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Abstract

Using atom interferometry, we have measured the photon recoil frequency shift for
cesium atoms caused by the absorption of up to 200 optical photons. Performing
the measurement using cold atoms allowed interaction times as long as 400 ms, cor-
responding to 2.5 Hz FWHM interference fringes. We have achieved a measure-
ment resolution of 120 ppb from 90 s of data. This is over an order-of-magnitude
higher sensitivity than in a previous version of this experiment. We report a value
A free = 30,012.557 3(16)(7) Hz for the photon recoil shift using the cesium D, line,
where the first 1o error bar is the 52 ppb limit from systematic errors, and the second
error bar is the 22 ppb statistical uncertainty after 4 hours of data. The uncertainty
in A frec has improved over an order of magnitude from the previous photon recoil
measurement. Combining this recoil-frequency-shift measurement with mass-ratio
measurements and an absolute frequency measurement determines a value for the
fine-structure constant of a~! = 137.036 0028(77). To within the stated uncertainty;,
this determination agrees with the value for o obtained from the anomalous magnetic
moment of the electron. The largest contributor to the 56 ppb relative uncertainty of
this determination of « is the uncertainty in the knowledge of the absolute frequency
of the cesium D line. The uncertainty in our measurement of A frec limits the relative

uncertainty in this o determination to 28 ppb.
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Chapter 1

Introduction

1.1 Measurements of the fine-structure constant

Presently the anomalous magnetic moment of the electron a, = (g — 2)/2 provides
the most precise determination of the fine-structure constant o, with an uncertainty
of 4.2 ppb (parts per billion). This approach equates the experimental value of a, [1]
with the quantum electrodynamics (QED) calculation of a, as a power series in o 2]
to determine a value for a. Consequently, the currently accepted value for o assumes
the validity of QED. Improved precision in a QED-independent measurement of «
thereby constitutes a test of QED. The goal of this work is a precision measurement
of the recoil of an atom caused by the absorption of a photon. This result, when
combined with an absolute frequency measurement and mass-ratio measurements,
determines a value for & which does not require QED.

The measurements of a, including this work, with precision better than 100 ppb
are shown in Fig. 1.1. In addition to the a, determination, these include measurements
based on the quantum Hall effect [3], neutron diffraction [4], and the ac Josephson
effect [5] with relative uncertainties of 24 ppb, 39 ppb, and 56 ppb, respectively.
These measurements have statistically significant differences between them, and have
considerably higher uncertainties than the a, value, so another independent measure-
ment of o would be of interest. Even the very precise a. value recently changed 100

because of a correction to the theory [2].
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Figure 1.1: Measurements of o better than 100 ppb. The values are plotted relative
to a~(a.) = 137.03599944(57) determined from the electron anomalous magnetic
moment. These include results from the ac Josephson effect (acJ), this measurement
(h/mcs), neutron diffraction (h/m,), the quantum Hall effect (qH), and a..

Tentatively, our determination of o from the photon recoil measurement has an
uncertainty of 56 ppb. Note, however, that the 45 ppb uncertainty of the knowledge
of the absolute frequency of the cesium D line is the predominate contributor to
the overall uncertainty of the calculation. Anticipated improvements in this absolute
frequency measurement could allow this measurement of the photon recoil to provide
a value for o with an uncertainty of about 30 ppb.

Some notable distinctions exist among the various QED-independent measure-
ments shown in Fig. 1.1. The quantum Hall effect and ac Josephson effect measure-

ments require the use of electrical definitions, e.g., the calculable capacitor. It is
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believed that these measurements may have reached the limit of their precision. The
neutron diffraction and photon recoil measurements, on the other hand, are indepen-
dent of electrical definitions. A good approach for achieving the ultimate precision
in a measurement is to frame the experiment as a frequency measurement, since
frequencies can be so accurately measured and compared. The neutron diffraction
and photon recoil measurements are conceptually very similar—the former measuring
h/m, and the latter h/mcs. Both approaches use quantum interference of neutral
particles, so that they can easily be isolated from perturbing forces, and their inter-
actions with matter are well understood. For neutron diffraction, the interferometer
is generated by interactions of the neutrons with silicon crystals, the lattice spacing
of which must be calibrated interferometrically. In the photon recoil measurement,
the matter-wave interferometers are created by interactions with light fields propa-
gating in vacuum. Accurate stabilization of the laser frequency provides an absolute
calibration for the impulses created by the interferometer interactions. Reference 6]
provides a comprehensive review of fine-structure constant measurements.

1.2 Photon recoil measurement

In its simplest form, the photon recoil measurement is a determination of the Doppler
shift of an atomic resonance caused by the momentum recoil from an absorbed photon.
Consider the two-level atomic system of Fig. 1.2(a) with two stable states la) and
|b). If the atom interacts with two counterpropagating, on-resonance fields, as in
Fig. 1.2(b), then the difference wp — w4 contains a contribution from the momentum
recoil of the photon absorbed in the first interaction. Unfortunately, in this simplified
measurement, wp — w,4 also includes a Doppler-shift contribution from the initial
velocity of the atom along the direction of the light field. Switching to the differential
measurement of Fig. 1.2(c) easily corrects this problem. Here, the first field puts the
atom into a superposition of both momentum states. Two resonances exist for the
second field frequency wp—one for each of the momentum states. The two pairs of



CHAPTER 1. INTRODUCTION 4

momentum states coupled by wp have a velocity difference of

Av = g@-, (1.1)
ma

where 7 is the Planck constant, m, is the atomic mass, and & ~ k4 = kp is the wave
number of the light field. Ignoring the second- and higher-order Doppler shifts, which
are insignificant for our experimental parameters, this velocity difference creates a
Doppler-shift frequency difference between the two resonances of

kAv  2m?
Afrec = o T T (1.2)

where ¢ is the speed of light and v = ck/2r is the frequency of the light field.
In our experiment, we precisely measure the frequency shift A f,. for cesium atoms
using light on resonance with the D, line. Assuming that v is known accurately,

Eq. (1.2) gives with high precision the ratio
b PAfre

= 1.3
We determine o from the photon recoil measurement using the relation
2 h
a = _R_i"._, (1.4)
c m,

where R, is the infinite-mass Rydberg constant and m, is the electron mass. Since
Ry is known to 0.028 ppb [7] and c is defined, the uncertainty in the ratio of h/m,
limits the calculation of o from this relation. Expanding Eq. (1.4) using mass ratios,
then substituting h/mcs from Eq. (1.3) gives

< = 20 (%) e

¢R., (ﬂ) (m—c) Afrec. (1.5)

M, mp v?

The proton-electron mass ratio has been measured to 2.2 ppb [8]. The cesium-proton

mass ratio is presently known only to 34 ppb [9], but may be improved in the near
future to ~ 1 ppb [10]. We stabilize the laser frequency relative to the cesium D,
line with an accuracy of about 0.3 ppb. The absolute frequency of this transition
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Figure 1.2: Simplified version of the photon recoil measurement. The experiment is
performed using the two-level atom in (a). The position of the atom relative to the
initial unperturbed trajectory is shown as a function of time. The two field frequencies
w4 and wp are centered on resonance. (b) The difference wg — w, includes a contri-
bution from the momentum recoil caused by the absorption of a photon from the first
interaction. (c) A simple modification converts this into a differential measurement
which cancels out the contribution from the initial atomic velocity.
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is presently known to 45 ppb [11], but it soon may be measured to better than
1 ppb [12]. Consequently, an accurate measurement of A frec could determine o with
an uncertainty eventually approaching 1 ppb.

The fundamental physics of our measurement is essentially identical to the simple
picture of Fig. 1.2(c), which makes the basic physical assumptions that the pho-
ton momentum is fk and that energy and momentum are conserved. We make
two enhancements beyond the simple picture described here. First, we replace the
single-photon transitions with two-photon transitions to avoid problems caused by
spontaneous emission, as I will describe in Sec. 2.2. This modification has the ef-
fect of replacing v in Egs. (1.2)~(1.5) with veg = 11 + v5. Secondly, to improve the
accuracy of our measurement of the resonance centers, we replace each of the two
paths of Fig. 1.2(c) with an atom interferometer, as will be described in Sec. 2.3. The
only effect of this change on Egs. (1.2)-(1.5) is that certain interferometer geometries
increase the number of photon recoils measured, thereby increasing A frec by a known

integer multiplier.

1.3 Summary of recent improvements

The initial version of this experiment (13, 14, 15] was the first attempt to use the new
field of atom interferometry for a precision measurement of a fundamental physical
constant. In that experiment, we obtained a maximum resolution of 100 ppb in
from two hours of data. Unfortunately, systematic errors limited the measurement
at the 1 ppm level. Instead of tracking down the systematic errors at that time,
we made major changes to both reduce several suspected systematic errors, and also
boost the resolution of the measurement. These changes, which will be described in
greater detail throughout the remainder of this thesis, will be briefly summarized in
the remainder of this section. The goals of these changes include improved vibration
isolation, reduced magnetic-field shifts, longer interferometer interaction times, more
efficient atomic state transfers, smaller errors from wave-front phase distortions, and
reduced ac Stark shifts.

Previously, horizontal laser beams delivered the interferometer pulses. In that
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geometry, gravity did not shift the transitions, so the laser frequencies only required
modest shifts of about 200 kHz to account for photon recoils. Additionally, a simple
air rail provided adequate vibration isolation to below 1 Hz. Unfortunately, however,
the short time the atoms remained near the center of the 2-cm diameter laser beams
limited the total interferometer interaction time to about 50 ms. Also, generating
a uniform bias field over the trajectory is difficult with large diameter horizontal
beams. In the present measurement, the Raman beams propagate vertically through
cylindrical magnetic shields. With vertical beams the atoms remain in the beam and
the magnetic field is sufficiently uniform to guarantee quadratic Zeeman shift errors
below 1 ppb for interaction times as long as 400 ms. The vertical geometry also allows
partial cancellation of wave-front phase errors since the atoms stay at nearly the same
radial positions in the beams for all of the interferometer pulses.

In the first version of the experiment, the atomic states were changed using stim-
ulated Raman transitions with the two lasers detuned about 2 GHz from the excited
state. Now we implement the atom interferometers using adiabatic passage, for the
reasons given in Section 2.2.2. We have achieved 93% transfer efficiency using adi-
abatic transfer, as compared to the 85% transfer efficiency we previously obtained
with far-detuned Raman transitions. With this higher efficiency, we can add twice as
many transfer pulses for the same loss of atoms.

With these changes in place, we have achieved over an order-of-magnitude increase
in the sensitivity of the measurement. We now typically obtain a resolution in a of
100 ppb in 1 minute instead of 2 hours. Judging by better consistency of (A frec)exp
with various changes of experimental parameters, we also have significantly reduced
the size of the systematic errors. Our determination of & presently agrees with the
a. measurement to within the uncertainty of the cesium D, line transition frequency.

1.4 Overview of this thesis

Chapter 2 develops the theory required to understand the photon recoil measure-
ment. First I give an overview of atom interferometry for the case of single-photon
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transitions. Then I generalize to two-photon transitions, including stimulated Ra-
man transitions and adiabatic passage. Finally I consider the special case of the
interferometer geometries used for the photon recoil measurement.

Chapter 3 describes the experimental apparatus. The cold atom preparation is
similar to that of the first generation measurement [15], so I cover it relatively briefly.
I focus mainly on the newer features of the experiment such as the Raman beam
generation, the interferometer pulse sequence timing, the active vibration isolation
system, the magnetic shielding, and the state-selective detection using Doppler-free
Raman transitions.

I present the results of the photon recoil measurement in Chapter 4, starting
with a description of the data collection and analysis procedures. Then I discuss
the various anticipated sources of systematic errors, the limitations they place on the
measurement accuracy, and the experimental parameters that we varied in our search
for possible problems. After summarizing the recoil measurement results, I present a
value for the photon recoil shift and calculate from it a value for c.

Chapter 5 covers the future prospects for this measurement, including both near-
term improvements that may reduce systematic errors or boost the signal-to-noise,
and larger-scale changes for the next generation measurement.



Chapter 2
Theory

The simplified version of the photon recoil measurement presented in Chapter 1 accu-
rately describes the basic physics of the experiment, but would not in practice provide
the precision required for an improvement in «. In that example, we measure the dif-
ference between the centers of two resonances separated by Afrec- For our atomic
system, A frec ~ 30 kHz. A 10 ppb measurement of o requires a 20 ppb measurement
of A frec, or 600 pHz. Suppose that we are performing the experiment using cesium
atoms laser cooled to about 4 K, corresponding to a 70 kHz Doppler-width of the
two-photon transition. We could conceivably use long, low-intensity pulses to give
transition lineshapes with widths ~1 Hz. In doing so, however, we would be address-
ing only 0.001% of the atoms. Since we still would need to measure the resonance
centers to about 1073, this reduction of signal could severely increase the difficulty
of the measurement. One of the great advantages of atom interferometry is that it
allows the use of short, intense light pulses that address a broad velocity distribution,
but separates the pulses by long free-evolution periods that create narrow interference
fringes. Consequently, we can accurately locate the resonance centers, but without
decimating the atom signal.

In this chapter I present the theoretical background necessary to understand the
atom interferometry used for the photon recoil measurement. First I establish the
formalism for the quantum mechanical description of atom interferometry, using the

physical system of a two-level atom with no spontaneous emission. I also introduce
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the pictorial representation of atom interferometers that will be used throughout the
remainder of this thesis. To avoid the devastating effects of spontaneous emission
in electric-dipole transitions and to ease the requirements on the laser frequency
stability, I next generalize to the case of two-photon transitions between metastable
energy states. Possible two-photon interactions include stimulated Raman transitions
and adiabatic passage. With this background, I can then discuss the particular atom
interferometers used for the photon recoil measurement.

2.1 Atom interferometry

Two demonstrated approaches to atom interferometry exist. In analogy to opti-
cal interferometers, slits or diffraction gratings can split and recombine beams of
atoms. Experiments have employed both material structures and periodic light fields
to diffract atomic wave packets. The alternative approach, which I will be discussing
throughout the remainder of this chapter, is to generate atomic interference of in-
ternal states. In this class of interferometers, an electromagnetic field drives atoms
between two internal states of either a two-level system as in Fig. 1.2(a) or an effec-
tive two-level system. The interference manifests itself in the relative populations of
states |a) and [b) at the output of the interferometer.

The earliest example of an interferometer based on the interference of internal
states is Ramsey’s separated oscillatory field method [16], although Bordé only re-
cently interpreted it as an atom interferometer [17]. In this technique, an initial pulse
of microwave radiation puts an atom into a superposition of two internal states. The
atom then freely evolves for a while before being exposed to a second pulse. If the
atomic superposition state is in phase with the microwave field for the second pulse,
then the atom completes the transition from the initial to the final state. This is the
interrogation technique applied for cesium atomic clocks.

The photon recoil measurement strongly favors transitions using optical rather
than microwave photons because of their larger momentum transfer and higher Doppler
sensitivity. The absorption of an optical photon simultaneously changes an atom’s

internal and momentum states. Consequently, putting an atom into a superposition
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of two internal states causes the atomic wave packet to spatially separate. A re-
quirement for atomic interference is that the two internal states of the atom must
spatially overlap during the time of the final pulse. The original Ramsey method
only needed two pulses to achieve interference since the spatial separation caused by
a microwave photon is negligible compared with the spatial coherence of the atomic
source. Generalizing the Ramsey technique to the optical regime requires additional
field interactions for redirecting and overlapping the atomic wave packets.

I will discuss here on a particular class of internal state atom interferometers which
uses light pulses for momentum transfer, focusing mostly on the issues that relate to
the photon recoil measurement. I will discuss other interferometer geometries to the
level needed to understand the powers and limitations of atom interferometry using
adiabatic passage, which is one of the major developments in this work. A more
complete development of light-pulse atom interferometers is presented in Ref. [18].

2.1.1 Fundamentals of interferometry

One approach to analyzing atom interferometers is to consider explicitly the propa-
gation of spatial wave packets. In this approach, the interferometer phase shifts are
calculated using a set of phase-shift rules for the atom-light interaction points and for
the free-space propagation time. Free propagators and S matrices (including variable
transit times and second-order Doppler shifts for both standing- and traveling-wave
interactions) are described in Ref. [19]. Those general results are particularly useful
for the case of a beam of atoms passing through cw laser beams. For pulsed-light
interferometers with cold atoms, the interaction time is the same for all atoms and
second-order Doppler shifts are generally insignificant, so simpler rules apply [20, 21].
One useful generalization of these rules is to account for ac Stark shifts in two-photon
transitions [15].

Rather than develop a wave-packet description of the atomic trajectories, we begin
with a quantum treatment where the atomic wave packets are taken to be the sum
of momentum plane-wave states. After calculating the effect of the atom-field inter-

actions for a given plane-wave component, we could determine the behavior of the
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original wave packet by integrating over all of the momentum states in the atomic
ensemble. For determining the phase shifts in atom interferometers, however, this
final integration is often unnecessary.

For atom interferometry with optical photons, the entanglement of internal and
momentum states implies that the position of the atoms is not a classical variable.
Consequently, the basis for atomic states is a tensor product of the Hilbert space
describing the internal energy state of the atom and the Hilbert space describing the
external degrees of freedom,

la,pa) = Ia)®lpa)_ (2.1)
16, ps) = [b) ® |ps)

The Hamiltonian for this system is

A2

A= -2"; + huwala){a] + Ky [b) (b] + AL, (2.2)
where P operates on the momentum portion of the basis states. The Rabi frequency
=-d-E/h (2.3)
contains the spatial dependence of the electric field
E =Eqcos(k - x — wt + ¢). (2.4)
The operator e™* in E can be rewritten with the closure relation
1. = / &’p e |p)(p|
= [d*plp £ hk)(pl. (2)

The spatial dependence of the electric field in the momentum basis yields the well
known result: the absorption or emission of a photon of wave vector k changes the
atom’s total momentum by an amount ik. This one-to-one correspondence between
the internal and external degrees of freedom implies that the basis states simplify to
la, p) and |b, p+7k). The detuning from resonance for this effective two-level system,

5_='w—(wba+p—n;]§+wm), (26)
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contains terms corresponding to the Doppler shift p - k/m and the recoil shift wee. =
Rk?[2m = A frec /4.

To introduce some terminology to be used throughout the rest of this thesis,
consider the special case of detuning § = 0. Suppose that an atom is initially in
state |a, p) when the optical field turns on with constant field strength Eq. Then the
occupation probability of the atom begins oscillating sinusoidally between la, p) and
b, p + fik) at frequency (0, a process known as Rabi flopping. If the light turns off
after a time 7, = 7/Q, then the atom is completely transferred to |b, p + hk). This
is called a m pulse. Similarly, a #/2 pulse of duration Txj2 = 7/252 leaves the atom
in a coherent superposition of the two states. Many atom interferometers are simple
combinations of /2 and 7 pulses.

When a 7/2 pulse puts an atom into a coherent superposition of its two internal
states, the recoil causes the parts of the atom in the two states |a, p) and |b, p+fk) to
begin separating at a velocity v, = hk/m. If these two wave packets are to interfere
at some later time, they must be made to spatially overlap. If optical photons are
used in an atomic fountain, the recoil distance can approach 1 cm, which is much
larger than the spatial coherence of the atomic source. In these cases, interference
will not occur unless the parts of the atom separated during the 7/2 pulse recombine
at some later time. Since the momentum basis states |p) are spatially delocalized,
the above formalism does not account for nonoverlapping wave packets until we make
an explicit sum over a superposition of momentum states.

Recoil diagrams are convenient tools for verifying spatial overlap in atom inter-
ferometers. A recoil diagram is a plot versus time of the center “position” of an
atomic wave packet relative to an inertial frame freely falling along the initial un-
perturbed trajectory of the atom. Consequently, the diagram does not include any
motion caused by gravity nor any spreading of the wave packet caused by pulses of
nonzero duration. Atom-light interactions create vertexes in the plot at which paths
split or deflect because of momentum transfer from the light field. If two or more
paths overlap at any interaction point, then interference occurs on the output of that
interaction provided that the momentum transferred causes two or more input paths

to contribute to a single output path. Besides providing a clear picture of spatial
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overlap of wave packets, recoil diagrams also provide a visual gauge of the sensitivity
of atom interferometers to conservative potentials such as gravity. References [20]
and [21] provide the theoretical basis of and practical uses for recoil diagrams. Fig-
ures 1.2(b) and (c) contain simple examples of recoil diagrams, and many more will
appear in the following discussions of various atom interferometer geometries. In
summary, we can correctly calculate atom interferometer phase shifts using only mo-
mentum basis states, without explicitly summing over the superposition of states in
the wave packet, as long as we check the the recoil diagram for spatial overlap.

The simplest optical pulse atom interferometer that achieves spatial overlap is the
m/2 — 7 — 7/2 pulse sequence shown in Fig. 2.1(a). It was first demonstrated in the
atom interferometer measurement of g [22, 23]. If an atom is in resonance with the
light field, then the first 7/2 pulse acts as a beam splitter, introducing a velocity
difference viec = fik/m between the two states. After a time T, the w pulse acts as
a mirror and redirects the wave packets so that they overlap at the time 2T of the
second /2 pulse. Even if the inhomogenous velocity distribution is sufficiently broad
that the spectral width of the 7 pulse (6w =~ 1/7) is less than the Doppler-broadened
linewidth, atoms partially in resonance with the laser will receive the same momentum
transfer and register the same net interferometer phase shift for this pulse sequence.

A pulse sequence consisting of one pair of 7/2 pulses followed by a pair of oppo-
sitely directed 7/2 pulses is another pulse scheme used to redirect the trajectories of
the atoms [24, 25]. This pulse sequence was originally used to extend the Ramsey
separated oscillatory field technique to the optical domain, and the interpretation
of the experiment in terms of an atom interferometer with separated wave packets
followed eight years later [26]. This is the pulse sequence that we used in the first
generation photon recoil measurement [14, 15]. The atomic trajectories for this type
of interferometer are shown in Fig. 2.1(b). The geometry of the atom interferometer
that we use in this round of experimentation is identical, but instead of Raman =
and /2 pulses, we use adiabatic passage pulses, as will be described in Secs. 2.2.2
and 2.3.
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Figure 2.1: Recoil diagrams for two atom interferometer geometries. The vertical axis
is the position 2z of an atom relative to a reference frame freely falling along the initial
trajectory of the atom. Solid and dashed lines indicate paths for which the atom is
in |a) and |b), respectively. The vertices are points of interaction with light pulses,
with k indicated by the direction of the arrows. (a) The 7/2— 7 — /2 geometry used
for the g measurement. (b) The Ramsey-Bordé sequence used for the photon recoil
measurement. Note that the orientation of k is reversed for the second pair of /2
pulses. Noninterfering paths are omitted. )
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2.1.2 Large-area interferometers

The sensitivity of atom interferometers can be enhanced by using multiple-pulse se-
quences to create large momentum differences between interferometer paths. For
example, in the case of Sagnac-effect gyroscopes, sensitivity scales linearly with the
area enclosed by the two interferometer arms, so that larger momentum differences
produce larger areas (all else the same). In the case of a gravimeter, sensitivity in-
creases linearly with wave-packet separation (for fixed T'), so again larger momentum
recoil implies greater sensitivity. For this interferometer, the geometric area is zero,
but the linear enhancement of sensitivity with area can be seen if the area is mea-
sured on the recoil diagram of Fig. 2.1(a). In this sense, such interferometers can be
referred to as “large-area” interferometers.

Figure 2.2(a) illustrates a sequence of pulses that can replace a single ™ pulse,
but provide larger momentum transfer. Consider an atom initially in la, p). A first
7 pulse transfers the atom to |b,p + fik). Next, a = pulse with reversed propagation
vector —k stimulates the atom back to its ground state, but now with momentum
p + 2hk. Additional pulses, with alternating propagation directions, may be used
in a similar manner to increase the momentum transfer. A sequence of N such =«
pulses transfers momentum NAk to the atom. Note that when the Rabi frequency
is less than the recoil shift, the frequency of the driving light field must be switched
to maintain the resonance condition. We have transferred the momentum from up
to 200 optical photons in this manner (see Sec. 3.5.1). Replacing the first 7 pulse in
Fig. 2.2(a) with a 7/2 pulse, as in Fig. 2.2(b), creates a beam splitter with increased
momentum transfer. (We assume here that the Rabi frequency is chosen smaller than
the recoil frequency shift so that the driving field is resonant with just one of the two
wave packets.)

The sequences of pulses in Fig. 2.2 can be applied to improve the momentum
transfer of the 7/2 and 7 pulses in the three- and four-pulse interferometer sequences
described above. For example, Fig. 2.3(a) shows a Ramsey-Bordé interferometer
with ket — 2k.g by using the pulse sequences of Fig. 2.2. Note that the middle
two /2 pulses can be replaced with 7 pulses because the lasers can independently

address the two interferometer arms. This eliminates the noninterfering paths in
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Figure 2.2: Techniques for increasing momentum transfer. The sensitivities of atom
interferometers constructed with  and 7 /2 pulses can be enhanced by replacing each
pulse with a sequence of pulses with greater momentum transfer. (a) An effective 7
pulse or mirror. (b) An effective 7/2 pulse or beam splitter. We assume that { < Wrec
so that the laser can be tuned to deflect only one of the two paths.
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the standard Ramsey-Bordé interferometer. In general, the addition of N pulses for
each interaction causes the transformation kg — (V + 1)kes, which increases the
interferometer phase sensitivity by a factor of (V + 1)2. I will describe the operation
of this interferometer in greater detail in Sec. 5.2.2.

Figure 2.3(b) shows another enhanced version of the basic Ramsey-Bordé inter-
ferometer that I will refer to as a modified Ramsey-Bordé interferometer. It includes
additional 7 pulses between the central two /2 pulses. This increases the interferom-
eter sensitivity by a factor of only N+1 instead of (N+1)2. For practical experimental

reasons, however, this is the interferometer geometry used in the present experiment.

2.2 Two-photon transitions

Atom interferometry with high sensitivity to velocity changes, such as we desire here,
strongly prefers optical photons over microwave photons. On the other hand, the im-
plementation of an interferometer requires an atomic level scheme where both states
are stable against radiative decay for the duration of the pulse sequence. With laser-
cooled atomic sources the available interaction time with a single collection of atoms
can approach 1 s, which far exceeds the lifetime of electric-dipole transitions. Fur-
thermore, if we were to use a forbidden optical transition, then the optical frequency
of the laser must be stable to well below 1 Hz for this interaction time, which is
difficult to achieve. To fully utilize the available interaction time, while reducing the
requirements on the laser stability, we replace the single-photon transitions with two-
photon transitions between metastable atomic states. Consider the three-level atom
in Fig. 2.4 consisting of two metastable states |a) and [b) with microwave splitting
wpa and an excited state |7) with decay rate . Two fields at optical frequencies w;
and w; drive the atom. Since this two-photon transition only depends sensitively on
the difference frequency w; — w,, we no longer need ultra-stable control of the optical
frequencies of the lasers—only the difference frequency.

The relative orientation of the field propagation vectors k, and k; determines the

momentum delivered by the transition, and simultaneously, the velocity sensitivity of
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Figure 2.3: Large-area interferometers with enhanced sensitivity. (a) Ramsey-Bordé
interferometer with kg — 2k.s. The orientations of k.g are shown for the upper
interferometer. For the lower interferometer, keg must be reversed for all pulses
after the first two. (b) Modified Ramsey-Bordé interferometer geometry used for the
photon recoil measurement. Adding N = 2 7 pulses between the pairs of 7/2 pulses
increases A frec by a factor of (N +1) = 3.






