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The paper presents the recent measurements of ion beams emitted from an RPI-IBIS plasma injector and some
preliminary results of the theoretical modeling. The RPI-IBIS facility was equipped with coaxial electrodes made of
thin molybdenum rods and a fast acting electromagnetic valve for the injection of a working gas. Plasma discharges
were initiated with a variable time delay (7 ) after the gas injection and they were powered from a condenser bank
charged to 30 kV, 30 kJ. The first part describes measurements of spatial distributions and energies of intense ion beams,
which were performed by means of ion-pinhole cameras equipped with nuclear track detectors. Detailed analysis of ion
mass- and energy-spectra was performed by means of a Thomson analyzer. The second part presents numerical
simulations of ion motions in the RPI-IBIS facility, which were performed on the basis of a single-particle model.

PACS: 52.50.Dg, 52.65.Cc, 52.65.Pp, 52.70.Nc.

1. INTRODUCTION

Research on characteristics of plasmas produced by
multi-rod plasma injectors (RPI) has been carried out at
IPJ in Swierk, Poland, for many years [1]. The RPI-type
devices have been used for basic plasma investigation [2]
as well as for different application-oriented studies, e.g. to
study plasma-target interactions. The main aim of this
paper was to compare some important experimental
results with results of theoretical simulations.

2. EXPERIMENTAL SETUP

The RPI-IBIS device was equipped with two coaxial
electrodes of 9 cm and 13 c¢m in diameter. Each electrode
was transparent for particles, because it was composed of
32 thin molybdenum (Mo) rods oriented coaxially [1,2].
The injector was placed inside a vacuum chamber, which
was pumped out to the background pressure equal to
about 10° Pa. Before each discharge the inter-electrode
gap was filled up with some amount of a working gas
(usually H, or D,) injected by a fast acting valve. Each
plasma discharge was initiated (with a chosen delay time
after the gas injection) by the application of a high-
voltage pulse from a 30-kJ condenser bank charged to
Uy = 30kV. The working gas, after its ionization, was
accelerated in the injector and emitted along the z-axis in
a form of an intense plasma-ion stream. The important
parameter was the time delay (7 ) which decided about the
gas density distribution at the initiation of the plasma
discharge. Experiments described in this paper were
performed with the D, injection and at time delays
7 = 160...170 ps (a so-called middle operational mode)
and at 7 = 130 ps (the fast mode).

3. ION EMISSION MEASUREMENTS

To investigate a spatial structure of the pulsed deuteron
streams emitted in the RPI-IBIS device the use was made
of an ion pinhole camera [2]. Ions (mostly deuterons),
which penetrated through a pinhole of 0.2 mm in diameter,
were recorded by means of exchangeable nuclear-track
detectors (NTD) of the PM-355 type. The pinhole was

placed at a distance of 22 cm from the electrode outlets.
To perform a rough energy analysis of the investigated
deuterons the NTD were shielded by absorption filters
made of Al-foils. In particular the use was made of a
0.75-um-thick foil (with the energy threshold Ep >

74 keV) and 1.5-pm-thick foil (with Ep > 170 keV) [3].
The irradiated detectors (after their removal from the
camera) were etched under standard conditions [2] for 2
hours and the developed tracks (micro-craters) of several
pm in diameter formed a visible image of the deuteron
beams, as shown in Fig. 1.

Fig. 1. Images of the deuteron beams recorded in the
RPI-IBIS facility. Regions without tracks are shown as
black, and the most intense (>10" cm™) deuteron beams

are mark as white. The broken-line circles correspond to
projections of the electrode ends

The obtained ion images showed the complex spatial
structure of the investigated ion beams. Those images
were analyzed quantitatively by means of an optical
microscope, and it made possible to determine numbers of
deuterons above the chosen energy thresholds. In order to
determine the deuteron energy distribution more
accurately, the use was made of a miniature Thomson-
type spectrometer [4]. The input diaphragm of that
spectrometer was placed on the z-axis, at a distance of
30 cm from the electrode outlets. Ions, after penetration
through the input diaphragm and their deflections by the
analyzing magnetic and electric fields in the spectrometer,
formed characteristic Thomson parabolas, which were
recorded upon the NTD placed in the detection plane. The
analysis of the exposed and etched NTD enabled the track
density on the obtained parabolas and corresponding
energy spectra to be determined.
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An example of the deuteron energy spectrum, as obtained
in the RPI-IBIS experiments, is presented in Fig. 2.
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Fig. 2. Energy distributions of deuterons, as determined
from the deuteron parabola recorded for the middle
operational mode (t= 160 us)

4. MODELLING OF ION MOTIONS

In order to explain the experimental results the second
part of this describes some theoretical simulations of
deuteron trajectories and computations of their angular
and energetic distributions. Those simulations were
performed using a single-particle model applicable for
RPI-type injectors [5] and a Monte Carlo method. In this
analysis it was assumed that the ions are non-relativistic,

and the equations of motion (for particles with a mass m
and an electric charge ¢) can be written in the form:

d’r _2_1[_@4 c’)dbj

——r
dt* ¢ m

or or
i(ﬁ@:i ;04 00
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d
—(mz+qA)=0
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The numerical computations, as performed at appropriate
boundary and initial conditions, made possible to
determine positions and velocities of the analyzed
particles (deuterons) in successive time instants (). The
computations were carried out under assumptions that the
initial voltage between the coaxial electrodes was equal to
30kV, and the total discharge current amounted to
200 kA (split symmetrically between 32 electrode rods).
It was also assumed that the considered deuterons started
from different points near the gas-valve outlet, and their
initial velocity corresponded to the room temperature
(0.03 eV) and was oriented stochastically. Examples of
the computed trajectories, are presented in Fig. 3, and an
energy spectrum, which was obtained from Monte Carlo
computations for 34000 deuterons, is shown in Fig. 4.

Fig. 3. Exemplary trajectories, as computed for deuterons accelerated in the RPI-IBIS system to the outlet energy value
of 100 keV (upper picture) and 10 keV (lower picture)
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To explain ion images, which were recorded on the z-
axis by means of NTD, there were computed points of
interactions of deuterons with a plane z = 22 cm without

The computer modeling has also showed that deuteron
trajectories are localized mostly near the rod electrodes,
and only deuterons of higher energies can penetrate

any pinhole. The computed images are shown in Fig. 5. through the near-axis region. The computed energy
N | spectrum is very similar to the experimental one. The
simulated ion images are also similar to these observed
100 experimentally.
50 One can conclude that the single-particle modeling of
RPI-type discharges gives reasonable results and it should
be performed also for other initial conditions.
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Fig. 4. Energy spectrum of deuterons emitted from
RPI-IBIS, which was obtained from the computations
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SKCIIEPUMEHTAJIBHBIE HCCJIEJOBAHUS 1 MOJIEJIMPOBAHUE HOHHBIX ITYYKOB,
SMUTHUPYEMbBIX HH) KEKTOPAMM RPI-IBIS

K. Malinowski, K. Czaus, M.J. Sadowski, E. Skladnik-Sadowska, U.E. I'apkywa,

[IpencraBneHsl pe3yabTaThl UCCISAOBAaHUHA MOHHBIX ITyYKOB, IMHTHPYEMBIX CTEpKHEBBIM HHkekTopoMm RPI-IBIS,
1 HEKOTOpbIE MPEIBAPUTENbHBIE PE3yIbTaThl TeopeTrdeckoro moaenuposanus. RPI-IBIS ochamen koakcunaabHBIMA
UIEKTPOJAMHU B BHUJI€ TOHKHUX MOJHOZEHOBBIX CTEPKHEH M OBICTOAEHCTBYIOMIMM 3JIEKTPOMArHUTHBIM KIIAIMaHOM [UIS
WHKEKIIMU pabouero rasza. Pa3psa MHHUIMHPOBAICS C BapbUPYEMBbIM BPEMEHEM 3aJICPKKM MO OTHOIICHHIO K HAITyCKY
ra3a Ipy HalpsDKeHUH Ha KOHJeHcaTtopHoi Oatapee 30 kB. B mepBoif wacTi onncaHbl H3MEPEHUS IPOCTPAHCTBEHHBIX
pacnpeneneﬂnﬁ n BHGPFHﬁ HWHTCHCUBHBIX MOHHBIX IIYYKOB. JleTaﬂbeIﬁ aHaJIn3 MAaCCOBBIX U DHEPIrETUUCCKUX CIICKTPOB
IPOBEJICH C MCIOJIb30BAaHUEM aHanu3aropa TommcoHa. BTopas dacTe mocBslleHa YHCIEHHOMY MOJEIMPOBAHUIO
nBrkeHus noHoB B RPI-IBIS, koTopoe npoBeneHo Ha OCHOBE OTHOYACTUYHOM MOJIENH.

EKCIHHEPUMEHTAJIBHI JOCJIII?>KEHHSA I MOJAEJIFOBAHHSA IOHHUX ITYYKIB,
EMITYEMUX IHJKEKTOPAMMU RPI-IBIS

K. Malinowski, K. Czaus, M.J. Sadowski, E. Skladnik-Sadowska, I.€. I'apkywa,

[IpencraBneHo pe3ynbTaTH AOCTIIKEHb 10HHUX ITyYKiB, €MITyeEMUX CTpIDKHEBUM imxkekTopoMm RPI-IBIS, i meski
morepeHi pe3yipTaTé TeopetnaHoro mopaemoBaHHSA. RPI-IBIS ocnamennii koakciadbHUMH €IEKTPOJAMH Y BHII
TOHKMX MOJIOJICHOBUX CTPWIKHIB 1 HIBHAKO MiIOYMM €JIEKTPOMArHiTHMM KJIAIIaHOM JUIs 1HXKeKlii poOouoro rasy.
Po3psin iHiLitOBaBCS 3 Bapialli€lo 4acy 3aTpPUMKH CTOCOBHO HAITyCKy ra3y IpH Halpy3i Ha KOHJAEHCATOpHiN Oarapel
30kB. VY mepumiiii 4acTWHI ONMCAHO BUMIPH TPOCTOPOBUX PO3MOALTIB 1 €HEpriii IHTEHCHMBHUX IOHHHMX ITyYKiB.
JeranbHuii aHasi3 MacoBHX 1 €HEPreTHYHUX CIIEKTPIB MPOBEJICHO 3 BHKOPUCTAaHHAM aHaji3aropa Tommcona. [[pyra
YacTHHA NPUCBSYCHA YHCEIBHOMY MOZEIIOBaHHIO pyxy ioHiB y RPI-IBIS, mo npoBeneHo Ha OCHOBI OZHOYaCTKOBOT
MOJIedTi.
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Fig.5. Simulated ion images at z = 22 cm for deuterons of
energy in a range 0.1 — 5 keV (right) and > 5 keV (left)

5. SUMMARY AND CONCLUSIONS

[98)

The recent experimental measurements delivered
valuable characteristics of the ion beams emitted from
RPI-IBIS. Results of the theoretical simulation appear to
be consistent with the experimental observations.
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