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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

1.4
cm

M

! 3 

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

“MAGE”

+

Muons, Inc.



Future	Muon	Workshop	|	Muonium	Gravity										3/28/23D.	M.	Kaplan,	IIT /212

• Muonium antimatter gravity motivation 

• Experimental approach

• R&D issues

• Conclusions
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• Possibility of “fifth force”?

- g – 2, B-decay and W-mass  
anomalies:  possible  
eµ nonuniversality?

stimulated extensive work

• Observable via M gravity?
- what g̅ sensitivity required? no theor. prediction available

• Experimental 1st step: 10% measurement already 
worthwhile, and challenging
- demonstrate M interferometry & calibration at several-pm level 

- can it be pushed to 1% and beyond? systematics + statistics

sensible to start with 10% and proceed step by step
3

Muonium Gravity:  Motivation 1
[Glashow, Guadagnoli, Lane, “Lepton Flavor Violation in B Decays?” PRL 
114 (2015) 091801;
Buttazzoa, Greljoa, Isidoria, Marzocca, “B-physics anomalies: a guide to 
combined explanations,” JHEP 2017 (2017) 44; 
R. Aaij et al. (LHCb Collaboration), “Test of lepton universality in beauty-
quark decays,” Nat. Phys. 18 (2022) 277;
M. Alguer ó et al., “Unified explanation of the anomalies in semileptonic B 
decays and the W mass,” PRD 106 (2022) 033005 and refs. therein; 
S. L. Chen et al., “Combined explanations of B-physics anomalies, (g − 
2)e,μ and neutrino masses by scalar leptoquarks,” EPJC 82 (2022) 959;
M. D. Zheng et al., “Explaining anomalies of B-physics, muon g − 2 and W 
mass in R-parity violating MSSM with seesaw mechanism,” EPJC 82 
(2022) 895;
N. Desai, A. Sengupta, “Status of leptoquark models after LHC Run-2 and 
discovery prospects at future colliders, arXiv 2301.01754 (2023);
…]
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• Weak Equivalence Principle of GR:

- object’s acceleration in gravitational field independent of 
its composition

° assumed to apply to antimatter as well as matter

• But no direct test of antimatter gravity has been made

• Best limit (∆gH-H̄/g  10–7):  torsion pendulum (“Eöt-
Wash”) & lunar laser ranging

- relies on assumed contribution of virtual antimatter to 
nuclear binding energy – untested assumption

- inapplicable to M

• M provides only way to observe 2nd-generation gravity
4

Muonium Gravity:  Motivation 2

[D.S.M. Alves, M. Jankowiak, P. Saraswat, “Experimental 
constraints on the free fall acceleration of antimatter,” 
arXiv:0907.4110 [hep-ph] (2009)]
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“Crisis in Cosmology”

• All large-scale GR predictions wrong:

- missing mass, accelerating expansion, homogeneous 
microwave-background temp., age of universe…

• ΛCDM cosmology model developed in response 

- includes Dark Matter, Dark Energy, Inflation

- despite lack of direct evidence

• Could there be a simpler explanation?

5
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• What if matter and antimatter repel gravitationally?

- leads to universe with separated matter and antimatter regions 
(and makes gravitational dipoles possible)

BAU is local, not global ⇒ no need  
for new sources of CPV

- repulsion changes the expansion rate of the universe

possible explanation of apparent  
acceleration – without dark energy

all regions of early universe causally  
connected

- virtual gravitational dipoles can modify gravity at long distances

possible explanation of rotation  
curves – without dark matter

6

Antigravity?

[L. Blanchet, “Gravitational polarization and the 
phenomenology of MOND,” Class. Quant. Grav. 24 
(2007) 3529;
L. Blanchet & A.L. Tiec, “Model of dark matter and dark 
energy based on gravitational polarization,” PRD 78 
(2008) 024031]

[A. Benoit-Lévy and G. Chardin, “Introducing the 
Dirac-Milne universe,” Astron. & Astrophys. 537 (2012) 
A78]

[D. Hajdukovic, “Quantum vacuum and virtual 
gravitational dipoles: the solution to the dark energy 
problem?,” Astrophys. Space Sci. 339 (2012) 1]

[A. Benoit-Lévy and G. Chardin, ibid.]



Future	Muon	Workshop	|	Muonium	Gravity										3/28/23D.	M.	Kaplan,	IIT /21

• World leader:  ALPHA* at 
CERN Antiproton Decelerator

• They make antihydrogen from p̄ and e+ in a 
Penning trap and trap it with an octupole winding, 

• then shut off the magnet currents & see 
whether more H̄ annihilate 
on the top or on the bottom

7

Studying Antimatter Gravity

DRAFT

Antihydrogen and mirror-trapped antiproton discrimination 3
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Figure 1. A schematic, cut-away diagram of the antihydrogen production and
trapping region of the ALPHA apparatus, showing the relative positions of the
cryogenically cooled Penning-Malmberg trap electrodes, the minimum-B trap
magnets and the annihilation detector. The trap wall is on the inner radius
of the electrodes. Not shown is the solenoid, which makes a uniform field in ẑ.
The components are not drawn to scale.

1. Introduction

Recently, antihydrogen (H̄) atoms were trapped in the ALPHA apparatus at CERN
[1, 2]. The ability to discriminate between trapped antihydrogen and incidentally
trapped antiprotons was crucial to proving that antihydrogen was actually trapped
[1, 2, 3]. The antihydrogen was trapped in a magnetic minimum [4] created by an
octupole magnet which produced fields of 1.53 T at the trap wall at RW = 22.28 mm,
and two mirror coils which produced fields of 1 T at their centers at z = ±138 mm.
The relative orientation of these coils and the trap boundaries are shown in Figure 1.
These fields were superimposed on a uniform axial field of 1T [5, 6]. The fields thus
increased from about 1.06 T at the trap center (r = z = 0 mm), to 2T at the trap
axial ends (r = 0 mm, z = ±138 mm), and to

�
1.062 + 1.532 T = 1.86 T on the trap

wall at (r = RW, z = 0 mm). ‡ Antihydrogen was trapped in this minimum because
of the interaction of its magnetic moment with the inhomogeneous field. Ground state
antihydrogen with a properly aligned spin is a low field seeker; as its motion is slow
enough that its spin does not flip, the antihydrogen is pushed back towards the trap
center § by a force

F = �(µH̄ · B), (1)

where B is the total magnetic field, and µH̄ is the antihydrogen magnetic moment.
Unfortunately, the magnetic moment for ground state antihydrogen is small; the trap
depth in the ALPHA apparatus is only ETrap = 0.54 K, where K is used as an energy
unit.

Trapped antihydrogen was identified by quickly turning o↵ the superconducting
octupole and mirror magnetic field coils. Any antihydrogen present in the trap was
then released onto the trap walls, where it annihilated. The temporal and spatial
coordinates of such annihilations were recorded by a vertex imaging particle detector

‡ Note that 0.06 T is field from the mirrors at z = 0 mm.
§ Because of the interaction between the mirror and octupole fields, the magnetic field minimum is
actually slightly radially displaced from the trap center, not at the trap center itself.
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Figure 1 | The ALPHA antihydrogen trap and its magnetic-field configuration. a, A schematic view of the ALPHA trap. Radial and axial confinement of
antihydrogen atoms is provided by an octupole magnet (not shown) and mirror magnets, respectively. Penning trap electrodes are held at ⇤9K, and have
an inner diameter of 44.5mm. A three-layer silicon vertex detector surrounds the magnets and the cryostat. A 1 T base field is provided by an external
solenoid (not shown). An antiproton beam is introduced from the right, whereas positrons from an accumulator are brought in from the left. b, The
magnetic-field strength in the y–z plane (z is along the trap axis, with z=0 at the centre of the magnetic trap). Green dashed lines in this and other figures
depict the locations of the inner walls of the electrodes. c, The axial field profile, with an effective trap length of ⇤270mm. d, The field strength in the x–y
plane. e, The field-strength profile along the x axis.

efficient injection of antiprotons into the positrons with very
low kinetic energies.

About 6⇥ 103 antihydrogen atoms are produced by enabling
the plasmas to interact for 1 s. Most of the atoms annihilate on
the trap walls32, whereas a small fraction are trapped. A series of
fast electric field pulses is then applied to clear any remaining
charged particles. After a specified confinement time for each
experimental cycle, the superconducting magnets for the magnetic
trap are shut down with a 9ms time constant. Antihydrogen, when
released from the magnetic trap, annihilates on the Penning-trap
electrodes. The antiproton annihilation events are registered using
a silicon vertex detector33,34 (see Methods). For most of the data
presented here, a static axial electric bias field of 500Vm�1 was
applied during the confinement and shutdown stages to deflect
bare antiprotons that may have been trapped through the magnetic
mirror effect16. (Deflection of antiprotons by the bias field has been
experimentally verified using intentionally trapped antiprotons16.)
This bias field ensured that annihilation events could only be
produced by neutral antihydrogen.

The silicon vertex detector, surrounding the mixing trap
in three layers (Fig. 1a), enables position-sensitive detection of
antihydrogen annihilations even in the presence of a large amount
of scattering material (superconducting magnets and cryostat)35,
and is one of the unique features of ALPHA (see Methods). The
capability of vertex detection to efficiently distinguish between
cosmic rays and antiproton annihilations36, as well as the fast
shutdown capability of our trap25, provide background counts
per trapping attempt of 1.4 ⇥ 10�3. This is six orders of
magnitude smaller than was obtained in ref. 37 (on the basis
of the reported 1min shutdown time and 20 s�1 background
rate). Improvements in annihilation-event identification have also
resulted in an increase in detection efficiency (seeMethods) relative

to our previous work16. Knowledge of annihilation positions
also provides sensitivity to the antihydrogen energy distribution,
as we shall show.

In Table 1 and Fig. 2, we present the results for a series of
measurements, wherein the confinement time was varied from 0.4 s
to 2,000 s. These data, collected under similar conditions, contained
112 detected annihilation events out of 201 trapping attempts.
Annihilation patterns in both time and position (Fig. 3) agree
well with those predicted by simulation (see below). Our cosmic
background rejection36 enables us to establish, with high statistical
significance, the observation of trapped antihydrogen after long
confinement times (Fig. 2b). At 1,000 s, the probability that the
annihilation events observed are due to a statistical fluctuation
in the cosmic ray background (that is, the Poisson probability,
p, of the observed events assuming cosmic background only4) is
less than 10�15, corresponding to a statistical significance of 8.0 � .
Even at 2,000 s, we have an indication of antihydrogen survival
with a p value of 4⇥10�3 or a statistical significance of 2.6 � . The
1,000 s observation constitutes a more than a 5,000-fold increase
in measured confinement time relative to the previously reported
lower limit of 172ms (ref. 16).

Possiblemechanisms for antihydrogen loss from the trap include
annihilations on background gas, heating through elastic collisions
with background gas and the loss of a quasi-trapped population21

(see below). Spin-changing collisions between trapped atoms20
are negligible because of the low antihydrogen density. The main
background gases in our cryogenic vacuum are expected to be He
andH2.Our theoretical analysis of antihydrogen collisions indicates
that trap losses due to gas collisions give a lifetime in the range
of ⇤300 to 105 s, depending on the temperature of the gas (see
Methods). The observed confinement of antihydrogen for 1,000 s
is consistent with these estimates. Note that trapping lifetimes of

NATURE PHYSICS | VOL 7 | JULY 2011 | www.nature.com/naturephysics 559

Figure 1: (left) 3D schematic of ALPHA trap [7]; (right) on-axis magnetic field vs z [5].

Figure 2: (left) Magnetic field (in tesla) on axis due to mirror coils in ALPHA vs distance (in mm)
from center of trap; (right) z-derivative of magnetic field at left (tesla/mm) [6].

2

[G. B. Andresen et al., “Confinement of antihydrogen 
for 1,000 seconds,” Nature Phys. 7 (2011) 558]

[C. Amole et al., “Description and first application of 
a new technique to measure the gravitational mass 
of antihydrogen,” Nature Comm. 4 (2013) 1785]
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Figure 1 | The ALPHA antihydrogen trap and its magnetic-field configuration. a, A schematic view of the ALPHA trap. Radial and axial confinement of
antihydrogen atoms is provided by an octupole magnet (not shown) and mirror magnets, respectively. Penning trap electrodes are held at ⇤9K, and have
an inner diameter of 44.5mm. A three-layer silicon vertex detector surrounds the magnets and the cryostat. A 1 T base field is provided by an external
solenoid (not shown). An antiproton beam is introduced from the right, whereas positrons from an accumulator are brought in from the left. b, The
magnetic-field strength in the y–z plane (z is along the trap axis, with z=0 at the centre of the magnetic trap). Green dashed lines in this and other figures
depict the locations of the inner walls of the electrodes. c, The axial field profile, with an effective trap length of ⇤270mm. d, The field strength in the x–y
plane. e, The field-strength profile along the x axis.

efficient injection of antiprotons into the positrons with very
low kinetic energies.

About 6⇥ 103 antihydrogen atoms are produced by enabling
the plasmas to interact for 1 s. Most of the atoms annihilate on
the trap walls32, whereas a small fraction are trapped. A series of
fast electric field pulses is then applied to clear any remaining
charged particles. After a specified confinement time for each
experimental cycle, the superconducting magnets for the magnetic
trap are shut down with a 9ms time constant. Antihydrogen, when
released from the magnetic trap, annihilates on the Penning-trap
electrodes. The antiproton annihilation events are registered using
a silicon vertex detector33,34 (see Methods). For most of the data
presented here, a static axial electric bias field of 500Vm�1 was
applied during the confinement and shutdown stages to deflect
bare antiprotons that may have been trapped through the magnetic
mirror effect16. (Deflection of antiprotons by the bias field has been
experimentally verified using intentionally trapped antiprotons16.)
This bias field ensured that annihilation events could only be
produced by neutral antihydrogen.

The silicon vertex detector, surrounding the mixing trap
in three layers (Fig. 1a), enables position-sensitive detection of
antihydrogen annihilations even in the presence of a large amount
of scattering material (superconducting magnets and cryostat)35,
and is one of the unique features of ALPHA (see Methods). The
capability of vertex detection to efficiently distinguish between
cosmic rays and antiproton annihilations36, as well as the fast
shutdown capability of our trap25, provide background counts
per trapping attempt of 1.4 ⇥ 10�3. This is six orders of
magnitude smaller than was obtained in ref. 37 (on the basis
of the reported 1min shutdown time and 20 s�1 background
rate). Improvements in annihilation-event identification have also
resulted in an increase in detection efficiency (seeMethods) relative

to our previous work16. Knowledge of annihilation positions
also provides sensitivity to the antihydrogen energy distribution,
as we shall show.

In Table 1 and Fig. 2, we present the results for a series of
measurements, wherein the confinement time was varied from 0.4 s
to 2,000 s. These data, collected under similar conditions, contained
112 detected annihilation events out of 201 trapping attempts.
Annihilation patterns in both time and position (Fig. 3) agree
well with those predicted by simulation (see below). Our cosmic
background rejection36 enables us to establish, with high statistical
significance, the observation of trapped antihydrogen after long
confinement times (Fig. 2b). At 1,000 s, the probability that the
annihilation events observed are due to a statistical fluctuation
in the cosmic ray background (that is, the Poisson probability,
p, of the observed events assuming cosmic background only4) is
less than 10�15, corresponding to a statistical significance of 8.0 � .
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lower limit of 172ms (ref. 16).

Possiblemechanisms for antihydrogen loss from the trap include
annihilations on background gas, heating through elastic collisions
with background gas and the loss of a quasi-trapped population21

(see below). Spin-changing collisions between trapped atoms20
are negligible because of the low antihydrogen density. The main
background gases in our cryogenic vacuum are expected to be He
andH2.Our theoretical analysis of antihydrogen collisions indicates
that trap losses due to gas collisions give a lifetime in the range
of ⇤300 to 105 s, depending on the temperature of the gas (see
Methods). The observed confinement of antihydrogen for 1,000 s
is consistent with these estimates. Note that trapping lifetimes of
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• The first published limit:

• Let F = mgrav./minert. of H̅

• Then  
 
–65 ≤ F ≤ 110 @ 90% C.L. 
           [ALPHA Collaboration, 2013]

• They propose improving 
sensitivity to ∆F ~ 0.5

• May take another ~year...?
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[C. Amole et al., “Description and first application of 
a new technique to measure the gravitational mass 
of antihydrogen,” Nature Comm. 4 (2013) 1785]

correspondence between the escape time of an anti-atom and its
initial energy because it can take some time for an anti-atom to
find the ‘hole’ in the trap potential. Computer simulations of this
process, described in ref. 38, show that anti-atoms of a given
initial energy escape over a temporal range of at least 10 ms. The
simulations discussed in ref. 38 did not include a gravitational
force; to aid in our interpretation of the current experimental
data, we extended these simulations to include gravity by the
addition of a gravitational term to the equation of motion:

M
d2q

dt2 ¼rðlH # Bðq; tÞÞ%Mggŷ; ð1Þ

where q is the centre-of-mass position of the anti-atom, and g is
the local gravitational acceleration. Previous measurements39 on
ALPHA established that the magnitude of the magnetic moment
lH equals that of hydrogen to the accuracy required in this paper;
its direction is assumed to adiabatically track the external
magnetic field.

Simulation studies. To model the experiment, we simulated the
effects of gravity on an ensemble of ground-state antihydrogen
atoms randomly selected from the

ffiffi
e
p

energy distribution
described above. These anti-atoms are first propagated for 50 ms
in the full-strength trap fields to effectively randomize their
positions, and then propagated in the post-shutdown decaying
fields until they annihilate on the trap wall. The results of a typical
simulation are shown in Fig. 2 for F¼ 100, which exaggerates the
effects of gravity relative to the baseline of F¼ 1 expected from
the equivalence principle. As can be seen in Fig. 2, there is a
tendency for the anti-atoms to annihilate in the bottom half
(yo0) of the trap. This tendency is pronounced for anti-atoms
annihilating at later times. This is because, as shown in Fig. 3 and
in Table 1, the confining potential well associated with the
magnetic and gravitational forces in equation 1 is most skewed by

gravitational effects late in time when the magnetic restoring
force is relatively weak, and the remaining particles are those with
the lowest energy. We note that while the number of late anni-
hilating anti-atoms is dependent on the exact energy distribution
used to initialize the simulations, the annihilation locations of
these anti-atoms are not; for the purposes of this paper, the exact
distribution is unimportant.

Reverse cumulative average analysis. To determine an experi-
mental limit on F, we compare our data set of 434 observed
antihydrogen annihilation events to computer simulations at
various F’s. Our statistics suffer from the fact that escaping anti-
atoms are most sensitive to gravitational forces at late times, but
relatively few of the events occur at late times. For example, even
with the cooling due to the adiabatic expansion that occurs as the
trap depth is lowered, only 23 anti-atoms out of the 434 anni-
hilate after 20 ms. Moreover, inspection of the simulation data in
Fig. 2 shows that even when there is a pronounced tendency for
the anti-atoms to fall down, some still annihilate near the top of
the trap. To obtain a qualitative understanding of the data, we use
the reverse cumulative average /y|tS: the average of the y
positions of all the annihilations that occur at time t or later (see
Methods). This reverse cumulative average highlights the more
informative late-time events while still including as many events
as possible into the average. Figure 4 plots /y|tS for the events
and the simulations at several values of F. These plots suggest that
an upper bound on F can be established from the data, at a value
somewhere between F¼ 60 and 150.

Monte Carlo analysis. Although the visual approach taken in
Fig. 4 is striking, a more sophisticated analysis is necessary for a
quantitative assessment of F. Specifically, our problem is this:
given our event set of experimental annihilations {(y,t)}Ev, where
y is the observed position of a given annihilation and t is the time
of this annihilation, and given a family of similar sets of simulated
pseudo-annihilations {(y,t)}F at various F, how can we determine
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ity experiment, then there would be no telling what ex-
citing physics could follow.”

The muonium experiment appears feasible now be-
cause of two recent inventions: (i) a new technique to
stop, extract and compress a high intensity beam of pos-
itive muons, to reaccelerate the muons to 10 keV and fo-
cus them into a beam spot of 100µm diameter or even
less [14]; and (ii) a new technique to efficiently convert
the muons to M atoms in superfluid helium at or below
0.5K in which they thermalize and from which they get
boosted by 270K perpendicular to the surface when they
leave into vacuum [15].

Assuming an existing surface muon beam of highest
intensity as input, see e.g. [16], it should be possible
to obtain an almost monochromatic beam of M atoms
(∆E/E ≈ 0.5/270) with a velocity of about 6300m/s
(corresponding to 270K or a wavelength λ ≈ 5.6Å) and
a 1-dimensional divergence of

√

∆E/E ≈ 43mrad at a
rate of about 105 s−1 M atoms [15]. This is a many orders
of magnitude brighter beam than available up to now.

Following the approach of [5, 6, 8, 9] a Mach-Zehnder
type interferometer should be used in the muonium ex-
periment. The principle with the source, the three grat-
ing interferometer and the detection region is sketched
in Fig. 1. We assume here three identical gratings and
use the first two for setting up the interference pattern
which is scanned by moving the third grating. The setup
is rather short, because the decay length of the M atoms
is about 1.4 cm only (τµ = 2.2 µs). The whole system
from source to detection may be 4 decay lengths long,
and without further collimation the source illuminates a
cross section of less than 5mm over the length of the
interferometer. The three free-standing gratings can be
made sufficiently large with existing, proven technology
with a period of 100 nm [17, 18] resulting in a diffrac-
tion angle θ = λ/d ≈ 5.6mrad. The optimum distance
L between two gratings is slightly larger than one decay
length; however, for simplicity here L = 1.4 cm. Assum-
ing another length L each, for distances of the source and
the detector to the nearest interferometer grating, results
in 4 decay lenghts. Decay and transmission loss by the
three 50% open ratio gratings reduces the initial M rate
by a factor 2 × 10−3, yielding N0 = 200 s−1 detected M.
Because only the indicated first order diffraction carries
the desired information but essentially all transmitted M
are detected, the interference pattern has a reduced con-
trast of somewhat below 4/9. Assuming a contrast of
C = 0.3 and using eqn. (3) of [9] yields the statistical
sensitivity of the experiment:

S =
1

C
√

N0

d

2π

1

τ2
(1)

≈ 0.3 g per
√

#days (2)

which means that the sign of ḡ is fixed after one day and
3% accuracy can be achieved after 100days of running.

With the quite satisfactory statistics, the next impor-
tant issues are the alignment and stability of the inter-
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FIG. 1: Scheme of the experimental setup: the M beam comes
from the cryogenic µ+ beam target on the left hand side,
enters and partially traverses the interferometer and reaches
the detection region on the right hand side. The dimensions
are not to scale and the diffraction angle θ is in reality smaller
than the divergence.

ferometer. The gravitational phase shift to be observed
is (using the notation of [9])

Φg =
2π

d
g τ2 ≈ 0.003. (3)

This is rather small but still an order of magnitude larger
than the phase shift due to the acceleration induced
by the rotation of the earth (Sagnac effect: 4πτ2v/d ×
ωearth ≈ 3 × 10−4). Other accelerations of the system
as a whole, e.g. from environmental noise, mainly af-
fect the contrast and must therefore be suppressed. The
same is true for misalignments of the gratings and their
drifts. The effects must be kept below the phase shift,
for example, for an unwanted translation ∆x of the third
(scanning) grating perpendicular to the M beam and the
lines of the grating one requires

2π
∆x

d
≤ Φg (4)

and consequently

∆x < 0.5 Å = 50 pm. (5)

Rotational misalignment of the gratings around the M
beam must be much less than the period over beam
height ratio, 100nm/5mm, or 20µrad and corresponding
drifts must not exceed 20 nrad. In a similar way, limits
for all other static or dynamic deviations from the per-
fect alignment of the three identical, equidistant, parallel
gratings can be obtained.

The relatively small size of the interferometer is a
major advantage for the stabilization. As in previous
matter interferometry experiments [5, 6] the muonium
experiment must use (multiple) laser interferometry for
alignment, monitoring and feedback position stabiliza-
tion. The gratings for the laser interferometry are ideally
integrated in the M atom gratings as perfect alignment
is required. State of the art piezo systems can be used
for positioning the gratings and for scanning of the third
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is about 1.4 cm only (τµ = 2.2 µs). The whole system
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gratings can be obtained.

The relatively small size of the interferometer is a
major advantage for the stabilization. As in previous
matter interferometry experiments [5, 6] the muonium
experiment must use (multiple) laser interferometry for
alignment, monitoring and feedback position stabiliza-
tion. The gratings for the laser interferometry are ideally
integrated in the M atom gratings as perfect alignment
is required. State of the art piezo systems can be used
for positioning the gratings and for scanning of the third
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stop, extract and compress a high intensity beam of pos-
itive muons, to reaccelerate the muons to 10 keV and fo-
cus them into a beam spot of 100µm diameter or even
less [14]; and (ii) a new technique to efficiently convert
the muons to M atoms in superfluid helium at or below
0.5K in which they thermalize and from which they get
boosted by 270K perpendicular to the surface when they
leave into vacuum [15].

Assuming an existing surface muon beam of highest
intensity as input, see e.g. [16], it should be possible
to obtain an almost monochromatic beam of M atoms
(∆E/E ≈ 0.5/270) with a velocity of about 6300m/s
(corresponding to 270K or a wavelength λ ≈ 5.6Å) and
a 1-dimensional divergence of
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∆E/E ≈ 43mrad at a
rate of about 105 s−1 M atoms [15]. This is a many orders
of magnitude brighter beam than available up to now.

Following the approach of [5, 6, 8, 9] a Mach-Zehnder
type interferometer should be used in the muonium ex-
periment. The principle with the source, the three grat-
ing interferometer and the detection region is sketched
in Fig. 1. We assume here three identical gratings and
use the first two for setting up the interference pattern
which is scanned by moving the third grating. The setup
is rather short, because the decay length of the M atoms
is about 1.4 cm only (τµ = 2.2 µs). The whole system
from source to detection may be 4 decay lengths long,
and without further collimation the source illuminates a
cross section of less than 5mm over the length of the
interferometer. The three free-standing gratings can be
made sufficiently large with existing, proven technology
with a period of 100 nm [17, 18] resulting in a diffrac-
tion angle θ = λ/d ≈ 5.6mrad. The optimum distance
L between two gratings is slightly larger than one decay
length; however, for simplicity here L = 1.4 cm. Assum-
ing another length L each, for distances of the source and
the detector to the nearest interferometer grating, results
in 4 decay lenghts. Decay and transmission loss by the
three 50% open ratio gratings reduces the initial M rate
by a factor 2 × 10−3, yielding N0 = 200 s−1 detected M.
Because only the indicated first order diffraction carries
the desired information but essentially all transmitted M
are detected, the interference pattern has a reduced con-
trast of somewhat below 4/9. Assuming a contrast of
C = 0.3 and using eqn. (3) of [9] yields the statistical
sensitivity of the experiment:
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which means that the sign of ḡ is fixed after one day and
3% accuracy can be achieved after 100days of running.

With the quite satisfactory statistics, the next impor-
tant issues are the alignment and stability of the inter-
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FIG. 1: Scheme of the experimental setup: the M beam comes
from the cryogenic µ+ beam target on the left hand side,
enters and partially traverses the interferometer and reaches
the detection region on the right hand side. The dimensions
are not to scale and the diffraction angle θ is in reality smaller
than the divergence.
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is (using the notation of [9])
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This is rather small but still an order of magnitude larger
than the phase shift due to the acceleration induced
by the rotation of the earth (Sagnac effect: 4πτ2v/d ×
ωearth ≈ 3 × 10−4). Other accelerations of the system
as a whole, e.g. from environmental noise, mainly af-
fect the contrast and must therefore be suppressed. The
same is true for misalignments of the gratings and their
drifts. The effects must be kept below the phase shift,
for example, for an unwanted translation ∆x of the third
(scanning) grating perpendicular to the M beam and the
lines of the grating one requires

2π
∆x

d
≤ Φg (4)

and consequently

∆x < 0.5 Å = 50 pm. (5)

Rotational misalignment of the gratings around the M
beam must be much less than the period over beam
height ratio, 100nm/5mm, or 20µrad and corresponding
drifts must not exceed 20 nrad. In a similar way, limits
for all other static or dynamic deviations from the per-
fect alignment of the three identical, equidistant, parallel
gratings can be obtained.

The relatively small size of the interferometer is a
major advantage for the stabilization. As in previous
matter interferometry experiments [5, 6] the muonium
experiment must use (multiple) laser interferometry for
alignment, monitoring and feedback position stabiliza-
tion. The gratings for the laser interferometry are ideally
integrated in the M atom gratings as perfect alignment
is required. State of the art piezo systems can be used
for positioning the gratings and for scanning of the third
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citing physics could follow.”

The muonium experiment appears feasible now be-
cause of two recent inventions: (i) a new technique to
stop, extract and compress a high intensity beam of pos-
itive muons, to reaccelerate the muons to 10 keV and fo-
cus them into a beam spot of 100µm diameter or even
less [14]; and (ii) a new technique to efficiently convert
the muons to M atoms in superfluid helium at or below
0.5K in which they thermalize and from which they get
boosted by 270K perpendicular to the surface when they
leave into vacuum [15].

Assuming an existing surface muon beam of highest
intensity as input, see e.g. [16], it should be possible
to obtain an almost monochromatic beam of M atoms
(∆E/E ≈ 0.5/270) with a velocity of about 6300m/s
(corresponding to 270K or a wavelength λ ≈ 5.6Å) and
a 1-dimensional divergence of

√

∆E/E ≈ 43mrad at a
rate of about 105 s−1 M atoms [15]. This is a many orders
of magnitude brighter beam than available up to now.

Following the approach of [5, 6, 8, 9] a Mach-Zehnder
type interferometer should be used in the muonium ex-
periment. The principle with the source, the three grat-
ing interferometer and the detection region is sketched
in Fig. 1. We assume here three identical gratings and
use the first two for setting up the interference pattern
which is scanned by moving the third grating. The setup
is rather short, because the decay length of the M atoms
is about 1.4 cm only (τµ = 2.2 µs). The whole system
from source to detection may be 4 decay lengths long,
and without further collimation the source illuminates a
cross section of less than 5mm over the length of the
interferometer. The three free-standing gratings can be
made sufficiently large with existing, proven technology
with a period of 100 nm [17, 18] resulting in a diffrac-
tion angle θ = λ/d ≈ 5.6mrad. The optimum distance
L between two gratings is slightly larger than one decay
length; however, for simplicity here L = 1.4 cm. Assum-
ing another length L each, for distances of the source and
the detector to the nearest interferometer grating, results
in 4 decay lenghts. Decay and transmission loss by the
three 50% open ratio gratings reduces the initial M rate
by a factor 2 × 10−3, yielding N0 = 200 s−1 detected M.
Because only the indicated first order diffraction carries
the desired information but essentially all transmitted M
are detected, the interference pattern has a reduced con-
trast of somewhat below 4/9. Assuming a contrast of
C = 0.3 and using eqn. (3) of [9] yields the statistical
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from the cryogenic µ+ beam target on the left hand side,
enters and partially traverses the interferometer and reaches
the detection region on the right hand side. The dimensions
are not to scale and the diffraction angle θ is in reality smaller
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three 50% open ratio gratings reduces the initial M rate
by a factor 2 × 10

−3
, yielding N0 = 200 s

−1
detected M.

Because only the indicated first order diffraction carries
the desired information but essentially all transmitted M
are detected, the interference pattern has a reduced con-
trast of somewhat below 4/9. Assuming a contrast of
C = 0.3 and using eqn. (3) of [9] yields the statistical
sensitivity of the experiment:
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which means that the sign of ḡ is fixed after one day and
3% accuracy can be achieved after 100days of running.

With the quite satisfactory statistics, the next impor-
tant issues are the alignment and stability of the inter-
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FIG. 1: Scheme of the experimental setup: the M beam comes
from the cryogenic µ

+
beam target on the left hand side,

enters and partially traverses the interferometer and reaches
the detection region on the right hand side. The dimensions
are not to scale and the diffraction angle θ is in reality smaller
than the divergence.

ferometer. The gravitational phase shift to be observed
is (using the notation of [9])

Φg =
2π
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g τ

2
≈ 0.003. (3)

This is rather small but still an order of magnitude larger
than the phase shift due to the acceleration induced
by the rotation of the earth (Sagnac effect: 4πτ

2
v/d ×

ωearth ≈ 3 × 10
−4

). Other accelerations of the system
as a whole, e.g. from environmental noise, mainly af-
fect the contrast and must therefore be suppressed. The
same is true for misalignments of the gratings and their
drifts. The effects must be kept below the phase shift,
for example, for an unwanted translation ∆x of the third
(scanning) grating perpendicular to the M beam and the
lines of the grating one requires

2π
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d
≤ Φg (4)

and consequently

∆x < 0.5 Å = 50 pm. (5)

Rotational misalignment of the gratings around the M
beam must be much less than the period over beam
height ratio, 100nm/5mm, or 20µrad and corresponding
drifts must not exceed 20 nrad. In a similar way, limits
for all other static or dynamic deviations from the per-
fect alignment of the three identical, equidistant, parallel
gratings can be obtained.

The relatively small size of the interferometer is a
major advantage for the stabilization. As in previous
matter interferometry experiments [5, 6] the muonium
experiment must use (multiple) laser interferometry for
alignment, monitoring and feedback position stabiliza-
tion. The gratings for the laser interferometry are ideally
integrated in the M atom gratings as perfect alignment
is required. State of the art piezo systems can be used
for positioning the gratings and for scanning of the third
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Studying Muonium Gravity

v ~ 6300 m/s

∆y = ½ gt2 = ??? 24 pm!
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ity experiment, then there would be no telling what ex-
citing physics could follow.”

The muonium experiment appears feasible now be-
cause of two recent inventions: (i) a new technique to
stop, extract and compress a high intensity beam of pos-
itive muons, to reaccelerate the muons to 10 keV and fo-
cus them into a beam spot of 100µm diameter or even
less [14]; and (ii) a new technique to efficiently convert
the muons to M atoms in superfluid helium at or below
0.5K in which they thermalize and from which they get
boosted by 270K perpendicular to the surface when they
leave into vacuum [15].

Assuming an existing surface muon beam of highest
intensity as input, see e.g. [16], it should be possible
to obtain an almost monochromatic beam of M atoms
(∆E/E ≈ 0.5/270) with a velocity of about 6300m/s
(corresponding to 270K or a wavelength λ ≈ 5.6Å) and
a 1-dimensional divergence of

√

∆E/E ≈ 43mrad at a
rate of about 105 s−1 M atoms [15]. This is a many orders
of magnitude brighter beam than available up to now.

Following the approach of [5, 6, 8, 9] a Mach-Zehnder
type interferometer should be used in the muonium ex-
periment. The principle with the source, the three grat-
ing interferometer and the detection region is sketched
in Fig. 1. We assume here three identical gratings and
use the first two for setting up the interference pattern
which is scanned by moving the third grating. The setup
is rather short, because the decay length of the M atoms
is about 1.4 cm only (τµ = 2.2 µs). The whole system
from source to detection may be 4 decay lengths long,
and without further collimation the source illuminates a
cross section of less than 5mm over the length of the
interferometer. The three free-standing gratings can be
made sufficiently large with existing, proven technology
with a period of 100 nm [17, 18] resulting in a diffrac-
tion angle θ = λ/d ≈ 5.6mrad. The optimum distance
L between two gratings is slightly larger than one decay
length; however, for simplicity here L = 1.4 cm. Assum-
ing another length L each, for distances of the source and
the detector to the nearest interferometer grating, results
in 4 decay lenghts. Decay and transmission loss by the
three 50% open ratio gratings reduces the initial M rate
by a factor 2 × 10−3, yielding N0 = 200 s−1 detected M.
Because only the indicated first order diffraction carries
the desired information but essentially all transmitted M
are detected, the interference pattern has a reduced con-
trast of somewhat below 4/9. Assuming a contrast of
C = 0.3 and using eqn. (3) of [9] yields the statistical
sensitivity of the experiment:
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≈ 0.3 g per
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#days (2)

which means that the sign of ḡ is fixed after one day and
3% accuracy can be achieved after 100days of running.

With the quite satisfactory statistics, the next impor-
tant issues are the alignment and stability of the inter-
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FIG. 1: Scheme of the experimental setup: the M beam comes
from the cryogenic µ+ beam target on the left hand side,
enters and partially traverses the interferometer and reaches
the detection region on the right hand side. The dimensions
are not to scale and the diffraction angle θ is in reality smaller
than the divergence.

ferometer. The gravitational phase shift to be observed
is (using the notation of [9])

Φg =
2π

d
g τ2 ≈ 0.003. (3)

This is rather small but still an order of magnitude larger
than the phase shift due to the acceleration induced
by the rotation of the earth (Sagnac effect: 4πτ2v/d ×
ωearth ≈ 3 × 10−4). Other accelerations of the system
as a whole, e.g. from environmental noise, mainly af-
fect the contrast and must therefore be suppressed. The
same is true for misalignments of the gratings and their
drifts. The effects must be kept below the phase shift,
for example, for an unwanted translation ∆x of the third
(scanning) grating perpendicular to the M beam and the
lines of the grating one requires

2π
∆x

d
≤ Φg (4)

and consequently

∆x < 0.5 Å = 50 pm. (5)

Rotational misalignment of the gratings around the M
beam must be much less than the period over beam
height ratio, 100nm/5mm, or 20µrad and corresponding
drifts must not exceed 20 nrad. In a similar way, limits
for all other static or dynamic deviations from the per-
fect alignment of the three identical, equidistant, parallel
gratings can be obtained.

The relatively small size of the interferometer is a
major advantage for the stabilization. As in previous
matter interferometry experiments [5, 6] the muonium
experiment must use (multiple) laser interferometry for
alignment, monitoring and feedback position stabiliza-
tion. The gratings for the laser interferometry are ideally
integrated in the M atom gratings as perfect alignment
is required. State of the art piezo systems can be used
for positioning the gratings and for scanning of the third
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fect the contrast and must therefore be suppressed. The
same is true for misalignments of the gratings and their
drifts. The effects must be kept below the phase shift,
for example, for an unwanted translation ∆x of the third
(scanning) grating perpendicular to the M beam and the
lines of the grating one requires
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beam must be much less than the period over beam
height ratio, 100nm/5mm, or 20µrad and corresponding
drifts must not exceed 20 nrad. In a similar way, limits
for all other static or dynamic deviations from the per-
fect alignment of the three identical, equidistant, parallel
gratings can be obtained.

The relatively small size of the interferometer is a
major advantage for the stabilization. As in previous
matter interferometry experiments [5, 6] the muonium
experiment must use (multiple) laser interferometry for
alignment, monitoring and feedback position stabiliza-
tion. The gratings for the laser interferometry are ideally
integrated in the M atom gratings as perfect alignment
is required. State of the art piezo systems can be used
for positioning the gratings and for scanning of the third
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• Need low-divergence beam of slow muonium 
traveling in vacuum – ∃ nowhere

• Proposals by D. Taqqu of Paul Scherrer 
Institute (Swiss national laboratory ≠ CERN):

- stop slow (keV) muons  
in ~ µm-thick layer of  
superfluid He (SFHe)

o or (T. Phillips) use  
~ 100 µm SFHe layer 
for ~ 102 ↑ intensity?

- R&D in progress @ PSI & proposed @ Fermilab

10

Novel Cryogenic M Source

Figure 5: (a) Observed decay asymmetry (a measure of Mu production, normalized such that an asymmetry
of 1 means ⇡ 100% conversion of stopping µ+ to Mu) in SFHe vs. temperature (from the Dec. 2017 PSI
beam test), averaged over various applied B-field values and orientations, compared with results of Ref. [65];
the new results indicate that Mu formation at temperatures down to 260mK remains favorable for MAGE,
with ⇡ 70% of stopped µ+ forming muonium atoms. (b) Decay asymmetry vs. the electrode voltage V used
to create an electric field E within the SFHe, normalized to decay asymmetry observed at E = 0. For V < 0,
E-field attracted µ+ towards the electrode, separating them from their ionization electrons and impeding
Mu formation. This verifies the e�cacy of the E-field technique required in the thick-film approach.

Table 1: Cryosystem quote summary (from A. Knecht et al., successful
PSI proposal to SNSF).

Item BlueFors Oxford Janis
Original budgetary quote 558.3 ke 568.5 ke 993.9 k$
Magnet system 54.6 ke - 54.6 ke
2nd pulse-tube cooler - 78.9 ke 78.9 ke
Additional vacuum pump - 10.4 ke 10.4 ke
Custom cabling 10 ke 10 ke -
Helium gas capillary 10 ke 10 ke -
Modified thermal shields 15 ke 15 ke -
Modified vacuum chamber 15 ke 15 ke -

Sum 662.9 ke 707.8 ke 1015.7 ke
Euro/CHF: 1.10 729.2 kCHF 778.6 kCHF 1117.3 kCHF

Figure 6: 3D drawing of 2-layer
barrel scintillating-fiber tracker,
surrounded by outer scintillator-
bar hodoscope used for trigger
purposes and to break recon-
struction ambiguity.

by each vendor. The detailed cryosystem design is in progress at PSI, and the actual cost will
be known once the PSI procurement process is completed.) We have backed the (unneeded for
interferometer commissioning) magnet system cost out of our own cost-share calculation: (662.9 –
54.6) ke⇥ 1.242 $/e=756 k$. (This estimate will need to be revisited based on as-spent dollars.)
Muonium detection: It is important to count only Mu atoms that have passed through the
interferometer. This can be accomplished via a coincidence technique. The decaying muons will
emit positrons, which (due to the high µ ! e⌫⌫ Q-value) emerge preferentially at large angles to
the Mu direction. These will be detected using a scintillating-fiber positron tracker [66] (Fig. 6)
surrounding the beam path downstream of the interferometer. The remaining, no-longer bound,
electrons will be electrostatically accelerated towards a position-sensitive charged-particle detector
such as a microchannel plate [67] (MCP). The coincidence of these two signals can be used to sup-
press background due to cosmics and beam muons decaying within the interferometer. Only 1.5%
of Mu entering the interferometer will survive to reach the third grating, so electron detection will
be important for rejection of background tracks originating before or within the third grating. The
positron tracker will be a pipelined device with negligible dead time even with a high background
rate. The MCP signal rate will be <⇠ 1 kHz, with ⇠µs dead time per event, but a large background
rate could cause some dead time, so careful shielding may be necessary. Alternate technologies for
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       A. Antognini et al.  
       (ETHZ/PSI/IIT, 2020)

• Need low-divergence source of slow muonium 
traveling in vacuum
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E-field attracted µ+ towards the electrode, separating them from their ionization electrons and impeding
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by each vendor. The detailed cryosystem design is in progress at PSI, and the actual cost will
be known once the PSI procurement process is completed.) We have backed the (unneeded for
interferometer commissioning) magnet system cost out of our own cost-share calculation: (662.9 –
54.6) ke⇥ 1.242 $/e=756 k$. (This estimate will need to be revisited based on as-spent dollars.)
Muonium detection: It is important to count only Mu atoms that have passed through the
interferometer. This can be accomplished via a coincidence technique. The decaying muons will
emit positrons, which (due to the high µ ! e⌫⌫ Q-value) emerge preferentially at large angles to
the Mu direction. These will be detected using a scintillating-fiber positron tracker [66] (Fig. 6)
surrounding the beam path downstream of the interferometer. The remaining, no-longer bound,
electrons will be electrostatically accelerated towards a position-sensitive charged-particle detector
such as a microchannel plate [67] (MCP). The coincidence of these two signals can be used to sup-
press background due to cosmics and beam muons decaying within the interferometer. Only 1.5%
of Mu entering the interferometer will survive to reach the third grating, so electron detection will
be important for rejection of background tracks originating before or within the third grating. The
positron tracker will be a pipelined device with negligible dead time even with a high background
rate. The MCP signal rate will be <⇠ 1 kHz, with ⇠µs dead time per event, but a large background
rate could cause some dead time, so careful shielding may be necessary. Alternate technologies for
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Focusing a Beam of Ultracold Spin-Polarized Hydrogen
Atoms with a Helium-Film-Coated Quasiparabolic Mirror
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We formed the first "atomic-optics" beam of electron-spin-polarized hydrogen atoms using a quasi-
parabolic polished copper mirror coated with a hydrogen-atom-reflecting film of superAuid He. The
mirror was located in the gradient of an 8-T solenoidal magnetic Beld and mounted on an ultracold
cell at 350 mK. After the focusing by the mirror surface, the beam was again focused with a sextupole
magnet. The mirror, which was especially designed for operation in the magnetic field gradient of
our solenoid, increased the focused beam intensity by a factor of about 7.5.

PACS numbers: 29.25.pj, 34.30.+n, 67.70.+n

Many high energy spin physics experiments require
a high intensity spin-polarized atomic hydrogen source,
which is either accelerated as a high energy polarized pro-
ton beam, or used as a polarized internal target placed in
a stored high energy beam [1]. We are developing an ul-
tracold high density jet target [2] of proton-spin-polarized
hydrogen atoms for the experiments NEPTUN-A [3] and
NEPTUN [4] at the 400 GeV to 3 TeV UNK proton ac-
celerator in Protvino, Russia. This relatively new ultra-
cold method uses a cell coated with superfIuid 4He and
a high magnetic field to produce electron-spin-polarized
atomic hydrogen [5]. Depolarization and recombination
into molecular hydrogen are strongly suppressed because
the average thermal energy is much too small to flip the
electron spin. Using the Michigan ultracold prototype
jet [2], we recently investigated "no microwave" extrac-
tion, which uses a steep magnetic field gradient to sep-
arate the cold hydrogen atoms of different electron-spin
states [6, 7]. This method yielded about the same dc flow
of almost 10 ~ electron-spin-polarized hydrogen atoms
per sec (H s ) into a compression tube (CT) detector [6]
as our earlier "microwave" extraction method [2).
The quantum refIection of cold hydrogen atoms from

a helium-film-covered surface was first demonstrated by
Berkhout et al [8]. They m. easured about 80% specu-
lar refIectivity for normal incidence on a hemispherical
optical quality concave quartz mirror coated with a 100-
mK saturated He film. The quantum reHection occurs
because each hydrogen atom is light and interacts very
weakly with the helium film.
We now report the first formation of an external beam

of ultracold electron-spin-polarized hydrogen atoms us-
ing a highly polished quasiparabolic copper mirror coated
with a He film. This mirror focusing significantly im-
proved our jet's beam transport efIiciency and thus in-
creased the detected beam intensity by a factor of about
(7.5 to 3.7)x10i5 Hs . This is an important step to-
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I IG. 1. Schematic diagram of the Michigan prototype ul-
tracold spin-polarized atomic hydrogen jet.

wards our goal of 10i7 H s
The Michigan prototype jet [2] using the no-

microwave-extraction method [6] is shown in Fig. 1. The
atomic hydrogen was produced in a room temperature rf
dissociator and guided to an ultracold stabilization cell
through a Teflon tube with a Tefion-coated copper nozzle
held at about 20 K. The double walls of the cell formed
the horizontal mixing chamber of the dilution refrigera-
tor; its cooling power was about 20 mW at 300 mK. A
bafne near the cell's exit aperture thermalized the out-
going atoms. The cell's entrance and exit apertures were
respectively located at 95'Fo and 65% of the central field
of the 8-T superconducting solenoid. The cell was com-
pletely covered with a superfiuid 4He film; it typically
operated for about 3 h at a temperature of 350 mK.
After the hydrogen atoms were sufficiently thermalized

by collisions with the cell surfaces, the magnetic field gra-
dient physically separated the atoms according to their
two different electron-spin states. The atoms in the two
lowest hyperfine states (high field seekers) were attracted
toward the high field region. Most of these atoms even-
tually escaped from the cell through the 50-mm2 annu-
lar gap around the entrance nozzle. These atoms then
recombined on bare surfaces; the resulting molecular hy-
drogen was pumped away by cryopanels and other cold
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surfaces. The atoms in the two higher energy hyper-
fine states (low field seekers) were repelled toward the
low Geld regions, where they collected and then e8'used
from the 5-mm-diam exit aperture. After emerging from
the exit aperture, the electron-spin-polarized atoms were
magnetically accelerated by the remaining Geld gradient.
We measured the extracted atomic hydrogen beam

Aux, using a compression tube detector mounted down-
stream of both the cell and the sextupole magnet as
shown in Fig. 1. The hydrogen atoms entered the de-
tector through a 5 mmx10 mm rectangular slit, which
was the only opening and was rotated for alignment
with the beam. The atomic hydrogen quickly recom-
bined into molecular hydrogen on the detector's room
temperature inner surfaces. The incoming atomic hy-
drogen flow was determined from the measured pressure
diKerence between the inside and outside of the CT vol-
ume; both pressures were measured with cold cathode
magnetron gauges [9]. The detector was calibrated by
bleeding molecular hydrogen into the CT volume at a
known rate.
A 30-cm-long water-cooled sextupole with a 7.5-cm-

diam bore and a 3.8-kG pole-tip field at 200 A focused
the atomic beam into the CT. The liquid-helium-cooled
5-crn i.d. transport tube through the sextupole reduced
the radiation heat load to the cell. Cryosorption panels
located along the beam decreased the residual gas pres-
sure, and thereby reduced the beam-gas scattering. The
apparatus is described in more detail in Ref. [6].
We designed a "parabolic" mirror to use specular re-

flection [8) as an "atomic-optics" focusing technique in
our ultracold spin-polarized atomic hydrogen jet tar-
get. Assuming specular reBection and a point source,
a parabolic mirror should form a parallel beam of atomic
hydrogen. Such a mirror could significantly increase the
beam available for focusing by a sextupole magnet. We,
therefore, made three diferent somewhat parabolic mir-
rors and mounted each mirror with its focus at the cell
exit aperture as shown in Fig. 2. We then measured the
intensity of the beam focused into the CT detector by
each mirror. Each mirror was made of oxygen-free elec-
trolytic copper whose high thermal conductivity helped

FIG. 3. The calculated and manufactured mirror shapes.
The dot-dashed curve is the calculated parabolic mirror. The
dotted curve is the calculated field gradient mirror while the
solid curve is the manufactured four-coned mirror.

to maintain a low-temperature 4He film on the surfaces.
Using the uncoated cell as a recombination detector, the
atomic hydrogen feed rate to the cell was determined
calorimetrically to be about 2x10i7 Hs
We first made baseline measurements with no mirror;

the measured CT signal was plotted versus the sextupole
current at several diferent solenoid fields [10]. The max-
imum signal was observed at a central solenoid field of
7.3 T; this gave the largest gradient which increased
both the electron-spin separation inside the cell and the
solenoid focusing outside. The measured CT signal at
the optimum sextupole current for each solenoid field is
later shown in Fig. 5 as the no-mirror baseline [11].
To rnatch our geometry, we first designed 8 parabolic

mirror with a focal length of 2.5 mm and a length of
43 mm, as shown in Fig. 3. With no magnetic field gra-
dient, this parabolic mirror would intercept about 80%%uo

of the atoms excusing from a point source at the focus;
the remaining 20%%uo would miss the inirror. We then
manufactured two mirrors that were single-coned and
double-coned approximations to this parabola; however,
at a solenoid Beld of 7.3 T, both these mirrors increased
the CT signal by only about 40%%uo. Unfortunately, in a
solenoid field gradient, a parabolic mirror is not exactly
correct for producing a parallel atomic beam. With no
Geld gradient, each atom's trajectory would be straight,
and would be reflected parallel to the parabolic mirror's
axis. However, the field gradient accelerated each atom
and bent its trajectory; thus each atom was reflected at
some angle to the mirror axis.
To obtain a more parallel reBected beam, we then de-

signed a quasiparabolic "field gradient mirror"; by as-
suming that the magnetic Geld decreases linearly along
the axis, one obtains parabolic trajectories in the gradi-
ent region. This mirror should reflect all monochromatic
atoms emitted by a point source into a parallel beam.
The mirror shape is given in cylindrical coordinates by

2406

• SFHe H mirror 
an established 
technique 
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• Some important feasibility 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 SFHe M production work?

13

Muonium Gravity Experiment

Figure 1: Principle of muonium
interferometer, shown in eleva-
tion view (phase di↵erence�� =
⇡ shown for illustrative pur-
poses); Mu-decay detectors (bar-
rel SciFi positron tracker and
electron MCP) shown at right.

While most physicists expect that the equivalence principle applies equally to antimatter and to
matter, theories in which this symmetry is maximally violated, e↵ectively giving antimatter negative
gravitational mass, are attracting increasing interest [18–27] as potentially providing alternatives
to cosmic inflation, CP violation, dark matter, and dark energy in explaining the great mysteries
of physics and cosmology. While perhaps a priori unlikely, an antimatter gravity experiment
could show that our universe is described by “Dirac–Milne” [24, 28] or lattice [27] cosmology,
containing equal parts matter and antimatter that repel each other gravitationally. This would
explain the mystery of the missing antimatter without the need for additional CP violation. With
a net gravitational mass of zero, the universe would be flat and expanding linearly, which fits
the Type Ia supernova data with no need of dark energy [27–29]. The slower initial expansion
allows the visible universe to be in thermal contact, resolving the horizon problem with no need for
inflation [27,28], and the age problem with no need for dark energy [28]. Having both positive and
negative gravitational mass results in gravitational vacuum polarization [22, 30], which provides a
mechanism for Modified Newtonian Dynamics (MOND) [31, 32], and fits galactic rotation curves
with no need of dark matter. In addition, oppositely signed gravitational masses for matter and
antimatter would cancel virtual particle-antiparticle-pair contributions to gravitational mass, thus
evading the indirect limits on antimatter gravity even for H.1 That a single measurement might
explain multiple mysteries, with no need to introduce the new physics of non-standard model CP
violation, cosmic inflation, dark energy, and dark matter, amply motivates MAGE.

Recent work [34–36] on a possible standard model extension emphasizes the importance of
2nd-generation gravitational measurements. Should an anomaly be observed in the gravitational
measurement of Mu or H, sorting out its nature will require results of the other measurement; and it
is theoretically possible for one measurement to yield the expected result while the other discovers
new physics. Given the short lifetimes of 2nd- and 3rd-generation particles, Mu may provide the
only experimentally accessible direct measurement of gravity beyond the first generation.
Results from Prior NSF Support: The Kaplan group’s e↵orts on the Muon Ionization Cooling
Experiment (MICE) at Rutherford Appleton Laboratory (U.K.) were supported by PHY-1314008,
Collaborative Research: Muon Ionization Cooling Experiment (2013–14), $52,000. Intellectual

Merit: The goal of MICE is to demonstrate the feasibility and characterize the performance
of muon ionization cooling—a key enabling technology for future neutrino factories and muon
colliders. We worked on detector construction and calibration, experiment operations, development
of controls and monitoring system, simulation and reconstruction software. Data-taking has ended,
analysis continues, several papers are published and more are in preparation. Broader Impacts:

Three graduate and, unusually for accelerator R&D, seven undergraduate students (including one
minority) of whom three went on to graduate work in physics, took part in the research. MICE
has 6 published journal articles [37–42], with 4 currently in preparation [43–46] and more planned,
plus many IIT-authored proceedings, colloquia, and seminars.

1
We already have evidence that virtual particles do not contribute to gravity, for if they did the cosmological

constant would be 120 orders of magnitude larger than observed [33].

2

! 3 

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.!

!
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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.'
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Answering the Questions:

a) b)

Figure 2:
a) CAD drawing of
muonium interferometer concept;
b) Section A-A. In blue-gray is grating support structure:
a U-channel machined out of a single-crystal silicon block. Each grating is mounted in a silicon frame
connected to an outer frame by flex-hinges; piezo-actuator pair permits small rotations to align the gratings
precisely in parallel, as well as scanning of grating 3. Grating frames have mirrors or corner-cube retroflectors
at top corners that form part of the laser distance gauges (TFGs) used to measure their position.

Background: Principle of MAGE

Figure 1 depicts the principle of MAGE, an application of well-established atom interferometry [47].
A horizontal muonium beam is directed into a three-grating interferometer in a Mach–Zehnder-like
arrangement [48].2 The first two gratings create an interference pattern that has the same period
as the gratings. The phase of the pattern is determined by measuring the transmission through a
third grating, of identical period, as that grating is scanned vertically. Gravity causes a phase shift
proportional to the deflection of an individual Mu atom. In such an interferometer, the 0th and
±1st di↵raction orders from grating 1, di↵racted again by grating 2, are recombined, and interfere
at grating 3. With ⇡ 50%-open gratings,3 even orders (except zero) are suppressed, and most of the
transmitted intensity is in the three di↵raction orders shown. Since each atom’s de Broglie wave
interferes with itself, and the interference patterns from all atoms are in phase, this configuration
accommodates an extended, incoherent source, easing alignment and beam requirements [48]. We
have modeled the performance of such an interferometer using the procedure of Refs. [49, 50] and
find an expected contrast of 20% at maximum sensitivity for our case of overlapping beams.

Measuring the phase shift requires extreme precision due to the very small deflection the Mu
atoms experience in a few muon lifetimes. This precision will be aided via a support structure
machined from single-crystal silicon (Fig. 2a), a technique common in X-ray interferometry, and
particularly e↵ective at cryogenic temperatures, where silicon has an extremely small coe�cient of
thermal expansion [51]. The gratings will be mounted in frames moved by piezoelectric actuators for
alignment and scanning (Fig. 2b). The grating positions will be monitored by semiconductor-laser
tracking frequency gauges (TFGs), developed at CfA by J.D. Phillips and R.D. Reasenberg [52],
which are capable of sub-picometer accuracy. With the two TFGs at IIT, we have already demon-
strated su�cient (1 pm) resolution for MAGE [53]. The alignment of the interferometer will be
monitored using X-rays of wavelength similar to that of the muonium, as shown in Fig. 3a.

The muonium detector will employ a scintillating-fiber (SciFi) tracker to detect the decay
positron. The electron remaining after the decay of the muon will be accelerated and detected
with a microchannel plate. We will identify muonium transmitted through the third grating by
accelerating electrons only in the region beyond that grating. A simulated event is shown in Fig. 3b.

Interferometer dimensions will be chosen to minimize the combined statistical and systematic

2
We 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.
3
With overlapped interferometer beams as in our case, the optimal open fractions in the three gratings have been

shown to be (0.60, 0.43, 0.37) [49], which can be fabricated in our proposed approach.

3

TFG precision (pm)  
vs. averaging timeSingle-xtal Si 

optical bench

From Kaplan, D.M.; Roberts, T.J.; Phillips, J.D.; Reasenberg, 
R.D. Improved performance of semiconductor laser  

tracking frequency gauge. J. Instrum. 2018, 13, P03008.  

1.

1. Can sufficiently precise diffraction gratings be fabricated?

- our collaborator, Derrick Mancini (a founder of ANL Center for 
Nanoscale Materials, CNM), thinks so; CNM boasts sub-nm 
precision – simulation study in progress

2. Can interferometer be aligned, and stabilized against vibration, to 
several pm?

- needs R&D, but LIGO & TFG do much better than we need

- we are operating a TFG at IIT for NASA space-telescope R&D
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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

Muonium Gravity Experiment
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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

M
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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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Answering the Questions:

~ 3
 cm

1. Can sufficiently precise diffraction gratings be fabricated?

- our collaborator, Derrick Mancini (a founder of ANL Center for 
Nanoscale Materials, CNM), thinks so; CNM boasts sub-nm 
precision – simulation study in progress

2. Can interferometer be aligned, and stabilized against vibration, to 
several pm?

- needs R&D, but LIGO & TFG do much better than we need

- we are operating a TFG at IIT for NASA space-telescope R&D

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

- needs R&D; at least piezos OK; material properties favorable

4. How determine zero-degree phase?

- use cotemporal soft X-ray beam

5. Does SFHe M production work?

- R&D in progress @ PSI, proposed at Fermilab
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• Use 2 laser interferometers  
per grating

- send laser beams in fiber  
through cryostat lid

o keeps instrumentation & heat external  
to cryostat & M detection path open

- “natural” sensitivity ~ λ/2 ~ 800 nm;  
need ~ 10 pm ⇒ 10–5 enhancement

o achieved via Pound–Driver–Hall locking at a zero of the 
intensity

Interferometer Alignment
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Detection is straightforward using the coincident positron-annihilation and electron signals to 
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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
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• Use 2 laser interferometers  
per grating

- send laser beams in fiber  
through cryostat lid

o keeps instrumentation & heat external  
to cryostat & M detection path open

- “natural” sensitivity ~ λ/2 ~ 800 nm;  
need ~ 10 pm ⇒ 10–5 enhancement

o achieved via Pound–Driver–Hall locking at a zero of the 
intensity

Interferometer Alignment

   → Laser Tracking Frequency Gauge (TFG)           
               [R. Thapa et al., “Subpicometer length 

measurement using semiconductor 
                                         laser tracking frequency gauge,” 

Opt. Lett. 36, 3759 (2011)]

! 3 

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.!

!
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!
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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.'
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• Use 2 laser interferometers  
per grating

- send laser beams in fiber  
through cryostat lid

o keeps instrumentation & heat external  
to cryostat & M detection path open

- “natural” sensitivity ~ λ/2 ~ 800 nm;  
need ~ 10 pm ⇒ 10–5 enhancement

o achieved via Pound–Driver–Hall locking at a zero of the 
intensity

Interferometer Alignment

   → Laser Tracking Frequency Gauge (TFG)           
               [R. Thapa et al., “Subpicometer length 

measurement using semiconductor 
                                         laser tracking frequency gauge,” 

Opt. Lett. 36, 3759 (2011)]
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 TFG performance
• 2-TFG common-path test:

- merge both laser beams onto one fiber
o modulated at different frequencies ⇒ distinguishable

- launch as free-space beam into interferometer

- tune lasers n fringes apart (typically n = 1) 

- count beat frequency in msec time bins
16

≤ 10 pm precision from  
≈ 20 ms to hours
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Recent TFG Progress
• NASA subcontract-funded R&D (NASA contract 
→ Lockheed Martin Space → UF → IIT)

- replace analog TFG controller with digital (Phase 1: 
Red Pitaya;  Phase 2: Smartfusion FPGA;  Phase 3: RTG4)

17
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One Analog TFG Controller One Red Pitaya 
Digital TFG  
Controller

Red Pitaya 
Close-Up
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Sensitivity Guesstimate

• MTA:  ≤ 3 ×1014 p/s × ~10–8 surface-µ/POT  
                             ×  0.05 M/surface-µ  150 kHz?

⇒ ḡ sign (σ ḡ = 0.4) @ MTA with a few days of beam

⇒ 10% ḡ measurement possible with sufficient run time

• Higher stat. precision (1% or better) at PIP-II AMF

- presumes sub-1% systematics (TBD)

18
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ity experiment, then there would be no telling what ex-
citing physics could follow.”

The muonium experiment appears feasible now be-
cause of two recent inventions: (i) a new technique to
stop, extract and compress a high intensity beam of pos-
itive muons, to reaccelerate the muons to 10 keV and fo-
cus them into a beam spot of 100µm diameter or even
less [14]; and (ii) a new technique to efficiently convert
the muons to M atoms in superfluid helium at or below
0.5K in which they thermalize and from which they get
boosted by 270K perpendicular to the surface when they
leave into vacuum [15].

Assuming an existing surface muon beam of highest
intensity as input, see e.g. [16], it should be possible
to obtain an almost monochromatic beam of M atoms
(∆E/E ≈ 0.5/270) with a velocity of about 6300m/s
(corresponding to 270K or a wavelength λ ≈ 5.6Å) and
a 1-dimensional divergence of

√

∆E/E ≈ 43mrad at a
rate of about 105 s−1 M atoms [15]. This is a many orders
of magnitude brighter beam than available up to now.

Following the approach of [5, 6, 8, 9] a Mach-Zehnder
type interferometer should be used in the muonium ex-
periment. The principle with the source, the three grat-
ing interferometer and the detection region is sketched
in Fig. 1. We assume here three identical gratings and
use the first two for setting up the interference pattern
which is scanned by moving the third grating. The setup
is rather short, because the decay length of the M atoms
is about 1.4 cm only (τµ = 2.2 µs). The whole system
from source to detection may be 4 decay lengths long,
and without further collimation the source illuminates a
cross section of less than 5mm over the length of the
interferometer. The three free-standing gratings can be
made sufficiently large with existing, proven technology
with a period of 100 nm [17, 18] resulting in a diffrac-
tion angle θ = λ/d ≈ 5.6mrad. The optimum distance
L between two gratings is slightly larger than one decay
length; however, for simplicity here L = 1.4 cm. Assum-
ing another length L each, for distances of the source and
the detector to the nearest interferometer grating, results
in 4 decay lenghts. Decay and transmission loss by the
three 50% open ratio gratings reduces the initial M rate
by a factor 2 × 10−3, yielding N0 = 200 s−1 detected M.
Because only the indicated first order diffraction carries
the desired information but essentially all transmitted M
are detected, the interference pattern has a reduced con-
trast of somewhat below 4/9. Assuming a contrast of
C = 0.3 and using eqn. (3) of [9] yields the statistical
sensitivity of the experiment:

S =
1

C
√

N0

d

2π

1

τ2
(1)

≈ 0.3 g per
√

#days (2)

which means that the sign of ḡ is fixed after one day and
3% accuracy can be achieved after 100days of running.

With the quite satisfactory statistics, the next impor-
tant issues are the alignment and stability of the inter-

Θ

InterferometerSource Detection

L ~ 1.4 cm

d~100 nm
w<100   mµ

~ 43 mrad

x

FIG. 1: Scheme of the experimental setup: the M beam comes
from the cryogenic µ+ beam target on the left hand side,
enters and partially traverses the interferometer and reaches
the detection region on the right hand side. The dimensions
are not to scale and the diffraction angle θ is in reality smaller
than the divergence.

ferometer. The gravitational phase shift to be observed
is (using the notation of [9])

Φg =
2π

d
g τ2 ≈ 0.003. (3)

This is rather small but still an order of magnitude larger
than the phase shift due to the acceleration induced
by the rotation of the earth (Sagnac effect: 4πτ2v/d ×
ωearth ≈ 3 × 10−4). Other accelerations of the system
as a whole, e.g. from environmental noise, mainly af-
fect the contrast and must therefore be suppressed. The
same is true for misalignments of the gratings and their
drifts. The effects must be kept below the phase shift,
for example, for an unwanted translation ∆x of the third
(scanning) grating perpendicular to the M beam and the
lines of the grating one requires

2π
∆x

d
≤ Φg (4)

and consequently

∆x < 0.5 Å = 50 pm. (5)

Rotational misalignment of the gratings around the M
beam must be much less than the period over beam
height ratio, 100nm/5mm, or 20µrad and corresponding
drifts must not exceed 20 nrad. In a similar way, limits
for all other static or dynamic deviations from the per-
fect alignment of the three identical, equidistant, parallel
gratings can be obtained.

The relatively small size of the interferometer is a
major advantage for the stabilization. As in previous
matter interferometry experiments [5, 6] the muonium
experiment must use (multiple) laser interferometry for
alignment, monitoring and feedback position stabiliza-
tion. The gratings for the laser interferometry are ideally
integrated in the M atom gratings as perfect alignment
is required. State of the art piezo systems can be used
for positioning the gratings and for scanning of the third

ḡ sensitivity estimate 
@ 100 kHz M rate: 

where
C = 0.3 (est. contrast)
N0 = # of events
d = 100 nm (grating pitch)
τ = grating spacing 
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Timeline

• Linac experiments possible until FY27

• PIP-II starts ~ FY29

19

LBNF / SANFORD D
PIP II FNAL LBNF

2

OPEN

MT
MC

NM4 Q OPEN
LINAC MTA

Construction / commissioning Run Subject to further review Shutdown

Capability ended Capability unavailable

NOTES

p
FTBF
FTBF

FTBF
FTBF

UNE

Mu2e
g-2

F
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Mu2e
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2x2

FTBF
FTBF FTBF

FTBF

ITA
SpinQ

ITA
OPEN

ITA
OPEN

FTBF
FTBF
OPEN

FY18 FY19 FY20 FY21 FY30FY27

OPEN

FY28

OPEN

Mu2e

ITA ITA ITA

Mu2e
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Mu2e

ICARUS

FY25
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LONG 
SHUTDOWN 

Mu2e
 

ICARUS

2x2
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ICARUS
SBND

MINERvA

ICARUS
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Mu2e
g-2
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 Office of the CRO January 2022

DRAFT LONG-RANGE PLAN
FY18 FY23 FY24 FY25 FY26 FY30

LBNF LBNFLBNFLBNF LBNFLBNFLBNF

FY22 FY28 FY29FY27

MINERvA

B
mBooNE mBooNE OPEN

g-2

FY19 FY20 FY21

OPEN
NOvA

mBooNE
ICARUS
SBND

g-2
Mu2e
FTBF
FTBF

SpinQ

Muon Complex
g-2

BNB
SBND SBND SBND

n

mMu2e

OPEN

DUNEDUNEDUNE DUNE DUNE DUNE DUNE DUNE DUNE

OPEN
ICARUS
SBND

NuMI MI
OPEN 2x

SY 120
FTBF FTBF FTBF FTBF FTBF

OPEN
FTBF FTBF FTBF

SpinQ SpinQ
FTBF FTBF

SpinQ Spin

FY26 FY29

ICARUS
SBND

FY22 FY23 FY24

2x2
LBNF LBNF

NOvA NOvA

ICARUS

Mu2e

ICARUS
SBND SBND

2x2
NOvANOvA NOvANOvA

1. This draft long-range plan is updated bi-annually, typically following PAC meetings. 
2. The timing and length of the Long Shutdown associated with the major construction activities at the lab will become clearer 
as the projects are baselined. Optimized commissioning and physics startup plans will be developed. Summer shutdowns will 
typically last about 4 months during the construction of LBNF/DUNE and PIP-II. 
3. There will be no SY120 running from 6/2026 through the end of the long shutdown. 
4. NOvA will run at least until the beginning of the Long Shutdown.  A decision on whether to run after the Long Shutdown using 
PIP-II will be made before the Long Shutdown begins. The NOvA experiment will continue to alternate between neutrino and 
anti-neutrino running.
5. SpinQuest is expected to finish commissioning and start running late in FY22. Running beyond FY23 is subject to further 
review.
6. The MTA beamline and the Irradiation Test Area (ITA) began operations in FY21. It will not return in FY29.
7. The optimal timing of the Muon Complex switch from Muon g-2 to Mu2e commisioning and data running will continue to be 
monitored as Mu2e construction and g-2 data collection progress.

See Note 4
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R&D Needs
• SFHe test stand (eventually incl. dilution fridge)

- to be moved into MTA prior to M beam studies

• MTA beam studies & optimization (incl. 
shielding assessment)

• Several months’ beam time (intermittent)

• M interferometer & detector development & 
fabrication

20
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Discussion Questions

• Is SFHe M beam advantageous for M-M̄? 
spectroscopy?

• Are there additional compelling M applications?

• What else?

21


