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This work deals with the experimental study of secondary electron emission induced by discusses 1 MeV/a.m.u.
hydrogen ions in forward direction from thin argentums, copper and nickel foils. The possible reasons of less
effective generation of law energy electrons by molecular ions were discussed. We concluded that realization of
collision mechanism of secondary electron production (slow electrons) is complicated by correlative motion of the
constituent ions of molecule in the substance. The experiments show, that when fast charged particle passes through
substance the production mechanism of ionization electrons through plasma oscillations, apparently, is proved to be

more effective for molecular ions, than for atomic ones.
PACS: 52.40.-w

1. INTRODUCTION

At present, the development and wide use of powerful
sources of particles and energy attract considerable
interest to the nonequilibrium states of various physical
systems. Steady-state nonequilibrium distributions can be
found by exact solving kinetic equations. It is peculiar to
physical systems for which the interaction of waves or
particles can be described by the kinetic equations for
waves, quasi-particles, and particles. The universal
steady-state nonequilibrium power-law distributions in
the form:

N(E) = AR,
where s is the power index, 4 is constant are the exact
solutions of the Boltzmann collision integral. In order
such distributions to exist, there must be a source and sink
of energy that provide a constant particle flux in
momentum space [1].

Ionization of atoms arises as ion pass through the
substance. Some part of these “new-free” electrons can
penetrate through the surface of solid into vacuum, i.e. the
secondary electron emission takes place. The studies of
this phenomenon that induced by fast ions from thin foils
are of great interest now [2,3].

These conditions take place when the kinetic
secondary electron emission induced by ions occurs.
Ionization of atoms arises as ion pass through the
substance. The power-law distribution function of
secondary electrons can be formed in this nonequilibrium
case [1]. Some part of these electrons passed through
surface of a solid into vacuum (i.e. emission takes place

The power-law distribution function of secondary
electrons can be formed in this nonequilibrium case [3].
The secondary electrons are the storage medium of the
information about internal processes. The distribution
function of secondary emission electrons had been shown
previously to have power-law dependence [4]. The ion
emission problems have been studied inadequately by
now, and, therefore, some effects not sufficiently clear.
This assertion is particularly true for both experimental
and theoretical aspects of the kinetic ion-electron
emission.

The emission energy spectra have been investigated
carried out very actively during last time. These spectra
are a more informative characteristic than the electron
yield y It was shown in several experimental studies that
the secondary emission electrons were distributed by the
power law [2-5]. The authors of ref. [5] have shown that

the energy distributions may be approximated by the
power law N(E) [E°, where E is the energy of the
secondary electrons, s is the power index. The energy E
was measured starting from the vacuum level. The power
index s was 1.5 - 3 for different ion-target pairs and
different projectile energies. In this work, the energy
distribution N(E) normalized on the electron yield, that is

IN(E)dE= Y . These authors have indicated that the

power index s depends on the ion energy in such a way
the relative part of fast secondary electrons increases with
the growth of ion energy [5].

Earlier, by using proton beams, we have
demonstrated that the distribution function of secondary
electrons is approximated by the power-law with different
power indices in the corresponding energy ranges [3].
Furthermore, it was shown there that the function
dependences of secondary electron distributions were the
same for different angles of emission current
measurements. It is necessary to stress that in this case the
distribution is the function of the total energy, namely, E
= Er + e@ + eU, where Er is the Fermy energy, eg is the
work function of the target material, U is the retarding
voltage. Therefore studies of influence of various factors
upon the power index in different energy ranges are
needed.

The powerful method for analysis of wake potential
oscillations in matter at fast ion passing is study of kinetic
emission of secondary electrons emitted from metal
surfaces at bombardment by molecular ions. Such
experiments were carried out by a number of authors [6-
8]. In paper [6] the energy spectra of secondary electrons,
knocked out from the massive copper target by ions H,",
H,", Hy" with energies 200 keV/a.m.u. were studied. From
the results, reduced in this paper, it is visible, that the
secondary electron spectra in a measured energy interval
(=35 eV) have power-law character, both for atomic, and
for molecular ions. The measured total electron yields y
for bombarding ions H,", H,", H;" relate as /: 2: 3. This
ratio is upset for a differential electron yields YE), where
E is secondary electron energy. As mentioned in paper [7]
a coefficient R(E), defined as:

Ry (E) = Yy, (E)/ 2y (E) )
is vary depending on secondary electron energy changing
from 0 up to 200 eV. The coefficient R(E) curve for gold
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target has two maxima for primary ion energies from 75
KeV/a.m.u. up to 300 KeV/a.m.u. The coefficient R(E) is
less than / for small secondary electron energies. It is
necessary to note, that the curve intersection with a
straight line R, = I and the first maximum are shifted with
increasing of primary ion energies in the direction of
small energy, and the second maximum in the direction of
large energy. The authors point out, that the velocity of
electrons at curve maximum is equal to the bombarding
ion velocity [7].

A diatomic molecule ion is dissociating in two
fragments when it passing through substance. Both of that
fragments excite plasma oscillations (plasmons). The
authors of [8] studied the kinetic electron emission
induced by CO’, C', O" ions. The effect of plasma
oscillation interference from fragments of molecular ion
on electron yield was found.

The diatomic molecule moving through substance loss
electrons, i.e. ionization process happens. The Coulomb
repulsion between two fragments becomes very strong
and “Coulomb explosion” occurs [9]. The separation of
molecule fragments occurs on distances not more than a
Coulomb screening length » for ions generated. For
example, for metal this value is equal to 10® cm. The
track diameter is determined by the length of collision
cascade and comes to 10° cm, i.e., in this case, both
fragments of a molecular ion move in one track.

2. EXPERIMENT

The investigations of electron spectra from the ion-
electron emission were carried out on the experimental
setup (see Fig. 1) [10]. The target 3 of materials under
study was situated in a vacuum interaction chamber 1.
The ion beam passed through the target. A 5 MeV
electrostatic ion accelerator was the beam source.
Collimators 2 limited the geometrical dimension of the
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Fig. 1. The experimental setup

H," or H," ion beam of energies from 1 to 3 MeV. The
diameter of the beam on the target was equal to 1 mm.
The ion current density was up to 1.0 JA/cm®. A Faraday
cup 4 detected the current of ions, which passed through
the target.

The targets were made from Ag, Cu, Ni, which were
the polycrystalline thin foils of high purity (99.9%).
Their thickness was 2.0 pm, 2.07um, and 1.1um for Ag,
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Cu, and Ni respectively. All experiments were carried out
with normal incidence of beam to the target. The residual
gas pressure was equal to 10* Pa. The measurements of
energy distributions were carried by means of a three -
grid electrostatic analyzer 5 with a little aperture (400
ster.). The retarding field method was used in the
experiments. The retarding gap was situated between the
first and second grids. The first grid was connected to
earth. The retarding voltage with 50V amplitude was
applied to the second grid and varied linearly with time.
All analyzer grids and the collector were placed into an
earthed cylinder copper shield. In this case, the electric
field in the analyzer differed by more then 1% from the
spherical one. The analyzer was placed at an angle of 45°
with respect to the beam direction. The energy spectra
were studied from both sides of the target, i.e. for forward
and backward emissions.

The electrons, which have passed through the
retarding potential of the second grid, hit the analyzer
collector. The electrometric amplifier 7 enhanced the
electron current. The output voltage of amplifier 7 was
applied to the first input of the analogue divider 8. The
voltage, which was proportional to the beam current, was
applied to the second input of the divider. The ion beam
current preamplifier 6 fed this voltage. The use of the
analogue divider 8 permitted one to reduce the spurious
noise and the oscillations of the beam instability. The
error of energy spectra measurements was not more than
1%. The pulse analyser 9 accumulated the information
obtained. The analyser data went to the computer 10.

3. EXPERIMENTAL RESULTS AND
DISCUSSION

The energy spectra of secondary electrons, induced
from Ag target by H," ions with energy 1 MeV and H,"
ions with energy 2 MeB are shown at Fig. 2.
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Fig.2. The energy spectra of secondary electrons, induced
from Ag target by H," ions with energy 1 MeV (curve 2)
and H," ions with energy 2 M>B (curve 1)

The distribution function of non-equilibrium electrons
have power-law character with power indices nearly to
presented early [3]. These results were obtained for all
used targets. For definition of differences in power
spectra of secondary electrons, which induced molecular
and atomic ions, we calculated a differential coefficient R



(E). This coefficient was determined above. The
coefficient R(E) dependences on energy of secondary
electrons presented at the Fig. 3 for all three targets used
in experiments. As seen from Fig.3, the curves for
different targets are similar and differ by amplitudes. The
R/E) maximum for all three targets does not coincide.
The energy of secondary electrons which corresponding
to a Ry(E) maximum decreases with growth specific
energy losses dE/dx of ions. The similar curves for a
massive gold target presented earlier [7]. In these
experiments projectile energies were less than ones in our
study.
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Fig.3. The coefficient R(E) dependence on energy of
secondary electrons for all three targets used in
experiments (1- Cu, 2- Ni, 3- Ag)

It is necessary to notice, that there are two features at
the experimental curves. This is maximum existence and
presence of R(E) < I region for energies of secondary
electrons less than 10 eV. The existence of a maximum,
apparently, can be explained from following reasons. The
energy losses of a diatomic molecule are higher, than
ones for two atomic ions at passing through matter [10].
The losses related with excitation of wake oscillations of
a charge density increase most essentially. Plasma
oscillation energy has fixed value for the each matter
[11]. The electrons formed through plasma oscillation
interaction have the same energy. Therefore, the part of
energy electron spectra, where electron energy is less than
plasmon one, corresponds these processes. Consequently,
we think that the maximum on RyE) curves have a
plasma nature.

Existence of an energy interval in secondary electron
spectra, where R(E) < I means, that one molecular ion
(the diatomic molecule) acts less effectively, than its
components individually. We think, that it can be
explained from following reasons. The slow electrons
from the region R(E) < I arise from not only plasmon
mechanism, but also direct collisions projectiles with
target atoms. In the case of collision mechanism, the first
fragment of the diatomic molecule screens from collisions
the second one (see above). The back ion is in a shadow
of the forward one, that results in decreasing of yield of
slow electrons (region R(E) < [) for H," ions in
comparison with two H' ions. Besides, when hydrogen
molecule moves through substance the back ion is in the
wake track of the forward one. In this case, the addition

screening of the back ion by substance electrons can take
place. As the law- electrons arise from distant collisions,
in this case its number can appear essentially less, than for
two independent protons. Therefore, the existence of R,
(E) < I region can be explained as well by the addition
screening of the back ion in a diatomic molecule by
substance electrons.

CONCLUSION

Arising of slow electrons through collision mechanism
is less effective for molecule ions because of correlation
motion of fragments. It is followed from both mentioned
above reasons.

Our experiments show, when a fast charged particles
pass through matter the mechanism of substance atom
ionization through plasma oscillations is more effective
for molecular ions, than for atomic one.

ACKNOWLEDGEMENTS

The authors are grateful to professor S.Moiseev for
target setting and permanent interest to this work. We are
grateful to STCU pr. No 1862 for financial support of this
work.

REFERENCES

1. VI Karas', S.S. Moiseev, V.E. Novikov,
Neravnovesnie stacionarnie raspredeleniya chastits v
tverdotel’noy plasme // Zh. Eksp. Teor. Fiz. 1976, V. 71,
P. 1421.

2. W. Meckbach, G. Braunstein, N. Arista. Secondary
electron emission in the backward and forward direction
from thin carbon foils traversed by 25-250 KeV proton
beams. // Physics B, 1975,V. 8, P. 344.

3. E.N. Batrakin , L.I. Zalyubovskii, V.I. Karas' , et al.
Issledovanie vtorichnoi electronnoi emissii iz tonkih
plenok Al,Cu,Be, indutsirovannoi puchkom protonov 1
MeV // Zh. Eksp. Teor. Fiz. 1985, V. 89, P. 1098.

4. E.N. Batrakin, LI. Zalyubovskii, V.I. Karas', et al.
Eksperimentalnie issledovaniya vtorichnoi electronnoi
emissii iz tonkih plenok, indutsirovannoi a-chasticami //
Poverkhnost'. 1986, No 12, P. 82.

5. D. Hasselcamp, S. Hippler Nucl. Instr. and Meth. B
Ion — induced secondary electron spectra from clean metal
surfaces // 1987, V. B 18, P. 561.

6. D. Hasselcamp, A. Scharmann. Molecular effects in
ion-induced secondary electron spectra. // Phys.Lett.
1983. V. 96A. No 5. P. 259.

7. D. Hasselcamp, S. Hippler Molecular effects in energy
spectra of ion-induced secondary electron from gold.//
Nucl. Instr. and Meth. B 1984. V. 2. No 2. P. 475.

8. H.J. Frischkorn , K.O. Groeneveld , P. Koschar et al.
Observation of heavy-ion-induced wake potential
interference effects. // Phys. Rev. Lett. 1982. V. 49. No
22.P. 1671.

9. S.I. Kononenko Kinetichna electronna emissiya z
poverhon’ metalevyh plivok pri bombarduvanni ionamu
geliyu// Reports of NASU. 2001. Nol. P. 87.

10. N.P.Kalashnikov, V.S. Remizovich, M.I.Ryazanov
Stolknoveniya bystryh zaryazhennyh chastiz v tverdyh
telah. M.: Atomizdat, 1980.

11. F. Platsmann, P. Wolf Waves and interactions in
solid plasma. M.: Mir, 1975.

87



E®EKTH, 10 CTBOPIOIOTHCS MOJIEKYJISIPHUMU IOHAMUA HA ITOBEPXHI TBEPJOI'O TIJIA
C.I.Kononenxo, B.I. Mypamoes

VY wmiit poOori mpuBeAeHI pe3yNbTaTH EKCIEPUMEHTAIBLHOTO JOCIIKEHHS BTOPUHHOI EJIEKTPOHHOI eMicii, mo
CIIPUYMHIOETLCS 10HaMU BOAHIO 3 eHeprismu | MeB/a.o.m.. EMicisi BuBUamacs Ha MPOCTPUT 3 TOHKUX MillIeHEH 3i
cpibna, Mimi i1 Hikens. OOroBOPIOIOTHCS MOXJIMBI NMPUYMHH MEHII e(EeKTHBHOI TreHepallii HU3bKO CHEePreTHYHHX
SJICKTPOHIB MOJICKYJIIPHUMH i0HaMU. MH BBa)KaeMo, [II0 MEXaHi3M CTBOPEHHS ITOBUIBHHX €JIEKTPOHIB Yepe3 3iTKHEHHS
Mae€ TIeBHI TPYAHOIII, MO0 peajli3allii mpu KOpelipoBaHOMY pO3IBOTI ()parMeHTiB MOJEKYJISIPHOTO i0Ha B PEUYOBHHI.
[IpoBeneni eKkcnepMMEHTH IOKa3alW, IO Iiepelada eHeprii Bif IIBHAKOI 3apsUKEHOI YacTHHKH EJIEKTPOHAM
CepeJIOBHINA Yepe3 MIa3MOBI KOJMBAHHS HAHOUIBII e)eKTUBHO JUIs MOJICKYJSIDHHUX 10HIB, HIX U1 aTOMHHX.

IDPPEKTHI, MPOU3BOJANMBIE MOJIEKYJISAPHBIMU HOHAMMN HA TIOBEPXHOCTH TBEPJ1IOI'O
TEJA

C.HU.Kononenxo, B.U.Mypamoes

B oT1oit pabGoT mpuBeAeHO pe3yJbTaThl AKCIEPUMEHTAIBLHOTO HCCIEAOBAaHUS BTOPUYHOW JIEKTPOHHOW OSMUCCHH,
BBI3BIBAEMOM MOHAMH BOJIOpoJa ¢ 3Heprusimu 1 MaB/a.e.M.. OMuccus u3ydaliach Ha MPOCTPENT C TOHKMX MHIICHEH W3
cepebpa, Mean 1 HuKeNs. OOCYKIAI0TCsI BOZMOKHBIE TIPUYHUHBI MeHee A GEKTHBHOM reHepanny HI3KOIHEPTeTHIECKUX
OJICKTPOHOB MOJICKYJIAPHBIMA HWOHAMM. Mel cyuTacM, 4TO CTOJIKHOBUTENBHBIM MEXaHU3M CO30aHus MCIOJICHHBIX
BTOPHYHBIX JICKTPOHOB 3aTPYIHEH MPU KOPPEIUPOBAHHOM pasjiere (parMeHTOB MOJCKYJISPHOTO MOHA B BEIIECTBE.
[IpoBeneHHbIE SKCIIEPUMEHTBI [TOKA3aJIH, YTO Tepeada SHEPriuH OT OBICTPOH 3apsKEHHOI YaCTHIIbI AIEKTPOHAM CPEIbI
ITOCPEICTBOM TUTa3MEHHBIX KoyieOaHuil Ooiee 3(h(hEeKTUBHO I MOJICKYJIIPHBIX HOHOB, YEM JJIS1 aTOMHBIX.

88



	S.I .Kononenko & V.I. Muratov
	Kharkov National University, pl. Svobody, 4, 61077, Kharkov, Ukraine
	Fig.2. The energy spectra of secondary electrons, induced from Ag target by H1+ ions with energy 1 MeV (curve 2) and H2+ ions with energy 2 МэВ (curve 1)
	Conclusion
	Acknowledgements
	References




