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The results of systematic experimental studies of the yield of §-electrons during the interaction of an electron
beam with energies of 10, 15, and 25 MeV with thin amorphous targets (Be, Al, Ni, Cu, Nb, Au) are presented. The
studies were carried out in 2025 at the LPE-30 accelerator of the National Scientific Centre of “Kharkiv Institute of
Physics and Technology” using a multi-target device. The key feature of the experiment was the unique selection of
the target thickness, which provided close values of the parameter T®*Z/A (in the range of 0.045...0.065), character-
izing the collision statistics normalized to the specific electron density of the target. Thus, the thickness T for each
target (with different Z/A ratios) was selected so that the total statistical effect of the interaction with electrons of the
substance was close for all targets. It was found that under such conditions, the yield of §-electrons weakly depends
on the energy in the range of 10...25 MeV and is practically independent of the target serial number Z (deviation
within 5...10%). This demonstrates that under the same beam scattering conditions, the yield of -electrons is de-
termined mainly not by the type of material (Z), but by the collision statistics (thickness). A semi-automated meas-
urement system based on the ADS1115 ADC and Arduino Nano has been developed and implemented for measur-

ing the current-voltage characteristics of secondary emission.

PACS: 41.75.Ht, 79.20.Hx, 07.50.Qx, 29.20.Ej

1. GENERAL METHODOLOGY FOR
STUDYING DELTA ELECTRON YIELD

The study of the interaction of high-energy electrons
with matter is a fundamental problem of radiation phys-
ics, which is of key importance for the development of
accelerator technology, radiation materials science, and
medical physics. In 2020, the NSC KPTI resumed a
cycle of experimental research on the interaction of
high-energy electrons with amorphous and single-
crystal structures, which was reflected in the develop-
ment of the concept for further advancement of this sci-
entific direction [1].

Understanding the processes of secondary particle
generation, particularly 3-electrons and bremsstrahlung,
is crucial for accurately calculating absorbed doses dur-
ing irradiation, designing radiation protection, develop-
ing new types of radiation sources, and understanding
the interactions of high-energy electrons with matter.
Experimental data obtained at the LPE-30 high-energy
electron linear accelerator enable to verify theoretical
models and enhance software complexes for modeling
the passage of particles through matter [2], which is a
crucial component of many scientific and technological
applications.

The scientific novelty and relevance of this work lie
in conducting a systematic experimental study of the
secondary electron yield for a wide range of materials
with different Z and primary beam energies. The special
value of the study lies in its unique approach to select-
ing the target thickness, which enabled the isolation and
study of the dependence of the delta electron yield on

the atimic number (Z) of the target under nearly identi-
cal scattering conditions. To study the dependence of
the secondary emission yield of thin amorphous foils, an
experimental channel at the output of the LPE-30 linear
electron accelerator was used, developed within the
framework of the theme of the Institute of High Energy
Physics and Nuclear Physics of the National Science
Center “Kharkiv Institute of Physics and Technology”
of the National Academy of Sciences of Ukraine:
“Study of the interaction of electrons with amorphous
and single-crystal structures and the influence of high
radiation loads on scintillation measurement systems”.
A general description of the experimental channel is
given in [3].

The use of a vacuum chamber with a multi-target
device enables the study of the current-voltage charac-
teristics of up to six targets in turn, without compromis-
ing the vacuum conditions during the research session.
The previously presented analysis of experimental
methods [4] for studying the yield of secondary elec-
trons showed that it is the use of an electrostatic system
with through collectors (the range of potential values on
the collectors is from -80 to +80 V) that provides the
integral characteristics of the yield of delta electrons and
the low-energy component of the emission of secondary
electrons from both surfaces of thin samples of amor-
phous targets [5].

When developing, testing, and improving the meth-
odology for studying secondary emission, the main at-
tention was paid to the study of secondary emission
from thin aluminum foil samples [6-8], as a model ma-
terial, which is characterized by relatively high purity of
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production and a wide range of samples with a thickness
in the range from 8 to 100 um. This approach made it
possible to obtain new data on the yield of delta elec-
trons [9] and low-energy electrons in the primary beam
energy range from 2.5 to 30 MeV using electron accel-
erators of the NSC KIPT, to estimate the cross sections
of delta electron production, and to investigate the main
patterns, depending on the thickness of the aluminum
foil.

Further use of a multi-target device made it possible
to obtain experimental data on the delta electron yield
depending not only on the target thickness, but also on
Z. Based on the analysis of the obtained experimental
data, generalized data on the delta electron yield de-
pendence were obtained at the Institute of High Energy
Physics and Nuclear Physics of the NSC KIPT, which
showed that their yield primarily depends on the specif-
ic electron density of the experimental target [10-14].

2. EXPERIMENTAL STUDY OF DELTA
ELECTRON YIELD AS A FUNCTION OF Z
AND TARGET THICKNESS T

To supplement the generalized data on the yield of
delta electrons from thin targets presented in the re-
view [14], an experimental study was conducted using
the methodology described in [9]. Using an accelerated
electron beam with energies of 10, 15, and 25 MeV with
an average electron current of ~1 pA, the current-
voltage characteristics (I1/V) of the yield of secondary
electrons from thin targets were obtained, the character-
istics of which are presented in Table 1, which shows:
Z — atomic number; T — thickness in um; p — reference
density values in g/cm?® and the calculated value of the
surface density in g/cm? A — atomic weight; T%°—
square root of the surface thickness, which is propor-
tional to the square root of the number of collisions.

Table 1

Characteristics of experimental targets that were
installed in a multi-target device at the direct output of

the LPE-30 accelerator

z T,um | pglcm® | T,glem® | Z | A

Au 7 19.3 0.01351 | 79 [196.9
Be 74 1.848 | 0.013675 4 19.012
Nb 25 8.57 0.021425 | 41 [92.96
Al 58 2.69 0.015602 | 13 [26.98
Cu 15 8.96 0.01792 | 29 [63.54
Ni 10 8.9 0.0089 28 |58.69

The use of a three-electrode electrostatic system en-
abled the investigation of the I-V characteristic of the
secondary electron yield in the scanning mode, within a
potential range of -80 to 80 V, for both cases of total
emission from both surfaces and from each surface sep-
arately.

In order to improve the 1-V characteristic measure-
ment system and automate the process of research on
the interaction of high-energy electrons with amorphous
and single-crystal structures based on the LPE-30 linear
electron accelerator of the Institute of High Energy
Physics and Nuclear Physics of the NSC KIPT, a meas-
uring complex was developed, tested and implemented
in the Department of Radiation Physics and Multichan-
nel Track Detectors, which includes channels for meas-

uring the current of secondary electrons emitted from
the target, scanning potentials on collector electrodes,
electron beam current channels on the Faraday cylinder
and a magnetoinduction (flight) sensor. The structure
and circuit solutions of the measuring complex are con-
sidered in more detail in the work [15]. Such channels
were developed and manufactured in the form of a func-
tionally complete block connected to a computer via a
USB port. The structural diagram of the complex is pre-
sented in Fig. 1.
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Fig. 1. Structural diagram of the secondary electron
emission yield measuring complex

According to the block diagram, the outputs of the
normalizing converters are connected to the ADS1115
analog-to-digital converter (ADC) module. The module,
based on the ADS1115 chip [16], is a four-channel 16-
bit ADC capable of obtaining up to 860 voltage meas-
urements per second. Control and data acquisition are
carried out via the 12C bus. The Atmega328, which is
part of the Arduino Nano V3.0 module, was selected as
the control microprocessor.

To measure the secondary emission current of the
target (channel Inl), a gated integrating current-voltage
converter was used [17]. The converter has four meas-
urement limits with conversion coefficients of 1, and
0.1 uA/V; 10 and 1 nA/V. During the experiments, the
value of the primary beam current of high-energy elec-
trons per Faraday cup was about 1 pA. The developed
channel (channel In2) allows measuring the beam cur-
rent value in the range from 0.5 to 50 pA. Since the FC
is installed in front of the experimental chamber with a
multi-target device, a magnetic induction (flight) sensor
(channel In3) was additionally used to control the
change in the primary electron beam current during the
experiment. The range of measured electron beam cur-
rents is 0.5...20 pA.

During the I-V characteristic measurement in manu-
al mode, the value and polarity of the potential on the
collectors were changed according to the operator's
choice. Its value was automatically recorded by the In4
channel simultaneously with the current measurement,
which ensured the correct construction of the I-V char-
acteristic. The maximum permissible scanning range
can vary from -200 V to +200 V.

In total, more than 54 experimental |-V characteris-
tics were obtained during one week experimental ses-
sion in 2025, of which three were obtained for each tar-
get for a fixed primary beam energy (total secondary
electron yield from both surfaces, separately from the
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frontal (first) surface in relation to the primary beam,
and at the yield (second) from the thin target). The gen-
eral form of the I-V characteristic (Fig. 2,a-f) is present-
ed for the case when the energy of the primary beam E.
of electrons was 25 MeV, and its average current was
1 pA.

Since the energy of delta electrons significantly ex-
ceeds the value of the stopping potentials (-80 V), to
determine the yield of low-energy electrons from the
first or second surface, it is necessary to subtract the
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part corresponding to the yield of delta electrons & (see
Fig. 2). Thus, the yield of low-energy electrons for a
gold foil (see Fig. 2,a) for the first surface is 0.172, and
for the second, 0.138; the total emission from both sur-
faces is 0.315=0.172+0.138+A, difference is A=0.005,
and for a beryllium foil (see Fig. 2,b), for the first —
0.144, for the second — 0.114, from both surfaces —
0.267=0.144+0.114+A, A=0.009.
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Fig. 2. Experimental dependences of the yield of secondary electrons when high-energy electrons with an energy of
25 MeV pass through thin films: a — Au (7 um); b — Be (74 um); ¢ — Nb (25 um);
d— Al (58 um); e — Cu (15 um); f— Ni (10 um)
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The results of the analysis of the 1-V characteristics
for all 6 targets when irradiated with high-energy elec-
trons with energies: 10, 15, and 25 MeV are presented
in Table 2. The analysis revealed that the change in en-
ergy within this range does not significantly impact the
delta electron yield, which remains in the range of 0.011
to 0.0142. Based on the obtained values, it follows that
the thickness of the samples and the serial number of the
elements provide a sufficiently close value of T%® Z/A,
which is in the range of 0.045...0.065.

Table 2

Experimental values of delta electron yield depend-
ing on the energy of primary electrons obtained from
the I-V characteristic

7 d-electron yield Average
10MeV | 15MeV | 25Mev | Values
Au | 00117 | 0.012 00121 | 0.0119
Be | 0.0107 | 0.0107 | 0.0108 | 0.0107
Nb | 00142 | 0.0147 | 00138 | 0.0142
Al | 00119 | 00116 | 0.0126 | 0.0120
Cu | 00131 | 00123 | 00126 | 0.0126
Ni 0.01 00105 | 0.0122 | 0.0109

In previous works [11-14], the authors indicated the
presence of a linear dependence of the delta electron
yield, taking into account target characteristics such as
Z, A, and T°® Z/A. Fig. 3 shows the dependence of the
delta electron yield on the parameter T0.5-Z/A.
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= Avarage data of Table 2
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-

0
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0.06
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Fig. 3. Dependence of the average delta electron yield
on T%*-7/4

As shown (see Fig. 3), the 3-electron yield demon-
strates a clear correlation with the parameter T**-Z/A.
The new data within the error range of <10% corre-
spond to the given dependence. At the same time, the
key process that accompanies the passage of particles
through the foil and affects the trajectories of secondary
electrons is multiple Coulomb scattering. This process is
characterized by the root-mean-square scattering angle,
which is proportional to the ratio T>*Z/A0.5 (see calcu-
lated values are presented in Table 1). Fig. 4 presents
the results of the averaged data on the delta-electron
yield of thin films (see Fig. 3) as a function of
T°ZIA,
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Fig. 4. Dependence of the average yield of delta elec-
trons on T*°Z/A%°

The dependence presented in Fig. 4 complements the
result presented in Fig. 3, separating two phenomena:
the generation of &-electrons and their exit from the tar-
get. Result Fig. 3 (yield constancy at T*°Z/A=const)
shows that the total number of generated §-electrons is
determined mainly by collision statistics. Instead, Fig. 4
demonstrates that the probability of these electrons leav-
ing the sample is directly affected by the angle of multi-
ple Coulomb scattering, which is proportional to
T%ZIA,

The systematic data obtained in the work and estab-
lished regularities have both fundamental and applied
significance. They are an experimental basis for verifi-
cation and adjustment of modeling software complexes
(such as Geant4, MCNP, FLUKA) that describe the
transport of particles through matter. The independence
of the yield of &-electrons from Z under the condition
T%5Z/A=const is important for radiation materials sci-
ence, which allows, for example, when designing output
windows of accelerators or protective coatings, to
choose the material according to its mechanical or ther-
mal properties while maintaining the predicted radiation
load. At the same time, data over a wide Z range (from
Be to Au) are critical for dosimetry and medical phys-
ics, particularly for refining calculations of absorbed
doses at the boundaries of media separation (e.g., bio-
logical tissue-metal implant).

The established regularities of the 3-electron yield are
the basis for the correct selection and systematic study
of the yield of “real” low-energy electrons (LEE), which
will allow to separately investigate the dependence of
the LEE yield on Z and scattering conditions, separating
the contributions to their generation from the primary
beam and from the cascade of 3-electrons. The obtained
data enable the development of a generalized semi-
empirical model that combines both parameters identi-
fied in this research (T°Z/A and T*°Z/A) to predict
the yield of secondary emission over a wider range of
conditions. In addition, the application of the developed
technique to single-crystal targets will enable the study
of the influence of orientation effects on the processes
of secondary particle generation and release.

18 ISSN 1562-6016. Problems of Atomic Science and Technology. 2025. Ne6(160)



CONCLUSIONS

1. Two measuring complexes based on an Arduino
Nano microcontroller and a 16-bit ADS1115 ADC were
developed and implemented for precise recording of
current-current characteristics of secondary electronic
emission.

2. Systematic measurements of -electron output from
six amorphous targets (Be, Al, Ni, Cu, Nb, Au) were
carried out at primary electron energies of 10, 15, and
25 MeV.

3. Due to the unique selection of targets with close
values of the parameter T®°Z/A ~ 0.045...0.065, it was
experimentally shown that the yield of -electrons in the
investigated energy range is a practically constant value,
independent of the serial number of the target Z.
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EKCIIEPUMEHTAJIBHI JOCJ/II/JUKEHHA BUXOAY JEJIBTA-EJIEKTPOHIB
PU B3AEMO/III BACOKOEHEPTETUYHUX EJJEKTPOHIB
13 TOHKUMU AMOP®HUMMU IIVIIBKAMHU

I' /1. Kosanenxo, FO.I'. Kazapinos, C.I'. Kapnycs, I.M. Illnaxos, 1JI. Cemicanos,
M.IO. Illynika, €.B. I[aybko, B.B. I[aysko, C.II. I'okoé

[IpencraBneHO pe3ysIbTaTH CUCTEMATHYHHUX SKCIICPUMEHTAJIBHUX NOCIIKECHb BUXOAY O-CNEKTPOHIB IIPH B3ae-
MOJIi1 eJIeKTpOHHOTO Tyuka 3 eHeprisimu 10, 15 ta 25 MeB i3 Toukumu amopbuumu Mitnensimu (Be, Al, Ni, Cu, Nb,
Au). HocmimkeHast npoBoamwinck Ha mpuckoproBadi JIIIE-30 HHI] X®TI 3 BukopucTtaHHSIM OaraTOMIIIEHHOTO
npuctporo y 2025 poui. KinrouoBoro 0coONUBICTIO eKCIIEPUMEHTY OyB YHIKaJIbHUH Mi0Ip TOBIIMHU MillIEHEH, 10
3aGesreuyBaB 61M3bKi 3HAueHHs mapamerpa TO°Z/A (B intepsami 0.045...0.065), sikuii XapaKTepu3ye CTATHCTHKY
3ITKHEHb, HOPMOBaHY Ha MUTOMY €JIEKTPOHHY T'yCTHHY MillleHi. TakuM YWHOM, TOBIIMHA T JUIS KOXHOI MileHi (3
pi3HUM BifHOLIEHHSM Z/A) migiOpaHo Tak, 100 cyMapHHUN CTaTHCTHYHUI e(eKT B3aeMOJIT 3 eJIeKTPOHAMH PEUOBH-
HU OyB OJMM3BKMM ISl BCIX MillleHel. BcTaHOBIEHO, 10 32 TAKUX YMOB BHXIiJ O-€JEKTPOHIB CIa00 3aJIe)KUTh BiJ
eneprii B fiamazoni 10...25 MeB i € npakTH4HO HE3aJeXHUM BiJ| MOPAKOBOr0 HOMepa MilleHi Z (BiAXHUJICHHS B
Mexax 5...10%). Lle neMOHCTpYe, 10 32 OTHAKOBUX YMOB PO3CISIHHS ITyYKa BUXiJ O-€JICKTPOHIB BU3HAYAETHCS I1e-
PEeBaXHO HE THIIOM Matepiany (Z), a caMe CTAaTHCTHKOIO 3iTKHEeHb (TOBIIWHOW). Po3po0iieHo Ta BIpOBaKEHO HAITi-
BaBTOMAaTH30BaHUH BUMiproBaibHUH KomIuieke Ha 0a3i AIIIT ADS1115 ta Arduino Nano ajis BUMiprOBaHb BOJBT-
aMIIEPHUX XapaKTEPUCTUK BTOPUHHOI eMicii.
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