13" International Conference on Electrical, Electronics and Computer Engineering (IcETRAN), Silver Lake, 8-11 June 2026

Fleet Metrological Characterization of Ambient
Digital Dosimeters and Calibration
Data-Management Software

Miona Tomié
!University of Belgrade
School of Electrical Engineering
2Center for Microelectronic Technologies
Institute of Chemistry,
Technology and Metallurgy
University of Belgrade
Belgrade, Serbia
miona.tomic @ihtm.bg.ac.rs,
https://orcid.org/0009-0001-4233-0249

Abstract—This paper presents a fleet-level metrological charac-
terization of the DMRZ-M15 ambient digital dosimeter with probe
S1 and a dedicated software tool for calibration-data management
and quality-control (QC) support. Ten instruments were analyzed
using accredited calibration certificates obtained in the reference
gamma fields S—Cs (662 keV, '¥’Cs) and S-Co (**Co), together
with ISO 4037 narrow-spectrum X-ray qualities N-100, N-120, N-
150, and N-200. For each beam quality, the calibration coefficient
Npg for the ambient dose equivalent rate was extracted, and
a practical instrument correction factor K., was defined as
the average of the two lowest S—Cs points. Fleet statistics yield
Keorr = 1.0024+0.011 and Ny s-cs = 0.996 + 0.012 (mean+SD),
while mean energy-response deviations relative to S—Cs are
—22.5% for S—Co, —27.2% for N-100, —27.2% for N-120, —20.2%
for N-150, and +2.9% for N-200. These results quantify both
between-instrument variability and systematic energy dependence
relevant to routine operation and QC interpretation. Certificate
uncertainties were retained at record level; fleet means and
SDs are descriptive statistics of central values, not propagated
uncertainties. In parallel, a Windows Presentation Foundation
(WPF) application based on the Model-View—ViewModel (MVVM)
pattern was developed to support structured import of certificate-
derived data, record validation, automatic computation of Kcor,
fleet-level summaries, ITEX/CSV export, and QC charting based
on z-score criteria. The combined metrological dataset and
software workflow reduce manual processing errors and provide a
practical basis for traceable long-term monitoring of DMRZ-M15
instruments.

Index Terms—DMRZ-M15, ambient dose equivalent H"(10),
calibration coefficient, ISO 4037, energy response, quality control,
WPFE, MVVM, traceability
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I. INTRODUCTION

Ambient dose equivalent H*(10) and its time derivative,
the ambient dose equivalent rate H *(10), are operational
quantities widely used in protection against ionizing radiation
for environmental and workplace monitoring. Instruments
intended for these purposes are calibrated in traceable reference
photon fields established in accordance with ISO 4037 (and its
national SRPS ISO transposition) and are assessed against rel-
evant performance requirements from applicable IEC standards
[1]-[4]. In addition to initial calibration, long-term stability
must be demonstrated through periodic quality-control (QC)
procedures that support early drift detection while preserving
metrological traceability. Beyond Geiger—Miiller-based ambient
digital dosimeters, semiconductor radiation sensors such as
radiation-sensitive field-effect transistors (RADFETS) have also
been extensively investigated for absorbed-dose and dose-rate
monitoring, together with dedicated readout architectures for
operation in demanding radiation environments [S]—[7].

The DMRZ-M15 is an in-house constructed ambient digital
dosimeter with interchangeable probes, including S1, S2, and
S3, intended for the measurement of dose and operational
dose-equivalent quantities over a broad dynamic range [8],
[9]. In practice, laboratories and monitoring services often
operate several instruments of the same model in parallel. This
motivates a fleet-level approach that extends beyond single-
instrument calibration and addresses three practical needs:
(i) quantifying between-instrument variability under the same
reference conditions, (ii) assessing energy dependence across
beam qualities, and (iii) defining an operational correction
strategy that supports consistent QC trending and comparable
reporting.

To support routine use, it is advantageous to reduce calibra-
tion and QC information to a small set of robust, interpretable

This work is licensed under CC BY-NC-ND 4.0 International @

176



TABLE I
MAIN UNIT SPECIFICATIONS OF THE DMRZ-M15 (SUMMARY FROM THE
MANUFACTURER DOCUMENTATION [8]).

Parameter Value / Description

Measurement modes time-based; statistical-error target (< 10%,
< 5%, < 1%)

1-999s

2-line LCD

up to 1000 measurement records

4.5V internal supply (rechargeable)

20-80 mA (mode-dependent)

Measurement time
Display

Data storage

Power supply
Current consumption

Operating temperature —20-50°C
Dimensions 175mm X 120mm X 50 mm
Mass 0.45kg

parameters. In this paper, these are the calibration coefficient
Ny, an instrument correction factor K., derived from the
two lowest '¥’Cs dose-rate points, and the relative energy-
response deviation A(FE) with respect to S—Cs. Together, these
quantities enable compact fleet-level reporting and provide a
practical basis for QC interpretation.

Manual processing of calibration certificates, including
transcription of tabulated values, recalculation of correction
factors, and reformatting of results for reports, is time-
consuming and prone to error. To address this, we also present
a dedicated calibration-data management tool (Calibration App)
that implements structured import and validation, automatic
computation of K., and A(FE), descriptive fleet statistics,
and standardized export to CSV and publication-ready I5TX
tables [10].

The main contributions of this paper are:

o a consolidated dataset from ten accredited calibration
certificates for DMRZ-M15 instruments with probe S1,
covering S—Cs, S—Co, and ISO 4037 N-series qualities;

o fleet statistics for Ny, Kconr, and A(FE), enabling as-
sessment of between-instrument variability and energy
dependence;

« a software workflow for traceable record keeping, repeat-
able computation, and QC-oriented reporting that supports
long-term stability monitoring.

II. MATERIALS AND METHODS

A. Instrument: DMRZ-M15 with probe S1

Figure 1 shows the DMRZ-M15 main unit, transport kit,
and probe S1 with the dedicated covers used for different mea-
surement tasks. According to the manufacturer documentation,
the instrument supports time-based acquisition, operation with
a target statistical error, correction for background radiation,
and probe-dependent measurement ranges [8]. The S1 probe
is intended for ambient monitoring and is routinely calibrated
in reference photon fields.

Key manufacturer specifications for the main unit and the
S1 probe are summarized in Tables I and II, while nominal
measurement ranges for the DMRZ-M15 probe family are
given in Table III.

TABLE II
PROBE S1 SPECIFICATIONS (SUMMARY FROM THE MANUFACTURER
DOCUMENTATION [8]).

Parameter Value / Description

Detector Geiger-Miiller tube SI-8B

Energy range (photons) 59-1300 keV
Dose-rate range F*(10) 0.1-1000uSv h =1
Count-rate range 0-4000 imp/s

High voltage 400V £ 20V
Intrinsic background < 2 imp/s

Dead time < 220 ps

Active area 33 cm?

—40-50 °C (remote operation recommended
beyond main-unit limits)
diameter 90 mm, height 160 mm

Operating temperature

Probe dimensions

TABLE III
NOMINAL MEASUREMENT RANGES FOR DMRZ-M 15 PROBES (SUMMARY
FROM [8], [9]).

Probe Operational quantity Range

S1 H*(10) 0.1-1000puSv h~*
S2 H*(10) 1-10Svh~1!
S3 H,(10) 1-10Svh~*!

B. Reference photon fields and calibration dataset

The fleet dataset was assembled from ten calibration cer-
tificates issued by the accredited laboratory "Radiation and
Environmental Protection Department”" (INS Vinca), which
includes a dedicated metrology sector for calibration and
traceability. According to the certificates, the calibration labo-
ratory is accredited under ISO/IEC 17025, with a calibration
scope based on the SRPS ISO 4037-1-3:2020 series. The
analyzed certificates cover the reference gamma fields S—Cs
(37Cs) and S—Co (°°Co), as well as ISO 4037 narrow-spectrum
X-ray qualities of the N-series, all in free-in-air reference
geometry [1], [2], [11]-[13]. The certificate set comprises
certificates Nos. 1105/23, 1140/23, 1141/23, 1142/23, 1143/23,
1148723, 1149/23, 1156/23, 573/24, and 576/24 [14] and
spans multiple calibration campaigns, allowing assessment
of between-instrument variability at fleet level.

The certificates state the traceability chain: gamma-field
reference values are realized using the IRPIK A and IRPIK C
working gamma-field generators, whose calibration is linked
to the national air-kerma standards of the Republic of Serbia
(ionization chambers PTW 32003 s/n 126, PTW 32002 s/n 311,
and PTW 30013 s/n 9848), traceable through the TAEA
Dosimetry Laboratory in Vienna to the BIPM. Each value
was kept linked to its certificate number/date, reference field,
geometry, reference value, indication, coefficient, and expanded
uncertainty.

C. Calibration coefficient and instrument correction factor

For each instrument and each reference quality, the calibra-
tion coefficient Ny for the ambient dose equivalent rate is
defined as

H*(10)yef

Ny = =

T (M

177



(a) DMRZ-M15 with probe S1. (b) Transport kit and accessories.

(c) Measurement module/front panel
detail.

(d) Probe S1 and covers P1/P2.

Fig. 1. DMRZ-MI15 instrument and probe S1 used in this study: (a) main unit with probe S1, (b) transport kit and accessories, (¢) measurement module/front-
panel detail, and (d) probe S1 with covers P1/P2. Images reproduced from the manufacturer documentation [8].

where H *(10)yef is the reference ambient dose equivalent rate
and M is the instrument indication, expressed in the same
units.

A practical instrument correction factor K., was defined
for each serial number as the average of the two lowest '3’Cs
reference points (Ng, and N, ):

1 . -Cs
Keon(s) = 5 (N5 (5) + N7 (5)) )

This definition is operationally convenient because the corre-
sponding low-dose points are routinely present in calibration
certificates. The first two S—Cs points represent the dose-rate
range most realistically encountered in routine field practice:
environmental levels are of the order of the first point and,
in rare cases, may approach the second. Their average was
therefore used as a practical representative coefficient for
everyday operation; including higher dose-rate points would
shift K., toward a range where recognizing a hazardous
condition is more important than fine-scale correction.

D. Energy response deviation

Energy response was quantified by the relative deviation with
respect to the '¥’Cs S—Cs reference for each serial number:

Nuy(E) — Ny s-cs
Ny s-cs

A(E) [%] = 100 - 3)
Although acceptance criteria for energy response depend on
instrument class and intended use, the metric A(E) provides
a compact and comparable measure across beam qualities
and calibration campaigns [3], [4]. The IEC comparison is
interpretative rather than a formal pass/fail assessment, because
the complete test matrix and instrument-class conditions are
outside this certificate-based study. Deviations of this magnitude
are used here to decide whether a single S—Cs correction is
sufficient or quality-specific coefficients should be retained.

E. Quality control protocol and z-score criteria

QC measurements are performed outside the calibration
laboratory in the “Radionuclide activity sector”, using a ®*Co

point source in lead shielding with a defined absorber and fixed
irradiation geometry, as specified in the internal laboratory
workflow. For each QC session, m = 5 consecutive readings
M are acquired. Their mean value M is corrected using the
instrument-specific correction factor:

Meorr = Keorr * M. “4)
A practical dose-to-activity metric is then tracked:
MCOI'I' N -Lo
R== = 80 (5)

A Aco(t) 7
where Ac,(t) is the ®°Co source activity corrected for decay.
Control-chart evaluation uses the z-score
_R-ur

SR ’

(6)

z

with the practical decision criteria |z| < 2 (acceptable), 2 <
|z| < 3 (warning; repeat measurement), and |z| > 3 (action
required), consistent with common QC and intercomparison
practice. In the software workflow, these criteria are used to
generate QC trend views and flag warning/action regions while
retaining the underlying readings for each point.

F. Calibration App: software workflow and outputs

To minimize manual transcription errors and improve data
traceability, a Windows Presentation Foundation (WPF) appli-
cation based on the Model-View—ViewModel (MVVM) pattern,
denoted Calibration App, was developed [10]. The application
provides three principal user views corresponding to its main
tabs:

o Main: management and inspection of instrument-related
calibration records, including structured data entry/import
and traceable record review;

o Sessions: grouping and filtering of calibrations by date,
reference field/quality, geometry, and certificate, enabling
rapid comparison across campaigns;

o Summary: automatic computation of K., using (2),
energy-response deviations using (3), and descriptive
statistics such as mean, SD, variance, coefficient of
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variation, and 95% confidence intervals, with export to
CSV and publication-ready ISIEX tables.

Representative user-interface screenshots are shown in Figs. 2
and 3. The tool also supports QC-oriented data inspection and
preserves explicit linkage between each output value and its
source record (certificate identifier, field/quality, and reference
point). The workflow consists of record entry/import, field
validation, session/date grouping, summary generation, and
export. Normalized dates simplify later retrieval, and the ten
analyzed certificates were reprocessed in the application; the
generated K., A(E), and fleet tables matched independent
manual checks.

G. Measurement uncertainty context

Calibration certificates provide expanded uncertainty values
for each reference point. For software-side reporting and
traceable record keeping, Calibration App stores uncertainty
fields at record level and follows the Guide to the Expression
of Uncertainty in Measurement (GUM) framework [15], in
which the combined standard uncertainty is formed from the
relevant components and the expanded uncertainty is reported
as

(N

In practice, the uncertainty budget for dosimeter calibration
and performance verification may include contributions from
reference-field realization, positioning and irradiation geometry,
indication statistics (repeatability), environmental conditions,
and the application of correction factors. Such structuring of
uncertainty budgets for dosimetric measurements has been
discussed in earlier ETRAN contributions [16], [17]. In
addition, ISO/IEC 17025 emphasizes documented procedures,
traceability, and uncertainty evaluation as integral parts of
competent laboratory practice [13]. In the fleet tables, SD
describes empirical between-instrument spread of certificate
central values. It is not an expanded measurement uncertainty
and was not combined with certificate uncertainties, which
remain linked to each calibration record.

U=ku. (k=2).

ITI. RESULTS
A. Fleet calibration coefficients and correction factor

Table IV summarizes K., and the calibration coefficients
Ny for ten DMRZ-MI15 instruments across the gamma refer-
ence fields and ISO 4037 N-series X-ray qualities. Fleet mean
values and standard deviations are also reported. The correction
factor remains close to unity, with K., = 1.002 £ 0.011,
indicating consistent response in the selected low-dose '*’Cs
region and limited between-instrument spread for this oper-
ational definition. These ten instruments are the whole fleet
readily used in the laboratory; the results therefore characterize
the actual operational fleet.

Across the fleet, the mean calibration coefficient in the S—
Cs field is Ng,s-cs = 0.996 + 0.012, whereas in the S—Co
field it is Ng,s-co = 0.772 £ 0.012. For the ISO narrow-
spectrum X-ray qualities, mean Ny values range from 0.725
to 0.794 (Table IV). These results provide a compact basis for

comparison of instrument response across beam qualities and
directly support software-assisted reporting and QC evaluation.

B. Energy response deviations

Using (3), Table VI reports the relative deviations with re-
spect to the 137Cs S—Cs reference. The S—Co field yields a mean
deviation of —22.5%, with narrow spread across instruments
(SD ~ 0.9%). The ISO N-series X-ray qualities show larger
negative deviations, approximately —27.2% for N-100 and
N-120 and —20.2% for N—150, while N-200 exhibits a small
positive mean deviation of +2.9% but with larger between-
instrument spread. This pattern confirms energy dependence and
supports field- or quality-specific calibration coefficients rather
than a single global correction. The deviations are of the same
order as the expanded uncertainties stated in the certificates
(about 20-25%) and are compatible with an indicative IEC-
type response interval of about 30%; nevertheless, this is not a
formal conformity statement, which would require the complete
IEC test matrix and instrument-class conditions [3], [4].

IV. DISCUSSION
A. Between-instrument variability and practical interpretation

In addition to the clear systematic energy dependence,
Tables IV-VI provide a concise estimate of between-instrument
variability within the analyzed fleet. The correction factor
Korr spans 0.986-1.019 across ten serial numbers, while the
standard deviation of Ng g-cs is 0.012. Such fleet statistics
are operationally useful when multiple instruments are used
interchangeably in monitoring practice: they quantify the
expected spread under traceable reference conditions and make
the practical impact of unit-to-unit variation more transparent.

From a QC perspective, the correction strategy defined by (4)
and (5) is attractive because it combines a stable ®°Co reference
source with a compact scalar metric that can be followed on
control charts over time. The combined use of K., and
NH,s-co harmonizes raw instrument indications to a common
traceable level and reduces the influence of small systematic
differences between individual units. Implemented in software,
this approach enables consistent drift detection, for example due
to detector aging, electronic changes, or modified measurement
settings, while reducing operator-dependent interpretation.

An additional practical implication is that, for field use
in unknown spectra, the dominant source of variation is not
necessarily the unit-to-unit spread within the fleet but rather
the energy dependence of the response itself. In other words,
the fleet is relatively homogeneous in the '3’Cs and %°Co
reference fields, whereas broader uncertainty in operational
use is more strongly influenced by the radiation field and
irradiation geometry than by differences among nominally
equivalent instruments.

B. Software contribution to traceability and reporting

The presented dataset was consolidated from multiple
calibration certificates issued across different campaigns. In
such a setting, traceability depends on maintaining explicit
links between each numeric value and its certificate identifier,
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(a) Main window. (b) Sessions tab (filters and commands). (c) Summary tab.

Fig. 2. Calibration App core views for data import, session filtering, and summary statistics. The screenshots emphasize record management, session filtering,

and automatic fleet summaries.
Screenshots from [10].
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(a) Data view: instrument-level records. (b) Data view: session-level grouping.

Fig. 3. Calibration App data views supporting traceable inspection of imported calibration records. The views show how results remain linked to serial number,
certificate, reference quality, and session metadata.
Screenshots from [10].

TABLE IV
FLEET RESULTS FOR THE DMRZ-M15: INSTRUMENT CORRECTION FACTOR K¢orr (FROM LOW-DOSE 137¢s POINTS) AND CALIBRATION COEFFICIENTS
Npg FOR S-Cs, S—Co, AND ISO 4037 N-SERIES QUALITIES. ALL LISTED Kcorr AND N VALUES ARE DIMENSIONLESS RATIOS.

Serial Kecorr [(] NH,s-cs [[] Nmu,s-co [[] Ng,N-100 [[] Ng,N-120 [(] NH,N-150 [-] Ng,N-200 [-]
16003 0.998 1.010 0.772 0.693 0.684 0.761 1.020
23001 1.019 1.002 0.770 0.752 0.752 0.823 1.037
23002 1.011 1.015 0.794 0.771 0.756 0.830 1.102
23003 0.991 0.982 0.768 0.723 0.728 0.798 1.021
23004 0.999 0.995 0.774 0.755 0.751 0.823 1.091
23006 1.003 1.003 0.787 0.777 0.785 0.838 1.058
23011 0.995 0.988 0.755 0.723 0.716 0.780 0.984
23012 0.986 0.988 0.755 0.664 0.666 0.740 0971
23014 1.004 0.982 0.770 0.678 0.691 0.761 0.979
23015 1.015 0.990 0.775 0.714 0.717 0.787 0.980
Mean 1.002 0.996 0.772 0.725 0.725 0.794 1.024
SD 0.011 0.012 0.012 0.039 0.037 0.034 0.047
TABLE V TABLE VI
COMPACT FLEET STATISTICS FOR SELECTED PARAMETERS (MIN, MAX, ENERGY RESPONSE DEVIATIONS A(E) (IN %) RELATIVE TO THE 137¢s
MEAN, AND SD). ALL LISTED PARAMETERS ARE DIMENSIONLESS RATIOS. S—CS REFERENCE, COMPUTED USING (3). ALL TABLE ENTRIES ARE

EXPRESSED IN PERCENT.

Parameter Min [-] Max [-] Mean [-] SD [-]

Serial A(S-Co) [%] A(N-100) [%] A(N-120) [%] A(N-150) [%] A(N-200) [%]

Keorr 0.986 1.019 1.002  0.011 16003 236 314 323 247 10
Np,s-cs 0.982 1.015 0.996 0.012 23001 232 250 250 -17.9 35
Nms-co 0755  0.794 0772 0.012 23002 218 24.0 255 182 8.6
Nan-00 0664 0777 0725 0039 2004 22 o 43 13 56
Np N-120  0.666 0.785 0725 0.037 23006 21s 25 217 165 55
Np,N-150 0740 0.838 0794 0.034 23011 236 268 275 211 0.4
Np n-200 0971 1.102 1.024  0.047 23012 236 328 326 25.1 17
23014 216 310 296 225 03

23015 217 279 276 205 10

beam quality, irradiation geometry, and associated uncertainty = Mean 225 272 272 202 29
SD 0.905 3504 3.460 3.055 4.046

information [13], [15]. Calibration App enforces these links
through structured fields such as serial number, date, beam
quality, energy, dose-rate point, Ny, uncertainty, and certificate
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TABLE VII
COMPACT FLEET STATISTICS FOR ENERGY-RESPONSE DEVIATIONS (IN %).
ALL TABLE ENTRIES ARE EXPRESSED IN PERCENT.

Parameter Min [%] Max [%] Mean [%] SD [%]
A(S-Co) [%] -23.6 -21.5 -22.5 0.920
A(N-100) [%] -32.8 -22.5 -27.2 3.520
A(N-120) [%] -32.6 -21.7 -27.2 3.466
A(N-150) [%] -25.1 -16.5 -20.2 3.056
A(N-200) [%]  -1.7 9.6 2.9 4.039

ID. At the same time, it automates repetitive but error-prone
tasks, including computation of K., generation of fleet
statistics, creation of publication-ready tables, and preparation
of views tailored to QC workflows.

The software contribution is therefore not limited to con-
venience. By reducing manual transcription and standardizing
calculations, it supports more repeatable data handling, better
traceability, and more consistent reporting across instruments
and calibration campaigns. In this dataset, the workflow com-
prised record entry/import, validation, session selection, and
table export. The benefits are easier data entry, faster retrieval
of dated sessions, consistent calculations, fewer transcription
risks, and direct support for long-term QC monitoring.

V. CONCLUSION

This paper presented a fleet-level metrological characteri-
zation of ten DMRZ-M15 ambient digital dosimeters with
probe S1 using accredited calibration certificates obtained in
the reference gamma fields S—Cs and S—Co and in ISO 4037
narrow-spectrum X-ray qualities N—100 to N-200. The resulting
dataset provides per-instrument calibration coefficients, a
practical instrument correction factor derived from low-dose
137Cs points, and energy-response deviations relative to S—
Cs. Systematic energy dependence is clearly observed, for
example A(S-Co) ~ —22.5% and A(N-100) ~ —27.2%,
while between-instrument variability remains limited for the
analyzed metrics.

In parallel, a dedicated WPF/MVVM Calibration App
was presented for structured import, validation, automated
calculation, summary-statistics generation, and standardized
export. Together, the consolidated metrological dataset and the
software workflow provide a practical, traceable, and repeatable
framework for routine reporting and long-term QC monitoring
of DMRZ-M15 instruments. This supports consistent reporting,
lower risk of manual error, and long-term QC monitoring across
future calibration campaigns.
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