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Abstract: The Aharonov-Bohm (AB) effect is one of the most striking features of Quantum 1

Physics, of critical importance to elucidate the role of the potential and its physical meaning. 2

In spite of the fact that it was first proposed in 1946, up to now it was only demonstrated 3

for electrons and neutrons. We propose the realization of an experiment to study the AB 4

effect for the antiproton, which will have the double feature of being a non-elementary 5

charged particle, and at the same time an antiparticle. The experiment will be conducted in 6

collaboration with the ASACUSA group at the CERN AD (Antiproton Decelerator), making 7

use of a slow antiproton beam. 8

Keywords: Aharonov-Bohm (AB) effect; Antimatter; Antiproton; Interferometry 9

1. Introduction 10

The Aharonov-Bohm (AB) effect is a quantum mechanical phenomenon by which 11

a charged particle is affected by an electromagnetic potential in the same region where 12

there is no electromagnetic field, and therefore no force in the classical sense. The concept 13

was proposed, first according to the "gedanken" experimental scheme by Ehrenberg and 14

Siday in 1949 [1], and then by Aharonov and Bohm in 1959 who highlighted the conceptual 15

importance of the effect and how it could be used to assess the fundamental role played by 16

the potential in Quantum Physics [2]. 17

In its standard configuration the (magnetic) AB effect features a two-slits interference 18

configuration, followed by a solenoid in a region where a particle beam is impinging on the 19

system (fig. 1). In the ideal case the magnetic field outside the solenoid is zero while the 20

vector potential A is non-zero; the relative phase of the two ideal wave functions (one per 21

each classical path) is altered by an amount that depends on the magnetic field flux enclosed 22

in the solenoid (Φ in fig. 1). 23
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Figure 1. An example of the geometry for an experiment aimed at verifying the magnetic AB effect.
With respect to the no-flux case (C), the presence of the magnetic flux Φ and the magnetic potential
induces a phase shift (C′) between the two wave functions 1 and 2. The two respective interference
probabilities P and P′ then differ by the AB phase factor δAB.

Even before its experimental demonstration, the AB effect generated a lively debate 24

between theoreticians and experimentalists, thoroughly described in ref. [3], and prompted 25

several experimental investigations, culminated with the 1986 experiment of Tonomura and 26

colleagues [4]. This clear demonstration of the effect, obtained by excluding the magnetic 27

field from the electron classical path with the help of a superconducting film, was then 28

supplemented by additional experiments devoted to the verification of the "zero force" 29

condition (see e.g. ref. [5]), a crucial characteristics of the effect. 30

In parallel with these developments, theoretical studies highlighted the connection of 31

the AB effect with the concept of geometrical and topological phase of the Hilbert space 32

underlying the physical quantum system (Berry’s phase [6]). In addition, in 2016 the effect 33

was demonstrated in the original "two slit" Ehrenberg-Siday configuration (as in fig. 1) by 34

G. Pozzi and collaborators [7]; they made use of a uniformly magnetized bar with uniform 35

cross section, whose effect is the same as the one of a straight "infinite" solenoid. 36

From the experimental point of view, in addition to the demonstration of the electric 37

AB effect on electrons (see appendix A), studies were also made with a neutral particle, the 38

neutron. In that case however, as illustrated in appendix B, the AB effect presents itself in 39

the Aharonov-Casher form [23] (a magnetic moment flowing around a charged current) or 40

of the scalar AB effect (with a pulsed magnetic field). 41

In spite of all this information, the magnetic AB effect for charged particles has only 42

been demonstrated for a single elementary particle of the Standard Model: the electron. It 43

has never been studied for any other particle and in particular never studied for a complex 44

charged hadron, like the antiproton. In addition to being an antiparticle (adding to the 45

interest of the study), the antiproton allows a new test of the CVC (Conserved Vector 46

Current) concept, which can be considered as a new kind of test of the Ward-Takahashi 47

identity [8,9]. 48

One additional result of the experiment is the study of the dependence of the dis- 49

tribution with respect to the direction of magnetization (and the relative flux). In fact, a 50

left-right asymmetry was found in a recent high-statistics AB experiment with electrons 51



3 of 12

[10], indicating a dependence on the sign of the magnetization. It was suggested that the 52

effect could be due to a failure in the paraxial approximation normally used in Scattering 53

Theory, as suggested by Shelankov [11] and further discussed by Berry [12]. 54

The AB effect detection consists in the change of the quantum phase and therefore of 55

the interference pattern produced by a grating configuration. Therefore the first part of this 56

study will be the demonstration of the quantum interference of the antiproton, the second 57

case for an antiparticle after the positron, demonstrated in 2019 [13]. 58

2. Experimental Strategy 59

In order to study the AB effect with the antiproton, the realization of quantum interfer- 60

ence is a necessary precondition. Given the mass of the particle, it is important to use a low 61

energy beam, as the one that is available at the CERN ASACUSA experiment. In ASACUSA 62

(Atomic Spectroscopy And Collisions Using Slow Antiprotons) antiprotons coming from 63

the CERN accelerator system are trapped and cooled in the MUSASHI Penning-Malmberg 64

trap [14]. This allows the subsequent formation of a slow antiproton beam with a kinetic 65

energy of about 250 eV. 66

This slow antiproton beam has already been used in another experimental study [15] 67

and, given its low energy, has a de Broglie wavelength of 68

λdB = h/mv ≃ 1.8 pm (1)

in the non-relativistic approximation. The beam has a velocity of 220,000 m/s and an 69

intensity in the range of 2 × 103 particles/s, for an overall spill duration of 10 s. In these 70

conditions the total statistical accumulation will be of 2 × 104 incoming antiprotons every 71

130 s, which is the repetition rate of the CERN Antiproton Decelerator machine seeding the 72

ASACUSA setup [16]. 73

The incoming antiprotons will be studied in a 1 m long interferometer, schematically 74

shown in fig. 2. Given the beam velocity, the transit time will be of 5 µs and the mean parti- 75

cle arrival rate is around 100 µs−1; therefore one can safely conclude that the experiment 76

will work in single particle mode. This is another novelty of this approach with respect to 77

the work done with electrons. 78

Detecting with good resolution an antiproton interference pattern is a prerequisite for 79

the demonstration of the AB effect. For this reason, as a first step, we propose a Fraunhofer 80

diffraction experiment according to the conceptual scheme presented in fig. 2. 81

Given the de Broglie wavelength under consideration, a 100 nm grating structure 82

would diffract at 18 µm after a 1 m interference length. The detection therefore appears 83

feasible with a very high resolution detector. For this reason, we propose the use of 84

emulsion detectors, to be used as integrators of the diffraction signal. Emulsions films have 85

a superior space resolution, in our case better than 1 µm [17,18] and they can detect the 86

impact point of antiprotons by reconstruction of the relevant annihilation pions. 87

During the path traveled in the interferometer, the antiproton will be subjected to the 88

Earth’s magnetic field, which requires the presence of a mu-metal shielding. The deflection 89

of a 250 eV antiproton traveling 1 m in the Earth magnetic field is of the order of 1 cm, 90

which is reduced to only 10 µm by the kind of mu-metal we used in [13]. Moreover, one 91

has to take into account that a constant magnetic field does not pose any problem and a 92

factor 103 reduction will also reduce fluctuations accordingly. 93

Following the scheme of fig. 2, a first direct demonstration of antiproton interferometry 94

can be obtained by a Fraunhofer interference-diffraction experiment with a material grating. 95

A simulation was made assuming the use of a N = 1000 slits material grating, with 96

single slit aperture of 200 nm and 10 µm inter-slit distance. Integrating over 106 detected 97

antiprotons would produce the result schematized in fig. 3 (left), in terms of the interference 98
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Figure 2. General scheme of the AIABE setup. The grating generates a diffraction pattern to be
recorded in the emulsion detector. The system is 1 m long and will be enclosed in a mu-metal to
mitigate the effect of the Earth’s magnetic field.

Figure 3. Simulation involving a 250 eV antiproton beam and a grating with N = 1000 slits, each
having a 200 nm aperture and with an inter-slit distance of 10 µm. Left: distribution of the impact
point on the detector. Right: least-square fit to the theoretical impact point distribution to obtain the
de Broglie wavelength.
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Figure 4. The configurations for the AB experiment. On the left hand side the classical configuration
is shown, while on the right-hand side one can see a "negative" single block configuration which will
give a similar interferometric result but with a much higher antiproton flux.

pattern on the emulsion. Given the geometric configuration, and the open fraction of the 99

grating (about 2%), an amount of 5 × 107 impinging antiprotons are necessary to produce 100

the pattern in figure, which is achievable with 3-4 days of data taking at the Antiproton 101

Decelerator. 102

Once we have the demonstration of antiproton interferometry, the next logical path 103

is the demonstration of the AB effect. This will be achieved following the conceptual 104

scheme presented in fig. 4, where the classical double slit configuration as well as its 105

anti-configuration are shown. 106

Under these conditions, the interference-diffraction of the 250 eV antiprotons would 107

create a theoretical figure on the screen like the one shown in fig 5, where the difference 108

between the two cases consists in a single unit of magnetic flux. The pattern of the minima 109

and maxima are within the range of sensitivity of the emulsion detector even after 50 cm of 110

propagation (red line in the figure). 111

In a configuration like this, let us suppose the use of the following (realistic) parame- 112

ters: 113

• slit opening a = 250 nm; 114

• inter-slit distance of d = 1 µm for the double slit case; 115

• grating-detector distance of 1 m. 116

The working principle of the emulsion detector will be measuring the impact point 117

(see figure 5) by the annihilation tracks coming from the pions. This technique relies on 118

tracing, within the emulsion, the tracks produced by the annihilation of the antiproton. 119

The 2-3 pions typically produced will leave distinct tracks that can be reconstructed as 120

discussed in [17] and [18]. According to this reconstruction technique, the estimated error 121

on the impact of the antiproton position will be of one micron. 122

However, the use of a classical two-slit configuration with material gratings will 123

suffer the significant disadvantage of depressing the incoming antiproton flux. In addition, 124

another important disadvantage is present: antiprotons stopped by materials generate 125

pions, and that background can be important. 126

In order to overcome these problems, we will use a configuration like the one shown 127

on the right hand side of fig. 4. The interferometric result by a configuration of this type is 128

shown in the lower part of fig. 6. By contrast, the upper part of fig. 6 illustrates the case of 129

no magnetic flux present. 130
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Figure 5. The interference and diffraction system generated by a two slit system under the con-
dition on the left-side of 4, opening 500 nm, inter-slit distance 1 µm and 1 m distance from the
detector/screen. The difference is of a single unit of magnetic flux h̄/e (red dot).

Figure 6. The configurations for the AB experiment would produce an interference and diffraction
pattern indicated in figure, after propagation to the detector. The upper part refers to the presence of
the obstacle alone (150 nm wide), while the lower part includes the magnetized bar generating one
unit of magnetic flux h̄/e (red dot).
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Figure 7. Symmetry reversal of the AB effect with electrons from the experiment in [10] with electrons.
The AB effect shows here the two different signs obtained by rotating the magnetic rod by 180 degrees.
Figure from ref. [10], reprinted with permission from the author.

As magnetic element we will use the bars developed for the AB experiment with 131

electrons, as in [19] and [7]. Therefore, we propose a configuration like the one outlined on 132

the right part of fig. 4, producing the interference pattern displayed in fig. 6. 133

The study of the magnetic AB-effect will be conducted by varying the angle of inclina- 134

tion of the magnetized bar, so that the amount of magnetic flux enclosed by the path of the 135

particles can be changed in a continuous way. 136

The specific signature of the AB effect will be the asymmetry between the two cases 137

of currents described in [10] and shown in figure 7, corresponding to a rotation of the 138

magnetic bar by 180 degrees. In addition, all the intermediate rotation angles will be 139

availables, including 90 degrees which produces the case of zero magnetic flux and provides 140

a normalization of the effect. 141

3. Conclusion 142

We propose the exploration of antiproton interferometry in conjunction to the AB 143

effect, by making use of the slow antiproton beam available at the ASACUSA setup in the 144

CERN Antiproton Decelerator. 145
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Figure A1. Figure (a) represents the so-called electric Aharonov-Bohm effect. After the wave packet
has been splitted, the two parts pass in the region where V1 and V2 are different from zero. The
electric field E is zero inside the cylinders (but not everywhere). Figure (b) represents the magnetic
Aharonov-Bohm effect; again we split the wave packet in two and then we let it pass in a region
where A is nonzero while B = 0 due to the presence of an ideal solenoid. The only part where the
magnetic field is nonzero is inside the solenoid.

Appendix A The Aharonov-Bohm effect 151

The Aharonov-Bohm effect refers to the quantum mechanical situation that arises 152

when particles pass through regions where the potentials ϕ and A are nonzero, whereas 153

the physical fields (electric field E and magnetic field B) are zero - and therefore no force is 154

present in the classical sense. 155

For a charged particle, the wave function describing its dynamics can be expressed in 156

such a way that the electromagnetic potentials ϕ and A appear in its phase. For example, an 157

electron wave packet traveling in a region of potential energy V = −eϕ, acquires a phase 158

eϕt/h̄. This follows directly from the Hamiltonian, which in this case is H = p2/2m − eϕ. 159

The AB effect in this case is shown in fig. A1 (a), where the wavefunction is split in two 160

wave packets that (in the classical sense) will follow two different paths within two different 161

conducting cylinders. 162

When the electron wave packets are inside the cylinders, one can turn on the potentials 163

V1 = −eϕ1 and V2 = −eϕ2, which are switched off just before they leave the cylinders. The 164

packets now have acquired a phase which is eϕ1τ/h̄ and eϕ2τ/h̄ (τ being the crossing time 165

of the cylinders). Clearly, these two phases differ if ϕ1 ̸= ϕ2. Now note that the electric 166

field E acting on the packet classical path is always zero. Then, instead of experiencing E 167

directly (and therefore a force), the particle is only subjected to the potential ϕ associated to 168

E. The difference in the electrostatic potential of course has physical effects when the two 169

wave packets are recombined; these effects were observed for the first time (demonstration 170

of the electric AB effect) only in 1998 [20]. 171

The situation in Fig. A1 (b) is similar in spirit but concerns the most common case 172

of the magnetic AB effect. We split the wave packet into two separate wave packets, then 173

let them pass in a region where there is a solenoid. Since the field is confined inside the 174

solenoid, A1,2 ̸= 0 while B = 0. 175

It is noteworthy that quantum mechanical waves are sensitive to potentials, which are 176

not gauge-invariant quantities. Consider the gauge transformation A → A +∇χ, where χ 177

is an arbitrary function of space and time. The wavefunction must change accordingly so 178

that the transformation has no physical effect. This is one of the features that distinguishes 179

classical particles from quantum particles. 180

In regions where B = 0, to obtain the effect brought by A we only need to calculate a 181

phase by integrating A over a convenient path. Consider the time dependent Schrödinger 182
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equation for a particle with charge q in a region where B = 0, A ̸= 0, such as a path around 183

the solenoid 184

ih̄
∂ψ

∂t
=

1
2m

(−ih̄∇− qA)2ψ. (A1)

The solution to this equation is given by the A = 0 solution times a phase factor 185

ψ = ψ0eig(r) with g(r) = (q/h̄)
∫ r

r0

A(r′) · dr′.

In fact, inserting the solution in (A1) one has 186

(−ih̄∇− qA)2ψ = −h̄2(∇2ψ0)eig(r).

This shows that the effect on the wave function caused by A ̸= 0 in a region where B = 0 is 187

accounted for by a phase factor. 188

The typical geometry for an experiment on the magnetic AB effect is the one shown in 189

part b) of fig. A1. The B field (pointing outside of the page) is present only in the region 190

inside the solenoid, while outside the cylinder A ̸= 0, so particles experience A but not B. 191

In the region where r > a, where a is the radius of the solenoid, we have; 192

A =
Φ

2πr
ϕ̂,

where ϕ̂ points counterclockwise. Then, at the point of closest approach, the "lower" 193

component of A points in the same direction of momentum of the wave packet, while the 194

"upper" part points in the opposite direction; so phase shifts are introduced for both wave 195

packets: in one case it advances the phase, in the other case it delays the phase. 196

Since the interference pattern depends on the phase, when we recombine the two 197

packets we will see an effect due to the solenoid. We interpret this by saying that the vector 198

potential A has a physical effect on the system. In fact, the presence of A results in a phase 199

difference 200

δAB = (q/h̄)(
∫ r2

r1

dr · Alower −
∫ r2

r1

dr · Aupper). (A2)

Ee can reverse the limit of the second integral to obtain 201

δAB = (q/h̄)
∮

dr · A. (A3)

By using Stokes’ theorem we see that the phase difference δAB depends on the magnetic 202

flux 203

δAB = (q/e)
Φ

ΦL
, (A4)

with ΦL ≡ h̄/e the quantum of magnetic flux. 204

Appendix B The AB effect with neutrons 205

It is appropriate to briefly recall the main results obtained in the search for AB–type 206

effects using neutrons. Since the neutron is electrically neutral, the standard magnetic 207

and electric AB effects discussed in Appendix A are not directly applicable. However, the 208

neutron possesses an intrinsic magnetic dipole moment µ associated with its spin 1/2. This 209

enables the occurrence of closely related quantum phase phenomena, which have been 210

extensively investigated by neutron interferometry experiments [21]. 211

In 1981, the group of Greenberger performed a neutron interferometry experiment 212

explicitly designed to test the magnetic AB configuration with a solenoid, analogous to that 213

used for charged particles [22]. No measurable phase shift was observed. The experiment 214
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set an upper bound showing that any AB phase for the neutron is smaller than about 215

5 × 10−12 of that for a particle with charge e. This result provided a stringent experimental 216

confirmation that the magnetic AB effect is intrinsically linked to electric charge, and 217

simultaneously constrained the possible electric charge of the neutron to extremely small 218

values. 219

In 1984, Aharonov and Casher predicted that a neutral particle carrying a magnetic 220

dipole moment should acquire a quantum phase when moving around a distribution of 221

electric charge [23]. In this configuration, a neutron encircling a charged wire experiences 222

no net classical force, yet its wave function acquires a non-dispersive phase 223

φ =
1

h̄c2

∮
dr · (E × µ), (A5)

which ultimately depends only on the total charge enclosed by the trajectory, in close 224

analogy with the magnetic AB effect for charged particles. 225

However, it is worth emphasizing an important conceptual difference. In the lab- 226

oratory frame, the Aharonov–Casher (AC) phase can be interpreted as a geometric or 227

topological effect. In the neutron rest frame, however, the electric field is transformed into 228

an effective magnetic field that couples locally to the neutron magnetic moment, leading 229

to a spin-dependent dynamical phase. The accumulated phase can therefore be viewed 230

as arising from the integral of this local interaction along the path. This contrasts with the 231

magnetic AB effect for charged particles, where the AB phase arises in the absence of any 232

local gauge-invariant interaction term in the region accessible to the particle. 233

The first experimental verification of the AC effect was achieved in 1989 by Cimmino 234

et al. using a neutron interferometer, observing a phase shift in quantitative agreement with 235

the theoretical prediction [24]. 236

A further development concerned the analogue of the electric (or scalar) AB effect 237

for neutrons. Although neutrons are neutral, their magnetic moment implies a magnetic 238

potential energy U = −µ · B. A neutron with spin parallel to a uniform static magnetic 239

field undergoes a constant energy shift and, when traversing such a region, accumulates a 240

phase without experiencing deflection or spin precession, in close analogy with an electron 241

propagating in a region of constant electric potential. 242

In an interferometric configuration where a short magnetic-field pulse was applied 243

synchronously to only one arm of the interferometer, a relative phase shift was observed in 244

1992 by Allman et al. [25], consistent with 245

φ =
µ

h̄

∫
B(t)dt. (A6)

That experiment employed an unpolarized neutron beam, consisting of two sub-popu- 246

lations with opposite spin orientation. Peshkin subsequently pointed out that, in this 247

situation, the observed phase shift could in principle be interpreted as arising from the 248

local interaction of the magnetic dipole with the time-dependent magnetic field (i.e., an 249

ordinary Zeeman coupling), without the need to invoke a genuine AB-type mechanism 250

[26]. 251

A few years later the experiment was repeated by Lee et al. using a polarized neutron 252

beam and an optimized setup [27]. In this case the scalar AB phase was observed in 253

agreement with the predicted phase shift, exhibiting the expected linear dependence on the 254

time integral of the magnetic field. 255

In summary, for neutrons both the Aharonov–Casher effect and the scalar AB ana- 256

logue have been experimentally observed, whereas the standard magnetic AB effect is 257

absent to very high precision. Unlike the case of charged particles, however, the physical 258



11 of 12

interpretation of these neutron-induced phase shifts remains the subject of ongoing debate. 259

Several authors emphasize that they can be entirely reduced to locally acting interactions 260

between the neutron magnetic dipole moment and electromagnetic fields (in an appropriate 261

reference frame), and therefore do not constitute a genuinely new topological effect [28]. 262

Others, by contrast, stress that the observed phase shifts are coherent, non-dispersive 263

quantum phenomena involving no net work performed on the particle, and thus share the 264

defining characteristics of Aharonov–Bohm–type effects [29]. 265

These considerations highlight the conceptual distinction between truly charge-based 266

AB phases and their dipole-based analogues, and further motivates the interest in testing 267

the magnetic AB effect with a massive, composite, charged particle such as the antiproton, 268

as proposed in the present work. 269

Appendix C More on the physical meaning of the AB effect 270

As we have seen, the AB effect can be interpreted as the interaction with a potential 271

(and not a classical field), indicating that the potentials have a more fundamental role 272

in quantum physics. And of course while the value of A in the magnetic AB effect is 273

gauge-dependent, the line-integral (the phase shift) is a gauge-invariant physical reality 274

that affects the downstream interference pattern. 275

As clearly outlined in [21], a genuine effect of the AB type must have the typical 276

signature of being independent from the particle velocity (kinetic energy). In fact, if the AB 277

phase shift depended on the energy, the different components of the wave packet (having 278

different velocities) would be affected in different ways, thereby deforming (or delaying) 279

the wave packet - which is the typical action of a force. In fact the phase shift is independent 280

of the energy or velocity of the particle, as was also demonstrated experimentally by Caprez 281

[5]. 282

This distinction between shift of the phase (without force) and shift of the wave packet 283

(with an acting force) is the key difference between topological and dynamical effect in 284

Quantum Physics. 285
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