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Abstract. The state-to-state (exchange) interference of the autoionizing resonances of helium is studied in
(e,2e) experiments. These studies are disturbed by the coincidence events caused by the direct ionization,
so their decrease is desirable. For this reason, to mimic the experimental observation, we performed four-
body classical trajectory Monte Carlo calculations. The calculations were done for 93.15 eV primary energy,
where the exchange interference of the 2s2(1S) and 2p2(1D) autoionizing states of helium is expected. The
yields of non-coincidence and coincidence events detected in various combinations of scattering geometry
were calculated and compared with the experimental observations.

1 Introduction

Our intention with the coincidence electron energy spectra
measured after electron impact excitation of helium is the
study of state-to-state (exchange) interference. This type
of interference can occur when two autoionizing resonances
decay into the same final ionic state [1]. This interference can
occur exclusively at a given (critical) electron impact energy
when the electron pairs coming from the two reaction paths
are indistinguishable. Namely, the energy of the scattered
electron from one reaction path equals with the energy of
the ejected electron released along the other path and vice
versa. These electron pairs can be observed in coincidence
by two electron spectrometers.

Along this line, we considered the possible state-to-state
interferences of the 2s2(1S) and 2p2(1D) autoionizing reso-
nances of He. These states decay to the same He+1s−1 final
state. According to the energy level diagram (see Fig. 1)
the critical energy, where the state-to-state interference can
occur is 93.15 eV. At this primary energy the energy of the
scattered electron from the 2s2(1S) reaction path (33.25 eV)
equals the energy of the ejected electron released along the
other 2p2(1D) path at 35.31 eV and vice versa.

The ionization of helium can also happen directly
at any primary energies above the ionization threshold
(24.59 eV). The excess energy can be shared between the
two electrons at any rates. At 93.15 eV primary energy the
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excess energy is 68.56 eV which can be shared as 33.25 eV
and 35.31 eV, too. These two electrons are detected by
the coincidence system, if they are emitted towards the
entrances of the spectrometers. These coincidence events
disturb the study of state-to-state interference, so their
decrease is desirable. For this reason we have to optimize
and find the angular domain pairs (from the realizable
ones of our system) where these disturbing coincidence
events are minimal. The expected coincidence data can be
estimated theoretically by the integration of correspond-
ing (6 fold) differential cross section (DCS) to the actual
angular domains and energy ranges.

The theoretical treatment of the problem is extremely
difficult because it requires accounting for the many body
character of the collision system. This behavior is even
more significant for light particle impact where the projec-
tile trajectory cannot be approximated by a straight-line
trajectory, as is done for heavy projectile impact. There-
fore, the success of different approaches strongly depends
on their ability to describe the many body character of the
collision. The classical trajectory Monte Carlo (CTMC)
method has been quite successful in dealing with both
ionization and capture processes in ion atom collisions
[2–4]. It was also shown that the CTMC method can be
applied to light projectile impact as well [5–10]. It is a non-
perturbative method. All interactions between the collid-
ing partners can be taken into account exactly during the
collision.

In this work the collision between electron and helium
atom is studied classically. To mimic the experimental
observation we performed four-body classical trajectory
Monte Carlo calculations. The yields of non-coincidence
and coincidence events detected in various combinations
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Fig. 1. The energy levels and transitions of the studied state-
to-state interference.

of scattering geometry were calculated and compared with
the experimental observations.

2 Experimental

Our experimental setup consists of two cylindrical mirror
(CMA) spectrometers on a common axis, both contains
two “box” type analyzers [11,12] in series (see Fig. 2).
Spectrometer B (the right side) has a bit weaker energy
resolution (0.78% full widths at half maximum (FWHM)
at 200 eV) than the A spectrometer (left side, 0.55%
FWHM at 200 eV). The common axis of spectrometers
is perpendicular both to the target gas beam and to the
projectile electron beam, these three perpendicular lines
cross each other exactly at the common focal point of the
spectrometers.

The magnetic field inside the spectrometers and the
interaction region is reduced to below 1µT by coaxial
µ-metal shielding layers and by adjusting the spectrom-
eter axis into the optimal direction to the Earth magnetic
field.

Large acceptance solid angles of CMA, essential to accu-
mulate statistically significant data in reasonable time, are
provided by 5◦-wide entrance cones. The entrance angle
with respect to the CMA axis is close to α0 = 43.5◦. When
the entrance cone is open all round (φ = 360◦), the accep-
tance solid angle is approx. 0.36 sr (for the spectrometer A).
In this case the scattering angle of the detected electrons
(relative to the primary electron beam) is in the 47◦−133◦
range. In the case of B spectrometer the half of entrance cone
(the forward and the backward quarters) has been closed,
hereby the acceptance solid angle is reduced to 0.18 sr, and
the scattering angle range to 65◦−115◦.

The scattered or ejected electrons which enter the
analyzers having the corresponding energy can pass the
analyzers and they are detected by channel electron mul-
tipliers (CEM). The pulse counting of the amplified and
formed CEM signals and the analyzer power supply con-
trol are performed by measuring cards controlled by a
LabWindows code. The computer control involves simul-
taneous scan of both spectrometers through the desired

energy ranges, even in opposite senses, if required. In the
latter case the sum of the scattered electron energy and
the ejected electron energy is kept constant (CIS (constant
ionic state) coincidence (e,2e) measurements).

The ϑ scattering angle (the angle of the scattered or
emitted electrons with respect to the primary beam) can
be calculated from the angles α and φ:

cosϑ = sinα · cosφ, (1)

as it simply can be read from Figure 3. Based on this
equation, the following scattering angular ranges can
be obtained: in case of medium entrance angle (α0 =
43.5◦) for the forward sector 46.5◦−60.9◦, for the upward
and downward sectors 60.9◦−119.1◦, and for the back-
ward sectors 119.1◦−133.5◦, respectively. In case we use
the entire entrance angular range (α = 41◦−46◦), then
the scattering angular ranges expand as follows: for-
ward sector 44◦−62.4◦, the upward and downward sectors
59.4◦−120.6◦, and the backward sectors 117.6◦−136◦.
Altogether, it can be said that the scattering angular
ranges of the forward and backward sectors are much
smaller (∆ϑ = 14.4◦(18.4◦)) than the upward and down-
ward sectors (∆ϑ = 58.2◦(61.2◦)).

Figure 4 shows the typical electron spectra at differ-
ent angular ranges, according to the sectors indicated in
the bottom part in Figure 2 measured at 93.15 eV pri-
mary energy. During these measurements, the current of
the primary electron beam and its energy broadening were
typically 50 nA and 0.35 eV, respectively. Because of the
sector dependent (and unknown) detection efficiency, the
normalization of counts was essential. We performed it
by the normalization of the sum of intensities of the four
autoionizing (ejected) peaks. (Specifically the computer
fitted Iµ intensity parameters were used [13]).

3 Theory

To mimic the experimental observation we performed
four-body classical trajectory Monte Carlo calculations
[14]. In our model the projectile is one particle (elec-
tron) and the target contains three particles, the helium
core and two electrons. Figure 5 shows the relative posi-
tion vectors of the four-body collision system. The bind-
ing energies of the target electrons to the target core are
0.903 a.u. and 2 a.u. according to the first and second
ionization energy of helium. In the present case, all
interactions among the particles are the pure Coulomb
interactions except the interaction between the two
target electrons. To avoid spontaneous autoionization
this interaction is completely neglected during the
calculations.

The initial conditions of the individual collisions are
chosen at sufficiently large inter-nuclear separations such
that the interaction between the projectile and the tar-
get is negligible. The initial states of the target are char-
acterized by a micro-canonical ensemble constrained to
the binding energies. In the present CTMC approach,
Newton’s classical nonrelativistic equations of motions for
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Fig. 2. Sketch of our (e,2e) coincidence spectrometer system.

a four-body system are solved [13]:

mi
d2~ri
dt2

=
4∑

j = 1
j 6= i

αijZiZj
~ri − ~rj
|~ri − ~rj |3

(i, j = 1, . . . 4) (2)

where mi, ~ri and Zi denote the mass, position vector,
and the charge of the ith particle, respectively. The αij

are the switching parameters of the corresponding inter-
actions defining the strength of the interaction among the
particles. The value of αij is set equal to 1 when the inter-
action between the ith and jth particles is on and equal 0
when the interaction is off. Thus in our case α(e−1 , e

−
2 ) = 0

ensures that we switch off the interaction between the
two target electrons and mimic the independent electron
approach in the helium atom. Then, Newton’s classical
non-relativistic equations of motions for a four-body sys-
tem are solved numerically for a statistically large number
of trajectories for given initial conditions until the con-
verged final states are reached. Large numbers of classi-
cal trajectories were computed to calculate the total cross
sections for the corresponding final channels. Large num-
bers of trials were required because the total cross sec-
tions are composed for many partial levels. Then the total
ionization cross section was computed with the following
formulas:

σ =
2πbmax

TN

∑
j

b
(i)
j . (3)

The statistical uncertainty of the cross section is given by

∆σ = σ

(
TN − T (i)

N

TNT
(i)
N

)1/2

. (4)

In equations (2) and (3) TN is the total number of tra-
jectories calculated for impact parameters less than bmax,
T

(i)
N is the number of trajectories that satisfy the crite-

ria for ionization, and b(i)j is the actual impact parameter
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Fig. 3. Schematic diagram of the geometry of the scattering
volume.

for the trajectory corresponding to the ionization process
under consideration in the energy interval ∆E and the
emission angle interval ∆Ω of the electron.

4 Results and discussion

To study the collision between electron and helium atoms
we have performed a classical simulation with an ensemble
of 2 × 107 primary trajectories at 93.15 eV energy. The
calculations are based on the four-body model. Although
we distinguish 9 different classical exit channels during the
calculations in this work we focus on the net target single
ionization channel:

e− + He(1s2)→ He+ + 2e−. (5)

In this case, as a result of the collision between elec-
tron and helium atom, asymptotically we detect a single
charged helium ion and two electrons. Classically, however
this channel is a sum of two channels. We can call the first
one as the one electron target loss channel. This channel
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Page 4 of 6 Eur. Phys. J. D (2019) 73: 84

Fig. 4. The measured spectra at 93.15 eV primary energy in the different angular ranges: forward (empty blue circle), upward
(empty green square), backward (full red square), downward (full yellow circle). The yields are normalized by the sum of
intensities of the four autoionizing (ejected) peaks. The position of the scattered (sc) and ejected (ej) electron peaks are shown
by dashed lines.

Fig. 5. The relative position vectors of the particles involved in 4-body collisions. ~rHe is the position vector of the centre-of-mass
of the target system, b is the impact parameter.
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Table 1. The angular features of the sectors and their contribution to the total yield in different coincidence conditions.

Sector φ ϑ Calculated yield contribution at 33.24 eV Exp. non-coincident
Coincident Non- ratio (from Fig. 4)

Ionized electron Projectile electron coincident err. ±2%
in A spectr. in A spectr.

Forward 315◦−45◦ 46.5◦−60.9◦ 63.2% 70.5% 44.8% 45%
Upward 45◦−135◦ 60.9◦−119.1◦ 14.7% 12.6% 22.3% 23.5%
Downward 225◦−315◦ 60.9◦−119.1◦ 14.7% 12.6% 22.3% 23.5%
Backward 135◦−225◦ 119.1◦−133.5◦ 7.4% 4.3% 10.6% 8%

Fig. 6. The contribution of the sectors to the total yield in different coincidence conditions.

originates from a one step process. Due to the fact that
classically the particle motions are deterministic and the
electrons in the helium atom are distinguishable, we can
define this channel as:

e−3 + He(e−1 , e
−
2 )→ He+(e−1 ) + e−3 + e−2 , (6)

and by

e−3 + He(e−1 , e
−
2 )→ He+(e−2 ) + e−3 + e−1 . (7)

The second possible classical channel producing the same
final particles as defined by equation (5) originates from
the multi-electron interaction in a two-step process. We
refer to it as target double ionization and at the same
time projectile electron capture to the bound state of the
target. We can define this channel as:

e−3 + He(e−1 , e
−
2 )→ He+(e−3 ) + e−1 + e−2 . (8)

Performing the Monte Carlo simulation of 20 million col-
lisions, it resulted 1.117 million net single target ioniza-
tion events. From the outgoing 2×1.117 million electrons,

with realistic angular and energy spread data, only 660
electrons (366 ionizing + 294 scattered) are detected at
33.24 eV by the four sectors of spectrometer A. On the
other hand, no coincidence event is detected (none of their
35.32 eV pairs is detected by spectrometer B). For this rea-
son, in our coincidence calculations we used 5× entrance
cone as for the angular window and 20× energy spread as
the energy window.

With these larger conditions, we calculated the yields of
non-coincidence and coincidence events detected in various
combinations of sectors showing in Figure 2. The evalua-
tion results can be seen in Table 1 and in Figure 6. The four
rows of the table concern the sectors of spectrometer A, the
coincidence condition is the detection in the upward and
downward sectors of spectrometer B in every cases. (The
emission angles for the upward and the downward sectors
are the same, so their yields are not different). During the
calculations the ionized and (scattered) projectile electrons
are distinguished even when they have the same energy.
For this reason the counts when the (different sectors of)
spectrometer A detects ionized or projectile electrons are
registered separately (columns fourth and fifth of Tab. 1).
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In the experiment, however, these two types are undistin-
guishable, therefore the average of these two percentages
can compare with the experiments. In the last two columns
the calculated and measured yields for the non-coincident
case are compared. From these results we can conclude
that our classical simulations for the non-coincidence case
justify the experimental observations in Figure 4., i.e. the
ratios of the continuous backgrounds (which come mainly
from the direct ionization) are very close to the calculated
non-coincident yields. It is not obvious, since the differ-
ent autoionizing peaks do not have isotropic distribution.
The angular distribution of their sum, however, is much
smoother (at least in the measured angular range) than the
distribution of ionization continuum.

Regarding the forward-backward asymmetry in coinci-
dence experiments: on the basis of our calculations it is
more significant than in non-coincidence experiments. In
the given coincidence condition (the upward and down-
ward sectors of spectrometer B) the ratio of the yields of
the forward- and backward sectors is greater than 10. In
our classical calculations the projectile- and the ionized
electrons are distinguished, but during the measurements
they are indistinguishable, so the average of the two coin-
cidence yield is the proper value.

5 Conclusions

According to our CTMC calculations, the forward-
backward asymmetry of the electrons coming from direct
ionization is greater in the coincidence experiments with
the applied geometry than in non-coincidence experiments.
Consequently, the direct ionization background in the
forward sector of spectrometer A is very high, therefore
this sector is less suitable for our state-to-state interference
experiments. Although the background is minimal in the
backward sector, the peaks of electrons scattered during the
indirect (autoionizing) process are also low, which restricts
the measure of possible state-to-state interference. The
upward and downward sectors of spectrometer A (which
are preferred in our coincidence experiments) mean really
the best compromise, at least when the upward-downward
sectors of spectrometer B are open.
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