be developed based on laser fluorescence
spectroscopy, laser absorption spectroscopy, atom beam deflection spectra, or �(�). However, we argue
that the decoherence spectroscopy method described here is as good—or better—than these other
possible methods, because it only requires scattering one photon per atom and causes sharper spectral
features. To compare methods in a bit more detail, since we have a flux of 107 atoms per second passing
through the multi-pass optical cavity, then if every atom scatters one photon, 107 photons/s would
be scattered. A geometric collection efficiency of 10�4 would be possible with the existing apparatus.
This leaves a fluorescence signal of only 1000 photons per second, which would be challenging to
distinguish from scattered light, given approximately 10 mW of light (1014 photons per second) incident
on the multi-pass cavity. Similarly, it would be challenging to monitor the absorption of roughly 1 part
in 107. Atom beam deflection depends on laser frequency too, but decoherence is a more sensitive
measure of deflection than any other tool we have. We emphasize that to make this experiment useful
for �zero measurements, we use the same interaction region (optical beam geometry) for both the
phase shift experiments and the decoherence experiments, and this sets some constraints on the optical
access for hypothetical fluorescence and absorption measurements. Furthermore, using the same atom
detector for both phase shift (�zero) and contrast-loss (decoherence) experiments helps to reduce any
selection bias that would be caused by atoms that interact with laser light but fail to reach the atom
detector. For all these reasons, decoherence spectroscopy is quite useful.

A fundamental limit for the precision of decoherence spectroscopy is related to the natural
linewidth of atomic transitions, which is, for example, approximately 6 MHz, or 0.01 pm in the case
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of the potassium 4s � 4p3/2 transition studied here. If the contrast spectrum features can be used
to identify shifts as small as 1% of the natural linewidth (which is within the shot-noise limit for
15 min of data with a typical count rate of 105 atoms/s), then Doppler shifts could be reported with
an uncertainty of 10�4 pm or 0.05 MHz.

6. Conclusions

In this paper, we showed that matter wave decoherence due to photon scattering can be used
to calibrate an atom interferometer spectroscopy experiment. We developed decoherence spectroscopy
as a method to improve the accuracy of tune-out wavelength measurements made with an atom
interferometer. Specifically, we demonstrated how decoherence is sensitive to the net Doppler shift for
an atom beam passing through a multi-pass optical cavity and possible systematic errors in wavemeter
calibration. We presented a theoretical model of decoherence spectra and experimental contrast-loss
data with curious spectral features that qualitatively validate the model. This model and these data
informed us that 0.21 ± 0.10 pm should be added as a correction to the tune-out wavelength (�zero)
measurements made with this apparatus. Furthermore, this correction depends somewhat sensitively
on the alignment and location of the laser beam waist within the interaction region.
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Tune-out wavelengths measured with an atom interferometer are sensitive to laboratory rotation rates
because of the Sagnac effect, vector polarizability, and dispersion compensation. We observed shifts in
measured tune-out wavelengths as large as 213 pm with a potassium atom beam interferometer, and we
explore how these shifts can be used for an atom interferometer gyroscope.
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Atom interferometers have an impressive variety of
applications ranging from inertial sensing to measurements
of fundamental constants, measurements of atomic proper-
ties, and studies of topological phases [1]. In particular,
making a better gyroscope has been a long-standing goal in
the atom optics community because atom interferometers
have the potential to outperform optical Sagnac gyroscopes.
Advances in the precision and range of applications for atom
interferometry have been realized by using interferometers
with multiple atomic species [2–5], multiple atomic veloc-
ities [6–10], multiple atomic spin states [11–13], and
multiple atomic path configurations [14–18]. Here, we
use atoms with multiple spin states to demonstrate a new
method for rotation sensing. Our atom interferometer
gyroscope shown in Fig. 1 reports the absolute rotation rate
Ω in terms of an optical wavelength, using a spin-dependent
phase echo induced by light near a tune-out wavelength.
A tune-out wavelength, λzero, occurs where the dynamic

polarizability of an atom changes sign between two reso-
nances [19–29]. Since atomic vector polarizability depends
on spin [30–32], theoretical tune-out wavelengths usually
describe atoms with spin mF ¼ 0. The same λzero should be
found, on average, for atoms in a uniform distribution of spin
states.However, in this Letter, we show that the Sagnac effect
breaks the symmetry expected from the vector polarizability
in a way that makes tune-out wavelengths remarkably
sensitive to the laboratory rotation rate. We measured
tune-out wavelengths λzero;lab using a potassium atom inter-
ferometer and circularly polarized light, and found that our
measurements were shifted by 0.213 nm from the theoretical
tune-out wavelength of λzero ¼ 768.971 nm [19]. This shift
ismore than 100 times larger than the uncertaintywithwhich
λzero can bemeasured [29], and this suggests the possibility of
creating a sensitive gyroscope using tune-out wavelengths.
The purpose of this Letter is therefore to explain how an atom
interferometer gyroscope canmeasure the laboratory rotation
rate Ω with the aid of atomic spin-dependent phase shifts
induced by light near a tune-out wavelength. This is a new

application of tune-out wavelengths and a new method for
atom interferometry that could improve sensors needed for
navigation, geophysics, and tests of general relativity.
Atom interferometer gyroscopes [1,6–9,33–39] can

sense changes in rotation rate (ΔΩ) because of the
Sagnac effect. Some atom interferometers [7–9,34,35]
can also report the absolute rotation rate (Ω) with respect
to an inertial frame of reference since the Sagnac phase
depends on atomic velocity. Because the Sagnac phase is
dispersive, Ω can affect the interference fringe contrast.
References [6–9,34,35] applied auxiliary rotations to an
atom interferometer to compensate for the earth’s rotation
Ωe and thus maximize contrast. References [34,35] even
used contrast as a function of applied rotation rate in order to
measure Ωe.
In comparison, here we demonstrate optical and static

electric field gradients that compensate for dispersion in the
Sagnac phase. This is a general example of dispersion
compensation [40,41] in which one type of phase compen-
sates for dispersion in another. Furthermore, we show that
circularly polarized light at λzero makes an observable
Ω-dependent phase shift for our unpolarized atom beam
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FIG. 1 (color online). Apparatus diagram. The branches of a
3-nanograting Mach-Zehnder atom interferometer [1] are illumi-
nated asymmetrically by laser light propagating perpendicular to
the page. An optical cavity (not shown) recycles the light to
increase the phase shift. A single mode optical fiber (yellow)
guides the laser light into the atom beam vacuum chamber, and
the loops in the fiber are used to control the optical polarization.
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interferometer. This works because spin-dependent
dispersion compensation causes higher contrast for one spin
state. Thus, using spin as a degree of freedom and light near a
tune-out wavelength, we made a gyroscope that reports the
absolute rotation rateΩ in termsof a light-inducedphase shift.
Our gyroscope, shown in Fig. 1, uses material nano-

gratings that permit interferometry with distributions of
atomic spin and velocity, both of which are needed in order
to cause the shifts in λzero;lab that are sensitive toΩ. An atom
interferometer like ours was previously shown to monitor
changes in rotation rate ΔΩ [33]. We now show that an
atom interferometer gyroscope with material nanogratings
can measure absolute rotation rates smaller than Ωe. This is
significant because nanogratings offer some advantages
such as simplicity, reliability, and spin-independent and
nearly velocity-independent diffraction amplitudes that
may enable more robust and economical Ω sensors.
We studied the light-induced phase shift ϕ for an

ensemble of atoms, which we model as

ϕ ¼ ϕon − ϕoff ð1Þ

where ϕon is the measured phase when the light is on and
ϕoff is the measured phase when the light is off. For an atom
beam with a velocity distribution PvðvÞ and a uniform
distribution of spin states PsðF;mFÞ ¼ 1=8, the contrast
Con and phase ϕon for the ensemble are described by

Coneiϕon ¼ Co

X

F;mF

PsðF;mFÞ
Z

∞

0
PvðvÞeiΦtotaldv ð2Þ

where Φtotal¼ΦLþΦSþΦaþΦo. Here, ΦL is the velocity-
dependent and spin-dependent phase caused by light, ΦS
is the velocity-dependent Sagnac phase, Φa is the velocity-
dependent phase induced by an acceleration or gravity,
Φo is the initial phase, and Co is the initial contrast of
the interferometer. A similar equation can be written for
Coffeiϕoff with the light off so that ΦL ¼ 0. Our atom beam
has a velocity distribution PvðvÞ adequately described by
PvðvÞ ¼ Av3exp½−ðv − v0Þ2=ð2σ2vÞ&, where A is a normali-
zation constant [42].
The Sagnac phase [33,34]

ΦS ¼
4πL2Ω
vdg

ð3Þ

is a function of atomic velocity v and the rotation rate Ω
along the normal of the interferometer’s enclosed area. L is
the distance between gratings, and dg is the period of the
gratings. In our interferometer, dg ¼ 100 nm and
L ¼ 0.94 m, so ΦS ¼ 2.7 rad for a 1600 m=s atom beam
in our laboratory at 32° N latitude due to Ωe.
The gravity phase Φa [33] is

Φa ¼
2πL2g sinðθÞ

v2dg
ð4Þ

where g sinðθÞ is the gravitational acceleration along the
grating wave vector direction. As we discuss later, θ andΦa
are small, but nonzero.
The light phase is

ΦL ¼ αðωÞ
2ϵocℏv

Z
s
!
d
dx

Iðr;ωÞ
"
dz ð5Þ

where the dynamic polarizability αðωÞ depends on the
atomic state jF;mFi and the laser polarization [30–32].
Near the second nanograting, we shine 50 mWof laser light
perpendicular to the plane of the interferometer. The laser’s
irradiance gradient in a beam with a 100 μm diameter waist
asymmetrically illuminates the atom beam paths as
sketched in Fig. 1. The irradiance gradient ðd=dxÞI is
integrated along the atom beam paths in the z direction. The
path separation s is proportional to v−1. Hence, for laser
beams much wider than s, the light phase ΦL approxi-
mately depends on v−2. The fact that this does not exactly
match the v−1 dispersion of the Sagnac phase means the
dispersion compensation is imperfect, which is why we see
caustics in Fig. 2. Figure 2 presents modeled phase shifts
for ground-state potassium atoms with several different
velocities and five different spin states. Figure 2 illustrates
how spin-dependent dispersion compensation works and
how it can make λzero;lab ≠ λzero.
The way ΦS affects the light-induced phase ϕðλÞ leads to

several testable predictions that we experimentally verified.
Equation (2) led us to predict a new wavelength λzero;lab for
which ϕ is zero. A simulation of this prediction is shown in
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FIG. 2 (color online). Light-induced phase spectra demonstrate
dispersion compensation. The phase ΦLðλ; vÞ þ ΦSðvÞ − ϕoff is
plotted for 95% circularly polarized light interacting with five
atomic spin states (colors) and a range of atomic velocities
spanning 80% to 120% of v0 ¼ 2000 m=s. Black curves show
spectra for velocity v0 for each spin state. Curves for each spin
state coalesce in caustics at a different λ where spin-dependent
ΦLðλ; vÞ compensates for dispersion in ΦSðvÞ. The ensemble
phase shift (green line) shows the root in ϕ at λzero;lab, which is
shifted by −120 pm from λzero. The phasor diagram (inset)
illustrates how ΦL compounds with ΦS to increase dispersion
for one spin state and decrease dispersion for another spin state.
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Fig. 2, and data demonstrating þ203 to −213 pm shifts in
λzero;lab are shown in Fig. 3.
Higher irradiance on the left interferometer path when

looking from the source towards the detector would cause a
longer λzero;lab (if the grating tilt were zero so that Φa ¼ 0).
This is because attraction towards light on the left compen-
sates forΦS in the northern hemisphere, and only spin states
with roots inαðωÞ at longerwavelengths are attracted to light
at λzero. These states therefore contributewithmoreweight to
ϕðλzeroÞ because of dispersion compensation. On the other
side, if the irradiance is stronger on the right-hand interfer-
ometer path, then repulsion from the light compensates for
ΦS, and spin states with roots in αðωÞ at shorter wavelengths
contribute more to ϕðλzeroÞ. Grating tilt θ and the gravity
phase Φa complicate this picture. In our experiment, the
dispersion dΦa=dv is opposite and slightly larger in mag-
nitude than the dispersion dΦS=dv, so higher irradiance on
the left path of the atom interferometer causes a shorter
λzero;lab. Figure 3 shows data verifying this prediction.
We predict that the wavelength difference Δλ ¼

λzero;lab − λzero will not change if the optical k vector
reverses direction, nor if the optical circular polarization
reverses handedness, nor if the magnetic field parallel to the
optical k vector reverses direction. None of these reversals
changes the fact that a potential gradient that is attractive
towards the left side (or repulsive from the right side) is
needed to compensate for the Sagnac phase dispersion in
the northern hemisphere. Therefore, the magnitude jΔλj
can increase if the laser is simply reflected over the atom
beam path. We tested this prediction by constructing an
optical cavity with plane mirrors to recycle light so that
the same interferometer path is exposed to upward and

downward propagating laser beams for several passes. This
increased the magnitude of ϕðλzeroÞ as predicted.
External magnetic fields also affect λzero;lab. A uniform

magnetic field parallel or antiparallel to the optical k
vector maximizes the sensitivity to optical polarization.
Alternatively, a magnetic field perpendicular to the optical
k vector reduces Δλ because the atomic spin states precess
about the field so the resulting spin-dependent differences
in light shift time-average to zero. Data in Fig. 4 show that
λzero;lab is closer to λzero when we apply a perpendicular
magnetic field. Residual differences between λzero;lab and
λzero are due to imperfect alignment of the magnetic field
perpendicular to the k vector and the limited (15 G) strength
of the magnetic field.
On the basis of the work presented thus far, deducing Ω

from measurements ofΔλ is challenging because it requires
knowing the magnetic field, the laser power, laser polari-
zation, laser beamwaist, and the atom beam velocity spread.
To solve this problem, we used a static electric field gradient
to induce additional phase shifts that mimic the effect of
auxiliary rotation on the atom interferometer (to first order
in v). A measurement of light-induced phase shift as a
function of electric-field-induced phase shift can serve to
calibrate the relationship between Δλ and Ω. Furthermore,
we can determine the absolute rotation rate of the laboratory
by measuring the additional phase shift needed to make
λzero;lab ¼ λzero. The phase due to a static electric field
gradient is

Φ∇E ¼ αð0Þ
2ℏv

Z
s
d
dx

E2dz ð6Þ

where αð0Þ is the static electric dipole polarizability [5].
The observed phase shift for the ensemble of atoms due to
an electric field gradient ϕ∇E is calculated using Eq. (2)
with Φ∇E added to Φtotal (and ΦL ¼ 0). This phase shift can
compensate for the dispersion in the Sagnac phase uniformly
for all atomic spin states.
In Fig. 5, we show that ϕðλzeroÞ depends continuously on

ϕ∇E, just as Δλ would on Ω. Specifically, ϕðλzeroÞ is the
phase shift caused by light at λzero. The data in Fig. 5 are

FIG. 3 (color online). Measured light-induced phase spectra
ϕðλÞ using elliptically polarized light and a magnetic field parallel
to the optical k vector. The open square red data show λzero;lab ¼
768.758ð15Þ nm when the laser beam is on the right side of the
atom interferometer, and the solid circle blue data show λzero;lab ¼
769.174ð7Þ nm when the laser beam is on the left side of the atom
interferometer. Each data point is the average of 40 five-s files,
and the error bars show the standard error of the mean. Broad
band radiation from the tapered amplifier caused a systematic
shift of 15(5) mrad that we accounted for in the ϕ data shown.
The red and blue curves show the theory using Eqs. (1)–(5) with
an additional average over the width of the atom beam. For these
data, the grating tilt θ was −20ð5Þ mrad.

FIG. 4 (color online). Measured tune-out wavelengths for
different orientations of magnetic field and irradiance gradients.
Each data point comes from ϕðλÞ spectra such as those shown in
Fig. 3. For these data, the grating tilt θ was −20ð5Þ mrad.
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obtained by alternately turning∇E on and off, blocking and
unblocking the laser, and then repeating the process with a
new ∇E strength. Importantly, the root in phase ϕðλzeroÞ at
ϕroot
∇E occurs when the electric field gradient compensates

for dispersion in ΦS and Φa. We can interpret this condition
mathematically as

d
dv

ðΦS þ Φa þ Φ∇EÞ ¼ 0; ð7Þ

and then it becomes unnecessary to know the laser power or
to perform the integral over velocity shown in Eq. (2) for
reporting Ω. Using the approximation Φ∇E ¼ ϕroot

∇E ðv0=vÞ2,
we find

Ω ¼ −
dgv0ϕroot

∇E
2πL2

−
g sinðθÞ

v0
: ð8Þ

Equation (8) does not include ΦL because when Eq. (7) is
satisfied there is no net dispersion to break the symmetry;
so including ΦLðλzeroÞ in Eq. (2) produces zero ensemble
phase shift ϕ. The fact that Eq. (8) does not include ΦL is
convenient because now we can use light at λzero to measure
Ω without precise knowledge of the laser spot size,
polarization or irradiance, or the resultant slope dϕ=dλ.
Those factors affect the precision with which we can find
the root (ϕroot

∇E ), but not the value of the root. We also
emphasize that an electric field gradient can be used to
increase the dynamic range of our gyroscope.
To reportΩ, we measured ϕroot

∇E ¼ 1.2ð3Þ rad with data in
Fig. 5, we measured v0 ¼ 1585ð10Þ m=s using phase
choppers [43], and we measured θ ¼ −10ð2Þ mrad by
comparing the nanograting bars to a plumb line. We find

Ω ¼ 0.4ð2ÞΩe, which can be compared to the expected
value 0.5 Ωe (the vertical projection of Ωe at our latitude of
32° N). In Fig. 5, we also show how Coff depends on ϕ∇E.
The phase ϕmaxC

∇E that maximizes contrast is another way to
find the static electric field gradient that compensates
for dispersion in the Sagnac phase and acceleration phase.
The value of ϕmaxC

∇E ¼ 0.6ð2Þ rad leads to Ω ¼ 0.6ð2ÞΩe.
The dominant source of error in our experiment was the
measurement of the nanograting tilt. Discrepancy between
ϕmaxC
∇E andϕroot

∇E indicates a systematic error, possibly caused
by de Broglie wave phase front curvature induced by the
laser beam [44], optical pumping, magnetic field gradients,
or the broad band component of our laser spectrum.
The shot noise limited sensitivity of our atom interfer-

ometer gyroscope can be estimated from the fact that
ϕðλzeroÞ changes by 0.22 rad due to 0.53Ωe, and the
statistical phase noise is δϕ ¼ ð2=NÞ1=2½ð1=CoffÞ2þ
ð1=ConÞ2&1=2 which is 0.06 rad=

ffiffiffiffiffiffi
Hz

p
for Coff ¼ 0.2,

Con ¼ 0.08, and N ¼ ð100 000 counts= secÞ × t. This indi-
cates a sensitivity of 0.2Ωe=

ffiffiffiffiffiffi
Hz

p
for measurements of

rotation with respect to an inertial reference frame, which is
competitive with methods presented in Refs. [7–9,34,35].
To make a more sensitive gyroscope, the scale factor

ϕðλzeroÞ=Ω can be somewhat increased by using more laser
power and a broader velocity distribution. However, a limit
to the sensitivity arises from balancing the benefit of an
increased scale factor against the detriment of increased
statistical phase noise. This compromise occurs because
maximizing the scale factor ϕðλzeroÞ=Ω requires significant
contrast loss from the two mechanisms described by
Eq. (2): first, averaging over the spread in ΦS (which is
affected by σv) and second, averaging over the distribution
in ΦL (which is affected by the laser power and polariza-
tion). Optimizing σv and laser power can increase the
sensitivity (for the same flux and contrast) to 0.05Ωe=

ffiffiffiffiffiffi
Hz

p

for Ω measurements.
This work also indicates how to make measurements of

λzero more independent of Ω. Experiments are less sensitive
to Ω if they use linearly polarized light, a narrow velocity
distribution, a perpendicular magnetic field, and an addi-
tional dispersive phase such as Φ∇E to compensate for ΦS.
For example, the λzero measurements in Ref. [29] were not
significantly affected by Ω because there was minimal
contrast loss at λzero. Specifically, the sharp velocity
distribution ðv0=σv ¼ 18Þ caused dispersion in ΦS þ Φa
that reduced Coff by less than 1% of C0, and ΦL reduced
Con by 4% of C0; so shifts in λzero;lab were less than 1pm in
Ref. [29]. To increase sensitivity to Ω for measurements
reported here, in Figs. 3–5 we used a broad velocity
distribution (v0=σv ¼ 7) so ΦS þ Φa reduced Coff by 8%
of C0, and we also used a large irradiance gradient with
circular polarization that reduced Con by 40% of C0.
In summary, an atom beam interferometer with multiple

atomic spin states enabled us to demonstrate systematic
shifts in tune-out wavelength measurements (λzero;lab) that

FIG. 5 (color online). (top) Contrast data as a function of phase
shift induced by an electric field gradient ϕ∇E. A Gaussian fit
(dashed black line) to the red data points shows that a maximum
in contrast occurs at ϕ∇E ¼ 0.6ð2Þ rad due to dispersion
compensation. The solid red curve shows the theory using
Eqs. (1)–(6) with Ω ¼ 0.6Ωe. (bottom) Light-induced phase shift
ϕ as a function of ϕ∇E, using light at λzero ¼ 768.971 nm. An
error function fit (dashed black line) to the blue data points shows
the root ϕroot

∇E ¼ 1.2ð3Þ rad. The solid blue curve shows the theory
using Eqs. (1)–(6) with Ω ¼ 0.4Ωe. For these data, the grating tilt
θ was −10ð2Þ mrad. The solid green curves show contrast and
phase theory for Ω ¼ 0, but the same θ ¼ −10 mrad.
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are larger than 200 pm due to rotation and acceleration.
Then, we used the phase induced by light at a theoretical
tune-out wavelength ϕðλzeroÞ as a function of an additional
dispersive phase ϕ∇E applied to report the rotation rate of
the laboratory with an uncertainty of 0.2Ωe. This work is a
new application for tune-out wavelengths, paves the way
for improving precision measurements of tune-out wave-
lengths, and demonstrates a new technique for atom
interferometer gyroscopes. The spin-multiplexing tech-
niques demonstrated here may find uses in other atom
[12,13] and neutron [45,46] interferometry experiments,
NMR gyroscopes, and NMR spectroscopy.
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[73] E. Tiemann, H. Knöckel, and H. Richling, Zeitschrift für Physik D Atoms,
Molecules and Clusters 37, 323 (1996).

[74] K. M. Jones, P. S. Julienne, P. D. Lett, W. D. Phillips, E. Tiesinga, and C. J.
Williams, EPL (Europhysics Letters) 35, 85 (1996).

[75] B. Barrett, R. Geiger, I. Dutta, M. Meunier, B. Canuel, A. Gauguet, P. Bouyer,
and A. Landragin, Comptes Rendus Physique 15, 875 (2014), the Sagnac e↵ect:
100 years later / L’e↵et Sagnac : 100 ans après.

[76] S.-Y. Lan, P.-C. Kuan, B. Estey, P. Haslinger, and H. Müller, Phys. Rev. Lett.
108, 090402 (2012).

[77] T. Müller, M. Gilowski, M. Zaiser, P. Berg, C. Schubert, T. Wendrich, W. Ert-
mer, and E. M. Rasel, The European Physical Journal D 53, 273 (2009).

[78] A. D. Cronin, J. Schmiedmayer, and D. E. Pritchard, Rev. Mod. Phys. 81,
1051 (2009).

[79] S. Wu, E. Su, and M. Prentiss, Phys. Rev. Lett. 99, 173201 (2007).

[80] D. S. Durfee, Y. K. Shaham, and M. A. Kasevich, Phys. Rev. Lett. 97, 240801
(2006).

[81] B. Canuel, F. Leduc, D. Holleville, A. Gauguet, J. Fils, A. Virdis, A. Clairon,
N. Dimarcq, C. J. Bordé, A. Landragin, et al., Phys. Rev. Lett. 97, 010402
(2006).

http://physics.nist.gov/asd

	LIST OF FIGURES
	LIST OF TABLES
	ABSTRACT
	CHAPTER INTRODUCTION
	Atom Interferometry
	Polarizability
	This Dissertation in Brief
	Polarizability Calculations
	Dynamic Polarizability Calculations for Potassium
	Tune-Out Wavelengths and Applications


	CHAPTER ATOM OPTICS WITH A 3 NANOGRATING MACH-ZEHNDER ATOM INTERFEROMETER
	Three Nanograting Mach-Zehnder Atom Interferometer
	Phase Shifts
	Sagnac Phase
	Acceleration Phase Shift
	Phase Shifts from Static Electric Field Gradients
	Light-Induced Phase Shifts

	Contrast
	Dispersion Compensation
	Electrostatic Lenses for Atomwaves
	Calculated Focal Length and Aberration Coefficients
	Focal Length and Aberration Coefficients from Phase Shift versus Lens Position Data


	CHAPTER PRECISION TUNE-OUT WAVELENGTH MEASUREMENTS
	Measuring Light-Induced Phase Shifts in an Atom Interferometer 
	Optical Cavity Interaction Region
	Multipass Cavity Design and Construction
	Light-induced Phase Shift with a Multipass Cavity
	Multipass Cavity Alignment in the Atom Interferometer
	Signal Enhancement
	Future Improvements for a Laser-Atom Interaction Region

	Decoherence Spectroscopy in the Atom Interferometer for Measuring Doppler Shifts
	Broadband Laser Light
	Laser System
	Measuring the Laser Spectrum
	Broadband Light Induced Phase Shifts
	Tuning the Broadband Spectrum
	Correction for Tune-Out Wavelength Measurements

	Shifts in zero Measurements on Left versus Right Paths of the Interferometer
	Final Measurement Results and Analysis

	CHAPTER ATOM INTERFEROMETER GYROSCOPE
	Dispersion Compensation with Static Electric Field Gradients
	Dispersion Compensation with Light near a Tune-Out Wavelength
	Using Light near a Tune-Out Wavelength and Static Electric Field Gradients
	Sensitivity Estimates
	Sensitivity Estimate from Data
	Shot Noise Limited Sensitivity Estimate


	CHAPTER CONCLUSIONS AND OUTLOOK
	APPENDIX REPRINT: POTASSIUM TUNE-OUT WAVELENGTH MEASUREMENT USING ATOM INTERFEROMETRY AND A MULTIPASS OPTICAL CAVITY
	APPENDIX REPRINT: DECOHERENCE SPECTROSCOPY FOR ATOM INTERFEROMETRY
	APPENDIX REPRINT: ATOM INTERFEROMETER GYROSCOPE WITH SPIN-DEPENDENT PHASE SHIFTS INDUCED BY LIGHT NEAR A TUNE-OUT WAVELENGTH
	APPENDIX LIST OF PUBLICATIONS CO-AUTHORED BY R. TRUBKO
	REFERENCES

