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The paper presents the results of a study of the charge and energy characteristics of multiply charged ions excited on the surface of a
single-element and hydrogen-containing multi-component element targets under the influence of laser radiation with a power density
(q=103-10" W/cm?). Tt has been experimentally shown that, for all used values of g laser radiation, laser-induced plasma from gas-
containing targets is characterized by a lower relative yield (dN/dE) of multi-charged ions with a charge number of Z>+3, compared
to the plasma produced on the surface of the single element target. Moreover, the tendency to reduce dN/dE of multi-charged ions of
the multi-element target, in comparison with the relative yield of ions from the plasma of the single-element target, is more
significant and it depends on the charge of the excited ions. The increase in the charge and energy state, duration, and yield of ions of
the heavy component, which occurs with an increase in the content of the light component in the target, has been established. This is
explained by a decrease in the efficiency of recombination processes caused by an increase in the expansion velocity of a plasma
plume due to a decrease in its average mass.

Keywords: Laser-induced plasma, Multiply charged ions, Mass spectrometer, Energy spectrum, Hydrogen-containing two-element
plasma, Recombination processes
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1. INTRODUCTION

The need for a highly efficient source of multiply charged ions has increased significantly due to the emergence of
a new direction in the controlled thermonuclear fusion - inertial fusion on heavy ions. Heavy ions are attractive because
of the charge features of their interaction with the target material. First of all, this is a strong deceleration of ions in a
substance, which makes it possible to provide a high level of heating. In addition, the ion's high energy makes it
possible to get by with relatively small currents. The laser ion source is considered one of the leading contenders for
participation in the international program on controlled thermonuclear fusion [1-3].

At present, three types of ion sources are considered contenders for participation in the controlled inertial
thermonuclear fusion (ITS) program: electron-beam, electron-cyclotron-resonance, and laser. An analysis of their
comparative characteristics allows us to conclude that the most promising is the laser source of ions.

A laser-plasma generator (LPG) is a system of a high-power frequency laser, a chamber for interaction with a
target, and a device for extracting a high-current ion beam. The system makes it possible to generate intense streams of
highly ionized atoms and nuclei of various elements, including radioactive isotopes, and to inject them into
electrophysical devices. The experiments showed that to match the ion source with various accelerators fully. It is
necessary to reduce the current of low-charged ions and increase the current of highly-charged ions. Controlling the
laser power density and selecting various single-element targets to increase the yield and charge of ions did not give the
expected outcome [4]. In order to increase the efficiency of ionization processes in a plasma plume and reduce the
efficiency of recombination processes, intensive studies are being carried out on the charge and energy state of mono-
and multi-element laser plasma. As well as the release of ions from them, depending on the incident angle [5] and the
laser wavelength, the conditions for its focusing on the target surface [6,7], the composition of a multi-component target
[8,9] and the percentage (or weight) ratio of its constituent components of the target [10], its density, the state of the
structure after various types of treatments [11], the presence of certain impurities, the frequency mode of exposure [12].

The formation of multiply charged ions is associated with the absorption of most of the laser radiation energy in
the plasma and gradual ionization due to a decrease in the ablation rate with an increase in the laser radiation power
density [13]. Creating multiply charged high-order ions is possible using ultrashort fs-pulsed laser radiation, which has
a low light flux compared to short ns-pulsed laser radiation [14, 15]. The time evolution of the formation of multiply
charged ions under the action of ns and fs pulsed laser radiation on carbon was studied [16, 17].

The term "monoelement target" can be used conditionally since, in real conditions, arbitrary solid material
contains light adsorbed gases, such as H and N, which, at a certain content, can not only change the physical properties
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of the object under consideration but, in a certain degree, also affect the efficiency of the processes of its interaction
with intense laser radiation, the formation and expansion of the resulting plasma plume.

Detailed and systematic studies are required to obtain a complete physical picture of the formation processes and
multi-component plasma expansion depending on the composition of the target in the presence of various impurities.
Here, attention must be paid to the factors like charge impurities, energy, angular and dynamic distributions, and the
yield of multiply charged ions. Eventually, one can estimate the effectiveness of the kinetic processes of ionization,
acceleration and recombination, the prevalence, under certain conditions, of one or another process, and the presence of
other processes that affect the characteristics of multiply charged ions.

This work is a step forward to establishing the physical processes of formation and expansion of a two-component
laser plasma, which determines the yield, charge, energy and spatial distribution of multiply charged ions. The relevance of
this study lies in the fact that the experimental results will complement the physical picture of the formation and expansion
of multiply charged ions in a multi-component laser plasma, and, in practice, they will allow not only increase the
efficiency of sources of multiply charged ions but also to create a new method for analyzing solids for light injected gas.

This paper presents the results of a study of the charge and energy characteristics of multiply charged ions of a
hydrogen-containing two-element plasma formed under the influence of laser radiation with a power density
(g=105-10" W/cm?) depending on the atomic mass, the main component of the target. An essential advantage of the
proposed work is obtaining complete information about the processes occurring in a two-element laser plasma formed
under various initial conditions.

2. EXPERIMENTAL PART

The experiments were carried out on an electrostatic mass spectrometer with a mass resolution of dm/m=100 and a
TOF distance of 100 ¢cm [6]. The Nd:YAG laser beam was directed perpendicular to the target surface. The laser
operated at a wavelength of 7.06 um, a pulse duration of 50 ns, an energy per pulse of 5 J, and in a single-pulse mode.
The laser beam was focused through a converging lens onto a target (with focal length /= 10-30 c¢m) placed inside a
vacuum chamber evacuated to 733.3-107% Pa. Creation and maintenance of vacuum at the level of /0--5-10° Pa both in
the ion source chamber and throughout the entire drift space of ions (with the help of NORD-250 magneto discharge
pumps). The spot size of the focused beam was 10 ¢cm’. The intensity of the neodymium glass laser operating in the
single pulse mode was calibrated in the range g=10°-10"" W/cm’ using light filters. Note that the considered laser
intensity exceeds the laser plasma formation threshold (~10% W/cm?). The parameters (energy and duration, laser pulse
shape) of the laser are controlled separately by calorimeters and photoelectric methods [Fig. /].

Figure 1. Experimental setup

The potential was applied to the plates of the electrostatic analyzer from a stabilized universal power supply
(UPS-1). The ions inside the analyzer move all the time perpendicular to the direction of the electric field, there is no
need for additional suggestions about the smallness of the deflection angle. It should be noted that a cylindrical
electrostatic energy analyzer ensures the selection of a group of ions with the same ratio of kinetic energy to charge
(E/Z). Therefore, simple estimates show that the achieved sensitivity (2. =103 wt % and X, =102 G) and resolution
(R»=100) of the laser mass spectrometer, consisting of a time-of-flight mass analyzer and an electrostatic energy
analyzer, close to the limit for this class of devices.

The recording equipment of the mass spectrometer consists of the following elements. A block of laser plasma ion
detectors was made, which is connected to the output of an electrostatic analyzer. This block consists of a Secondary
electron multiplier (SEM-1A) type detector. The wind turbine gain is ~10°.

The targets were made from pure C (i.e. graphite), Cu, polyethylene (CHz), (consisting of bound hydrogen (H)
atoms), Cu[H] (with H atoms embedded) and Ti[H,N], Zr[H,N] (consisting of hydrogen atoms (H) and (N)) in the form
of a thick cylinder with a thickness of d=2 mm and a radius of R=0.5 cm. The target could be moved vertically using a
vacuum feed, so that each laser shot could hit a fresh surface to avoid the cratering effect. The target surface was
cleaned with the first laser pulse, and the results presented here were averaged over the next four pulses. The error in
measuring the mass-charge spectrum of ions is 10%.
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3. RESULT AND DISCUSSION

In most experiments on laser-induced plasma ions, little attention is paid to the influence of light gas atoms (for
example, H, N, Ar), which are present in most solid targets in either specially introduced bound atoms or uncontrolled
impurities. However, the presence of such impurities not only changes the physical properties of the target, but also
affects the formation of plasma ions under the action of laser radiation. Therefore, the main purpose of this work is to
study the effect of such bound or embedded gas atoms on the charge and energy states, duration, and yield of ions in a
multi-component plasma.

The time-of-flight spectra of plasma ions generated from the surface of polyethylene, copper, titanium, and
zirconium with embedded hydrogen atoms with a concentration of 10 wt % are experimentally obtained for a mono-
and multi-element target depending on different laser radiation intensity g.

Investigating the charge spectra of Ti, Cu, and Zr ions obtained by exposure to intense laser radiation and a
scanning electron microscope on Cu[H] containing /0 wt.% H, Ti[H,N] and Zr[H,N], in which the concentration of
intercalated H and N atoms was 107-10" wt.%, their comparison with similar characteristics of ions of these elements in
plasma of a mono-element composition showed:

1) Cu ions registered in laser plasma, formed from the copper rod, at ¢ =3-10"° W/em? and g =10'" W/cm?, have
Zma=t 4 and Zma=16, respectively. Recall that in the plasma formed at the specified ¢ laser radiation from C, not
containing H, Cu ions with Z,.x = +5 and +7, respectively, were registered;

2) for Ti and Zr ions formed from Ti[H,N] and Zr[H,N], Zmax of ions of these elements at the above values of ¢ of
laser radiation was +4 and +35, respectively. In plasma produced by the interaction of laser radiation with ¢ = 3-10'° and
10" W/em? with mono-element Ti, Zimax of ions of these elements was +7 and +10, respectively, and Zm,, of Zr ions was
+5 and +7, respectively;

3) it should be especially noted that for all used values of ¢ laser radiation for plasma obtained from gas-
containing samples, a lower relative yield (dN/dE) of ions of the heavy component with Z > +3 is characteristic, in
comparison with the plasma of a mono-element composition (see Fig.2). Moreover, the tendency to reduce dN/dE of
ions of the heavy component, in comparison with the relative yield of ions from the plasma of a mono-element
composition, is the more significant, the greater the charge of the ion. However, the total yield of ions with a given Z in
the case of a multi-component plasma is always greater. This regularity is also characteristic of H ions formed from
copper rods. However, in this case, it is less pronounced. Undoubtedly, this is due to a lower concentration of
intercalated H in it and, secondly, to the presence of two light interstitial gases (H,N) in gas-containing Ti and Zr.
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Figure 2. Energy spectrum of TiNH ions formed from multi-element (a) and mono (b) Ti targets at g~10'" W/cm?

As an example, consider the energy spectra of titanium, which consists of hydrogen atoms (H and N) in a bound
state. On fig. Figure 2 shows the energy spectrum of Ti ions formed from mono (b) and multi-element (a) TiNH targets
at g~10"'W/cm?. 1t can be seen from this figure that the charge and intensity of multiply charged ions in plasma (Ti) are
greater than in plasma (TiNH) for all values of laser radiation intensity g. This is due to the higher concentration of H
and N atoms in the target (TiNH). Another interesting result we found is that the intensity of H" and N* ions in plasma
(TiNH) decreases with increasing laser intensity ¢, starting from a certain critical intensity.

The study of the energy spectra of Ti and Zr ions expanding in plasma together with H and N ions and comparing the
results obtained with the identical characteristics of these ions in a single-element plasma showed that in a plasma obtained
from Ti and Zr containing embedded light gases, the range of energy distributions of Ti and Zr ions with Z = 1-5 for all
values of ¢ laser radiation is greater than the width of the energy spectra of Ti and Zr ions given Z in mono-element
plasma.

As shown above, a similar regularity in the charge and energy spectra change is also characteristic of (CHz), and Cu
ions flying apart in a two-component laser plasma formed from a copper rod. Based on the analysis of the results of studies
of the charge and energy distributions of ions of the heavy component of the plasma formed under the action of laser
radiation on a solid body containing embedded light gases, and comparing them with similar characteristics, in the case of
single-element targets, it can be argued that the absence of ions in this multi-component plasma with Zpax > +5 is due to
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the fact that ions with Z > +6, for some reason, have lowered their initial charge. The absence of ions with a high charge
multiplicity (Z > 4) in (CHa), plasma is associated not with an increase in the efficiency of the recombination process but
with a decrease in the lifetime of such a dense plasma in the ionization zone. As a consequence, C ions leave the plasma
with a lower charge. The similar energy spectra of C and H ions generated from the (CH,), plasma and the similar spatial
distribution of these ions also indicate that ionization processes play an important role in plasma formation and outflow.

A joint analysis of the patterns of change in the charge and energy spectra of the ions of the heavy component of
the laser plasma formed from (CH»),, Ti[H,N] and Zr[H,N] and Cu[H] shows that, if for all the studied samples
identical in nature to the pattern of change in charge states, then the opposite picture is observed for the energy spectra
(Table I). Taking into account that the gases under consideration are in different states in the studied complex targets, it
can be argued that the mechanism for reducing the maximum charge multiplicity of heavy ions obtained from (CHy), is
not adequate to the mechanism for reducing Zmax of these ions formed from gas-containing samples.

Table 1. Patterns of changes in the charge and energy spectra of ions of the heavy component of laser plasma

Element Target Zmax at q=3-10" W/em? (a) Zmax at q=10""W/cm? (b) Emax, keV (a) Enax, keV (b)
C (CH>), 4 4 2,0 3,0
C Monoelement 4 6 2,5 3,5
Ti Ti [HN] 4 5 6,8 8,0
Ti Monoelement 7 10 7,0 9,0
Cu Cu [H] 4 6 5,0 6,0
Cu Monoelement 5 7 5,0 5,5
Zr Monoelement 5 7 5,0 7,0
Zr Zr[HN] 4 5 4,0 5,5

It is known that at low laser radiation intensities (¢g<10° W/cm?) only evaporation of the target material occurs, and
plasma is formed only at high laser radiation intensities [18]. Although the intensity of laser radiation in our
experiments is high enough to form a plasma, evaporation of the target material occurs due to the long duration of the
laser beam (50 ns). Neutral atoms and ions with low charge and energy receive additional energy from highly charged
ions.

Thus, an analysis of the experimental results shows that the mechanisms of formation of light gas ions in a multi-
component plasma and the charge and energy distribution of these ions strongly depend on the conditions for the entry
of these gas atoms into the target. When they are introduced into a target in implanted forms, the formation of gas ions
in a multi-component plasma occurs mainly due to energy transfer from heavy plasma components to light atoms, while
ionization processes dominate.

4. CONCLUSIONS

The effect of the presence of light gas atoms in a target on the formation of the charge and energy spectra of multiply
charged plasma ions formed under the action of laser radiation has been studied by mass spectrometry. It has been
experimentally shown that the mechanisms of formation of light gas ions in a multi-component plasma and the charge and
energy distribution of these ions strongly depend on the conditions for the entry of these gas atoms into the target. When
they are introduced into a target in implanted forms, the formation of gas ions in a multi-component plasma occurs mainly
due to energy transfer from heavy plasma components to light atoms, while ionization processes dominate. An increase in
the charge and energy state, duration and yield of ions of the heavy component, which occurs with an increase in the
content of the light component in the target, has been established. This is explained by a decrease in the efficiency of
recombination processes caused by an increase in the expansion velocity of a plasma bunch due to a decrease in its average
mass.
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VY cTarTi HaBeJCHO Pe3yJIbTaTH JAOCIHIHKCHHS 3apsI0BO-CHEPTeTUUHNX XapaKTEPUCTHK Oarato3apsaHuX 10HIB, M0 30YDKYIOTHCS Ha
MOBEPXHI OJAHOEJICMEHTHUX 1 BOAHEBMICHUX OaraTOKOMIOHEHTHHX €JIEMEHTHUX MIllIeHEeH Mia AI€I0 JIa3epHOTO BUIPOMIHIOBAHHS 3
rycrunoro norysxkuocti (q = 108-10'2 Br/cm?). EKCriepuMeHTAILHO TOKA3aHO, 10 IS BCIX BUKOPUCTOBYBAHUX 3HAUCHD ( JIA3€PHOTO
BUIIPOMIHIOBAHHS JIa3epOiHIyKOBaHa IUIa3Ma Ta30BMICHHX MiIIeHeH XapaKTepu3yeThcs MEHIMM BigHocHHM BuxojoM (dN/dE)
OaraTo3apsIHUX 1OHIB i3 3apsIOBUM YHCIOM Z >+ 3, MOPIBHSHO 3 IIa3MOI0, YTBOPEHOIO HA MOBEPXHI OJHOEIEMEHTHO! MilleHi.
Binbie Toro, rennenmis a0 3Mexmenns dN/dE 6araro3apsnHux i0HIB 6araToeJIeMEHTHOI MillIeHI, TIOPIBHSIHO 3 BiTHOCHUM BHXOJIOM
iOHIB 13 IUIa3MH OJHOCJICMEHTHOI MilllcHi, OiNbII 3HAYHA 1 3AJCHKUTHh BiX 3apsmy 30yMKEHHX 10HIB. BCTaHOBIEHO 30iNBIICHHS
3apsIOBOTO Ta CHEPrETHYHOTO CTaHy, TPHBAJIOCTI Ta BUXOIY 1OHIB Ba)KKOI KOMIIOHCHTH, SIKE BiIOYBA€THCS i3 30UIBIICHHAM BMICTY
JIETKOT KOMITOHEHTH B MilieHi. Lle MOosSCHIOEThCS 3HMKEHHSAM e(EKTHBHOCTI MPOIECIB PeKOMOiHALli, BUKIUKAHUM 301IbIICHHIM

LIBUIKOCTI PO3LMIMPEHHS IJIa3MOBOT0 (paKey BHACTIJOK 3MEHIIICHHS HOTO CepeIHbOI MaCH.
KuarouoBi cioBa: nazepro-indykosana niazma; 0a2amo3apsioni ioHu; MAac-CNeKmpomemp, eHepeemudHuil CReKmp, 800HE6MICHA
060eIeMeHMHA NIA3MA; NPOYecu peKoMOIHayii





