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G

Abstract: We present an interferometric method suitable to measure particle masses and, where
applicable to the particle and its corresponding antiparticle, their mass ratio in order to detect
possible symmetry violations between matter and antimatter. The method is based on interferometric
techniques tunable to the specific mass range of the particle under consideration. The case study of
electron and positron is presented, following the recent observation of positron interferometry.

Keywords: quantum interferometry; mass measurement; antimatter

1. Introduction

A great deal of effort is devoted to measuring the masses of particles or antiparticles
as accurately as possible. Examples are given by the most recent mass evaluation of
electron [1,2], proton [3], and antiproton [4]. These measurements are in general based on
spectroscopic methods on ions or elementary particles confined in Penning trap systems.

In particular, the mass of a particle and its own antiparticle is predicted to be the same
under the very general assumptions of the CPT theorem [5]. Measuring a mass difference
would in fact imply a violation of the charge, parity, and time (CPT) reversal symmetry,
which is one of the cornerstones of modern particle physics and quantum theory. The
CPT theorem was demonstrated in 1957 [6] and is valid for relativistic quantum fields
in a flat spacetime. A quantum field theory does not allow CPT violation without also
admitting some level of violation of Lorentz Invariance [7]. Quantum Gravity models,
however, predict the possibility of CPT violation at some level [8] due to effects at the
Planck energy scale.

The most accurate evaluation of the relative mass difference between positron and
electron (<8 x 10~7) is based on positronium spectroscopy, under the assumption that the
positronium Rydberg constant is exactly half the hydrogen one [9]. A much more stringent
limit (<4 x 10~2) is obtained from a theoretical argument based on the fact that any mass
difference between electron and positron would lead to a non-zero photon mass [10,11]. The
most accurate measurement of the relative mass difference between proton and antiproton
is based on the spectroscopy of antiprotonic helium [12] and on antiproton charge-to-mass
ratio constraints [13]. The comparison of the antiproton-to-proton charge-to-mass ratio
with the highest accuracy so far is reported in [14].

Here, we propose a method for measuring the mass of a particle or of an antiparticle
using the same setup. The technique is inspired by the interferometric measurement [15,16]
that has demonstrated for the first time antimatter interference. The attainable accuracy on
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the mass is much lower than that obtained using Penning traps, but the proposed method
is relatively simple, and it allows a direct measurement of the mass of an antiparticle that
is not based on the comparison of particle/antiparticle charge-to-mass ratios. The used
method explicitly assumes Lorentz invariance.

2. The Method

The proposed method is based on interferometry as a tool for mass (or mass ratio)
measurements of particles and antiparticles. The interferometer can be considered (for
given geometrical parameters) as a spectrometer whose task is measuring the de Broglie
wavelength of the particle. The mass of the particle is then calculated by inverting the de
Broglie relation. Namely, the de Broglie wavelength [17] is defined as A = h/p, where
is the Planck’s constant and p is the relativistic particle momentum. Denoting with K the
particle kinetic energy, one has

h

A= mc\/(l—l—K/mcz)z—l' W

with ¢ the speed of light and m the rest mass of the particle. Inverting the previous relation
in terms of the rest energy, one obtains

2 — (he/A)? — K2 @)

2K
In a possible proposed configuration (see Figure 1) the kinetic energy of the particles
is determined by an acceleration stage. The uncertainties on K are influenced in general
by the initial velocity distribution of the particles and by the uncertainty on the potentials
applied along the acceleration beamline.
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Figure 1. Scheme of the proposed apparatus. After an acceleration stage, the charged particles
enter a Wien filter. Particles with velocity v equal to the ratio between the electric and the magnetic
field pass through the filter without undergoing deflection and impinge on an optical grating. An
interferometric pattern is formed on an a position-sensitive screen (emulsion detector) located at
a distance L from the grating. The interferometer is placed inside a cylindrical mu-metal shield to
reduce the effects of external magnetic fields (e.g., the Earth’s magnetic field).

In order to reduce the kinetic energy spread, a suitable (combination of) Wien filter(s)
may be introduced (see again Figure 1). A Wien filter is a device consisting of orthogonal
electric and magnetic fields, such that the Lorentz force for charged particles traveling
with a velocity v = E/B orthogonal to both fields vanishes, so that the trajectory of
these particles is unaffected while all other particles are deflected [18,19]. For the present
purposes, we assume that the E/ B ratio is adjustable around the expected velocity value:
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The actual velocity at the exit from the Wien filter could then be selected as that
which maximizes the output particle flux (and therefore the statistics for the subsequent
analysis). This can be determined with a suitable detector on the optical axis of the filter
just after the exit. The drawback is that this velocity is known within the uncertainties of
the electric and magnetic fields inside the filter. The advantage is that these uncertainties
can be much smaller than the uncertainty on K in the previous acceleration stage; moreover,
these uncertainties become completely unimportant in a mass ratio estimate (see later).
Pinholes after the exit from the Wien filter may further collimate the beam before the
interferometric stage.

In order to estimate the mass of a particle/antiparticle or the mass ratio of a particle
and its corresponding antiparticle, a Fraunhofer diffraction configuration is considered
(see Figure 1), with the goal of measuring the de Broglie wavelength of the particles.

Fraunhofer (far-field) diffraction occurs when the distance between the source and the
diffraction object, as well as the distance between the diffraction object and the screen, is
very large when compared with the wavelength of the incident wave.

A beam of particles with de Broglie wavelength A impinging on the slit system (or
grating) generates an interference and diffraction pattern that appears as an intensity
modulation when observed on a plane located at a distance L from the grating and is
observed by recording the flux of particles as a function of the lateral screen position with
a position-sensitive detector.

The intensity (normalized over its maximum value) is given by

I (sin‘[%)zsin2 Na

B sin?(a)

where N is the number of slits, = (7a/A) sin6, and « = (7td/A) sin 6, with a the width
of the slits, d the distance between (the centers of) successive slits, and tanf = y/L. Here,
y denotes the lateral position on the screen (y = 0 where the optical axis of the apparatus
intercepts the screen).

Mathematically, the overall diffraction pattern is equivalent to that produced by N
delta function (infinitesimal width) slits modulated by the intensity pattern of a single
slit with finite width. The slit width a determines the distance between the minima of the
diffraction envelope, whereas the separation d between the slits determines the distance
between the minima of the interference pattern.

Here, we explicitly consider the use of a diffraction grating. The main advantage of
this configuration over a diffracting system with a small number of slits is related to the
reduced loss of particle statistics, which can represent an important problem especially
when working with antimatter particles. For this same reason, the use of large opening
slits is envisaged (a = d/2). A further advantage of the diffraction grating is the fact that
by increasing N the principal maxima become more intense (as the intensity scales with
N?), their full width at half maximum becomes smaller and smaller and their position
tends to become independent from the width of the slit 4 and given by the simple and
well-known formula

(4)

Imax

sinf,, = nA/d. 5)

The position of the first lateral interference maxima therefore correspond to a deviation
from the center of the screen of

|Ay| = Ltan[arcsin(A/d)]. (6)
Inverting this relation
A Ay|/L
2= |Ay| _, 7)
V1+(|ay]/L)
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and inserting this result in the definition of the de Broglie wavelength (2), one obtains

hc [c2B? L \?
2 _ _ _—
mcs = 7 2 1 1+(Ay|> . (8)

This formula gives the absolute mass of the particle in our proposed approach. The
error on the mass therefore depends on the errors relevant to the electric (E) and magnetic
(B) fields in the velocity selector, the distance L between grating and screen, the grating
pitch d, and the distance |Ay| between the central and first lateral interference maxima
(average distance of the first maxima on both sides). In order to evaluate this error in a
possible real experiment, we consider here the case of nuclear emulsion detectors [20-22].
In this case, the intrinsic resolution can reach 50 nm [23,24].

To estimate the particle statistics needed to reach a given resolution (this issue can
be of critical importance in the case of antimatter particles), we have performed a simple
Monte Carlo simulation. The events are randomly extracted according to the theoretical
distribution (4) and are plotted in a histogram with the bin width equal to the expected
resolution of the detector. As the error analysis indicates (see later) that the overall accuracy
of the measurement is strongly affected by the accuracy on |Ay|, we consider explicitly the
case of the most accurate potentially reachable resolution of the emulsion, i.e., a bin width
of 50 nm.

The Monte Carlo simulations confirm that for a given particle statistics the diffraction
grating is preferable with respect to a few-slits system, as the interference peaks can
be determined with a better resolution. The data reported in Figures 2 and 3 refer to a
distribution of particles of 10 keV kinetic energy on a screen located 1 m behind a diffraction
grating having N = 100 slits withd = 1.2 ym and a2 = d/2 = 0.6 um. One of the two first
lateral interference peaks is fitted with a Gaussian distribution in an interval symmetric
around the expected maximum position and for a counting level above approximately 10%
of the maximum level. In the fitting procedure, the extrema of the interval are held fixed,
whereas the central position and the spread of the Gaussian are free parameters. The error
on the peak determination is defined as the absolute value of the difference between the
theoretically expected maximum position and the central value of the Gaussian distribution
obtained from the fit. Repeating the simulations for different numbers N, of random
particles, and using several seeds for each N, it is found that an error on the determination
of the maximum position systematically smaller than 50 nm is achieved with N, > 20,000.
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Figure 2. Histogram of 20,000 particles randomly generated according to the theoretical distribution
Equation (4).
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Figure 3. Fit of one of the first lateral interference peaks shown in Figure 2 with a Gaussian distribution.

For a given detector, an example of error propagation analysis applied to the mea-
surement of the positron mass based on Equation (8) is shown in Figures 4 and 5. The
error is normalized over the presently accepted value of the electron rest mass, m, [25].
The analysis refers to realistically attainable fixed values of the errors on d (see later) and
Ay (intrinsic resolution of the emulsion detector). In this particular example, L = 1 m,
d = 1.2 um, and the magnetic field strength is set to B = 0.01 T, whereas the intensity of
the electric field E is tuned to the particle velocity corresponding to K (for m = m,). For
K =10-20 keV, corresponding to the energy range of positrons in the QUPLAS-0 experi-
ment [16], E would vary between approximately 500 and 1000 kV/m (for electrodes in the
Wien filter spaced 10 mm apart, this corresponds to voltage differences of 5-10 kV between
the electrodes; lower voltage differences can be considered with a smaller B field). The
relative error on both E and B is assumed to be 10~3. Finally, for each K the value of |Ay| is
set to the theoretical value (6) computed with the corresponding de Broglie wavelength (1)
and assuming again m = m,.

1.4% o(d)=0.5 nm |
SAy=t00mm | K=2keV
o | R = = ‘K=10keV| |
2% ———K=18 keV
A y|)=100
WO . 7 VOOR— g el i SR ]
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= Al £l I
— 0.6%r 1
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Figure 4. Error on the positron mass, o (i,+ ), normalized over the electron rest mass, m, [25], vs the
error o(L) on the distance L between the two gratings, for three different values of the kinetic energy
K. For each K value the lower and upper curves, refer to o(|Ay|) = 50 nm and o(|Ay|) = 100 nm,
respectively; o(d) = 0.5 nm in all cases.



Symmetry 2021, 13, 1232

6 of 10

0.8% : o(|Ayl)=50 nm ,
......... K=2 keV
o | : - = ‘K=10keV| |
0.-7% m— - K=18 keV
o 06%
§ o(d)=2.0 nm o
T 05%E Il L L C e mm ==~
e 0(d)=0.5 nm
— 04%+t _
0.3% - o(d)=2.0 nm 3
0.2% ‘ 0(d)=0.5 nm .
0 0.2 0.4 0.6 0.8 1
o(L) [mm]

Figure 5. The same as in Figure 4. For each K value the lower and upper curves refer to o(d) = 0.5 nm
and o(d) = 2 nm, respectively; o(|Ay|) = 50 nm in all cases.

In general, the error on the mass increases with the particle kinetic energy. For a given
interferometric setup (fixed L and d), the separation between the maxima of interference
increases as the energy of the particles decreases (and therefore the de Broglie wavelength
increases), so that these maxima are more clearly detectable. On the other hand, low energy
particle are more strongly deviated by (transverse) residual magnetic fields present in
the interferometer region (see discussion section), and the lower particle energy limit is
eventually set by the sensitivity of the emulsion detector [22].

In addition, the error on the mass measurement turns out to be very weakly dependent
on the relative errors on E ad B, while it is more strongly affected by the error on Ay (i.e., by
the intrinsic resolution of the detector), as it is shown in Figure 4, in particular at higher
kinetic energies, and by the error on the slit spacing d (see Figure 5). In the latter case, this
error becomes more important at lower kinetic energies.

Keeping the same values of E and B in the Wien filter, the selected velocity is equal for
particles (mass m1) and antiparticles (mass my), and using the same interference apparatus
(i.e., the same values of L and d), one finds for the ratio of the masses

my 14 (L/Ay2)? Ayl
my 1+ (L/Ay1)? — |Aya|”

)

where |Ay;| and |Ay,| denote the distances between the first interference maxima for the
particles of mass 1 and my, respectively, and the simplification in the last formula follows
from the approximation L > |Ay; »|. In Equation (9), the effect of d, E, and B is eliminated.
Some systematic errors tend therefore to cancel when the de Broglie wavelengths of a parti-
cle and of its antiparticle are measured in the same apparatus. An example of error propa-
gation analysis on the mass ratio (9) between positron and electron is shown in Figure 6
(In the computations reported in Figures 4-6 the values of the universal constants are
h = 6.62607015 x 1073* Js (exact), c = 299,792,458 m/s (exact), e = 1.602176634 x 10~1° C
(exact) according to the 2019 revision of International System of Units [26], and the value
me = 9.1093837015(28) x 1073! kg (equivalent to m,c?> = 510.99895000(15) keV) for the
electron rest mass [25]). The results is computed for (L) = 100 pm, but the effect on the
results of the statistical error on L turns out to be completely negligible for reasonably small
(L) < 1 mm values.

When making the proposed measurement of the particle/antiparticle ratio, care must
be taken to minimize any effect due to a different beam structure (divergence, spatial co-
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herence) between the two types of particle. This can be achieved with a careful collimation
that allows to coherently illuminate the spatial acceptance of the Wien filter.

= 107
100 = oL 2100 pm 3

10

75

50

o(|Ay,|) [nm]

25

25 50 75 100
o(1Ay, ) [Inm]

Figure 6. Error on the positron to electron mass ratio vs the statistical errors on Ay; and Ayy,.

3. Positrons and Electrons

The concept of measuring the de Broglie wavelength of particle and antiparticle in the
same apparatus must be considered in light of the experimental constraints. For the case of
electron and positron, the limiting factor is the statistics of the antiparticle beam.

Positron beams can be obtained in linear accelerators, at MeV energies or higher,
or from radioactive sources such as ?’Na. LINACs and high-energy facilities can offer
high particles statistics [27], but the de Broglie wavelength of the particles is very small
and the inherent bunching of particles makes them less suitable for use in interferometry
setups. On the other hand, radioactive Na sources are employed that produce positrons
by means of beta decays with a continuous distribution of kinetic energies up to 546 keV.
These sources have an activity up to 50 mCi and the resulting positron spectra can be
moderated to obtain a beam with well defined energy [28]. This process involves sizable
particle losses so that the typical intensity of these continuous beams is of the order of
10*-10° particles per second.

Interferometry can be profitably used under these conditions. In order to estimate
reasonable values of the main involved parameters and their relevant accuracies, we refer
here explicitly to the recent QUPLAS-0 experiment [15,16]. The kinetic energy of the
positrons in this experiment (of the order of 10 keV) gives de Broglie wavelengths of the
order of 10 pm, which are suitable for interferometric studies with material gratings.

QUPLAS-0 makes use of material diffraction gratings with micrometric periodicity [21,29].
The positron beam impinges on the gratings and forms an interferometric pattern on an
emulsion detector [15,16]. A collimation stage improves the beam coherence and a germanium
detector is used to monitor the particle flux by means of the 511 keV gammas generated by
positron annihilations.

The uncertainties on K are determined by the initial kinetic energy distribution of the
positrons after their moderation (~~1 eV), for instance, in an [100]-oriented tungsten single
crystal foil with 1 pm thickness, and by the uncertainty on the applied potentials (sev-
eral keV) along the beamline, of the order of 0.1%. As discussed above, these uncertainties
can be reduced with the use of suitable velocity selectors.

To estimate the uncertainty on the period d of the gratings used in the QUPLAS-0
experiment, we have to take into account that these gratings are extracted from a 100 mm



Symmetry 2021, 13, 1232

8 of 10

diameter wafer [29]. The grating image recorded on the wafer is obtained by interfering two
beams with spherical wavefronts. The image is therefore not uniform, with the grating period
very slowly getting larger when moving away from the center of the wafer. To a very good
approximation, the change in period Ad divided by the nominal period (the period at the
center of the wafer) d is given by Ad/d ~ r2 /212, where r is the distance from the center and
L is the length of the interferometer arms, which is about 0.90 m in the used apparatus [29].
As a consequence, across each individual grating there is also a change in the period, but this
error is about two orders of magnitude smaller than the error across a whole wafer.

The period of the “recorded” grating image was measured at the center of the exposure
area, i.e., at the center of the wafer. The measured values are affected by random errors
that are the result of an uncertainty in measuring angles (the rotation stage angle and the
diffracted spot angle) [29]. Considering only those random errors, the measured periods
for two different gratings were d; = 1209.73 & 0.29 nm, and d, = 1004.60 £ 0.28 nm.
Unfortunately, the location of the used gratings on the original wafer is unknown. By
picturing a Gaussian spatial distribution of the gratings on the wafer with width ¢ and with
the wafer edge corresponding to 3 ¢, and assuming our gratings most likely come from
within a distance ¥ = 25 mm from the center (that is within approximately 1.5 7), we can
estimate Ad/d ~ 252 /(2)(10°) ~ 3.9 x 10~#, which gives an error of Ad ~ 0.39 nm. Adding
the two errors in quadrature, we obtain for the grating period d; = 1209.73 4 0.49 nm
and dp = 1004.60 £ 0.48 nm, respectively. Note that a comparably negligible contribution
to the error comes also from the fact that the membranes may in principle distort due to
temperature variations.

4. Discussion and Conclusions

In the previous analysis, we neglected all interactions of the interfering particles with
the environment (e.g., van der Waals interactions). However, when transmitted by material
gratings the particles are forced to pass at very short distances from the walls of the gratings
(membranes with a slit width as small as 45 nm have been used in electron diffraction
experiments [30]). This inevitably results in an interaction mediated by a potential [31].
Such issues might be avoided with the use of light gratings [32].

It has also been implicitly assumed that the contrast is sufficiently high so that the
periodicity of the pattern on the position-sensitive detector is clearly visible. Effects
which may degrade the contrast are related to the misalignments of the optical elements,
and the presence of external fields and/or beam-beam interactions. In particular, while
working with charged particles a field-free environment is crucial for avoiding decoherence
effects and pattern distortions within the interferometer. As indicated in Figure 1, the
interferometer can be placed inside a cylindrical mu-metal shield to reduce the effects
of magnetic fields. Mu-metal is a nickel-iron soft ferromagnetic alloy with very high
permeability, that leads to the concentration of the magnetic flux into the material, resulting
in a lower field inside the tube. Typical shielding factors can reach 1000 or more. In any
case, it has to be underlined that a global shift (linearly dependent on the strength of
the residual magnetic field, and on opposite sides for particles and antiparticles) of the
diffraction pattern will be unavoidably present due to the Earth’s magnetic field. This
can be sizable especially at low kinetic energies: approximately 5 to 20 ym for K from 20
to 1 keV, assuming a constant Earth’s magnetic field of 0.5 Gauss transverse to the beam
and a uniform shielding factor of 1000. What could possibly affect the measurement are
time fluctuations of the ambient magnetic field, but assuming a relative variation of the
magnetic field strength not greater that 10~3 and again a shielding factor of 1000, particle
deviations of approximately 5 to 20 nm are expected for K from 20 to 1 keV, i.e., smaller
than the emulsion resolution.

In the configuration presented in Figure 1, we have assumed that the only forces
acting on the particle are the E and B fields in the Wien filter. Gravitation is of course
present, but the overall vertical deflection over a distance L of the order of 1 m is completely
negligible (much less than 1 nm) for particles (electrons or protons) with keV energies. In
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principle, gravitation might play a role if there is a different response between particles
and antiparticles to the Earth gravitational field in the Wien filter, since with a suitable
rotation of the apparatus this may lead to slightly different velocities (and therefore de
Broglie wavelengths) at the exit of the filter, but again this effect turns out to be negligibly
small, and masked by the uncertainties in all relevant quantities entering Equation (8).

In conclusion, it has been shown that interferometric methods can be used to obtain a
direct estimate of particle/antiparticle masses. In particular, some systematics cancels out
is the particle and the antiparticle mass are measured through the de Broglie wavelength
in the same apparatus.

The method proposed here can be applied to any charged particle for its absolute
mass measurement as well as to any particle-antiparticle pair for the measurement of their
mass ratio. This, however, typically requires adjusting the interferometric parameters to
the case under consideration.

For example, for the case of hadronic systems, like protons and antiprotons, one
can note that spectroscopy has been used to estimate the proton-to-antiproton charge-to-
mass ratio with a precision of 69 parts per trillion [14]. In this regard, an interferometric
measurement would instead depend only on the masses without having to rely on the
equality of the charges.

This approach is made possible thanks to the availability of low-energy antiprotons
at the new ELENA facility of the CERN Antiproton Decelerator [33,34]. For instance, the
ASACUSA experiment [35] is planning to extract a low-energy antiproton beam from its
MUSASHI trap or from the planned Reservoir under construction [36]. Energies at the
level of 10 eV can be obtained and the availability of protons and antiprotons in the same
beam source makes possible interferometric experiments with a de Broglie wavelength of
10 pm. This wavelength is about the same that was used (for positrons) in the QUPLAS-0
experiment. As the same beamline can accommodate both protons and antiprotons, an
interferometric experiment can be performed along the lines outlined here.
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