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Abstract
N-slit quantum interferometers, with dimensions in the micrometer and nanometer range, are designed and theoretically 
quantified, for the first time to our knowledge, for the detection and characterization of fibers with diameters in the nanometer 
regime, under x-ray illumination, and in the femtometer regime, under γ-ray illumination.

1  Introduction

N-slit coherent interferometers, or N-slit laser interferome-
ters (NSLI), were first introduced for metrology applications 
characterizing micro- and nano-structures of imaging and 
photographic films [1]. Since then, they have been applied 
to generate interferometric characters for secure space-to-
space communications and to the detection of clear air tur-
bulence [2]. Recently, these N-slit coherent interferometers 
have been succinctly mentioned in nanometer dimensions 
whilst considering γ-ray illumination [2]. In this paper, it is 
quantitatively shown in detail, via interferometric probabil-
ity calculations, that such quantum interferometers can be 
used to determine the diameter of fibers from the nanometer 
to the femtometer domain. This development points towards 
the extension of the resolution optical measuring instrumen-
tation, where ‘optical’ is defined as photon illumination, 
beyond current limits.

At present, the resolution of state-of-the-art commercial 
‘microscopes’ is in the 10 s of nanometers while commercial 
electron microscopes go down to a few nanometers. Here, 
we quantify, via interferometric calculations, resolutions 
down to the 1 nm regime, using x-ray illumination, and 
down to the 100 femtometer range under γ-ray illumination. 
This is the first systematic quantitative assessment of N-slit 
interferometers with nanometer dimensions operating under 
γ-ray illumination in the open literature.

2 � Theory

For single-photon illumination, or illumination via an 
ensemble of indistinguishable photons, the Dirac–Feynman 
superposition probability amplitude is given by [3–5]

where s is the photon source and d is the detector or inter-
ferometric plane. The index j refers to the jth slit in the N-slit 
array (j = 1, 2, 3...N) . Under these circumstances either the 
single photon, or the ensemble of indistinguishable photons, 
illuminate the N-slit array uniformly and simultaneously [1] 
as depicted in Fig. 1. Detailed experimental descriptions are 
given in [1, 2].

Following Born’s rule [6], multiplication of (1) with its 
complex conjugate yields the interferometric superposition 
probability [1, 2]
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Equations (2)–(4) are equivalent quantum probability 
equations. However, what is measured are intensities. Inten-
sities and quantum probabilities are directly proportional 
[1, 2, 7]

In this regard, all the spatial information measured in the 
intensity profiles is provided via the dimensionless prob-
ability. It should be noted that since their very introduction 
the N-slit coherent interferometers have been characterized 
via Dirac’s quantum notation [1].

To our knowledge, this is the first systematic application 
of the Dirac–Feynman superposition probability amplitude 
principle in physical dimensions in the sub-nanometer range 
down to femtometer dimensions while under extremely short 
wavelength radiation typical of γ-ray illumination.

3 � Intermediate interferometric plane

There are two alternatives to deal with a new plane inserted 
in the D⟨d�j⟩ interferometric path, as illustrated in Fig. 2. The 
first approach is from the probability amplitude perspective 
that modifies the original probability amplitude given in (1) 
so that a new probability amplitude incorporating a new 
plane, at k, is introduced [2]

and a new ⟨d�s⟩⟨d�s⟩∗ probability is calculated.
The second approach involves a cascade method which 

is a numerical technique introduced in [1] and verified 
experimentally with excellent results [2]. This cascade 

(5)I(�) ∝ ⟨d�s⟩⟨d�s⟩∗.

(6)⟨d�s⟩ =
N�

k=1
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technique is now explained here for the first time: for the 
two interferometric planes, depicted in Fig. 2, the illumi-
nation probability amplitude at k is

leading to the probability distribution ⟨k�s⟩⟨k�s⟩∗ . This new 
‘illumination probability’ then becomes the source giving 
rise to the probability amplitude

leading to the final probability on the interferometric plane 
⟨d�k⟩⟨d�k⟩∗ . This is the cascade methodology [1] employed 
here. The calculated probabilities have the same form as 
Eqs. (3) and (4). In the present case, the N-slit array at plane 
k is a single cylindrical fiber positioned perpendicular to the 
illumination plane. This single fiber can be represented as 
the non-transmission separation of two wide slits.

Confidence for this quantitative analysis is that there is 
ample data verifying good agreement between calculated 
interferograms, using (3) and (4), and measured inter-
ferograms in the visible spectrum [1, 2]. For instance, 
the close agreement between theoretical predictions an 
interferometric measurements in the characterization of a 
30 μm transparent spider silk fiber, using N-slit interfer-
ometry, for visible wavelengths is reviewed in detail in [2].
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Fig. 1   Schematics of an N-slit coherent interferometer: a single-pho-
ton, or ensemble of indistinguishable quanta, originates at plane s and 
illuminates the whole N-slit array j. The interferogram propagates 
through an intra-interferometric space D⟨d�j⟩ and is detected, or meas-
ured, at the interferometric plane d 

Fig. 2   Schematics of an N-slit coherent interferometer incorporating 
an extra slit array: a single-photon, or ensemble of indistinguishable 
quanta, originates at plane s and illuminates the whole N-slit array j. 
The interferogram propagates through an intra-interferometric space 
D⟨k�j⟩ and illuminates a second N-slit array at k. The new interfero-
gram generated at k propagates through the intra-interferometric 
space D⟨d�k⟩ and is detected, or measured, at the interferometric plane 
d. In the present interferometric calculations the N-slit plane k is 
replaced by a single fiber
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4 � N‑slit quantum interferometer 
configurations

The first experimental configuration we consider is 
an x-ray N-slit interferometer with N = 3 , � = 1  nm, 
and D⟨d�j⟩ = 30 μm. For this interferometer the slits are 
Δw = 50 nm wide, and separated by 50 nm.

The second experimental configuration considered 
is a γ-ray N-slit interferometer with N = 3 , � = 100 fm, 
and D⟨d�j⟩ = 7.5 nm. For this interferometer the slits are 
Δw = 0.01 nm wide, and separated by 0.01 nm.

5 � Available experimental resources

Illumination sources for the x-ray interferometer are pres-
ently available from free-electron lasers [8] while γ-ray 
sources are being investigated via several approaches 
including plasma irradiation with ultra-intense lasers [9, 
10]. An alternative for γ-ray generation is positron–elec-
tron annihilation, via e+e− → �1�2 , using deuteron bom-
bardment of Cu64 [11, 12].

As far as the N-slit array is concerned: 50 nm slit widths 
can be achieved via ArF laser lithography [13] and sub-
10 nm fabrication appear to be possible [14]. Sub-5 nm 
dimensions via nanowire arrays have also been reported 
[15]. However, slit widths in the Δw = 0.01  nm range 
appear beyond present day technology.

6 � Interferometric results

Figure  3 depicts the interferogram calculated for an 
interferometric configuration consisting of N = 3 , 
D⟨d�j⟩ = 30 μm, under x-ray illumination at � = 1 nm. Fig-
ures 4, 5, and 6 are the interferograms calculated while 
positioning a fiber 0.620 μm from the interferometric plane 
(d) for fiber diameters (Øf) of 1 nm, 5 nm, and 10 nm, 
respectively.

Figure  7 depicts the interferogram calculated for 
an interferometric configuration consisting of N = 3 , 
D⟨d�j⟩ = 7.5 nm, under γ-ray illumination at � = 100 fm. 
Figures 8, 9, and 10 are the interferograms calculated 
while positioning a fiber 155 pm from the interferometric 
plane (d) for fiber diameters (Øf) of 100 fm, 200 fm, and 
300 fm, respectively.

These calculations indicate that these micro- and nano-
interferometers can clearly differentiate set of fibers in the 
1 ≤ Øf ≤ 10 nm range, for the 30 μm configuration, and in 
the 100 ≤ Øf ≤ 300 fm range, for the 7.5 nm configuration.

7 � Discussion

Observing the interferograms displayed in Figs. 4, 5 and 6, it 
is evident that the 30 μm interferometer clearly differentiates 
between the 1 nm, 5 nm, and 10 nm fibers. For � = 1 nm, and 
for the present interferometric configuration, the resolution 
of the 30 μm interferometer appears to be in the 1 nm range.

Evaluation of the interferograms displayed in Figs. 8, 
9 and 10 indicates that the 7.5 nm interferometer clearly 

Fig. 3   N-slit coherent interferogram for N = 3 , Δw = 50  nm, 
� = 1  nm, and D⟨d�j⟩ = 30  μm. This becomes the ‘control interfero-
gram’ for this configuration

Fig. 4   N-slit coherent interferogram for N = 3 , Δw = 50  nm, 
� = 1 nm, and D⟨d�j⟩ = 30 μm. In this case, a fiber with a diameter of 
Øf = 1 nm is introduced, perpendicular to the plane of propagation, at 
an intra-interferometric distance of 620 nm from the interferometric 
plane d. The lateral position of the fiber is 290 nm to the right of 0 on 
the interferometric plane
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differentiates between the 100 fm, 200 fm, and 300 fm fibers. 
For � = 100 fm, and for the present interferometric configu-
ration considered here, the resolution of the 7.5 nm interfer-
ometer appears to be in the 100 fm range.

As expected, the resolution of these micro- and nano-
interferometers is limited by the wavelength of the 
illumination.

Albeit construction of the 7.5 nm interferometer appears 
to be beyond present technological capabilities, construction 
of a 30 μm interferometer appears feasible utilizing available 

free-electron laser technology and laser lithography technol-
ogy. Besides, what has been demonstrated here is that the 
measurement range and scope of quantum optical measure-
ment instrumentation can be down-extended beyond present 
limits utilizing compatible interferometric dimensions with 
given, or available, wavelengths.

The calculations presented in this paper represent the first 
characterization of nanometer-range N-slit interferometers 
capable of differentiating spatial features down in the fem-
tometer range. This initial step should open new avenues 
for the engineering and fabrication of such interferometers. 
Furthermore, this introduces the concept of a new metrology 
tool based on sound physical principles in nanoengineering 

Fig. 5   N-slit coherent interfero-
gram for N = 3 , Δw = 50 nm, 
� = 1 nm, and D⟨d�j⟩ = 30 μm. 
In this case, a fiber with 
Øf = 5 nm is introduced, 
perpendicular to the plane of 
propagation, at an intra-inter-
ferometric distance of 620 nm 
from the interferometric plane 
d. The lateral position of the 
fiber is 290 nm to the right of 0 
on the interferometric plane

Fig. 6   N-slit coherent interferogram for N = 3 , 
Δw = 50 nm,� = 1 nm, and D⟨d�j⟩ = 30 μm. In this case, a fiber with 
Øf = 10 nm is introduced, perpendicular to the plane of propagation, 
at an intra-interferometric distance of 620 nm from the interferomet-
ric plane d. The lateral position of the fiber is 290 nm to the right of 0 
on the interferometric plane

Fig. 7   N-slit coherent interferogram for N = 3,Δw = 0.01  nm, 
� = 100 fm, and D⟨d�j⟩ = 7.5 nm. This becomes the ‘control interfero-
gram’ for this configuration



N‑slit quantum interferometers in the nanometer domain﻿	

1 3

Page 5 of 6  88

where, for instance, the characterization of nanowires [16] 
and nanofibers [17] is desired. As Richard Feynman said: 
“there is plenty of room at the bottom” [18].
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