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Gas phase ions in protoplanetary discs from collisions of solids
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A B S T R A C T 

Ionization is important for magnetohydrodynamics and chemistry in protoplanetary discs but known ionization sources are 
often weak along the mid-plane. We present, for the first time, data from a laboratory experiment, where we measure ions from 

colliding mm-basalt grains emitted into the surrounding gas phase. This positive detection implies that very basic collisions in 

early phases of planet formation are sources of ionization. The mid-plane of protoplanetary discs might be ionized despite the 
lack of intense radiation sources. 

Key words: astrochemistry – MHD – plasmas – methods: laboratory: solid state – planets and satellites: formation –
protoplanetary discs. 
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 I N T RO D U C T I O N  

onization of protoplanetary discs affects several problems related 
o planet formation, mostly connected to magnetic interactions. 
his includes accretion by turbulence generated by instabilities like 

he magnetorotational instability (MRI) (Balbus & Ha wle y 1991 ; 
ammie 1996 ; Flock, Henning & Klahr 2012 ; Delage et al. 2021 ,
023 ), vertical shear instabilities in magnetized discs (Cui & Lin
021 ), accretion going along with magnetically launched winds 
Turner et al. 2014 ), or disc fragmentation by a dynamo (Deng,

ayer & Helled 2021 ). In turn, these disc conditions then allow or
o not allow concentration and growth of solids to become seeds of
lanets, e.g. by setting collision speeds (Ormel & Cuzzi 2007 ; Yang,
ac Low & Johansen 2018 ; Gong et al. 2021 ; Mori et al. 2021 ) 
Especially magnetic interactions depend on the ionization degree 

f the disc. While only small ionization rates are needed for most
f the applications, the known ionization sources do provide only 
mall ionization rates – at least in the dense mid-plane. Therefore, 
he balance is critical. 

So far, ionization models have to invoke one of the well-known 
onization sources. These are thermal ionization in hot regions of 
he disc, stellar x-rays impinging the surface, cosmic rays entering 
omewhat deeper, and radioactive decay of short-lived radioisotopes 
Umebayashi & Nakano 2009 ; Armitage 2011 ; Cleeves et al. 2013 ;
rcolano & Glassgold 2013 ; Glassgold, Lizano & Galli 2017 ; 
ohansen & Okuzumi 2018 ) 

Very recently though, another ionization mechanism for protoplan- 
tary discs was proposed by Wurm, Jungmann & Teiser ( 2022 ) based
n findings from observing collisions of solid grains by Jungmann 
t al. ( 2021 ). Jungmann et al. ( 2021 ) found – somewhat unexpected
r unnoticed before – that grains not only transfer charge among 
hemselves in collisions by tribocharging but also loose some charges 
uring a collision. Obviously, this charge has to become entrained 
nto the surrounding gas as charge cannot really be lost. As collisions
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ome naturally in the mid-plane of protoplanetary discs, planet 
ormation – in a way – might come with its very own special ionizer.

In more detail, dust grains initially grow in collisions by hit-and-
tick in early phases of planet formation. Ho we ver, there will be
ollisional barriers opposing further gro wth, e ventually (Wurm & 

eiser 2021 ). An early one to encounter is the bouncing barrier
here aggregation gets stalled at mm-size (Zsom et al. 2010 ; Kelling,
urm & K ̈oster 2014 ; Kruss et al. 2016 ; Arakawa et al. 2023 ). This

s were tribocharging and ionization come into play. It was shown
n recent years that tribocharging going along with collisions might 
ventually support further growth into larger aggregates (Steinpilz, 
eiser & Wurm 2019 ). In any case, charging is an important part in
ollisions of particles in protoplanetary discs. 

So far, ionization of the disc’s gas phase and early collisional
volution of pre-planetary bodies are quite distinct topics. Wurm, 
ungmann & Teiser ( 2022 ) estimated though that the ionization rate
ue to grain collisions in the disc mid-plane can be larger than
ther ionization sources in protoplanetary discs. While Jungmann 
t al. ( 2021 ) measured charge balances on the colliding macroscopic
rains, ions were not detected directly. Here, we do detect generated
as phase ions. Our goal is to show by different means than charge
easurements on grains that the ionization process of the ambient 

as proposed is real. 
The rationale behind the experiments which are reported is 

herefore as follows. Collisions of grains provide ions that become 
ntrained in the surrounding gas. If they should be important for
rotoplanetary discs, these ions should become free ions, i.e. no 
onger tied to their parent source grains. If so, it should be possible
o transport some of these ions by some gas flow to some other place.
here, some device should be capable of detecting them. This is the
xperiment we did set up and which is described below. 

 EXPERI MENTS  

ig. 1 shows the setup of the experiment. About 34 g of basalt
articles of 800 .. 1000 μm in size (diameter) are placed within a
lastic container. Measuring the mass of 21 spheres to 26 mg, one
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Schematics of the experiment; Gas is pumped by tw o f ans through 
a vibrated particle bed and through a tube capacitor. Gas phase ions which 
are generated by collisions between grains are detected by the capacitor. The 
setup is placed within a vacuum chamber. 
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Figure 2. Circuit diagram to visualize the basic measurement. The capacitor 
allows a current related to the ion pairs per time arriving. This current is driven 
by a DC voltage as a series of batteries. Both polarities of ions are needed. 
The current is detected as voltage drop on a resistor with high impedance. 
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article has an average mass of 1.2 mg. The container with a diameter
f 9 cm therefore contains about 28 000 particles, which is about 4
ayers of grains. The container bottom consists of a steel mesh which
upports the grains but allows a gas flow through the sample. Gas
ow is provided by a fan below the sample which pumps gas through

he sample. The container and fan are installed on a voice coil that
llows the sample to be vibrated which induces particle collisions
nd collisional charging. 

About 20 cm abo v e the bottom of the sample container, a cylindri-
al capacitor made of copper is situated with a centre electrode and
n outer cylinder with an inner diameter of 3.9 cm. A plastic guide for
he gas flow is installed between sample container and capacitor. On
op of this Gerdien-tube like setup, another fan pumps air upwards,
upporting an upward flow of gas through the sample and along the
lectrodes. The whole setup is placed within a vacuum chamber
NRASL 529, L159–L163 (2024) 
ith an inner diameter of 21.3 cm to allow pressure dependent
easurements down to below 1 mbar. 
As seen in Fig. 2 , the capacitor is in line with a power supply of

2 V made from 8 × 9 V batteries and in line with an ohmic resistor
f 1 G �. While we use a capacitor setting we actually do not measure
he charging or discharging of the capacitor but it is only used to limit
he current to the ion pairs / per second arriving. If ions (pairs of both
olarities) are collected by the electrodes, this translates in a current
nd voltage drop along the resistor which is measured by a Keithley
182 Nanovoltmetre. 
The particle container is vibrated with 100 Hz. For reference, also
easurements without sample were carried out. 

 RESULTS  

o current was measured along the electrodes if the experiment was
un without granular sample but ions were detected if the sample
as included. This verifies that we do not measure electrical signals
enerated by the active experiment, i.e. by the fans or shaking voice
oil. Fig. 3 shows an example of the basic measurement where the
oltage U refers to the voltage drop on the resistor as the ions provide
he charge carriers for a current within the measurement circuit. The

easured voltage is therefore proportional to the ion rate detected.
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Figure 3. Example measurement at 1 mbar; voltage U is proportional to the 
detected ion rate. Numbered features refer to (1) background level before 
vibrations start; (2) vibrations start; (3) initial maximum and decline; (4) 
equilibrium value; (5) vibrations stop; (6) background level. 
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Figure 4. Equilibrium voltage for different pressures in the (sub)-mbar range. 
Data is averaged over 50 s and related to the background level or U = U p −
U b . Error bars are standard deviations and reflect the strength of fluctuations. 
Fluctuations for the 3 mbar measurement reach down to zero but are much 
smaller absolutely compared to the fluctuations at sub-mbar pressure (note 
the log scale). 
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he data shown are for an ambient pressure of 1 mbar, which is
n the higher end of pressures expected for protoplanetary discs 
Wood 2000 ). Marked within this example are all significant times
nd features of the data. 

.1 Signal features 

een in all data is a peak at the onset of vibrations (marked 2
n Fig. 3 ) which varies strongly in amplitude though. It strongly
epends on the history of the measurement sequences. It is al w ays
igh at normal atmospheric pressure, is high at the first low pressure
(sub)-mbar range] measurement but only small if more low pressure 
easurements follow only minutes to hours later. Obviously, this 

s indicative of some electrostatic fields which are set up by the
ibrations and do or do not relax after the experiment, as electrostatic
elds influence the ion flow. 
There is some highly variable kind of signal (marked 3) following 

he initial peak, which we currently attribute to various electrostatic 
elds which are generated by the colliding grains and which deflect 

he ion flow. This is discussed below in somewhat more detail. 
n any case, the signal, independent of the history of experiments, 
onvergence to an equilibrium value marked as (4), eventually. Due to 
ts constant nature, this feature is well suited for a systematic analysis
f the effect of parameter variations and we take the difference 
etween the value at this plateau at the end of vibrations (5), U p ,
nd the background level, U b , marked as (6) in Fig. 3 . 

We note that the constant signal implies that both polarities of ions
re generated continuously. This does not rule out a bias towards one
olarity ions which might engulf particles in an ion cloud. Ho we ver, if
nly ions of one polarity reached the capacitor, the capacitor would 
apidly charge which results in a very short pulse, which is not
etectable here. Without ion pairs entering, the capacitor just acts as
n isolator. The positive signals do therefore not imply an ion polarity
ut are just the direction, the voltage is measured along the resistor.
he slightly ne gativ e values of the base line are a bias induced by

he high-sensitivity electrometer. 
For this first work of its kind, we varied the ambient pressure

s parameter to test the hypothesis that ionization might work at 
ressures of protoplanetary discs. We use the equilibrium values of 
he signals to yield some qualitative comparisons but clearly note 
hat the quantitative deduction of ion generation rates from this as
i ven belo w only yields plausible v alues in agreement to earlier work
Jungmann et al. 2021 ). Explanations of the initial time evolution
f the signal features, as gi ven belo w, are currently speculati ve.
o we ver, we also note that the mere existence of ion detection apart

rom any equilibrium value shows that collisions of grains constantly 
roduce ion pairs that become entrained into the gas flow, which –
o the knowledge of the authors – has never been seen before. 

.2 Pr essur e dependent ionization 

ecker et al. ( 2022 ) found that tribocharging of grains essentially
orks at all pressure ranges rele v ant for protoplanetary discs, i.e.
own to 10 −8 mbar. Our individual measurements for different 
mbient pressures are shown in Fig. 4 . This plot only focuses on
he data during vibration. The data are binned and related to the
ackground v alue, i.e. sho w U p − U b . The error bars gi ve the
tandard deviations. The value at 3 mbar is still distinctive from
he background. Measurements at higher pressure do not result in an
quilibrium signal level that can be resolved with the current setup.
he lowest pressures come with the highest signal but also with

he largest fluctuations. Measurements at a pressure below 0.2 mbar 
re not within the range of the current setup and require a different
esign of the setup as the transport capabilities of the fans decrease
n efficiency. 

There is a clear tendency that starting at a few mbar the equilibrium
on flux is increasing toward lower pressure. Care has to be taken
hough. Not shown here, there are large peaks (2 in Fig. 3 ) at the
eginning of vibrations. These also occur at normal pressure, even 
hough there is a lack of a measurable convergence value afterwards.
 lack in equilibrium value therefore does not necessarily imply 

hat no ions are produced at high pressure. In fact, the results of
ungmann et al. ( 2021 ) were taken at normal pressure. Therefore,
he interpretation might be more complex. Discharge processes and 
lectrostatic deflecting fields as well as the gas flow might change all
trongly for the different pressure ranges. Keeping all these currently 
nknown details in mind, the low pressure range between 0.25 and
 mbar suggests that lower pressures are at least good for producing
ons. Protoplanetary discs might therefore provide environments 
here grain collision ionization might work well. 
MNRASL 529, L159–L163 (2024) 
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Figure 5. A sketch of the ion transport at the start of the experiment (left) 
and in equilibrium (right); As charges and electric fields build up on walls 
and grains, only part of the generated gas-phase ions manage to leave at later 
times while a large number of charges is trapped and recombines locally. 
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 DISCUSSION  

.1 Charge sinks and the initial peak 

he experiments prove that collisions produce free ions (ion pairs)
hich become entrained into a gas flo w. Ho we ver, the electrostatic
elds that build up have a large impact on the ion flow. One compo-
ent of such an electrostatic field will be generated by the particle
ed itself. With increasing charge on the grains, ions become more
rone to recombine on other grains close by. A second component of
n electrostatic field originates from the material difference between
ample particles (basalt), container walls (plastic), and supporting
esh (metal). Different material tribocharging usually leads to one
aterial being charged with a different polarity than the other, e.g.

ccording to a triboelectric series (Shaw 1917 ). These fields will also
eflect ions from their upward flow. Such kinds of fields were e.g.
bserved as visible corona discharges in experiments by Schoenau
t al. ( 2021 ). This idea of deflecting fields which decrease the upward
on flux is sketched in Fig. 5 . 

In view of these fields, the equilibrium level in Fig. 3 (5) is only a
ower limit of the ions that are produced. The initial peak (2) might
e closer to an unbiased flux from the sample which would be more
ele v ant for the dilute setting of protoplanetary discs. With potential
eaks up to several V, there is a large reduction factor of at least 10
or the constant ion flow due to the electrostatic shielding of the ion
ux. 

.2 Ion species 

here are at least two kinds of ions produced as two polarities are
ecessary to generate a constant current. So there are positive and
NRASL 529, L159–L163 (2024) 
e gativ e ions. In view of the observed pressure dependence, gaseous
reakdown is a potential source. Cruise et al. ( 2023 ) find that gaseous
reakdown might also limit charges on grains at higher, i.e. normal
tmospheric pressure. And also Jungmann et al. ( 2021 ) found the
harge imbalance under normal pressure. If gaseous breakdown
enerates the ions then all gas phase molecules likely belong to
he initial ion inventory. That means e.g. O 

+ 

2 or H 3 O 

+ on the positive
ide (Skaln ́y, Hortv ́ath & Mason 2006 ). If we consider the discharge
o form similar ions as an atmospheric corona discharge, quite a
umber of ne gativ e ions might result from O 

−, O 

−
2 , O 

−
3 o v er CO 

−
3 

o NO 

−
3 likely embedded in some water cluster (Skaln ́y, Hortv ́ath &

ason 2006 ; Jiang, Ma & Ramachandran 2018 ). 
Gaseous breakdown might not be responsible for all ions though.

s water is often considered as a possible charge agent for tribocharg-
ng (Lee et al. 2018 ; Jungmann et al. 2022 ), H 3 O + and OH 

− are
ele v ant candidates as prime ions to be shed from the surfaces. This
echanism might work down to one monolayer of water at very low

ressure. At least, charging of the grains is still observable (Becker
t al. 2022 ). To which pressure gas phase ions are produced is an
pen question though. As the formation scenarios are different from
tmospheric (1 bar) discharges it is currently speculative what the
ost abundant ion species might be. This is especially true in view

f protoplanetary discs with a quite distinct atmosphere dominated
y hydrogen and helium. 

.3 Ion rate estimate 

he equilibrium voltage measured gives a current which directly
easures the rate of ion pairs detected. E.g. at �U = 1 V on a
 = 1 G � resistor, this would be I = 1 nC / s. This measured current

an be translated into an ionization charge per collision Q as follows: 

 = 

I

N · ν
f exp , (1) 

where N is the number of grains and ν is the collision frequency.
he current, the particle number and the collision frequency only
et a very lower limit though as detailed in the previous subsection.
 correction factor f exp has to be included that accounts for the

xperimental setting and all deviations from the charge liberated in
n individual collision within a protoplanetary disc. If the peak upon
nitial start of the vibrations is indicative for a field free ion transfer
efore the fields build up, the correction factor might be at least on
he order of 10. 

The quantities N and ν are set by the experiment. There might be
 reduction to an efficient N due to particles being too close together
o each other in a particle bed. This is connected to the charging /
ischarging mechanisms. It is currently still unknown, why grains
loose’ charge into the surroundings. One reasonable assumption is
hat grains are themselves charged so highly that upon approach or
etraction the conditions for a gaseous breakdown would be fulfilled.
hen the gas would be ionized as part of a Townsend avalanche

Krauss, Hor ́anyi & Robertson 2003 ; M ́endez Harper & Dufek 2016 ;
atsuyama 2018 ; Wurm et al. 2019 ; Schoenau et al. 2021 ). In any

ase, if gas breakdown drives ionization, the condition for breakdown
ight not be reached between close grains but only for few grains

opping high enough, separating from the others (Schoenau et al.
021 ). We therefore assume here that only the top layer of vibrated
rains emits measurable charges. These are about N = 10 000 grains
hen. The collision frequency at maximum is the vibration frequency
f 100 Hz. Ho we v er, the top layer of particles mo v es freely between
icks of the actuator and particles mo v e up to about 5 cm. Then the
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ree fall time is about 0.2 s. Assuming this, the collision frequency is
= 5Hz. 
We cannot really constrain f exp well but ne vertheless gi ve a

rst plausibility estimate here. We assume a factor 10 for field 
eflection of the walls, a second factor 10 for fields between grains
ithin the bed collecting charges, a third factor 10 reduction for

uppressed ionization of too close grains and maybe a fourth factor 
0 for recombination related to a high density of ions within the
o w. This gi ves a total of f exp = 10 4 . The charge generated per
ollision is then (equation 1 ) Q ∼ 200 pC. This is on the order
f magnitude determined from the charge balance on individual 
rains by Jungmann et al. ( 2021 ). We clearly note that this is only a
lausibility check. The true value might be lower but is likely larger
f we consider the results by Jungmann et al. ( 2021 ) as lower limit. 

 C O N C L U S I O N  

e did set up a first experiment to pro v e that collisions of (sub)-
m-size grains ionize the surrounding gas by directly detecting gas

ons of a sample of colliding grains for the first time. The number
f charges produced per grain collision is not well constrained but
stimates are consistent with observations of charge losses observed
n colliding grains (Jungmann et al. 2021 ). The results leave no doubt
hat collisions of grains ionize the gas and confirm the idea proposed
y Wurm, Jungmann & Teiser ( 2022 ) that collisions are an efficient
onization source in protoplanetary discs.
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