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Abstract

A novel method is described for measuring the velocity of atoms in an atom beam
interferometer. The method using new equipment called phase choppers has been tested
in our laboratory and shown to enable measurements of the atomic flow velocity with
less than 0.1% uncertainty. The theoretical framework for phase choppers is described
in this thesis and emphasis is is placed on a complete understanding of corrections to
an ideal description. Several corrections from an ideal model are described and the
result is an error budget that can be used to support future precision measurements
of atomic polarizability using atom beams whose velocities can now be measured using
phase choppers.
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Chapter 1

Introduction

This thesis describes a new method that has been implemented in our laboratory to
measure the velocity of atoms in an atom interferometer. The velocity distribution of a
supersonic atom beam can be described by two paramters: the flow velocity (v0) and the
velocity spread (σv). I will show how the new method using phase choppers can provide
measurements of v0 with less than 0.1% uncertainty and measurements of σv with about
2% uncertainty. The accuracy with which our phase choppers can measure v0 and σv is
significantly better than our previously established method that was based on analysis
of atom diffraction from a nano grating.

A motivation for making more precise measurements of v0 and σv is for the ongoing ef-
fort to measure a fundamental property of atoms: their polarizability. The static electric
dipole polarizability of Na, K, and Rb atoms has been measured in our interferometer
with an uncertainty of 0.3% in the ratios (e.g. αNa

αK ), and this creates better bench-
marks for atomic structure calculations. This in turn improves our knowledge of Van
der Waals forces, state lifetimes, branching ratios, indices of refraction, and blackbody
radiation-induced shifts in atomic clocks [1]. In the future, if we can obtain measure-
ments sufficient to know the ratio of velocities for two different atomic beams with only
0.005% uncertainty, then the uncertainty in atomic polarizability ratios can be reduced
to 0.01%. As a comparison, absolute measurements of atomic polarizability for alkali
atoms have been made with uncertainties of 0.7% (Li), 0.4% (Na), 2% (K, Rb), and
0.1% (Cs) [2, 3, 4, 5].

An atom interferometer is an apparatus that splits and later recombines atomic waves [6].
This is possible because elementary particles exhibit particle-wave duality [7], and thus
can be diffracted through gratings with slits approximately the same size as an atom’s
de Broglie wavelength. We utilize this phenomenon to create our atom interferometer by
diffracting atom waves through three nano gratings. As a result of using nano-gratings,
our interferometer can be used for multiple atomic species and ratios of atomic velocities
and fundamental atomic properties can be measured with high precision [8].
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The new technique described in this thesis requires chopping on and off two electric fields
that interact with atoms in an interferometer, inducing phase shifts in the measured
atomic interference fringes. These “phase choppers” were constructed and tested using
a grounded plane and a cylindrical wire oscillating between ground and high voltage.
The velocity distribution of the atom beam in the interferometer can be measured by
studying the contrast of the interference fringes as a function of the electric field chopping
frequency. This technique does not attenuate atom beam flux, has no moving parts,
works well for many types of atoms, and takes an acceptable amount of time (20 minutes)
to make measurements of v0 with 0.1% uncertainty.

The ability to measure velocity using phase choppers was demonstrated in [9]. This thesis
analyzes corrections to the ideal model and demonstrates how taking these corrections
into account makes velocity measurements of 0.1% uncertainty possible for the first
time in our atom interferometer. Chapter 2 summarizes alternative methods to measure
velocity distributions in atomic beams and discusses their applicability and precision.
Chapter 3 begins the theoretical description of how two chopped electric fields in our
Mach-Zender atom interferometer can be used to obtain velocity measurements. Chapter
4 describes necessary corrections to account for experimental imperfections. Chapter 5
presents data obtained using phase choppers. The least-squares best fit to the data
that was used to report v0 and σv is also shown in chapter 5 for Li, K, and Cs atom
interferometers with various velocity distributions.
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Chapter 2

Alternative Methods to Measure
Velocity

There are several other methods to measure beam velocities including mechanical se-
lection, Doppler shifts, time-of-flight, and nano-grating diffraction. Each method builds
upon different physical principles to determine the velocity. These methods are briefly
described in this chapter for the purposes of comparison with our new method that is dis-
cussed in chapters 3-5. Emphasis is placed on the precision achieved with each method,
the ease of implementation and the suitability for use in an atom interferometer.

2.1 Mechanical Selection

Mechanical selection of a known velocity results in a subset of the original beam particles
with a smaller velocity distribution. I will describe two methods that work this way.
Because both methods block particles of undesired velocities, the signal (or detected
intensity) is significantly reduced. The simpler of the two methods involves gravitational
freefall of the atom beam between two apertures at different heights, selecting an almost
Gaussian velocity distribution. When traveling across a distance L between the two
apertures at a velocity v, the atoms will fall by a height h given by

h =
gL2

2v2
,

where g ≈ 9.8m/s2 [10]. The method was first used to measure velocities in 1947 [11],
and it is still used today [12]. Precision of about 1% can be achieved with this method
[13]; recently this method was used in a Talbot-Lau molecule interferometer to select
velocity distributions with 0.7% resolution [14].

The second method of mechanical selection determines velocities by two rotating disks,
called choppers, that are separated by a distance L and operated (rotated) at a frequency
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f . The most common type of rotating selector is the slotted disk velocity selector
(SDVS), and consists of at least two disks with radial slots along the rim. The permitted
velocity is given by

v0 =
2πRLf

D
,

where R is the radius of the disks and D is the circumferential displacement between
the disks (if the choppers are identical and placed in line with eachother, then D is the
length, in terms of the circumference, between the two slits). Due to the thickness of the
slits, faster and slower velocities also transmit through the choppers. These velocities
are given by

vmin = v0
1 + β

1 + γ
,

vmax = v0
1− β

1− γ
.

Here β and γ are dimensionless quantities given in terms of the disk thickness, d, and
the slit width, a:

β =
d

L
,

γ =
a

D
.

The beam that is transmitted through the choppers will now have a smaller velocity
distribution that is approximately triangular. However, atoms with velocities of

v =
Dv0

n2πR+D
,

where n is an integer, will also be transmitted through the chopper, creating “sidebands”
to the permitted velocity distribution. More disks in succession are required to elim-
inate these sidebands, but this causes a further reduction in beam signal. Discussion
of systems which eliminate sidebands with the minimum number of disks can be found
in [15]. The finite width of the disks (d > 0) also poses complications when determin-
ing the permitted velocity distribution, and the resulting transmission and resolution
from SDVS systems are discussed in [16]. There are also disks that are designed with
non-straight slits such that the resulting transmission curves will mimic that of infinites-
imally thin disks [17]. Angular dispersions in the beam, which are significant in atom
interferometers and uncollimated beams, can also distort transmission curves from slot-
ted disks: atoms angled in the same direction as the choppers rotate will be transmitted
with slower velocities while atoms angled in the opposite direction are transmitted with
faster velocities [18]. Calibration of SDVS systems (measuring the actual transmitted
velocity) can be achieved with less than 1% uncertainty [10].

Mechanical selection of a velocity distribution is not desired for our experiment because
a beam created from dynamic gas expansion already has a thin, supersonic velocity
distribution. We could use a SDVS system to measure our existing velocity distribution,
however blocking particles in the beam will reduce our beam intensity, typically by
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a factor of four [9], and the resulting low signal-to-noise ratio will cause less precise
measurements.

2.2 Doppler Shift

Doppler shift velocimeters can both measure velocity and serve as detectors. This
method involves placing a laser of tunable frequency at angular incidence (e.g. 45◦)
with respect to direction of beam propagation and measuring the induced fluorescence
(or absorption) as the laser frequency (ωL) hits atomic resonance. Because of the Doppler
shift, an atom traveling with a velocity v with respect to the laser will see a shifted laser
frequency of

ω = ωL − kv

where k is the wave vector, equal to 2π/λ. An atom will absorb a photon from the laser if
it appears to have a frequency equal to one of the atom’s transition frequencies, ω0 [10].
This method was first used to measure the velocity of a molecular beam in 1968 [19].
The performance of Doppler shifted resonance fluorescence as a velocity spectrometer is
discussed in [20]. The ability to measure velocities ranging from 10 m/s to supersonic
speeds in demonstrated in [21]. Atomic resonance methods are inconvenient for a lab
working with multiple beams of different atomic species because a separate laser is
necessary for each element. Furthermore, the obtainable resolution with which velocity
can be measured is dependent on the angular dispersion of the beam and the line width
of the atomic transition, which differs from atom to atom [22]. Precision of about 0.8%
has been obtained with this method [23].

2.3 Time-of-Flight

Time-of-flight measurements depend on a simple principle: velocity is equal to distance
divided by time. Typically, a perturbation such as a mechanical chopping, an opto-
mechanical interaction, or a metastable state production by a discharge is used to gate
the beam. In simpler terms, the original beam becomes chopped, and the remnants are
called pulses. These pulses are released at a known time (t0) and a known distance away
from the detector (L). These pulses will reach the detector at a time given by

t = t0 +
L

v
.

If all of the particles in a pulse had the same velocity, the time frame in which the pulse
reaches the detector would be equal to the original pulse time, tp, defined as the length
of time the pulse was created. However, because each pulse consists of a particle bunch
with an internal velocity distribution, the pulse spreads in space as it travels toward the
detector and the particles arrive at the detector during a time frame larger than tp; from
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this dispersion the spread in velocity can be measured. In order to correctly calculate
the velocity from TOF measurements, the dynamic response of the detection system also
needs to be taken into account [24]. In the single-pulse method of TOF measurements,
frame overlap (a case in which fast particles from a second pulse reach the detector before
the slower atoms of the first pulse) is avoided. This requires that the time between the
gate pulses, tg, must be much larger than tp, and as a result the intensity of the beam
is significantly reduced [22, 10]. Reduction in the beam intensity in turn leads to a
low signal-to-noise ratio and results in large uncertainty in the measurements. Intensity
reduction can be reduced by using the multiple-pulse method, also known as the cross-
correlation method, in which frame overlap is allowed and the beam is chopped in a
pseudo-random sequence [10]. This process is discussed and tested by measuring the
desorption time of alkali ions on a tungsten surface in [25]. Uncertainty of only 0.2-0.4%
was achieved using this method in [26]. Recently, this uncertainty was reduced even
further (to 0.03%) by removing uncertainty in the propagation distance (L) [27].

2.4 Diffraction

A method we have used to measure the velocities in our atom beams involves diffracting
the atoms through one 100 nm nano-grating [28, 29, 30, 31]. This method involves
measuring the diffraction angle θ that is dependent on the de Broglie wavelength λ
by

sin(θ) =
nλ

d
,

where d is the grating period and n is an integer. The flow velocity can then be extracted
from θ because the velocity is related to de Broglie wavelength by

λ =
h

mv
.

The velocity spread can theoretically be determined from the broadening of the diffrac-
tion maxima [22]. Because our detector is too thick to resolve the diffraction orders
with enough resolution to obtain measurements of the velocity spread, we instead used
contrast loss measurements from our interferometer to determine σv. We were able to
obtain measurements of v0 and σv with less than 0.2% and 10% uncertainty, respectively
[28]. However, this method cannot achieve similar precision for heavier atoms because
the diffraction angle becomes once again too small to resolve with our detector. The
diffraction orders could be broadened by decreasing the velocity of the beam, but this
would reduce flux and hence the signal-to-noise ratio.
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Chapter 3

Theoretical Framework for Phase
Choppers

Our new “phase choppers” are an improvement over other methods for measuring ve-
locities, including our previous diffraction method. The choppers induce phase shifts in
the atoms by forming an electric field around the interferometer. By pulsing the electric
fields on and off in two different locations, these phase choppers cause perturbations in
the contrast of our atom interferometer similar to the way mechanical choppers cause
perturbations in the detected flux. This chapter will examine how the phase choppers
affect the contrast such that the velocity can be measured.

3.1 Ideal Situation

The phase choppers consist of a grounded plane and a cylindrical wire that is either
grounded or at high voltage. If an atom passes through a chopper when the voltage is
applied, the atom will acquire a phase shift. We set the high voltage to cause a phase
shift of π to the atom beam interferometer fringes. We place two choppers perpendicular
to the atom beam such that the entire interferometer passes through the gap between
the wire and grounded plane. The distance between the choppers is over 1000 times
the distance between the wire and grounded plane, ensuring no electric field interactions
between the two choppers. Furthermore, we flip the geometry of the second chopper
such that it applies a negative phase shift with respect to the phase shift of the first
chopper. Given this setup, an individual atom passing through the oscillating choppers
will gain either a net phase shift of zero or π, see figure 3.1.

We record the fringes from the atom interferometer and measure the contrast as a func-
tion of the choppers’ frequencies (switching between ground and high voltage). The
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Figure 3.1: Phase choppers are a new method to measure the velocity of atoms in
an atom interferometer. Our Mach-Zender interferometer is created by placing three
nanogratings (1G, 2G, and 3G) in the line of an atom beam. The phase chopper method
involves applying phase shifts in two separate regions of the interferometer and measuring
the resulting contrast. Our phase choppers consist of a high voltage wire across from a
grounded plane. The voltage on the wire is pulsed on and off, creating pulsed electric
fields represented by the dashed lines.

contrast of the interference fringes is given by

C =
min−max

min + max
, (3.1.1)

where max and min denote the maximum and minimum flux of the interference fringes.
We extract the velocity by fitting the contrast function to our model. See section (5.1)
for our experimental setup.

Figure 3.2 illustrates four possible scenarios that result in atomic fringes with zero or
π net phase shifts and maximum or zero contrast. An atom traveling with velocity v
traverses the length between the choppers (L) in a time τ = L

v . The corresponding
frequency, f0 = 1

τ , is a critical frequency for the choppers that we call the fundamental
frequency. If the choppers are operated at f0 then atoms will pass through either both
or none of the choppers’ electric fields. This is because at this frequency the choppers
switch (on → off or off → on) exactly twice during the time τ . Both of these situations
result in zero net phase shift, leaving the interference fringes unaffected. This situation
occurs at all frequencies of f = nf0, where n is an integer.

At half the value of f0 the choppers switch once while the atoms traverse the distance L.
Therefore, if an atom passes through one chopper while the high voltage is off, the atom
will pass through the other chopper when the voltage is on. The same situation occurs
for atoms that pass through chopper-one at a later time when the voltage is applied.
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Figure 3.2: The atoms’ trajectories through the phase choppers for varying frequencies.
The dashed lines represent the electric fields of chopper-one (bottom) and chopper-two
(top). (a) f = f0. All atoms experience off/off or on/on chopper states. Fringes have
zero net phase shift with no change in their contrast. (b) f = f0/2. Half the atoms
experience on/off and half the atoms experience off/on states. Fringes have π net phase
shift with no change in their contrast. (c) f = f0/4. Atoms have equal probability of
experiencing the four possible states: off/off, off/on, on/off, and on/on. Fringes have
indeterminate phase and zero contrast.

Hence all of the atoms acquire a π or −π phase shift. Therefore, for f = f0
2 + nf0 the

fringes exhibit a π net phase shift and no reduction in contrast.

At a quarter of the fundamental frequency atoms have equal probability of acquiring
either a π or zero net phase shift after traversing the choppers. At this frequency the
choppers only switch once every 2× τ seconds. The result is that atoms passing through
chopper-one’s electric field during the first half cycle will also pass through chopper-two’s
electric field and acquire zero net phase shift; yet atoms that pass through chopper-one’s
electric field during the second half of the cycle will not pass through chopper-two’s
electric field and will instead acquire a π phase shift. Averaging fringes of zero and π
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phase shift results in an indeterminate phase and zero contrast. This situation occurs
for all frequencies of f = f0

4 + nf0
2 .

3.2 The Electric Field and Acquired Phase Shift

The charged cylinder and grounded plane of the phase chopper create a gradient elec-
tric field around the atoms’ paths. In the limit of an infinite ground plane and wire,
this electrode geometry can be analyzed using the method of images [32, 33]. For two
infinitely long wires (one representing the wire and the other the image in the grounded
plane) with equal but opposite charge densities λ and −λ, the equipotential surfaces are
described by

V =
λ

2π�0
ln

����
(b+ x)2 + z2

(b− x)2 − x2

���� (3.2.1)

where the line charge, λ, and its position from the ground plane, b, are given by

λ =
2π�0V

ln
���a+R+b
a+R−b

���
(3.2.2)

and

b = a

�
1 +

2R

a
. (3.2.3)

Here a is the closest distance between the surface of the charged cylinder and ground,
and R is the radius of the cylinder. The magnitude of the electric field in this region

!"

#

$

%&

'

Figure 3.3: Top view of the choppers. High voltage is applied to the cylinder which
creates an effective line charge located at λ. Placing a grounded plane near this cylinder
creates a gradient electric field. The atoms pass along the z axis.
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can be determined from the voltage by

Ex =
∂V

∂x
(3.2.4a)

Ez =
∂V

∂z
(3.2.4b)

|Ex,z| =
�
E2

x + E2
z . (3.2.4c)

The resulting electric field is

Ex,z =
λ

2π�0

��
x− b

(x− b)2 + z2
− x+ b

(x+ b)2 + z2

�
x̂+

�
z

(x− b)2 + z2
− z

(x+ b)2 + z2

�
ẑ

�
.

(3.2.5)

The phase acquired by an atom propagating through the electric field is derived in [33]
and is given by

φ =
α

2h̄v

� ∞

−∞
E2

x,z dz. (3.2.6)

By evaluating this integral along the path of the atom we obtain

φ(x, v) =
λ2α

π�20h̄

1

v

�
b

b2 − x2

�
(3.2.7)

[28]. This equation can be used to evaluate the absolute value of the phases acquired
by each atom passing through choppers one and two denoted by φ1 and φ2. Since we
do not a priori know the velocity or polarizability of the atoms, we measure the phase
shifts induced by each chopper for the ensemble of atoms in the atom interferometer.
The absolute value of the average phase shifts are denoted by φ01 and φ02. Equations
(3.2.6) and (3.2.7) will become useful when discerning the effects of velocity dependent
phase shifts and finite beam widths in chapter 4.

3.3 Phase Shift Assumptions

For an oversimplified model (in this subsection), we will assume that every atom that
passes through a chopper’s electric field acquires the same phase shift of φ0 such that

φ1 = φ01,

φ2 = φ02.

Furthermore, we will assume that

φ01 = φ02 = π. (3.3.1)

We are therefore assuming that the beam is infinitesimally thin and there is no velocity
dependence in the phase acquired by an atom propagating through the electric fields.
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Figure 3.4: (a) Perfect square voltage wave of 50% duty cycle. (b) φ1 and φ2 as a
function of time. We assume that the electric fields can switch instantaneously and that
all atoms passing through the electric fields acquire a π phase shift.

We also assume that the voltage applied to the choppers oscillates with a perfect square
wave of 50% duty cycle; as a result, the electric field between each chopper can turn on
and off instantaneously. The normalized voltage function is given by

V (t) =

�
1 if t < T

2

0 if t ≥ T
2

(3.3.2)

where T is the period of voltage oscillation related to the frequency by T = 1
f .

To account for the time shift (τ) from traveling from the first chopper to the second, the
phases acquired by atoms passing through the chopper regions are modified to

φ1(t) = φ01V
2(t), (3.3.3a)

φ2(t) = φ02V
2

�
t+

L

v

�
, (3.3.3b)

where L is the length between the choppers. We can now calculate the resulting contrast
of the interference fringes in this ideal situation.

3.4 Contrast Function

The net phase (Φ) and contrast (C) are derived from summing the interference fringes
over all possible velocities v and start times t.

CeiΦ = C0e
iΦ0

1

T

� T

0

� ∞

0
P (v)ei(φ1(t)−φ2(t)) dv dt. (3.4.1)

We subtract φ2 from φ1 because the second chopper is oriented oppositely to the first
chopper, thus the phase acquired by an atom passing through the second chopper’s
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electric field is negative with respect to the phase acquired in the first chopper’s electric
field.

For numerical analysis it is easier to write the contrast and net phase in terms of the real
and imaginary components of equation (3.4.1). Using Euler’s formula we can rewrite
the real and imaginary components as

�[CeiΦ] =
1

T

� T

0

� ∞

0
P (v) cos(φ1 − φ2) dv dt, (3.4.2a)

�[CeiΦ] =
1

T

� T

0

� ∞

0
P (v) sin(φ1 − φ2) dv dt. (3.4.2b)

The net phase and contrast are then given by

Φ = arctan

�
�[CeiΦ]

�[CeiΦ]

�
, (3.4.3a)

C =
�
�2[CeiΦ] + �2[CeiΦ]. (3.4.3b)

!
"
#$ !

"

Figure 3.5: Phase and contrast vs. chopping frequency assuming all atoms have the
same velocity v. Functions for two different velocities are plotted against each other to
illustrate the spread in the phase and contrast.

By plotting the contrast and phase as a function of frequency for a beam of a single
velocity (P (v) = δ(v − v0)), one can see that the contrast has periodic revivals that
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reach their minimum when the net phase undergoes a π phase shift. The contrast at
f = 0 equals 1 (assuming a normalized contrast function) because the choppers are not
switching and therefore the interference fringes are unaffected. The contrast drops to
zero at f = f0/4; the phase is also indeterminate at this frequency. The contrast returns
to its maximum value at f = f0/2 and at this frequency all the atoms are acquiring π
phase shifts, resulting in a π shift in the net phase Φ. The phase becomes indeterminate
again at 3f0

4 , and the contrast returns to zero. At f = f0, all atoms go through either
none or both of the electric fields, resulting in the original fringes at f = 0; hence the
phase returns to its original value and the contrast returns to its maximum. Because the
frequency at which the contrast revivals occur are proportional to the velocity (f = nv

2L),
increasing or decreasing the average velocity causes the frequency of the contrast revivals
to decrease or increase, respectively. Thus, the flow velocity of the atom beam can be
determined from the contrast vs. frequency data.

3.5 Velocity Distribution

Including the velocity distribution with a significant spread dramatically changes the
contrast at all but the lowest chopping frequencies. Following [28], we use a supersonic
atom beam velocity distribution described by

P (v)dv = Av3 exp

�
−(v − v0)2

2σ2
v

�
dv, (3.5.1)

where v is the velocity of an atom in the beam, v0 is the flow velocity of the atom beam,
and σv is the velocity spread. A is a normalization constant given by

A =
�√

2πv0σv
�
v20 + 3σ2

v

��−1
.

We define a dimensionless quantity related to the sharpness of the velocity distribution
called vratio, given by

vratio =
v0
σv

. (3.5.2)

A greater vratio therefore implies a narrow velocity distribution. Typical experimental
values of vratio range from 15 to 25, although vratio values ranging from 8 to 40 have been
observed with our phase chopper data. This distribution is plotted for several spreads
in figure 3.6.

16



Figure 3.6: Supersonic velocity distribution for multiple values of vratio. v0 = 2500m/s.

Because there are now atoms of various velocities in our model, there are now multiple
fundamental frequencies (f0) corresponding to the contrast revivals. Averaging all of
these velocities results in a decay of the contrast revivals, shown in figure 3.7. At
vratio = 10, the spread is so large that we begin to see a shift in the frequency of
the contrast revivals, corresponding to a shift in f0. This is because in a supersonic
distribution the flow velocity (v0) is neither the most probable velocity nor the average
velocity. This discrepancy is much more significant at vratio = 10 than at vratio = 100,
as shown in figure 3.6. At vratio = 10 the mean velocity is actually about 3% larger
than the flow velocity (only 0.5% larger when vratio = 15). Therefore, because of our
classification of velocity, for low vratio we have contrast revivals that occur at larger
frequency increments. For a large vratio though, the flow velocity and vratio act as nearly
independent parameters: the flow velocity controls the frequency of the revivals while
the velocity spread controls the decay of the revivals. This makes both v0 and vratio
extractable from the contrast data.
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Figure 3.7: Phase and contrast vs. chopping frequency for supersonic velocity distribu-
tions of different sharpness. v0 = 2500m/s. The multiple velocities in the atom beam
cause a decay in the contrast revivals as the frequency increases. This decay envelope
becomes more prominent as vratio decreases (the velocity spread increases). There is also
an increase the value of f0, which dictates the spread of the contrast function.
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Chapter 4

Corrections to the Ideal Model

There are many corrections that will effect the contrast function derived in chapter 3.
Most notable are the velocity dependence of the acquired phase shifts and the non-π
average phase shifts, φ0. Minor corrections include an imperfect square wave voltage
function and the finite width of the atomic beam.

4.1 Velocity Dependence of Phase Shifts

To obtain information on the spread of the velocity distribution in the atom interfer-
ometer the velocity dependence of the phase acquired by an atom passing through a
transverse electric field must be accounted for. The velocity affects the acquired phase
in two ways. First, the diffraction angle that determines the path separation in the in-
terferometer is inversely proportional to the velocity of the atoms, meaning that slower
(faster) atoms have a slightly larger (smaller) path separation. This position dependence
of the acquired phase caused by this effect will be considered in section (4.4); here we
will simply assume a ( 1v ) dependence. Second, the more time an atom interacts with
the electric field, the larger the phase shift it will acquire. Therefore, atoms with slower
velocities acquire larger phase shifts than fast atoms. This results in a second ( 1v ) de-
pendence. Both of the velocity dependences were shown to be extractable from equation
(3.2.7) in an approximation of an infinitismally thin beam in Appendix A. As a result,
the velocity dependent phase shifts (a replacement to equation (3.3.3)) are

φ1(v, t) = φ01

�v0
v

�2
V 2(t), (4.1.1a)

φ2(v, t) = φ02

�v0
v

�2
V 2

�
t+

L

v

�
. (4.1.1b)
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Figure 4.1: Contrast vs. frequency for v0 = 2500m/s and vratio = 25. The purple
line represents the contrast assuming equation (3.3.3) is valid. The green line plots
the resulting contrast function when the velocity dependence of the acquired phase is
included from equation (4.1.1).

There are notable differences in the contrast function with and without the velocity
dependence, compared in figure 4.1. The 1

v2 dependence in the phase causes a decrease
in the odd-ordered contrast revivals and an increase in the even-ordered contrast revivals.
This can be explained by reexamining the phases acquired by each atom for the even
and odd revivals. The odd revivals correspond to frequencies of f = f0

2 + nf0, when
half of the atoms acquire only the phase shift of the chopper-one (φ1) and the other half
of the atoms acquire only the phase shift of chopper-two (-φ2). Because the phase of
each atom is dependent on the velocity and there is a finite spread in the velocity, this
results in a phase dispersion of each atom traversing only one electric field. This phase
dispersion results in reduced contrast of the odd revivals.

The even-ordered contrast revivals correspond to frequencies of f = nf0, when each atom
traverses through either none or both of the electric fields. The choppers are placed in
opposite directions and therefore the atoms acquire opposite phases from each chopper.
Because the velocity of the atom does not change in the time it takes to travel from
chopper-one to chopper-two, the atoms passing through both choppers acquire canceling
phases that result in zero net phase with no dispersion. This places the even-ordered
contrast revivals modeled with velocity dependent acquired phases at the same contrast
level as the velocity independent model. To explain why the even-ordered revivals with
velocity dependent acquired phases are actually higher than their velocity independent
counter parts, we need to reexamine what caused the contrast envelope to decrease when
including the velocity distribution, P (v). The velocity spread causes a dispersion in the
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Figure 4.2: Contrast as a function of frequency for v0 = 2500m/s and multiple vratio.
We begin to see peak pairing when vratio = 25. This effect is not present when assuming
velocity independent acquired phases.

fundamental frequency f0. Therefore, at the average value of f0 there are faster and
slower atoms that traverse (or do not traverse) a chopper’s electric field when they are
not supposed to (or supposed to). This causes π phase shifts in a majority of zero phase
shifts, and this dispersion reduces the contrast. When the 1

v2 dependence is included,
these fast and slow atoms acquire smaller or larger than π phase shifts. Because anything
that is not equal to π is closer to zero on the unit circle, these non-π acquired phases
result in less phase dispersion, and hence larger contrast at the even revivals.

For values of vratio around 25, the reduced odd revivals and increase even revivals result in
“peak pairing”, in which two adjacent peaks have matching contrast revivals amplitudes.
For much lower values of vratio, this peak pairing disappears as the odd contrast revivals
have lower maxima than the following even contrast revivals. At vratio = 10, we begin
to see dephasing effects. The frequency width of the odd-ordered revivals become much
smaller (while the even-ordered revivals become larger) until the odd revivals completely
disappear. At this point the corresponding phase hops fail to reoccur. This effect is not
present in the velocity independent phase model.

We also need to consider that the average phase shift acquired by atoms with velocity
distribution P (v) is not the phase shift acquired by an atom of the average velocity.
Because of the parameterization of our supersonic beam, v0 �= vavg. Therefore, equation
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(4.1.1) should actually be written as

φ1(v, t) = φ01

�vavg
v

�2
V 2(t), (4.1.2a)

φ2(v, t) = φ02

�vavg
v

�2
V 2

�
t+

L

v

�
. (4.1.2b)

However, it is impossible to compute vavg without first knowing v0 and vratio. A good
approximation is to use the most probable velocity, vp. The smaller vratio is, the worse vp
is an approximation for vavg, however for vratio = 10 the correction between vavg and vp
is less than 0.1%. This is 30 times better than approximating vavg as v0. The equation
for vp in terms of v0 and vratio is derived in Appendix B and is given by

vp = v0

�
1 +

3

v2ratio

�
. (4.1.3)

4.2 Non-π Average Phase Shifts

The actual average acquired phases (φ01 and φ02) acquired by an atom with average
velocity v0 passing through the electric field of chopper-one or chopper-two will not be
equal to exactly π. The position of, and the high voltage applied to the choppers can
be adjusted to obtain average phase shifts close to π; however, the actual average phase
shift can be measured by examining the shift in the interference fringes when applying
steady voltage to one chopper at a time. These measurements will nearly always result
in

φ01 �= φ02 �= π.

The average phases are not independent parameters as an increase (or decrease) in φ01

alters the contrast function in the same way that an increase (or decrease) in φ02 would.
It is therefore useful to define two independent parameters to examine two different
situations: First, phase shifts significantly different from π and second, a large difference
in the average phase shifts of choppers one and two. We define the mean phase and the
phase difference as

φmean =
φ01 + φ02

2π
, (4.2.1a)

∆φ =
φ01 − φ02

π
, (4.2.1b)

respectively, such that equation (3.3.1) holds true when φmean = 1 and ∆φ = 0.

We can predict the reduction in the even and odd-ordered contrast revivals by considering
the summation of the phases. However, this approximation for contrast revivals ignores
the velocity dependence of acquired phases and fails to predict increase in the contrast
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revivals. I will rewrite the contrast, given in equation (3.4.3), as

C =

����
�
1

n

n�

i=1

cosϕn

�2

+

�
1

n

n�

i=1

sinϕn

�2

(4.2.2)

Where ϕn represents the n possible phase states. The odd-ordered revivals (f =
f0/2 + nf0) correspond to half of the atoms experiencing the on/off chopper states (φ1

phase shift) and the other half experiencing the off/on chopper state (φ2 phase shift).
Therefore, we can write ϕn as

ϕn =

�
ϕ1 = φ1

ϕ2 = φ2
(4.2.3)

This corresponds to a contrast of

C =

��
cos(φ1) + cos(−φ2)

2

�2

+

�
sin(φ1) + sin(−φ2)

2

�2

(4.2.4)

for odd-ordered revivals. Similarly the even-ordered revivals (f = nf0) correspond to
half off/off and half on/on, resulting in

ϕn =

�
ϕ1 = 0

ϕ2 = φ1 − φ2,
(4.2.5)

which corresponds to a contrast of

C =

��
cos(φ1 − φ2) + cos(0)

2

�2

+

�
sin(φ1 − φ2) + sin(0)

2

�2

. (4.2.6)

Appendix C derives from equations (4.2.4) and (4.2.6) the following equations for con-
trast at odd and even revivals:

Codd =

�
1 + cos(φ1 + φ2)

2
(4.2.7a)

Ceven =

�
1 + cos(φ1 − φ2)

2
. (4.2.7b)

Equation (4.2.7) predicts that both odd and even contrast revivals reach their maximum
when φ1 = φ2 = π. When φ1 = φ2 = π ± π/4, it is predicted that odd revivals are
decreased by about 70% while the even revivals remain the same. We see in figure 4.3
that the odd revivals for 3π/4 and 5π/4 average acquired phases are about 70% lower
than the odd revivals corresponding to an average acquired phase of π. For φ1 = 7π/6
and φ2 = 5π/6 (corresponding to φmean = 1 and ∆φ = 1/3), equation (4.2.7) predicts
that the odd revivals will remain unchanged while the even revivals will be reduced to
86%. This effect is illustrated in figure 4.7.
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Figure 4.3: Phase and contrast vs. frequency for different mean phases. v0 = 2500m/s
and vratio = 25. The acquired phases are modeled as velocity independent. Identical
changes in the phase and contrast occur for φmean less than or greater than 1. There
is a decrease in the maximum contrast of the odd revivals and a slight increase in the
maximum contrast of the even revivals. The π phase shifts also occur over a smaller
frequency range, corresponding to thinner odd-order contrast revivals.
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Figure 4.4: (a) Fringes with phases of zero (black) and ±π (blue) average to zero (red).
(b) Phases of zero (black), 3π/4 (dark blue) and −3π/4 (light blue) do not average to
zero (red). This diagram helps illustrate how the contrast minimum does not occur at
f = f0/4 + nf0/2 when φmean �= 1.
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Figure 4.5: Phase and contrast vs. frequency for different mean phases with the velocity
dependence of the acquired phases included. v0 = 2500m/s and vratio = 25. We see a
shift in the frequency at which the maximum of the contrast revivals occur.
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Figure 4.6: Phase and contrast vs frequency for φmean = π and φmean = π/2. v0 =
2500m/s and vratio = 25. The acquired phases are modeled as velocity independent.
The odd contrast revivals completely disappear for the latter value of φmean, as predicted
by equation (4.2.7).

25



Figure 4.3 illustrates the effects of a mean phase not equal to 1 (ignoring the velocity
dependence of the phase shifts). Increasing or decreasing the mean phase shift produces
identical changes in the contrast. The odd-ordered contrast revivals have decreased
maxima while the even-ordered contrast revivals are increased. The odd-ordered contrast
revivals are decreased because they correspond to on/off and off/on chopper states.
Recall that when φmean = 1, the atoms experiencing the on/off state acquire a π phase
shift while atoms experiencing the off/on state acquire a −π state; these both result
in a π phase shift. When φmean = c for c �= 1, half the atoms acquire a c · π phase
shift and the other half a −c · π phase shift. These phases are no longer equivalent
and this phase dispersion results in reduced contrast. Furthermore, the frequency at
which contrast minima occur are shifted to higher frequencies for odd-ordered minima
and shifted to lower frequencies for even-ordered minima. This results in thinner even-
ordered contrast revivals and wider odd-ordered contrast revivals. This can be explained
in two ways. First, the frequency of the contrast minima are shifted because φmean �= 1,
see equation (C.0.6) and figure 4.4. Second, the π net phase shifts (odd contrast revivals)
occur over smaller frequency ranges because the non-π phase is in between zero and π
(cos(0) ≤ cos(c·π) ≤ cos(π)). Therefore the phase averaging will be closer to zero than π
for a larger percentage of frequencies. The greater the difference between π ·φmean and π,
the smaller the frequency range over which π net phase shifts occur. When φmean = π

2 ,
these π net phase shifts completely disappear. This is because at f = f0/2 + nf0,
the atoms acquire either a +π/2 or −π/2 phase. These average to zero and result in
elimination of the odd-ordered contrast revivals. This agrees with equation (4.2.7) and
is shown in figure 4.6.

The contrast function for φmean greater or less than π are no longer equal when the
velocity dependence of the acquired phase is included. This is shown in figure 4.3. For a
mean phase larger than π, each contrast maximum occurs at a slightly larger frequency.
Similarly, for a mean phase less than π each contrast maximum occurs at slightly smaller
frequency. Therefore the net π phase shift (in Φ), while still diminished in frequency
space, occurs at larger frequencies if both choppers induce phases larger than π than if
both choppers induced phases smaller than π. This may be caused by the greater phase
dispersion (from the velocity dependence) when φmean is large; while the percentage of
phase dispersion is the same for equal velocity distributions, a larger difference between
the acquired phases of fast and slow atoms will occur when φmean is large.
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Figure 4.7: Phase and contrast vs. frequency for different values of ∆φ. v0 = 2500m/s
and vratio = 25. The acquired phases are modeled as velocity independent, yet there
is no significant difference in the contrast function when modeling the acquired phases
as velocity dependent. There is a decrease in the even revivals and an overall drift in
the net phase. Despite this overall drift, there are π net phase shifts for each value of
∆φ �= 1.
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Figure 4.8: Phase and contrast vs. frequency for ∆φ = 0 and ∆φ = 1. v0 = 2500m/s
and vratio = 25. The even revivals completely disappear for the latter phase difference
as do the π net phase shifts.
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Next we consider the changes in the contrast function due to a difference in the phase of
the two choppers. The phase difference, ∆φ, is equal to 0 for identical phases between
choppers one and two. There appears to be no significant difference in the contrast
function when modeling a positive or negative value of ∆φ. This means that a larger
value of φ1 produces identical contrast as a larger value of φ2. If the angular dispersion in
the beam was significant and included this would not be the case. There is no significant
difference in either the phase or contrast function when the velocity dependence of the
acquired phase is included.

A non-zero value of ∆φ results in a nearly opposite effect of a non-unity value of φmean.
The even-ordered contrast revivals have decreased maxima and occur over a smaller
frequency range, while the odd-ordered contrast revivals have slightly increased maxima.
The even ordered revivals are significantly decreased because they correspond to on/on
and off/off chopper states. In the off/off case the net phase shift equals zero. When
φ1 = φ2, the on/on case also has zero net phase shift. However, when φ1 �= φ2 the
on/on case now has a ∆φ · π phase shift. This phase dispersion for f = nf0 results in
a reduction in the even contrast revivals. The net phase for the odd ordered revivals
(corresponding to on/off and off/on chopper states) are still equal to π · φmean, which
was set as π for these models.

At ∆φ = 1 the on/on case in even revivals now has a phase shift of π. The combination
of zero and π phase shifts for f = nf0 results in an indeterminate phase and eliminates
the even contrast revivals. This agrees with equation (4.2.7).

4.3 RC Time Constant and Duty Cycle

The effects of the timing of the applied voltage may also be important to account for.
We previously assumed that the applied voltage was a perfect square wave. In reality,
the resistance R and capacitance C involved in the circuit causes the voltage to increase
and decrease exponentially rather than immediately. This delay is characterized by the
RC time constant, and modifies equation (3.3.2) to

V (t) =

�
1− exp

�−t
rc

�
if t < T

exp
�−t
rc

�
if t ≥ T.

(4.3.1)

The voltage for multiple RC time constants is shown in figure 4.9. The effect of the
voltage delay on the contrast function is shown in figure 4.10.
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Figure 4.9: Normalized voltage vs. time for different RC time constants. At RC = 70µs
the delay is so large that the normalized voltage fails to reach either 0 or 1.
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Figure 4.10: Phase and contrast vs. frequency for different values of RC. v0 = 2500m/s
and vratio = 25. Acquired phases are modeled as velocity independent. There is a
decrease in the contrast maxima for odd revivals and a slight increase in the maxima of
even revivals.
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For a non-zero RC time constant the contrast function has decreased maxima for odd
revivals and increased maxima of even-ordered contrast revivals. These effects are in-
significant for an RC constant less than 1 microsecond. We also see an increase in the
minimum of the contrast functions, representing an entire dephasing of the system. The
larger the RC constant, the larger the percentage of atoms acquiring only partial phase
shifts. At RC = 70µs, no atoms will actually acquire their full phase shift, φ. The RC
value in our apparatus was measured around 0.2 microseconds, making this correction
insignificant. At 10 µs, the RC time constant equates to 100 KHz which is 5 times larger
than the maximum frequency the chopper phases are pulsed. Therefore, an RC time
constant of 0.2 microseconds would begin to show effects in the contrast function when
the choppers are run at 1MHz.

It could also be important to consider voltage function with a duty cycle differing from
50%. A duty cycle greater or less than 50% causes identical changes in the contrast
function. For odd-ordered contrast revivals the maximum values are reduced but the
even-ordered contrast revivals are unchanged. The even revivals remain unchanged be-
cause the increase or decrease in the duty cycle only alters the percentage of atoms
experiencing the on/on or off/off chopper case; as long as the chopper phase are equal,
both cases result in zero net phase. However, for f = f0/2 (odd revivals), the increase
or decrease in duty cycle causes a fraction of the atoms to experience on/on or off/off
states rather than the expected on/off and off/on states. This results in phase dispersion
that reduces the contrast of the odd revivals. The effects become significant when the
duty cycle differs from 50% by more than about 2-3%. Using a function generator with
a fixed duty cycle of 50%, the actual duty cycle applied to the choppers was measured
to differ from 50% by no more than 0.3%, making this parameter also negligible.
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Figure 4.11: Normalized voltage vs. time for different duty cycles.

Figure 4.12: Phase and contrast vs. frequency for different duty cycles. v0 = 2500m/s
and vratio = 25. Acquired phases are modeled as velocity independent. The phase
appears unchanged by the duty cycle while the odd contrast revivals decrease as the
duty cycle becomes larger or smaller than 50%.
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4.4 Spatial Distribution

We previously assumed our atomic beam was infinitesmally thin and ignored that dif-
ferent arms of the interferometer are in different positions with respect to the center of
the chopper. However, because the electric field is stronger near the high voltage wire,
atoms closer to the cylinder will acquire larger phase shifts than atoms in the center of
beam; similarly, atoms closer to the ground plane acquire less of a phase shift. The effect
of the beam width can be determined by reexamining the geometry of the choppers and
the interferometer discussed in section (3.2). See Appendix D for the derivation of

δφ± =

�
s± 2x

s± 2x0

��
b2 − x20
b2 − x2

��
b2 − (x0 ± s0)2

b2 − (x± s)2

�

where x is the position of an atom with respect to the chopper ground plane and x0 is
the mean position of the atom beam. s and s0 are the path seperations for an atom of
velocity v and v0, respectively, given by

s =
λDB

dg
z =

hz

mvdg
, (4.4.1)

where dg is the period of the diffraction grating in the interferometer, z is the propagation
distance between the chopper and the diffraction grating, m is the mass of the particle,
and h is planck’s constant.

We can now rewrite the acquired phase of an atom passing through choppers one and
two in terms of the time, velocity, and position of the particle. We also need to account
for the plus and minus interferometers, shown figure D.1. We thus have four phases to
account for now, given by

φ±1(x, v, t) = φ01

�v0
v

�2
δφ± V 2(t), (4.4.2a)

φ±2(x, v, t) = φ02

�v0
v

�2
δφ± V 2

�
t+

L

v

�
. (4.4.2b)

Also in Appendix D is an important note on how to incorporate φ± in the real and
imaginary functions first stated in equation (3.4.2).
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Figure 4.13: Phase and contrast vs. frequency for multiple beam widths. v0 = 2500m/s
and vratio = 25. The beam was assumed to be centered between each chopper, and the
acquired phases were modeled as velocity dependent. A mass of 39 amu (potassium)
was used for this model.

Assuming a top-hat spatial distribution for the atom beam, where an atom has equal
probability of being located anywhere within the given width of the beam, we have
analyzed the effects of the beam width. The odd contrast revivals have decreased maxima
while the even revivals have increased maxima. In addition, the period of the even
revivals slightly increase at expense of the odd revivals. These effects are similar to the
effect of the velocity dependent phase shift because they stem from the same reasoning.
We assume that particles with position x at chopper-one have the same position at
chopper-two. This causes a phase dispersion in the atoms acquiring one chopper’s phase
that cancels out when the atom acquires both choppers’ phases. This phase disperion
also causes fast or slow atoms that acquire only one chopper phase at frequency f = nf0
(even revivals, when the majority of atoms acquire both or none of the chopper phases) to
obtain more non-π phase shifts that disperse the phase less than π phase shifts, resulting
in higher contrast. These effects become significant around a beam width of 100µm for
a distance of 1mm between the ground plane and cylinder.
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Chapter 5

Results

5.1 Experimental Setup

We can successfully build atom interferometers composed of Li, Na, K, Rb, and Cs atoms.
We create an atom beam with supersonic velocity distributions by placing the atoms in
a heated reservoir with a 50 to 100µm aperture and running a carrier gas through this
nozzle. The carrier gas is either He, 15% Ar and He mixture, 30% Ar and He mixture,
or Ar; each of these carrier gases causes successfully slower beams. The atom beam is
collimated first by a skimmer and then by two collimation slits about 50µm wide. We
diffract the atom beams using three 100nm period silicon nitride gratings each spaced
940mm from each other. The first two gratings create our Mach-Zehnder interferometer
and output a spatially sinusoidal probability distribution of atoms with the same period
as the gratings; the third grating acts as a mask for this interference pattern. The second
grating oscillates side to side to create a temporally sinusoidal flux distribution past the
third grating mask. We detect this flux by surface ionization (platinum wire) and a
CEM (channel electron multiplier) that converts each ion into a pulse of current. We
typically detect 105 atoms/second with a contrast of 30%. Further information on the
atom interferometer can be found in [28, 6, 8].

The phase choppers were created from an aluminum bar (grounded plane) and copper
wire (high voltage cylinder). The copper wire is 1.67mm in diameter. The grounded
plane is 1 inch wide in the direction of the propagating beam and about 3mm thick.
The wire is spaced from the aluminum bar by a 1mm thick glass slide and epoxy. The
vertical gap between the two glass slides is less than 50mm. The first phase chopper
is placed 270mm away from the first grating and the second phase chopper is placed
340mm before the third grating. The distance between the two choppers was measured
at 1270.68(25)mm. The choppers are placed on translation stages within the vacuum to
make positioning both choppers (to acquire near-π phase shifts) possible. The different
velocities and polarizabilities of each atom beam require that the chopper-beam distance
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and high-voltage be adjusted for each experiment. Typical voltages range from 4-5KV,
and are switched on and off by a function generator in series with a DEI control to make
the voltage wave especially square.

To induce a near-π average phase shift with each chopper using the same voltage source,
we must position and tune each chopper separately. We place the first chopper around
the interferometer and apply a high frequency voltage to the cylinder. We adjust the
value of the high voltage and the position of the chopper until we find the minimum
contrast. We then move the second chopper around the interferometer and apply the
same voltage to chopper-two, removing the connection to chopper-one. We adjust only
the position of chopper-two to find the minimum contrast. We now have two choppers
that will apply roughly π phase shifts by use of the same voltage source. We then apply
static (non-switching) high voltage to one of the choppers at a time to measure the
average phase shift. During this process, we must periodically switch between zero and
high voltage to account for the natural phase drift in the system. It is also necessary to
measure the fringes at half of the high voltage in order to know how to properly unwrap
the phase data. We repeat this method for both choppers. To obtain contrast data, we
pulse the voltage of both choppers on and off simultaneously, incrementing the frequency
from 0KHz to about 20KHz, depending on the quality of the contrast revivals. We take
five seconds of fringe data at each frequency increment; typical frequency increments are
100 or 200 Hz.

5.2 Data and Analysis

Presented in figures 5.1, 5.2, and 5.3 are contrast data obtained using our phase choppers
on atom interferometers composed of Li, K, and Cs atoms, respectively. We use a least
squares fit on the contrast data to find the flow velocity (v0) and the velocity spread
(vratio).

The Li contrast data has a lower initial contrast than the other two data sets presented.
This is because lithium’s light mass and fast velocity causes greater dispersion in our
interferometer than the heavier atoms. This results in a worse signal-to-noise ratio
during the contrast scans which propagates into the final uncertainty. We therefore
were only able to measure v0 with 0.36% uncertainty and vratio with 2.88% uncertainty
from this data. Lithium presents challenges because it is more difficult to detect by
ionization, and because of the low mass of lithium, the atoms have faster velocities with
a greater spread. The large spread in the velocities (seen in the low vratio results in
lower contrast revivals, hence dampening our signal-to-noise ratio. Furthermore, the
fast average velocity, combined with the low polarizability of lithium, makes it difficult
to induce an average phase shift of π.

The K data is fit well with only 0.078% uncertainty in v0 and 2.2% uncertainty in vratio.
A list of the various parameters contributing to this final uncertainty can be found
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Parameter Value(Unc.)
Cor.(Unc.) [%] Cor.(Unc.) [%]

in v0 in vratio

stat error in v - (0.049) (0.70)

φ
�
v0
v

�2
- 0.053 1.170

φ
�vavg

v

�2
- 0.014 0.550

L 1270.68(25)mm (0.014) (0.362)

φavg 1.0220(85) 0.014(0.005) 0.423(0.426)

∆φ 0.0595(42) 0.071(0.004) 0.596(0.383)

C0 26.6(7) % (0.039) (1.660)

rc 0.2(1) µs 0(0) 0.255(0)

duty cycle 0.50(3) (0.006) (0.850)

width 80(30)µm 0.001(0.043) 1.302(0.462)

Total Uncertainty - (0.078) (2.154)

Table 5.1: The correction factor and propagating uncertainty of several parameters in a potas-
sium beam data fit. Data was obtained on February 23, 2011 and labeled as series D. The
uncertainties are presented as percentages inside parentheses and any systematic corrections are
presented as percentages outside parentheses. The flow velocity was found to be 2806.8 ± 2.18

m/s and the sharpness of the velocity spread was found to be equal to 23.6 ± 0.5. The φ
�
v0
v

�2

parameter represents the percent correction found when modeling the chopper phase shift as

velocity dependent rather than velocity independent. The φ
� vavg

v

�2
parameter represents the

further correction found when normalizing the velocity dependent phase shift by vavg rather
than v0. The corrections of some parameters may be increased for beams of different velocities
or larger spreads, and this may result in an overall larger uncertainty in v0 and vratio for different
experiments.

in table 5.1. K represents the medium size of an atom from which we can build an
atom interferometer in our system, and hence this data represents an average velocity
distribution and the resulting contrast function.

The Cs interferometer represents the slowest data set presented here, measured with a
flow velocity of only 1655.3 m/s. The uncertainties obtained for this data were similar
to the uncertainties obtained for the K data, with 0.09% uncertainty in v0 and 3%
uncertainty in vratio. Because of the sharpness of the Cs beam, we obtain a large number
of revivals before the contrast completely decays. This sharpness is expected from a
beam composed of heavier atoms because they have more momentum. This means
less atoms are dispersed with angular velocities from collisions with other atoms, and
similarly the diffraction angle is smaller, resulting in less angular dispersion. Hence more
of the atoms are propagating in the same direction, so their directional velocities are less
dispersed.
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Figure 5.1: Contrast data vs chopper frequency fitted using least squares method. Li
interferometer with He carrier gas, series E from April 27, 2011 data.

Figure 5.2: Contrast data vs chopper frequency fitted using least squares method. K
interferometer with He carrier gas, series D from February 23, 2011 data.
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Figure 5.3: Contrast data vs chopper frequency fitted using least squares method. Cs
interferometer with Ar carrier gas, series W from March 17, 2011 data.
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Chapter 6

Conclusion

We have shown that it is possible to measure the flow velocity with uncertainties less
than 0.1% for K and Cs interferometer beams using phase choppers. Li interferometers
can be measured with slightly higher uncertainty because of difficulties with the atomic
species, not necessarily the phase chopping method. It can be inferred that this method
will work equally well to measure the velocities in Na and Rb atom interferometers.

To improve this method even further, we can look at table 5.1 for the largest errors.
The largest errors arise from imprecise knowledge of the width of the beam and the
value of the initial contrast, c0. The value of c0 always drops 2-3% when fitted to
the contrast data from what is measured without running the choppers. Explaining
this systematic error and accounting for it could provide more precise and accurate
measurements of the velocity distribution in the atom interferometer. Furthermore,
more precise measurements of the distance between the two choppers could also improve
the results.

Regardless, the phase choppers have proven to be a valuable tool for measuring atomic
velocities in an atom interferometer. The measurements are consistent with our pre-
vious technique (diffraction), and enable more precise measurements of atomic polariz-
ability.
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Appendix A

Phase Shift Velocity Dependence

The phase shift acquired by an atom propagating through the electric field of the chopper
was derived in section (3.2) to be

φ(x, v) =
λ2α

π�20h̄

1

v

�
b

b2 − x2
.

�
.

The phase difference between two arms of an interferometer is given by

φ = φ(x+ s, v)− φ(x, v) (A.0.1)

where s is the path seperation defined in equation (4.4.1). Rewriting the front constant
as

K =
λ2α

π�20h̄

we can expand equation (A.0.1) into

φ = K
b

v

�
1

b2 − (x+ s)2
− 1

b2 − x2

�
,

which can be manipulated further to

φ = K
1

bv




1

1−
�
x+s
b

�2 − 1

1−
�
x2

b2

�2



 .

Assuming that x � b and (x + s) � b (minimal beam width and angular dispersion in
the interferometer) we can Taylor expand the above equation to

φ = K
1

bv

�
1 +

�
x+ s

b

�2

− 1−
�x
b

�2
�
.
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Considering only the dominant term, we obtain

φ = K
1

bv

�
2xs

b2

�
.

However, s is inversely proportional to v. Taking the other constants of s into K, we
get

φ =
1

v2
· 2Kx

b3
. (A.0.2)

Because we don’t know the exact value of K, b, or x very well, we have measured the
average phase shift induced on the interferometer,

φ0 = φ(x0, v0) =
1

v20
· 2Kx0

b3
. (A.0.3)

Considering only the variance in the velocity, we assume that x is always equal to x0.
Plugging equation (A.0.3) into (A.0.2) we obtain the final equation,

φ = φ0

�v0
v

�2
. (A.0.4)

Thus the phase acquired by an atom propagating through the electric field of the chop-
pers has a

�
v0
v

�2
dependence.
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Appendix B

Most Probable Velocity

The most probable velocity in the supersonic distribution can be derived by setting the
derivative of equation (3.5.1) to zero.

3v2pe
−(vp−v0)

2σ2
v −

v3p(vp − v0)

σ2
v

e
−(vp−v0)

2σ2
v = 0.

This reduces to
−v2p + v0vp + 3σ2

v = 0

which is solvable for v using the quadratic formula;

vp =
v0
2

± 1

2

�
v20 + 12σ2

v .

We take the positive root and rewrite the equation as

vp =
v0
2

�
1 + (1 + σ2

v)
1/2

�
.

We can now taylor expand (1 + σ2
v) as long as σ2

v � 1

vp =
v0
2

�
2 + σ2

v

�
.

Finally, we use the definition of vratio given in equation (3.5.2) to write vp as

vp = v0

�
1 +

3

v2ratio

�
. (B.0.1)
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Appendix C

Contrast as a function of φ1,2

This derivation provides a rough estimate of the decay in contrast as a result of φ1,2 �=
π. We are ignoring the velocity dependence of the acquired phase and assuming that
equation (3.3.3) remains valid. The percentage in contrast drop using this approximation
should still remain relatively valid when comparing contrast to the velocity dependent
phase model.

It was shown in section 4.2 that the contrast for odd and even orders are given by
equations (4.2.6) and (4.2.4) respectively. By expanding these equations and applying
the even and odd symmetries of cosine and sine,

cos(−α) = cos(α),

sin(−α) = − sin(α),

as well as the identities cos(0) = 1, sin(0) = 0, we have

Codd =
1

2

�
cos2 φ1 + cos2 φ2 + 2 cosφ1 × cosφ2 + sin2 φ1 + sin2 φ2 − 2 sinφ1 × sinφ2,

(C.0.1a)

Ceven =
1

2

�
cos2(φ1 − φ2) + 1 + 2 cos(φ1 − φ2) + sin2(φ1 − φ2). (C.0.1b)

This can be further reduced using the trigonometric identity cos2 α+ sin2 α = 1,

Codd =
1

2

�
2 + 2 cosφ1 × 2 cosφ2 − 2 sinφ1 × sinφ2, (C.0.2a)

Ceven =
1

2

�
2 + 2 cos(φ1 − φ2). (C.0.2b)

Codd can be further reduced by the trigonometric identity

cosα× cosβ − sinα× sinβ = cos(α+ β).
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This brings us to our final equation:

Codd =

�
1 + cos(φ1 + φ2)

2
, (C.0.3a)

Ceven =

�
1 + cos(φ1 − φ2)

2
. (C.0.3b)

The contrast can also be evaluated in a similar way for frequencies equal to f = f0/4 +
nf0/2. These frequencies correspond to the contrast minimum when φ10 = φ20 = π.
We will show here that this is not the minimum of the contrast when φmean �= 1 and
∆φ �= 0.

At f = f0/4 all four possible chopper states are possible: on/off, off/on, on/on and
off/off. We can therefore write

ϕn =






ϕ1 = φ1

ϕ2 = −φ2

ϕ3 = φ1 − φ2

ϕ4 = 0.

(C.0.4)

Using equation (4.2.2), this corresponds to a contrast of

C =

��
cos(φ1) + cos(−φ2) + cos(φ1 − φ2) + cos(0)

4

�2
+

�
sin(φ1) + sin(−φ2) + sin(φ1 − φ2) + sin(0)

4

�2
.

(C.0.5)
This equates to zero when φ1 = φ2 = π, confirming that the minimum in contrast
occurs at this frequency. We can further reduce this equation if ∆φ = 0. Under this
assumption, φ1 = φ2 and hence

C =
1 + cosφ1,2

2
. (C.0.6)

It is easier to see now that if φmean �= 1 the contrast does not go to zero. This means
that the minimum contrast does not occur at f = f0/4 + nf0/2 in this situation.
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Appendix D

Phase Shift Beam Width Dependence

The dependence of the acquired phase of an atom passing through the choppers’ gradient
electric fields on the position of the particle, x, can be derived from the phase shift given
in section (3.2):

φ(x, v) =
λ2α

π�0h̄

1

v

�
b

b2 − x2
.

�
.

We will account for two different interferometers sourcing the interference fringes, shown
in figure D.1. The phase differences between the two paths in the plus and minus
interferometer are given by

φ+ = φ(x+ s, v)− φ(x, v), (D.0.1a)

φ− = φ(x, v)− φ(x− s, v). (D.0.1b)

Figure D.1: This image displays two of the infinite number of interferometers in our
system. The blue areas represent the regions where plus (dark) and minus (light) phases
are acquired while the green areas represent regions where the chopper-one (light) and
two (dark) phases can be acquired.
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This derivation will derive not only the position dependence but also the velocity de-
pendence (previously obtained from a first-order approximation in Appendix A) because
the velocity dependence stems not only from increased interaction time in the electric
field but from the velocity dependence of the path seperation, s, in the interferometer.
Hence, atoms of slower velocities will be diffracted at a greater angle towards or away
from the ground plane of the chopper.

Rewriting the front constant as

K =
λ2α

π�20h̄

we can expand equation (D.0.1) into

φ± = K
b

v

�
1

b2 − (x± s)2
− 1

b2 − x2

�
.

This can be simplified to

φ± = K
1

v

(x± s)2 − x2

[b2 − (x± s)2] · [b2 − x2]
(D.0.2)

We define a constant φ0 such that

φ0 = φ(x0, v0) = K
1

v0

(x0 ± s0)2 − x20
[b2 − (x0 ± s0)2] · [b2 − x20]

.

Plugging φ0 into equation (D.0.2) we obtain a normalized equation for φ± in terms of
the measurable constant φ0:

φ± = φ0

�v0
v

��
b2 − (x0 ± s)2

b2 − (x± s)2

��
b2 − x20
b2 − x2

��
(x± s)2 − x2

(x0 ± s0)2 − x20

�
. (D.0.3)

The last term in equation (D.0.3) can be simplified by

(x± s)2 − x2

(x0 ± s0)2 − x20
=

s2 ± 2xs

s20 ± 2x0s0

=
�v0
v

� s± 2x

s0 ± 2x0

because s and s0 are inversely proportional to v and v0, respectively. Thus, the velocity
dependence that was approximated in Appendix A is rederived here; there is of course
more dependence on the velocity in this derivation as s is a function of v. The new
dependence derived in this section can be written as

φ± =

�
s± 2x

s0 ± 2x0

��
b2 − (x0 ± s)2

b2 − (x± s)2

��
b2 − x20
b2 − x2

�
, (D.0.4)

excluding the multiple of
�
v0
v

�2
because this correction was already accounted for in the

acquired phase equations.
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D.1 Redefining the Real and Imaginary Components

The real and imaginary components of φ were stated in section (3.4) as the integral of
the cosine and sine of φ1 − φ2. This statement followed from equation (3.4.1). The two
chopper phases combine in this way because they both encompass the entire beam (see
figure D.1).

The acquired phases in the plus and minus interferometers do not encompass the entire
beam. Therefore, instead of

ei(φ++φ−)

we have
1

2

�
eiφ+eiφ−

�
.

As a result, the real and imaginary parts of φ as a function of φ± are

�[φ+,φ−] =
1

T

� T

0

� ∞

0
P (v)[cos(φ+) + cos(φ−)] dv dT, (D.1.1a)

�[φ+,φ−] =
1

T

� T

0

� ∞

0
P (v)[sin(φ+) + sin(φ−)] dv dT. (D.1.1b)

Combining equations D.1.1 and 3.4.2 results in the redefined real and imaginary equa-
tions that should be used in equation (3.4.3):

�[φ±,φ1,2] =
1

T

� T

0

� ∞

0
P (v)[cos(φ+1 − φ+2) + cos(φ−1 − φ−2)] dv dT, (D.1.2a)

�[φ±,φ1,2] =
1

T

� T

0

� ∞

0
P (v)[sin(φ+1 − φ+2) + sin(φ−1 − φ−2)] dv dT. (D.1.2b)
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