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• Indirect tests imply stringent limits on gravitational 
acceleration of antimatter:

 

[Alves, Jankowiak, Saraswat,  arXiv:0907.4110]
                               (unclear to what extent this applies to muonium)

• But no direct test has yet achieved significance.  
Best direct limit, on antihydrogen:

[Amole et al. (ALPHA collaboration),
                          Nature Commun. 4 (2013) 1785]

g / g−1 <10−7

−65 < g / g <110

COSMOLOGICAL SIDEBAR 

Theories in which antimatter repels matter (so-called 
“antigravity”) offer simple explanations of several key 
cosmological puzzles: 

• Cosmic Baryon Asymmetry       • Galactic rotation curves 
• Binding of galaxy clusters         • Cosmic acceleration  
• Horizon, Flatness, and Age problems 

Self-gravitating clusters of matter and antimatter form 
randomly interspersed matter and antimatter galaxies or 
galactic clusters 

Thus there is no Baryon Asymmetry. 

Explanation relies on properties of virtual gravitational 
dipoles (matter–antimatter pairs). Unlike the EM case, 
these are repulsive, giving anti-shielding and strengthening 
force of gravity at large distances. 

Thus there is no need for Dark Matter. 

Interspersed, repulsive, matter and antimatter counteract 
gravitational deceleration of Universe expansion, leading to 
constant rate of recession. This is consistent with 
supernova data. 

Thus there is no need for Dark Energy. 

Slower expansion of early Universe means all parts are 
causally connected and older than oldest stars. 

Thus there is no need for Inflation.

• Besides antihydrogen (and perhaps positronium), 
only one other experimental approach is practical:

Muonium (µ+ e– atom, M)

• We are developing a precision, 3-grating muonium 
atom-beam interferometer to measure    .

• Unique test of leptonic and 2nd-generation gravitation
g

A"

A"

3

Preliminary Draft

Thomas Phillips

 Duke University 5

T
im

e
-of-F

ligh
t D

e
te

ctor

!"=#

Mask

grating

v ~ 6 ×103 m/s
M

~ 4.5 cm ~ 4.5 cm

M Detector

Figure 1: Principle of muonium interferometer (phase di↵erence �� = ⇡ shown for illustrative
purposes).

other things being equal, a finer grating pitch would appear to be helpful; however, it will already
be challenging to control systematics adequately with 100 nm pitch over the ⇠ cm2 grating area
needed for an adequate M detection rate. (We will of course explore the technological limits and
pursue the finest pitch deemed to be practical.)

The interferometer consists of three equally spaced transmission gratings, all having the same
pitch (a Mach–Zehnder configuration1 [22]), each of which must be precisely aligned to the others.
(The alignment with respect to the beam axis is less important owing to the extended-source
compatibility of the Mach–Zehnder interferometry principle [22]). As shown in Fig. 1, in such an
interferometer, the 0th and ±1st di↵raction orders from the first grating are di↵racted again by the
second grating so that they recombine and interfere at the location of the third grating. With 50%
open gratings, even orders are suppressed, and the three di↵raction orders shown contain most of
the transmitted intensity in approximately equal amounts. As shown in Fig. 2, the interference
pattern is sinusoidal with period equal to the grating pitch. Since the de Broglie wave corresponding
to each atom interferes with itself, and the interference patterns from all atoms are in phase with
each other, this interferometer configuration accommodates an extended, incoherent source.

The overall design and construction are similar to that of previous atomic beam interferom-
eters [24, 23, 25], although the precision and source size for the proposed experiment demand
improvements beyond previously constructed interferometers. We note that the phase di↵erence
over 6.0 lifetimes corresponds to about 400 pm of gravitational deflection. Assuming (for the sake of
illustration) that ḡ = g, a simple way to understand the interferometric phase di↵erence is to con-
sider that in the three lifetimes between gratings 1 and 2 the deflection is y = �1

2gt
2 = �213 pm,

and at grating 3, �1
2gt

2 = �854 nm. The phase di↵erence at grating 3 is with respect to the
di↵racted beams from grating 2, which start at y = �213 pm and at grating 3 have fallen by an
additional 213 pm. Thus the relative deflection is (854 � 2 ⇥ 213) pm = 427 pm.2 The relative
transverse alignment (the phase) of the interferometer gratings will therefore need to be measured

1We will not have the separated beams typical of Mach–Zehnder interferometers. We note that this geometry is
often referred to as a Talbot interferometer by the x-ray optics community.

2An alternative derivation in an accelerated reference frame, in which the beam travels in a straight, horizontal line
and the interferometer accelerates upwards at g, may be somewhat easier to follow and leads to the same conclusion.

• Need extreme precision, < 10 pm:

• In one (2.2 µs) lifetime, M atom falls by

            
                              • Statistical optimum is to measure after 4 lifetimes; then  

∆y = 380 pm. (Longer measurement interval may be optimal 
once systematics accounted for.)

• Then 105 monoenergetic M/s → precision ~ 0.3 g / √ # days 

~

∆ y = 1
2
gτ 2 = 24 pm    if     g = g .

• Precision goal requires extremely rigid, temperature-
stable mounting scheme.

➡Use single-crystal  
silicon, both for mount  
and for grating frames

✦ 100 nm grating pitch
✦ 1 cm2 grating area
✦ several-pm grating fidelity 

➡ Fabrication feasible 
at Argonne National Lab Center for Nanoscale Materials

✦ using Si3N4 film on Si substrate, e-beam and optical lithography, 
and reactive-ion (RIE) and wet etching

• Need monoenergetic muonium source.
✦ Proposed via stopping  

muons in superfluid LHe.  

✦ Produces  
monoenergetic beam  
due to large, positive  
chemical potential  
(270 K) of M in LHe.

✦ M is thus ejected normal  
to LHe surface at 
 
    v ≈ 6,300 m/s

K. Kirch, WAG Bern, Nov 13, 2013 

Muonium production in superfluid helium 

z Stop slow μ+ in superfluid helium  at  ≤  0.5K 
z Production of Mu measured but not yet the vacuum yield 
z Expect quasi-monoenergetic Mu  emission  (v≈6300  m/s)  from  the surface 

chemical potential of 270K (M. Saarela and E. Krotscheck, JLTP90(1993)415); D. 

Taqqu, E. Krotscheck priv. comm.) 
z Beam and interferometer R&D started and ongoing 

R. Abela et al., JETP Lett. 57 (1993) 157. D. Kaplan et al., arXiv:1308.0878 

Incoming 
slow muons 

Currently, unknown even whether antimatter falls up or down! 

We aim to find out!
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• Need ~ 10 pm precision interferometer alignment, and 
precision zero-degree reference

• Feasible by means of
✦ Pound-Drever-Hall (PDH)-locked  

laser tracking frequency gauge TFG):
✦ And continual calibration  

with soft X rays: 9
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• Some important questions:

1. Can sufficiently precise diffraction gratings be fabricated?

2. Can interferometer and detector be aligned to a few pm 
and stabilized against vibration?

3. Can interferometer and detector be operated at cryogenic 
temperature?

4. How determine zero-degree line?

5. Does Taqqu’s scheme work?
2
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between the first and second gratings and an interferometric phase shift Φ = 2π gτ2/d ≈ 0.003 if d 
= 100 nm grating pitch is used, with ≈14% M survival and ≈10% transmission to the detector.  
The necessary gratings can be fabricated using state-of-the-art nanolithography, including 
electron beam lithography and pattern transfer into a free-standing film by reactive ion etching. 
Detection is straightforward using the coincident positron-annihilation and electron signals to 
suppress background. 12  Measuring Φ to 10% requires grating fabrication fidelity, and 
interferometer stabilization and alignment, at the few-picometer level; this is within the current 
state of the art.13  At the anticipated rate of 105 M atoms/s, and taking decays and inefficiencies 
into account, the measurement precision is 0.3g per √n

—
, where n is the exposure time in days.7 

 

Figure' 1:' ' Principle! of!Mach! Zehnder! three2grating! atom! interferometer.! ! The! de! Broglie!waves! due! to! each!
incident!atom!all!contribute!to!the!same!interference!pattern!over!a!range!of!incident!beam!angles!and!positions.!!
Each!diffraction!grating! is!a!50%!open!structure!with!a!slit!pitch!of!100!nm.! !The!assumed!grating!separation!
corresponds!to!one!muon!lifetime.!

!
!

!
Figure'2:' 'Concept!sketch!of!muonium!interferometer!setup!(many!details!omitted).! !A!≈micron2thick!layer!of!
SFHe!(possibly!with!a!small!3He!admixture)!stops!the!muon!beam!and!forms!muonium!(M)!which!exits!vertically!
and!is!reflected!into!the!horizontal!off!of!the!thin!SFHe!film!coating!the!cryostat!interior.'

 

SFHe

M detector

Cryostat

(Not to scale)Incoming
surface-muon

beam

A “ship in a bottle!”4.5
cm

Thin x-ray 
window

Incoming 
x-ray beam

⇠

Figure 4: Concept sketch of proposed experiment, with slow muonium formed in and reflected into
the horizontal by SFHe films before traversing 3-grating interferometer.

a future facility at PSI. A surface-muon beam emerges at 4 MeV kinetic energy and must be
decelerated, moderated, or degraded for e�cient stopping in a thin film or powder. These techniques
are by now well established. Of course, the future accelerator path for Fermilab is somewhat
uncertain at present. TRIUMF and PSI represent additional venues at which muonium R&D and
experimentation could be carried out.

Needed Personnel

For the detailed design, modeling, and characterization of the grid structures themselves, we an-
ticipate internal support from IIT for a mechanical engineering Masters student. The remaining
pieces of the project are development of the needed interferometer alignment and muonium detec-
tion systems. As mentioned, the key challenge is the stabilization of the grids relative to each other.
We request funding for a postdoc and a PhD student in order to work through these challenges
and demonstrate a solution. The preliminary design of the interferometer will be completed by
the senior investigators. The postdoc and graduate student will complete the final design of the
interferometer and, assisted by undergraduates, procure the necessary components, assemble the
instrument, and test the interferometer in the laboratory and at one or more synchrotron radiation
facilities.

Research Plan

The primary aim of this proposal is to build an atom interferometer capable of several-picometer
accuracy. The research plan focuses on developing the various aspects of the instrument in parallel.

In the first year, the basic design of the interferometer will be completed, including details of
the containment vessel and cryostat and the temperature control and cooling of the channel-cut
silicon interferometer. Once its details are worked out, the cryogenic vessel and cryostat will be
procured. In parallel, we will use FEA to model the thermal mechanical properties of both the
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SOME USEFUL REFERENCES:

   TFG Test (Summer 2016)
Obtain <100-pm (<3-pm) resolution 
with msec (sec) averaging

Two 1560 nm lasers PDH-locked to  
Michelson interferometer:
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