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LOW-ENERGY SPECTRUM OF ELECTRONS EMITTED
AT IRRADIATION OF A TITANIUM TARGET
WITH β-PARTICLES OF TRITIUM
AND α-PARTICLES OF 238 Pu

The low-energy spectrum of electrons emitted while bombarding a titanium target with
β-particles obtained from a tritium source has been studied using the (βe)-coincidence method.
To reveal common features and distinctions of this process for different charged particles under
the same experimental conditions, including the same target, similar measurements are carried
out using α-particles ejected in the decay of 238Pu. It is shown that the ionization of atoms in
the target at its bombardment with charged particles can be represented in the both cases as a
result of the shake-off process.
K e y w o r d s: reflection, passing through, near zero electrons (e0 -electrons), shake-off effect,
microchannel plates (MCP)

1. Introduction
The low-energy spectrum of electrons arising owing to the bombardment of a titanium target with
tritium-emitted β-particles can be presented as a result of the shake-off effect. The latter is a quantummechanical transition of the system (atom) from the
initial nonexcited state i to a final state f under
2
the influence of a sudden perturbation er induced
by the interaction between the charge of a β-particle
that passes by with the velocity Vβ and the charge
of an atomic electron at the time moment of their
closest approach. As the “suddenness” of the shakeoff effect, we mean that the emergence or variation
of a charge occurs within a short time interval τ ,
much shorter than the period of atom transition from
the initial i-th state into the final f -th one, so that
τβ = Vrβ  2πωf−1
i , where ωf i is the transition frequency.
The shake-off effect can be observed in the case
where a sudden excitation arises spontaneously in a
system at rest, e.g., at the β-decay, as well as when a
charged particle moves near the target, at the time
moment of its closest approach to target’s atoms,
when the probability of the shake-off event becomes
dependent on the particle velocity Vβ . In the former
case, a modification of the interaction Hamiltonian
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looks like H0 → H0 + ΔH, and this case is called the
shake-off of the “switched-on interaction type”. In
the latter case, the Hamiltonian modification has the
form H0 → H0 + ΔH → H0 , and this case is called
the shake-off of the “scattering interaction type” [1].
Within the shake-off period τp , the wave function
(0)
ψi (q) of initial state of Hamiltonian H0 has no time
to change [2] at the place, where the electron interacting with the particle charge is located, and almost all
electrons in the atom remain at their places, except
for the interacting electron, which transits onto an
empty atomic level or becomes emitted into vacuum,
leaving the final state of atom, ψf∗ (q), with a vacancy
in the shell from which it was “shaken off”.
By researching the angular distribution of electrons emitted from the target surface at its bombardment with α-particles, we revealed a number of electron emission types depending on the electron origin [3]. In the “forward” or transmission geometry,
an α-particle, when leaving the target, induces the
emission of electrons from the target surface. In this
case, we have three types of electron emission. These
are electrons with a near-zero energy (e0 -electrons),
which are shaken off from the target surface into vacuum owing to their interaction with a suddenly arisen
motionless charge of ionized atoms that are located
near the surface, as in the case of radioactive decay,
and e0 -electrons, which are shaken off directly at their
interaction with the passing-by charged particle. The
kinetic energy of e0 -electrons, E, does not exceeds a
ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 1
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few electronvolts, and their binding energy at the surface, En , is lower than 1 eV (see the relevant discussion below). The angular distribution of e0 -electrons
is directed strongly forward, along the normal to the
surface.
Two other types of electron emission – in this case,
we deal with fast ef -electrons – are connected with
the excitation of atoms at the time moment, when
a charged particle passes by. If those atoms are in
the target bulk, the shake-off stimulates an electron
to transit onto an empty atomic level and a vacancy
to emerge at the place, where the electron was located earlier. After the vacancy has been filled, the
processes of Auger recombination take place, the result of which consists in that the fast eA
f -electrons,
which are engaged into those processes, can migrate
toward the surface and escape into vacuum. They
can be regarded as witnesses of the shake-off effect
in the target. Their angular distribution should be
isotropic, and we observed that in work [3].
At last, if a charged particle, when leaving the target, invokes a shake-off effect for electrons in the
atoms located at the surface, the fast eif -electrons
are emitted into vacuum, which is accompanied by
the emergence of vacancies in atoms at the places
of electron escape. Since the eif -electrons immediately penetrate into vacuum, their energy spectrum
is not distorted, and it can be compared with the
spectrum obtained theoretically in the framework of
the shake-off effect model. (In this work, the spectra
of eif -electrons with energies below 400 eV will be considered. At higher energies, some spectral distortions
may appear, e.g., due to the “tails” induced by convoy electrons.) The distribution of eif -electrons over
the angles of their emission from the target is close
to the cosine one, cos θ, where θ is the angle between
the direction of eif -electron emission and the normal
to the surface at the surface point, where the charged
particle escapes into vacuum [3].
In the reflection geometry, i.e. while registering the
electrons emitted from the surface at the time moment when a charged particle is penetrating into the
target, we observe e0 -electrons emitted mainly along
the normal to the surface and, as it was in the case of
the transmission measurements, the isotropic distribution of fast eA
f -electrons. Hence, in both the “transmission” and “reflection” measurements, we see neari
zero e0 -electrons and Auger eA
f -electrons, whereas ef electrons are observed only in the transmission geometry. Since the eA
f -electrons emitted from the target
surface get directly into vacuum, this circumstance
ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 1

enables a comparison of measured low-energy spectra
of electrons with theoretical ones to be made, as was
done by us, while studying the passage of α-particles
through Al, Cu, and Au targets [4–6]. The results
of those researches demonstrated the adequacy of regarding the ionization of an atom by a passing-by
particle as one of the shake-off effect manifestations.
In this work, we continued those researches. Now,
as charged particles, we used β-particles with low energies emitted by decaying tritium atoms. As a target, we choose titanium. For the sake of comparison between the common and different features in the
influence of α- and β-particles on the shake-off process, we also carried out measurements for α-particles
emitted by 238 Pu atoms under the same experimental conditions and with the same target, as in the
experiment with the tritium decay. In addition, since
tritium plays an important role in science and engineering, the obtained results may turn out useful in
those domains.
2. Relations for Physical Quantities
Describing the Shake-off Effect
The basic formula that describes the probability for
an eif -electron at the surface to escape into vacuum
owing to its excitation by the interaction with a
charged particle that suddenly passes by it looks like
√
2 Z

2
b E
c Zp e2
∗ (0)
ψf ψi dq
dW (E) =
2 dE.
Vp
r
(E + En )
(1)
The first two multipliers determine the probability for
the electron to be excited. The longer the excitation,
the higher is the probability; of course, provided that
the condition for the shake-off effect to take place,
i.e. τβ  2πωf−1
i , is obeyed. The smallest probability of excitation takes place if the particle moves
with the light velocity c. Although the dimensionality of the transferred excitation probability is defined
as the squared energy, it is divided in formula (1) by
the squared energy, (E + En )2 . The probability for
the system to transit from the i-th state into the f -th
one with a vacancy emerging instead of the emitted
electron is determined by a square of matrix element
composed of the coordinate parts of wave functions

for the stationary states, Ψ (q, t) = ψ (q) exp −iE ~t .
At last, the last multiplier before dE corresponds to
the differential distribution of electrons over their energies in the continuous
√ spectrum after the shake-off
event. The quantity b E = ν is the statistical distribution of the electron level density in the final state
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3

Ve
, m is
of a continuous spectrum, where b = π2m
2 ~3
3
the electron mass, Ve = x , and x is the average distance between electrons capable of being shaken off
into vacuum.
Hence, the first multipliers before the matrix element in Eq. (1) describe the first stage of the shakeoff process. Namely, they determine the probability
of excitation transfer, which depends on the velocity
of charged particles. The other multipliers are related
to the second stage of the shake-off process. In particular, they determine the probability for the system to
transit from the initial state into the final one and the
distribution of electrons over the energy in the continuous spectrum. The second stage does not depend
on the kind of particles and their motion, although it
is impossible alone, without the first stage.
While deriving expression (1), we used the formulas
of perturbation theory in the first order of smallness
for the time-dependent transitions at a sudden excitation of the system, which can be found in works [2–
7], and appended them by the expression describing
the process of electron shake-off into the continuous
spectrum and the factor c/vp that makes allowance
for the charge motion at the time moment of excitation transfer [8]. The excitation is totally transferred
to the shaken-off electron, and the system remains
with a vacancy in the shell, from which the electron
was shaken off. Then, for eif -electrons at the surface,
we have


Zp e2
= E + En .
(2)
ra

Although the transition probability of the system
from the initial i-th state into a final f -th one does
not depend on the excitation energy, the condition
Z e2
r < rmax , where rmax = Epn for eif -electrons, must
be satisfied, nevertheless. From the uncertainty relation, it follows that, at the time moment when the
excitation is transferred from the charged particle to
an electron in the atom, the uncertainty in the transferred energy ΔE = τ~ is several times larger than the
very magnitude of this excitation, E = ~ωf i , so that
the main requirement of suddenness can be rewritten
ω −1
in the form ΔE
E = τ  1. At the time moment of
perturbation, the energy transferred to electrons becomes uncertain. Therefore, the perturbation magnitude can be determined only after the energy of
emitted electron has been measured, and the calculation by formula (2) has been carried out. Formula (2)
can also be applied to find the distance r, at which
the particle is passed by the shaken-off electron.

12

In the case of the charged particle passage through
the target surface, the yield of eif -electrons, ϒ(E), in
the energy interval from 0 to E is determined by the
formula
E √

2 Z
2 Z
EdE
c Zp e2
(0)
ψf∗ ψi dq b
ϒ (E) = π
2 =
vp
x
(E + En )
0

√

ZE
=B

EdE
2

0

(E + En )
ZE

F (E) =
0

F (0) = 0.

√

= BF (E) ,

EdE

1
√ arctg
2 =
En
(E + En )

(3)

r

√
E
E
−
,
En E + En
(4)

Formula (3) follows from formula (1) if one takes into
account that the charged particle that crosses the target surface can interact with electrons of atoms that
are located at the surface. If the intersection point of
the charged particle path with the surface is considered as a circle center, then every electron within the
2
ring πrmax
− πr2 , when interacting with the charged
particle, obtains the excitation energy necessary for
it to be shaken off into vacuum with an energy from
0 to E, depending on its location. At r > rmax , no
shake-off event can take place because of the violation
of the energy conservation law. At the same time, in
the circle with the radius less than r, i.e. at the energy
higher than E, the shake-off effect can also be not considered, because there are no such levels in the final
state of the continuous spectrum in the interval from
0 to E. The number of eif -electrons located in the ring
from r to r + dr that can be shaken off into vacuum
2
/x2 ,
is determined by the expression πr2 − πrmax
2
where x is the surface area per one electron that
can be shaken off into vacuum. At different points
within the ring, electrons obtain different perturbation energies. However, owing to the sudden character of the perturbation and the uncertainty relation,
the transferred perturbation becomes larger than the
perturbation itself, and all electrons become indistinguishable with respect to the energy. The dependence
of the shake-off probability on the electron energy is
governed by the second stage of the process. The expression for the ring area by means of the absolute
value is associated with a necessity – just in that order! – to put it in agreement with the integration
limits over the energy from 0 to E in the formula for
2
F (E). Moreover, in what follows, the quantity πrmax
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is multiplied by F (0) = 0 and excluded from the further consideration. Therefore, the first stage of the
shake-off process is responsible for the coefficient
 2

2
c zp e2
c πr2 ze2
=π
.
vp x 2
r
vp
x
If the shake-off of an electron does not take place,
the charged particle recovers the perturbation energy
from the electron, and this scenario is similar to the
procedure of insertion and removal of a probe charge.
3. Experimental Part
The low-energy spectrum of ionization electrons,
which arose after a tritium-emitted β-particle had
passed through the titanium target, was studied with
the use of the method of (βe)-coincidences in time
and applying the decelerating voltage U (the retarding potential) in the electron registration channel.
The dependence of the rate of time-coincidence counting on the decelerating voltage applied to the target
was measured. The temporal spectra of coincidences
were registered on a multichannel analyzer ORTECNORLAND.
The measurements were carried out in two experimental geometries depicted in Fig. 1. In the “transmission” setup (Fig. 1,a), tritium source S together
with collimator K was arranged near target T as is
exhibited in the figure. A self-supporting titanium
film 0.4 µm in thickness served as a target. It was
oriented at an angle of 45◦ with respect to the βparticle beam, so that the total path passed by βparticles in the film amounted to 0.57 µm. After βparticles had passed through the target, they arrived
at a microchannel plate (MCP) detector, MCP1 , arranged at a distance of 6 cm and were registered by
it. The latter consisted of two microchannel plates
combined with each other in the form of a chevron.
i
At the same time, e0 -, eA
f -, and ef -electrons emitted
from the target when a β-particle passed through it
were registered by another detector, MCP2 . Detector MCP2 was mounted immovably in the vacuum
chamber, whereas all other constructional elements–
MCP1 , S, K, and T–were mounted on shaft O (the
rotation axis). This arrangement enabled the angular distribution of electrons arriving at MCP2 at their
coincidence in time with β-particles to be measured.
The target, the collimator, and the source had the
identical potential U , which could be changed in the
course of measurements. The chamber vacuum pressure was maintained at a level of 5 × 10−6 mm Hg.
ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 1

a

b
Fig. 1. (a) Transmission and (b) reflection experimental setups: source S, target T, detectors MCP1 and MCP2 , collimator K, and rotation axis O

In the “reflection” experimental geometry
(Fig. 1,b), a β-particle detector MCP1 was arranged immediately behind the target, whereas
source S (without the collimator) was removed onto
the previous place of MCP1 detector. In this fashion,
MCP2 detector registered e0 - and ef -electrons emitted when an β-particle penetrated into the target, to
which the potential U was applied. The same target
surface was studied in both setups.
As a radioactive source, we used a spot of tritium
7.5 mm in diameter inserted into a titanium substrate
35 mm in diameter. The average energy of tritium-
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Fig. 2. Spectra of (βe)- (left panels) and (αe)-coincidences (right panels) in time measured at various retarding potentials at
the target in “transmission” (curves 1 ) and “reflection” (curves 2 ) experiments. Nk is the number of analyzer channel
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emitted β-particles amounted to 5.69 ± 0.02 keV with
an energy maximum of 18 keV, and the source activity
was 5×107 Bq. To simplify calculations, we neglected
a small number of β-particles emitted with energies
from 16 to 18 keV and regarded the electron distribution in the hard spectral range as a hypotenuse of
the rectangular triangle. In the transmission geometry, owing to the absorption of β-particles, detector MCP1 registered only electrons with the initial
energy higher than 8.4 keV, which corresponded to
the mean free path of electrons in the target depth.
The average velocity of β-particles leaving the target was Vβ = 3.8 × 109 cm/s, and their average energy was E = 3.7 keV, which will be discussed below. In the reflection geometry, the average energy
of those β-particles entering the target, which could
pass through it and be registered by detector MCP1 ,
amounted to 11 keV, which corresponded to their average velocity Vβ = 6.3 × 109 cm/s.
At measurements with α-particles, the tritium
source was simply substituted by a 238 Pu source from
the OSAI collection of standard spectrometric alphaparticle sources – a reference source for spectrometry with the energy of α-particles E = 5.5 MeV.
For α-particles, the target was rather thin; therefore, their energies at entering the target and leaving it were practically identical, so that their velocity
Vα = 1.6 × 109 cm/s was adopted in both cases.
In Fig. 2, the fragments of the time coincidence
spectra measured in the transmission (curves 1 ) and
reflection (curves 2 ) geometries at various values of
retarding potential U are depicted. The left and right
panels illustrate the spectra obtained for the passage
of β- and α-particles, respectively, through the target.
One can see from the figure that, if the retarding potential U = 0 V, the spectra demonstrate two peaks:
from e0 - (the left peak) and ef -electrons (the right
one). As the potential grows, the intensity of e0 -peak
rapidly falls down, and it almost completely disappears at the energy eU = 24 eV. We have studied
the properties of e0 -electrons thoroughly enough in
works [9–12]; therefore, we dwell now on them only
shortly. For the illustrative purpose, in Fig. 3, the
dependence N (E = eU ) obtained while measuring
the coincidences of e0 -electrons and tritium-emitted
β-particles in the transmission geometry and U varying from +24 to −10 eV is shown by curve 1. The
increase in the number of coincidences Nβe at U < 0
is associated with an increase of the space angle at
the electron registration by detector MCP2 owing
to an increase of the extraction voltage applied beISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 1

Fig. 3. Spectra of electrons shaken off owing to their interaction with tritium-emitted β-particles obtained in “transmission” measurements: (1 ) delay curve (the integrated spectrum
of electrons in the energy interval from Emax to E = eU ),
(2,N) integrated distribution of e0 -electrons in the energy interval from 0 to E, and (3 ) energy distribution of electrons
calculated by formula (4) for the shake-off effect with En =
= 0.6 eV. The inset demonstrates the differential distribution
of e0 -electrons calculated for this binding energy by formula (3)

tween the target and the detector. We shall consider the energy distribution of e0 -electrons only in
the interval from 0 to E and in terms of the difference
NΔ (E) = N (0) − N (E) = AF (E) between the number of (βe0 )-coincidences in the intervals from Emax
to 0, i.e. N (0), and from Emax to E, i.e. N (E),
where F (E) is the theoretical distribution of shaken
off e0 -electrons calculated by formula (4). As one can
see from Fig. 3, the experimental distribution NΔ (E)
agrees well with the theoretical one (curve 3 ). Fitting
was carried out using the least-squares method. The
calculated binding energy of electrons at the surface
of a Ti target was found to equal En = 0.6 ± 0.1 eV,
and A = 2274 ± 255.
Now, let us return to studying the time spectra of
coincidences for fast ef -electrons. Some of their fragments are shown in Fig. 2. Owing to a considerable
number of random coincidences obtained in the “reflection” spectra owing to tritium-emitted β-particles,
a five-point smoothing was carried out. In addition, at “transmission” measurements, both α- and
β-particles passed a shorter distance within the time
interval between the time moment of flying out of the
target and the moment of their registration; therefore,
their peaks in the “transmission” time spectra became
shifted toward smaller registration times with respect
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In this work, we measured the time spectra of coincidences in the interval of decelerating voltage from
0 to 400 V. In all, we measured 13 points with an
exposition of 1 h each.
4. Experimental Results and Their Discussion

Fig. 4. Energy dependences of the number of coincidences between β-particles and fast ef -electrons: (1 ) in the “transmission” geometry, (2 ) in the “reflection” geometry, and (3 ) for
eif -electrons shaken off into vacuum

Now, let us proceed to the discussion of the properties of fast ef -electrons. In Fig. 4, distribution 1
demonstrates the number of (βef )-coincidences cali
culated as a sum of eA
f - and ef -electrons measured
in the transmission geometry as a function of the energy, Nβ1 (eU ). Distribution 2 shows the same dependence for the number of (βeA
f )-coincidences measured
in the reflection geometry, Nβ2 (eU ). At last, distribution 3 corresponds to the number of registered
eif -electrons, which is determined as the difference
Nβ3 (eU ) = Nβ1 (eU ) − 1.7Nβ2 (eU ). A coefficient of
1.7 arose because the probability of a shake-off event
at the exit from the target, where vβ = 3.8×109 cm/s,
is 1.7 times higher than that at the entrance, where
vβ = 6.3 × 109 cm/s.
Figure 5 exhibits the same dependences as in Fig. 4,
but for α-particles passing through the target. The
distribution for eif -electrons was determined as the
difference Nα3 (eU ) = Nα1 (eU ) − Nα2 (eU ). Since the
titanium target was thin for α-particles, the number
of eA
f -electrons was the same at the entrance to and
the exit from the target.
On the basis of formula (1), we can compare the
distributions Nβ3 (eU ) and Nα3 (eU ). For instance,
Nα3 (0)×nβ
876×20
= 9.57. At the same time, acNβ3 (0)×nα =
1832
z 2 ×v

Fig. 5. The same as in Fig. 4, but for coincidences between
α-particles and fast ef -electrons

to their counterparts in the “reflection” time spectra.
For the same reason, in “reflection” measurements,
the value of Nβ was five and the value of Nα two
times as large as the corresponding values obtained
in the transmission geometry for the same measurement period. All spectra were normalized to the corresponding counting rate, namely, nβ = 3.6 × 106 βparticles per hour or nα = 1.8 × 105 α-particles per
hour. (Note, however, that the “reflection” spectra
for β-particles in Fig. 2 are scaled up by a factor of
five for the illustrative reason.)

16

4×v

β
β
α
= 1×1.6
. Whence, the
cording to formula (1), 1×v
α
velocity of α-particle at the exit vβ = 3.8 × 109 cm/s.
This value of vβ for β-particles was used by us earlier
in the calculations for the transmission mode. The
presented ratio differs insignificantly for other points
(eU ) and amounts to 8.8 on the average, which means
a similarity between the shake-off curves for α- and
β-particles.
We can also compare the distributions for eA
felectrons. In particular, for electrons shaken off onto
excited atomic levels in the target in the cases of
467×20×2
α2 (0)
=
passing α- and β-particles, N
Nβ2 (0) =
215×5
9
= 17.4 × 10 cm/s, whereas, according to formula
2
zα
×vβ
9
(1), 1×v
= 4×6.3
1×1.6 = 15.8 × 10 cm/s. This means
α
that the both distributions of electrons in the reflection geometry are similar. The multiplier 2/5
arises, because, in the reflection geometry, the number of β-particles counted during the measurement

ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 1

Low-Energy Spectrum of Electrons Emitted

time, nβ , is five times larger than that in the reflection geometry, and the number of α-particles, nα ,
is twice as large. This is connected with the fact
that, owing to the scattering of α- and β-particles
at their passage through the target, half as many
α-particles and one-fifth as many β-particles arrive
at detector MCP1 in the transmission geometry in
comparison with the corresponding values for the reflection geometry, in which detector MCP1 is located
immediately behind the target so that those losses
are absent.
The measurements of the angular distribution of
emitted ef -electrons when the target was irradiated
with β-particles in the transmission mode and at a
number of energies in the integrated spectra Nβ1 (eU )
showed that, for every of them, the angular distribution is directed forward, and its shape is close to the
cosine. The angular distribution was also measured
at the excitation of target atoms with α-particles, but
only in the case eU = 0 eV. Its comparison with
the analogous distribution obtained at β-excitation
revealed a certain similarity between them. Analogous measurements for eA
f -electrons in the reflection
mode were not carried out owing to a large number
of random coincidences between β-particles and eA
felectrons. Nevertheless, it was found in work [3] that,
in the case of α-particle irradiation, all flying out eA
felectrons had an isotropic angular distribution in the
reflection geometry.
The integrated spectrum of ionization eif -electrons
in the energy interval from 0 to E can be obtained
after carrying out the transformation that correRE
sponds to the change of integration limits, 0 =
R E max R E max
= 0
− E
, i.e. Nβ4 (E) = Nβ3 (0) − Nβ3 (E),
and comparing
it
with the theoretical distribution
P
Nβ4 (E) = Aβl Fl (E), where the subscript l denotes
l

different atomic shells that participate in the shake-off
effect, and the multiplier Aβl , which does not depend
on the energy distribution of eif -electrons, is determined as follows:

2 Z
2
c zβ e2
(0)
ψf∗ ψi dq bnβ ,
Aβl = ηπ
Vβ
xl
l
Here, the quantity η depends on experimental conditions and is expressed as a product of the electron
registration efficiency ε and the fraction of electrons
collected by detector MCP2 , δeff ; and nl is the number of electrons in the l-th subshell. In the case of
passing α-particles, all the subscripts β in this formula should be substituted by the subscripts α.
ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 1

Fig. 6. Function F (E) describing the integrated energy distribution of ef -electrons (see formula (4)) shaken off from various
subshells of a Ti atom

Figure 6 illustrates the results of calculations by
formula (4) for the integrated energy distribution of
eif -electrons in various subshells of a titanium atom.
Below, we shall demonstrate that only the distributions calculated for electrons that are shaken off
from M-subshells are comparable with experimental
ones, whereas the K- and L-shells weakly affect the
shake-off phenomenon for eif -electrons in this energy
interval.
In Fig. 7, the experimental and theoretical energy distributions are compared. The latter was
fitted for eif -electrons shaken-off by tritium-emitted
β-particles, using the least-squares method. The
experimental values are shown by circles, with the
corresponding statistical errors being indicated by
bars. Curve 1 was obtained in the case where
eif -electrons were shaken off only from the M4,5 subshells of titanium atom, and curve 2 when only
from the M1,2,3 -subshells. Bold curve 3 illustrates
the results of calculations for the case of the combination Nβ4 (E) = Nβ (E) = xAM4,5 FM4,5 (E) +
+ (1 − x) AM1,2,3 FM1,2,3 (E) with x = 0.4.
A similar analysis was carried out for electrons
shaken off from the Ti target bombarded with αparticles emitted by decaying 238 Pu. The corresponding results are shown in Fig. 8. According to them,
the energy distribution of ionization eif -electrons in
the cases of irradiation with both tritium β-particles
and 238 Pu α-particles can be described as such that is
mainly formed by the electron shake-off from the M
shells (40% from the M4,5 subshells + 60% from the
M1,2,3 subshells) of Ti atoms. Taking into account
that the ionization potential for Ti equals 6.8 eV, the
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equal to η = 5 × 10−3 ), the transition matrix elements can be only estimated: |Mf i |M4,5 = 3.6 × 10−2
and |Mf i |M1,2,3 = 4.1 × 10−2 .
5. Conclusions

Fig. 7. Comparisons between experimental and calculated
distributions of ef -electrons shaken off by tritium-emitted βparticles from the M4,5 (1 ) and M1,2,3 (2 ) subshells of a Ti
atom, and (3 ) if their mixture is taken into account. Dotted
curved show the differential energy distributions of ef -electrons
for the M4,5 (4 ) and M1,2,3 (5 ) subshells

Fig. 8. The same as in Fig. 7, but for ef -electrons shaken off
by α-particles from decaying 238 Pu

binding energies En were taken to equal 10.5 eV for
the M4,5 subshells , and, for the M1,2,3 subshells, to
their average value of 47.8 eV. The dotted curves in
Figs. 7 and 8 demonstrate the calculated differential
spectra of eif -electrons obtained by formula (3) for
those components of the curve Nβ4 .
Hence, the contribution of each of two electrons in
the M4,5 subshells of a Ti atom is responsible for 20%
of the total shake-off probability, and each of eight
electrons in the M1,2,3 subshells gives a contribution
of 7.5%. The ratios between the squared matrix elements for the transition from those i-th states into
the final f -th state must correspond to those values. Since the quantity η is uncertain (we took it

18

Our experimental researches of the energy distribution for eif -electrons emitted from a titanium target
when the latter is bombarded with tritium-emitted
β-particles showed its good agreement with that calculated by formula (1). This allows a conclusion to be
drawn concerning the adequacy of the description of
the atomic ionization by a passing-by charged particle as a quantum-mechanical transition in the system
from the initial state into a final one under the action
of a sudden perturbation, which is accompanied by
the emission of electron with an energy in the continuous part of the spectrum and by the emergence of a
vacancy in the atom instead of the emitted electron,
i.e. as the shake-off effect. Such a conclusion was
made by us earlier, while studying the ionization of
various targets by passing-by α-particles [4–6].
A comparison of shake-off properties was made for
the cases of α- and β-particles passing through a Ti
target. For this purpose, the corresponding analogous measurements were carried out under the same
experimental conditions. The resulting energy distributions of eif -electrons turned out similar to each
other, and the total probability of a shake-off event
is proportional to (zp e2 )2/vp .
The process of electron shake-off can be imagined
as having two stages [13]. At the first stage, the system is suddenly excited, and the experiment testifies to a difference between the probabilities of perturbation transfer in the cases of passing α- and βparticles; it is determined by the first two multipliers,
 22
z e
π vcp rpa , in formula (1). At the second stage, the
system transits from the initial i-th state into a final f -th one. The second stage is represented by the
other terms in formula (1) and runs identically for
various particles and independently of the first stage
(although the very existence of the second stage is impossible without the existence of the first one). This
conclusion was also confirmed by comparing the results of our measurements carried out in this work.
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НИЗЬКОЕНЕРГЕТИЧНI СПЕКТРИ ЕЛЕКТРОНIВ,
ЯКI ВИНИКАЮТЬ ПРИ БОМБАРДУВАННI
ТИТАНОВОЇ МIШЕНI β-ЧАСТИНКАМИ
ТРИТIЮ ТА α-ЧАСТИНКАМИ 238 Pu
Резюме
Методом часових (βe)-збiгiв дослiджено низькоенергетичний спектр електронiв, якi виникають при бомбардуваннi
мiшенi титану β-частинками з розпаду тритiю. Щоб порiвняти спiльнi риси та вiдмiнностi у впливi рiзних заряджених частинок на цей процес, в тих же експериментальних
умовах i з тою самою мiшенню, аналогiчнi вимiрювання було проведено з α-частинками з розпаду 238 Pu. Показано,
що iонiзацiю атомiв при бомбардуваннi мiшенi зарядженими частинками можна представити як ефект струсу в обох
випадках.
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