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It is more than fifty vears since the method of fast (enerzy ~1 keV) molecular beam
scattering at small angles (107 - 107 rad) is used to study elastic scattering of
atomic particles (atoms, molecules and ions). On the base of such experiments the
repulsive interaction potentials were found. To extend the possibilities of this
method to study inefastic processes we have designed and constructed the experi-
mental setup at the Institute for Problams in Mechanics of Russian Academy of Sci-
ences which enabled us not only to measure the fact of particle scattering (differen-
tial cross section measurements) but simultaneously to define the energy of a scat-
tered particles (energy loss spectra measurements), Thereby one experiment com-
bines both anguiar and energy measurements and allowing to obtain doubly differ-
ential ¢ross sections, This was achieved by using the position-sensitive microchan-
nel-plate detector and the energy loss spectra time-of-flight measuring technique.
Measurements of doubly differential cross sections for various systems including
molecules proved good possibilities for determination of not only elastic and inelas-
tic differential cross sections, but also the studies of low-lying electronic states of

molecule excitation for collision of fast projectile and target particles.

Introduction

Collisions of atoms, molecules and ions
are of great importance for understanding the
macroscopic properties of substance. Mo-
lecular beam method is the most straight one
to study elementary processes during the col-
lisions. Usually the experiments used thermal
{energy £~0.01-0.1 eV) or fast (£~1 keV)
beams for these purposes. The thermal beams
are used in studies of collision processes gov-
erned by the potential well region and the at-
tractive part of potenfial, while fast molecular
beams imply collisions of particles with inter-
action energies of the short-range repulsive
potential region. The fast molecular beamn
method first appeared in the USA at the be-
ginning of the 40s when the supersonic avia-
tion demanded the knowledge of substance
properties at extreme conditions. The real ex-
periment for such conditions is very difficult
or next to impossible hence the mathematical
simulations are often the only way to estimate
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these properties. Professor LAmdur from
Massachussetts Institute of Technology bepan
measurements of the integral cross sections
with the fast molecular beams [1]. The meas-
urements yielded the short-range repulsive
interaction potentials. He used them to calcu-
late the high temperature gas properties. The
fast molecular beams experiments in the
USSR were linked with the space explora-
tions and they had been started by professor
V.B.Leonas back in the 60s in Moscow State
University [2] to be continued in the Space
Research Institute in Moscow, Nowadays this
laboratory is situated at the Institute for
Problems in Mechanics of Russian Academy
of Sciences. For more than fifty years the fast
molecular beam method is used to study the
elastic collisions of atomic particles (atoms,
molecules and ions). We decided to expand
possibilities of this technique for studies of
both elastic and inelastic collisions, This be-
came possible by simultaneous angular and
energy measurement of the scattered particle.
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The particle energy is gained by the time-of-
flight technique. Therewith today we have
doubly differential cross sections measure-
ments. Such measurements of doubly differ-
ential cross sections for various systems in-
cluding molecules proved good possibilities
not only to define elastic and inelastic differ-
ential cross sections, but also to study the ex-
citation of [ow-lying electronic states of
molecules for collision of fast projectile and
target particles, This paper describes the ex-
perimental apparatus and some results on
doubly differential cross section measure-
ments and provides their interpretation.

Experimental facilities

Here is a brief description of the experi-

mental apparatus for measuring both angular
distribution and energy-loss spectra. The de-
vice enables us to study doubly differential
cross sections for atoms, molecules and lons.

A

detailed description of the experimental

apparatus can be found in papers [3], [4].
The time-of-flight technique was used to
measure the collision energy losses [5],
while the position sensitive detector meas-
ured the scattered particles angular distribu-
tion. Figure 1 shows the block diagram of
the experimental apparatus.
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Fig.[. Block diggram of the experimental apparatus: 1-ion source, 2-magnetic mass analyser, 3- shaping slits, 4-
modulating capacitor, S-charge-exchange chamber, -deflecting plates, 7-scattering chamber, 8-beam monitor, 9-
mutwally perpendicular plates, 10-detector, 11-generator, [2-time-to-amplitude converter, 13-amplitude-to-digital
converter, |4-charge-sensitive amplifier, 15-personal computer.

Section I forms an ion beam with a wide
range of ion masses and the particle energics
from 1 to 5 keV. Section II modulates the ion
beam to create very short particle pulses neces-
sary for the time-of-flight technique [5]. The
modulated ion beam passes through the charge
exchange chamber 5 (section II1) where ions are
neutralized. The survived ions are removed from
the beam by the deflecting plates 6. Thereafter
the neutral particle beam enters the scattering
chamber 7 (section IV). Having travelled
through the section V the scattered heam parti-
cles are detected by the detector 10, As a detec-
tor we use a home made assembly of three mi-
crochannel plates of 56 mm in diameter with the
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wedge and strip collector [4). Our detector has a
grid between the third microchannel plate and
the collector. The grid signal is used as the time
reference for the particle detection moment, The
measuring-control complex VII comprises a per-
sonal computer 15 and a set of CAMAC mod-
ules (12, 13, 14). The control program makes it
possible to process information in real time
mode and visualize the results. The time of flight
1s determined by the time-to-amplitude converter
12 referenced by the signals from the modulating
generator 11 (stop signal) and the collector grid
(start signal). Three signals from the collector
clements are amplified by the charpe sensitive
amplifiers 14 and digitized by the amplitude-to-
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digital converters (13). The coordinates of a de-
tected particle are determined from the collector
element charge values [6]. Only those events are
selected which satisfy the pre-assigned condition
{e.g., rejecting events with the total charge val-
ues beyond the fixed limits may effectively bar
both the thermal detector noise pulses and dou-
ble particle events).

Results and discussion

The experimental apparatus tests involved
scattering of the He-N; and He-CO systems for
fast beam of He with the energies of 1.5 and 2.5
keV. The carlier measured differential cross sec-
tion by a movable detector [7] is known to have
the rainbow-like peak. The existence of such a
peak was confirmed in [8]. We put forward a
hypothesis [7, 9] that this peak is related to elec-
tronic or vibrational excitation. The earlier study
of the inelastic energy-loss spectra [10] con-
firmed the electronic origin of the excitation of
N2 molecule in collisions with the fast projectile
particles. The new experimental facility permits
one 1o combine the measurements of the differ-
ential cross sections and the energy-loss spectra
for all angles. Figures 2 and 3 demonstrate the
resilts for He-MN> systems. Black squares 1n
Fig. 2 represent the experimentally measured dif-
ferential cross section (reduced coordinates =@
E and pm-ei are used, where § is the scattering
angle, o — differential cross section). In Fig, 2
one can see the rainbow like singularity for re-
duced angles of 10-14 eVrad. Peak I in Fig. 3
corresponds to the elastically scattered particles
(zero loss energy), peaks II and III show the en-
ergy loss due to the inelastic collisions. The ra-
tios of peak I to peaks II and IIT accordingly re-
veal the elastic (open cirele in Fig.2) and inelas-
tic (triangles in Fig 2) differential cross sections.

Similar results for He-CO system are
shown in Figs.4 and 5.

The clastic and inelastic differential cross
sections shown in Figs.2 and 4 can be used for
evaluation of the repulsive interaction potentials.
The procedure of such an evaluation and results
for the He-N; and N3-N; systems are discussed
in detail in [11].
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Fig.2. Differential cross sections of He-N; system,
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Fig.3. Energy [oss spectra of He-N; system.
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Fig.4. Differential cross sections for He-0O system.
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Fig. 5. Energy-loss spectra for He-CO system.
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Fig. 6. Comparison of energy loss spectra of He-N;
system with electronic terms of N; molecule.

On the base of Figs.3 and 5 a conclusion can
be drawn that only excitation of molecules dur-
ing the collisions with He atoms takes place
(electronic excitation levels of He lie approxi-
mately near 20 eV and higher). Fig.6 helps to
understand the origin of the peaks at the energy
loss spectra for He-N; svstem. Here we can see
the energy shift of these peaks (the left part of
Fig.6) in comparison with the energy of vertical
transition from zero vibration level of the nitro-
gen molecule ground state to the excited states
{dot line in the right part of Fig.6). So peak II
may be linked with excitation of nitrogen mole-
cule on different electronically excited states.
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Fig & Dependence of peak II for He-CO system on
the scattering angle.

The electron selection rules can be used to
choose necessary transitions. Similar consid-
eration can be applied to He-CO system. Con-
sider the behavior and origin of peaks I for He-
N2 and He-CO systems. Figures 7 and 8 show
the behavior of peak I1 for these systems for dif-
ferent scattering angles (all curves were nor-
malized to 1), From these figures one can see
the different behavior of these peaks. Dealing
with the He-N; system all these normalized
peaks almost coincide for different scattering
angles. As for the He-CO system they have dif-
ferent shapes for different angles. This means
that the origin of the peaks is connected with
transitions to several excited states.

Using the energy-loss spectra and diagrams
of terms of N; and CO molecules in the frame-
works of Frank-Condon model we have tried to
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interpret the peaks II to be a result of transition
from ground to excited electronic states in N
and CO molecules and to determine the contri-
bution of these electronic states. To do this we
assumed that each transition on separate vibra-
tional level fits the Gauss function with the cen-
ter of this transition and the dispersion equals to
dispersion of the elastic scattered beam. In this
case the Gauss functions sum whose relative
height is determined by Frank-Condon cocffi-
cients stipulates the electronic transition. Vary-
ing the heights of this way constructed functions
per different electron transition we fit the caleu-
lated results to the experimental curve, Accord-
ing to the state selection rules aiﬂg, a’]Eu*,
w' A, the terms were chosen for the He-N, gys-
tem, Figure 9 demonstrates the compliance of
the calculated and experimental pattern for the
He -N» system (angle range is 1.6-14.9 mrad).
The transition on term a’'E, is seen to be sup-
pressed and peak II for the He-Na system can be
very well reproduced by transition on a'Tlg and
w'a, levels, The contribution of these transitions
is determined by the ratio of the areas of peaks
per each transition (see Fig. 9) and for this sys-
tem does not depend on the scattering angle.
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Fig.9. Interpretation of peak I for He-N,; system.

For the He-CO system we choose A'TL, I'E
and D'A as possible candidate terms. Figure 10
demonstrates the experimental curve fitting (the
angular range is 6.4-14.9 mrad). The experi-
mental curve is seen to be very well reproduced
by only these two terms AT and DA,
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Fig, 10, Interpretation of peak 11 for He-CO system
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Fig.11. Contribution of excitation A'T] and D'A
terms wversus scattering angle for He-CO system
{beam energy 2.5 keV)
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Fig.12, Contribution of excitation A'TT and D'A
ferms versus scattering angle for He-CO system
{beam energy 1.5 keV)
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Such compliance gives a possibility to de-
termine the dependence of transition cross sec-
tions to separate excited states. Figures 11 and
12 demonstrate such dependencies for the colli-
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JOCILLKEHHSA IPY/KHUX I HENPY AHHUX
B3ACMOIIU ATOMIB I MOJIEKYJI METOJI0M
CKOJIMOBAHOI'O MOJIEKVYJIAPHOT'O ITYYKA

O.I1.Kaaiuin

ImcTrTyT npofinem mexanixn Pociiicerol axanemil nayr,
IMpocn, Bepuagerroro 101(1), Mocrga 1173526, Pocia,
e-mail: kalininf@ipmnet.ra

MeTon ManokyTOROTO (]D" - 10t pan) poaciiopanes WeHIREE (enepria ~1 keB)
MOMEKYEAPHEE VUK NoHAT 30 pOKIE EHEOPHCTORYETECA I8 BUEUEHHA TFYAHHO-
T poaciioBanHA ATOMHHX YacTHHOE (aromis, Monewyn, iouin). Ha ccnosi tanmx
SHCNEPHMERTIE SHANNEHO NOTEHUIATA BiIWTOBNYBATRHEY B3emOoail. 3 Mmetow
POANIHPEHHA MOGKIHEOCTER [LOTO METOY HA BHEYNEHHS HeNpy:EHAR nponecis sa-
MH CHPOSKTORAND | CTROPEHO SKCTIEPHMEHTAILILY YeTRHORKY & [HETHTYTE npoGnem
mexauiky Pocificexol axanemil HAYK, Ko IOIBONMTA He TINLKW BCTAHOBHTH (akT
POECUOPARHA MACTHHEH (BiMIpHBRHHA andepeHlianpHOre nepepizy), a i ooHo-
YACH) BAIHAUHTY eHepriio poacianyy 4acTHHOK (BHMIpHEANNS cTRETRE enepre-
THEW KX BTRET). TakeM YHHOM OIHAH SKCNEPHEMENT NOCIHYE KYTORI TA EHEPTETHHI
BHMIPIOBAHHA 1 J03BOMAE OTPHMAaTH nogsifdil Awdgepesoianeni mepepizn. Buai-
PORAHEA oABIREAY AMdepeHiiAnERT Nepepiiie A pIIEMX CHOTEM BRMOMHO 3
MOMeKY/IaMH NIITEERIILTH XOPOLEH MOMAHBOCT] 18 BUINAYEIHA He Tinbky apde-
PEHUIANEIHY Nepepizis npywHOTO | HENpYRHOTD poscioRasna, a # accnizmeHs
30VIGREHHA HIGHUMY  SAEKTPOHHMN CT2HIE MOUEKYN A8 3ITKHGHE  IIBHIIRHEX
HATITAIOUHN YECTHHOK | Mimenei,
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