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The paper presents a description of new lon Backscattering Beam Line. Small-size electrostatic accelerator
“Sokol” with a beam energy range of 0.2...2.0 MeV is used as an ion source. A detail of the Beam Line is using of
magnetic spectrometer which allows to carry out precise (several nm) quantitative layer-by-layer non-destructive el-
ement analysis of solid composition and structure using lon Elastic Scattering technique. Design of Backscattering
Chamber allows realizing a full set of Ion Beam Analysis techniques. Proton and helium ion backscattering spectra
are presented from the thin film samples. Simulated spectra fit well the experimental ones together. The last shows

the analytical efficiency of Backscattering Beam Line.
PACS: 29.17.+w, 29.30.Ep, 29.30.A}j

1. INTRODUCTION

Elastic Ion Scattering with the energy of several
MeV is widely used as an analytical technique to study
the element composition and surface and near-surface
layers structure of materials in the depth range up to
10 um [1,2]. The most-used technique is Rutherford
Backscattering Spectroscopy (RBS). A depth resolution
of this technique depends on the accelerated ion beam
mono-chromaticity (~100 eV for the electrostatic accel-
erators), ion energy loss straggling during transport
trough the matter, detector energy resolution, ion mass
and geometry of the experiment. Relative poor energy
resolution of modern semiconductor detectors (~10...
12 keV) limits essentially the depth resolution in depth
profiling experiments. At the same time, the require-
ments to improve depth resolution in studies of the low-
dimensional solid-state structures in the different fields
of technology and science are permanently increased.
The principle solution of this problem is application of
magnetic and electrostatic spectrometers in ion
backscattering to detect the spectra.

This paper presents a description of new Beam Line
of Analytical Accelerator Complex built at the Institute
of Applied Physics of National Academy of Sciences of
Ukraine (IAP NAS Ukraine) for the researches with us-
ing of Ion Elastic Scattering technique. Unlike existing
ones, this Beam Line combines possibilities of the tradi-
tional technique with utilization of semiconductor detec-
tors and new possibility for the precise measurwith
ements using magnetic spectrometer.

2. BRIEF REVIEW OF ANALITICAL DE-
VICES WITH MAGNETIC SPECTROME-
TERS

Below a brief review of recent works on existing fa-
cilities with magnetic or electrostatic spectrometers is
presented. Paper [3] describes new microbeam equip-
ments which contains 15 MeV tandem ion accelerator
and 90° magnetic spectrometer of vertical type. The
magnet has a relative energetic dispersion of AE/(Ex
x)=2.1x10* mm™. A standard linear CCD-chip was used
as the position-sensitive ion detector. A solid angle of
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the spectrometer is less than 0.5 msr. A resolution of
3.8x107 (or 3.4 keV) was obtained in transmittance ex-
periment using 700 nm focused beam of 90 MeV *2S*
ions.

A magnetic spectrometer with the ultrahigh resolu-
tion for RBS- and ERD- analysis is described in paper
[4]. It uses MeV ions (up to 6.5 MeV) from tandem ac-
celerator of Utrecht University, The Netherlands. Mag-
netic spectrometer Beam Line consists of two
quadrupole lenses, a Wien filter and a magnetic dipole.
With this combination of elements one unique charge-
to-mass ratio of ions with energies within a chosen
range can be selected for detection with two-dimension-
al position-sensitive detector placed behind the dipole.
13% of the energy window range is imaged with a reso-
lution of AE/E=3x10"*. At the same time, an angular
range of 5° is imaged with a resolution of 0.15°. A solid
angle of the spectrometer is approximately 0.5 msr.
Spectrometer has ultra high vacuum scattering chamber
with three-axis goniometer and “on-line” sample prepa-
ration chamber. This paper describes a study of the epi-
taxial grown O-layers of Ge in ¢-Si using 1.3 MeV *He"
ions. An angle between the beam and the sample was
64.0°, a scattering angle was 70.0°. In this case, the ob-
tained depth resolution in the near surface layers was
0.3 nm.

Paper [5] describes an electrostatic spectrometer for
high resolution measurements using MeV ion registra-
tion (with the energy up to 6 MeV). This spectrometer
consists of a system of the electrostatic lenses, electro-
static analyser and linear position-sensitive detector.
The analyser is 100° cylindrical condenser with 700 mm
radius and 19.8 mm aperture width. 2 MeV double-
charged ions were analysed with £60 KV voltage on
analyser plates. Energetic resolution of analyser is better
than 3x10™. Using microchannel plate instead of silicon
surface-barrier detector linear detector was allowed to
obtain depth resolution of 0.1 nm in gold target sample
with 1.5 MeV Ne analysing ion beam.

This review shows that the using of magnetic and
electrostatic spectrometers essentially improves analyt-
ical possibility of lon Backscattering technique.
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3. ELECTROSTATIC ACCELERATOR AND
ION-OPTICAL SYSTEM OF ION ELASTIC
SCATTERING BEAM LINE

A small-size electrostatic 2 MeV accelerator
“Sokol” is used as a source of hydrogen and helium ions
[2]. The accelerator design was significantly modified to
obtain high-quality ion beams. In particular, the ion
source with a system of the permanent magnets de-
signed for the increasing of plasma density as well as
beam prefocusing [6]. Instead of analysing magnet
which is also used as distributing one in “Sokol” accel-
erator, a 90° magnetic analyser MA-90-500 with
500 mm radius and distributing magnet MS-45-7 for
seven Beam Lines was developed at IAP NAS of
Ukraine and manufactured at Efremov Scientific-Re-
search Electrophysical Institute (St. Petersburg, Russia).
Different focusing regimes are provided by a quadruplet
of the electrostatic quadrupole lenses placed between
these analysers. The quadruplet was also manufactured
at Efremov Scientific-Research Electrophysical Insti-
tute. Stabilised power supplies for these analysers and
lenses were created at IAP NAS of Ukraine.

4. ANALYTICAL ELASTIC BACKSCATTER-
ING BEAM LINE

The described Beam Line is intended for the study
of element composition and structure of surface layers
of solids, crystalline materials and other materials of

different origin. The Beam Line is used when solving
problems of microelectronics, materials science, bio-
logy, medicine, etc. with utilisation of light ion Ruther-
ford Backscattering (RBS) technique.

Backscattering Beam Line (BBL) consists of two
main parts: magnetic spectrometer with accessories and
beam line with Backscattering Chamber. Backscattering
Chamber consists of backscattering measurement equip-
ment to perform the measurements in standard, channel-
ling and transmittance modes.

Functional scheme of BBL is shown on Fig.l.
Fig.1,a demonstrates schematic top view of the acceler-
ator (1), beam line in front of (2) and behind (3) 90°
analysing magnet (4) in beam direction, quadruplet of
the electrostatic quadrupole lenses (5) and also side
view of BBL (Fig.1,b). Beam Line is mounted behind
distributing magnet (6) of Analytical Accelerator Com-
plex. Its optical axis in horizontal plane forms 30° angle
with main optical axis of the Complex. BBL including
beam line (7) and Backscattering Chamber (8) is placed
behind distributing magnet in beam direction. Vacuum
Beam Line equipment contains: silphon units (9,10); va-
cuum gate valves used for vacuum cutoff of vacuum
tubes of BBL from vacuum chamber of distributing
magnet (11) and of Backscattering Chamber from its
tube (12) and tube of magnetic spectrometer (13); two
aperture diaphragms (14); beam monitoring unit (15)
equipped with Faraday cup and luminescence screen
with branch pipe for optical TV monitor.
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Fig. 1. A functional scheme of the Backscattering Beam Line with accelerator and magnets (a, top view) and
schematic draw of the line behind the distributing magnet (b, side view). Dashed line shows ion beam trajectory.
Accelerator is MeV ion source. On Fig.1,b, ion direction is right-to-left

BBL vacuum tube (7) and Backscattering Chamber
(8) are placed on supports which allows to set beam line
optical and chamber axis on 1350 mm height from the
floor. Supports provide chamber vertical movement in
range of £50 mm, and +100 mm in horizontal plane.
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Pumping system consists of three vacuum posts (16,
17, and 18) that work both separately and together and
provide vacuum conditions better than 10 Pa in cham-
bers and beam lines.

Photography of BBL with magnetic spectrometer is
shown on Fig.2.



Fig.2. Backscattering Beam Line photography
5. BACKSCATTERING CHAMBER

Backscattering Chamber (fig.3) is a first of two
functional elements of BBL and is placed behind the
distributing magnet. RBS is a base technique of the ana-
lysis realised in the chamber. ERD, PIXE and NRA
techniques are complementary to RBS one. Design of
the chamber allows to perform scattering experiments in
standard geometry (angle between beam and target
sample is in range of ¢=60...90°, and backscattering an-
gle 0 is close to 180° and is usually equal to 170°), in
glancing angle geometry (¢=15°, 6=30°) as well as in
channeling and transmittance regimes. Backscattering
chamber is described in paper [7] in more details.

Photography and scheme of the chamber (top view)
are shown on Fig.3. Chamber (8) (see Fig.l,a) of
Backscattering Beam Line consists of: a frame of the
chamber with branch pipes (Fig.3,b), lift off cover, cov-
er lift off device, and sample holder (9).

Fig.3. Backscattering Chamber photo (a) and its
scheme (b, top view) with beam—detectors plane
cross section,, sample holder, and secondary radia-
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tion detectors. On Fig.1, this chamber has label 8.
Description of the labels is presented in the text

Charged particles are registered with semiconductor
detector (SCD) (20) placed in the chamber branch pipe
at 170° angle to ion beam direction. X-ray detector (21)
and gamma-ray detector (22) are used for registration of
secondary radiation induced by primary analysing
charged particles beam. A pipe for X-ray detector is
80 mm in diameter and is located at 135° angle to ion
beam direction. Gamma-ray detector pipe is 158 mm in
diameter and is placed at 90° to ion beam direction.
Gamma-ray detection is also possible by using scintilla-
tion detector with outer diameter of 160 mm and based
on Nal(Tl) crystal (150 mm in diameter and 100 mm in
height), which is placed outside the vacuum chamber.

Sample holder is electrically isolated from other in-
stallation parts: backscattering chamber, vacuum tubes,
Faraday cup, vacuum pumps, and support. lon beam
current is measured with current integrator from sample
holder via vacuum connector.

Chamber vacuum pumping system has two stages.
First, vacuum in the chamber is created using 7.5 I/sec
baking pump LEYBOLD-HERAEUS D16A having an
oil trap. 450 I/sec turbo-molecular pump LEYBOLD-
HERAEUS TURBOVAC 450 creates working vacuum
conditions in the chamber. It is installed over the
branch pipe placed on the bottom cover of the cham-
ber. Two-stage pumping system provides a vacuum
better than 10 Pa during 30 min in the scattering
chamber and beam line volume.

6. 90° MAGNETIC SPECTROMETER WITH
UNIFORM FIELD AND DOUBLE FOCUSING

Magnetic spectrometer with equipment is the second
functional part of Backscattering Beam Line (see Fig.1).
Spectrometer is placed behind the Backscattering
Chamber. Parts of magnetic spectrometer are connected
according to the following scheme: sylphon unit (23),
vacuum gate valve (13), beam line of magnetic spectro-
meter with joint unit for pump system (24), pump sys-
tem (17), diaphragm (25), magnetic spectrometer scat-
tering chamber (26), sylphon unit (27), magnetic spec-
trometer vacuum chamber (28), magnetic spectrometer
vacuum chamber pump (19), output aperture slit unit
(29), charged particle detector unit (30). Based tech-
nique implemented in chamber is RBS with glancing
angle, transmittance, and standard geometry. Magnetic
spectrometer as a charged particles detector and glan-
cing angle geometry allow to achieve a high depth res-
olution (several nm) [1, 3, 4]. This resolution is five
times grater than that in standard backscattering spectro-
metry with semiconductor surface-barrier detectors of
charged particles. Analytical possibilities of BBL could
be essentially extended when magnetic spectrometer is
used in coincidence mode with the other detectors of
secondary emission products induced by primary ana-
lysing beam.

Magnetic spectrometer with uniform field and
double focusing is described in [10] in more details.
This spectrometer has the following parameters: a radi-
us of the particles trajectory in the magnetic field —
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320 mm; rotation angle — 90°; input cut angle — 46°,
output cut angle — 4°51'; gap height— 16 mm, gap
width — 106 mm; distances from source (target) to mag-
net entrance and from detector to magnet exit are 400
and 700 mm, respectively; magnet weight — 1500 kg.

Magnet is powered from stabilised power supply.
Magnet current is stabilised with 0.05% accuracy in 4...
40 A range which is corresponding to field alteration in
range of 2:10°...15:10° Oersted (0.2...1.5 Tesla). Re-
spect detected protons energy is in the range of 0.2...
8 MeV. Magnet is remotely controlled.

Spectrometer vacuum chamber is connected to Scat-
tering Chamber trough silphon unit. Detector is place on
the end of the vacuum chamber of the magnet at
686 mm distance from output cut. 1 mm aperture is in-
stalled in front of the detector unit. Standard semicon-
ductor surface-barrier detector is operated in the count-
ing regime.

Magnet with scattering chamber is mounted on the
platform which allows to rotate the magnet at 0...150°
to the left and 0...20° to the right relatively to incident
beam.

Pumping systems (18,16,17) creates a vacuum in
magnetic spectrometer scattering chamber (26) and in
magnet vacuum chamber (28).

Experimentally measured resolution of the spectrome-
ter is (0.15+0.03)% using O-active calibrating source with
1x8 mm?* and 1 mm detector aperture and is in a good
agreement with the calculated value. Measured solid an-
gle value is found out to be (3.56+2.23)x107 sr and is
also close to the calculated value.

7. EXPERIMENT

Fig.4 shows one of the first backscattering spectra
measured using RBS Beam Line of IAP NAN of
Ukraine equipment.
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Fig.4. Proton backscattering spectrum with initial ener-
gy of 1.05 MeV measured from polycrystalline alpha-
alumina sample implanted with Ti ions at 10" cm™ flu-
ence (I — experimental spectra, 2 — simulated one

Testing sample is polycrystalline a-Al,O; implanted
with Ti ions using a vacuum-arc source in the pulsed
mode. This sample has good conductivity of modified
surface layer and precisely definite matrix composition.
The sample was also analysed with proton and helium
ion beams in two different Accelerator Laboratories
located in Germany and Russia.

Initial energy of analysing proton beam is
1.05 MeV, angle between beam and sample — 90°,
backscattering angle — 170°, beam current — 10 nA.
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Standard spectrometry equipment with
semiconductor surface-barrier detector manufactured by
“SILENA” was used for the spectrum registration.
Resulting data were processed using SIMNRA [11] and
DVBS [12] codes. Depth profile of Ti-implant was
extracted from the spectrum.

Fig.4 shows good agreement between experimental
spectrum and simulated one. A broadening of the high
energy edges of partial spectra for Al and O is well
simulated when spectrometer energy resolution is equal
to about 22 keV.
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Fig.5. 0.8 MeV *He" RBS spectrum from ZnO/Si sam-
ple: 1 —experiment; 2 — simulation

Using of backscattered helium ions instead of
protons allows measure the element depth profiles in the
samples more sensitively and precisely. It is clear from
the RBS spectra (see Fig.5) of helium ions measured
from thin films of ZnO deposited on silicon substrate
applied reactive magnetron sputtering machine. Depth
profiles of Zn and O in the film was extracted from the
spectra. Film thickness of about 220 nm was estimated.
Zn concentration in thin film was found out about 20 at.
% less then that in stoichiometric composition. At the
same time, oxygen concentration corresponds to ZnO
stoichiometry. It is assumed that thin film contains
another light element additionally to oxygen. This
technique has limited sensitivity to detection of low-Z
impurities in heavy matrix so it is necessary to apply an
additional resonance proton scattering or nuclear
reactions analysis to clear up the situation with the
additional element in composition of thin film. In spite
of some limitations, RBS of light ions is very
informative and important when it used as an analytic
one in thin film deposition technology. It is also very
suitable in the particular case of thin ceramic film
synthesis technologies developed at IAP NAS of
Ukraine.

CONCLUSION

New Backscattering Beam Line as a part of
Analytical Accelerator Complex was developed at the
Institute of Applied Physics of National Academy of
Sciences of Ukraine. Beam Line allows to perform
applied and fundamental experiments in the different
fields of science and technology (microelectronics,
geology, materials science, biology, medicine etc.) It is
possible to realise full set of complementary techniques
for non-destructive nuclear-physical (or ion-beam)
elemental and structural analysis of material namely:
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HOBBIN KAHAJI YIIPYT'OI'O PACCESIHUSI HOHOB AHAJIMTHYECKOT'O KOMILJIEKCA UHCTH-
TYTA HPI/IKJIAI[HOﬁ OU3NKUN HAH YKPAUHBI

A.A. [po3oenko, C.M. /lysanos, C.H. Mopouk, B.E. Cmopuosicko

Omnwcan HOBBIN KaHaI 00PAaTHOTO PaccesHHU HOHOB. VICTOYHUKOM HOHOB CIIy>KUT MaJIOTra0apUTHBIN 3IEKTpOCTa-
THUeCcKUi yckoputenb «Cokom» ¢ sHeprueit mydka auamnazone 0,2...2,0 MaB. Oco0eHHOCTBIO KaHala SBISETCS HC-
I0JIb30BAaHWE MAarHUTHOTO CIIEKTPOMETPa, MO3BOJISIONIETO IPOBOANTH KOJMUECTBEHHBIN IPENN3UOHHbIA (HECKOIBKO
HM) TIOCJIOMHBIH Hepa3pyIIaloNInii SJIEMEHTHBIH aHaIN3 COCTaBa M CTPYKTYPbI TBEPABIX TEJl METOJIOM YIPYIoro pac-
cestHusI MOHOB. KaHai cocTouT U3: KaMephl 00paTHOTO paccesHus 00ILero Ha3HAYeHHsI ¥ KaMepbl MarHUTHOT'O CIEK-
TpOMeTpa ¢ HOHONPOBOAOM. KoHCTpyKIMa Kamep 0OpaTHOTO paccesHUs IO3BOJISCT pealnu30BaTh MOJHBIA HabOp
MOHHO-ITyYKOBBIX METOJIOB 3JIEMEHTHOro aHanu3a. [IpencTaBieHbl CIEKTpbl OOpPaTHOTO paccesHHs MPOTOHOB U
MOHOB TENHsI OT TOHKOIUICHOYHBIX 00pa3oB. X0poIIee coryiache SKCIEPUMEHTAIBHOTO H PACIETHOTO CIIEKTPOB OT
MMIUTaHTHPOBAHHOTO 00pasiia KOpyHZa CBUICTEIHCTBYET O pabOTOCIIOCOOHOCTH KaHajla 00paTHOTO pacCcessHUs Kak
AQHAJMTUYECKOTO HHCTPYMEHTA.

HOBHM KAHAJI [IPYKHOT'O PO3CIFOBAHHS IOHIB AHAJIITUYHOI'O KOMILJIEKCY IHCTH-
TYTY NPUKJAJHOI ®I3UKU HAH YKPATHU

0.0. /Ipo3zoenxo, C.M. /[ysanoe, C.M. Mopouk, B.IO. Cmopixncko

OnncaHo HOBHMH KaHaJl 3BOPOTHOTO pO3CiIOBaHHSA 10HIB. J[XepeloMm 10HIB CIYXHTh MayorabapUTHUH
eJIeKTpocTaTHUHNi mpuckoproBad «Cokim» 3 eneprieto mydka 0,2...2,0 MeB. OcobnuBicTio KaHalny €
BUKOPHCTaHHSI MarHiTHOTO CIEKTPOMETpA, SIKUH JIO3BOJISIE MPOBOJWTH KUIBKICHUH Npenu3iiHuN (AeKiabKa HM)
MOIIAPOBUI HEPYHHIBHUIT €JI€MEHTHHI aHaji3 CKJIaly Ta CTPYKTYPH TBEPAUX TiJl METOJOM NPYKHOTO PO3CIFOBaHHS
ioniB. KoHCTpyKiliss Kamep 3BOPOTHOTO PO3CIFOBAHHS IO3BOJISE Pealli30BYBATH IMOBHHI HaOIp 10HHO-ITyYKOBHX
METOJIIB elleMeHTHOro aHaii3y. IlpencTaBieHi CIeKTpu 3BOPOTHOTO PO3CIIOBAaHHS MPOTOHIB Ta 10HIB Tellil0 Bif
TOHKOIUTIBKOBHX 3paskiB. JloOpe y3rofKeHHS eKCIIEPUMEHTAIbHOTO Ta pPO3PAaxXyHKOBOTO CIEKTPIB  Bix
IMIUTaHTOBAHOTO 3pa3Ka KOPYHIY CBIIYHTH MPO Mi€3AATHICTh KaHATy 3BOPOTHOTO PO3CIIOBAHHA SIK aHAIITHIHOTO
IHCTpyMEHTA.
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