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The development of low currents measuring channel necessary to ensure the operation of the experimental
complex based on a linear electron accelerator with energy of 30 MeV at IHEPNP NSC KIPT for fundamental and
applied research on the interaction of high-energy electrons with amorphous and single-crystal structures is
described. The channel makes it possible to measure currents of the order of 0.1 nA and less, with an accuracy better
than 0.1 %, and is connected to an upper-level computer via the USB interface.

PACS: 07.50.Qx; 29.90.Ej

INTRODUCTION

The essential requirement to measure low current
(charges) values arises during a number of nuclear
physics experiments. For example, to ensure the
operation of an experimental complex based on 30 MeV
IHEPNP NSC KIPT linear electron accelerator for
fundamental and applied research on the interaction of
high-energy electrons with amorphous and single-
crystal structures. It is necessary to measure currents of
the order of 0.1 nA or less, with an accuracy better than
0.1 %. The setup and planned experiments are described
in more details in [1, 2]. In addition, to ensure the
operation of the accelerator, during the experiment, a
channel for constant current control from the Faraday
Cup and several ionization chambers is required. The
absolute values of these currents can range from 10 nA
to 100 pA. Traditionally, charge-code converters are
used to carry out such measurements. The practical
implementation of such a converter is described in [3].
This converter has high sensitivity and linearity, but,
unfortunately, has a number of disadvantages. In
particular, it requires very stable power supplies and has
significant temperature drift. In addition, there are
certain inconveniences of connection this converter with
a computer to automate the measurement process.
Taking into account the experience with charge-code
converters, it was decided to use integrating current-
voltage converters, followed by digitization of the
output signal using an analog-to-digital converter
(ADC) and preliminary processing of digital data by a
microprocessor. Such architecture of the measuring
channel allows pre-processing of data and simplifies
communication with an upper-level computer.

1. INTEGRATING CURRENT-VOLTAGE
CONVERTER FOR MEASURING SMALL
CURRENTS

To measure the value of the secondary emission
current or the current of accelerated electrons, a
universal integrating current-voltage converter has been
developed and manufactured. The use of modern
operational amplifiers with low input currents (on the

order of 0.01nA) made it possible to develop a
universal device suitable for accelerator experiment
measurements with continuous and pulsed beams. The
converter has two independent measurement channels.
The conversion factor of the first channel is 1 V/uA, the
second channel is 1V/nA. The range of measured
currents for the first channel is from +5 pA to -5 pA, for
the second channel: +5 nA to - 5nA. The Atmega328
microprocessor, which is part of the block, is used to
process the output signals of the converter and
communicate with the computer. The software is written
applying the WinAVR package. Data transfer between
the computer and the unit is carried out via the USB
interface. The structural diagram of the converter is
shown on Fig. 1.
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Fig. 1. Structural diagram of the integrating converter

The converter has two measuring inputs (Inputl,
Input2). For direct current, the output voltage of the
operational amplifier OP1 is determined by the
equation Uy =-R-1, The time constant of the

feedback circuit (integration) is equal to the product of
R; and C;. This value is chosen equal to 1 second for the
convenience of converting current into charge (charge
measurement mode). For pulsed signals, the duration of
which is much less than the constant integration time,

ie. T <<1s, the inverter output voltage will
be U= (Q/C1 .

To measure currents of the order of units of
nanoamps, the resistance feedback value reaches values
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from hundreds of MegaOhms to units of GigaOhms. To
reduce the measurement error, this resistor consists of
several precision ones made on the basis of metal oxide
films in the SMD version. Sufficiently stringent
requirements are imposed on the integrating capacitor
C, in terms of the leakage current (less than 0.1 nA) and
the magnitude of the dielectric absorption. It should be
noted that in order to ensure high metrological
characteristics of the transducer, it is necessary to fulfill
a number of design and technological requirements
(selection of elements of the feedback circuit, design Ry,
etc.). Further improvement of the characteristics of the
converter can be achieved by using the gated mode of
operation; however, this entails a significant
complication of the circuitry of this device.

Schematic diagram of the converter is shown on
Fig. 2. The input stage of the converter is made on an
operational amplifier (op-amp) AD711 [4] with an input
leakage current of about 1.5-10™ A. This is followed by
a scaling amplifier stage with a variable gain, also on
the op-amp AD711. Thus, the conversion factor of the
circuit can change by a factor of 10 (10 or 10° A/V).
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Fig. 2. Schematic diagram of the converter

As an analog-to-digital converter (ADC), an internal
microprocessor converter is used, which is part of the
Atmega328 CPU block. The ADC has 10 digits, which
provides measurement accuracy better than 0.1 % at the
maximum input signal. The structural diagram of the
Atmega328 CPU block is shown on Fig. 3. The CH341
chip is used as a USB interface converter.
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Fig. 3. Structural diagram of the block CPU Atmega328

The signals from the outputs of the integrating
converters are fed to the analog inputs A0 and Al of the
Atmega328 through resistors R1, R2 and diodes D1-D4,
which protect the ADC inputs from level overload and
reverse polarity. The program written in the Atmega328
cycles through the ADC makes ten measurements for
each input and averages the measurement results, after
which the data is transferred via the USB port to the PC
for further processing. The software is written applying
the WinAVR package under the General Public License.

2. DISADVANTAGES OF THE CONVERTER
AND THE POSSIBILITY OF FURTHER
MODERNIZATION

When conducting experiments for the pulsed
accelerator beam operation with a large pulse duty
cycle, an additional measurement error occurs due to the
integration of noise signals. The reason for this problem
is shown on Fig. 4.
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Fig. 4. Illustration of the presence of a noise signal

Between the pulses of the useful signal (signal) there
are noise pulses (noise). Their presence is due to the
operation of the accelerator high-frequency power
supply systems, the temperature control system
operation, etc. Thus, to increase the accuracy of
measurements, it is necessary to use a gated current-
voltage  integrating  converter,  which  allows
measurements to be taken only at the moment of the
presence of a useful signal. In addition, to increase the
accuracy of measurements, it is possible to use an
external ADC of a larger capacity, connected to the
CPU via a digital data transmission bus (SPI, 12C). It is
possible to use an external 16-bit ADC based on the
miniature ADS1115 chip [5], which has an 12C
interface and four single-ended or two differential
inputs. Programmable conversion frequency is 8...860
conversions per second. As a microprocessor unit, it is
possible to use the ready-made Arduino Nano module
[6, 7] and program it in the Arduino IDE. This will
significantly reduce the development time of printed
circuit boards and software.

3. STROBE INTEGRATING
CURRENT-VOLTAGE CONVERTER

To implement the gated mode of operation of the
current-voltage converter, it is necessary to install an
electronic switch at its input, which will disconnect the
converter input from the measured signal in the intervals
between accelerator current pulses. Such converters are
produced in integrated design, for example, the IVC102
microcircuit [8]. The design of the converter on discrete
elements has one, but very significant, advantage over
the integral design. This is its maintainability. The fact
is that when providing a physical experiment, various
emergency situations may occur, leading to damage to
the input of the converter. A simplified diagram of the
control unit and the input key control pulse shaper is
shown on Fig. 5.
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Fig. 5. Simplified diagram of the shaper

The accelerator synchronization pulse (synchro
pulse) is fed to the input of the control unit, which
generates the input key control pulse (gates pulse) S1.
The integral switch ADG419 [9] was used as an input
key.

The measured input signal is fed to the ADG419
input, and the signal from its output (output signal) is
fed to the input of the current-voltage converter. The
shaper operation algorithm is illustrated on Fig. 6. Using
variable resistors R1 and R2, it is possible to adjust the
delay of the key control signal relative to the
synchronization pulse and its duration. Thus, only the
measured signal will be fed to the input of the
transducer, and the noise will be cut off.
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Fig. 6. Algorithm of the shaper

A simplified circuit diagram of the shaper is shown
on Fig.7. The 74HCA4538 microcircuit in standard
switching was used as single vibrators. BOCHEN
WXD3-13 multi-turn precision resistors are used as
resistors R1 and R2.
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Fig. 7. Simplified circuit diagram of the shaper

As is clear from the above diagram, the accelerator
clock triggers the first single vibrator, which generates a
pulse, the duration of which depends on the values of
R1 and C1. On the trailing edge of the pulse at the

output Q, the second single vibrator is started, the
duration of which depends on R2, C2.

4, PROCESSING UNIT OF THE
MEASURING CHANNEL
The block includes an ADC, an Arduino Nano V3.0

microprocessor module, a liquid crystal display and
operating modes controls. The structural diagram of the

block is shown on Fig. 8.
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Fig. 8. Structural diagram of the processor unit

Input analog signals from current-voltage converters
are fed to the inputs Inp.1, Inp.2 and converted into
digital data using ADC ADS1115. Further processing of
the digital signal takes place in the CPU Arduino Nano
V3.0. To improve the accuracy of measurements, a
series of measurements is made for each analog input,
followed by averaging, in addition, the processing
possibility of the module is quite enough to carry out the
simplest statistical processing, which can further
increase the accuracy. The operation of the unit is
possible in stand-alone mode and as part of an
experimental complex of equipment controlled by an
upper-level computer. The choice of operating mode is
made by switch S2 (control). In offline mode,
measurements are taken once, by pressing the S1 (start)
button, the results are displayed on a liquid crystal
display (LCD). When working as part of a complex of
equipment, measurements are made by a control signal
from an upper-level computer, data exchange between
the CPU and computer occurs via a standard USB
interface.

CONCLUSIONS

With relatively small material costs, it was possible
to create a measuring channel that provides
measurement of currents in the range from 0.1 nA to
10 44, with an accuracy of better than 0.1 % (not
counting the initial part of the ADC scale). Ways are
being considered to further upgrade the measuring
channel to further improve accuracy and temperature
stability.

REFERENCES

1. G.D. Kovalenko, S.H. Karpus, Yu.H. Kazarinov,
V.N. Borysenko, S.S. Kochetov, Ye.V. Tsyatsko,
0.0. Shopen, V.Y. Kasilov. Analysis of secondary
electron emission measurement systems // Abstracts

of XXVII International conference on Charged
Particle Accelerators, September 21-24, 2021,
Kharkiv, NSC KIPT 2021, p. 62-63.

G.D. Kovalenko, V.Y. Kasilov, Yu.H. Kazarinov,

44 ISSN 1562-6016. Problems of Atomic Science and Technology. 2022. N25(141)



S.H. Karpus, I.L. Semisalov, S.S. Kochetov,
0.0. Shopen, .M. Shliakhov. Universal Experi-
mental Facility of IHEPNP NSC KIPT for Research
of High-Energy Electron Beam Interaction with thin
Amorphous and Single-Crystal ~ Structures //
Problems of Atomic Science and Technology. Series

16-bit, 860-SPS, 4-channel, delta-sigma ADC with
PGA, oscillator, VREF, comparator and 12C
https://www.ti.com/product/ADS1115

Arduino Nano (V2.3). User Manual.
https://www.arduino.cc/en/uploads/Main/ArduinoNa
noManual23.pdf

“Nuclear Physics Investigations”. 2022, N 3(139), 7. Arduino IDE 1.8.19
p. 23-28. 8. https://www.arduino.cc/en/software

. V.L. Morokhovskii, V.V. Morokhovskyi,V.N. Pi- 9. Precision Switched Integrator Transimpedance
rogov. Charge-number of pulses-converter // Amplifier

Problems of Atomic Science and Technology. Series
“Nuclear Physics Investigations”. 2020, N 5(129),

10. https://www.ti.com/lit/ds/symlink/ivc102.pdf
11. LC2MOS Precision Mini-DIP Analog Switch

p. 94-96. 12. https://www.analog.com/media/en/technical-
3. AD711 Precision, Low Cost,High Speed, BiFET Op documentation/data-sheets/adg419.pdf
Amp

https://www.analog.com/en/products/ad711.html

Article received 19.08.2022

PO3POBKA BUMIPIOBAJIBHOI'O KAHAJIY IHTET'PYBAHHS MAJINX CTPYMIB
HA EJIEMEHTHII BA3I ®IPMU ANALOG DEVICES I MOJYJISIX ARDUINO
VI OIBUYHUX EKCIIEPUMEHTIB

IM. Illnaxos, C.I'. Kapnycs, I /]. Kosanenko, LJI. Cemicanos, O.A. Kananiii, C.K. Kinpiu,
B.Jl. Osuunnux, M.IO. Illynika, I'.Il. Bacunves, B.1. Inosenxo

[IpencraBneHo po3poOKy BHMIPIOBAILHOTO KaHATy MalWX CTPYMiB, HEOOXimHOrO s 3abe3neucHHs
(hyHKIIOHYBaHHS EKCIIEPHIMEHTAFHOTO KOMIUICKCY Ha 0asi JHIHHOTO IMPHCKOpIOBada EJIEKTPOHIB 3 EHEprieio
30 MeB I®BEA® HHI X®TI mis pyHaaMeHTaIbHUX Ta MPUKIATHUX JOCTIMHKEHb MO0 B3a€MOIIi EIEKTPOHIB
BUCOKHX CHEpriii 3 aMOpGHHMH Ta MOHOKPUCTAJIYHMMH CTpyKTypamu. KaHan 1N03BOJNsS€ BUMIpIOBaTH CTPYMH
nopsaky 0,1 HA i1 menme, 3 Tounictio He ripie 0,1 %, i mae 3B's130k 3 EOM BepxHbOTO piBHA 32 iHTepdeiicom USB.
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