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Abstract
A condensed excited matter called Rydberg Matter (RM) have been studied experimentally for 30 years, but have not

sparked widespread attention yet, unlike ordinary Rydberg atoms. RM formed by clusters of Rydberg atoms at a solid

surface have a longer lifetime compared to Rydberg atoms, and is liquid-like. This review describes how the RM state is

generated, and its potential applications. These include using RM for research into catalysis, space phenomena and sensor

applications, or for producing environmentally friendly energy. A background on RM is presented, with its structure and

special properties, and the working principle of RM generation. The experimental set-ups, materials, and detectors used are

discussed, together with methods to improve the amount of RM produced. The materials used for the catalysts are of

special interest, as this should have a large influence on the energy of the RM, and therefore also on the applications.

Currently most of the catalysts used are potassium doped iron oxide designed for styrene production, which should give the

possibility of improvements. And as there is little knowledge on the exact mechanisms for RM formation, suggestions are

given as to where research should start.
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Introduction

The world is still looking for new ways of producing clean

energy, as it has been a long time since a truly new method

have been developed. The current renewable energy sour-

ces are also mostly intermittent, only delivering energy

when the conditions are right, so there is a need for green

energy that can be turned on when required. For example,

the ‘‘hydrogen society’’ has been developing for decades,

but there still is not an environmentally friendly way of

producing hydrogen that can rival natural gas on price. The

usage of hydrogen would also benefit from an improved

efficiency, and this is the concern of this review, describing

how a condensed excited state of hydrogen atoms can

improve efficiency for energy generation and enable

multiple other applications. It should be of special interest

to anyone researching hydrogen energy production.

Rydberg state is a general term applied to atoms and

molecules with a high principal quantum number n, where

atoms with n up to 1000 have been detected [1]. This large

n gives them their main properties of large sizes, high

sensitivity to electric fields, large dipole moments, and very

low ionization potentials [2]. These Rydberg atoms can

also form a condensed state, called Rydberg Matter (RM).

Keeping the characteristic properties of the atoms, while

having a longer lifetime and being liquid-like gives some

interesting possibilities. These possibilities are getting

closer to being realized, and in the coming years RM could

have a drastic increase in how well it is known. For

example, RM is currently generated using a potassium

doped iron oxide catalyst, similar to the ones used for

dehydrogenation of ethylbenzene to styrene. So, the

research into RM could also give insight as to why alkali

metals are such good promoters. And this could be appli-

cable to the iron catalysts used in Fischer–Tropsch and

ammonia synthesis also, as Rydberg species have been

detected from ammonia catalysts [3–5], leading to a very

large potential impact on both economy and environment.
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The reason for writing this review now is that there are

more applications, shown in Fig. 1, being developed that

utilize RM, and these applications demand higher quanti-

ties of RM than what is needed for research. One of which

is the clean energy generated by only using hydrogen as a

fuel. Previous reviews on RM have focused on the prop-

erties of the clusters that make up RM [6], and on the

conditions for forming RM in a gas phase versus on a

surface [7]. And a special issue called ‘‘Rydberg-Matter

and Excited-State Clusters’’ have also been publish in the

field [8]. This review presents what is known, and the

information that is needed, about how RM is produced,

some of its possible applications, and how close they are to

realization.

Theory

Rydberg Background

Rydberg atoms are named after Johannes Rydberg, a

Swedish physicist who found the generalized formula

relating the spectral lines of an element to each other,

which are the specific wavelengths emitted by an element

when introduced into a flame. He also realized that the

constant used in the formula was universal for all the ele-

ments. The constant was named after him, in addition to the

atoms in states of high principal quantum number n,

Rydberg atoms [9]. Rydberg’s formula can be given as

En ¼ �hcR1=n2 ð1Þ

where En is the energy in eV of the nth level of hydrogen,

h is the Planck constant, c is the speed of light in vacuum,

and R! is the Rydberg constant in wavenumbers. Highly-

excited electronic states with an electron (on average) far

from the nucleus, can be considered similar to a hydrogen

atom, and the formula can be modified to be used on atoms

with specifically ordered series of energy levels [1]. These

Rydberg atoms have valence electrons with binding ener-

gies that decrease with 1/n2, and an orbital radius that

increase with n2, leading to exaggerated properties like

relatively long lifetime and high sensitivity to electric

fields [2]. Due to these properties, the atoms have for

example been used in spectroscopy to find the ionization

potential of iron period metals [10], and for research on

quantum computing [11], photon collisions [12], and sen-

sor applications [1].

In the early 19800s a theory for the condensation of

excited atoms was developed by Manykin et al. [13], and it

was predicted to be energetically favored over single

excited atoms, with a longer lifetime and delocalized

electrons. This was found experimentally around 1990 by

Holmlid et al. and named Rydberg Matter (RM), due to the

connection to Rydberg atoms [14]. Work has also been

done on theoretical estimations of RM using a pseudopo-

tential approach with density functional theory [15]. This

was done by modelling the excited atoms as pseudo-atoms

in the ground state, and the results compared to experi-

mental data.

The pseudopotential model was further used to describe

the thermodynamics and correlation function of the ultra-

cold Rydberg plasma, including the calculations of elec-

tron–electron, ion-ion, and electron–ion interaction [16].

The study was done on laser-cooled xenon atoms, where

two-photon ionization was used to first excite, and then

ionize some of the atoms. The plasma considered is

strongly nonideal, where the mean particle potential energy

divided by the kinetic energy is significantly larger than

unity. The results indicate formation of a short-range order

for particles of equal and opposite signs, increasing with

nonideality.

Theoretical work has also been done on the kinetic

processes in a ultracold nonideal Rydberg plasma, allowing

all stages of generation and decay to be traced [17], with

further in-depth summary and work on the thermodynamics

and kinetic properties [18]. The papers develop a kinetic

model to describe the nonideal plasma, and discusses the

structural short- and long-range orders, recombination

coefficient and the nonideality parameter. The theoretical

work was then considered versus experimental results.

Simulations also indicate that in the strong nonideality

region, the recombination coefficient is several orders of

magnitude smaller than in the weakly nonideal region.

Condensed excited state is a broader term than RM, with

the condensation of excitons in semiconductors as an

example. It was studied with an emphasis on cesium atoms,

Fig. 1 Overview of possible applications for RM, developing clean

energy in the form of heat or electricity, or for researching alkali

promotion in catalysts, space phenomena, and usage of RM in sensors

T. H. Aasen et al.

123



and the abnormally long recombination time [19]. The

lifetime was linked to the large distance in space between

initial and final states of valence electrons, and the broad

potential barrier that can be formed between them. The

mechanisms of decay and their probability was discussed,

including intrinsic (radiative and radiationless), and

admixture recombination. The latter was exemplified with

excited electron capture by an electronegative molecule.

RM is considered as a generalized metallic form with

delocalized electrons, forming mostly planar clusters due to

the planar shape of the high n atoms. It is metastable in its

excited form, having a longer lifetime than other excited

states, and the lifetime increases with excitation level. The

interionic bond length d, in pm, is determined by the

angular momentum l according to

d ¼ 2:9l2a0 ð2Þ

where a0 is the Bohr radius of 52.9 pm. This gives

hydrogen RM an interionic bond length of 150 pm in

l = 1 [20]. Valence electrons in a circular orbit have the

maximum angular momentum, meaning l = n—1 for l[ 0.

The lowest energy (l value) the valence electrons can have,

depends on the inner electrons. For H this is l = 1, while

for K this is l = 4, due to the filled shells [21]. The energy

of the l values 1–3 are shown in Fig. 2d for hydrogen,

compared to two ground state hydrogen atoms. The H–H

distance is larger for RM when considering just two atoms,

though more than two atoms are usually found with the

same distance in a RM cluster, while the H2-H2 distance is

greater than 74 pm.

The clusters are usually six-fold symmetrical with 7, 19,

37 (Fig. 2a), 61 or 91 atoms, where all the atoms are in the

same excitation level. These clusters are proposed to be

able to form stacks, with a 7-cluster stack shown in Fig. 2c.

The stacks would be easier for smaller clusters to form, due

to the larger distance the outer atoms in larger clusters

experience, at the same angle of approach [6]. Smaller

clusters have also been detected, with 3D shapes like

tetragonal, octahedral (Fig. 2b) or icosahedron without the

center atom. These form for low l atoms, as for higher l the

atom structure is more planar [22]. The large bond dis-

tances and the delocalized electrons are suspected to give

rise to a large magnetic dipole and an enormous polariz-

ability. RM also has a very narrow range in radio frequency

that it can emit and accept radiative energy in, leading it to

emitting more energy than receiving until equilibrium is

reached. This can be as low as a few degrees Kelvin even

when the surroundings are room temperature [6].

The production of RM starts with the thermal emission

of ions from a surface and the recombination with a ther-

mal electron. The large size of the Rydberg species gives

them long range interactions with the surface, and as they

condense to clusters the interaction with the surface

decreases, making it easier for the clusters to desorb [24].

Alkali metals are thought to be the easiest to use for

making RM, most likely because they have the lowest work

function of all the elements, where the work function is the

minimum work that must be done to remove an electron

from the surface to vacuum at 0 K [25]. It is also unsur-

prising that an easily ionizable species like RM covering

another surface will drastically reduce the work function,

useful for example in thermionic energy converters (TICs)

[26], which convert thermal to electric energy. Testing was

also done on the TIC by Yarygin et al., who observed

Fig. 2 a Planar 37 atom cluster.

b Octahedral cluster fragment.

c Stack of 7-atom planar

clusters. d The relationship

between energy and interatomic

distance for normal H2 and

hydrogen RM at energy levels

l = 1–3. Adapted from Phase

transition temperatures of

405–725 K in superfluid ultra-

dense hydrogen clusters on

metal surfaces, [23], by Leif

Holmlid and Bernhard Kotzias,

used under CC BY 4.0
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similarities like the very low work function, and distinc-

tions like the discharge pulse repetition rate [27]. A review

on the field is also provided [28], discussing and comparing

the TIC efficiency, set-ups and results.

RM can also incorporate impurities into its structure by

the way of physisorption or chemisorption [29]. Molecules

that are electronegative are shown to exhibit chemisorp-

tion, and they will bind valence electrons from the RM,

eventually disintegrating the RM cluster at high impurity

concentrations. Molecules that have no affinity to electrons

are trapped by the van der Waals attraction, which is long

range due to the high polarizability of the RM. Here, the

chemical identity of RM remains intact, leading to clusters

that can accommodate more impurity molecules than there

are excited atoms making up the cluster. It is suggested that

this can be used to detect the presence of RM, as it leads to

a pressure drop, or to maintain high vacuum conditions,

removing molecules from the gas phase.

There are also other kinds of Rydberg molecules called

heavy Rydberg states and Rydberg clusters. The heavy

Rydberg states consist of a positive and a negative ion

bound by a Coulomb potential [30]. The same physical

laws apply as for the electronic Rydberg states, with the

use of mass-scaling, and the large mass leads to easier

probing due to slower temporal dynamics. This means that

a H?H- system can be described as a hydrogen atom with

a H--ion replacing the electron. These systems could be

interesting for storage of quantum information. The

replacement of the electron also widens the energy range

the heavy Rydberg system can have, compared to the

electronic Rydberg states, because of the larger mass [31].

The Rydberg clusters are a pair of oppositely charged

atomic clusters with arbitrarily high quantum num-

bers [32]. The clusters can have a large variety of mass and

charge, and a size expected to give in essence classical

motion, in addition to being stable compared to Rydberg

atoms.

Theory and Working Principle of RM Production

For many chemical reactions, the use of a catalyst can

significantly increase the yield and selectivity by creating

an alternative pathway for the reaction. For RM, the cata-

lyst works differently. It must be able to remove the con-

densation energy released, as this energy might remove

electrons from the RM and stop the condensation. And it

also increases the Rydberg atom density on the surface

compared to in the gas phase, increasing the probability

that condensation starts [7]. An example of the catalysts

currently used for producing RM is shown in Fig. 3a, with

a SEM picture of the same kind of catalyst shown in

Fig. 3b.

For a catalyst to produce a significant amount of RM,

there are several steps that need to be met. First, the atoms

and ions desorbing from the heated surface, usually alkali

metals, should be Rydberg states, which are then bound

close to the surface. At the same time, the catalyst must

chemisorb hydrogen gas molecules on the surface. The

hydrogen and potassium atoms moving close to the surface

can collide and transfer energy from potassium to hydro-

gen, after which the hydrogen Rydberg atoms can form

clusters and RM. A transfer of energy have been proven

with collisions between hydrogen Rydberg atoms and

deuterium molecules as H* ? D2 ? HD ? D* [33], and a

similar transfer should be possible with K* and H. These

are the suspected reactions steps, as shown in Fig. 3c, but

other mechanisms like potassium Rydberg cluster forma-

tion are also possible [20].

When producing RM, a potassium doped iron oxide

catalyst is often used. It was developed for industrial pro-

duction reactions and is studied extensively due to its

complexity and usefulness [34–36]. For these kinds of

catalysts a flux of highly excited potassium Rydberg spe-

cies have been proven by field ionization method, and this

flux corresponded to the catalyst activity [37]. In the sense

that the used catalyst had a lower catalytic activity and flux

of Rydberg species than the fresh catalyst, even though the

total potassium flux was larger for the used catalyst.

The differences from the process of styrene manufac-

turing are the temperature, pressure and feed gases used.

Styrene production uses a temperature of around

850–900 K and 0.1–1.0 bar, with the feed gases being

ethylbenzene and steam [34, 38]. This is in contrast to the

RM production usually using\ 600 K and vacuum con-

ditions, with only hydrogen as the feed gas [39]. In addi-

tion, there is some difference between the C-H bonds in

ethylbenzene and the bond in H2. This will lead to other

demands on the catalyst for RM production than for

styrene.

Any catalyst used to produce Rydberg atoms is very

dependent on the desorption barrier of the alkali metal, as it

controls the desorption flux of atoms, ions and excited

states, and what energy the Rydberg atoms will have. There

has been much work published on the stabilizers for the

potassium iron oxide catalysts and how they affect the

desorption barrier [37, 40], and probably much unpublished

work also, due to the commercial interest in these catalysts.

The commercial catalyst for styrene production has an

active phase that is an equilibrium between KFeO2 and

K2Fe22O34, and the effect of doping on the thermal stability

of the two phases is large [41]. For the K2Fe22O34 phase,

the dopants (Mg, Al, Cr, Mn and Ce) increase the activa-

tion barrier for desorption and reduce the flux, while for

KFeO2 the same dopants reduce the activation barrier and

increase the flux, as seen for the atomic flux in Fig. 4,
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which shows how large an impact the stabilizers potentially

can have for RM production. This is reflected in the change

in activation energy of potassium atoms and ions with

doping shown in Fig. 5. The effect of Cr3? substitution for

Fe3? was a stabilization of the potassium in K2Fe22O34,

due to blocking of the potassium diffusion pathway in the

bulk, that could also be possible with other di- and trivalent

ions (Mn2?, Mg2? and Al3?). The excitation energy for K

in the lowest Rydberg-like state (n = 4) has been found to

be 3.5 eV, which is close to some of the activation energies

for desorption seen in Fig. 5 [20].

Another catalyst that have been tested was a commercial

vanadium oxide catalyst doped with both potassium and

cesium, which found the activation barrier for desorption

for both elements, while also detecting excited states [42].

Results indicate a slower loss of Cs, even though it was

expected otherwise due to the higher vapor pressure of Cs.

The barriers found are shown in Fig. 5, where the barrier

for Cs is equal to the ionization potential and may indicate

that the emission of Cs is as highly excited states with

energies close to the ionization limit.

Fig. 3 a Photograph of the type

of commercial potassium doped

iron oxide catalyst that is

currently being used for RM

production. b SEM picture of

the surface of the same

commercial catalyst at 15 kV

and 3500x. c The reaction steps

for forming hydrogen RM on a

catalyst surface. (1) The

chemisorption of hydrogen gas.

(2) Desorption of potassium

atoms, ions, and Rydberg atoms.

(3) Transfer of energy from

potassium to hydrogen atoms.

(4) Formation of hydrogen RM

Fig. 4 Temperature programmed desorption for atomic potassium for

a K2Fe22O34 and b KFeO2, undoped and doped with 2% Cr, Mn, Mg,

Al, and Ce [41]. Reprinted from Journal of Catalysis, 247, Andrzej

Kotorba, Weronika Ro _zek Irmina Serafin Zbigniew Sojka, Reverse

effect of doping on stability of principal components of styrene

catalyst- KFeO2 and K2Fe22O34, 238–244, Copyright (2007), with

permission from Elsevier
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As the addition of alkali metals are so important for

several catalytic processes, efforts have been made to

discover the mechanism. The effect of the potassium

bonding on the surface has been investigated using two

phases known to exist on the surface [37]. The activation

barrier for desorption is dependent on the strength of the

surface bond for the potassium atom. It was found that an

ionic bond to the surface, in this case with a desorption

barrier for K at 1.76 eV for KAlO2, would not produce any

potassium Rydberg atoms. While KFeO2 with a stronger

covalent bond of 2.84 eV, would produce Rydberg atoms.

This was then correlated to the catalyst activity, which was

much higher for KFeO2.

Since the polarizability of Rydberg atoms are so large,

increasing rapidly with n due to the dependency on the

volume of the electron cloud, the interaction potential

between a surface and an atom is also large [44]. This leads

to long-range bonding between the Rydberg atoms and the

surface that makes long jumps along the surface possible,

expected to be up to at least 0.3 mm for a potassium

Rydberg state at n = 40. And as might be expected this can

give very large diffusion rates.

The large sizes and the closely spaced energy levels of

the Rydberg atoms can also enable the formation of com-

plexes from the collision of molecules, which would usu-

ally break apart shortly after the collision for ground state

atoms [24]. This is due to the short time it takes for the

ground state complex to break up, because the excitation

energy cannot be removed fast enough. Meaning the life-

time of the ground state complex is shorter than the typical

time it takes for IR radiation of the excess energy, stopping

a stable complex from forming. For a collision including a

Rydberg molecule, some of the excess energy can be

transferred to the Rydberg electron, increasing the sticking

probability. One example of these collisions is shown in

Fig. 6a, where a potassium beam was directed at a surface

with desorbing potassium Rydberg clusters, with peaks

corresponding to the new cluster mass and direction.

The formation of Rydberg states is a general feature of

most non-metals and metal oxides, while the Rydberg

states will de-excite rapidly in the vicinity of a metal sur-

face [45]. During the condensation from Rydberg atoms to

RM, energy is released, and it needs to be absorbed by the

surface for the RM to become stable. Though the surface

should not remove electrons from the Rydberg atom, as this

will lead to ions that won’t form RM [7].

Another factor that may influence the formation of

Rydberg atoms is the distance the thermal electron cloud

stretches out from the surface, as this should be comparable

to the size of the Rydberg atom. The distance varies for

example with Fermi wavelength, being larger for insulators

and oxides than metals, while the size of the Rydberg atom

is dependent on the principal quantum number n, which

can be very large. When the size and distance match, this

will enable the atomic and ionic species to cross over to

Rydberg species. This was tested with a positive voltage

applied to the catalyst, leading to a drastic increase in

desorbed Rydberg atoms at 5 V for two different cata-

lysts [24, 43], shown in Fig. 6b for a zirconia surface with

an impinging potassium beam. This may also be related to

the increased lifetime of Rydberg atoms and molecules

with a small electric field found in spectroscopy testing

[46, 47].

Experiments have also been conducted to investigate the

possibility that excited atoms can condensate in a gas

discharge [48]. It was expected from theory that a con-

densate of excited atoms would give a broadening of the

spectral bands, that is shifted to the red side, and this could

indicate a condensate. The experiments were done using

sodium vapor in an argon buffer gas, with spectral mea-

surements to identify the excited condensate. The buffer

gas was there to limit the mean free path of the electrons,

so that they would only ionize sodium, and create the
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highly excited states. A voltage was used to initiate the

glow discharge, and the amount of Rydberg atoms was

determined by analyzing the light emission of Rydberg

series (180–250 nm) with a spectroscope in the range of

180–800 nm. The Rydberg series of sodium was seen with

only sodium vapor in the chamber, but when a Na and Ar

mixture was used this changed to a red shifted broad

emission band, and this was proposed to be from con-

densed highly excited atoms.

For producing hydrogen RM, another aspect must be

considered. The catalyst must also be able to chemisorb the

hydrogen gas molecules. More reactive metals bind the

atoms stronger to the surface, but this also means it is

harder for the atoms to desorb, often leading to a volcano

plot for useful catalysts [49]. Though the desorption of the

Rydberg hydrogen atoms should be assisted by the for-

mation of clusters, meaning it might be possible to use a

more reactive catalyst.

Rydberg Matter Generation and Detection

Materials

The materials used for producing RM have mostly been

iron oxide, though several other oxides have also been

tested. The different materials and set-ups that have been

tested are shown in Table 1. None of these papers have

done any comparison as to which material produces the

most RM, as they focus on research and properties of RM,

and it would be difficult comparing them with the different

test set-ups. Ref [42]. gives some insight into the difference

of doping with K and Cs in a vanadium oxide catalyst,

which could be applicable to other oxides as well, though

for commercial catalysts it is also a matter of price.

The difference between the styrene catalysts are usually

the promoters and the amount of potassium added.

Notable promoters are Cr, Mo, W, Mg, Al, V, Ni and Ce,

giving many different variations, but most of them are

there for stabilization [50]. The catalysts are usually pre-

pared by wet mixing of Fe2O3 or FeO(OH) with KOH or

K2CO3, in addition to the promoters. Extrusions are then

calcinated at 400–1000 �C, where BET surface area

decreases, and average pore radius increases with

increasing temperature.

It is a large variation in the temperature used for pro-

ducing RM for the different materials, with iron oxide

being tested down to room temperature, and it is a general

tendency that the doped catalyst set-up uses lower tem-

peratures than the potassium beam. Potassium is also pre-

dominant over cesium, probably due to the cost. Most of

the tests in the later years have been using iron oxide in the

doped catalyst set-up due to the availability and the lower

temperatures. And because it gives satisfactory amounts of

RM, only a few other materials have been tested.

Using a substrate under the active material has been

tested for the potassium beam (PB) set-up. This have not

been done with the doped catalyst (DC) set-up, though it

could be that layering several materials would improve

efficiency, for example with a reservoir of pure K metal

Fig. 6 a Potassium beam

colliding with, and sticking to

Rydberg clusters desorbing at a

normal direction from the

zirconia surface, leading to

peaks corresponding to the new

cluster mass and direction [21].

b Variation of excited states

with sample voltage at an angle

of 16� for the same zirconia

surface. a and b reproduced

from [24], with the permission

of AIP Publishing. c Potassium

beam set-up with a heated K

metal in a chamber that excites

the atoms as they leave, a

surface to be studied, and a

detector. d Doped catalyst set-

up with a heated catalyst that

desorbs Rydberg atoms,

possible laser for initiating CE,

and one or more detectors for

TOF
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like what was used for PB. There are also other non-

metallic compounds that could be explored, like organics

containing alkali metals.

Set-ups

Two different set-ups have been utilized to produce Ryd-

berg atoms, other than the laser excitation of a gas phase

used for spectroscopy. Common for both is the use of a

heated surface from where the Rydberg atoms desorb.

Some of the materials and set-ups are shown in Table 1.

The potassium beam (PB) set-up is used with a reservoir

of potassium metal that is heated so that it will desorb K

atoms. The reservoir is placed in a chamber and connected

to an emitter. The atoms will then diffuse through a foil,

get excited, and desorb as Rydberg atoms, which is

directed towards a heated surface at an angle, as seen in

Fig. 6c. This can give information on scattering, collision

stabilizing and diffusion into the bulk of the surface. One

surface that was studied was the potassium doped iron

oxide catalyst, using a surface ionization detector [44]. The

results gave an indication that the Rydberg species could

diffuse over large distances on the catalyst surface, and that

they could form clusters.

A heated zirconia layer on top of a nickel foil was used

to study collision complex stabilization. Figure 6a was

acquired with the surface ionization detector, showing that

atoms in the beam stick to the desorbing clusters from the

surface instead of breaking them apart [24].

The doped catalyst (DC) set-up differs from the former,

in that it does not have a reservoir with a pure K or Cs

metal. It consists of a metal oxide catalyst doped with K or

Cs, which is then heated to desorb atoms, ions, and Ryd-

berg species. This is shown in Fig. 6d, with two detectors

that can be used for time-of-flight (TOF) measurements. In

recent years, the catalyst has mostly been a commercial

potassium doped iron oxide catalyst for styrene production.

This has provided an easy way of producing Rydberg

atoms, clusters, and RM for research, with a simple set-up

and much lower temperatures needed than for other

catalysts.

The RM clusters can for example be fragmented by a

Coulomb explosion (CE), initiated with a laser pulse,

where the size of the fragments can be determined using

neutral TOF to the detector. A CE is caused by the

repulsion the ion cores from two bonded atoms experience

when the shielding electrons are removed by the laser,

while the use of ionic TOF would be problematic since the

ion-extracting electric field can interfere with the RM.

Using a potassium doped iron oxide catalyst with neutral

TOF detection, several new planar cluster sizes were

found, including mixed clusters of potassium and hydro-

gen, for example KH7 and KH11 [20].

Some other materials that have been tested are a vana-

dium oxide catalyst containing both K and Cs [42], and

cryptomelane nanorods, which is potassium doped man-

ganese oxide [43]. For vanadium oxide the atomic and

excited state desorption barriers were found for both K and

Cs, which indicated a slower loss of cesium, despite what

was expected from the vapor pressures. For the cryp-

tomelane nanorods a range of small voltages were applied

to the sample, giving a peak in the amount of Rydberg

atoms detected. And it was proposed that this peak was

caused by matching the energy of the surface electrons and

K? ions.

Detectors

Field ionization is useful for detecting Rydberg species

since many of them are easily field ionizable, while not

detecting ions and electrons. It consists of an opening for

the incoming flux, two electrodes with a hole in each of

them and a collector, with a diagram shown in

Fig. 7(a) [24]. The first electrode is kept at a high positive

voltage, to repel ions and trap electrons. The second elec-

trode is kept at a high negative voltage, almost as high as

the positive, which gives an electric field tailored to ionize

Rydberg atoms but nothing else. The ions are then accel-

erated by the positive electrode towards the collector. A

given field strength FT, in V/cm, will ionize Rydberg atoms

with an effective principal quantum number n given by [3]

n4 ¼ 3:2x108=FT ð3Þ

Surface ionization can detect neutral particles in the

excited or ground states. It consists of a heated ribbon, for

example Re, held at a high positive voltage, and a collec-

tor [24]. The particles hit the ribbon, get ionized, and then

accelerated to the collector. Ions can also be detected by

Table 1 Materials, set-ups,

alkali metal and emitter

temperatures used in RM

testing. PB is potassium beam

and DC is doped catalyst

Emitter material Set-up Alkali Emitter temp. (K) References

Iron oxide PB, DC K 575—990 [44]

Zirconia on nickel foil PB K 1100 [24]

Iron oxide DC K 300–900 [20, 22, 39, 51]

Vanadium oxide DC K, Cs 800–1200 [42]

Manganese oxide DC K 840–895 [43]
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being redirected by the electric field, without hitting the

ribbon.

An ion collector is part of both the field and surface

ionization detectors but can also be used by itself to detect

ions directly. It consists of a plate that gives out an electric

current when ions strike it, which can be measured by a

digital electrometer [24].

The dynode-scintillator-photomultiplier combination is

often used as detectors for the TOF measurements and is

shown in Fig. 7b. It can be used with a dynode to detect

field ionizable (Rydberg) species, or without to detect

ionizing particles [53, 54]. If used without the dynode, the

flux would be directed straight at the scintillator. Incoming

Rydberg ions get redirected by the electric field, while the

atoms hit the catcher foil and get ionized. The ions are

attracted by the negative dynode, impacting on it, pro-

ducing electrons. These excite the scintillator, which then

emit light when it relaxes. The photomultiplier tube (PMT)

converts the light to electrons and amplify the signal for

easier detection with multiple stages of dynodes. The signal

can then be measured, for example on an oscilloscope. And

depending on which particles are to be detected, the right

scintillator material needs to be chosen.

Time-of-flight (TOF) measurement is a method used in

conjunction with other detectors. It is used together with a

Coulomb explosion (CE), which is set off by a laser pulse

removing some of the bonding electrons from the ion cores

in the RM [6]. This forces the ions apart, ejecting the ion or

cluster fragment and giving them an energy depending on

the internuclear distance and the fragment mass. TOF

measures the time from one particle hits the first detector to

another particle hits the second detector some distance

away, or from the laser enters the vacuum chamber to a

particle hits the detector. This time can then be used to

calculate the internuclear distance and how energetic the

particles are using Coulomb’s law as

d ¼ 1=4pe0ð Þðe2=EkinÞ ð4Þ

where d is the internuclear distance, e0 is the vacuum

permittivity, e is the unit charge, and Ekin is the sum of the

kinetic energy for the particles. Normally, a light particle

will break away from a cluster, and therefore acquire most

Fig. 7 a Field ionization detector with an opening for the flux,

positive and negative electrodes with holes for the Rydberg atoms,

and a collector for the ions. b Dynode-scintillator-photomultiplier

with opening for the flux, a catcher foil for neutral particles, negative

dynode, scintillator, and PMT. c TOF spectra with hydrogen clusters

at energy l = 3, cluster sizes 2–61, and a flight distance of 92.5 mm,

allowing the calculation of the kinetic energy and the interatomic

distances. Reproduced from Reference [52] with permission from the

PCCP Owner Societies. d TOF spectra from potassium clusters at

energy l = 4, cluster sizes 2–19 and flight distance of 90 or 92 mm.

Reprinted by permission from Springer Nature Customer Service

Centre GmbH: Springer, Journal of Cluster Science, [20] Common

Forms of Alkali Metals—New Rydberg Matter Clusters of Potassium

and Hydrogen, Leif Holmlid, Copyright (2010). Both spectra were

acquired with a dynode-scintillator-photomultiplier as the detector
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of the kinetic energy. An example of a TOF spectra for

hydrogen RM is shown in Fig. 7c, at energy level l = 3

with cluster sizes from 2 to 61, and a flight distance of

92.5 mm [52]. The TOF spectra shown in Fig. 7d is from

potassium clusters, giving a larger TOF due to the larger

mass. It shows potassium at its lowest energy l = 4, with

cluster sizes from 2 to 19, and a flight distance of 90 or

92 mm [20]. And even the largest hydrogen clusters

observed (91 atoms) would not give long enough TOF to

overlap with potassium. Equations (2) and (4) was derived

from this data, relating the kinetic energy to the interatomic

distances and the excitation level. This was achieved using

a high sample count, together with the integer number of

atoms that can make up a cluster fragment, and theoretical

calculations.

Several indirect methods of detecting RM have also

been proposed, including spectral measurements, second

harmonic generation, and detection of inhomogeneity from

the speckle structure of transmitted light [48]. Spectral

measurements use that when excited atoms or molecules

form stable complexes, it broadens the spectral band and

shifts it towards the red side. The expectation is that RM

will show the same behavior with the Rydberg series. It

was predicted that the second harmonic could be generated

in RM due to its high polarizability, for example by using a

1064 nm laser and searching for 532 nm radiation. For the

speckle structure, an ordered structure produced in a dis-

ordered plasma may show up as optical inhomogeneities.

This can occur when the inhomogeneities have sizes

comparable to or larger than the incident wavelength.

Another suggested possibility for the preparation, study

and detection of ultra-cold plasma and RM is to use a

magneto-optical trap [55]. The experimental set-up inclu-

ded a Zeeman slower, and lasers to cool, excite and probe

the atoms. Testing was done on 7Li atoms, and the results

gave an estimate of the temperature and density of cold

atoms and excited atoms in the trap.

Applications

Catalytic Improvements

Rydberg atoms can have a distinct effect on the catalytic

performance, which does not depend on the flux of ground

state atoms and ions. The proposed model for how the

Fig. 8 a Experimental set-up for

testing hydrogen Rydberg atoms

with deuterium molecules, with

a photolysis laser for

dissociating HI, two probe

lasers for exciting H atoms, and

detectors. Reproduced from Ref

[33]. with permission from the

PCCP Owner Societies.

b Mechanism for converting

CO2 to CO over potassium

compounds. c Selectivity and

conversion for a mixed

potassium and iron oxide

catalyst. Selectivity from the

bottom: CO (yellow), methane

(grey), C2-C10 paraffins (red),

C2-C10 olefins (blue), and

aromatics (green). d Selectivity

of C2-C10 olefins and CO2

conversion at 350 �C as a

function of time on stream. b,
c and d reproduced with

permission from Ref. [58].

Copyright 2019, Wiley–VCH

(Color figure online)
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Rydberg atoms would improve the catalytic performance

explains part of why the alkali metals are so efficient

promoters for heterogeneous catalysis [56]. It is achieved

by having a reactant molecule R react with an excited state

of an alkali atom A* on the surface, before reacting further

to produce the products. The increased reaction rate come

from the large size and reactivity of the Rydberg atom,

increasing the sticking probability of the molecule R, and

acting as an easily reactive intermediate. This is enabled by

the diffusion of alkali metals through the bulk, replacing

the lost alkali from the surface. Ions are emitted from the

bulk, and acquire electrons on the path to the surface,

forming Rydberg atoms in non-equilibrium concentrations.

The reaction H* ? D2 ? HD ? D* involving highly

excited Rydberg atoms has been shown to be very similar

to the corresponding ionic reaction H? ? D2-

? HD ? D?. This suggests that the reaction is dominated

by the ion–molecule interaction, while the Rydberg elec-

tron has little impact [33]. This is attributed to the large

distance the electron is from the ion, compared with the

range of interactions in the collision. It was tested using

crossed molecular beams, where HI molecules were pho-

todissociated, directing the H atoms towards the D2 beam,

shown in Fig. 8a. In the interaction volume, the H atoms

were excited by two tuned laser beams and collided with

the D2 molecules. Using field ionization, the D* Rydberg

atoms were detected. In addition to the information this

gives about Rydberg atoms and collisions, it can be used to

study ionic reactions in a neutral environment, without the

adverse effects of ion beam experiments. The similarities

and differences were further studied using TOF and field

ionization in a microchannel plate detector [57].

There are also doubly excited Rydberg atoms with large

excitation energies, which could provide the energy nec-

essary to drive any chemical reaction, and are the result of

energy pooling in the RM clusters [52]. This pooling can

happen during a laser pulse, where a potassium Rydberg

atom and excited ion collide, transferring energy to the

most excited of them and forming a field ionizable highly

excited K*? ion. The K*? ion can then be field ionized and

detected as a K2? ion, proving the presence of doubly

excited Rydberg atoms with excitation energy over 30 eV,

as the electric field was not large enough to ionize a K atom

to K2?. The Rydberg species was proposed to increase the

catalytic reactivity by contributing energy for the reaction.

This process would in theory be most useful for reactions

with high activation barriers, like CO2 reforming to useful

fuels.

Research in this area have been done using potassium

doped iron oxide catalysts, but the presence of RM was not

checked for. The reactions are the endothermic reverse

water gas shift (RWGS), CO2 ? H2 $ CO ? H2O, and

the exothermic Fisher-Tropsch synthesis (FTS),

CO ? 2H2 ? -CH2- ? H2O. The conversion of CO2 to

valuable chemicals have been shown by several catalysts

containing iron oxide and potassium. One was made by

mixing Fe2O3 with KO2, and letting it react with CO2 and

H2O from the air [58]. The RWGS reaction is enabled by

very high K loading, converting the CO2 to CO via

potassium bicarbonate/formate as shown in Fig. 8b. The

optimal temperature of 350 �C, gives a CO2 conversion of

44.2%, total olefin (C2-C10) selectivity of 62.6%, CH4

selectivity of 13.3%, and CO selectivity of 12.7%, as

shown in Fig. 8c. The selectivity and conversion at 350 �C
over time is shown in Fig. 8d. Another catalyst was made

using impregnation of Fe, Cr and K onto a Nb2O5 sup-

port [59]. It was compared to the same catalyst supported

on traditional SiO2, being more active and selective to light

olefins than the SiO2.

Producing Heat

It would also be possible to use the cluster fragments and

charged particles from the CE to produce electricity and

heat directly. The heat can for example be generated by a

piece of metal thick enough to stop the high energy parti-

cles from the CE, while methods to extract more of the

energy as electricity are being researched. A test with a set-

up similar to the doped catalyst was performed, to see if

break-even would be possible to achieve [60]. It used a

potassium doped iron oxide catalyst, deuterium gas, and a

pulsed laser, but modified to make the energy measure-

ments more accurate. The D2 gas pressure was\ 1.0 mbar,

the laser was used at 1064 nm instead of a normally lower

wavelength to maintain a more constant energy calibration

and give less reflection. It used pulses of 5 ns at 10 Hz,

giving a nominal laser pulse energy of 0.4 J. And the

majority of the tests were done without heating of the

catalyst or the feed gas. For accumulating the heat, a 2 cm

thick Cu cylinder was used to capture most of the particles,

and its temperature measured. Compensations were made

for particles that escaped from the small openings in the

cylinder, and the heat loss to the D2 gas.

The total heating for a test of 10 min was 2.7 W,

resulting in a temperature increase of 1 �C for the 3.2 kg

Cu cylinder, while the temperature of the outer reactor wall

increased by about 1/5 of this. This is compared to the

maximum of 1.2 W that would result from burning the D2

gas with oxygen. Some of the particles were too high

energy to be captured by the cylinder, indicating that the

efficiency could have been better. The reported results were

a gain of 1.5 for the unheated catalyst and 2.0 for the

heated, but with a higher suggested gain under optimal

conditions.
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Understanding Space Physics

RM can also contribute to the understanding of some of the

phenomena in space, as it can explain parts of these. This

can for example be the diffuse interstellar bands (DIBs),

where RM transitions can be assigned to the majority of

them [61]. These bands are due to absorptions in the

interstellar medium, and 260 of the over 300 are proposed

to come from doubly and singly excited atoms, with their

frequencies predicted using RM. Absorption in doubly

excited states, mostly He, account for 70% of the total

DIBs intensity, while the remaining 30% is caused by

singly excited He atoms.

Signs of RM can also be found on the surface and in the

coma of comets, and examples are made with comets

Borelly and Hale-Bopp [62]. RM theory could explain the

infrared emission from the coma, line absorption in the

emission from the nucleus, and polarization of scattered

light from the coma. It is also suggested that smaller weak

dipole molecules could be incorporated into the RM, ren-

dering them undetectable with IR or radio observations.

These might be released at higher temperatures or stronger

solar winds, making them appear to be formed far from the

nucleus.

In the alkali atmospheres of the Moon and Mercury, RM

can explain several of the problems facing research-

ers [63]. This could be the assumption that the atmosphere

is collision free because of the low density, when the large

size of Rydberg atoms and RM could make this possible,

and why the alkali atom density depends directly on the

sunlight. It would also make the atmosphere more

stable with heavier and slower clusters than what is pos-

sible with only atoms. And RM clusters can explain the

high conductance of the atmosphere that is needed to

support the estimated currents around Mercury.

In the sun, RM is proposed to be responsible for the

corona temperature and the fast and slow solar winds [64].

The solar winds come from CE in the photosphere for fast,

and in the corona for the slow. This gives enough energy to

the protons for them to escape the gravity of the sun, while

also producing enough energy to explain the high corona

temperature.

RM can better explain the unidentified infrared (UIR)

emission bands, while reducing the complexity of the

current model [65]. These bands are in the 3.3–17 lm
wavelengths, with comparable intensities in different sur-

roundings, suggesting a common origin. Currently, the

bands are explained by carbonaceous materials, like poly-

cyclic aromatic hydrocarbons. But it might not be enough

carbon in space to form enough of them, unlike RM which

can form from more abundant elements. The intensities of

the bands are also higher than expected coming from

stable molecules, and signatures from their precursors

would also have been expected to be found, both of which

would be explained by RM.

In addition, RM has also been suggested as a part of the

dark matter in space [66]. It has several properties that

makes it a good candidate, such as a very weak interaction

with light, partly stemming from not having any vibrational

transitions in the IR range, that makes it appear dark. The

large size would fill much space, and it can explain the UIR

bands that are observed from all parts of the universe.

Discussion and Outlook

There are many questions about how RM is produced that

need to be answered for a more efficient production for the

new applications, as the research up until now have focused

more on the properties of the RM instead of how it is made.

The influence of the desorption barrier and possible dif-

ferences between different materials with the same des-

orption barrier on the amount of RM formed should be

among the first to be investigated. It is possible that when

the desorption barrier is increased, the fraction of Rydberg

atoms will increase, but that the total amount of Rydberg

atoms will decrease due to the lower total flux. And this

will also need to be considered versus alkali depletion for

the actual catalyst.

It would furthermore be useful to know if the

chemisorption, production of potassium or hydrogen Ryd-

berg atoms, or cluster formation is the rate limiting reac-

tion. Obviously, the elemental composition should also be

explored, as there have been very few materials tested, and

even though iron oxide is currently the most used, it does

not mean it necessarily is the best. Though, iron oxide is a

good place to start testing, with how the amount of

potassium and the different promoters affect the quantity of

RM formed. For iron oxide there is also the question of the

phases used for producing the catalysts, and if a magnetic

field would have an impact similar to the voltage applied to

the cryptomelane and the zirconia. The difference between

a bulk and surface layer catalyst should also be investi-

gated, as support material interactions could give even

more possibilities to tailor the properties.

The physics of the transition to Rydberg atoms just

outside the surface will also need to be understood to

optimize the amount of RM produced. Both the cryp-

tomelane nanorods and the zirconia had a large increase in

Rydberg atoms desorbed around 5 V, and it should be

investigated if this is material specific or not. The question

is if this voltage increases the total amount of RM pro-

duced, instead of just detected, or if the RM produced

decreases because the Rydberg atoms desorbs from the

clusters. As can be seen, the knowledge about the specifics
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of how RM is formed needs to be increased, and any

knowledge gained should be able to improve the process.

One application that is possible to realize is the heat

generator, as it should be easy to scale up and implement. It

has achieved break-even energy wise with suboptimal

conditions, but also need to show it can break-even eco-

nomically. And if a good way to convert some of the

charged or high energy particles to electricity was found, it

would improve the usefulness considerably, though this

might be challenging.

It should also be possible to use RM for sensor appli-

cations, like what is done with Rydberg atoms. Rydberg

atoms have for example been used for sensing radio fre-

quency (RF) electric fields [67], that have increased the

sensitivity limit. They have also been used to measure the

phase of an RF field by down-converting it to kHz fre-

quency [68]. It is also suggested that these atoms could be

used to detect individual electrons from minute electric

field variations, from a distance of 100 lm and resolved in

space with a few lm resolution [69]. Research where RM

is used as a sensor have not been found, but should be

considered for future research, as for example, the longer

lifetime could prove useful. Testing have also been done

utilizing RM formed from K and N2 Rydberg states as an

active medium for a tunable IR laser [70, 71]. It would

have low complexity, and would not need expensive

cooling, as the catalysts emitting the RM just require

heating. The disadvantage is the limited time before the

catalysts needs to be replaced.

One drawback is that currently hydrogen is mostly made

from natural gas, with a method that is not environmentally

friendly. But hopefully new RM applications will incen-

tivize more research into new ways of producing hydrogen,

or improve some of the number of possibilities already

being worked on [72]. Though the amount of hydrogen

needed to produce RM is small.

It should be noted that most of the experimental work on

RM have until recently been done by one group in Sweden,

but there are currently groups in Norway and Iceland

working in the area. This is obviously not optimal, and

hopefully more research groups will start experimenting

with this material, as more angles of approach are needed.

Conclusion

This review has given an insight into the production of

Rydberg Matter and possible applications. Knowledge on

how RM is formed have accumulated over the years, but

there is still much work that needs to be done to develop a

full theory, as the experimental side seems to be further

ahead than the theoretical. The development and validation

of new detector technologies could also help in this, as

there are few options available at the moment. Though,

there is currently an easy way to produce RM, with little

equipment needed, which should make it possible for more

researchers to do testing on RM. And as there has been so

little work done with trying to optimize the catalyst, the

possibility of improvement should be considerable. More

research on the properties, and optimization of the pro-

duction of RM could lead to applications within sensor

technology, optics, particle accelerators, catalyst develop-

ment and energy production.
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