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The electron impact coherence parameters for electron impact excitation of 51P1 cadmium and 41P1

zinc state are presented. The collision process was investigated for the electron energy range from 40 eV
to 100 eV. The obtained experimental results are presented together with the existing convergent close
coupling and relativistic distorted–wave approximation theoretical predictions. The present work is
a brief review of our experimental results obtained for the 12th group atoms of the periodic table.
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1. Introduction

The experimental data on collision processes play
a significant role in studying planetary atmospheres,
stars and interstellar clouds, where the electron col-
lisions with atoms are one of the main mechanisms
of energy transfer. For example, the presence of
cadmium in interstellar matter provides informa-
tion about the processes of catching neutrons in
nearby stars [1] and quantitative studies on the
presence of zinc deliver valuable information on
the chemical evolution of the stars [2]. Although
there are various experiments involving studies of
the collisional processes, in most cases the obtained
results are averaged over unobserved parameters.
Such research may include measurements of differ-
ential cross-sections [3], optical excitation [4–7] and
spin asymmetry functions [8, 9]. In 1969, Bederson
proposed “a complete scattering experiment” that
enables to determine all the scattering amplitudes
and obtain a full information (in the quantum-
mechanical sense) about the collision process [10].
Such “complete data” would allow the proposed the-
oretical models to be tested.

One of the possible implementations of such
an idea are electron–photon coincidence measure-
ments in both polarisation [11] and angular cor-
relation versions [12]. Technological progress in
research equipment has enabled to use such tech-
nique to conduct research on calcium [13], mag-
nesium [14] and strontium [15]. All these ele-
ments have in the ground state two valence elec-
trons outside completely closed shells which makes
research on them a natural extension of studies on
helium [16]. However, a much more interesting sub-
ject of research seem to be the atoms from the 12th
group, such as zinc and cadmium. Their electron

configurations are similar to alkaline earth met-
als (two valence electrons outside the completely
closed shells). Thus, such studies give the possibil-
ity for observation of the increasing impact of the
fine structure and the spin dependent interactions
on the collisional excitation process. This influence
could be manifested, for example, by the lack of full
coherence of the collision, which can be verified in
this type of experiment. Moreover, a comparison
of the data for zinc and calcium as well as cad-
mium and strontium would allow to examine the
effect of a closed subshell (n−1)d10 on the collision
process.

2. Electron impact coherence parameters

Considering the collisional excitation of an atom
from S0 to P1 state, the excited one can be de-
scribed as a coherent superposition of three mag-
netic sub-states. In a natural coordinate system
for which the quantization axis is defined in a di-
rection perpendicular to the collision plane (defined
by the momentum vectors of the incident and scat-
tered electron), due to the reflective symmetry, only
two sub-states make a non-zero contribution to this
superposition. Therefore, the excited P state can
be expressed as∣∣P〉 = a−1

∣∣mj = −1
〉
+ a+1

∣∣mj = +1
〉
, (1)

where a−1 and a+1 mean the complex coefficients
representing the relevant excitation amplitudes.

In such a case, the angular part of the electron
charge cloud of the excited atom to P state can be
described with an expression

|Ψ(ϑ, ϕ)|2 =
3

8π
sin2 (ϑ)

(
1 + PL cos (2ϕ− 2γ)

)
,

(2)
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Fig. 1. Example of angular distribution of the
electron charge cloud of an atomic P state. The p0

and p symbols represent momenta of incoming and
scattered electron, Θ is the scattering angle, γ rep-
resents the alignment angle and L⊥ is the angular
momentum transfer parameter. The shape param-
eter PL can be related to the length l and width w
of the cloud.

where PL and γ are the shape and the alignment
angle parameters [17, 18]. They are defined as

PL = 2
∣∣a∗−1a+1

∣∣ , (3)

γ =
1

2
arg
(
− a∗−1a+1

)
. (4)

A complete description of the collision process also
needs information about an angular momentum
transfer which is described by L⊥ parameter

L⊥ = |a+1|2 − |a−1|2 . (5)
The graphic interpretation of these parameters is
presented in Fig. 1. Moreover, the coherence of the
investigated process can be verified using P+ pa-
rameter defined as:

P+ =
√
L2
⊥ + P 2

L (6)
which in a fully coherent case should be equal
to one.

3. Experimental setup

The full description of the apparatus used for cad-
mium and zinc studies can be found in our previ-
ous papers [19–21]. Briefly, experiment involves the
analysis of polarisation of fluorescence from the ex-
cited state detected in coincidence with scattered
electrons. The atoms are excited from the ground
to the investigated state as a result of a collision
with electrons with strictly defined energy. Elec-
trons scattered at a given angle Θ are analysed en-
ergetically in such a way that only the ones that
excited the atom to the observed state reach the
detector. At the same time, in the direction per-
pendicular to the collision plane, the polarisation
of the fluorescence emitted by the atom during the
transition from the investigated to the ground state
is analysed (see Fig. 2).

Fig. 2. Schematic outline of the apparatus and ge-
ometry of the electron–photon coincidence experi-
ment in the coherence analysis version: EG — elec-
tron gun, EEA — electron energy analyser with
channel electron multiplier, AS — the source of the
atomic beam (Zn or Cd), λ/4 — zero-order quartz
retardation plate, PA — “pile-of-plates” polarisa-
tion analyser, F — broadband filter (Zn 214 nm,
Cd 229 nm), PMT — photomultiplier tube, CFD
— constant fraction discriminator, SMC — stepper
motor controller, TAC — time-to-amplitude con-
verter, AMP — preamplifier, DLY — delay line,
PC — personal computer with multichannel anal-
yser. The scattering plane Σ is defined by p0 and p
which are the momentum vectors of electron before
and after the collision, Θ – the scattering angle.

The time correlation between electron (start)
and photon (stop) signals is measured. As a result,
the coincidence spectra are determined for various
positions of the polarisation analyser axis. Finally,
it allows us to determine the number of true coin-
cidences for each of the analyser positions, which
leads to the calculation of the Stokes parameter
values. Using the formulae below, they can be
easily converted into EICP parameters

PL =
√
P 2
1 + P 2

2 , (7)

γ =
1

2
arg(P1 + iP2), (8)

L⊥ = −P3. (9)

Thus, according to expression (6), the coherence
parameter P+ can be also determined as

P+ =
√
P 2
1 + P 2

2 + P 2
3 . (10)

4. EICP cadmium results

The experimentally determined EICPs for a col-
lisionally excited cadmium atom to the 51P1 state
are presented for electron energy 100, 80 and 60 eV.
The data are shown graphically together with
convergent close coupling (CCC) and relativistic
distorted-wave approximation (RDWA) theoretical
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results (see Figs. 3–5). The analysis of all the EICP
data sets allows some broader conclusions on gen-
eral trends and differences between theoretical and
experimental results to be drawn:

• In the case of the alignment angle parame-
ter γ, the CCC data for 100 eV and 80 eV are
significantly different from the RDWA predic-
tions, while the results for 60 eV show a much
better similarity to the CCC data.

• The agreement between the theoretical and
experimental data remains at a similar level
for different collision energies.

• The characteristic structures of parameters
PL, γ and L⊥ move towards higher scattering
angles with decreasing impact energy. This
phenomenon can be intuitively explained as
a manifestation of a longer interaction time
of the electron with the atom during an im-
pact. This conclusion fully agrees with the
first Born approximation (FBA) theory anal-
ysed in our previous work [22]. Thus, this ef-
fect should also be visible in the case of other
elements.

• In the case of the CCC model, the character-
istic structures of the γ parameter are visible
for slightly smaller values of the scattering an-
gle than for the RDWA predictions (≈ 1◦).

• In the structure of the shape parameter PL

in the range of the scattering angle between
15◦ and 40◦, all data show only one minimum.
Similarly, in the case of the angular momen-
tum transfer parameter L⊥ one maximum is
visible.

• In the case of all impact energies, there was
no significant deviation of the P+ parameter
value from unity which indicates that the ex-
amined collision process is coherent [22].

• Both the CCC and RDWA models reproduce
all the structures visible in the experimen-
tal data, although in the case of RDWA they
show much smaller amplitudes.

Fig. 3. Shape parameter PL for electronic excita-
tion of 51P1 Cd state. Experimental data: (•)
100 eV, (◦) 80 eV, (4) 60 eV. Theoretical data:
(CCC and RDWA): (—) 100 eV, (– –) 80 eV, (· · ·)
60 eV [22, 25].

Fig. 4. Alignment angle γ for electronic excita-
tion of 51P1 Cd state. Experimental data: (•)
100 eV, (◦) 80 eV, (4) 60 eV. Theoretical data:
(CCC and RDWA): (—) 100 eV, (– –) 80 eV, (· · ·)
60 eV [22, 25].

Fig. 5. Angular momentum transfer L⊥ for elec-
tronic excitation of 51P1 Cd state. Experimental
data: (•) 100 eV, (◦) 80 eV, (4) 60 eV. Theoretical
data: (CCC and RDWA): (—) 100 eV, (– –) 80 eV,
(· · ·) 60 eV [22, 25].

5. EICP zinc results

Figures 6–8 present results of EICPs for a colli-
sionally excited zinc atom to the 41P1 state for en-
ergy 100, 80, 60 and 40 eV together with CCC and
RDWA theoretical predictions. Similar to the cad-
mium case, some conclusions could also be drawn:

• In contrast to the cadmium atoms, discrep-
ancies between theoretical and experimental
data become greater as the collision energy
decreases.

• According to conclusions for cadmium, the
characteristic structures of parameters PL, γ
and L⊥ move towards higher scattering angles
with the reduction of collision energy, which
agrees with FBA predictions [23].

• In contrast to the cadmium atoms in the case
of the CCC model, the characteristic struc-
tures of the γ parameter are visible for slightly
larger values of the scattering angle than for
the RDWA model (≈ 5◦).
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• For all the examined collision energies,
in the range of the scattering angle between
15◦ and 40◦ experimental data for the shape
parameter PL show two minima reproduced
by the CCC model. The RDWA model
provides only one minimum around 35◦.
Analogous structures (two maxima for CCC
and one maximum for RDWA) are visible
for the angular momentum transfer parame-
ter L⊥.

• In the case of all impact energies, there was
no significant deviation of the P+ parameter
value from unity, which indicates that the ex-
amined collision process is coherent.

• It appears that in the range of examined col-
lision energies, the CCC model reproduces
experimental results better than the RDWA
model.

6. Peculiar structures in alignment angle γ

The analysis of the obtained EICP data as a func-
tion of two parameters: the collision energy and the
scattering angle, allowed us to observe the charac-
teristic behavior of the function of the alignment
angle γ. For example, in the case of zinc, it has
a continuous character at 100 eV (continuous de-
scending) while for 80 eV it reaches the values of
−90◦ and 90◦ (discontinuous ascending). There-
fore, one can expect a helical structure in the range
of the impact energies between 80 eV and 100 eV
and the scattering angle close to 150◦ (see Fig. 7).
This structure results directly from the definition of
γ parameter (8) (see [24] for details).

However, it is difficult (without high-resolution
theoretical data) to predict the experimental con-
ditions for which it can be observed. Such struc-
tures, due to their very rapid character, can be
used to verify theoretical models. Moreover, this

Fig. 6. Shape parameter PL for electronic exci-
tation of 41P1 Zn state. Experimental data: (•)
100 eV, (◦) 80 eV, (4) 60 eV, (�) 40 eV. Theoretical
data: (CCC and RDWA): (—) 100 eV, (– –) 80 eV,
(· · ·) 60 eV, (– · –) 40 eV [23, 26, 27].

Fig. 7. Alignment angle γ for electronic excitation
of 41P1 Zn state. Experimental data: (•) 100 eV,
(◦) 80 eV, (4) 60 eV, (�) 40 eV. Theoretical data:
(CCC and RDWA): (—) 100 eV, (– –) 80 eV, (· · ·)
60 eV, (– · –) 40 eV [23, 26, 27].

Fig. 8. Angular momentum transfer L⊥ for elec-
tronic excitation of 41P1 Zn state. Experimental
data: (•) 100 eV, (◦) 80 eV, (4) 60 eV, (�) 40 eV.
Theoretical data: (CCC and RDWA): (—) 100 eV,
(– –) 80 eV, (· · ·) 60 eV, (– · –) 40 eV [23, 26, 27].

issue is a very interesting physical situation, be-
cause for such collision conditions one of the scat-
tering channels is completely closed. It is mani-
fested by reaching the maximum value of the pa-
rameter determining the total angular momentum
transfer L⊥ during the collision and zeroing of the
shape parameter PL (the cloud has axial symme-
try). These structures were observed for both zinc
(energy range 80–100 eV, scattering angle of ca.
equals 30◦ and 150◦, see Fig. 7) and cadmium atoms
(energy range 60–80 eV and 80–100 eV, scattering
angle of ca. equals 140◦, see Fig. 4).

The conducted analysis indicated that such struc-
tures should appear also for other atoms. Unfortu-
nately, due to the limited amount of systematic data
on EICP, wider research in this area was difficult.
Nevertheless, it was possible to indicate for several
atoms (Mg, Ca, Sr, Ba) the ranges of collision en-
ergy and the scattering angles for which this struc-
ture should be observed [24]. Thus, these results
may be stimulating also for other research groups.
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7. Conclusions

The presented results are the only sets of the ex-
perimentally determined EICP parameters for cad-
mium and zinc atoms describing collisional excita-
tion to the first P state. A comparison of the EICP
data for zinc and cadmium allows us for the formu-
lation of more general conclusions:

• In the zinc case, the discrepancies between
theoretical and experimental results are more
significant for lower collision energies, while
for cadmium they remain at a similar level.

• For both elements, all the characteristic struc-
tures of parameters PL, γ and L⊥ move to-
wards higher scattering angles with the re-
duction of collision energy, which agrees with
FBA predictions.

• In the case of zinc CCC predictions, the
characteristic structures of γ are observed at
slightly larger scattering angles in comparison
to the RDWA results, while in the cadmium
case this trend is inverted.

Moreover, in the obtained data for zinc and cad-
mium atoms, specific structures in the alignment
angle γ were found, which are predicted by theory.
These structures were also indicated in the data of
magnesium, calcium, strontium and barium atoms.
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