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Abstract

Within the framework of the NICA project an applied
research station for irradiation by long-range ions (SODIT)
is being constructed for testing radiation hardness of
semiconductor micro- and nanoelectronics products in the
energy range of 150-350 MeV/n. Calculations for the
interaction of high-energy gold ions with the microchip and
strip detector structures are performed using the GEANT4
simulation toolkit. A concept was developed for recon-
struction of the capsulated microchip structure in terms of
depth and in terms of cross-section using interaction with
high-energy ions at the technical station for irradiation by
long-range ions. The possibility of localizing the radiation-
vulnerable area of the microchip is evaluated.

INTRODUCTION

Modern radio-electronic systems used on board space-
craft have to operate under hard conditions, being exposed
to cosmic particles. In order to research and test promising
semiconductor micro- and nanoelectronics products for re-
sistance to heavy charged space particles and single radia-
tion effects, a technical station for irradiation by long-range
ions (SODIT) is under construction in the Measurement
Hall of Building 1 of the Veksler and Baldin Laboratory of
High Energy Physics (VBLHEP) [1, 2].

The SODIT station includes a specialized detector part
(DPS-NICA), which was designed for precision localiza-
tion of the particle track and energy release in a microchip
and localization of vulnerable areas of microchips
(determination of the sample profile and localization of the
microchip crystal) [3, 4]. The detector part consists of a set
of silicon pad and strip planes located in front of and be-
hind the sample. The structure of the detector is described
in detail below.

SIMULATION OF HIGH-ENERGY ION IN-
TERACTION WITH MATERIALS OF

CAPSULATED MICROCHIPS
Simulation of high-energy '“’Au’” beam interactions
with  semiconductor  microelectronics using  the

GEANT4 [5] software package is presented.

Here the ion beam successively passes through the
following geometry elements: a round titanium foil
0.05 mm thick (radius 140 mm) at the ion beam output, an
air layer 500 mm thick, a pad silicon plane 0.3 mm thick
(square cross-section 40x40 mm) of the detector, an air
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layer 20 mm thick, two pairs of strip (track) silicon planes
0.3 mm thick (square cross-section 40x40 mm) with an air
gap 20 mm thick between them. Behind the second pair of
detectors, there is another 20-mm-thick air gap.

Then a sample microchip was simulated, which included
a nickel cover 0.3 mm thick (square cross-section
40x40 mm), a silicon chip 0.5 mm thick (square cross-sec-
tion 20x20 mm) inside the ceramic cavity (thickness of the
thick layer at the edges of the microchip is 1.5 mm,
thickness of the thin layer behind the microchip is 1 mm,
square cross-section is 40x40 mm), and a fiberglass layer
2 mm thick (square cross-section 60x60 mm).

Behind the 15-mm-thick air layer, downstream of the
sample microchip, there is a detector system that includes
two pairs of silicon strip (track) planes 0.3 mm thick
(square cross-section 40x40 mm) with an air gap of 10 mm
between them.

Considering the air interlayers, the total thickness of the
entire geometry along the beam path is 591.5 mm.

The general view of the geometry is shown in Fig. 1.
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Figure 1: The geometry’s target unit (sample microchip, set
of detectors in front of and behind sample microchip).

The passage of the ion beam through the geometry
changes the ion beam energy, as well as the ionization
capacity of the beam, so that it is possible to study the
internal structure of the microchip as a function of energy
distribution and to perform so-called microchip
tomography by measuring the energy of ions at the output
of the microchip with two orthogonal strip detectors [3, 4].

Localization of the Radiation-Vulnerable Areas
of the Microchip

An option was considered where the microchip with the
package is irradiated by an ion beam with a diameter of
400 pm at half maximum, namely, a beam of '°’Au’° ions
with the initial energy of 300 MeV/n and charge of 79.
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Moving along the longitudinal axis, this ion beam succes-
sively passes through the titanium foil, the detector pad
plane, two pairs of strip (track) planes, and the nickel cover
of the microchip and arrives at the interface between the
silicon microchip and the ceramics so that half of the beam
hits the ceramics and the other half hits the silicon micro-
chip. The output data were read out from the silicon strip
detector 300 pm thick (square cross-section 40x40 mm,
strip width 25 um was selected to be 4 times smaller than
in the real DPS-NICA detector [3, 4]) following the
fiberglass layer. The characteristic size of the radiation-vul-
nerable element is on the order of 10x10 um, thus, the task
with obtaining a spatial resolution less than 10 pm is most
interesting. To solve the problems associated with the
localization of the microchip crystal, it is necessary to im-
plement the attachment of the crystal to the DPS-NICA
detector with maximum accuracy. For this purpose, the
possibility of reducing the width of the strip planes from
100 um to 25 um was considered.

The distribution of energy peaks over the coordinates of
the strips’ midpoints near the silicon—ceramic interface
(coordinate 10 mm) is shown in Fig. 2.
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Figure 2: Distribution of energy peaks over strips.
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Figure 3: The derivative of the energy peaks in the trans-
verse plane (over strips).

The distribution of the energy peak derivatives in Fig. 3
is shifted to the right relative to the silicon-ceramic (coor-
dinate 10 mm). The maximum derivative value is
81.409 MeV/mm and is shifted by 5 pm to the right. Thus,
without knowing the position of the silicon active part of
the microchip relative to the detector, with a selected strip

(Fig. 3) is about 100 um and is determined by the effects
of angle scattering of ions in the microchip materials.

A Concept for Reconstruction of the Capsulated
Microchip Structure in Terms of Depth

An iterative method is used to determine the depth struc-
ture of the microchip. The principle of the method is to
determine the thicknesses of the microchip nickel cover
and the ceramics when the total thickness of the microchip
is known. The layer thicknesses were determined by the
iterative method based on analytical calculations of ioniza-
tion losses and Geant4 calculations using the known energy
of ions at the entrance and exit of the microchip. The total
thickness of the microchip is measured with a micrometer
and initially assumed to be known. It is 1800 um in the cal-
culations below.

For the "’Au” ion beam with the initial energy of
300 MeV/n and charge of 79, the dependence of the nickel
cover thickness on the total thickness of the microchip
(green straight line in Fig. 4) is constructed on the basis of
the Bethe-Bloch formula for particle ionization losses.
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Figure 4: The dependence of the thickness of the nickel
cover on the thickness of the microchip.

According to Fig. 4, the thickness of the nickel cover is
263.374 um while the total thickness of the microchip is
1800 um. The thickness of the ceramic layer in the micro-
chip will then be 1536.626 um. Simulations were
performed using the GEANT4-obtained layer thicknesses.
The average energy of the ion beam at the microchip output
is 173.25 MeV/n, which is 0.98% higher than the incoming
value.

In order to achieve equality between the average output
energy of the ion beam and the incoming beam energy, it is
necessary to increase the thickness of the nickel cover
while reducing the thickness of the ceramic layer because
the nickel cover (density 8.907 g/cm?) is denser than the
ceramic material (AL,O; with a density of 3.97 g/cm?).

The thickness of the nickel cover was increased to
280 um while the microchip thickness remained to be
1800 um, and the thickness of the ceramic thus reduced to
1520 ym. An average ion beam output energy is
172.48 MeV/n, which is 0.53% higher than the incoming
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width of 25 pm, it is possible to determine the interface be-
£ tween the two materials with an accuracy of 5 um and re-
< construct its position with this accuracy. The full width at

value. The corresponding plot is the blue straight line in
Fig. 4.
The thickness of the nickel cover was increased to

§ half maximum of the peak derivative of ionization losses 300 um, and the thickness of the ceramic was reduced to
o
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1500 um. With a nickel cover thickness of 300 pm and a
ceramic thickness of 1500 um, the average energy of the
ion beam at the microchip output is 171.62 MeV/n, which
is 0.03% higher than the incoming value. The correspond-
ing plot is the red straight line in Fig. 4.

The iterative method described above is able to
determine the set thicknesses of the nickel cover and the
ceramic of the microchip.

The microchip is fixed on a fiberglass layer in the
calculation model. The thickness of the fiberglass layer can
be accurately measured, and it is 2000 pm in the described
model. Using the iterative method described above and
knowing the layer thickness and the average output energy
of the ion beam from the fiberglass layer, one can
determine the average energy of the ion beam at the
entrance to the layer (it is also the average output energy
from the ceramic layer, incoming beam energy).

The Thickness of the Silicon Chip inside the Ce-
ramic Cavity

The calculation of the thickness of the silicon chip inside
the ceramic cavity is presented below. Figure 5 shows the
output energy spectrum of the ion beam at the exit from the
ceramic layer when the ion beam passes through the centre
of the chip (distance 5Smm in transverse plane)
successively moving through the nickel cover, the silicon
chip and the ceramic layer thick 1000 um.
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Figure 5: Energy spectrum of the ion beam at the exit from
the ceramic layer after passing through distance 5 mm (an
average energy of the ion beam is E;=161.83 MeV/n).

Figure 6 shows the output energy spectrum of the ion
beam at the exit from the ceramic layer when the ion beam
passes through the edge of the chip (distance 15 mm in the
transverse plane) successively moving through the nickel
cover and the ceramic layer thick 1500 pm.

Solving the system of equations constructed on the basis
of the Bethe-Bloch formula for particle ionization losses
for two cases where ions pass through the silicon chip and
where they do not, we find that the calculated thickness of
the silicon chip is 494.2 um. With the actual silicon chip
thickness of 500 um given in the GEANT4 model, the
calculation error is 1.17%.

MC6: Beam Instrumentation, Controls, Feedback and Operational Aspects

TO03 Beam Diagnostics and Instrumentation

IPAC2021, Campinas, SP, Brazil
ISSN: 2673-5490

JACoW Publishing
doi:10.18429/JACoW-IPAC2021-MOPAB301

Energy Au-197 (Ey=285 MeV/n Out of Ceramic layer x =15 mm [MeV])
he_Au-197

1786

@
2
3

TTTTrTT T

Entries

IS
=3
3

Mean 2.982e+04 + 3.427

Std Dev 144.8 + 2.423

Number of particles, pcs

100

) i I
28000 26000 27000 28000 29000 30000 31000 32000 33000

34000

35000

Energy range, MeV

Figure 6: The energy spectrum of the ion beam at the exit
from the ceramic layer after passing through distance
I5mm (an average energy of the ion beam is
E»=151.37 MeV/n).

CONCLUSION

Calculations for the interaction of high-energy gold ions
with the microchip and strip detector structures were
performed using the GEANT4 simulation toolkit.
Transverse tomography of the microchip structure in terms
of the energy distribution of ions was proposed in [3].
Through a transition from 100-pm-wide strip to the to
25-um-wide strip, the calculations showed that the
accuracy of determining the position of the active silicon
chip inside the microchip was 5 um. A concept was
proposed for reconstruction of the capsulated microchip
structure in terms of depth and in terms of cross-section
using interaction with high-energy ions at the technical
station for irradiation by long-range ions.

Experimental verification of the microchip structure
reconstruction based on tomography of the ion energy
distribution by a strip detector is planned for 2022.
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