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Bragg beamsplitters
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Figure 2.3: Space-time diagram for a conjugate Ramsey-Bordé interferometer with Bloch
oscillations (region shaded in red). The relative momentum states reflect the addition mo-
menta transferred by the Bloch oscillations, which accelerates the lower interferometer down
to �2N~k and the upper interferometer up to +2N~k.

the lattice will undergo oscillations of their momentum as the lattice potential is accelerated,
adiabatically changing the atom’s momentum in quantized steps of 2~k. This method has
been used in a Raman-based Ramsey-Bordé interferometer to transfer an additional 1600~k
photon momenta to the common mode velocity as was done in [42]. For a simultaneous
Ramsey-Bordé interferometer configuration, the Bloch oscillations must accelerate the upper
and lower interferometers at the same time and is described Section 4.5. Since the dynamics
of the Bloch oscillations are common mode to both arms of the interferometer, the details
are ignored and the process is treated as a single beam splitter which takes the states from
|ni ! |n + Ni and |0i ! |�Ni. For the sake of computation, the oscillations are treated
as starting at a time T

0
1

after the second beam splitter with a neglectable duration (tbloch ⌧

T
0
1
+ T

0
2
).

In total, combining Bloch oscillations with the simultaneous conjugate Ramsey-Bordé
interferometer [44] results in a di↵erential phase of

��` � ��u = 16n(n + N)!rT � 2n!mT + O(�, �k), (2.26)

and a common mode phase equal to

��` + ��u = 2nke↵gT (T + T
0
1
+ T

0
2
) + O(�, �k).
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Overview of systematic effects

splitters for the matter waves; these processes
increase the recoil energy by a factor of 25 rela-
tive to standard two-photon Raman processes (11).
To accelerate the atoms by up to another 800ℏk
(400ℏk up, 400ℏk down), we applied a matter-
wave accelerator: Atoms were loaded into an
optical lattice, a standing wave generated by two
laser beams, which was accelerated by ramping
the frequency of the lasers (Bloch oscillations)
(7, 12). Coriolis force compensation suppressed
the effect of Earth’s rotation. In addition, we ap-

plied ac Stark shift compensation (13, 14) and dem-
onstrated a spatial-filtering technique to reduce
sources of decoherence, further enhance the sen-
sitivity, and suppress systematic phase shifts. An
end-to-end simulation of the experimentwas run
(12) to help us identify and reduce systematic
errors and confirm the error budget. To avoid
possible bias, we adopted a blindmeasurement
protocol, which was unblinded only at the end.
Combining with precise measurements of the
cesium (15) and electron (16) mass, we found

a−1 = 137.035999046(27)

with a statistical uncertainty of 0.16 ppb and a
systematic uncertainty of 0.12 ppb (0.20 ppb total).
Our result is a more than threefold improve-
ment over previous direct measurements of a
(7). The measurement of h/mCs = 3.0023694721
(12) × 10−9 m2/s also provides an absolute mass
standard in the context of the proposed new defi-
nition of the kilogram (10). This proposed defini-
tion will assign a fixed numerical value to Planck’s
constant, to which mass measurements could then
be linked through measurements of h/mAt, such
as this one, via Avogadro spheres. Our result
agrees with previous recoil measurements (7)
within 1s uncertainty and has a 2.5s tension with
measurements (4–6) based on the gyromagnetic
moment.
Our matter-wave interferometer is based on

the one described in (12), in which cesium atoms
are loaded in a magneto-optical trap, launched
upward in an atomic fountain, and detected as
they fall back down—the interferometer sequence
occurs during the parabolic flight. Figure 2 shows
the trajectories of an atom wave packet in our
experiment, formed by impulses from pairs of
vertical, counterpropagating laser pulses on the
atoms. Each pulse transfers the momentum of
2n = 10 photons (where n is the order of Bragg
diffraction) with near 50% probability by multi-
photonBragg diffraction, acting as a beam splitter
for matter waves. Bragg diffraction allows for
large momentum transfer at each beam splitter,
creating a pair of atom wave packets that sep-
arate with a velocity of ~35 mm/s. After a time
interval T, a similar pulse splits the wave packets
again, creating one pair that moves upward and
one that moves down.
The third and fourth pulses recombine the

respective paths to form two interferometers.
Between the second and the third pulses, we
accelerated the atom groups further from one
another, using Bloch oscillations in accelerated
optical lattices, to increase the sensitivity and
suppress systematic effects. This transfers þ2Nℏk
of momentum to the upper interferometer and
"2Nℏk to the lower interferometer (N, num-
ber of Bloch oscillations) (13).
The phase difference between the interferom-

eter arms arises as a result of the kinetic energy
ðℏkÞ2=ð2mCsÞ that the atoms gain from the recoil
momentum of the photon-atom interactions and
from the phase transferred during the atoms’ in-
teraction with the laser beams. Taking the phase
difference between the two interferometers cancels
effects due to gravity and vibrations. In the absence
of systematic effects, the overall phase F of the in-
terferometer geometry shown in Fig. 2 is given by
(12, 17)

F ¼ Df1 " Df2 ¼ 16nðnþ NÞwrT " 2nwmT

where Df1;2 are the measured phases of the two
interferometers individually, wr ¼ ℏk2=ð2mCsÞ
is the photon recoil frequency, T is the time be-
tween the laser pulses, and wm is the laser fre-
quency difference we choose to apply between
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Fig. 2. Simultaneous
conjugate atom interfer-
ometers. Solid lines
denote the atoms’ trajec-
tories; dashed lines repre-
sent laser pulses with
their frequencies indi-
cated. jni denotes a
momentum eigenstate
with momentum 2nℏk. BO,
Bloch oscillations. In this
figure, gravity is
neglected. A to D repre-
sent interferometer
outputs.

Table 1. Error budget. For each systematic effect, more discussion can be found in the listed
section of the supplementary materials. N/A, not applicable.

Effect Section da/a (ppb)

This study
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Laser frequency 1 –0.24 ± 0.03
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Acceleration gradient 4A –1.79 ± 0.02
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Gouy phase 3 –2.60 ± 0.03
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Beam alignment 5 0.05 ± 0.03
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Bloch oscillation light shift 6 0 ± 0.002
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Density shift 7 0 ± 0.003
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Index of refraction 8 0 ± 0.03
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Speckle phase shift 4B 0 ± 0.04
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Sagnac effect 9 0 ± 0.001
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Modulation frequency wave number 10 0 ± 0.001
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Thermal motion of atoms 11 0 ± 0.08
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Non-Gaussian waveform 13 0 ± 0.03
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Parasitic interferometers 14 0 ± 0.03
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Total systematic error All previous –4.58 ± 0.12
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Statistical error N/A ±0.16
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Other studies
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Electron mass (16) N/A ±0.02
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Cesium mass (6, 15) N/A ±0.03
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Rydberg constant (6) N/A ±0.003
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Combined result
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Total uncertainty in a N/A ±0.20
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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“Straightforward” systematics

• Laser frequency


• Acceleration gradient


• Beam alignment


• Index of refraction

∼0.24 ± 0.03 ppb

New comb will allow constant 
frequency monitoring

Aside: blind measurement of k
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• Laser frequency


• Acceleration gradient


• Beam alignment


• Index of refraction
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where TB is the duration of a single Bloch oscillation. We take data at N=125, T'1+T'2=50ms, 

with pulse separation times T varying between 60 and 100ms.  

 

 

Fig. S7. Gradiometer Geometry. The interferometer geometry used to measure the gravity 

gradient.  

We also consider the effect of second-order variations of gravity, the gradient of the gradient. 

This will be dominated by the local mass distribution, particularly the M ~ 15 kg detection 

chamber below the atom interferometer. As the atoms are never closer than r = 40 cm from the 

detection chamber, we can calculate the gradient to be at most 2GM/r3 = 2.9 10-8 s-2 at the 

closest approach of the atoms, decaying rapidly with distance. If the atom interferometer 

measuring α and the gravity gradiometer are sensitive to the gradient at the same effective 

location, this cancels out between the two measurements, but these locations differ by 5 cm. 

(Additional suppression is provided by the fact that this extra gradient drops sharply with 

distance; we will not consider this.) This results in a contribution of 0.01 ppb, which is added in 

quadrature to the error from the gradiometer measurement for an overall uncertainty of 0.02 ppb. 

Objects further away have even smaller influences that we neglect. For example, 1000 kg at r = 2 

m (the optical table weighs about 700 kg) lead to 0.003 ppb and 6×103 kg (an estimate for the 

weight of (2.5 m)2 of the floor) at 2.5 m to 0.002 ppb.  

∼1.79 ± 0.02 ppb

“Straightforward” systematics

∼0.24 ± 0.03 ppb

9



Jack Roth, UC BerkeleyMITP Precision Determinations of the Fine-structure constant

• Laser frequency


• Acceleration gradient


• Beam alignment


• Index of refraction

“Straightforward” systematics

Backfiber coupling 
constrains  to 12θ μrad

∼0.24 ± 0.03 ppb

∼1.79 ± 0.02 ppb
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• Laser frequency


• Acceleration gradient


• Beam alignment


• Index of refraction

“Straightforward” systematics

Dispersion of laser due to background 
Cesium atoms changes the refractive index

Bounded by assuming all vacuum 
pressure is due to cesium.

0.05 ± 0.03 ppb

∼1.79 ± 0.02 ppb

∼0.24 ± 0.03 ppb
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Overview of systematic effects
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Problem #1: dynamics during pulse will effect imparted phase

Problem #2: beamsplitter outputs unwanted momentum states
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ċn =i
!e!

2

[
cn→1e

i(→ω+8n→4)t + cn+1e
i(ω→8n→4)t

]

...

2018 measurement systematic uncertainty of 120ppt 
at  corresponds to ellipse angle to 3mRadΦtotal



Jack Roth, UC BerkeleyMITP Precision Determinations of the Fine-structure constant

Source: Zack Pagel

Anomalous phase previous analysis

15

Zero ΦSCI

CHAPTER 5. EXPERIMENT 128
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Figure 5.8: Plots of the measured modulation frequency fm as a function of the pulse separa-
tion time T, with a 1/T scale to emphasize the asymptotic behavior and linear best fit lines
(black). Left: The di↵erence between the measured frequency fm(T ) and the extrapolated
frequency fm(1), for n = 5 with N = 0 and N = 16. Right: The relative uncertainty in the
recoil frequency fr = fm(T )/8(n + N) due to the di↵raction phase.

oscillations. When the pulse separation time is plotted on a 1/T scale, the asymptotic nature
of the measurement becomes apparent. As the pulse separation time approaches infinity,
the modulation frequency (and therefore the measured recoil frequency fr) approaches the
“correct” value. When Bloch oscillations are added, not only does the fractional uncertainty
decrease due to the increase in total phase, but the value of the di↵raction phase �0 also tends
to get smaller [44]. The reason is that the increased velocity di↵erence between the upper and
lower interferometer causes the non-resonant Bragg pair to be further Doppler detuned and
thus contribute less to the dynamics of the beam splitter. This increased symmetry cancels
some of the di↵raction phase (primarily the contributions from the last beam splitter), as
was shown in Section 2.5.2.

The di↵raction phase can be measured by fitting the modulation frequency vs. 1/T
data to a straight line. For convenience, the di↵raction phase is sometimes referenced as a
frequency slope @fm/@(1/T ) = �̄0 = �0/(4⇡n) in units of Hz·s. For a measurement with only
two pulse separation times T1 and T2 with corresponding measured modulation frequencies
f1 and f2, the recoil frequency and di↵raction phase can be solved as

8(n + N)fr =
f2T2 � f1T1

T2 � T1

, and �̄0 = T1T2

✓
f2 � f1

T1 � T2

◆
. (5.3)

By making alternating measurements between long and short T s, both the recoil frequency
and the di↵raction phase can be solved simultaneously.

This method of extracting the recoil frequency depends heavily on the di↵raction phase
�0 being a constant; therefore, great care must be taken to ensure all parameters are the same
for di↵erent pulse separation times. The two factors that are the most likely to change during
the interferometer sequence are the transverse atom positions due to a misaligned launch

Source: Brian Estey thesis work

0 ± 0.08 ppb
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Parasitic ports
0 ± 0.03 ppb

PARKER, YU, ESTEY, ZHONG, HUANG, AND MÜLLER PHYSICAL REVIEW A 94, 053618 (2016)

Time (τ)
-5 -4 -3 -2 -1 0 1 2 3 4 5

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

0

0.2

0.4

0.6

0.8

1

Time (τ)
-5 -4 -3 -2 -1 0 1 2 3 4 5In

te
ns

ity
 D

ev
ia

tio
n

(%
 o

f M
ax

im
um

)

-4

-2

0

2

Experimental
   Waveform

Gaussian
Waveform

FIG. 9. Comparison of the Bragg wave form after the intensity
servo (red) vs an ideal Gaussian (black). The two wave forms are
on top; the difference between the two is on the bottom. Note the
truncation of the wave form around −3τ and 3τ . The deviation can
be reduced by suitable adjustment of the servo; however, even this
deviation results in a negligible shift of less than 0.03 ppb.

interferometer of order n is

|"̃uu|2 = |cuuu + cu#ue
−iφc + cupue

inp(np−n)ωr T −inpφc/n|2,

|"̃u#|2 = |cuu# + cu##e
−iφc + cup#e

inp(np−n)ωr T −inpφc/n|2,

|"̃#u|2 = |c#uue
iφc + c##u + c#pue

inp(np−n)ωr T +inpφc/n|2,

|"̃##|2 = |c#u#e
iφc + c### + c#p#e

inp(np−n)ωr T +inpφc/n|2,
where φc is the common-mode phase due to accelerations, and
the parasitic complex amplitudes are

cupu = 〈2n + N |Ĥn,N |n + np + N〉〈n + np+N |Ĥn,N |n + N〉

×〈n|Ĥn|n − np〉〈n − np|Ĥn|0〉,

cup# = 〈n + N |Ĥn,N |n + np + N〉〈n + np + N |Ĥn,N |n + N〉

×〈n|Ĥn|n − np〉〈n − np|Ĥn|0〉,

c#pu = 〈−N |Ĥn,N | − np − N〉2〈0|Ĥn|np〉2,

c#p# = 〈−n − N |Ĥn,N | − np − N〉〈−np − N |Ĥn,N | − N〉

×〈0|Ĥn|np〉2,

with the parasitic paths shown in Fig. 10. As before, the
coefficients cijk are calculated numerically by the Monte Carlo
simulation. The two ports "̃up and "̃lp can also be included,
but are not significantly populated and therefore do not change
the results. The common-mode phase φc is modeled as a
Gaussian distribution, with a spread produced by vibrations
of the retroreflecting mirror [23].

The effect of a parasitic interferometer is to produce a phase
shift that oscillates in T at high frequency, as in Fig. 11. This
can produce a systematic shift in a measurement of α as the
T ’s chosen will alias this oscillation, in general not averaging
out the phase shifts. For example, with typical experimental
parameters an 8-mrad peak-to-peak oscillation can produce a
systematic shift in the measured α as large as 1 ppb.

FIG. 10. Geometry of the interferometers when parasitic
Ramsey-Bordé interferometers (dashed lines) are included.

For an n = 5 Ramsey-Bordé interferometer using σ =
14.5 µs, the dominant parasitic interferometer is np = 1.
The predicted oscillation frequency is therefore 8np(n −
np)ωr/2π = 66 kHz. By taking multiple pairs of T ’s, with
each pair separated by half the period of the oscillation, we can
dramatically suppress the sensitivity to this effect by averaging
over it, limited by the uncertainty in the period. Even with 5%
error in the period, using pairs of T ’s reduces the systematic
shift for an 8-mrad oscillation to less than 0.1 ppb.
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FIG. 11. Monte Carlo simulation with Bragg durations of 95 and
109 µs. The effect of the parasitic interferometer is to produce a high-
frequency oscillating phase, clearly visible when using a 95-µs pulse.
The parasitic interferometer is suppressed with the proper choice
of pulse duration. For this simulation, the overall Bragg intensity
I/Iπ/2 = 1.0, and the common-mode phase is a Gaussian with width
6 rad and offset 4 rad. The solid lines are sinusoidal fits (all parameters
free).
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•  varies across Gaussian wavefront


• Small scale intensity fluctuations lead 
to a shift in 


• Shift in  shifts 


• Also couples to thermal motion of 
atoms
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k 6= !/c

Observation of Extra Photon Recoil in a Distorted Optical Field, S. Bade et al., Phys. Rev. Lett. (2018)

Gouy Phase
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Gouy Phase ∼2.60 ± 0.03 ppb

Beam profile measured, fed into Monte Carlo simulation

R. H. Parker et al., Science 360, 191-195 (2018)
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• Causes small intensity ripples


• Causes shifts in 


• Suppressed via apodizing filter

k
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Speckle 0 ± 0.04 ppb
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Non-Gaussian waveform

• Deviation of Gaussian 
intensity profile of 
beamsplitter pulse
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Outline

• Review of the measurement technique


• Review of systematic effects


• Approach to negating/understanding difficult systematics


• Outlook
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New apparatus

• New chamber


• New simulation


• New team 4m

0.4 m
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Larger beam Reduced effect of thermal 
motion, Gouy phase, laser phase

Larger chamber, baffles Reduced speckle

Atoms higher in chamber Reduced beam imperfections

Chamber hardware upgrades
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Simulation approach

• One unified simulation for 
understanding all beam 
related systematics


• Attempting to verify each 
stage of the simulation 
before implementing next 
stage
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Matching simulation and experiment
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• Completing simulation-experiment 
matching of single Bragg pulses


• Beginning to verify simulations of 
the full interferometer

Initial simulation results
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• Experiment can now run 24/7, 
yields high quality datasets


• Next simulation-experiment 
matching


• Gouy phase


• Input cloud shaping


• New interferometer geometries?

Outlook
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