
Received: 14 December 2021 Revised: 13 December 2021 Accepted: 15 December 2021

DOI: 10.1002/ntls.20210102

R E S E A RCH H I GH L I GH T S

Matter-wave optics: Observing an ultracold atomic cloud
expanding in free fall

Wieland Schöllkopf

Fritz-Haber-Institut derMax-Planck-Gesellschaft, Berlin, Germany

Correspondence

WielandSchöllkopf, Fritz-Haber-Institut derMax-Planck-Gesellschaft, Faradayweg4-6, 14195Berlin,Germany.

Email:wschoell@fhi-berlin.mpg.de

ThisResearchHighlight showcases theResearchPaper entitled,Collective-ModeEnhancedMatter-WaveOptics https://journals.aps.org/prl/abstract/10.1103/

PhysRevLett.127.100401

Quantummechanics entails several concepts incompatible with classi-

cal mechanics that appear counterintuitive if not bizarre. The “spooky

action at a distance” that results from the phenomenon of quantum

entanglement is an oft-cited example. The concept of wave-particle

duality is another one. While, at first, the idea of a particle wave raised

eyebrows as a mathematical artefact, it made serious inroads in the

1920th, when Louis de Broglie put forward a simple formula for the

wavelength (now referred to as the de Broglie wavelength 𝜆dB) of a

matter wave,1 predicting that it equals the product of Planck’s con-

stant h and the inverse of the classical momentum p = mv of a particle

of massm and velocity v,

𝜆dB =
h
mv

. (1)

DeBroglie’s bold relativistic derivation of his formulamotivated exper-

imentalists to seek evidence for the existence of matter waves. As

diffraction and interference are unambiguous manifestations of wave

behavior, their observation could have served as the smoking gun of

matter waves. As de Broglie wavelengths of both electrons (at suit-

able energies) and neutral atoms (at thermal energies) are minute,

the first successful experiments revealing the particles’ wave nature

employed diffraction by crystals, taking advantage of their likewise

microscopic lattice scales. First, in 1927, Clinton Davisson and Lester

Germer reported experimental evidence for diffraction of electrons

by a nickel crystal.2,3 Shortly thereafter Otto Stern, together with

Immanuel Estermann, was able to present unambiguous evidence for

diffraction of molecular beams of He and H2 from an LiF crystal

surface.4 Providing evidence for matter-wave behavior, these experi-
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ments confirmed within an accuracy of 1% de Broglie’s wave descrip-

tion, therebymarking the beginning of matter-wave optics.

Just months after de Broglie’s work appeared, another no less

astounding quantum effect was predicted by Albert Einstein,5 based

on the work of Satyendra Nath Bose that Einstein translated into Ger-

man one year earlier.6 The predicted effect came to be known as Bose–

Einstein condensation or, for short, BEC. However, unlike de Broglie’s

matter waves, none of the contemporary scientists thought it possible

to observe BEC in a real experiment as the experimental conditions

required were out of reach in the 1920th. It took 70 years when, in

1995, three labs in theUSAwere able to observeBEC in small ultracold

dilute gas clouds of rubidium,7 lithium,8 and sodium.9 In 2001, Eric A.

Cornell,WolfgangKetterle, andCarl E.Wieman shared theNobel Prize

in Physics “for the achievement of Bose-Einstein condensation in dilute

gases of alkali atoms, and for early fundamental studies of the proper-

ties of the condensates.”

The phenomenon of BEC is intimately connected with wave-like

behavior of particles in the quantum domain. At thermal energies,

gaseous atoms move with fairly high velocity, and de Broglie wave-

lengths are minute with respect to all other relevant length scales of

the gas. As a result, quantumeffects are usually negligible at these con-

ditions. At sufficiently low temperatures, however,where themotionof

atoms in a gas is greatly slowed down, de Broglie wavelengths become

correspondingly large. In a simplified picture of BEC formation upon

cooling of a gas, one can consider the atoms’ de Broglie wavelengths

becoming about as large as the average distance between the atoms.

At this point, the quantumwave nature begins to play a decisive role as

matter waves of individual atoms are no longer independent, but begin
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to overlap. Below a density-dependent critical temperature, this leads

to the formation of a single macroscopic quantum state described by a

wave-function of the part of the gas that BE-condensed. The first BEC

wasobserved in adiluteRbgas at a temperature as lowas170nK.7 This

explains why it took experimentalists seven decades to catch up with

Einstein’s prediction. They had to develop sophisticated techniques to

bring an atomic vapor to such extremely low temperatures, suppress-

ing the vapor’s predilection for forming a liquid or solid phase already

at way higher temperatures.

From 1995 on, experimental studies with BEC in dilute gases have

boomed in labs around the world. Since then, BEC has been observed

for a variety of elements, and new techniques to investigate the quan-

tum properties of the condensates and to take advantage of these

very properties have been developed. Already in 1997, the coherence

properties of BECwere revealed when a fringe-pattern, resulting from

interference of two independent condensates that were maneuvered

to overlap, was observed.10 Early atom interferometers were based

on thermal atomic beams that could be split and sent along two or

more paths and brought back together to overlap in space and time and

interfere.11,12 These beam-based atom interferometers had already

enabled several investigations of hitherto unprecedented sensitivity.13

However, using Bose–Einstein condensates instead of a thermal atom

beam as the source in amatter-wave interferometer opened the flood-

gates of a new generation of studies that take advantage of the phase

sensitivity of an interferometer.

Due to its minute temperature, a BEC, when released from its elec-

tromagnetic confinement, expands slowly. This makes it possible to

observe expansion and interference over relatively long times that are

crucial as they can greatly enhance the sensitivity of the matter-wave

interferometer. For instance, in a Mach–Zehnder-type interferometer,

the phase is proportional to the square of the separation time. In a typ-

ical lab setup, the observation time is, however, limited by gravity that

causes the atoms to simply fall down. Long free-expansion times have

been demonstrated in atom interferometers where a Bose–Einstein

condensed cloud is launched upward in a 10 m vertical vacuum pipe

by optical forces from laser fields (atomic fountain).14 Even then, the

observation time is limited to roughly 2 s. In addition, gravitational

sag can also lead to deformations of the trapping potentials used in

an experiment.

To circumvent these limitations, experimentalists have started per-

forming BEC and atom-interferometry experiments inmicrogravity. To

this end, the apparatus could be carried by an airplane on a parabolic

flight trajectory allowing for roughly 20 s of weightlessness, as suc-

cessfully demonstrated by a French collaboration.15,16 An alternative

approach to achieving microgravity was pursued at the drop tower of

ZARM, the Center of Applied Space Technology and Microgravity at

the University of Bremen in Germany (see Figure 1), where a single

drop provides 4.7 s of microgravity.17 In the paper by Deppner et al.18

highlighted herein, a collaboration of experts from five German and

two French institutions reports on most recent results from the drop

tower microgravity experiments. In a total of 34 drops, BEC’s of about

100,000 Rb atoms were prepared on an atom chip at weightlessness.

Releasing the BEC from its trapping fields during free fall, an expan-

F IGURE 1 The 144m tall drop tower at ZARM (Center of Applied
Space Technology andMicrogravity), University of Bremen, Germany.
The BEC experiments reported by Deppner et al. (Phys. Rev. Lett. 127,
100401 (2021)) were performed in a total of 34 drops of 110m in
vacuum corresponding to a free-fall time of 4.74 s. Photograph from
Wikipedia by CuttyP, CC BY-SA 3.0, https://commons.wikimedia.org/
w/index.php?curid=745805

sion free of gravitational pull corresponding to an effective gas tem-

perature of just 2 nK could be observed. The collaboration succeeded

in tailoring the expansion by (1) excitation of a collective mode of a

quadrupole oscillation and releasing the BEC at a well-chosen phase

of this collective oscillation. This was combined with (2) a magnetic

lens that was switched on for just 2.4 ms in the early phase of the

free expansion, functioning as a time-domain matter-wave lens. For a

https://commons.wikimedia.org/w/index.php?curid=745805
https://commons.wikimedia.org/w/index.php?curid=745805
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well-chosen release phase and strength of the magnetic lens, a very

slow expansion corresponding to a temperature of only 38 pK was

achieved. This made it possible to observe the expansion for as long

as 2 s.

The results presented by Deppner et al.18 pave the way for free-

expansion experiments lasting 10 or more seconds. This will be rele-

vant for experiments in space where much longer observation times

can be exploited. The first step tomatter-wave interferometry in space

wasmade in 2017when theMAIUS-1 (Matter-Wave Interferometry in

Microgravity) rocket was launched.19,20 The ballistic rocket, launched

in the north of Sweden, brought the scientific apparatus to an altitude

of ≈ 250 km. The corresponding flight time of 6 min in space (altitude

> 100 km) permits to take full advantage of the maximum observation

times enabled by the method of Deppner et al.18 Beyond the rocket-

based experiments, there are plans for an extendedexperimental setup

on the International Space Station (ISS). In 2025, the existingCAL (Cold

Atom Laboratory) on the ISS will be upgraded to BECCAL, a NASA-

DLR collaboration.21 Exactly 100 years after Einstein’s prediction, this

might bring BEC experiments to a new level of sophistication. Future

applications of matter-wave interferometers in space will range from

high-precisionBEC interferometry for fundamental physics, such as for

instance, tests of the equivalenceprinciple,22 to further potential appli-

cations including, for example, navigation and earth observation.
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