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Multiple ionization is the dominant process involved in high
energy heavy ion atom collisions. By assuming that the probability
Qn for the simultaneous production of n L shell vacancies and one < hole
is given by a binomial distribution, one can determine the L shell
vacancy production probability per electron, p. These parameters
were given by several authors for neon from the analysis of the X ray
[1,2,3] and Auger spectra [4,5,6] produced in energetic heavy ion 3tom
collisions. Recently these data have been compared with the corresjonding
theoretical calculations of Becker et al.[7,8], and Sulik et al.[9].
Although the vacancies are produced by exciting electrons into the .
continuum as well as to higher shells, these two praocesses cannot usual-
1y be distinguished in the evaluation of P from the measured spe:tra.
In high resolution Auger spectra one can separate in certain cases
the satellite lines produced in pure ionization events from those
due to ionization and excitations to higher bound states. In the
present study we try to assess the role of excitations to higher bound
states in the multiple vacancy production.

The resolution of our triple pass electrostatic electron spectio—
meter [10,11] has been considerably improved by incorporating an
additional deceleration system into the first spherical stage of tte
spectrometer. In all other respects the experimental arrangement wes
practically the same as in our earlier study [6]. The beam current
from the cyclotron U-300 (Dubna, JINR) was about 100 nA at the neor
gas target beam for the Ne>*, Nell* and Ac®* ions of 5.5 MeV/u
impact energy.

Oue to the high resclution of the electron spectrometer (about
1 eV) it was possible to distinguish individual transitions from eich
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ather within the satellite group around the kinetic energy of 785 ev,
which consisted mainly of KL'LZ,BLZ,B transitions with no excited
spectators in the higher shells. The spectra measured at the observa-
tion angle of 165 degrees for the three projectiles indicated above
are shown in fig. 1. The Auger transitions observed in the 782-805 eV
energy range have been identified as shown in the figure. For details
see reference [12]. The spectrometer collects electron spectra measured
simultaneously at 13 different angles ranging from 0 to 180 degrees.
For determinating the relative intensities the data obtained from all
the angular channels were taken into consideration, so that the
anisotropic angular distributions of the lines did not affect the
results. Table 1 presents the measured relative intensity values
normalized to the KLZL3 diagram line in the same spectrum, as well as
the branching ratios used in determinating the relative populations.
These branching ratios were taken from the calculations of Schmidt
[13] in the case of the multiplets of the 1512512p6 vacancy confi-
guration and from Krause et al,(1971) in the case of the 1512522p5
ono. Hoing Hhe Slative populelivee ol iim is zs'eps ano is'zsZep’
vacancy configurations obtained from the measured intensity ratios
the average ionization probability values for one electron were
determined in the t-shell and separately in the 2p ‘and 2s subshells
of neon in the 5.5 MeV/amu collisions of Ne3+, Ar6+ and Ne10+ with
Ne. For this purpose we made use of the binomial distribution

supposed to be valid for configurations involving no excited

electrons.

Since in estimating the values of the ionization probabilities
per electron we use only the intensity ratio between the
transitions of initial vacancy configurations which have ane or
zero hole in the t—shell and those in the K-shell with no electron
excited to higher bound states,our evaluation procedure implies

the following.

a/ The PL values determined from X-ray measurements with moderate
resolution (where the instrumental resolution usually does not allow
one to separate ionization satellites from those originating from
vacancy configurations containing holes produced by excitation) as
well as those obtained from the ratio of the intensity of the total
K—Auger spectrum to the diagram intensity systematically tend to be
higher than our values estimated from the present measurements, since
they provide the vacancy production probability per electron (let us
denote it by p. ).

b/ The ionization probability values obtained directly from the

populations of the configurations containing no electrons excited

Table 1

Relative intensities of the Auger transitions
determined in the present study and normalized to the
KLZL3 diagram transition in the same spectrum, and the

urdnciitilg ratlos taken rrom scnNmiot | 124 1n The case ot

the multiplets of the 1512512p6 vacancy configuration and

from Krause et al.[14] for the multiplets of the

1s125%2p configuration (for the notation see [15]).
Transition Projectile Branching
ratio
126 sp(?5-3p) 0.115(4) 0.16(1) 0.21(9)  0.0562
125ppCp=%) 0.310(5) 0.76(1) 1.12(9)  0.218
125pp(PP-2p) 0.59¢4) 1.38(9) 2.0(1) 0.408
116pp(>s-2p) 0.31(4) 1.66(8) 0.85(7)  0.853
125pp(1p-2p) 0.149(s) 0.34(3) 0.51(4)  0.226
125pp(1p-20) 0.258(5) 0.56(2) 0.78(4)  0.452
116pp(*s-20) 0.082(3) 0.17(2) 0.21(4)  0.589
126pp(?s-1s) 0.168(4) 0.20(2) 0.21(3)  0.095
126pp(?s-1p) 1. 1. 1. 0.550




Fig. 1. A part of the Ne K Auger lgectrum from the 5.5 MeV/u

- lle3+- Ne, Ar6+- Ne and lel *_ Ne collisions,

a. diagram limes: 1w126pp(25-3p), 8al26pp(2s-ls),
9=126pp (25-1D)

b. satellite lines: 2«125pp(P-2P), 3a125pp(>P-2D),

4=116pp (’s-2D), 5«125pp (*p-?P),

intensity

10+
Net = Ne 6=125pp (1P~2D), T=116pp (15-2D).
1.
o9 === 2p
) L [ —el X't Ne
780 790 500 o8 ——a2s
Ar®*—Ne e
s 0.6
;‘0.5—
0.6+
0.3

2
01} c.
P
Qe 4 1|
0 0 1
o VGBIV g, vy

Fig, 2. The experimental and
theoretical [16] values
of the ionization probabi-

L — i
780 790 800 £ Lev) lity per electron.

into bound states are in fact conditional ones (we denote them by
pé’) which have to be multiplied by the probability of the condition
itself (namely that no excitation to higher bound states occurs) to
obtaid p&, the real ionization probability per electron. The

probability of having no excitation is given by 1-(p{~pi) in the case

of the total L-shell. The values of the vacancy production probabi-
lity per electron (pz) obtained from the total K~Auger (including
the KLM group)/diagram ratio were used for the estimation of pi.
For the total L-shell we get the ionization probability per electron
according to
i}, v
i PLU-n)
pL: ————— e

1~pi

For deriving the separete L-subshell ionization probabilities
per electron one has to know the corresponding subshell vacancy

production probabilities per electron. From our spectra only pz, the
vacancy production probability, could be extracted for one electron

in the total L—shell but not that in the subshells. Instead, subshell
ionization probabilities have been estimated by supposing the constancy
of the ratio of the vacancy production probability to that of
ionization for the subshell concerned.

c/ The probability values obtained this way correspond to the
probability that in the case ot a given single K 1onization one
vacancy is created simultaneously in one of the L subshells by exciting
the L-electron into the continuum (or the L—electron captured by the
projectile).

d/ This ionization probability value will differ from that
determined by fitting a binomial distribution to the populations of
all the kL" vacancy configurations containing no electrons excited
in bound states lying higher than the L-shell, since the inclusion
of higher n values means the inclusion of the effect of the increased
binding energy values and this effect presumably decreases the value
of the ionization probability.

The obtained results are summarized in Table 2. Since the
velocities of the different projectiles are the same, changes in
the ionization probability values are due only to differences in

the kind, structure and charge of the projectiles.




In fig. 2 the present experimental ionization probability per
electron values are compared with the predictions of the encounter
probability model of Sulik and Hock [16]. The theoretical curve
has been calculated without correcting for the increased binding
energy and using the effective charge of the projectile. The
latter was determined from the binary encounter picture to be
responsible for the L-shell ionization.

We conclude that excitation to higher shells plays a non—
negligible role in multiple ionization processes involved in
energetic heavy ion - atom collisions and its contribution
decreases with increasing projectile charge at a fixed projectile
speed.

The authors acknowledge the continuous interest and help of
Professors G.N. Flerov and Yu.Ts. Oganessian in this study.
Thanks are due to Mr J. Koblds for technical assistance and to

the operating crew of the U-300 cyclotron.

Table 2
The experimental and theoretical

ionization and vacancy production probabilities per electron

Projectile Ne>* act* neZ0*

. exp. theor.“ exp. theor . ® e;p. theor.*
P2s 0.12(1) 0.146 0.21(2) 0.207 0.27(2) 0.313
p;p 0.15(1) 0.165  0.28(1) 0.311 0.38(2)  0.482
ptxx 0.14(1) 0.160  0.26(1) 0.285 0.35(1)  0.438
o 0.20(2) 0.35(5) 0.38(7%

Ph/Pys  1.3(1) 113 1.3(1)  1.50 1.4(1) 1.5

» according to Sulik and Hock [16], without correcting for increased
binding energy

sxfrom our previous measurement - Kédir et al, [6], calculated
from the total/diagram ratio, supposing binomial distribution
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Kapmap H. u Op. E7-85-656
OnHcaHue TpOILEeCcCOB MHOTOKpPAaTHOH HOHMS3alUH

C HCNOJb30BaHHEM OXe-CIeKTpOoB

U3MEPEeHHBX B CTOJIKHOBEHHAX Ne§+, NelO+,

Ar6* (5,5 MaB/a.e.m.) — Ne

HccltegoBanucp mponecchl MHOTOKpPATHOH HMOHMSAalHU B Ipolec-
caxX HOH—AaTOMHbIX CTOJIKHOBEHHIl Ha TAXeNbX HOHAX, a HMEHHO
Ne3+, Ne10+, Ar®* (5,5 MaB/a.e.M.) - Ne. C momombi0 37M€KTpO-
CTAaTHUECKOr'0 CHeKTpoOMeTpa 3JIeKTPOHOB Ha6mogalnicsi CrNeKTp oxe-—
nepexonoB. OnpenesieHbl BEpOATHOCTH HOHM3AaUHH HAa OOUH 3NEKTPOH
nna L-o60s104yKH H OTOeNbHO anA 2s u 2p nopmo6osioueKk HeOoHa.
O6HapyXeHa 3HAUYUTeNIbHAA pas3HHIA Mexny obpasoBaHHeM BaKaH—
CHH H BepOATHOCTBK HOHH3anuH Ha L-ob6onouke, uTO ykasnBaeT
Ha 6oJilee 3aMeTHOe BJHAHHe BO36yxneHuit Ha 6osiee BhHICOKHe 060-—
JIOUKH B 3THX nponeccax. 06cyxmeHHe pe3yNbTaTOB NPOBOOUTCAHA
B paMKaxX CYymeCTBYWEHMX TeOpeTHUeCKHX Mojereit,

Pa6ora BrinonHeHa B JlaGopaTopHu anepHbX peakuuit OUAH.

NMpenpuRT O6beAMHEHHOrO HHCTHTYTA AAEPHHX HcchenosaHmit. [ySna 1985

Kadar I. et al. E7-85-656
Characterization of Multiple Tonization

Processes by Means of Auger Spectra Measured in
Ne3*, NelO+ Ar®t (5.5 MeV/u) - Ne Collisions

Tonization probabilities per electron for the L-shell
and separately for the 2s and 2p subshells of neon in the
5.5 MeV/u Ne3*, NelO+ and Ar6* - Ne collisions were deter-
mined. Significant differences between the vacancy produc-
tion and ionization probabilities in the L-shell have been
found indicating the nonnegligibility of excitatioms to
higher shells in these processes.

The investigation has been performed at the Labora-
tory of Nuclear Reactions, JINR.
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