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A B S T R A C T

This study presents an advancement in the metrological performance of the graphite calorimeter in a water 
phantom developed at ENEA-INMRI, which serves as the Italian primary standard for absorbed dose to water in 
medium-energy X-ray beams. Through the optimization of key electrical parameters, a significant reduction in 
the Type A uncertainty associated with the fractional resistance change of the main thermistor was achieved. 
This improvement enhances measurement stability and repeatability, contributing to the overall refinement of 
the standard’s uncertainty budget. Given the limited number of absorbed dose to water standards available 
worldwide in this energy range, the enhancement of the Italian standard reinforces its relevance within the 
international metrology community and supports future interlaboratory comparisons and harmonization efforts.

1. Introduction

Over the past two decades, Primary Standard Dosimetry Laboratories 
(PSDLs) have significantly advanced their primary standards based on 
state-of-the-art technology, scientific expertise, and rigorous metrolog
ical principles; these standards are designed to ensure high levels of 
traceability and accuracy, typically employing calorimetric methods in 
the determination of absorbed dose to water. IAEA TRS-398 Code of 
Practice plays a crucial role in clinical dosimetry by providing stan
dardized procedures for the calibration of ionization chambers. These 
procedures assume the existence of robust, well-characterized standards 
from PSDLs, enabling their effective dissemination to radiotherapy de
partments through traceable calibration services [1].

The accurate determination of the quantity absorbed dose to water 
Dw is a cornerstone of radiotherapy, as it is the measurement basis for 
treatment efficacy and patient safety. Absorbed dose to water, Dw, is 
defined as the amount of energy imparted by ionizing radiation to a unit 
mass of water. It is expressed in grays (Gy), where 1 Gy corresponds to 1 
J of energy deposited per kilogram of water. Dw serves as the reference 
quantity in external beam radiotherapy dosimetry, as water closely ap
proximates the radiological properties of human tissue [2].

Three primary measurement methods are sufficiently accurate to 
serve as standards for the determination of absorbed dose to water: 
calorimetry, chemical dosimetry, and ionization dosimetry. Established 
procedures include water and graphite calorimetry, chemical dosimetry, 
and ionometry. Among these, calorimetry is considered the most 
fundamental, as it enables direct measurement of absorbed dose by 
quantifying the temperature rise in a medium subjected to ionizing ra
diation [3].

Low and medium-energy x-ray beams, with tube potentials ranging 
from 50 kV to 300 kV and an artificial separation around 70–100 kV (~4 
mm Al half-value layer, HVL), present considerable challenges for ac
curate dosimetry, unlike high-energy photon beams such as those from 
60^Co sources, medium-energy x-rays historically lacked robust primary 
standards of absorbed dose to water, leading to greater reliance on in
direct methods (based on another dosimetric quantity named air kerma) 
and empirical correction factors, additionally dosimetric protocols in 
this energy range often exhibited higher uncertainties due to the use of 
air kerma-based conversions, underscoring the need for direct Dw re
alizations to improve measurement accuracy and traceability [4]. 
Medium-energy x-rays are widely employed in clinical settings, partic
ularly for the treatment of superficial non-melanoma cancers, where 
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precise dose delivery is essential to ensure therapeutic efficacy and 
minimize damage to surrounding healthy tissue [5].

Globally, four primary standards of absorbed dose to water (Dw) in 
the medium-energy x-ray range have been established at national 
metrology institutes, with a fifth at the BIPM. These standards were 
compared in the international comparison EURAMET.RI(I)-S13 and 
more recently linked to the key comparison BIPM.RI(I)-K9 [6,7]. Most 
existing standards are based on water calorimetry, while the Italian 
standard uses graphite calorimetry in a water phantom. Comparative 
studies between these techniques are essential to validate their respec
tive accuracies and to identify potential systematic deviations [8,9,10].

The Italian standard measures the temperature rise induced by 
ionizing radiation in its graphite core through the resistance variation of 
a negative temperature coefficient (NTC) thermistor [11,12].

The most recent international comparison EURAMET.RI(I)-S13 re
ported the uncertainty components summarized in Table 1. Among 
these, two parameters were identified as primary contributors to the 
overall Type A uncertainty in calorimetric dose measurements. The first, 
fC, denotes the fractional change in the resistance of the main thermistor 
and was found to be the dominant contributor, with a relative uncer
tainty of 0.015. The second, Kqa, represents the quasi-adiabatic cali
bration coefficient, which initially exhibited a Type A uncertainty of 
0.16 %, subsequently refined to 0.11 % [13].

The present work aims to reduce the uncertainty associated with the 
fractional change in thermistor resistance fC during electrical calibration 
and irradiation measurements, improving the repeatability of calori
metric measurements. The aim of this work is not to fully characterize 
the performance of a national standard that has been established before. 
Rather, this work considers the largest component of the uncertainty 
budget, which is related to repeatability, and addresses strategies to 
improve this specific uncertainty component.

Historically, dosimetry in the medium-energy X-ray range has relied 
on air kerma–based standards, which require multiple conversion steps, 
such as cavity theory and energy-dependent correction factors, to derive 
absorbed dose to water. These indirect methods introduce additional 
uncertainties and reduce clinical relevance, especially in complex beam 
conditions.

A direct calorimetric standard, by contrast, measures the energy 
deposited in water without intermediate conversions, aligning precisely 
with the quantity of interest in radiotherapy. This approach improves 
measurement accuracy and strengthens the calibration chain.

Absorbed dose to water is clinically meaningful, as it reflects the 
actual energy delivered to tissue. Establishing a robust calorimetric 
standard in this energy range supports the transition from legacy air 
kerma–based systems and ensures consistency with modern protocols 
such as IAEA TRS-398. Validated through international comparisons, 
such standards are essential for improving traceability and clinical 
utility in medium-energy X-ray dosimetry.

The observed variability in the change of the main thermistor 
resistance arises from short-term fluctuations and noise in the mea
surement system, which we address through a different and optimized 
configuration of signal acquisition. Following an initial experimental 
campaign conducted to assess the impact of electrical parameterization 
on measurement stability, the calorimetric system was evaluated using a 
revised measurement configuration, both during the calibration phase 
and under irradiation conditions.

2. Materials and methods

2.1. Rx calorimeter

The ENEA-INMRI graphite calorimeter features a thermally isolated 
“core”, separated from two surrounding structures the “Jacket” and the 
“Shield” by evacuated vacuum gaps. This nested configuration allows 
precise monitoring of temperature variations induced by radiation 
exposure. The realization of the graphite calorimeter was described in 
previous reports [14]. The theory and operation of a graphite calorim
eter are designed around the concept of quickly bringing its three nested 
graphite bodies arranged concentrically, the “Shield,” the “Jacket,” and 
the “Core” to a state of thermal equilibrium and maintaining it long 
enough for an accurate measurement during exposure to a source of heat 
[15]. Our graphite calorimeter is ”Domen type“; the graphite nested 
structure calorimeter was developed at NBS [16]. The disc-shaped core, 
which is the innermost graphite body, measures 21 mm in diameter and 
2 mm in thickness and weighs 1.134 g.

ENEA-INMRI Rx calorimeter operates in a quasi-adiabatic mode, 
wherein core temperature rises are measured during irradiation or 
current injection. Quasi-adiabatic conditions are achieved by mini
mizing thermal exchange between the calorimeter components, thereby 
isolating the heat generated within the core. A vacuum level of at least 
10− 5 mbar must be maintained in order to assure that thermal interac
tion between the three bodies is restricted to residual radiative effects 
exclusively. Temperature differences are measured using NTC micro 
thermistors, which are positioned within each of the three graphite 
bodies of the calorimeter [17,18].

Components of the calorimeter can be seen in Fig. 1, the external 
PMMA chassis and the three graphite nested bodies, while Fig. 2 shows 
the calorimeter inserted into the PMMA phantom.

2.2. Measurement chain

The calorimetric system comprises three graphite bodies, each 
instrumented with embedded thermistors serving both heating and 
sensing functions. Two independent Wheatstone bridge circuits are 
utilized: the first monitors voltage variations across the core thermistor 
embedded in the central graphite body, which functions as the primary 
sensing element. The second bridge is configured to sequentially address 
the auxiliary thermistors distributed throughout the graphite assembly 
via a Keithley 7001 switching unit. This configuration enables 
comprehensive thermal monitoring while preserving high measurement 
fidelity. The electronic system associated with the previously described 
Rx calorimeter [19] incorporates three Keithley 2400 voltage/current 
source meters. These instruments deliver electrical power simulta
neously and proportionally to the Core, Jacket, and Shield via the 
respective heating thermistors, with power levels scaled according to the 
mass of each graphite body. The complete electronic setup is illustrated 
in Fig. 3.

2.3. Electrical parameters

The investigation described in the following paragraph focused on 
three settings of nanovoltmeter Keithley 2182a connected to the calo
rimeter’s core to assess the impact on measurement stability and reso
lution in the nanovolt regime: the Number of Power Line Cycles (Nplc), 

Table 1 
Rx Calorimeter total uncertainty budget showed in the EURAMET.RI(I)-S13 
supplementary comparison.

Source of uncertainty uiA uiB

fC, fractional change of the thermistor resistance 0.015 0.0014
Kqa, quasi-adiabatic calibration coefficient 0.0016 0.0021
Kvol, core finite volume correction factor 0.0014 0.0010
Ksc, non-water equivalence of PMMA phantom’s entrance 

window correction factor
0.0010 ​

Monitor chamber signal 0.0005 0.0021 

Calorimeter positioning ​ 0.0025
Cwg, graphite to water absorbed 

dose conversion factor
0.0010 0.0087

Kmass, graphite mass correction factor 0.0010 0.0046

Quadratic sum 0.0153 0.0107
Combined relative standard uncertainty,Dw 0.019
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the averaging algorithm type of the built-in digital filter, and the stack 
size, the number of samples used for computing the filtered output, in 
Delta Mode operation.

Nplc: its functionality is to define the integration time for each A/D 
conversion, expressed in units of power line cycles. As an impact on the 
measurement, increasing Nplc improves noise rejection, particularly for 
line-frequency interference, by extending the integration time. For 
nanovolt-level signals, higher Nplc values (e.g., ≥5) are recommended 
to suppress ambient electrical noise and enhance precision [20,21]. 
However, this comes at the cost of slower measurement rates. In this 
study, the selected values for the Number of Power Line Cycles (Nplc) 

are moderate, with a maximum setting of 20. This configuration does 
not result in a significant increase in total acquisition time, nor does it 
compromise the temporal resolution of the measured signal. Indeed, the 
data acquisition time configured within the C++ software controlling 
the calorimeter is set to 500 ms. The ranges analyzed for both parame
ters, “Count” and “Nplc”, are within the data sampling time, ensuring 
sufficient noise rejection while maintaining the responsiveness required 
for high-resolution voltage measurements.

Averaging Type: it assesses the averaging algorithm applied to the 
measurement data by Keithley 2182a; during repeating type average 
mode, unlike dynamic averaging techniques, the sample group remains 

Fig. 1. The Rx calorimeter nested structure.

Fig. 2. Rx calorimeter in the PMMA-water phantom.
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unchanged during acquisition. In this mode, upon completion of the 
predefined number of readings, the arithmetic mean is computed and 
returned as a single representative value. This approach is particularly 
suited for quasi-static signals where temporal variation is negligible 
during the averaging interval [22]. In INMRI calorimetric system, the 
instrumental noise does not exhibit low-frequency components, and no 
thermal drift or slow instabilities are observed during acquisition. Under 
these conditions, the repeating average mode does not introduce auto
correlation among the acquired data, thereby preserving the statistical 
integrity of the sample set. When the measured signal is quasi-static and 
the noise is purely stochastic, the resulting samples can be considered 
statistically independent. In this study, the repeating type average mode 
was selected for evaluation. Count: it defines the number of consecutive 
measurements used in the averaging stack. Higher Count values improve 
statistical stability by suppressing random fluctuations, which is 
particularly advantageous when measuring low-level signals affected by 
thermal and environmental noise [22]. However, excessive averaging 
may compromise temporal resolution by masking transient phenomena. 
In this study, a moderate Count value of 20 was adopted across all 
configurations to ensure adequate noise suppression while preserving 
the signal’s temporal fidelity. The configuration and the technique can 
also be extended to other DMMs like HP3458A, which offers very similar 
kinds of settings for such parameters.

Delta Mode operation: all voltage measurements on the sensing 
thermistor of the calorimeter core have been processed by the nano
voltmeter Keithley 2182a. A constant current of 15 μA, defined as “probe 
current” is injected to drive the Wheatstone bridge of the Core from the 
precision current source Keithley 6220. In our setup, the probe current is 
split equally across the bridge arms, resulting in a current of 7.5 μA 
through the thermistor. With a nominal resistance of 10 kΩ, the corre
sponding power dissipation is approximately 0.5625 μW. This low 
power level minimizes self-heating effects, which are further mitigated 
by the thermal design of the core.

The Keithley 2182A Nanovoltmeter features a Delta Mode designed 
to facilitate low-noise differential voltage measurements in conjunction 
with the 6220. In this mode, the current source alternates the polarity of 
the probe current, and the 2182a synchronously acquires voltage read
ings at each polarity [23]. By computing the difference between suc
cessive measurements, the instrument effectively cancels thermoelectric 

offsets and low-frequency noise, thereby enhancing measurement ac
curacy and stability. Delta Mode is particularly advantageous for char
acterizing low-resistance materials and devices, where minimizing 
thermal EMFs and environmental interference is critical [24]. The 
Wheatstone bridge of the calorimeter Core was upgraded to “Delta 
mode” to account for thermal noise that could have arisen from the 
many metal junctions that constitute the wiring from the thermistor to 
the measuring apparatus, that is, Pt-Ir wires, copper wires of varying 
thickness, and soldering tin [11]. When applying Keithley’s Delta Mode 
to a Wheatstone bridge, constant current excitation is mandatory [23].

The Keithley Delta Mode operation is specifically designed for ultra- 
low-level measurements, where constant current level excitation mini
mizes noise and enhances sensitivity. Constant current level excitation 
of the Wheatstone bridge allows the operator to adjust the probe current, 
providing a practical means to mitigate self-heating effects in resistive 
sensors. Self-heating is a well-known issue in DC-excited bridges, 
particularly when using strain gauges or thermistors, where the power 
dissipated across the sensing element can distort the measurement. 
Adjustable current excitation provides a direct approach to minimize 
thermal drift and maintain measurement integrity [25]. The parameters 
under investigation Nplc, averaging type and Count are configurable in 
high-precision nanovoltmeters and digital multimeters, which are spe
cifically designed to support ultra-low-level measurements through fine 
control of acquisition settings, while the delta mode functionality is fully 
integrated within the Keithley system, similar measurement techniques, 
based on current reversal and differential averaging, can be manually 
configured on other precision instruments through external synchroni
zation and custom control routines.

2.4. Analytical model

Calorimetry provides a direct and absolute method for determining 
the absorbed dose to water Dw in medium-energy x-ray beams. The 
graphite calorimeter developed at ENEA-INMRI operates by measuring 
the temperature rise in a thermally isolated graphite body exposed to 
ionizing radiation. The quantity absorbed dose to water at the depth of 2 
g cm− 2 and at a source-to-surface distance (SSD) of 98.0 cm was 
determined in accordance with the theoretical model presented below. 
The absorbed dose to water Dw is defined in Eq. (1), where dε denotes the 

Fig. 3. Complete measurement chain of the Rx calorimeter.
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average energy transferred by ionizing radiation to a differential mass 
element dm of the medium: 

Dw =
dε
dm

(1) 

The dose is the quotient of absorbed energy per unit mass, Dw. Our 
calorimeter realizes a measurement of absorbed dose to graphite, first, 
which is converted to absorbed dose to water in a second stage via Monte 
Carlo simulations of radiation transport and absorption. The absorbed 
dose to graphite Dg is calculated from the temperature variation ac
cording to equation (2), where cg is the specific heat capacity of graphite 
and ΔT is the measured temperature rise: 

Dg = cg⋅ΔT (2) 

To estimate the average absorbed dose to water in the same volume 
occupied by the calorimeter core, a material conversion factor Cwg is 
applied, based on Monte Carlo simulations, which model the energy 
deposition characteristics of both media. The conversion factor Cwg is 
applied to translate the measured dose in graphite into the corre
sponding average absorbed dose in water, ensuring consistency with 
clinical dosimetry standards. This factor accounts for the differences in 
energy absorption between graphite and water and is dependent on the 
photon energy spectrum. 

Dw = Dg⋅Cwg (3) 

The absorbed dose at the reference point in water is determined as: 

Dw = Dw⋅kvol⋅ksc (4) 

with Kvol is a factor correcting for the radial non-uniformity of the beam 
in the calorimeter core, and Ksc corrects for the non-water equivalence of 
the 4 mm of PMMA phantom entrance window. The effective mass of the 
calorimeter core during irradiation is mc [11]. To account for the pres
ence of foreign materials in and around the graphite core of the calo
rimeter, including glass and Platinum-Iridium wires, a correction is 
introduced to the core mass, Kmass, so that: 

mc = mg⋅kmass (5) 

where mg is the mass of the graphite core and Kmass the correction for 
foreign materials, which is photon energy-dependent and therefore 
radiation-quality dependent. The calorimeter is calibrated electrically 
by applying a known electrical power and measuring the corresponding 
temperature rise. The electrical energy E delivered during calibration is 
given by an integration of the injected electrical power over the run time 
as: 

E =
∫

V(t) I(t) dt                                                                           (6)

by measuring the voltage V(t) across the heating thermistors and the 
current I(t) injected in the heating thermistors for a stated time interval 
t. Voltage signal is related to the measurement of the resistance variation 
of the thermistor of the core with a negative temperature response co
efficient (NTC), defined as ΔR; khl,C is a correction factor accounting for 
the core heat loss during irradiation, two correction factors were 
calculated separately, one for the energy imparted to the entire calo
rimeter during irradiation, and another for the point-like energy input 
during electrical calibration. To distinguish these cases, subscripts ‘I’ 
(irradiation) and ‘C’ (calibration) are used accordingly.

fC = ΔR/R is the fractional change of core sensing thermistor resis
tance, recorded at each run, following the energy injection E, it is related 
to the energy amount received by the medium. The quasi-adiabatic 
calibration coefficient Kqa links electrical energy to the relative change 
in thermistor resistance, it is defined as the ratio between the electrical 
energy E delivered during calibration and the relative change in 
thermistor resistance ΔR/R. This expression reveals an inverse 

proportionality between Kqa and the measured resistance variation fC. 
The inverse dependence of Kqa on ΔR/R reflects the sensitivity of the 
thermistor to thermal input. A more responsive sensor requires a smaller 
calibration coefficient to match the same energy input, thereby influ
encing the final dose calculation. This relationship is critical for inter
preting the thermistor response and for ensuring accurate dose 
estimation. 

kqa =

E
khl,C

ΔR
R

(7) 

This coefficient is used to interpret the resistance change observed 
during irradiation in terms of absorbed dose. The average absorbed dose 
to graphite Dg in the calorimeter core volume is realized according to the 
final equation: 

Dg =
fc⋅kqa

mc
(8) 

2.5. Calorimetric run

Each calorimetric run comprises three distinct phases: an initial drift 
period without input power, a heating interval during power applica
tion, and a final drift phase following power shutdown. Fig. 4 [11], il
lustrates the amplitude of the resistance variation (ΔR) throughout a 
typical calorimetric cycle. The resistance values of the thermistors prior 
to and following irradiation are modeled using linear regression and 
extrapolated to determine the variation induced by thermal input, either 
from ionizing radiation or electrical current injection during calibration.

The fractional change in core thermistor resistance, denoted as fC, is 
evaluated by performing paired forward and backward extrapolations to 
the temporal midpoint of the heating interval. These extrapolations are 
based on linear regressions applied to resistance data acquired imme
diately before and after the heating phase, respectively. Each regression 
is computed over a 120-second acquisition window to ensure statistical 
robustness and minimize transient effects.

To ensure the reliability of the estimated fractional resistance change 
(ΔR/R), a set of criteria is applied, reflecting the characteristics of an 
optimal 120-second quasi-adiabatic run. First, the direction of heat flow, 
if non-negligible, must remain consistent before and after the heating 
interval. Second, the linear regressions must accurately capture the drift 
behavior across the entire 120-second fitting window. Third, the slope of 
each regression line must not exceed 0.01 Ω⋅min− 1, corresponding to a 
temperature drift of less than 25 μK⋅min− 1, thereby preserving the 
thermal stability required for precise extrapolation [27]. The time 
needed for a typical calorimetric RUN, which is about 500 s.

The first and the last points of the heating interval during power 
application are acquired through C++ software, they are not derived 
from data manipulation. The change in resistance fC (ΔR/R) was 
determined using linear regression centered around the midpoint of the 
irradiation run, where the thermal response of the graphite calorimeter 
is most stable. This approach minimizes transient effects and aligns with 
established methodologies in calorimetric dosimetry [26].

3. Experimental results

The measurements with the Rx calorimeter took place at the National 
Institute of Ionizing Radiation Metrology ENEA- INMRI in the ENEA 
Casaccia Research Centre and at Industrial Measurements Laboratory, 
LAMI, of the Department of Electrical and Information Engineering DIEI 
of the University of Cassino and Southern Lazio.

The initial phase of the study focuses on the voltage signal measured 
along the diagonal of the Wheatstone bridge of the Core of the calo
rimeter. In this preliminary experimental configuration, only the 
Keithley instruments interfaced with the core Wheatstone bridge are 
independently connected via an auxiliary GPIB network. The analysis 
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investigates the behavior of the voltage signal and the associated elec
trical noise under varying acquisition parameters. The experimental 
setup and connection scheme are illustrated in Fig. 5.

In all configurations explored, the Keithley 2182A nanovoltmeter 
and the Keithley 6220 current source, both connected to the core via the 
auxiliary GPIB interface, were operated in delta mode, applying a con
stant current level of 15 μA with polarity reversal every 100 ms.

The second phase of the analysis involved repeated calorimetric runs 
under electrical calibration conditions. The study employed a current of 
15µA to identify optimal measurement configurations aimed at mini
mizing Type A uncertainty in calorimetric determinations. A total of 30 
calibration runs were performed, each with a heating interval of 120 s, 
in each different parameters configuration.

Upon injection of the calibration current via the Keithley 6220 
source, connected to the Wheatstone bridge of the calorimeter core, 
voltage variations on the order of 1 nV were observed within approxi

mately 2–3 s. For each set of 30 measurements, the corresponding mean 
value, μ30, and sample standard deviation, σ30, were computed as 
defined in (9) and (10). Additionally, the standard deviation of the mean 
was evaluated according to Eq. (11). 

μ30 =
∑30

i=1

xi

30
(9) 

σ30 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(X − μ30)
2

29

√

(10) 

σ30 =
σ30
̅̅̅̅̅̅
30

√ (11) 

The influence of setting parameters on Type A uncertainty in the new 
electronic configuration of the Rx calorimeter was assessed by evalu
ating the standard deviation and the standard deviation of the mean 

Fig. 4. Fitting procedure to estimate fractional resistance change fC = ΔR/R used in ENEA-INMRI, (Figure with permission of the author M.Pinto).

Fig. 5. Preliminary test setup scheme.
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across the repeated calibration runs in two different experimental 
campaigns in calibration phase and in one experimental campaign under 
irradiation. The first measurement campaign was conducted using a 
calibration current of 15 μA and performing 30 calorimetric runs. 
Throughout these runs, the Nplc parameter was held constant at 5, while 
the Count parameter was varied from 5 to 40. The results are presented 
in the following Table 2.

The difference between the minimum and maximum mean values 
obtained across the four tested configurations for fixed Nplc equal to 5 is 
0.08 × 10− 5, corresponding to a relative deviation of 3.44 %. This 
spread across the tested configurations suggests that the system main
tains consistent output under the applied conditions, and that the in
fluence of the selected parameters on the mean values of fC in electrical 
calibration runs is minimal within the observed range.

The standard deviation values obtained for the four samples of runs 
indicate good repeatability and low variability across measurements, 
suggesting that the system exhibits stable behavior under the tested 
conditions. The lowest standard deviation and the lowest standard de
viation of the mean were observed with a sample count of 20, using the 
tested configuration that included Delta Mode, repeated averaging, and 
an Nplc setting of 5.

A subsequent measurement campaign was conducted using a cali
bration current of 15 μA and performing 30 calorimetric runs. 
Throughout these runs, the Count parameter was held constant at 20, 
while the Nplc parameter was varied from 5 to 40. The results obtained 
are summarized in Table 3.

While the difference between the maximum and minimum mean 
values across the tested configurations is limited, equal to 0.07 × 10− 5, 
corresponding to a relative deviation of approximately 2.70 %, the 
comparison of the standard deviations of fC across configurations with 
varying Nplc settings reveals significant variability. This suggests that 
certain parameter combinations yield more stable measurements than 
others. In particular, both the standard deviation and the standard de
viation of the mean reach their lowest values when Nplc is set to 20, 
indicating improved repeatability under this configuration.

Fig. 6 presents two representative calorimetric runs performed under 
electrical calibration conditions, both employing a current of 15 μA and 
a fixed Count value of 20, but with different Nplc settings. Each run 
comprises approximately 500 resistance measurements and exhibits 
distinct levels of data dispersion, as quantified by the corresponding 
Root Mean Square Error (RMSE) values.

As the third and final part of this study, a comprehensive experi
mental setup is required to perform calorimetric runs under irradiation, 
ensuring accurate thermal measurements and controlled exposure con
ditions. This experimental setup includes an X-ray tube, a monitor 
chamber and a chiller system used to regulate the temperature of the 
water within the PMMA phantom. The calorimeter is designed to 
operate with horizontally directed radiation beams and is housed within 
a cube-shaped phantom composed of 1-cm-thick PMMA plates, with an 
edge length of 200 mm. The phantom is filled with thermalized water 
maintained at 20 ◦C and remains connected to the chiller system 
throughout the duration of the experiment to ensure thermal stability. 
The front window of the PMMA phantom housing the Rx calorimeter 
was positioned at a source-to-surface distance (SSD) of 98 cm. The 

irradiation source is the ENEA-INMRI medium-energy X-ray tube, a bi
polar ISO-VOLT system manufactured by GE and equipped with two GE 
225 kV high-voltage generators. A monitor chamber is installed in close 
proximity to the tube to ensure beam stability and dose monitoring. The 
X-ray beam is collimated to define the irradiation field and minimize 
scatter. The components of the experimental irradiation setup are 
illustrated in Fig. 7.

The CCRI-250 X-ray quality was employed for the calorimetric runs 
conducted in this measurement campaign. A comparative analysis was 
performed on two sets of 40 calorimetric runs carried out in the water 
phantom and under irradiation at the CCRI250 X-ray quality. One 
dataset was acquired with the Nplc parameter set to 1 before the 
experiment, while the second has been acquired with the new electrical 
configuration and optimized settings, including Nplc set to 20. The 
fractional resistance change parameter during irradiation, fC exhibited a 
notable reduction in both its standard deviation and its relative standard 
deviation of the mean, approximately 26 % in each case, the results are 
summarized in Table 4.

The calorimetric runs presented in Fig. 8 were performed under 
irradiation conditions corresponding to the CCRI-250 X-ray quality 
during a dedicated experimental session. In both cases, the X-ray beam 
delivered comparable energy to the calorimeter core, with measured 
values in the microjoule (μJ) range. Despite the similar energy deposi
tion, the resistance data exhibited a marked difference in dispersion 
relative to the respective interpolation lines, indicating variability in 
measurement stability or noise characteristics.

The estimated type A uncertainty on the fractional change in 
thermistor resistance during irradiation is calculated as the standard 
deviation value of fC normalized to the quantity Qmon, corresponding to 
the charge signal from the monitor chamber integrated within the 
INMRI setup, as reported in equation (12). 

fc
ΔR/R
Qmon

(12) 

Table 5 shows the final results, the reduction in Type A uncertainty 
associated with the repeatability of fC, calculated as the standard devi
ation of the sample under irradiation observed for the X-ray quality 
CCRI250. Specifically, the uncertainty associated with fC decreased from 
0.015 to 0.009. Considering the updated Type A uncertainty of the 
quasi-adiabatic calibration factor Kqa, evaluated at 0.0011, the overall 
uncertainty budget was reduced from 0.019 to 0.014, representing a 
25.3 % improvement in measurement precision.

4. Conclusions

This study has presented an improvement in the Type A uncertainty 
associated with the fractional resistance change of the calorimeter’s 
main thermistor, denoted asfC = ΔR/R. This parameter is essential for 
the accurate determination of the absorbed dose to water (Dw) through 
the direct measurement of the absorbed dose to graphite (Dg). The 
experimental campaign enabled the identification of measurement 
configurations that led to a reduction of approximately 26 % in the 
uncertainty component related to fC. This result reflects the enhanced 
stability of the calorimeter under irradiation by the X-ray beam. This 

Table 2 
Fractional change in Resistance of the calorimeter’s core thermistor from the 
mean value during the electrical calibration runs, analysis for different Count 
values.

Nplc 
5

fCΔR/R 
(mΩ/Ω)

Mean 
value

Standard 
deviation

Standard deviation of 
the mean

​ Count 5 2.61E− 05 9.79e− 07 1.79E− 07
​ Count 10 2.56E− 05 8.71E− 07 1.59E− 07
​ Count 20 2.53E− 05 7.32E− 07 1.50E− 07
​ Count 40 2.58E− 05 8.65e− 07 1.58E− 07

Table 3 
Fractional change in Resistance of the calorimeter’s core thermistor from the 
mean value during the electrical calibration runs, analysis for different Nplc 
values.

Count 
20

fCΔR/R 
(mΩ/Ω)

Mean 
value

Standard 
Deviation

Standard deviation of 
the mean

​ Nplc 5 2.52E− 05 8.64e− 07 1.58E− 07
​ Nplc 10 2.54E− 05 1.1E− 06 2.03E− 07
​ Nplc 20 2.52E− 05 6.60E− 07 1.21E− 07
​ Nplc 40 2.59E− 05 9.27e− 07 1.69E− 07
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enhancement significantly improves the metrological performance of 
the Italian primary standard for absorbed dose to water in medium- 
energy X-ray beams.

The final phase of the research, currently in progress, involves per
forming measurement tests across the full set of CCRI X-ray beam 
qualities, spanning the energy range from 100 kV to 250 kV. Further 
reports will focus on the calibration of various ionization chambers for 
the remaining X-ray qualities to provide a comprehensive overview and 
to support the presentation of the improved calorimeter performance at 

the upcoming K9 comparison.
The revised measurement setup reduces the standard deviation 

observed across repeated trials, thereby improving the Type A uncer
tainty. Although this enhancement contributes to greater precision, 
additional validation is necessary to determine whether the results 
exhibit improved reliability.

The main focus of the research activity at this stage is to improve the 
type A uncertainty on fC that was predominant with respect to other 
uncertainty components (see Tables 1, 4 and 5). In the next steps, we will 
extend the study to further uncertainty components with the aim of 
minimising the overall uncertainty. A highly repeatable measurement 
system could provide a stable foundation for interlaboratory comparison 
K9 and supports the long-term reliability of the method.

While the present uncertainty evaluation has primarily addressed 
statistical components, we acknowledge that fitting procedures, partic
ularly long-range linear fits, may also introduce systematic effects. The 
interaction between acquisition parameters and fitting behavior can 
influence the final uncertainty, especially in radiation calorimetry, 
where over-averaging or extended integration times may lead to Type B 

Fig. 6. Graphic calorimetric run comparison in electrical calibration (I = 15µA). On the left side a run acquired with Delta mode off, Nplc 5 and Count 5, on the right 
side the run acquired with Delta mode on, Nplc 5, Count 20.

Fig. 7. Experimental irradiation setup.

Table 4 
Fractional change in Resistance of the calorimeter’s core thermistor from the 
mean value during X irradiation runs, analysis for different settings values.

CCRI 
250

fCΔR/R 
(mΩ/Ω)

Mean 
value

Standard 
Deviation

Standard deviation of 
the mean

​ Old setup 1.62E− 05 9.22E− 07 1.83E− 07
​ New setup 1.58E− 05 6.83E− 07 1.36E− 07
​
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contributions. These aspects will be further investigated in future de
velopments to refine the uncertainty model and strengthen the metro
logical robustness of the approach.

The advancement of the Rx calorimeter’s performance enables the 
National Institute of Ionizing Radiation Metrology to expand its mea
surement capabilities and offer new calibration services both nationally 
and internationally. The ongoing BIPM.RI(I)-K9 comparison plays a 
pivotal role in the harmonization of international standards and in 
strengthening confidence in absorbed dose measurements across 
metrology institutes worldwide.
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