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1. INTRODUCTION 
In the Bohr Copenhagen interpretation of quantum measurements, data are 
taken from a classical apparatus reading which is influenced by a quantum object 
during the time interval in which they interact. Most of the theoretical work in 
analyzing quantum measurements requires computations for the quantum object. How- 
ever, Bohr's dictate is that one must not ask what the quantum object is really doing! All 
that can be said is that the classical apparatus determines which of the complementary 
aspects of the quantum object will be made manifest in the experimental data. 
As applied to the two slit particle diffraction experiment [1], what this means, 
dear reader, is that you will never know how a single particle managed to have 
non-local awareness of two slits. Furthermore, you are not even allowed to ask the 
question because it cannot be answered experimentally without destroying the quantum 
interference diffraction pattern. 
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Matter-wave interference of a native polypeptide
A. Shayeghi 1, P. Rieser1, G. Richter1, U. Sezer1, J.H. Rodewald2, P. Geyer1, T.J. Martinez3,4 & M. Arndt 1✉

The de Broglie wave nature of matter is a paradigmatic example of quantum physics and

it has been exploited in precision measurements of forces and fundamental constants.

However, matter-wave interferometry has remained an outstanding challenge for natural

polypeptides, building blocks of life, which are fragile and difficult to handle. Here, we

demonstrate the wave nature of gramicidin, a natural antibiotic composed of 15 amino acids.

Its center of mass is delocalized over more than 20 times the molecular size in our time-

domain Talbot-Lau interferometer. We compare the observed interference fringes with a

model that includes both a rigorous treatment of the peptide’s quantum wave nature as well

as a quantum chemical assessment of its optical properties to distinguish our result from

classical predictions. The realization of quantum optics with this prototypical biomolecule

paves the way for quantum-assisted measurements on a large class of biologically relevant

molecules.
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However, by defining a precise starting position of the molecules,
one can increase their quantum mechanical momentum uncer-
tainty, thus boosting transverse coherence further downstream
such that the coherence function covers several effective slits in
the second grating. The initial confinement in G(1), diffraction
in G(2) and position sensing in G(3) is done by a position
measurement: the molecules can only pass to the detector if
they fly through the nodes of all three VUV grating. G(1) thus
prepares the required coherence, G(2) diffracts the matter-wave
and interference results in a molecular density pattern that is
modulated by G(3) with nanoscale spatial sensitivity.

The gratings G(1)−G(3) are formed by reflecting three fluorine
(F2 excimer, λL= 157.63 nm) laser beams from a single dielectric
mirror. This makes the interferometer robust against vibrational
dephasing but it also impedes scanning of G(3) across the density
pattern. However, a tilt γ of the molecular beam relative to the
mirror surfaces allows us to scan the matter-wave fringes across G
(3) by varying the pulse delay between G(2) and G(3)12,26, as seen
in Fig. 2b). For that purpose, we vary the pulse separation time T
between the second and third grating in two complemen-
tary settings. In the resonant mode, T3− T2= T2− T1 are set to
the n-th multiple of the Talbot time

TT ¼ md2

h
; ð1Þ

with the grating period d= λL∕2. Then, the near-field resonance
condition is met and a clear interference pattern appears. The
transmitted molecular signal Sres through G(3) depends on the
position of the grating nodes relative to the matter-wave fringes. In
the off-resonant (reference) mode, the signal Soff is recorded while
G(3) is shifted by a variable time ∣τ∣ ≤ 200 ns. For our Talbot time
and beam divergence α, the 200 ns shift is sufficient to smear out
the interference pattern. The interference contrast is then defined as
the normalized signal difference SN ¼ ðSres � Soff Þ=Soff 12 (Fig. 2c).

Modeling. We model the expected signal by evolving the trans-
verse Wigner function w(x, px)27, taking into account tilted and
divergent molecular beams, as well as mirror and grating

imperfections28. As a phase space description, it allows compar-
ing the experiment with both the quantum and the classical
expectation within the same framework (see Methods). The
free evolution of a particle with initial position x and momen-
tum px is then described by a shearing transformation
w x; px
� �! w x � pxt=m; px

� �
. Additional terms are introduced

to account for earth’s gravitational acceleration g and a tilt of the
molecular beam by an angle γ with respect to the mirror surface,
which results in an additional constant transverse momentum
pγ ¼ mv tanðγÞ. The signal seen by the detector depends on the
Talbot time TT, the pulse delay τ of G(3) with respect to the Talbot
time and the relative shift of the grating nodes to the fringe
pattern. Each grating modulates the molecular wave function
both in its amplitude and phase via photon absorption and the
optical dipole potential, respectively. The transmission function
of the k-th grating

tðkÞðxÞ ¼ exp � nðkÞ0

2
þ iϕðkÞ0

 !
cos2

πx
d

� �" #
ð2Þ

depends on the number of absorbed photons nðkÞ0 and the

acquired phase shift ϕðkÞ0 at an antinode, which both contribute to
the dimensionless parameter β27

β ¼ nðkÞ0

2ϕðkÞ0

¼ λL
8π2

σðλLÞ
αVðλLÞ

: ð3Þ

It describes the ratio of the molecule’s wavelength-dependent
absorption coefficient σ(λL) and its optical polarizability volume
αV(λL) (converted to the polarizability in SI units via α[SI]=
4πε0 × αV(λL)). The absorption cross section determines the
ionization probability and thus controls the effective slit width in
all three gratings. The optical polarizability determines the phase
the gramicidin molecules acquire during their transit through G
(2). It leaves the fringe periodicity unchanged but modulates the
contrast. Since the molecules enter in a variety of different
vibrational, rotational and conformational states, as well as
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Fig. 2 Time-domain matter-wave interferometry: Matter-wave interferometer (a): Three retro-reflected VUV laser beams realize the standing light waves
as pulsed photo-depletion gratings. The antinodes in G(1) prepare a comb of tightly confined positions from where a molecule may emerge. Because of this
projective confinement the wave coherence rapidly expands in free flight to cover several nodes and antinodes by the time the second grating fires.
Rephasing of the matter-wave behind G(2) then leads to de Broglie interference of each molecule with itself and to the formation of a periodic molecular
density pattern around the time when G(3) is fired. Only molecules whose wave functions are aligned with the nodes of G(3) are transmitted to the detector.
The coherent rephasing occurs around a characteristic timescale, the n-th multiple of the Talbot time. A typical measurement (b): we toggle between two
interferometer modes: a symmetric mode (resonance), where the grating pulse separation times are kept equal and close to nTT, and an asymmetric mode
(off-resonant or reference), where we set an imbalance of up to 200 ns. Imprinted fringes (c): If the molecular beam velocity has a component parallel to x,
the fringe pattern effectively has a transverse velocity component and its position relative to the third grating becomes time dependent. A fringe pattern is
visible in case the divergence angle α is smaller than the tilt angle γ.
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The wave nature of massive particles is a central aspect of
quantum physics. The free evolution of particles is no
longer described by classical trajectories, but instead by a

wave-like propagation in multiple directions. Recombining
the wavefronts leads to interference, where the probability
amplitude for a particle arriving at a certain position depends
on the phase difference of the partial waves. Since these phases
are sensitive to even small perturbations, matter-wave inter-
ferometry has become an important tool for atom optics1,2,
probing fundamental physics3–7 or serving in advanced quantum
sensors8–10. The de Broglie wave nature has also been shown for
large molecules, from fullerenes11 and molecular clusters12 up to
tailor-made macromolecules13. Such experiments probe the
quantum-to-classical interface and can be used to characterize
neutral molecules in the gas phase, through interference fringe
deflection in electric and magnetic fields14 or minimally invasive
spectroscopy15,16.

Until today, quantum optics with fragile natural biomole-
cules has remained elusive due to the challenges in forming
stable and intense molecular beams which can be detected with
high efficiency and selectivity. Measurements on neutral bio-
molecules in the gas phase will, however, become valuable as
they are solvent-free and allow predicting and evaluating their
electronic properties independent of any matrix environ-
ments17. A typical matter-wave experiment requires an efficient
source to launch neutral particles in high vacuum, beam
splitters to coherently prepare, separate and recombine the
quantum wave function associated with the molecular center-
of-mass motion and an efficient detector with high sensitivity
and mass resolution to record the result. For atom inter-
ferometry, these challenges have already been elegantly solved2.
For interferometry with complex biomolecules, sources are a
prime challenge. While evaporation and sublimation can still be
used for vitamins and tripeptides18,19, it denatures and
decomposes more complex polypeptides. And while matrix
assisted laser desorption20 and electrospray ionization21 can
volatilize even large proteins, they produce ions which are
prone to dephasing and decoherence in quantum experiments.
Direct laser desorption using nanosecond laser pulses has
proven useful to entrain neutral peptides into cold noble gas
jets where selected species could be detected using photo-
ionization with VUV radiation22. However, energetic nanose-
cond pulses typically ablate large amounts of clusters and

nanoparticles23 in addition to the individual peptides that are
desired.

In the following, we present a realization of matter-wave
interferometry of gramicidin A1, a linear antibiotic polypeptide
composed of 15 amino acids with a mass m= 1882 amu= 3.13 ×
10−24 kg. It has many desirable properties for such an experi-
ment. And as a natural amino acid sequence, produced by the soil
bacterium Bacillus brevis, it is representative for a large class of
biologically relevant molecules. In addition, it contains four
tryptophan residues, which is the only one of all 20 natural amino
acids that is ionizable with a single vacuum ultraviolet (VUV)
photon with energy 7.9 eV. This is crucial for diffraction and
detection of the neutral peptides24.

Results
Experiment. We use the idea presented in Fig. 1: A rotating
carbon wheel coated with a biomolecular film serves as the
sample supply. From there, the molecules are desorbed by
pulsed laser light and entrained in a supersonically expanding
noble gas jet. While nanosecond lasers are known to deliver intact
peptide beams22,25, ultrafast laser pulses with TW/cm2 intensities
and pulse lengths of 290 fs allow for 30-fold improve-
ment in sample efficiency24. The gramicidin beam is then skim-
med, vertically and horizontally collimated to <1 mrad, and sent
into the interferometer chamber. In our setup we obtain a velocity
v= 600 ms−1 when using argon and v= 1200 ms−1 when using
helium as a carrier gas. The different velocities are used to access
different de Broglie wavelengths λdB= h∕mv, where h is Planck’s
constant.

We send the peptides through our time-domain Talbot-
Lau interferometer12, where three pulsed VUV light gratings
G(1)−G(3) ionize and remove the molecules in the antinodes of
the laser fields (see Fig. 2). The gramicidin molecules arrive with a
de Broglie wavelength of λdB= 350 fm (at v= 600 ms−1) which is
about 104 times smaller than the molecular size. We select a
velocity spread of Δv∕v≃ 0.5%, defined by the duration of the
carrier gas pulse (20 μs) and the beam width (3 × 3 mm2) of the
detection laser. This corresponds to a longitudinal (spectral) de
Broglie coherence of ca. 200λdB≃ 72 pm. Equally important is the
transverse (spatial) coherence which sets an upper limit to the
useful width of diffractive elements, across which matter-wave
phenomena are relevant. Upon arrival at G(1), it is of the order of
200 pm, too small for diffraction at d= 78.8 nm gratings.

343 nm, 290 fs, 70 μJ

Even–Lavie valve

Carbon wheel

Felt wheel
Gramicidin A1: 1882 amu

Fig. 1 Peptide source: Ultra-fast 290 fs laser pulses with an energy of up to 70 μJ and a wavelength of 343 nm are focused to a spot diameter of 100 μm to
desorb gramicidin molecules from a glassy carbon wheel. The molecules are picked up by an adiabatically expanding argon (helium) jet at 600ms−1 (1200
ms−1) from a short-pulse high-pressure valve. The emerging polypeptide matter-wave has a de Broglie wavelength of 350 fm (175 fm). Gamicidin A1 is a 15
amino acid polypeptide. The green ribbon runs along the peptide bonds and the residues are shown as line diagrams. The four Tryptophan residues are the
important chromophores that enable pulsed VUV laser ionization and thus the realization of optical diffraction gratings and photo-ionization in combination
with mass-sensitive detection in our matter-wave interferometer. Parts of this figure have been adapted from reference24.
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orientations, the measured fringes represent an average over the
internal properties.

An interferometer with three absorptive gratings would allow
for the creation of classical Moiré-like patterns. This assumes
molecules to be particles following ballistic trajectories that are
modified by the gradient forces arising from the interaction
between the optical dipole potential of the grating and the
molecule’s optical polarizability. The difference between the
quantum and the classical expectations is encoded in how these
optical properties enter the transmission function (see Methods).
The behavior of the fringe contrast is governed by β, making this
a crucial parameter for a quantitative distinction between classical
and quantum effects. A thorough understanding of the final
signal therefore requires knowledge about the electronic proper-
ties of gramicidin with respect to its ground and excited states.
This is a challenge since gramicidin has many possible
conformational states and one has to evaluate electronic proper-
ties for an ensemble populating a complex potential energy
surface (PES). The gramicidin molecule contains 1010 electrons
which renders electronic structure calculations demanding even
without global optimization of the conformational space and
when combined with density functional theory (DFT). Here, we
perform short ab-initio molecular dynamics (AIMD) simulations
at 300 K, assuming the worst case of no internal cooling, to
explore the conformational PES and get a measure of the dynamic
polarizability volume of gramicidin (see Methods). Molecular
geometries are extracted from the AIMD simulation every
picosecond and are fed into subsequent DFT calculations to
estimate the ensemble average of the optical polarizability volume
αVðλLÞh i300K.
In addition, the absorption cross section has to be determined

as a thermal average σðλLÞh i300K for the calculation of β. The
relevant relaxation channels after photon absorption are ioniza-
tion and disscociation, since our detector is only sensitive to the
depletion of the molecular beam: σ= σPI+ σPD, where σPI and
σPD are the photoionization and the photodissociation cross
sections, respectively. A lack of detected fragments indicates a
comparatively small σPD, making σPI a strong lower bound for the
total cross section. It is measured under identical conditions in an
independent experiment by monitoring the gramicidin ion count
rate

NI ¼ N0ð1� e�σPIϕÞ; ð4Þ
as a function of the VUV photon fluence ϕ.

These tools at hand, we can now analyze the matter-wave
interferogram obtained with gramicidin, both in the first (n= 1)
and fractional (n= 1∕2) Talbot order. We record them by shifting
the third grating around the ’resonant’ interference mode in steps
of 20 ns (n= 1) and 10 ns (n= 1/2) at a fixed time delay for the
off-resonant reference signal at τoff= 200 ns (n= 1) and 100 ns
(n= 1/2). For a finite divergence and tilt of the molecular beam,
the fringe density pattern scans across the grating when τ is
varied. We expect a sinusoidal modulation with a Gaussian
envelope26 (see Figs. 2c and 3).

SN ¼ V0 exp � τ

σw
ffiffiffi
2

p
 !2" #

cos 2π
ðτ � τoff Þ

σp

 !
: ð5Þ

The modulation of the fringe visibility V0 allows us to more
precisely determine the divergence angle α= 0.4 mrad from the
width σw of the resonance dip

α ¼ arcsin
d

2vσw
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 10

p
 !

; ð6Þ

and the tilt angle γ= 1.7 mrad from the observed fringe period σp

γ ¼ arcsin
d
vσp

 !
: ð7Þ

We extract the model parameters α and γ from the data in Fig. 3,
the absorption cross section from independent measurements
and the VUV polarizability volume from our quantum chemical
analysis.

The dynamic polarizability volume is computed by Q-Chem29

using DFT with the range-separated hybrid exchange-correlation
functional LC-ωPBEh30, which has been shown to perform well
for the calculation of polarizabilites31, and the 6-31G basis set.
The Coupled-Perturbed Kohn-Sham method32 is used to
calculate the optical polarizability volume for every extracted
geometry at λL to obtain the ensemble average αVðλLÞh i300K =
(157 ± 1) × 10−30m3.

In order to obtain the photoionization cross section σPI, we
measure and plot the number of ions NI as a function of the
photon fluence ϕ (see Methods, Fig. 4) and construct a fit
according to Eq. (4). We find an ionization cross section of σPI =
σðλLÞh i300K = (4.7 ± 0.2) × 10−20m2 and thus β≃ 0.6. This value
is used for simulating both the quantum and classical predictions.

The final result is shown in Fig. 3, which compares the
experimental data (black circles), with a fit based on Eq. (5) (solid
red line), the quantum simulation (dashed blue line) and the
classical description (dotted green line). Figure 3a presents data
for the first Talbot order, while Fig. 3b shows the n= 1/2 Talbot
order, where the peptides are entrained in helium to double their
mean velocity to 1200 ms−1. In both cases, the resulting
molecular density pattern at G(3) has a fringe separation of d=

0.2
a

b

0.0S
N

S
N

–0.2

–200 –100

–100 –50 0

� (ns)

50 100

0 100 200

n = 1

0.2

0.2

–0.2

n = 1/2

Fig. 3 Molecular interference patterns of gramicidin: Experimental data is
presented for the first (a) and half (b) Talbot order (black circles) including
1σ error bars. A fit according to Eq. (5) is shown (solid red line) together
with a quantum-(dashed blue line) and a classical predicition (dotted green
line). The fringes appear on the time-domain resonance dip when the pulse
separation time between G(2) and G(3) is varied by a small delay τ around
the Talbot resonance for the case of a tilted molecular beam. The envelope
of the resoance dip is determined by the molecular divergence angle while
the fringe period is determined by the tilt angle with respect to the mirror
surface. Note the different scaling of the abscissa in a and b and that both
interference orders are d-periodic.
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 Schrödinger, What is life? ~1944 

 

 

 

 “regularities only in the average”  (p. 78), emerging from the 
statistical mechanisms is not enough to explain the  
enigmatic biological stability (p. 47).  
 
He was stressing that the attempt to explain the biological 
functional stability in terms of the regularities of statistical origin 
would be the classical physicist’s expectation’ that far from being 
trivial, is wrong (p. 19). 



 

 

Herbert Frohlich, Long Range Coherence and Energy Storage in Biological 
Systems, Int. J. Quantum Chem., v.II, 641–649 (1968) 
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Contrarily to some “believes”, experimental observations and explicit 

calculations show that SBS and the consequent coherent NG 

condensation  is a quite robust phenomenon.  

 

It is observed in a wide range of temperatures, from thousands of 

degrees to very low temperature: 

 

e.g., the melting point (loss of crystal ordering) of a diamond is at TC 

= 3550 °C, at atmospheric pressure. In the absence of oxygen, its 

melting point is about 4,027 °C.  

 

The cobalt magnetization is lost at 1075 °C.  

For iron, magnetization loss is at 770 °C,  

the kitchen salt (sodium chloride crystal) melts at 804 °C. 

 

The transition of phase is observed at very low temperature (below – 

252 °C) in superconductors containing compounds of niobium, at −153 

°C for copper and bismuth superconductor compounds.  

 

Cao et al., Sci. Adv. 2020; 6 : eaaz4888, 3 April 2020: the observed 

long-lived coherences originate from impulsively excited vibrations, 

generally observed in femtosecond spectroscopy [in photosynthetic 

energy transfer]. 

 

When the proper framework of QFT is used coherence is a quite 

stable property of matter, including living matter. 

 



Spontaneous breakdown of symmetry ⇒

long range correlations ⇒

ordered patterns

order = lack of symmetry

2



  

A.Giuliani, V Todde, ISS, Roma 

 

in M.Bizzarri, Approaching complex Diseases, Springer Nature 2020, p.95-110 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

An approximate 76% of drugs discovered in the last 20 years referring to receptor molecules discovered 

around the fifties. On the contrary, only the 6% bind to recently discovered targets, while for remnants no 

reasonable hypothesis of mechanism of action does hold. 

Circa il 76% dei farmaci scoperti negli ultimi 20 anni si riferisce a molecole di recettori scoperte intorno agli 

anni '50. Al contrario, solo il 6% si lega a recettori scoperti di recente, mentre per i restanti non è valida 

alcuna ragionevole ipotesi di meccanismo d'azione. 

The promise of a druggable genome set forth by the completion of human genoma sequencing with the 

consequent opening of a practically infinite horizon for the development of new drugs, failed: something 

very fundamental went wrong. 

La promessa di un “genoma drogabile” formulata dal completamento del sequenziamento del genoma 

umano con la conseguente apertura di un orizzonte praticamente infinito per lo sviluppo di nuovi farmaci, è 

fallita: qualcosa di fondamentale è andato storto. 



 

“the division problem of the world into parts to which an 

individual existence can be attributed” (Haag, 1996, p. 1469) 

 

The ontological prejudice 

 

     “the ingenuous vision of the world” 
(Ernst Cassirer, The Problem of Knowledge, 1919). 

 

Coherent states:  

infinitely many particles sharing the same phase  

 

(Klauder, Glauber, Sudarshan,…1963…;  ~~ Schrödinger, 1926) 
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