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The scenario of “electron capture and loss” has been recently proposed for the formation of

negative ion and neutral atom beams with up to MeV kinetic energy [S. Ter-Avetisyan, et al.,
Appl. Phys. Lett. 99, 051501 (2011)]. Validation of these processes and of their generic nature is

here provided in experiments where the ion source and the interaction medium have been

spatially separated. Fast positive ions accelerated from a laser plasma source are sent through a

cold spray where their charge is changed. Such formed neutral atom or negative ion has nearly

the same momentum as the original positive ion. Experiments are released for protons, carbon,

and oxygen ions and corresponding beams of negative ions and neutral atoms have been

obtained. The electron capture and loss phenomenon is confirmed to be the origin of the negative

ion and neutral atom beams. The equilibrium ratios of different charge components and cross

sections have been measured. Our method is general and allows the creation of beams of neutral

atoms and negative ions for different species which inherit the characteristics of the positive ion

source. VC 2013 Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4829005]

The interest in negative ions in fundamental science and

technology has increased substantially in recent years. The

applications of negative ion beams range from use in surface

growth and deposition processes to elucidating the details of

chemical reactions under controlled collisions. In many

upcoming structural processes, including implantation for

micrometer-sized powder surface modification,1 damage-free

nanoparticle formation for quantum devices in a thin insulator

film,2 or the so-called bio-compatibility surface treatment in

nerve cell engineering,3,4 utilisation of negatively charged

ions shows very promising results. The possibility of easy

neutralization of negative ions is exploited in the accelerator

technology, including injectors dedicated to heating of toka-

mak plasmas (e.g., the negative-ion-based Neutral Beam

Injection (NBI) system in the International Thermonuclear

Experimental Reactor (ITER)5,6) and the next generation of

particle accelerators such as spallation sources (ESS).7,8

Additionally, negative ions have been proposed recently as an

alternative to positive ions for heavy ion fusion drivers in iner-

tial confinement fusion, because negative ions prevent elec-

tron accumulation and, if desired, the beams could be photo

detached to neutrals. All these applications are demanding a

sufficiently high flux of negative ions from different atomic

species and over a wide range of energies. The creation of

neutral atom beams is generally coupled to the negative ion

beam technology due to their easy neutralisation.

In the present paper we are demonstrating how the new

achievements in positive ion source technology associated to

intense laser-matter interactions can be directly transferred

to negative ion and neutral atom beams. Our method is very

general and allows production of a broad variety of neutral

atoms and negative ions with MeV energies.

In general, while several types of positive ion sources are

readily available for different applications, the negative ion

source development has generally suffered stronger con-

straints, because handling of such a loosely bound system as a

negative ion is a technological challenge. Several methods for

negative ion beam production have been developed during the

past few decades: (i) The double-charge-exchange method

was the one employed in early 1960s to produce negative

ions. A beam of positive ions accelerated to several keV was

passed through a charge-exchange medium (e.g. a gas cell or

jet) and a small fraction of it collects two electrons and

becomes negatively charged. In this, sources of negative ions

utilising the charge-exchange phenomena in alkali metal

vapours.9,10 (ii) In volume devices, negative ions are generated

in discharges due to electron-neutral collisions at a low

energy.11,12 The creation of negative ions is based on the

polarization of the atom induced by an approaching electron.

A biased grid set is used to extract negative ions from the dis-

charge exit orifice. (iii) The surface-plasma negative ion sour-

ces are based on positive ion bombardment of an emitter

surface.13,14 Here the main mechanism of negative ion forma-

tion is the secondary emission of sputtered and scattered par-

ticles accompanied by the capture of electrons from the

electrodes.

1070-664X/2013/20(11)/113105/6 VC Author(s) 201320, 113105-1
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Our approach discussed here is completely different: it

is based on changing the charge state of different species of

already accelerated positive ions. They interact with a liquid

spray15 and are transformed into corresponding negative ions

or neutral atoms while keeping their energy and momentum

nearly unchanged.

Negative ions have been observed recently in a number

of laser plasma experiments. Emission of C� ions from a laser

heated CO2 cluster target was reported in Ref. 16 where

Coulomb implosion was suggested as a mechanism of nega-

tive ion acceleration in the direction opposite to that of posi-

tive ions. In laser-plasma interaction experiments an energetic

O- ion emission was found from a water spray target,17 and on

the basis of experimental findings the electron capture and

loss mechanisms were proposed to explain the observations.

Laser accelerated negative ions and neutral atoms of argon

from clusters were reported in Ref. 18 where observations

were also ascribed to the charge exchange process.

The proposed “electron capture and loss” scenario17

suggests that independently from the location of the positive

ion source the capture or loss of an electron occurs while a

fast positive ion passes through the spray. Therefore, a sepa-

ration of the ion source and the spray, i.e., the acceleration of

positive ions from a foil target followed by the passage

through a cold spray, should also result in the appearance of

negative ions and neutral atoms if the scenario proposed in

Ref. 17 is correct. Additionally, with this approach a compli-

cated nature of the ion acceleration phenomena, such as tem-

poral, spatial, and characteristics of electrons and ions within

the laser plasma source can be kept out of consideration. The

electron capture and loss mechanisms can thus be studied

separately and the real origin of negative ions and neutrals

can be unambiguously identified.

The experimental arrangement is presented in Fig. 1.

The ion beam is accelerated by irradiating 5 lm CHO or Ti

foil targets with 40 fs, 1 J Ti:Sapphire laser pulses at an inten-

sity of 5� 1019 W/cm2. A well characterised either water15

or ethanol19 spray positioned at the distance of 4 cm from the

foil target allowed us to study the ion—spray interaction.

A Thomson spectrometer enabled absolute measurements of

both positive and negative ions, in a single shot.20,21 Particles

with opposite charges are deflected in opposite directions in

the magnetic and electric fields of the spectrometer thus cre-

ating oppositely directed spectral traces on the detector

screen (a Micro Channel Plate, MCP). The position of the

particle on the spectral trace depends on its energy: the

higher is the ion energy less it is deviated from the zero point
where undeflected emissions: x-rays and neutral atoms hit

the detector. Typically, a magnetic field of about 0.27 T and

an electric field of 2–4 kV/cm have been applied and ions

have been detected through a 200 lm pinhole.

The interaction region, i.e. the length, of the spray was

up to 2 mm and consisted of droplets with a diameter of

150 nm in the case of water (H2O) or 180 nm in the case of

ethanol (C2H5OH) sprays. The average molecular densities

are 2� 1018 and �1019 cm�3 for the water and ethanol,

respectively. In the experiments the width of the spray and

thus the propagation length of ions through the spray were

controlled using a skimmer.

Accelerated ion beams from the foil target at different

laser shots are found to be identical within 65% if they

have the same cut off energy of protons although the spectral

shapes could be slightly different. The liquid spray is

transparent for protons with energies down to a few hundred

keV (the proton energy loss in the water spray is less than

50 keV/mm). Thus the proton signal can serve as a reference

to verify that in different laser shots similar ion beams have

been produced, which was fundamental for the comparison

of ion spectra obtained with and without the spray. The

measurements of the energy distribution of proton and Cqþ

beams (q represents the fast ion charge) without spray and

after interaction with a spray have been accomplished in a

single laser shot. Typical CCD pictures of ion spectra from

the phosphorous screen of the MCP are shown in Fig. 2.

Here protons, carbon, and oxygen ions are accelerated from

polymer CHO foil target. The corresponding spectra deduced

from these digital images are shown in Fig. 3.

In these shots the measured proton spectral distributions

without spray and when they have passed through the spray

are quite similar (Fig. 3(a)) and protons have the same cutoff

energy, which, as explained above, is an indicator that the

carbon ion spectra produced from the source were also very

similar in the two events. In contrast, a substantial redistribu-

tion of carbon ion charge states (compare Figs. 3(b) and

3(c)) is recorded and, most remarkably, new charge species,

the C� and O� ions, appeared when carbon and oxygen ions

propagated through the spray (Figs. 3(c) and 3(d)).

Since the propagation of carbon and oxygen ions

through a spray is highly collisional (with mean free path

length is less than 50 lm), the measured strong modification

of ion spectra and appearance of C� and O� ions can be

assigned to the electron capture and loss processes during

ion propagation through the spray. If no interaction with the

spray occurs (spray generator is off) the cut off energies of

carbon ions increase with the ion charge state (Fig. 3(b)). On

the contrary, after an interaction with the spray Cqþ ions

have similar cut-off energies, which shows that the recombi-

nation from the qþ1 to the q state occurs without losing

FIG. 1. Experimental setup for investigation of electron capture and loss

processes during the passage of fast positive ions through a liquid spray tar-

get. Laser accelerated, fast positive ions from a foil target propagated

through a cold spray. The double ended arrow indicates that the spray posi-

tion between target foil and spectrometer could be changed. A Thomson

spectrometer, with parallel electric and magnetic fields measures ion energy

distributions.
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energy (Fig. 3(c)). Moreover, the relative weight of the

charge state distributions has been changed as compared to

the ratios observed in the original spectrum (from the foil)

while traversing the spray. In particular, the original feature

of the ion spectrum exhibiting an increase of energy cutoff

values with the charge state (Fig. 3(b)) was lost. Ions recom-

bine and their charge states have been redistributed accord-

ing to the probabilities of electron capture and loss processes

inside the spray. The process also results in the appearance

of ions with a lower charge state and higher energies than in

the original spectrum (compare Figs. 3(b) and 3(c)). In par-

ticular, the fastest Cþ and C2þ ions are, in fact, the ions with

an initially higher charge that have captured electrons while

conserving their energy. Thus, the C� ions are formed.

The Oqþ ion spectra have been modified similarly as dis-

cussed above, and C� and O� ions have appeared (through

the same process) when the original ion beam was passed

through the spray (Fig. 3(d)). The redistribution of carbon

and oxygen ions charge states occurred similarly with a

slightly different probability which is connected to differen-

ces in the relevant recombination cross sections.

The electron capture and loss scenario of negative ions

formation implies also the existence of fast neutral atom

beams. Indeed, energetic beams of hydrogen (H0) and oxy-

gen (O0) atoms have been measured in recent experiments

along with O� and negative hydrogen (H�) ions.22 Although

the neutrals could not be directly measured in this experi-

ment together with ions, the spectrum of neutral carbon

atoms (C0) can be deconvolved by subtraction of total num-

ber of ions measured without spray and with spray for each

energy bin, as shown in Fig. 3(c). The low energy cut (below

0.4 MeV) is related to the limited size of the detector. The

ion spectra were cut at different low energies depending on

their charge.

The process of interaction of ion beam with the spray

comprises the fact that ions can change their charge state

several times while traversing the converter medium. As the

spray is highly collisional for carbon and oxygen ions, after

FIG. 3. Ion spectra deduced from digi-

tal images shown in Fig. 2. The proton

spectral distributions are similar (a),

which guarantees identical heavy ion

beams accelerated in these shots. (b)

Without spray, the carbon ions cut off

energies and densities are increasing

with increase of the ion charge state.

(c) With the spray in place, these ions

maintain a similar energy while they

recombine to give different charge

states, while their densities have been

redistributed according to the probabil-

ities of electron capture and loss by

ions inside the spray. The appearance

of C� and O� ions has to be noted.

FIG. 2. Thomson-parabola traces of carbon ion and proton spectra (a) accelerated from carbon foil target and (b) accelerated from carbon foil target and propa-

gated through the water spray. From the foil target only positive carbon and oxygen ions with the charge states 1þ up to 4þ and Hþ are visible. The bright

circle at the centre of the image is formed by neutrals and energetic photons moving along the axis of the spectrometer. When the ion beam was propagating

through the spray, its charge distribution is changed and C- and O- ions appear.

113105-3 Schn€urer et al. Phys. Plasmas 20, 113105 (2013)
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a sufficient number of collisions an equilibrium distribution of

charge states can be established. This depends on the effective

cross sections and the areal density of the converter-target

(spray). The equilibrium-charge-state distribution is independ-

ent of the initial distribution of charge states. Each charge-

state constituent in the beam reaches a certain equilibrium

value which does not change when the convertor-target thick-

ness is further increased. This was confirmed by varying the

spray thickness from 0 up to 2 mm (fully open) using a

skimmer. The number of negative ions starts decreasing only

for the spray thicknesses smaller than 0.1 mm.

Better understanding of electron capture and loss proc-

esses requires a more thorough discussion. The equilibrium-

charge-state distributions are not sufficient to infer the absolute

cross-sections, although certain ratios and trends of the cross-

sections may be deduced. For example, a strong enhancement

of low charge state densities may indicate a contribution of

multiple electron capture or loss processes. Moreover, distor-

tions of the distribution in certain energy regions may originate

from the shell effects in the electronic structure of the projec-
tile ion and/or target atoms. Additionally, the excitation of the

atoms in the spray prior to a charge-changing collision may

influence the probabilities of electron capture and loss in subse-

quent collisions as suggested recently18 as an explanation for

observations of negative Ar ions.

The cross sections are very complex quantities and it is

rather difficult to provide an adequate quantitative descrip-

tion23 of all the processes involved. A sufficiently accurate

direct experimental measurement of charge distributions may

define most of the parameters included in theory. For instance,

we evaluated the hypothesis18 that the excitation of atoms by

fast electrons and x-rays emitted from the laser plasma source

might affect the charge exchange rate. We compared the ion

yield with the spray-convertor when the spray was placed at

distances of 22 mm and 380 mm far from the laser plasma

source. An increase of the distance between the source and the

spray by a factor of 17 reduces the intensity of plasma emis-

sion (x-rays, laser light and fast electrons) by a factor of about

300. Consequently, a substantial reduction of the excited atoms

is expected. However, the measured ion yield was independent

on the spray distance from laser plasma ion source. Therefore,

the role of excited atoms is negligible in our experiments.

The quasi-classical analysis of the capture and loss of an

electron in collisions of a fast ion with atoms at rest24 sug-

gests that the maximum cross section corresponds to the pro-

jectile velocity comparable with the orbital electron

velocities t0 (t0 ¼ e2=�h is the Bohr velocity) of an atom in

rest. These charge-exchange processes proceed elastically,

without energy exchange and the angular diagram is very

narrow, of the order of 1�.25

If the cross sections of the electron capture and loss

processes would be known, the relative fraction of ions in

any of charge state, positive, negative, or neutral, can be pre-

dicted, and the experimental data can be explained. However

the data for the cross sections of these processes reported in

a literature are very limited or scattered, particularly for the

energies reported here (from 100 keV to a few MeV).

The dominant charge-exchange processes are expected

to be processes of one electron capture and loss:

(AðqÞ $Aðq61Þ) with the cross sections rq;q61. The cross sec-

tions of Cqþ (H2)!Cq61 processes taken from Refs. 26–29

are shown in Fig. 4. The probabilities of electron capture or

recombination are strongly decreasing at high energies while

the cross sections of electron loss or further ionisation of pro-

jectile ion are slowly increasing and stays nearly unchanged

above 1.5 MeV, with values above 10�16 cm2.

The cross section of electron capture C0 þ (O2) ! C�;

r0,�1 is measured in the (30–170) keV energy interval30

being at the level of �10�16 cm2.

In the case of projectile oxygen Oþ, O0, and O� ions the

ionisation and recombination cross sections are known for

the energies up to �0.6 MeV,26,31–33 which is lower than

those discussed here. However, the general trends are quite

similar to those of carbon ions at the same energies.

The variation of the charge composition of an ion beam

traversing a spray target can be described by a system of

coupled linear differential equations

1

n0

dNq

dZ
¼ Nqþ1rqþ1;q þ Nq�1rq�1;q � Nqrq;q�1 � Nqrq;qþ1;

(1)

where Nq (q ¼ �1; 1; 2; 3; 4; and 0) is the number of

fast negatively and positively charged ions (of charge q) and

fast neutral atoms at the output of the spray, and n0 is the av-

erage density of the spray.

As mentioned above, the typical charge exchange cross

sections are of the order of 10�16 cm�2 (see Fig. 4 and Refs.

26–30). Thus in a liquid spray where the average density is

>1018 cm�3, at the full length of L ¼ 2 mm, one has

n0Lr� 1. Therefore, the partial derivatives on the left hand

side of Eq. (1) are practically zero. Consequently, the rela-

tive number of each species depends only on the relative

cross-sections

Nqþ1rqþ1;q � Nqrq;qþ1 ¼ Nqrq;q�1 � Nq�1rq�1;q: (2)

Taking into account that in the experiments the higher

carbon charge state measured was C4þ one arrives at simple

FIG. 4. Cross sections of Cq þ (H2) ! Cq61 processes known from

literature.26–29 Electron capture cross sections are shown in red, electron

loss—in black.
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relations between the number of measured ions and the cross

sections as follows:

Nq

Nq�1

¼ rq�1;q

rq;q�1

: (3)

These relations would be more complicated if multiple-

electron capture and loss processes need to be considered.

The ratios of electron capture and loss cross sections (3) for

carbon ions with charge states from C1þ up to C4þ interact-

ing with the neutral molecules in the spray are shown in

Fig. 5. They are deduced from the measured ion energy spec-

tra shown in Fig. 3.

The general trend of all measured ratios is that they are ei-

ther remaining constant or increasing at high energies.

Moreover, the fact that the measured ratios are higher than one

in the energy range of 1–3 MeV indicates that the electron cap-

ture or recombination cross sections are at least comparable to

the corresponding electron loss or ionisation cross sections.

These trends measured in our experiment are quite dif-

ferent from the data available in the literature (Fig. 4), which

generally show a decrease of the ratio of the corresponding

recombination and ionisation cross sections with the projec-

tile energy. In particular, a significant difference is observed

for the r3,2/r2,3 ratio for the ion energy of 1 MeV and for the

r2,1/r1,2 and r1,0/r0,1 ratios for the ion energy of 2 MeV.

Such difference between the known data and our measure-

ments has no clear explanation at the moment. Qualitatively

it is in agreement with the observation reported for argon

ions in Ref. 18, however their hypothesis of the important

role of excited atoms is not confirmed. It might be that in the

energy range of a few MeV the projectile ion interacts reso-

nantly with the electrons in the deeper atomic shells or col-

lective excitations in the atomic clusters provide beneficial

conditions for the recombination processes.

Unfortunately, the number of negative ions was below

the detection threshold for the energies above 0.4 MeV. Thus

the energy range of the evaluated spectrum of neutral atoms

overlaps with the C1� spectrum only in a very small interval,

which does not allow to obtain the cross section ratio for C0

and C1� ions. However, as an estimate one can take a spec-

trum of C0 atoms with faster growing tendency at lower

energies (<0.5 MeV) than C1�. This would suggest a cross

section of electron capture by the neutral carbon atom

(r0;�1) being about one order of magnitude smaller than the

cross section of electron loss by the negative ion (r�1; 0).

This estimate agrees with the known ratio of the correspond-

ing cross sections for the hydrogen ions.

Subsequent investigations are required to further eluci-

date the negative ion formation scenario, where special

attentions have to be paid on precise measurements of the

neutral particles, and their spectra, which then would be a

benchmark for precise quantum mechanical calculations of

the cross sections of electron capture and loss in multi-elec-

tron configurations. However, the appearance of copious

energetic negative ions17 indicates that such cross sections

should be relatively high.

It is clear that complex collision systems such as those

studied in the present work require a sophisticated model in

order to better understand the dynamics involved in the elec-

tron transfer processes. Until such a model is available, the

present experiments open a possibility for measuring the

ratios of the cross sections of electron capture and loss proc-

esses to benchmark future theories, and demonstrate that effi-

cient neutralisation of carbon and oxygen ions with energies

up to 1 MeV can take place.

The demonstration of a technique for controlling the

charge state and distribution of energetic positive ion beam

with remarkably stable and reproducible characteristics15,19

opens unique possibilities for efficient and compact sources

of energetic negative and neutral atom species of a broad va-

riety. In the steering processes the initial positive ion beam

characteristics, such as energy and laminarity are preserved.

This may find many new applications in atomic physics, in

controlled atom deposition technology, in controlled chemi-

cal reactions, and in accelerator technology.

Furthermore, the proposed method allows to measure

cross sections for single-ionization, and single capture proc-

esses in Hþ, Oþ, and Cþ þ H2O collisions in an impact

energy range up to the MeV level, which largely encom-

passes the intermediate and high-energy regimes of interest

for ion-based cancer therapy applications.
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