
1. Mi a gond a jelenleg használatos 
dózisegyenérték mennyiségekkel?
(H*(d), Hp(d) H'(d,W)

2. A  terület ellenőrzés (H*, D'szemlencse(W), D'bőr(W)) és a
személyi dozimetria (Hp , Dp szemlencse , Dp bőr)  új 
mennyiségei az ICRU  95 (2020) alapján 

3. Gyakorlati következmények, 
(régi és új konverziós tényezők összehasonlítása)  

4. Mérőeszközök? Újrakalibrálás? 
5. Átállás? ,Mikor? Hogyan?

Új sugárvédelmi mennyiségek 
a mérési gyakorlatban 

Csete István nyugdíjas (IAEA)
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ICRU Report 95 (2020)
Operational Quantities for External Radiation Exposure

• Previous quantities 
(ICRU 39 and 51)

• Operational Quantities 
for external exposure

• Conversion Coefficients
• Practical Consequences
• Appendices

• Values of Conversion 
coefficients

• Computer Codes
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1. Cél a szabályzásban használt effektív dózis (E) vagy egyenérték 
dózis (HT) becslése  mérőeszközzel mérhető  mennyiségekkel. 
ICRP 60, (1991), ICRP 116, (2010)
H=Q(L∞)!D; H*(d), Hp(d), H'(d,W) ICRU 39,47,51,57(1985,92,98)

2. 𝑬 = ∑"𝒘"𝑯T ; 𝑯T = ∑#𝒘#𝑫TR; ∑𝒘" = 𝟏ICRP 116,147(2007,2021)
külső és belső sugárzásra csak daganatok és örökletes
elváltozások kockázatának becsléséhez. (20-100)mSv, max. 1Sv 
(ha nincs bőr reakció és >5mSv/h)

𝒘𝐑=1 (foton, elektron müon) 
𝒘𝐑=2   (proton, töltött pion) 
𝒘𝐑=20 (alfa, hasadási term. nehéz ionok) 

3. Gondok:
Dózis korlátok Sv-ben szemre és bőrre?
Orvosi alkalm. szervdózisai (pajzsm.) HT E? 

4. Várható változások:
Bőrre, végtagokra és szemlencsére HT helyett
jön a  DT (ICRP 147, 2021), kor szerinti E (ICRP 144, 2020)

Mi a jelenlegi helyzet a szabályzásban használt  és  
gyakorlati dózisegyenérték mennyiségekkel?
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been given a radiation weighting of 1. This simplification is only sufficient for the in-
tended application of equivalent dose and effective dose (e.g. for dose limitation and
assessment, and control of doses in the low-dose range). In cases for which individual
retrospective risk assessments have to be made, more detailed information on the
radiation field and appropriate relative biological effectiveness values need to be con-
sidered if relevant data are available. Heterogeneity of the radiation dose within
cells, as can occur with tritium or Auger emitters incorporated into DNA, also re-
quire specific analysis. Equivalent dose and effective dose are not appropriate quan-
tities for use in such assessments [see ICRP Publication 103 (ICRP, 2007)].

Neutrons
(30) The biological effectiveness of neutrons incident on the human body is

strongly dependent on neutron energy. Hence, the radiation weighting factor for

Table 2.1 Radiation weighting factors, wR.

Radiation type* Radiation weighting factor, wR

Photons 1
Electrons and muons 1
Protons and charged pions 2
Alpha particles, fission fragments, heavy ions 20
Neutrons A continuous curve as a function of

neutron energy [see Fig. 2.1 and Eq. (2.8)]

Source: ICRP (2007). The 2007 Recommendations of the International Commission on Radiological
Protection. ICRP Publication 103. Ann. ICRP 37(2–4).

*All values relate to the radiation incident on the body or, for internal sources, emitted from the source.

Fig. 2.1. Radiation weighting factor, wR, for neutrons vs neutron kinetic energy.

ICRP Publication 116

34

neutrons is defined as a function of energy (Fig. 2.1; ICRP, 2007). The most signif-
icant changes compared with the data in ICRP Publication 60 (ICRP, 1991) are the
decrease of wR in both the low-energy range and at neutron kinetic energies above
100 MeV (see Annex B of ICRP Publication 103 for further explanation). The fol-
lowing continuous function in neutron energy, En (in MeV), is defined for the calcu-
lation of radiation weighting factors for neutrons:

wR ¼
2:5þ 18:2e# lnðEnÞ½ '2=6; En < 1 MeV

5:0þ 17:0e# lnð2EnÞ½ '2=6; 1 MeV 6 En 6 50 MeV

2:5þ 3:25e# lnð0:04EnÞ½ '2=6; En > 50 MeV

8
><

>:
ð2:8Þ

Protons and pions
(31) For radiological protection purposes, a single wR value of 2 has been adopted

for protons of all energies, mainly based on radiobiological data for high-energy pro-
tons above 10 MeV. This has replaced the value of 5 recommended in ICRP Publi-
cation 60 (ICRP, 1991).

(32) Pions are negatively or positively charged or neutral particles encountered in
radiation fields resulting from interactions of primary cosmic rays with nuclei at high
altitudes in the atmosphere. These particles contribute to exposures in aircraft and
space, and are part of the complex radiation fields behind shielding of high-energy
particle accelerators. A single wR value of 2 is recommended for charged pions of
all energies.

Alpha particles
(33) A single radiation weighting factor of 20 was recommended in the 1990

Recommendations (ICRP, 1991) and was not changed in the 2007 Recommendations
(ICRP, 2007). Humans can be exposed to alpha particles from internal emitters (e.g.
from inhaled radon progeny, or ingested alpha-emitting radionuclides such as radio-
isotopes of plutonium, polonium, radium, thorium, and uranium). For external expo-
sure, alpha particles are of lesser importance because of their short range in tissue.

Fission fragments and heavy ions
(34) Doses from fission fragments are of importance in radiological protection,

mainly in dosimetry of internal emitters. For external exposure, the situation regard-
ing radiation weighting factors is similar to that for alpha particles, and a radiation
weighting factor of 20 has been recommended by ICRP since the 1990 Recommen-
dations (ICRP, 1991). For applications in space, where heavy charged particles con-
tribute significantly to the total dose in the human body, a different approach to
assessing the radiobiological effectiveness of heavy ions should be used.

2.2.4. Effective dose and tissue weighting factors

(35) The effective dose, E, introduced in ICRP Publication 60 (ICRP, 1991), is
defined as a weighted sum of tissue-equivalent doses:

Conversion Coefficients for Radiological Protection Quantities for External Radiation Exposures
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Effektív dózis (E), Hszem , Hbőr meghatározása

and the endosteal layer lining these cavities (presently assumed to be 50 lm in thick-
ness). Due to their small dimensions, these two target tissues had to be incorporated
as homogeneous constituents of spongiosa within the reference phantoms. At lower
energies of photons and neutrons, secondary charged-particle equilibrium is not fully
established in these tissue regions over certain energy ranges. More refined tech-
niques for accounting for these effects in skeletal dosimetry are discussed in Sec-
tion 3.4 and in Annexes D and E.

(71) Similarly, the fine structure of the lens of the eye could not be described by the
voxel geometry of the reference phantoms. Therefore, a stylised model of the eye was

Fig. 3.1. Images of the male (left) and female (right) computational phantoms. The following organs can
be identified by different surface colours: breast, bones, colon, eyes, lungs, liver, pancreas, small intestine,
stomach, teeth, thyroid, and urinary bladder. Muscle and adipose tissue are displayed as transparent. For
illustration purposes, the voxelised surfaces have been smoothed.

ICRP Publication 116

46

MC programok: (ICRP 116 4.1  táblázat) 
EGSnrc (Kawrakow and Rogers, 2003)
MCNPX (Waters, 2002; Hendricks et al., 2005) 
GEANT4 (GEANT4, 2006a,b).
PHITS, FLUKA, EGS5 (ICRU 95, App. B)
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Hbőr

10 cm-es bőrszövet kocka (változhat!) 

26 Journal of the ICRU 20(1)

incidence is expressed. This reference system for an area 
monitoring quantity can be related to the radiation field in 
which the operational quantity is to be determined. In the 
particular case of a unidirectional field, the direction can be 
related to the angle, ϕ, between this direction and the direc-
tion of incidence, Ω0, that is, antero-posterior, AP, to the styl-
ized eye model. When ϕ = 0º, the value of ′Dlens ( )Ω  at the 
point of interest for measurements using this specified direc-
tion shall be written ′Dlens .

3.5 Directional Absorbed Dose Rate in 
the Lens of the Eye
The directional absorbed dose rate in the lens of the eye, 
′Dlens ( )Ω , is the quotient of d lens′D ( )Ω  by dt, where d lens′D ( )Ω  

is the increment of directional absorbed dose in the lens of 
the eye in the time interval dt, thus:

 
′

′( ) =D D
tlens

lensd
d

Ω
Ω( ) . (3.9)

The unit of directional absorbed dose rate in the lens of the 
eye is J kg–l s–1. The special name for the unit of directional 
absorbed dose rate in the lens of the eye is gray per second 
(Gy s–1).

3.6 Directional Absorbed Dose in Local Skin
The directional absorbed dose in local skin, ′Dlocal skin,i ( )Ω , 
at a point in a radiation field with a specified direction of 
incidence, Ω, is the product of the particle fluence at that 
point, Φ, and the conversion coefficient, ′dlocal skin ( )Ω , relat-
ing particle fluence to the value of absorbed dose in local 
skin.

For a given particle type i with kinetic energy Ep, the con-
version coefficient ′ = ′d E D E Elocal skin, local skin,i i( , ) ( , ) / ( , ),p p pΩ Ω Φ Ω  
is calculated for exposure to broad uniform parallel beams 
of the radiation field incident in the direction Ω. The conver-
sion coefficient is calculated for exposure of a specified 
phantom, an ICRU 4-element tissue 300 mm × 300 mm 
×148 mm slab (ρ = 1.0 g cm–3), the front surface of which 
is covered with a 2 mm layer of skin of density 1.09 g cm–3 
(ICRP, 2009) of elemental composition given in ICRP 
Publication 89 (2002). The absorbed dose is averaged over 
the volume of a right circular cylinder with its axis perpen-
dicular to the surface between the depths of 50 µm and 
100 µm and a cross-sectional area of 1 cm² below the center 
of the front surface (Fig. 3.3).

For an energy distribution of particles of type i:

′ ( ) = ∫ ′ ( ) ( )











D d E
E

Ei
i

local skin, local skin

d

di Ω Ω
Φ Ω

, ,
,

p
p

p
ddEp ,  (3.10)

where dΦi(Ep,Ω)/dEp is the fluence of particles with direc-
tion of incidence Ω and with kinetic energies in the interval 
dEp around Ep. The sum over all contributing particle types 
with direction of incidence Ω is:

 
′ ( ) = ∑ ′ ( )D D ilocal skin local skin  Ω Ω, .  (3.11)

The specification of the direction of incidence, Ω, requires 
a reference system for coordinates in which the direction is 
expressed. This reference system for an area monitoring 
quantity can be related to the radiation field in which the 
operational quantity is to be determined. In the particular 
case of a unidirectional field, the direction can be related to 
the angle, ϕ, between this direction of incidence and the 
direction of incidence, Ω0, that is normal to the front surface 
of the slab phantom. When ϕ = 0º, that is for perpendicular 
incidence, the value of ′Dlocal skin ( )Ω  at the point of interest 
for measurements using this specified direction shall be 

Figure 3.2. Detailed view of the eye phantom (left: the radiation 
sensitive part [red] and the rest of the lens [dark blue]; for 
details of materials and construction, see Behrens, 2017a) and 
the complete phantom including 2 eyes (right) that is used for the 
calculations. A broad uniform parallel beam impinges on the head 
and the trunk (red frames in the right part).

Figure 3.3 Geometry of the slab phantom.
Note. Left: isometric view. Right: view from top. The thickness of the skin 
layer and the diameter of the circular target volume have been increased 
for better visibility.

Hszem

5. DESCRIPTION OF THE ADULT REFERENCE COMPUTATIONAL
PHANTOMS

5.1. Main characteristics of the phantoms

(39) The orientation of the three-dimensional voxel array (arranged in columns,
rows, and slices) describing the computational phantom is as follows. The columns
correspond to the x co-ordinates, the rows correspond to the y co-ordinates, and the
slices correspond to the z co-ordinates. Column numbers increase from right to left,
row numbers increase from front to back, and slice numbers increase from the toes
up to the vertex of the body.

(40) The main characteristics of the adult male and female reference computa-
tional phantoms are summarised in Table 5.1.

(41) Table 5.2 shows a list of source and target regions of the two phantoms, their
segmented volumes, and resulting masses. For comparison, the reference masses
(ICRP, 2002) are also shown.

5.2. The skeleton

5.2.1. Source regions

(42) For internal sources in the skeleton, the following source regions have to be
considered: cortical bone (surface or volume), trabecular bone (surface or volume),
and cortical and trabecular bone marrow. As in previous calculations for internal
photon and neutron sources (Cristy and Eckerman, 1987a), no distinction is made
between surface and volume sources in cortical and trabecular bone. The results
from the respective volume sources will be applied to estimate values for the surface
sources.

(43) A cortical bone volume has been segmented separately in most of the 19 bones
and bone groups of the skeleton (for exceptions, see Para. 37), so the entirety of these
segmented voxels can be directly used to sample a uniform source distribution.

Table 5.1 Main characteristics of the adult male and female reference computational phantoms.

Property Male Female

Height (m) 1.76 1.63
Mass (kg) 73.0 60.0
Number of tissue voxels 1,946,375 3,886,020
Slice thickness (voxel height, mm) 8.0 4.84
Voxel in-plane resolution (mm) 2.137 1.775
Voxel volume (mm3) 36.54 15.25
Number of columns 254 299
Number of rows 127 137
Number of slices 220 (+2)* 346 (+2)*

* Additional slices of skin at the top and bottom as discussed in the text (Para. 33).
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Felnőtt voxel fantom az effektív dózis számításához (ICRP 110)

employed for a limited number of particles and irradiation geometries of interest to
radiation protection of the lens of the eye (see Annex F). Moreover, the basal cells of
the epidermis, the skin tissue at radiogenic risk, cannot be represented in the voxel
geometry of the reference phantoms. Thus, localised skin dose per fluence values
for electrons and alpha particles have been derived on a tissue-equivalent slab.
The dose has been averaged over 50–100 lm, the depth of the sensitive layer of most
parts of the skin (see Section 3.5 and Annex G).

3.2. Irradiation geometries considered

(73) To obtain the conversion coefficients for this report, calculations were carried
out assuming whole-body irradiation of the phantoms, placed in a vacuum, by broad
unidirectional beams assumed to represent occupational exposures. Some typical
irradiation geometries are described in the following paragraphs. The geometries
are shown schematically in Fig. 3.2.

3.2.1. Antero-posterior and postero-anterior geometries

(73) In antero-posterior (AP) geometry, the ionising radiation is incident on the
front of the body in a direction orthogonal to its long axis. In postero-anterior
(PA) geometry, the ionising radiation is incident on the back of the body in a direc-
tion orthogonal to its long axis.

3.2.2. Lateral geometry

(74) In lateral (LAT) geometry, the ionising radiation is incident from either side
of the body in a direction orthogonal to the long axis of the body. LLAT and RLAT
indicate left and right lateral geometries, respectively.

Fig. 3.2. Schematic representation of the idealised geometries considered. AP, antero-posterior; PA,
postero-anterior; LLAT, left lateral; RLAT, right lateral; ROT, rotational; ISO, isotropic.

Conversion Coefficients for Radiological Protection Quantities for External Radiation Exposures
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Mit kell tudni a gyakorlati  dózisegyenérték 
mennyiségeknek?

1. Ha ember nélkül, a terület elllenőrzése a cél  a 
sugárzási tér egy adott pontjában legyen 
értelmezhető. 
A személyi  dozimetria céljára az emberrel 
együtt, annak egy pontján legyen értelmezhető.

2. Becsülje jól -a legkissebb mértékben felül- a 
szabályzásban használt mennyiséget.

3. Legyen megbízhatóan mérhető mérőeszközzel. 

Dosimetry of the lens of the eye 13th EURADOS Winter School   ”Eye lens dosimetry”   2020-01-30   Firenze, Italy Dr. R. Behrens 19

Calibration (0°) and 
characterization (0° .. 𝜶) Measurement

Area
monitoring

Individual
monitoring

Area
monitoring

Individual
monitoring

free in air Whole body-, eye lens-, ring-dosem.
on 

Water slab-, water-cyl.-, PMMA-rod-
phantom

(water-pillar not in Germany)

free in air Whole body-, eye lens-, ring-dosem. 
at the person 

at representative part of the body

behind / below protection

Calibration, characterization and measurement

Establishing	neutron	calibrations	at	SSDL	using	ISO	8529	radionuclide	sources	

The	moderated	ambient	dose	equivalent	meter	

	
	
	
	
	
	
	
	
Leake	counter 	 	Anderson-Braun	NM2B	 	Studsvik	2202D		 	Berthold	LB6411	
3He	200	kPa 	 	BF3 	 	 	 	 	BF3 	 	 	 	3.5	bar	3He+1	bar	CH4	
21	cm	diam. 	 	24	h	x	21	cm	diam. 	 	24	h	x	21	cm	diam. 	25	cm	diam.	

PRACTICAL IMPLICATIONS OF NEUTRON SURVEY INSTRUMENT PERFORMANCE 

2 

and monoenergetic measurements. The calculated data also indicated a strong 
angle dependence of response for the instruments. 

e Some limited folding of the new response functions with workplace fields was 
performed to ascertain the effect of the new response characteristic data. 
These showed some differences, particularly for the NM2. 

 

 

FIGURE 1 The three designs of instrument modelled in the earlier work and in this 
project: the Leake (0949) on the left, the NM2 in the centre and the Studsvik 2202D on the right 

In particular, the earlier study highlighted the variability in the measured data, and the 
sensitivity of the response to the angle of incidence of the neutrons. Few of the 
experimental measurements were very recent, which is a cause for concern given the 
number of model changes that each of the instruments has seen over the last 30-40 
years. There was hence seen to be a need for the sensitivity of the response to be 
determined for natural manufacturing variability and for model-to-model differences. 

Another area of concern raised was the “mode of use”. This is important, because the 
instruments are designed to have an isotropic response, and are intended to measure 
an isotropic dose quantity. The calculations of the response show that the response is 
not isotropic, and observations of the manner in which the instruments are used in the 
workplace indicate that the user is commonly holding the device close to the body or 
places it on the floor. This influence of the user, and placement of the instrument on the 
floor, need to be investigated since they may have significant impacts on the response 
of the instruments. 

1.1 Background 

Survey meters are used to determine dose rates in the workplace for general health 
physics purposes. In particular they are used in the designation of controlled areas so 
their accuracy is of great importance in the workplace. Consequently, significant biases 

ü  If	compared	with	the	h*(10)	conversion	coefTicients,	the	response	of	the	25	cm	sphere	shows	
large	overestimation	in	the	epithermal	region	

ü  Improvements	 to	 this	 concepts	 lead	 to	different	designs,	 all	 of	 them	aimed	at	depressing	 the	
epithermal	response	while	keeping	the	MeV	response.	

ü  Interrupting	the	moderator	with	a	neutron	absorber	(a	perforated	cadmium	foil	or	a	borated	
rubber	shell)	proved	to	have	some	effect..	

Taken	from	Report	HPA	(UK)	HPA-RPD-016	(2006)	

ICRU 95 – Consequences for Photon Dosimeters
Area monitoring 
instruments with energy 
cut-off > 50 keV nearly 
unaffected

Simple recalibration of 
sensitivity

Today’s personal 
dosimeters would show 
overresponse at low 
photon energies 

Redesign of filter required
(or algorithm for multi-
detector types)

T. Otto 2019 JINST 14 P01010

Th. Otto  - ICRU Report 95  - IAEA ORPAS  - 17. 9. 2021

(ICRU95)
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1. Nem lett primer etalonjuk. Nincs ICRU gömb a valóságban!
2. A fantomok fix 10, 3, 0.07 mm mélységeiben lettek definiálva.
3. A referencia értékeik a fluens vagy kerma értékből vákuumban  

számított konverziós tényezőkkel, (h) elektronegyensúlyt 
feltételezve lettek meghatározva.

4. h értékei csak foton, elektron (ICRU 47) és neutron (ICRU 57)  
sugárzásokra publikáltak. 

5. Nincs  bizonytalanságuk? (ISO 4037-2019) 
6. H=Q(L∞)!D elmélet nem azonos a WR használatával.
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Mi a probléma  a jelenlegi H*(d), Hp(d) H'(d,W) gyakorlati  
dózisegyenérték mennyiségekkel?

Deficiencies and limitations of the current
operational dose quantities for area monitoring

● The ICRU sphere (defined more than 30 years ago) is based on the 
definition of an ICRU 4-element tissue-equivalent material which does 
not really exist and cannot be fabricated.

● Dose equivalent, H, is defined as absorbed dose in tissue times the 
radiation quality factor, Q.
Q is defined by a function Q(L), where L is the unrestricted linear energy 
transfer, L , of the charged particle traversing the point (or small volume) 
of interest , but not in the tissue material at that point but in water.

L in water  in keV/μm

Q

ICRU	gömb
∅ = 300 mm
𝜌 = 1 𝑐𝑚3

76.2% oxigén
11.1% szén

10.1%hidrogén
2.6% nitrogén

7. Fotonokra 3 MeV felett a teljes 
transzport számítás alá, a 
töltött részecske egyensúly 
feltételezése -mérőeszköz 
kalibrálás szökséges- felül 
becsli az E, Dszem ,Dbőr
értékeket. 

– 2 –

- overestimate the protection quantity for low photon energies (Ep < 40 keV)
- overestimate the protection quantity for high photon energies (Eph > 3 MeV) in the 

kerma-approximation
- underestimate the protection quantity for high photon energies (Eph > 3 MeV) when 

correctly calculated with secondary particle transport.

Figure 1. Effective dose per unit fluence in AP orientation E(AP) (continuous line), personal dose 
equivalent Hp(10,00) per unit fluence as published, calculated in kerma-approximation (dotted line), 
personal dose equivalent Hp(10,00) per unit fluence calculated with full electron transport (dashed line). 
On this scale, the corresponding curves for ambient dose equivalent H*(10) are indistinguishable from the 
ones for Hp(10,00). 

The ICRU has tasked Report Committee (RC) 26 to propose a redefinition of operational 
quantities [6], [7]. The committee proposes to introduce operational quantities directly based on 
the corresponding protection quantity. For the prospective assessment of whole-body doses at 
workplaces and in the environment, ambient dose H* is defined for a specified particle type and 
energy as the maximum value of effective dose E for different orientations of the radiation field 
(AP, LLAT, RLAT, PA, ROT, ISO) with respect to the body. For retrospective assessments of 
whole-body dose received, and for the calibration of personal dosimeters, the quantity personal
dose Hp() is defined for an incident angle  normal to the vertical axis of the body. The
conversion coefficients for the operational quantities H* and Hp() are calculated within the same 
numerical phantoms as the protection quantities [2]. By definition, their numerical values are 
equal to those of the protection qualities for certain energies and angles. Hp(0o) is numerically 
equivalent to E(AP). For photons, H* is numerically equivalent to E(AP) and to Hp(0o) for 
energies Eph ≤ 6 MeV.

ICRU 
hasáb



6XLVIII Sugárvédelmi Továbbképző Tanfolyam  18–20 Április 2023, Gyula

Mi a probléma  a jelenlegi gyakorlati  dózisegyenérték 
mennyiségekkel (8. pont)?

Neutron energy (MeV)
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4.3. Neutrons

4.3.1. Characteristics of energy deposition by neutrons in the human body

(159) Neutrons undergo many interactions in the human body in which many dif-
ferent types of secondary particles are produced. The deposition of energy is a com-
plex process, and generally fluence to absorbed dose conversion coefficients are
strongly energy dependent.

Incident neutron energy (MeV)
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Fig. 4.17. Calculated relative absorbed dose contribution of various secondary charged particles,
produced by neutron-induced reactions or elastic scattering.
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(F6) Reference data sets for the lens of the eye were defined as follows: (1) for pho-
tons of energies from 10 keV to 2 MeV and for AP, LAT, and ROT geometries; (2)
for electrons of energies from 100 keV to 10 MeV and for AP geometry; and (3) for
neutrons of energies from 0.001 eV to 4 MeV and for AP, LAT, and ROT geome-
tries. The dose conversion coefficients for the lens of the eye were evaluated from
the calculations using the stylised eye model phantoms shown in Figs. F.1 and
F.2. For all other energies and irradiation geometries, as well as other irradiation
types (i.e. positrons, protons, muons, pions, helium ions), the reference conversion
coefficients were evaluated as the average of the conversion coefficients of the lens
of the eye within the male and female reference computational phantoms. The refer-
ence data were evaluated as the average of both eyes with the exception of the elec-
tron data, for which the simulations were performed for a single bare eye. The
conversion coefficients for the LAT geometry are the arithmetic means of the conver-
sion coefficients for left and right LAT geometries.

F.1. Photons

(F7) Behrens and Dietze (2011b) simulated irradiation of the eye in a stylised head
phantom [average size of the head of the stylised Adam and Eva phantoms (Kramer
et al., 1982)] by broad parallel beams of mono-energetic photons incident in AP, PA,
LAT, and ROT geometries. Fig. F.2 shows the detailed stylised model. The calcula-
tions were performed with the Monte Carlo code EGSnrc. In addition to the mean
absorbed dose in the lens of the eye, mean absorbed doses in a sensitive region of the
lens were also considered in this study. The data of Behrens and Dietze are shown in
Fig. F.3 together with the lens dose as calculated with the reference computational
phantoms for AP, LAT, and ROT geometries. All conversion coefficients were eval-
uated as the arithmetic mean values of the coefficients for the left and right eye.

(F8) It can be seen from Fig. F.3 that, with the exception of photon energies below
approximately 20 keV for AP geometry and 50 keV for the other geometries, there is
good agreement between the lens doses evaluated by Behrens and Dietze using the
stylised model and those calculated with the reference computational phantoms up
to approximately 2 MeV. Above 2 MeV, the data for the stylised model have a

Fig. F.2. Three-dimensional views of the eye as simulated in the Monte Carlo calculations (left). Side view
of the eye model implemented in a stylised head phantom (right) (Behrens and Dietze, 2011b).
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incidence is expressed. This reference system for an area 
monitoring quantity can be related to the radiation field in 
which the operational quantity is to be determined. In the 
particular case of a unidirectional field, the direction can be 
related to the angle, ϕ, between this direction and the direc-
tion of incidence, Ω0, that is, antero-posterior, AP, to the styl-
ized eye model. When ϕ = 0º, the value of ′Dlens ( )Ω  at the 
point of interest for measurements using this specified direc-
tion shall be written ′Dlens .

3.5 Directional Absorbed Dose Rate in 
the Lens of the Eye
The directional absorbed dose rate in the lens of the eye, 
′Dlens ( )Ω , is the quotient of d lens′D ( )Ω  by dt, where d lens′D ( )Ω  

is the increment of directional absorbed dose in the lens of 
the eye in the time interval dt, thus:

 
′

′( ) =D D
tlens

lensd
d

Ω
Ω( ) . (3.9)

The unit of directional absorbed dose rate in the lens of the 
eye is J kg–l s–1. The special name for the unit of directional 
absorbed dose rate in the lens of the eye is gray per second 
(Gy s–1).

3.6 Directional Absorbed Dose in Local Skin
The directional absorbed dose in local skin, ′Dlocal skin,i ( )Ω , 
at a point in a radiation field with a specified direction of 
incidence, Ω, is the product of the particle fluence at that 
point, Φ, and the conversion coefficient, ′dlocal skin ( )Ω , relat-
ing particle fluence to the value of absorbed dose in local 
skin.

For a given particle type i with kinetic energy Ep, the con-
version coefficient ′ = ′d E D E Elocal skin, local skin,i i( , ) ( , ) / ( , ),p p pΩ Ω Φ Ω  
is calculated for exposure to broad uniform parallel beams 
of the radiation field incident in the direction Ω. The conver-
sion coefficient is calculated for exposure of a specified 
phantom, an ICRU 4-element tissue 300 mm × 300 mm 
×148 mm slab (ρ = 1.0 g cm–3), the front surface of which 
is covered with a 2 mm layer of skin of density 1.09 g cm–3 
(ICRP, 2009) of elemental composition given in ICRP 
Publication 89 (2002). The absorbed dose is averaged over 
the volume of a right circular cylinder with its axis perpen-
dicular to the surface between the depths of 50 µm and 
100 µm and a cross-sectional area of 1 cm² below the center 
of the front surface (Fig. 3.3).

For an energy distribution of particles of type i:
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where dΦi(Ep,Ω)/dEp is the fluence of particles with direc-
tion of incidence Ω and with kinetic energies in the interval 
dEp around Ep. The sum over all contributing particle types 
with direction of incidence Ω is:

 
′ ( ) = ∑ ′ ( )D D ilocal skin local skin  Ω Ω, .  (3.11)

The specification of the direction of incidence, Ω, requires 
a reference system for coordinates in which the direction is 
expressed. This reference system for an area monitoring 
quantity can be related to the radiation field in which the 
operational quantity is to be determined. In the particular 
case of a unidirectional field, the direction can be related to 
the angle, ϕ, between this direction of incidence and the 
direction of incidence, Ω0, that is normal to the front surface 
of the slab phantom. When ϕ = 0º, that is for perpendicular 
incidence, the value of ′Dlocal skin ( )Ω  at the point of interest 
for measurements using this specified direction shall be 

Figure 3.2. Detailed view of the eye phantom (left: the radiation 
sensitive part [red] and the rest of the lens [dark blue]; for 
details of materials and construction, see Behrens, 2017a) and 
the complete phantom including 2 eyes (right) that is used for the 
calculations. A broad uniform parallel beam impinges on the head 
and the trunk (red frames in the right part).

Figure 3.3 Geometry of the slab phantom.
Note. Left: isometric view. Right: view from top. The thickness of the skin 
layer and the diameter of the circular target volume have been increased 
for better visibility.

ICRU hasáb fantom (30x30x14.8 cm 
(1.0 g/cm3) + 2 mm bőr (1.09 g/cm3)
D’bőr=középen 1 cm2 -en 50 – 100 µm 
mélységben átlagolt elnyelt dózis

(F6) Reference data sets for the lens of the eye were defined as follows: (1) for pho-
tons of energies from 10 keV to 2 MeV and for AP, LAT, and ROT geometries; (2)
for electrons of energies from 100 keV to 10 MeV and for AP geometry; and (3) for
neutrons of energies from 0.001 eV to 4 MeV and for AP, LAT, and ROT geome-
tries. The dose conversion coefficients for the lens of the eye were evaluated from
the calculations using the stylised eye model phantoms shown in Figs. F.1 and
F.2. For all other energies and irradiation geometries, as well as other irradiation
types (i.e. positrons, protons, muons, pions, helium ions), the reference conversion
coefficients were evaluated as the average of the conversion coefficients of the lens
of the eye within the male and female reference computational phantoms. The refer-
ence data were evaluated as the average of both eyes with the exception of the elec-
tron data, for which the simulations were performed for a single bare eye. The
conversion coefficients for the LAT geometry are the arithmetic means of the conver-
sion coefficients for left and right LAT geometries.

F.1. Photons

(F7) Behrens and Dietze (2011b) simulated irradiation of the eye in a stylised head
phantom [average size of the head of the stylised Adam and Eva phantoms (Kramer
et al., 1982)] by broad parallel beams of mono-energetic photons incident in AP, PA,
LAT, and ROT geometries. Fig. F.2 shows the detailed stylised model. The calcula-
tions were performed with the Monte Carlo code EGSnrc. In addition to the mean
absorbed dose in the lens of the eye, mean absorbed doses in a sensitive region of the
lens were also considered in this study. The data of Behrens and Dietze are shown in
Fig. F.3 together with the lens dose as calculated with the reference computational
phantoms for AP, LAT, and ROT geometries. All conversion coefficients were eval-
uated as the arithmetic mean values of the coefficients for the left and right eye.

(F8) It can be seen from Fig. F.3 that, with the exception of photon energies below
approximately 20 keV for AP geometry and 50 keV for the other geometries, there is
good agreement between the lens doses evaluated by Behrens and Dietze using the
stylised model and those calculated with the reference computational phantoms up
to approximately 2 MeV. Above 2 MeV, the data for the stylised model have a

Fig. F.2. Three-dimensional views of the eye as simulated in the Monte Carlo calculations (left). Side view
of the eye model implemented in a stylised head phantom (right) (Behrens and Dietze, 2011b).
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incidence is expressed. This reference system for an area 
monitoring quantity can be related to the radiation field in 
which the operational quantity is to be determined. In the 
particular case of a unidirectional field, the direction can be 
related to the angle, ϕ, between this direction and the direc-
tion of incidence, Ω0, that is, antero-posterior, AP, to the styl-
ized eye model. When ϕ = 0º, the value of ′Dlens ( )Ω  at the 
point of interest for measurements using this specified direc-
tion shall be written ′Dlens .

3.5 Directional Absorbed Dose Rate in 
the Lens of the Eye
The directional absorbed dose rate in the lens of the eye, 
′Dlens ( )Ω , is the quotient of d lens′D ( )Ω  by dt, where d lens′D ( )Ω  

is the increment of directional absorbed dose in the lens of 
the eye in the time interval dt, thus:
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The unit of directional absorbed dose rate in the lens of the 
eye is J kg–l s–1. The special name for the unit of directional 
absorbed dose rate in the lens of the eye is gray per second 
(Gy s–1).

3.6 Directional Absorbed Dose in Local Skin
The directional absorbed dose in local skin, ′Dlocal skin,i ( )Ω , 
at a point in a radiation field with a specified direction of 
incidence, Ω, is the product of the particle fluence at that 
point, Φ, and the conversion coefficient, ′dlocal skin ( )Ω , relat-
ing particle fluence to the value of absorbed dose in local 
skin.

For a given particle type i with kinetic energy Ep, the con-
version coefficient ′ = ′d E D E Elocal skin, local skin,i i( , ) ( , ) / ( , ),p p pΩ Ω Φ Ω  
is calculated for exposure to broad uniform parallel beams 
of the radiation field incident in the direction Ω. The conver-
sion coefficient is calculated for exposure of a specified 
phantom, an ICRU 4-element tissue 300 mm × 300 mm 
×148 mm slab (ρ = 1.0 g cm–3), the front surface of which 
is covered with a 2 mm layer of skin of density 1.09 g cm–3 
(ICRP, 2009) of elemental composition given in ICRP 
Publication 89 (2002). The absorbed dose is averaged over 
the volume of a right circular cylinder with its axis perpen-
dicular to the surface between the depths of 50 µm and 
100 µm and a cross-sectional area of 1 cm² below the center 
of the front surface (Fig. 3.3).

For an energy distribution of particles of type i:

′ ( ) = ∫ ′ ( ) ( )











D d E
E

Ei
i

local skin, local skin

d

di Ω Ω
Φ Ω

, ,
,

p
p

p
ddEp ,  (3.10)

where dΦi(Ep,Ω)/dEp is the fluence of particles with direc-
tion of incidence Ω and with kinetic energies in the interval 
dEp around Ep. The sum over all contributing particle types 
with direction of incidence Ω is:

 
′ ( ) = ∑ ′ ( )D D ilocal skin local skin  Ω Ω, .  (3.11)

The specification of the direction of incidence, Ω, requires 
a reference system for coordinates in which the direction is 
expressed. This reference system for an area monitoring 
quantity can be related to the radiation field in which the 
operational quantity is to be determined. In the particular 
case of a unidirectional field, the direction can be related to 
the angle, ϕ, between this direction of incidence and the 
direction of incidence, Ω0, that is normal to the front surface 
of the slab phantom. When ϕ = 0º, that is for perpendicular 
incidence, the value of ′Dlocal skin ( )Ω  at the point of interest 
for measurements using this specified direction shall be 

Figure 3.2. Detailed view of the eye phantom (left: the radiation 
sensitive part [red] and the rest of the lens [dark blue]; for 
details of materials and construction, see Behrens, 2017a) and 
the complete phantom including 2 eyes (right) that is used for the 
calculations. A broad uniform parallel beam impinges on the head 
and the trunk (red frames in the right part).

Figure 3.3 Geometry of the slab phantom.
Note. Left: isometric view. Right: view from top. The thickness of the skin 
layer and the diameter of the circular target volume have been increased 
for better visibility.
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written ′Dlocal skin . The unit of directional absorbed dose in 
local skin is J kg–1. The special name for the unit of direc-
tional absorbed dose in local skin is gray (Gy).

3.7 Directional Absorbed Dose Rate in 
Local Skin
The directional absorbed dose rate in local skin, 
 ′Dlocalskin ( )Ω , is the quotient of d ′Dlocalskin ( )Ω  by dt, where 
d ′Dlocalskin ( )Ω  is the increment of the directional absorbed 
dose in local skin in the time interval dt, thus:
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′D
D

localskin
localskind

d
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( )
Ω

Ω
t

. (3.12)

The unit of directional absorbed dose rate in local skin is J 
kg–l s–1. The special name for the unit of directional absorbed 
dose rate in local skin is gray per second (Gy s–1).

3.8 Personal Dose
The personal dose, Hp, at a point on the body is the product 
of the particle fluence incident at that point, Φ, and the con-
version coefficient, hp, relating particle fluence to the value 
of effective dose, E.

For a given particle type i with kinetic energy Ep and 
direction of incidence Ω, the conversion coefficient  
hp, i(Ep,Ω) = Ei(Ep,Ω)/Φi(Ep,Ω) is calculated for broad uni-
form parallel beams, and for rotational and isotropic fields 
incident on the whole-body ICRP/ICRU adult reference 
phantoms (ICRP, 2009).

A right-handed orthogonal system centered at the mid-
point of the body is adopted in which the X-axis is from back 

to front, the Y-axis from right to left, and the Z-axis from toe 
to head. The irradiation directional angle Ω is defined in 
terms of the components θ and ϕ, with θ being the angle with 
respect to the Z-axis (θ being equal to zero at the head) and ϕ 
being the projection on to the XY-plane (positive ϕ pointing 
to the left; Fig. 3.4).

For a given Ω, other than those for 0°, 180°, ROT, ISO, 
IS-ISO, and SS-ISO, the conversion coefficient taken is that 
of effective dose as the average value for radiation incident 
from left and right (see Fig. 3.5).

For a distribution of particles of type i:
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where d2Φi(Ep,Ω)/dEpdΩ is the fluence of particles at that 
point, with kinetic energies in the interval dEp around Ep, and 
directions of incidence in the interval dΩ around Ω. The sum 
over all contributing particle types is:

 
H H ip p= ∑ , .  (3.14)

The unit of personal dose is J kg–1. The special name for the 
unit of personal dose is sievert (Sv).

3.9 Personal Absorbed Dose in the 
Lens of the Eye
The personal absorbed dose in the lens of the eye, Dp lens, at 
a point on the head or body is the product of the particle flu-
ence incident at that point, Φ, and the conversion coefficient, 
dp lens, relating particle fluence to the value of absorbed dose 
in the lens of the eye.

Figure 3.4 Schematic of the coordinate system for personal 
dose.

Figure 3.5 The origin of the coordinate system for personal 
dose is located at the midpoint of the human body.
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dose rate in local skin is gray per second (Gy s–1).
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of the particle fluence incident at that point, Φ, and the con-
version coefficient, hp, relating particle fluence to the value 
of effective dose, E.

For a given particle type i with kinetic energy Ep and 
direction of incidence Ω, the conversion coefficient  
hp, i(Ep,Ω) = Ei(Ep,Ω)/Φi(Ep,Ω) is calculated for broad uni-
form parallel beams, and for rotational and isotropic fields 
incident on the whole-body ICRP/ICRU adult reference 
phantoms (ICRP, 2009).

A right-handed orthogonal system centered at the mid-
point of the body is adopted in which the X-axis is from back 

to front, the Y-axis from right to left, and the Z-axis from toe 
to head. The irradiation directional angle Ω is defined in 
terms of the components θ and ϕ, with θ being the angle with 
respect to the Z-axis (θ being equal to zero at the head) and ϕ 
being the projection on to the XY-plane (positive ϕ pointing 
to the left; Fig. 3.4).

For a given Ω, other than those for 0°, 180°, ROT, ISO, 
IS-ISO, and SS-ISO, the conversion coefficient taken is that 
of effective dose as the average value for radiation incident 
from left and right (see Fig. 3.5).
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where d2Φi(Ep,Ω)/dEpdΩ is the fluence of particles at that 
point, with kinetic energies in the interval dEp around Ep, and 
directions of incidence in the interval dΩ around Ω. The sum 
over all contributing particle types is:
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The unit of personal dose is J kg–1. The special name for the 
unit of personal dose is sievert (Sv).

3.9 Personal Absorbed Dose in the 
Lens of the Eye
The personal absorbed dose in the lens of the eye, Dp lens, at 
a point on the head or body is the product of the particle flu-
ence incident at that point, Φ, and the conversion coefficient, 
dp lens, relating particle fluence to the value of absorbed dose 
in the lens of the eye.

Figure 3.4 Schematic of the coordinate system for personal 
dose.

Figure 3.5 The origin of the coordinate system for personal 
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incidence is expressed. This reference system for an area 
monitoring quantity can be related to the radiation field in 
which the operational quantity is to be determined. In the 
particular case of a unidirectional field, the direction can be 
related to the angle, ϕ, between this direction and the direc-
tion of incidence, Ω0, that is, antero-posterior, AP, to the styl-
ized eye model. When ϕ = 0º, the value of ′Dlens ( )Ω  at the 
point of interest for measurements using this specified direc-
tion shall be written ′Dlens .

3.5 Directional Absorbed Dose Rate in 
the Lens of the Eye
The directional absorbed dose rate in the lens of the eye, 
′Dlens ( )Ω , is the quotient of d lens′D ( )Ω  by dt, where d lens′D ( )Ω  

is the increment of directional absorbed dose in the lens of 
the eye in the time interval dt, thus:
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The unit of directional absorbed dose rate in the lens of the 
eye is J kg–l s–1. The special name for the unit of directional 
absorbed dose rate in the lens of the eye is gray per second 
(Gy s–1).

3.6 Directional Absorbed Dose in Local Skin
The directional absorbed dose in local skin, ′Dlocal skin,i ( )Ω , 
at a point in a radiation field with a specified direction of 
incidence, Ω, is the product of the particle fluence at that 
point, Φ, and the conversion coefficient, ′dlocal skin ( )Ω , relat-
ing particle fluence to the value of absorbed dose in local 
skin.

For a given particle type i with kinetic energy Ep, the con-
version coefficient ′ = ′d E D E Elocal skin, local skin,i i( , ) ( , ) / ( , ),p p pΩ Ω Φ Ω  
is calculated for exposure to broad uniform parallel beams 
of the radiation field incident in the direction Ω. The conver-
sion coefficient is calculated for exposure of a specified 
phantom, an ICRU 4-element tissue 300 mm × 300 mm 
×148 mm slab (ρ = 1.0 g cm–3), the front surface of which 
is covered with a 2 mm layer of skin of density 1.09 g cm–3 
(ICRP, 2009) of elemental composition given in ICRP 
Publication 89 (2002). The absorbed dose is averaged over 
the volume of a right circular cylinder with its axis perpen-
dicular to the surface between the depths of 50 µm and 
100 µm and a cross-sectional area of 1 cm² below the center 
of the front surface (Fig. 3.3).
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where dΦi(Ep,Ω)/dEp is the fluence of particles with direc-
tion of incidence Ω and with kinetic energies in the interval 
dEp around Ep. The sum over all contributing particle types 
with direction of incidence Ω is:

 
′ ( ) = ∑ ′ ( )D D ilocal skin local skin  Ω Ω, .  (3.11)

The specification of the direction of incidence, Ω, requires 
a reference system for coordinates in which the direction is 
expressed. This reference system for an area monitoring 
quantity can be related to the radiation field in which the 
operational quantity is to be determined. In the particular 
case of a unidirectional field, the direction can be related to 
the angle, ϕ, between this direction of incidence and the 
direction of incidence, Ω0, that is normal to the front surface 
of the slab phantom. When ϕ = 0º, that is for perpendicular 
incidence, the value of ′Dlocal skin ( )Ω  at the point of interest 
for measurements using this specified direction shall be 

Figure 3.2. Detailed view of the eye phantom (left: the radiation 
sensitive part [red] and the rest of the lens [dark blue]; for 
details of materials and construction, see Behrens, 2017a) and 
the complete phantom including 2 eyes (right) that is used for the 
calculations. A broad uniform parallel beam impinges on the head 
and the trunk (red frames in the right part).

Figure 3.3 Geometry of the slab phantom.
Note. Left: isometric view. Right: view from top. The thickness of the skin 
layer and the diameter of the circular target volume have been increased 
for better visibility.

(F6) Reference data sets for the lens of the eye were defined as follows: (1) for pho-
tons of energies from 10 keV to 2 MeV and for AP, LAT, and ROT geometries; (2)
for electrons of energies from 100 keV to 10 MeV and for AP geometry; and (3) for
neutrons of energies from 0.001 eV to 4 MeV and for AP, LAT, and ROT geome-
tries. The dose conversion coefficients for the lens of the eye were evaluated from
the calculations using the stylised eye model phantoms shown in Figs. F.1 and
F.2. For all other energies and irradiation geometries, as well as other irradiation
types (i.e. positrons, protons, muons, pions, helium ions), the reference conversion
coefficients were evaluated as the average of the conversion coefficients of the lens
of the eye within the male and female reference computational phantoms. The refer-
ence data were evaluated as the average of both eyes with the exception of the elec-
tron data, for which the simulations were performed for a single bare eye. The
conversion coefficients for the LAT geometry are the arithmetic means of the conver-
sion coefficients for left and right LAT geometries.

F.1. Photons

(F7) Behrens and Dietze (2011b) simulated irradiation of the eye in a stylised head
phantom [average size of the head of the stylised Adam and Eva phantoms (Kramer
et al., 1982)] by broad parallel beams of mono-energetic photons incident in AP, PA,
LAT, and ROT geometries. Fig. F.2 shows the detailed stylised model. The calcula-
tions were performed with the Monte Carlo code EGSnrc. In addition to the mean
absorbed dose in the lens of the eye, mean absorbed doses in a sensitive region of the
lens were also considered in this study. The data of Behrens and Dietze are shown in
Fig. F.3 together with the lens dose as calculated with the reference computational
phantoms for AP, LAT, and ROT geometries. All conversion coefficients were eval-
uated as the arithmetic mean values of the coefficients for the left and right eye.

(F8) It can be seen from Fig. F.3 that, with the exception of photon energies below
approximately 20 keV for AP geometry and 50 keV for the other geometries, there is
good agreement between the lens doses evaluated by Behrens and Dietze using the
stylised model and those calculated with the reference computational phantoms up
to approximately 2 MeV. Above 2 MeV, the data for the stylised model have a

Fig. F.2. Three-dimensional views of the eye as simulated in the Monte Carlo calculations (left). Side view
of the eye model implemented in a stylised head phantom (right) (Behrens and Dietze, 2011b).
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incidence is expressed. This reference system for an area 
monitoring quantity can be related to the radiation field in 
which the operational quantity is to be determined. In the 
particular case of a unidirectional field, the direction can be 
related to the angle, ϕ, between this direction and the direc-
tion of incidence, Ω0, that is, antero-posterior, AP, to the styl-
ized eye model. When ϕ = 0º, the value of ′Dlens ( )Ω  at the 
point of interest for measurements using this specified direc-
tion shall be written ′Dlens .

3.5 Directional Absorbed Dose Rate in 
the Lens of the Eye
The directional absorbed dose rate in the lens of the eye, 
′Dlens ( )Ω , is the quotient of d lens′D ( )Ω  by dt, where d lens′D ( )Ω  

is the increment of directional absorbed dose in the lens of 
the eye in the time interval dt, thus:

 
′

′( ) =D D
tlens

lensd
d

Ω
Ω( ) . (3.9)

The unit of directional absorbed dose rate in the lens of the 
eye is J kg–l s–1. The special name for the unit of directional 
absorbed dose rate in the lens of the eye is gray per second 
(Gy s–1).

3.6 Directional Absorbed Dose in Local Skin
The directional absorbed dose in local skin, ′Dlocal skin,i ( )Ω , 
at a point in a radiation field with a specified direction of 
incidence, Ω, is the product of the particle fluence at that 
point, Φ, and the conversion coefficient, ′dlocal skin ( )Ω , relat-
ing particle fluence to the value of absorbed dose in local 
skin.

For a given particle type i with kinetic energy Ep, the con-
version coefficient ′ = ′d E D E Elocal skin, local skin,i i( , ) ( , ) / ( , ),p p pΩ Ω Φ Ω  
is calculated for exposure to broad uniform parallel beams 
of the radiation field incident in the direction Ω. The conver-
sion coefficient is calculated for exposure of a specified 
phantom, an ICRU 4-element tissue 300 mm × 300 mm 
×148 mm slab (ρ = 1.0 g cm–3), the front surface of which 
is covered with a 2 mm layer of skin of density 1.09 g cm–3 
(ICRP, 2009) of elemental composition given in ICRP 
Publication 89 (2002). The absorbed dose is averaged over 
the volume of a right circular cylinder with its axis perpen-
dicular to the surface between the depths of 50 µm and 
100 µm and a cross-sectional area of 1 cm² below the center 
of the front surface (Fig. 3.3).

For an energy distribution of particles of type i:
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where dΦi(Ep,Ω)/dEp is the fluence of particles with direc-
tion of incidence Ω and with kinetic energies in the interval 
dEp around Ep. The sum over all contributing particle types 
with direction of incidence Ω is:

 
′ ( ) = ∑ ′ ( )D D ilocal skin local skin  Ω Ω, .  (3.11)

The specification of the direction of incidence, Ω, requires 
a reference system for coordinates in which the direction is 
expressed. This reference system for an area monitoring 
quantity can be related to the radiation field in which the 
operational quantity is to be determined. In the particular 
case of a unidirectional field, the direction can be related to 
the angle, ϕ, between this direction of incidence and the 
direction of incidence, Ω0, that is normal to the front surface 
of the slab phantom. When ϕ = 0º, that is for perpendicular 
incidence, the value of ′Dlocal skin ( )Ω  at the point of interest 
for measurements using this specified direction shall be 

Figure 3.2. Detailed view of the eye phantom (left: the radiation 
sensitive part [red] and the rest of the lens [dark blue]; for 
details of materials and construction, see Behrens, 2017a) and 
the complete phantom including 2 eyes (right) that is used for the 
calculations. A broad uniform parallel beam impinges on the head 
and the trunk (red frames in the right part).

Figure 3.3 Geometry of the slab phantom.
Note. Left: isometric view. Right: view from top. The thickness of the skin 
layer and the diameter of the circular target volume have been increased 
for better visibility.
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Konverziós tényezők energia (MeV) és irány tartománya az új
gyakorlati sugárvédelmi mennyiségekre

H*, Hp , (D’
szem Dp szem), (D’

bőr Dp bőr )
A fantomok vákuumban vannak, széles homogén nyaláb, teljes töltött részecske követés, 

PHITS, FLUKA, GEANT4, EGS5, MCNPX, EGSnrc MC programok+( ICRP 116-ból) 
Sugárzás faj. h*/hp dp szem dp bőr
foton 5E-3 - 1E+4/5E-3 -1E+3

kermára 5E-3- 5E+1 
*CPE-re is 1E-2 - 5E+1 

5E-3 - 5E+1 kermára 
és  *CPE –re is 

1E-2 - 5E+1 törzs
2E-3 - 5E+1 végtag, uj 
kermára és CPE –re is

elektron (poz) 1E-2 - 1E+4 /1E-2 -1E+3 1E-2 - 5E+1 1E-2 - 5E+1

±müon 1E+0 - 1E+4 /1E0 -1E+3

neuton 1E-9 - 1E+4 /1E-9 -1E+3 1E-9 - 5E+1 1E-9 - 5E+1 törzs
5E-9 - 5E+1 végtag, uj

proton 1E+0 - 1E+4 /1E+0 -1E+3

±pion 1E+0 - 2E+5 /1E+0 -1E+3

Alfa (MeV/u) 1E+0 - 1E+5 /1E+0 -1E+3 6,6E+0 - 1E+1 

* CPE= kerma közelítés az elnyelt dózisra, másodlagos elektronok egyensúlya esetén, mérőeszköz
vizsgálatnál szükséges! Eredmények eltérése ≤ 𝟏𝟎%
hp 0°, 15°-ként ± 90° − ig (á𝑡𝑙𝑎𝑔), 180°, ROT,ISO, SS-ISO, IS-ISO irányok
dp szem 0°, 15°-ként ± 90° –ig (max.),  és ROT irányok  (u=2,6%, 40 keV alatt u=3,6%)
dp bőr Törzsre (hasáb fantom) 0°, 15°-ként 75 ° –ig, (alfára  csak 90°, ICRU kocka fantom)

Végtagokra és ujra (henger és rúd  fantomok) 0°, 15°-ként 180°-ig és ROT
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Személyi dózis/fluens konverziós tényezők fotonsugárzásra
(ICRU 95 A.2.1.a táblázat, 4.2 ábra)

Appendices 55

Table A.2.1b Conversion coefficients from photon air kerma to personal dose (Endo5, 2017; ICRP, 2010).

Ep/MeV hp (ϕ)/(Sv Gy−1)

 0° avg(±15°) avg(±30°) avg(±45°) avg(±60°) avg(±75°) avg(±90°) 180° ROT ISO SS-ISO IS-ISO

5.0E-03 4.36E-04 4.58E-04 4.55E-04 4.23E-04 3.77E-04 3.06E-04 2.24E-04 4.35E-04 3.74E-04 3.39E-04 3.42E-04 3.33E-04
6.0E-03 7.80E-04 8.41E-04 8.51E-04 8.04E-04 7.12E-04 5.60E-04 3.90E-04 7.47E-04 6.62E-04 6.05E-04 6.15E-04 5.90E-04
7.0E-03 1.45E-03 1.57E-03 1.56E-03 1.45E-03 1.27E-03 9.74E-04 6.37E-04 1.15E-03 1.12E-03 1.02E-03 1.04E-03 9.89E-04
8.0E-03 2.84E-03 2.96E-03 2.85E-03 2.57E-03 2.18E-03 1.64E-03 1.02E-03 1.59E-03 1.84E-03 1.64E-03 1.69E-03 1.58E-03
9.0E-03 5.31E-03 5.39E-03 5.01E-03 4.39E-03 3.63E-03 2.66E-03 1.60E-03 2.02E-03 2.96E-03 2.56E-03 2.66E-03 2.45E-03
1.0E-02 9.26E-03 9.07E-03 8.28E-03 7.10E-03 5.74E-03 4.13E-03 2.51E-03 2.49E-03 4.55E-03 3.89E-03 4.07E-03 3.72E-03
1.2E-02 2.09E-02 2.05E-02 1.87E-02 1.58E-02 1.24E-02 8.80E-03 5.31E-03 3.23E-03 9.36E-03 7.87E-03 8.09E-03 7.47E-03
1.3E-02 2.87E-02 2.83E-02 2.58E-02 2.19E-02 1.71E-02 1.20E-02 7.32E-03 3.67E-03 1.26E-02 1.06E-02 1.08E-02 1.01E-02
1.5E-02 4.99E-02 4.81E-02 4.44E-02 3.80E-02 2.97E-02 2.05E-02 1.29E-02 4.96E-03 2.13E-02 1.79E-02 1.85E-02 1.74E-02
1.7E-02 7.56E-02 7.49E-02 6.97E-02 6.02E-02 4.74E-02 3.23E-02 2.00E-02 7.31E-03 3.28E-02 2.72E-02 2.74E-02 2.64E-02
2.0E-02 1.34E-01 1.30E-01 1.22E-01 1.06E-01 8.45E-02 5.80E-02 3.64E-02 1.55E-02 5.87E-02 4.83E-02 4.88E-02 4.76E-02
2.5E-02 2.60E-01 2.56E-01 2.41E-01 2.14E-01 1.73E-01 1.22E-01 7.45E-02 5.34E-02 1.23E-01 9.81E-02 9.92E-02 9.57E-02
3.0E-02 4.32E-01 4.25E-01 4.01E-01 3.54E-01 2.89E-01 2.10E-01 1.37E-01 1.31E-01 2.20E-01 1.76E-01 1.79E-01 1.73E-01
4.0E-02 8.16E-01 7.92E-01 7.55E-01 6.75E-01 5.65E-01 4.28E-01 2.93E-01 3.80E-01 4.64E-01 3.68E-01 3.78E-01 3.59E-01
5.0E-02 1.14E+00 1.11E+00 1.07E+00 9.50E-01 8.18E-01 6.18E-01 4.49E-01 6.47E-01 7.00E-01 5.57E-01 5.70E-01 5.45E-01
6.0E-02 1.35E+00 1.32E+00 1.26E+00 1.13E+00 9.72E-01 7.59E-01 5.59E-01 8.41E-01 8.58E-01 6.85E-01 7.06E-01 6.72E-01
7.0E-02 1.43E+00 1.41E+00 1.34E+00 1.21E+00 1.04E+00 8.27E-01 6.18E-01 9.49E-01 9.49E-01 7.57E-01 7.74E-01 7.27E-01
8.0E-02 1.44E+00 1.42E+00 1.36E+00 1.22E+00 1.07E+00 8.56E-01 6.42E-01 9.85E-01 9.68E-01 7.76E-01 8.02E-01 7.56E-01
1.0E-01 1.39E+00 1.38E+00 1.30E+00 1.21E+00 1.06E+00 8.57E-01 6.45E-01 9.77E-01 9.59E-01 7.70E-01 7.94E-01 7.51E-01
1.5E-01 1.25E+00 1.24E+00 1.18E+00 1.09E+00 9.75E-01 8.13E-01 6.15E-01 9.06E-01 8.83E-01 7.16E-01 7.42E-01 6.89E-01
2.0E-01 1.17E+00 1.16E+00 1.11E+00 1.04E+00 9.35E-01 7.86E-01 6.04E-01 8.70E-01 8.43E-01 6.88E-01 7.12E-01 6.63E-01
3.0E-01 1.09E+00 1.09E+00 1.05E+00 9.87E-01 8.96E-01 7.71E-01 6.06E-01 8.39E-01 8.10E-01 6.74E-01 6.97E-01 6.51E-01
4.0E-01 1.06E+00 1.05E+00 1.02E+00 9.62E-01 8.87E-01 7.65E-01 6.21E-01 8.35E-01 8.09E-01 6.77E-01 6.98E-01 6.55E-01
5.0E-01 1.04E+00 1.03E+00 1.01E+00 9.53E-01 8.90E-01 7.74E-01 6.35E-01 8.36E-01 8.07E-01 6.85E-01 7.02E-01 6.68E-01
6.0E-01 1.02E+00 1.02E+00 1.00E+00 9.47E-01 8.86E-01 7.77E-01 6.47E-01 8.40E-01 8.12E-01 6.93E-01 7.10E-01 6.75E-01
8.0E-01 1.01E+00 1.01E+00 9.85E-01 9.51E-01 8.92E-01 7.91E-01 6.71E-01 8.48E-01 8.21E-01 7.08E-01 7.29E-01 6.86E-01
1.0E+00 1.00E+00 1.00E+00 9.84E-01 9.50E-01 8.98E-01 7.97E-01 6.95E-01 8.57E-01 8.32E-01 7.25E-01 7.41E-01 7.10E-01
1.5E+00 9.96E-01 9.94E-01 9.82E-01 9.53E-01 9.11E-01 8.40E-01 7.39E-01 8.80E-01 8.52E-01 7.60E-01 7.71E-01 7.46E-01
2.0E+00 9.90E-01 9.91E-01 9.80E-01 9.53E-01 9.17E-01 8.57E-01 7.69E-01 8.96E-01 8.68E-01 7.82E-01 7.98E-01 7.64E-01

Figure A.2.1b Conversion coefficients from photon air kerma 
to personal dose (Endo5, 2017; ICRP, 2010).

Figure A.2.1a Conversion coefficients from photon fluence to 
personal dose (Endo5, 2017; ICRP, 2010).

(Continued)
5Endo, A. (2016). Personal communication (Japan Atomic Energy 
Agency, Tokai, Ibaraki, Japan).
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környezeti dózis H∗
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és az új Hp hányadosa
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equal energy and angle of incidence. Hence, the comparison 
of the ICRU Report 39/51 quantities and the recommended 
operational quantities amounts to a comparison with the 
protection quantity. Numerical values for conversion coeffi-

cients to ambient dose are given in Appendix A.1 and to per-
sonal dose in Appendix A.2.

A significant overestimate below 70 keV of effective dose 
for photons by the values of ambient dose equivalent and 
personal dose equivalent from ICRU Report 39/51 is 
observed in Figs. 4.1 to 4.3. Personal dose equivalent and 
ambient dose equivalent are at 10 mm depth, whereas effec-
tive dose is a weighted average over the entire phantom, and 
photons below this energy do not penetrate very far. At the 
other end of the energy distribution, a progressive underesti-
mate of effective dose for photons by these quantities is vis-
ible at energies exceeding 3 MeV (Pelliccioni, 1998; 2000) 
because there is only partial buildup at the depth of 10 mm, 
and there is more buildup in the rest of the anthropomorphic 
phantom. The depth of 10 mm in tissue for assessing dose 
equivalent was chosen in ICRU Report 39 (1985) to approxi-
mately represent the maximum dose equivalent in the organs 
and tissues of the body, resulting in ambient dose equivalent 
and personal dose equivalent overestimating effective dose 
between 100 keV and 3 MeV. Between 3 MeV and 10 MeV, 
the use of the kerma approximation in the calculation of con-
version coefficients of ambient and personal dose equivalent 
in ICRP Publication 74 (1996) and ICRU Report 57 (1998) 
led to agreement with effective numerical values as the sum 
of photon and electron contributions because it artificially 
gave full buildup to the values at 10 mm depth which more 
closely correspond to the dose values relevant in effective 
dose calculations.

Figures 4.4 and 4.5 show that the depth of 10 mm in the 
sphere, or in the body, is not the most appropriate to estimate 
effective dose for neutrons (ICRU, 1985). There is an 
increasing underestimation of effective dose by the ICRU 
Report 39/51 quantity, H*(10), for neutrons with energies 

Figure 4.1 Comparison of incident photons of conversion 
coefficients from fluence to ambient dose equivalent at 10 mm 
depth, h*(10), shown as a ratio to the recommended values of h*.
Note. The results of calculations of h*(10) with various codes are shown: 
those with PHITS and FLUKA by Endo,2 those with FLUKA by Pelliccioni 
(2000), and those from ICRU Report 57 (1998) which used the kerma 
approximation.

Figure 4.2 Comparison of incident photons of conversion 
coefficients from fluence to personal dose equivalent at 10 mm 
depth, hp(10,0°), shown as a ratio to the recommended values of 
hp(0°).
Note. The results of calculations of hp(10,0°) with various codes are 
shown: by Kim and Kim (1999), Veinot and Hertel (2011), and those from 
ICRU Report 57 (1998) which used the kerma approximation method.

Figure 4.3 Comparison of incident photons of conversion 
coefficients from fluence to personal dose equivalent at 10 
mm depth, hp(10,ϕ), taken from ICRU Report 57 (1998) which 
used the kerma approximation method, shown as a ratio to the 
recommended values of hp(ϕ) (Endo, 2017).

2Endo, A. (2016). Personal communication (Japan Atomic Energy 
Agency, Tokai, Ibaraki, Japan)

80 keV alatti  nagy felülbecslést  a 
10 mm-es mélység adja. 
(A voxel fantomban az emlőt és a 
tüdőt kivéve minden mélyebben van, 
nem éri el a lágy sugárzás.)   
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Személyi dózis/fluens konverziós tényezők neutronsugárzásra
(ICRU 95 A.2.2. táblázat, 4.5 ábra)

Appendices 57

Ep/MeV hp (ϕ)/(pSv cm2)

 0° avg(±15°) avg(±30°) avg(±45°) avg(±60°) avg(±75°) avg(±90°) 180° ROT ISO SS-ISO IS-ISO

2.0E+00 4.07E+02 4.11E+02 3.92E+02 3.57E+02 3.10E+02 2.43E+02 1.66E+02 2.35E+02 2.54E+02 2.03E+02 2.13E+02 1.93E+02
3.0E+00 4.58E+02 4.57E+02 4.39E+02 4.07E+02 3.58E+02 2.93E+02 2.07E+02 2.92E+02 3.01E+02 2.44E+02 2.58E+02 2.30E+02
4.0E+00 4.83E+02 4.90E+02 4.74E+02 4.39E+02 3.88E+02 3.18E+02 2.35E+02 3.30E+02 3.31E+02 2.71E+02 2.81E+02 2.61E+02
5.0E+00 4.94E+02 4.92E+02 4.78E+02 4.52E+02 4.05E+02 3.43E+02 2.55E+02 3.54E+02 3.51E+02 2.90E+02 3.05E+02 2.75E+02
6.0E+00 4.98E+02 4.99E+02 4.85E+02 4.59E+02 4.15E+02 3.54E+02 2.70E+02 3.71E+02 3.65E+02 3.03E+02 3.15E+02 2.91E+02
7.0E+00 4.99E+02 4.95E+02 4.82E+02 4.58E+02 4.18E+02 3.68E+02 2.81E+02 3.83E+02 3.74E+02 3.13E+02 3.28E+02 2.98E+02
8.0E+00 4.99E+02 4.93E+02 4.81E+02 4.56E+02 4.20E+02 3.66E+02 2.90E+02 3.92E+02 3.81E+02 3.21E+02 3.29E+02 3.13E+02
9.0E+00 5.00E+02 4.93E+02 4.82E+02 4.59E+02 4.22E+02 3.72E+02 2.97E+02 3.98E+02 3.86E+02 3.27E+02 3.32E+02 3.22E+02
1.0E+01 5.00E+02 5.04E+02 4.90E+02 4.68E+02 4.32E+02 3.81E+02 3.03E+02 4.04E+02 3.90E+02 3.32E+02 3.40E+02 3.24E+02
1.2E+01 4.99E+02 5.08E+02 4.95E+02 4.73E+02 4.37E+02 3.85E+02 3.13E+02 4.12E+02 3.95E+02 3.39E+02 3.49E+02 3.29E+02
1.4E+01 4.95E+02 4.95E+02 4.87E+02 4.68E+02 4.34E+02 3.93E+02 3.22E+02 4.17E+02 3.98E+02 3.44E+02 3.56E+02 3.32E+02
1.5E+01 4.93E+02 4.93E+02 4.84E+02 4.67E+02 4.36E+02 3.91E+02 3.25E+02 4.19E+02 3.98E+02 3.46E+02 3.59E+02 3.33E+02
1.6E+01 4.90E+02 4.87E+02 4.79E+02 4.62E+02 4.30E+02 3.92E+02 3.28E+02 4.20E+02 3.99E+02 3.47E+02 3.62E+02 3.32E+02
1.8E+01 4.84E+02 4.64E+02 4.62E+02 4.44E+02 4.18E+02 3.83E+02 3.33E+02 4.22E+02 3.99E+02 3.50E+02 3.65E+02 3.35E+02
2.0E+01 4.77E+02 4.62E+02 4.61E+02 4.45E+02 4.22E+02 3.84E+02 3.38E+02 4.23E+02 3.98E+02 3.52E+02 3.73E+02 3.31E+02
2.1E+01 4.74E+02 4.09E+02 4.04E+02 3.97E+02 3.85E+02 3.59E+02 3.39E+02 4.23E+02 3.98E+02 3.53E+02 3.35E+02 3.71E+02
3.0E+01 4.53E+02 4.27E+02 4.23E+02 4.19E+02 4.05E+02 3.88E+02 3.53E+02 4.22E+02 3.95E+02 3.58E+02 3.66E+02 3.50E+02
5.0E+01 4.33E+02 4.01E+02 4.00E+02 4.00E+02 3.92E+02 3.85E+02 3.75E+02 4.28E+02 3.95E+02 3.71E+02 3.46E+02 3.96E+02
7.5E+01 4.20E+02 4.11E+02 4.12E+02 4.09E+02 4.08E+02 4.04E+02 3.96E+02 4.39E+02 4.02E+02 3.87E+02 3.53E+02 4.21E+02
1.0E+02 4.02E+02 4.14E+02 4.18E+02 4.20E+02 4.25E+02 4.24E+02 4.07E+02 4.44E+02 4.06E+02 3.97E+02 3.73E+02 4.21E+02
1.3E+02 3.82E+02 4.23E+02 4.30E+02 4.39E+02 4.46E+02 4.49E+02 4.15E+02 4.46E+02 4.11E+02 4.07E+02 4.12E+02 4.02E+02
1.5E+02 3.73E+02 4.19E+02 4.23E+02 4.40E+02 4.47E+02 4.57E+02 4.19E+02 4.46E+02 4.14E+02 4.12E+02 4.09E+02 4.15E+02
1.8E+02 3.63E+02 4.05E+02 4.09E+02 4.31E+02 4.45E+02 4.59E+02 4.25E+02 4.47E+02 4.18E+02 4.21E+02 4.22E+02 4.20E+02
2.0E+02 3.59E+02 4.04E+02 4.09E+02 4.30E+02 4.49E+02 4.67E+02 4.28E+02 4.48E+02 4.22E+02 4.26E+02 4.33E+02 4.19E+02
3.0E+02 3.63E+02 3.80E+02 3.89E+02 4.06E+02 4.27E+02 4.47E+02 4.46E+02 4.64E+02 4.43E+02 4.55E+02 4.37E+02 4.73E+02
4.0E+02 3.89E+02 3.98E+02 4.07E+02 4.25E+02 4.41E+02 4.61E+02 4.78E+02 4.96E+02 4.72E+02 4.88E+02 4.61E+02 5.15E+02
5.0E+02 4.22E+02 4.38E+02 4.49E+02 4.65E+02 4.85E+02 5.08E+02 5.17E+02 5.33E+02 5.03E+02 5.21E+02 5.09E+02 5.33E+02
6.0E+02 4.57E+02 4.72E+02 4.83E+02 5.03E+02 5.24E+02 5.46E+02 5.55E+02 5.69E+02 5.32E+02 5.53E+02 5.66E+02 5.40E+02
7.0E+02 4.86E+02 4.94E+02 5.06E+02 5.23E+02 5.43E+02 5.69E+02 5.88E+02 5.99E+02 5.58E+02 5.80E+02 6.25E+02 5.35E+02
8.0E+02 5.08E+02 5.10E+02 5.22E+02 5.42E+02 5.64E+02 5.90E+02 6.12E+02 6.23E+02 5.80E+02 6.04E+02 6.38E+02 5.70E+02
9.0E+02 5.24E+02 5.20E+02 5.33E+02 5.54E+02 5.75E+02 6.01E+02 6.30E+02 6.40E+02 5.98E+02 6.24E+02 6.45E+02 6.03E+02
1.0E+03 5.37E+02 5.28E+02 5.40E+02 5.63E+02 5.84E+02 6.12E+02 6.43E+02 6.54E+02 6.14E+02 6.42E+02 6.63E+02 6.21E+02

Figure A.2.2 Conversion coefficients from neutron fluence to 
personal dose (Endo, 2017; ICRP, 2010).

Figure A.2.3 Conversion coefficients from electron fluence to 
personal dose (Endo, 2017; ICRP, 2010).

Table A.2.2 (Continued)

75 MeV felett PA adja a 
maximumot H∗-hoz 

34 Journal of the ICRU 20(1)

above 40 MeV. This reflects the fact that from this neutron 
energy on, the buildup of absorbed dose in 10 mm depth in 
tissue is incomplete. The other changes are a result of using 
radiation weighting factor in ambient dose and personal dose 
instead of quality factor, and the change to the anthropomor-
phic phantom from a depth of 10 mm in the ICRU sphere.

Figures 4.6 to 4.8 show that for electrons and positrons, 
the ICRU Report 39/51 quantities, H*(10) and Hp(10), 

overestimate effective dose between 3 MeV and 30 MeV. 
The strong underestimate of effective dose by H*(10) and 
Hp(10) at electron energies less than 2 MeV is explained by 
the limited range of electrons, r < 10 mm. The recom-
mended operational quantity, H*, considers the detriment to 
skin, contributing to effective dose with a tissue weighting 
coefficient of wT = 0.01. For positrons, the absorbed dose 
deposited by an annihilation photon generated at 10 mm 
depth compensates for the limited range of the primary 
particle.

Figure 4.4 Comparison of incident neutrons of conversion 
coefficients from fluence to ambient dose equivalent at 10 mm 
depth, h*(10), shown as a ratio to the recommended values of h*.
Note. The results of calculations of h*(10) with various codes are shown: 
those with PHITS and FLUKA by Endo,3 those with FLUKA by Pelliccioni 
(2000), and those from ICRU Report 57 (1998).

Figure 4.5 Comparison of incident neutrons of conversion 
coefficients from fluence to personal dose equivalent at 10 mm 
depth, hp(10,ϕ), taken from ICRU Report 57 (1998), shown as a 
ratio to the recommended values of hp(ϕ) (Endo, 2017).

Figure 4.6 Comparison of incident electrons of conversion 
coefficients from fluence to ambient dose equivalent at 10 mm 
depth, h*(10), shown as a ratio to the recommended values of h*.
Note. The results of calculations of h*(10) with various codes are shown: 
those with PHITS and FLUKA by Endo,3 those with FLUKA by Pelliccioni 
(2000), and those from ICRU Report 57 (1998).

Figure 4.7 Comparison of incident electrons of conversion 
coefficients from fluence to personal dose equivalent at 10 mm 
depth, hp(10,ϕ), taken from Grosswendt and Chartier (1994) and 
ICRU Report 57 (1998), shown as a ratio to the recommended 
values of hp(ϕ) (Endo, 2017).

3Endo, A. (2016). Personal communication (Japan Atomic Energy 
Agency, Tokai, Ibaraki, Japan).

A régi H∗(10)  és az új H∗

(Emax) hányadosa

Alá- és felébecslés is megszűnik!
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Személyi dózis/fluens konverziós tényezők proton-sugárzásra
(ICRU 95 A.2.5. táblázat, 4.9 ábra)

60 Journal of the ICRU 20(1)

Figure A.2.4 Conversion coefficients from positron fluence to 
personal dose (Endo, 2017; ICRP, 2010).

Table A.2.5 Conversion coefficients from proton fluence to personal dose (Endo, 2017; ICRP, 2010).

Ep/MeV hp (ϕ)/(pSv cm2)

 0° avg(±15°) avg(±30°) avg(±45°) avg(±60°) avg(±75°) avg(±90°) 180° ROT ISO SS-ISO IS-ISO

1.0E+00 5.46E+00 5.30E+00 5.01E+00 4.53E+00 4.07E+00 3.44E+00 2.81E+00 5.47E+00 4.50E+00 3.52E+00 3.44E+00 3.51E+00
1.5E+00 8.20E+00 7.94E+00 7.50E+00 6.78E+00 6.09E+00 5.15E+00 4.21E+00 8.21E+00 6.75E+00 5.28E+00 5.16E+00 5.26E+00
2.0E+00 1.09E+01 1.06E+01 9.97E+00 9.01E+00 8.10E+00 6.86E+00 5.62E+00 1.09E+01 8.98E+00 7.02E+00 6.86E+00 7.00E+00
3.0E+00 1.64E+01 1.58E+01 1.49E+01 1.34E+01 1.21E+01 1.02E+01 8.42E+00 1.64E+01 1.34E+01 1.05E+01 1.03E+01 1.05E+01
4.0E+00 2.19E+01 2.10E+01 1.97E+01 1.77E+01 1.60E+01 1.36E+01 1.12E+01 2.19E+01 1.78E+01 1.39E+01 1.36E+01 1.39E+01
5.0E+00 2.73E+01 2.61E+01 2.44E+01 2.19E+01 1.98E+01 1.69E+01 1.40E+01 2.73E+01 2.21E+01 1.73E+01 1.69E+01 1.72E+01
6.0E+00 3.28E+01 3.11E+01 2.90E+01 2.60E+01 2.34E+01 2.01E+01 1.68E+01 3.28E+01 2.63E+01 2.05E+01 2.01E+01 2.05E+01
8.0E+00 4.37E+01 4.09E+01 3.76E+01 3.36E+01 3.03E+01 2.63E+01 2.24E+01 4.37E+01 3.45E+01 2.68E+01 2.62E+01 2.67E+01
1.0E+01 5.49E+01 6.28E+01 6.75E+01 6.54E+01 5.78E+01 4.39E+01 2.81E+01 5.46E+01 5.01E+01 4.58E+01 4.66E+01 4.50E+01
1.5E+01 1.89E+02 1.85E+02 1.49E+02 1.30E+02 1.15E+02 8.59E+01 4.98E+01 5.61E+01 9.37E+01 8.01E+01 8.31E+01 7.71E+01
2.0E+01 4.28E+02 4.04E+02 3.52E+02 2.90E+02 2.06E+02 1.45E+02 8.08E+01 4.36E+01 1.65E+02 1.36E+02 1.45E+02 1.27E+02
3.0E+01 7.50E+02 7.26E+02 6.60E+02 5.59E+02 4.28E+02 2.92E+02 1.76E+02 3.61E+01 2.96E+02 2.49E+02 2.66E+02 2.32E+02
4.0E+01 1.02E+03 1.00E+03 9.19E+02 7.80E+02 6.19E+02 4.38E+02 2.84E+02 4.55E+01 4.22E+02 3.58E+02 3.81E+02 3.35E+02
5.0E+01 1.18E+03 1.18E+03 1.15E+03 1.04E+03 7.97E+02 5.50E+02 3.76E+02 7.15E+01 5.32E+02 4.51E+02 4.62E+02 4.40E+02
6.0E+01 1.48E+03 1.46E+03 1.41E+03 1.30E+03 1.05E+03 7.18E+02 4.74E+02 1.56E+02 6.87E+02 5.51E+02 5.47E+02 5.55E+02
8.0E+01 2.16E+03 2.14E+03 2.04E+03 1.86E+03 1.58E+03 1.19E+03 7.01E+02 5.60E+02 1.09E+03 8.37E+02 8.71E+02 8.03E+02
1.0E+02 2.51E+03 2.48E+03 2.36E+03 2.17E+03 1.90E+03 1.46E+03 9.06E+02 1.19E+03 1.44E+03 1.13E+03 1.18E+03 1.08E+03
1.5E+02 2.38E+03 2.40E+03 2.41E+03 2.44E+03 2.30E+03 2.10E+03 1.55E+03 2.82E+03 2.16E+03 1.79E+03 1.85E+03 1.73E+03
2.0E+02 1.77E+03 1.79E+03 1.81E+03 1.84E+03 1.91E+03 2.01E+03 2.17E+03 1.93E+03 1.96E+03 1.84E+03 1.90E+03 1.78E+03
3.0E+02 1.38E+03 1.39E+03 1.40E+03 1.41E+03 1.43E+03 1.44E+03 1.45E+03 1.45E+03 1.44E+03 1.42E+03 1.45E+03 1.39E+03
4.0E+02 1.23E+03 1.25E+03 1.25E+03 1.26E+03 1.28E+03 1.28E+03 1.28E+03 1.30E+03 1.28E+03 1.25E+03 1.28E+03 1.22E+03
5.0E+02 1.15E+03 1.19E+03 1.19E+03 1.21E+03 1.22E+03 1.22E+03 1.21E+03 1.24E+03 1.22E+03 1.18E+03 1.21E+03 1.15E+03
6.0E+02 1.16E+03 1.16E+03 1.17E+03 1.18E+03 1.20E+03 1.20E+03 1.20E+03 1.23E+03 1.22E+03 1.17E+03 1.21E+03 1.13E+03
8.0E+02 1.11E+03 1.13E+03 1.14E+03 1.15E+03 1.17E+03 1.17E+03 1.20E+03 1.23E+03 1.20E+03 1.17E+03 1.18E+03 1.16E+03
1.0E+03 1.09E+03 1.11E+03 1.12E+03 1.14E+03 1.15E+03 1.16E+03 1.19E+03 1.23E+03 1.19E+03 1.15E+03 1.18E+03 1.12E+03

Figure A.2.5 Conversion coefficients from proton fluence to 
personal dose (Endo, 2017; ICRP, 2010).

120 MeV felett PA (180°)
adja a maximumot H∗-hoz 

Conversion Coefficients 35

Figures 4.9 shows that H*(10), the ambient dose equiva-
lent for protons with Ep < 80 MeV, overestimates H*, the 
ambient dose, because the energy deposited at 10 mm depth 
in tissue exceeds the weighted average of energy deposition 
in organs on which H* and Hp are based. At high energies, 
above about 100 MeV, the conversion coefficients show the 
same trend as for neutrons.

4.4.3 Directional and Personal Absorbed Dose in 
the Lens of the Eye
For the same fluence, particle type, energy, and direction of 
incidence, the numerical values of conversion coefficients 
from particle fluence to directional and personal absorbed 
dose in the lens of the eye are the same. In the following 
figures, comparisons are given of the numerical values of 
conversion coefficients of the ICRU Report 39/51 defini-
tions, H′(3) and Hp(3), with the recommended values of the 
conversion coefficients from particle fluence to ′dlens ( )ϕ  and 
′dp lens ( )ϕ , as a function of energy for photons and 

electrons.
Figures 4.10 and 4.11 show that the ICRU Report 39/51 

operational quantities h′(3,ϕ) and hp(3,ϕ) delivered a good 
approximation to the protection quantity (numerically close 
to ′dlens  and dp lens) for photons in the energy interval between 
20 keV and 2 MeV. At higher photon energies, the dose to the 
eye lens was progressively overestimated, owing to the use 
previously of the kerma approximation. At low energies, the 
overestimation and underestimation of the protection quan-
tity depend critically on the angle of incidence of the 
photons.

The ICRU Report 39/51 operational quantity, hp(3,ϕ), 
overestimates the protection quantity in the lens of the eye 
for normally incident electrons with energies around 1 MeV. 

Figure 4.8 Comparison of incident positrons of conversion 
coefficients from fluence to ambient dose equivalent at 10 mm 
depth, h*(10), shown as a ratio to the recommended values of h*.
Note. The results of calculations of h*(10) with various codes are shown: 
those with FLUKA by Endo4 and with FLUKA by Pelliccioni (2000).

Figure 4.9 Comparison of incident protons of conversion 
coefficients from fluence to ambient dose equivalent at 10 mm 
depth, h*(10), shown as a ratio to the recommended values of h*.
Note. The results of calculations of h*(10) with various codes are shown: 
those with PHITS and FLUKA by Endo,4 and those with FLUKA by 
Pelliccioni (2000).

Figure 4.10 Comparison of incident photons of conversion 
coefficients from fluence to directional dose equivalent at 3 
mm depth, h′(3,ϕ) (Behrens, 2017b), calculated using the kerma 
approximation, shown as a ratio to the recommended values of 
′dlens( )ϕ  (Behrens, 2017a).

4Endo, A. (2016). Personal communication (Japan Atomic Energy 
Agency, Tokai, Ibaraki, Japan).

H∗(10) és az új H∗hányadosa

80 MeV alatt sok a 10 mm a 
voxel fantomhoz képest   

(2000, 2016)

Nagy dinamia (5640), legnagyobb h és 
E, még akkor is, ha wR csak 2.  
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Személyi dózis (Hp)-kerma konverziós tényezők szabványos
röntgen sugárzásokra (ISO 4037(2019) 
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R. Behrens and T. Otto: J. Radiol. Prot. 42, 011519 (2022) https://iopscience.iop.org/article/10.1088/1361-6498/abc860

Dosimetry of the lens of the eye 13th EURADOS Winter School   ”Eye lens dosimetry”   2020-01-30   Firenze, Italy Dr. R. Behrens 20

Calibration (0°) and 
characterization (0° .. 𝜶) Measurement

Area
monitoring

Individual
monitoring

Area
monitoring

Individual
monitoring

free in air Whole body-, eye lens-, ring-dosem.
on 

Water slab-, water-cyl.-, PMMA-rod-
phantom

(water-pillar not in Germany)

free in air Whole body-, eye lens-, ring-dosem. 
at the person 

at representative part of the body

behind / below protection

Calibr., charact. and meas.: proposal of ICRU RC26

Procedures unchanged – “only” new conversion coefficients
➔ Calibration coefficient and energy dependence change!

Dosimetry of the lens of the eye 13th EURADOS Winter School   ”Eye lens dosimetry”   2020-01-30   Firenze, Italy Dr. R. Behrens 19

Calibration (0°) and 
characterization (0° .. 𝜶) Measurement

Area
monitoring

Individual
monitoring

Area
monitoring

Individual
monitoring

free in air Whole body-, eye lens-, ring-dosem.
on 

Water slab-, water-cyl.-, PMMA-rod-
phantom

(water-pillar not in Germany)

free in air Whole body-, eye lens-, ring-dosem. 
at the person 

at representative part of the body

behind / below protection

Calibration, characterization and measurement

and the endosteal layer lining these cavities (presently assumed to be 50 lm in thick-
ness). Due to their small dimensions, these two target tissues had to be incorporated
as homogeneous constituents of spongiosa within the reference phantoms. At lower
energies of photons and neutrons, secondary charged-particle equilibrium is not fully
established in these tissue regions over certain energy ranges. More refined tech-
niques for accounting for these effects in skeletal dosimetry are discussed in Sec-
tion 3.4 and in Annexes D and E.

(71) Similarly, the fine structure of the lens of the eye could not be described by the
voxel geometry of the reference phantoms. Therefore, a stylised model of the eye was

Fig. 3.1. Images of the male (left) and female (right) computational phantoms. The following organs can
be identified by different surface colours: breast, bones, colon, eyes, lungs, liver, pancreas, small intestine,
stomach, teeth, thyroid, and urinary bladder. Muscle and adipose tissue are displayed as transparent. For
illustration purposes, the voxelised surfaces have been smoothed.

ICRP Publication 116

46

hp(𝜶=0)=h*

https://iopscience.iop.org/article/10.1088/1361-6498/abc860
https://iopscience.iop.org/article/10.1088/1361-6498/abc860
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Személyi dózis (Hp) irányfüggése (±𝟗𝟎°) és 180° a törzsön a 
foton energia függvényében AP irányra normálvaP. Gilvin et al. 
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4.1.2 Neutron exposures 

The factor of up to 6 reductions in photon personal dose rates compared to personal dose equivalent 

rates are not seen for neutrons, anywhere across the energy range up to 20 MeV (Figure 4.2). There 

is a general reduction in the new quantity compared to the old for angles of incidence < 60°, though 

this is not true between about 2 MeV and 10 MeV. The new quantity is roughly a factor of two lower 

for most of the energy range, though this is not true for fast neutrons, which tend to dominate 

currently in terms of Hp(10): the relative importance of thermal and intermediate energy neutrons 

will hence be reduced when the new quantities are introduced, but there will be less change for fast 

neutrons. 

Unfortunately, the data for Hp(10) that are available in ICRU Report 57 and ICRP Publication 74 are 

limited, with 75° being the largest angle of incidence. However, perhaps the most interesting feature 

of the comparison is that the data for Hp for incidence from 75° are significantly larger than those for 

Hp(10). This mainly applies to thermal and intermediate energy neutrons, and it can be inferred that 

for 90° the ratio would be even higher. That is partly because the slab phantom is a poor 

representation of a personal dosemeter exposure on-body for 90° incidence, but also a reflection 

that the neutrons no longer need to reach a point 10 mm below the centre of the front face of a 

phantom to contribute to the operational quantity for whole body neutron exposures. The situation 

for angles of incidence > 90° also has to be inferred, but it is inevitable that, except for the highest 

energies, the personal dose will be much higher than personal dose equivalent. 

In a workplace, fast neutron exposures tend to be strongly directional, while the thermal and 

intermediate energy exposures are much more isotropic (Schuhmacher et al, 2006). Neutron fields 

are also more strongly scattered than photon fields, so the reliance on exposures coming mainly 

from the front is harder to justify. It is hence very likely that the lower personal dose values seen for 

  

Figure 4.1 Ratio of the Hp conversion coefficient for specific angles (q) to that for 

incidence from 0°, versus photon energy. 

Foton energia MeV

H
p(
𝜶
)/

H
p(

0°
)

oldalt állni a sugárzás irányára
és 10 MeV fellett szembenézni !

Egy dózismérővel lehetetlen!!
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Közölt dózisra (K) és személyi dózisra (Hp)vonatkozó
korrekciós tényezők a levegő sűrűségére lágy röntgen

sugárzások esetén.  

R. Behrens and T. Otto: J. Radiol. Prot. 42, 011519 (2022) https://iopscience.iop.org/article/10.1088/1361-6498/abc860

J. Radiol. Prot. 42 (2022) 011519 R Behrens and T Otto

Figure 6. Dependence of the correction factors to account for air density, ρ, for some radiation qualities and for two different
spectrum properties, see legend. The data are given for dair = 2.5 m and dMC = 0.23 m.

5. Summary

In this work, a complete data set necessary to perform accurate photon irradiations in terms of the newly
proposed operational quantities in radiation protection is presented:

• conversion coefficients as well as correction factors for other radiation field characteristics, e.g. the
mean energy or the total air kerma, ready for adoption in ISO 4037–3 [8] and

• correction factors for these conversion coefficients and radiation field characteristics to account for the
actual air density during an irradiation, ready for adoption in ISO 4037–4 [9].

• Finally, the impact of the newly proposed quantities on the response of dosemeters is investigated for
both individual and area monitoring as well as for normal and oblique radiation incidences.

All data are presented in the Appendices, see below. For convenience, the same data are available on the
journal’s website as supplementary data files in ASCII format compiled in a single zip file (available online at
stacks.iop.org/JRP/42/011519/mmedia).
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Appendix A. Tabulated results for a distance of 1.0 m between the radiation source and
the point of test

Table A1 provides data for the fluence weighted mean energy, E(R), the kerma coefficient (i.e. total air kerma
using the divided by photon fluence), kΦ(R), one minus radiative losses in air, (1−g)(R), and the ratio
(µen,not_renormalized/µen,renormalized)(R) for reference radiation qualities R. Tables (A2)–(A7) provide data for the
conversion coefficients, cK(R;α), for the coefficients listed in table 1.

All values presented are based on data calculated using the kerma-approximation method, i.e. during an
irradiation, charged particle equilibrium must be assured.
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Szemlencse elnyelt dózis (Dszem)-kerma konverziós
tényezők röntgen sugárzásokra ISO 4037(2019)

R. Behrens and T. Otto: J. Radiol. Prot. 42, 011519 (2022)https://iopscience.iop.org/article/10.1088/1361-6498/abc860
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Calibration (0°) and 
characterization (0° .. 𝜶) Measurement

Area
monitoring

Individual
monitoring

Area
monitoring

Individual
monitoring

free in air Whole body-, eye lens-, ring-dosem.
on 

Water slab-, water-cyl.-, PMMA-rod-
phantom

(water-pillar not in Germany)

free in air Whole body-, eye lens-, ring-dosem. 
at the person 

at representative part of the body

behind / below protection

Calibr., charact. and meas.: proposal of ICRU RC26

Procedures unchanged – “only” new conversion coefficients
➔ Calibration coefficient and energy dependence change!
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Calibration, characterization and measurement

(F6) Reference data sets for the lens of the eye were defined as follows: (1) for pho-
tons of energies from 10 keV to 2 MeV and for AP, LAT, and ROT geometries; (2)
for electrons of energies from 100 keV to 10 MeV and for AP geometry; and (3) for
neutrons of energies from 0.001 eV to 4 MeV and for AP, LAT, and ROT geome-
tries. The dose conversion coefficients for the lens of the eye were evaluated from
the calculations using the stylised eye model phantoms shown in Figs. F.1 and
F.2. For all other energies and irradiation geometries, as well as other irradiation
types (i.e. positrons, protons, muons, pions, helium ions), the reference conversion
coefficients were evaluated as the average of the conversion coefficients of the lens
of the eye within the male and female reference computational phantoms. The refer-
ence data were evaluated as the average of both eyes with the exception of the elec-
tron data, for which the simulations were performed for a single bare eye. The
conversion coefficients for the LAT geometry are the arithmetic means of the conver-
sion coefficients for left and right LAT geometries.

F.1. Photons

(F7) Behrens and Dietze (2011b) simulated irradiation of the eye in a stylised head
phantom [average size of the head of the stylised Adam and Eva phantoms (Kramer
et al., 1982)] by broad parallel beams of mono-energetic photons incident in AP, PA,
LAT, and ROT geometries. Fig. F.2 shows the detailed stylised model. The calcula-
tions were performed with the Monte Carlo code EGSnrc. In addition to the mean
absorbed dose in the lens of the eye, mean absorbed doses in a sensitive region of the
lens were also considered in this study. The data of Behrens and Dietze are shown in
Fig. F.3 together with the lens dose as calculated with the reference computational
phantoms for AP, LAT, and ROT geometries. All conversion coefficients were eval-
uated as the arithmetic mean values of the coefficients for the left and right eye.

(F8) It can be seen from Fig. F.3 that, with the exception of photon energies below
approximately 20 keV for AP geometry and 50 keV for the other geometries, there is
good agreement between the lens doses evaluated by Behrens and Dietze using the
stylised model and those calculated with the reference computational phantoms up
to approximately 2 MeV. Above 2 MeV, the data for the stylised model have a

Fig. F.2. Three-dimensional views of the eye as simulated in the Monte Carlo calculations (left). Side view
of the eye model implemented in a stylised head phantom (right) (Behrens and Dietze, 2011b).
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incidence is expressed. This reference system for an area 
monitoring quantity can be related to the radiation field in 
which the operational quantity is to be determined. In the 
particular case of a unidirectional field, the direction can be 
related to the angle, ϕ, between this direction and the direc-
tion of incidence, Ω0, that is, antero-posterior, AP, to the styl-
ized eye model. When ϕ = 0º, the value of ′Dlens ( )Ω  at the 
point of interest for measurements using this specified direc-
tion shall be written ′Dlens .

3.5 Directional Absorbed Dose Rate in 
the Lens of the Eye
The directional absorbed dose rate in the lens of the eye, 
′Dlens ( )Ω , is the quotient of d lens′D ( )Ω  by dt, where d lens′D ( )Ω  

is the increment of directional absorbed dose in the lens of 
the eye in the time interval dt, thus:

 
′

′( ) =D D
tlens

lensd
d

Ω Ω( ) . (3.9)

The unit of directional absorbed dose rate in the lens of the 
eye is J kg–l s–1. The special name for the unit of directional 
absorbed dose rate in the lens of the eye is gray per second 
(Gy s–1).

3.6 Directional Absorbed Dose in Local Skin
The directional absorbed dose in local skin, ′Dlocal skin,i ( )Ω , 
at a point in a radiation field with a specified direction of 
incidence, Ω, is the product of the particle fluence at that 
point, Φ, and the conversion coefficient, ′dlocal skin ( )Ω , relat-
ing particle fluence to the value of absorbed dose in local 
skin.

For a given particle type i with kinetic energy Ep, the con-
version coefficient ′ = ′d E D E Elocal skin, local skin,i i( , ) ( , ) / ( , ),p p pΩ Ω Φ Ω  
is calculated for exposure to broad uniform parallel beams 
of the radiation field incident in the direction Ω. The conver-
sion coefficient is calculated for exposure of a specified 
phantom, an ICRU 4-element tissue 300 mm × 300 mm 
×148 mm slab (ρ = 1.0 g cm–3), the front surface of which 
is covered with a 2 mm layer of skin of density 1.09 g cm–3 
(ICRP, 2009) of elemental composition given in ICRP 
Publication 89 (2002). The absorbed dose is averaged over 
the volume of a right circular cylinder with its axis perpen-
dicular to the surface between the depths of 50 µm and 
100 µm and a cross-sectional area of 1 cm² below the center 
of the front surface (Fig. 3.3).

For an energy distribution of particles of type i:

′ ( ) = ∫ ′ ( ) ( )











D d E
E

Ei
i

local skin, local skin

d

di Ω Ω
Φ Ω

, ,
,

p
p

p
ddEp ,  (3.10)

where dΦi(Ep,Ω)/dEp is the fluence of particles with direc-
tion of incidence Ω and with kinetic energies in the interval 
dEp around Ep. The sum over all contributing particle types 
with direction of incidence Ω is:

 
′ ( ) = ∑ ′ ( )D D ilocal skin local skin  Ω Ω, .  (3.11)

The specification of the direction of incidence, Ω, requires 
a reference system for coordinates in which the direction is 
expressed. This reference system for an area monitoring 
quantity can be related to the radiation field in which the 
operational quantity is to be determined. In the particular 
case of a unidirectional field, the direction can be related to 
the angle, ϕ, between this direction of incidence and the 
direction of incidence, Ω0, that is normal to the front surface 
of the slab phantom. When ϕ = 0º, that is for perpendicular 
incidence, the value of ′Dlocal skin ( )Ω  at the point of interest 
for measurements using this specified direction shall be 

Figure 3.2. Detailed view of the eye phantom (left: the radiation 
sensitive part [red] and the rest of the lens [dark blue]; for 
details of materials and construction, see Behrens, 2017a) and 
the complete phantom including 2 eyes (right) that is used for the 
calculations. A broad uniform parallel beam impinges on the head 
and the trunk (red frames in the right part).

Figure 3.3 Geometry of the slab phantom.
Note. Left: isometric view. Right: view from top. The thickness of the skin 
layer and the diameter of the circular target volume have been increased 
for better visibility.
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Monitoring of the lens of the eye: practice in Germany

GSF-TL-TD-60 
also with 
headband

Future: goggles with integrated Hp(3)-dosemeter 

Routine measurements
• D: Hp(3)- and H'(3)-dosemeters
• D: alternatively until end of 2021 (§ 197 (1) and § 90 (2) StrlSchV): 
Hp(0.07)- and H'(0.07)-dosemeters in photon fields

MPA-TKD-01 

LPS TLD-TK 07

BE-TLD-TD-Brille 

https://iopscience.iop.org/article/10.1088/1361-6498/abc860
https://iopscience.iop.org/article/10.1088/1361-6498/abc860
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Bőrben elnyel helyi dózis (Dbőr ujj)-kerma konverziós
tényezők röntgen sugárzásokra ISO 4037(2019)

R. Behrens and T. Otto: J. Radiol. Prot. 42, 011519 (2022)https://iopscience.iop.org/article/10.1088/1361-6498/abc860
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Calibration (0°) and 
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(water-pillar not in Germany)

free in air Whole body-, eye lens-, ring-dosem. 
at the person 

at representative part of the body
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Calibr., charact. and meas.: proposal of ICRU RC26

Procedures unchanged – “only” new conversion coefficients
➔ Calibration coefficient and energy dependence change!
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Calibration, characterization and measurement

28 Journal of the ICRU 20(1)

For a given particle type i with kinetic energy Ep and 
direction of incidence Ω, the conversion coefficient 
dp lens,i(Ep, Ω) = Dp lens,i(Ep, Ω)/Φi(Ep, Ω) is calculated for 
broad uniform parallel beams incident on the whole-body 
eye model (Behrens and Dietze, 2011). For a given Ω, the 
conversion coefficient taken is that for the maximum value 
of the absorbed dose in the lens of the right or left eye (see 
Fig. 3.2).

For a distribution of particles of type i:

D d E
E

E
Ei i

i
p p p

p

p
plens lens

2

 
d

d d
d d, , ( , )

( , )
,= ∫ ∫













Ω
Φ Ω

Ω
Ω  (3.15)

where d2Φi(Ep,Ω)/dEpdΩ is the fluence of particles at that 
point with kinetic energies in the interval dEp around Ep, and 
directions of incidence in the interval dΩ around Ω. The sum 
over all contributing particle types, i, is:

 D D ip plens  lens = ∑ , .  (3.16)

The unit of personal absorbed dose in the lens of the eye is J 
kg–1. The special name for the unit of personal absorbed dose 
in the lens of the eye is gray (Gy).

The same right-handed orthogonal system for the body is 
adopted as for the quantity Hp. It is different to that used for 
calculations for the Behrens-Dietze model in ICRP 
Publication 116 (2010), but without consequence for the 
numerical results.

3.10 Personal Absorbed Dose in Local Skin
The personal absorbed dose in local skin, Dp local skin, is the 
product of the particle fluence incident on the body or 

extremities, Φ, and the conversion coefficient, dp local skin, 
relating particle fluence to the value of absorbed dose in 
local skin.

For a given particle type i with kinetic energy Ep and 
direction of incidence Ω, the conversion coefficient dp local skin, 

i(Ep,Ω) = Dp local skin, i(Ep,Ω)/Φi(Ep,Ω) is calculated for expo-
sure of the specified phantoms to broad uniform parallel 
beams. For each phantom, of the dimensions shown below, 
there is a covering layer of 2 mm skin of density 1.09 g cm–3 
(ICRP, 2009) with the elemental composition given in ICRP 
Publication 89 (2002). The specific phantoms for local skin 
are as follows:

•• For the trunk of the body: below the center of the front 
surface of a slab with dimensions 300 mm × 300 mm 
× 148 mm of ICRU 4-element tissue (ρ = 1.0 g cm–3), 
the front surface of which is covered with a 2 mm 
layer of skin. The absorbed dose is averaged over the 
volume of a right circular cylinder with its axis per-
pendicular to the surface between the depths of 50 µm 
and 100 µm and a cross-sectional area of 1 cm² (Fig. 3.3);

•• For the extremities: at the half-length of the cylindrical 
surface of a pillar with dimensions 69 mm diameter and 
300 mm length of ICRU 4-element tissue (with density 
in this instance taken to be equal to 1.11 g cm–3), the 
cylindrical surface of which is covered with a 2 mm 
layer of skin. The absorbed dose is averaged over a vol-
ume between the radii 36.4 mm and 36.45 mm with a 
circle of area 1 cm2 projected onto the upper and lower 
cylindrical surfaces, perpendicular to the radii (Fig. 3.6);

•• For the finger: at the half-length of the cylindrical sur-
face of a rod with dimensions 15 mm diameter and 300 
mm length of ICRU 4-element tissue (with density in 
this instance taken to be equal to 1.11 g cm–3), the cylin-
drical surface of which is covered with a 2 mm layer of 
skin. The absorbed dose is averaged over a volume 
between the radii 9.4 mm and 9.45 mm with a circle of 
area 1 cm2 projected onto the upper and lower cylindri-
cal surfaces, perpendicular to the radii (see Fig. 3.6).

For the slab, θ is the angle of irradiation incidence with 
respect to the surface normal, and ϕ is the azimuthal angle. 
For the cylindrical geometries, the angles of incidence θ, ϕ, 
are with respect to the axis of the scoring cylinder.

For a distribution of particles of type i,

D d E
E

Ei i
i

p p p
p

p
localskin localskin

2

 
d

d d, , ( , )
( , )

= ∫ ∫









Ω

Φ Ω
Ω 

 d dEp Ω ,

 
(3.17)

where d2Φi(Ep, Ω)/dEpdΩ is the fluence of particles with 
kinetic energies in the interval dEp around Ep and directions 
of incidence in the interval dΩ around Ω. The sum over all 
contributing particle types, i, is:

Figure 3.6 Geometry of the cylindrically shaped phantoms (not 
to scale).
Note. Left: isometric view. Right: view from top. The thickness of the skin 
layer and the diameter of the circular target volume have been increased 
for better visibility.

https://iopscience.iop.org/article/10.1088/1361-6498/abc860
https://iopscience.iop.org/article/10.1088/1361-6498/abc860
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Milyen pontos a fotonsugárzást mérő dózismérő az új 
környezeti dózis (H*) mennyiségben?

R. Behrens and T. Otto: J. Radiol. Prot. 42, 011519 (2022) https://iopscience.iop.org/article/10.1088/1361-6498/abc860

Elég újra kalibrálni (~-16%)ha a méréstartomány 70 keV-nél kezdődik!
70 keV alatt változtatni kell!  (Analóg vagy szoftveres módszerekkel) 
Személyi dózist (Hp) mérő aktív és passziv eszközökre is igaz! 
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Milyen pontos a fotonsugárzást mérő terület ellenőrző 
dózismérő az új környezeti dózis (H*) mennyiségben?
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(IEC 60846)

H
*(

10
), 

H
* /

13
7 C

s 
ka

lib
r.

Foton energia keV



XLVIII Sugárvédelmi Továbbképző Tanfolyam  18–20 Április 2023, Gyula
19

Milyen pontos a fotonsugárzást mérő TLD az új személyi dózis 
(Hp) mennyiségben?

Impact of the New ICRU Operational Quantities and Recommendations for their Practical Application 

 

EURADOS Report 2022-02  - 41 - 

 

The data in Figure 3.10 relate to a TLD that uses LiF:Mg,Cu,P as its sensitive element, which has good 

tissue equivalence. Different response characteristics are anticipated for TLDs that use alternative 

materials. For those that employ LiF:Mg,Ti, which is less tissue-equivalent and typically over-

responds more at energies <~100 keV (Cardoso and Lacerda, 2021; Luo, L, personal communication, 

June 2021), the change in the dose quantity from Hp(10) to Hp will exacerbate that over-estimate. 

This will make redesign of all such dosemeters necessary in order to regain satisfactorily flat response 

characteristics across the required energy and angle ranges. Such a process is likely to be costly, and 

difficult to achieve; in some cases the challenges may even prove insurmountable, with the 

requirement to respond in terms of the new quantities precluding the use of some sensitive 

materials. 

Figure 3.10 also shows the effect of the new quantities on the ‘body’ element of a whole-body OSL 

dosemeter that uses BeO as its sensitive materials, for photon exposures; responses are normalized 

to the Hp(0°) or Hp(10,0°) response (as appropriate) to a 
137

Cs source at 0° incidence multiplied by a 

calibration factor of 1.1×, which is the standard protocol for this dosemeter (Hoedlmoser et al, 2020). 

The implication is that the change to the quantities would leave the response largely unaffected 

above ~100 keV, and between ~50-100 keV would mitigate against the current small under-

response to Hp(10,0°) , but at lower energies the current flat-response would become a large over-

response to Hp. 

 

 
Figure 3.10 Effect of the new quantities on the body element of whole body 

dosemeters. (Top left) Photon relative Hp(10) response of a LiF:Mg,Cu,P dosemeter; 

(Top right) Photon relative Hp response of a LiF:Mg,Cu,P dosemeter (Eakins et al, 

2019); (Bottom) Hp(10) and Hp responses of a BeO dosemeter (Hoedlmoser et al, 

2020). The dashed lines show the current IEC limits. 
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Today’s personal 
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Milyen pontos egy  szemdózismérő az új “személyi elnyelt dózis
szemlencsében” (Dp szem) mennyiségben fotonsugárzásra?

R. Behrens and T. Otto: J. Radiol. Prot. 42, 011519 (2022) https://iopscience.iop.org/article/10.1088/1361-6498/abc860

10 keV alatt kell csak változtatni , a bőrdózist (Dp bőr) törzsön és
végtagokon mérő eszközökre is!  
𝜷- sugárzásra 0,2 MeV felett nem kell módosítani a Dp bőr méréseket!

Szaggatott piros vonalak( 0.71-1.67) 
a tolerancia határok (IEC 62387)
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Milyen pontos egy  szemdózismérő az új “személyi elnyelt dózis
szemlencsében” (Dp szemlencse) mennyiségben 𝜷- sugárzásra?

Az irányfüggésen változtatni kell!  
Az Emean energia pontok 90Sr/90Y és 106Ru/106Rh források, szűrő és távolság 
kombinációk R. Behrens . (referencia sugárzások ISO 6980-1)   

R. Behrens  J. Radiol. Prot. 41, No 4
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Milyen pontosak a  neutronsugárzás terület ellenőrző 
dózismérői az új “környezeti dózis (H*) mennyiségben?

Neutron energia MeV, (ISO geometria)

P. Gilvin et al. 

 

- 50 - EURADOS Report 2022-02 

data are normalized to the devices’ respective responses to 241Am-Be, so that comparisons may be 
made, but it is noted that this source may not necessarily be the optimum calibration recommended 
by a given manufacturer. The black lines in Figure 3.17 indicate the H*(10) performance criteria 
currently recommended by the standard (IEC, 2014); these are included for general guidance, 
though would presumably also be revised and updated by IEC once H* had replaced H*(10). It is clear 
that the impact of the change will be both energy- and design-specific. For example, the responses 
of all instruments at the lowest energies will be increased: this will be advantageous to NSI – 1, 
NSI – 3 and NSI - 4, which currently under-respond, but detrimental to NSI - 2, which currently 
performs well. Similarly, the under-responses of the NSI – 2, NSI – 3 and NSI - 4 in the 0.1 – 3 MeV 
range, which is of particular importance to neutron workplace fields, will be largely removed by the 
change, whilst the NSI - 1, which currently performs well, will over-respond significantly, At the 
highest energies, for which only the NSI – 2 is appropriate, the under-response will be increased 
significantly. 
 

 
Figure 3.18 shows the effect of the change to the quantities on different designs of photon survey 
instrument. The top left and right plots provide data for four alternative instruments (labelled A, B, C 
and D) that use Geiger-Müller tubes as their active components, but are constructed differently from 
different materials and with differing compensating filters to give differing energy responses; data 
are normalized to the devices’ respective responses to 137Cs. It is clear that the impact of the change 
will be relatively low, apart from at the lowest energies, where all of the instrument responses will 
be increased. However, whether this increase is advantageous or disadvantageous is instrument-
specific. For instrument C, for example, which has a metal-walled design, the current severe under-
response to H*(10) is largely ‘corrected’ in its H* response; conversely, for instrument B, which has an 
end-window design, the current good H*(10) response at low energies becomes a large over-
response to H*. 

Figure 3.18 also shows the H*(10) and H* responses of a passive area device that was designed by 
modifying a personal dosemeter badge featuring BeO detector elements (Hoedlmoser et al, 2020). 
The device has a lead and tin filter combination on one element and a plastic scattering body 
surrounding the second detector; a nonlinear algorithm is then used to reconstruct the dose 
quantity from the measured readings, with calibration based on the elements’ combined response 
to an N-300 exposure at 0° incidence. It is clear that the area dosemeter will over-respond to H* at all 
energies, but this becomes particularly severe at energies below ~50 keV. 

  

Figure 3.17 Effect of the new quantities on 4 different neutron survey instruments. 
(left) H*(10) responses; (right) H* responses. 
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Fekete vonalak: IEC 61005 (2014) követelmény 

WR=20,7 (max.)

241Am-Be
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Milyen pontosak a  “remmérők” az új “környezeti dózis 
(H*) mennyiségben a munkahelyi neutron térben ?

Ø négy szin négy fajta remmérő
Ø üres karika H*(10) 
Ø tömör karika H* 

19 ”neutronos” munkahely h*(10)-zel súlyozott átlag energiája eV-ban

Practical Consequences of the Introduction of the Recommended Operational Quantities 41

5.2.4 Conclusions Regarding the Redesign of 
Personal Dosimeters and Area Monitoring 
Instruments
The examples in the previous two subsections show that 
radiation protection dosimeters will not lose their usefulness 
once the recommended operational quantities have become 
legal quantities. The introduction phase of the ICRU Report 
39/51 operational quantities, which took from approximately 
1990 to 2010, stimulated scientific and technological work 
for the design of new dosimeters, often in collaboration 
between universities, research institutes, and manufacturers. 
During this period, the use of Monte Carlo radiation trans-
port codes to predict instrument response has been general-
ized and is no longer reserved to a small group of experts. 
This facilitates the design of suitable personal dosimeters 
and area monitoring instruments for the recommended quan-
tities. Today, a dosimeter can be designed numerically on the 
desktop before a prototype is built, lowering the cost of 
development significantly as compared with previous times.

Another cost factor is the replacement of obsolete dosim-
eters. This is a concern for personal dosimetry services, hav-
ing a stock of dosimeters numbering in the 100 000s. 
However, considerable time will pass between the publica-
tion of this Report, the introduction of the recommended 
quantities into transnational requirements (e.g., Basic Safety 
Standards by the International Atomic Energy Agency or the 
European Union), their introduction to national legislation, 
and finally their obligatory use. If the commercial lifetime of 
a dosimeter is 20 years,1 recently introduced dosimeter would 

be close to this lifetime once the recommended operational 
quantities become a legal requirement. The investment nec-
essary for replacing the dosimeters is then not a consequence 
of solely the recommended quantities, but also based on the 
economic necessity to renew the dosimetry system. 
Nevertheless, by experience, regulators will grant extension 
periods during which ICRU Report 39/51 operational quanti-
ties and recommended operational quantities in this Report 
might coexist in practical radiation protection, especially as 
presently designed and approved photon dosimeters often 
overestimate the operational quantities recommended in this 
Report. The Report recommends that international and 
national authorities recognize the need for a gradual and pru-
dent period of implementation of the operational quantities 
as legally binding to balance the costs of implementation 
with the benefit of better estimates of the protection quanti-
ties in prospective and retrospective measurements.

5.3 Calibration of Personal Dosimeters 
and Area Monitoring Instruments
The calibration procedures for these devices remain largely 
unmodified. The only change is that the value of the opera-
tional quantity in the calibration field is calculated from the 
measured quantities fluence or kerma in air by using the rec-
ommended conversion coefficients from this Report.

5.3.1 Schematic Calibration Procedure
In detail, the calibration procedure is as follows:

1. At the point of calibration, fluence rate or air-kerma 
rate in air of the calibration field is determined with a 
primary or secondary standard, or a transfer instru-
ment which has in turn been calibrated by a second-
ary or primary standard service. If a secondary 
standard or a transfer instrument is used, this deter-
mination is performed free in air, without phantom.

2. For photons and neutrons, the rate of the operational 
quantity suitable for the personal dosimeter or area 
monitoring instrument to be calibrated,  H Dor ,  is 
calculated from the measured fluence rate, or air-
kerma rate in air, with the applicable conversion 
coefficient for particle type, energy and angle of inci-
dence, for the personal dosimeter or area monitoring 
instrument that is being calibrated. Conversion coef-
ficients for monoenergetic radiations are given in the 
Appendices to this Report; for radiation energy dis-
tributions, such coefficients need to be calculated by 
integration over the energy distribution. For electron 
sources, the rate of the operational quantity suitable 
for the dosimeter or area monitoring instrument to be 
calibrated,  H Dor ,  is calculated from the measured 
absorbed dose rate to tissue (usually measured with 
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Figure 5.3 Calculated response relative to neutrons from 
241Am-Be of four rem-counters to 19 workplace neutron fields 
(taken from Eakins et al., 2018).
Note. Open symbols show the relative response to H*(10) and full 
symbols show the response to H*. Each instrument is indicated by one 
color. The mean energy of each neutron workplace field is in terms of the 
H*(10) conversion coefficient calculated for that field.

1The widespread use of microelectronics, with rapid cycles of tech-
nological obsolescence, may make the system lifetime estimate 
even shorter than the indicated value.

H
*(

10
) é

s
H

* /
24

1 A
m

-B
e 

ka
lib

r.

Eakins, J.Radiol. Prot. 38 

Establishing	neutron	calibrations	at	SSDL	using	ISO	8529	radionuclide	sources	

The	moderated	ambient	dose	equivalent	meter	

	
	
	
	
	
	
	
	
Leake	counter 	 	Anderson-Braun	NM2B	 	Studsvik	2202D		 	Berthold	LB6411	
3He	200	kPa 	 	BF3 	 	 	 	 	BF3 	 	 	 	3.5	bar	3He+1	bar	CH4	
21	cm	diam. 	 	24	h	x	21	cm	diam. 	 	24	h	x	21	cm	diam. 	25	cm	diam.	

PRACTICAL IMPLICATIONS OF NEUTRON SURVEY INSTRUMENT PERFORMANCE 

2 

and monoenergetic measurements. The calculated data also indicated a strong 
angle dependence of response for the instruments. 

e Some limited folding of the new response functions with workplace fields was 
performed to ascertain the effect of the new response characteristic data. 
These showed some differences, particularly for the NM2. 

 

 

FIGURE 1 The three designs of instrument modelled in the earlier work and in this 
project: the Leake (0949) on the left, the NM2 in the centre and the Studsvik 2202D on the right 

In particular, the earlier study highlighted the variability in the measured data, and the 
sensitivity of the response to the angle of incidence of the neutrons. Few of the 
experimental measurements were very recent, which is a cause for concern given the 
number of model changes that each of the instruments has seen over the last 30-40 
years. There was hence seen to be a need for the sensitivity of the response to be 
determined for natural manufacturing variability and for model-to-model differences. 

Another area of concern raised was the “mode of use”. This is important, because the 
instruments are designed to have an isotropic response, and are intended to measure 
an isotropic dose quantity. The calculations of the response show that the response is 
not isotropic, and observations of the manner in which the instruments are used in the 
workplace indicate that the user is commonly holding the device close to the body or 
places it on the floor. This influence of the user, and placement of the instrument on the 
floor, need to be investigated since they may have significant impacts on the response 
of the instruments. 

1.1 Background 

Survey meters are used to determine dose rates in the workplace for general health 
physics purposes. In particular they are used in the designation of controlled areas so 
their accuracy is of great importance in the workplace. Consequently, significant biases 

ü  If	compared	with	the	h*(10)	conversion	coefTicients,	the	response	of	the	25	cm	sphere	shows	
large	overestimation	in	the	epithermal	region	

ü  Improvements	 to	 this	 concepts	 lead	 to	different	designs,	 all	 of	 them	aimed	at	depressing	 the	
epithermal	response	while	keeping	the	MeV	response.	

ü  Interrupting	the	moderator	with	a	neutron	absorber	(a	perforated	cadmium	foil	or	a	borated	
rubber	shell)	proved	to	have	some	effect..	

Taken	from	Report	HPA	(UK)	HPA-RPD-016	(2006)	

Méréstechnikai követelmények: IEC 61005 (2014) 

WR=20,7 (max.)

1MeV-ig H*≅1.6 H*(10)
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IAEA European Union Magyar jogszabályok

Basic Safety 
Standards Directive

ENER

Better radiation protection

A TANÁCS 2013/59/EURATOM 
IRÁNYELVE 

(2013. december 5.) 

Törvényt nem kell
módosítani!

487/2015 Korm. rend.

2/2022.  OAH rendelet
stb.

Az ICRP 147 3.8 pontja már  ismerteti az új gyakorlati mennyiségeket!  
Az ICRP   új általános ajánlásában HT helyett DT lesz  a végtagokra! 
A bőr és szem dózis korlátok addig Sv-ben maradnak!!!
(wR csak kis dózisok sztohasztikus hatásának becsléséhez alkalmas!) 

Nemzetközi és hazai jogi követelmények az ICRU 95 ajánlások alkalmazáshoz

Az  új mennyiségek jogszabályi átvezetése min. 5 év és

https://www.haea.gov.hu/web/v3/oahportal.nsf/C9BF8EABD6BD39ECC1257E4A002AF331/$File/2013-59-euratomiranyelv.pdf
https://www.haea.gov.hu/web/v3/oahportal.nsf/C9BF8EABD6BD39ECC1257E4A002AF331/$File/2013-59-euratomiranyelv.pdf


Foton:  ISO 4037: 2019
ISO 29661: 2012

Beta: ISO 6980: 2022 Neutron: ISO 8529: 2021

ISO szabványok sugárzási terekre az ICRU 95 ajánlások
alkalmazáshoz

További kb. 5 év
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MSZ 14341:2017 stb.



Mérési módszerekre: ISO 15382: Dosimetry in practice (2015), 

ISO 14146: Routine test for dosemeters (2018)
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Szabványok a dózismérők követelményeire

Típus Terület ellenörzés Személyi dozimetria
aktív passzív aktív passzív

fo
to

n 
és

 b
ét

a IEC 61017, 2016
IEC 60532,2010
IEC 60846-1, 
2009
IEC 60846-2 2015
(vészhelyzeti)

IEC 62387, 
2020

IEC 61526, 2010 IEC 62387, 2020

ne
ut

ro
n

IEC 61526, 2014
IEC 61322, 2020

Nincs IEC 61005, 2014

ISO 21909-1, 
2021
ISO 21909-2, 
2021
(munkahelyi)

Ø Foton spektrumot és környezeti dózist (H∗)mérő eszközök alacsony
energiás (10-80 keV) szűrését növelni kell!

Ø Személyi dózis mérőkre irány és energia függést is kell változtatni.  
Új EPD modellek várhatók!
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Összefoglaló 
(ICRU 95, 2020. Külső sugárzások gyakorlati mennyiségei)

1. Az új mennyiségek az effektív dózis lehető legjobb közelítését adják 
az azonos fantomok  és wR használatával.

2. A dózisegyenérték helyett az elnyelt dózis  bevezetése a szem és bőr 
determinisztikus sugárkárosodására.

3. Egyszerű definíciók, új konverziós tényezők  meghatározása további 
sugárzásokra és energia tartományra az új igényeknek megfelelően.

4. Az új mennyiségek nem érintik a mérőeszközök vizsgálatát  és 
kalibrálását, fantomok és módszerek ugyanazok.

5. A gyakorlati fotonsugárzási terekben többnyire megvalósul az 
elektron egyensúly, így az 5. függelék adatait kell használni. 

6. Bizonyos mérőeszközök alacsony fotonenergiás érzékenységén 
változtatni szükséges.

7. Az intervenciós orvosi munkahelyek dózismérését tovább kell 
vizsgálni és fejleszteni (szórt sugárzás energiája és iránya)

8. A munkavállalók mSv körüli  dózisa csökkenhet. 
9. A gyakorlati bevezetés kb 10 évet is igénybe vehet.

ICRU Report 95 (2020)
Operational Quantities for External Radiation Exposure

• Previous quantities 
(ICRU 39 and 51)

• Operational Quantities 
for external exposure

• Conversion Coefficients
• Practical Consequences
• Appendices

• Values of Conversion 
coefficients

• Computer Codes

Th. Otto  - ICRU Report 95  - IAEA ORPAS - 17. 9. 2021 2

Relation of Quantities
Physical Quantities

F, Ka, D

Protection Quantity Operational Quantities

Measurement
Instrument response R (E,W) 

Calculation
With 

Phantoms

Calculation
With 

Phantoms

Numerical value for 
specified radiation field 

Numerical value for 
specified radiation field ?

Th. Otto  - ICRU Report 95  - IAEA ORPAS  - 17. 9. 2021 5



Munkahelyi sugárvédelmi szolgálatok aggályai az ICRU 95  
mielőbbi bevezetés ellen
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1. Nagy országok (USA, CA, AU, FR, RU) nagy (magán)  cégei költség-
haszon elven  működnek így nem lelkesek.  

2. Tizezreket átképezni, számítógépes programokat módosítani, 
mérőeszköz fejlesztést támogatni? A régi rendszer konzervatívabb.

3. NPP karbantartás (kollektív) dózisa jelentősen csökkenhet,  mert
egy másik (Hp) mennyiséggel mérjük és becsüljük az effektív dózist?
Megjegyzés: A személyi dózismérők havi értékének teljes bizonytalansága kb. 100%, 
spektum, irány, viselés módja stb. Radiation Protection and Environment | Volume 44 | 
Issue 2 |April-June 2021)

fóti liliom  

Irradiators	

Establishing	neutron	calibrations	at	SSDL	using	ISO	8529	radionuclide	sources	

További összefoglalók: 

EURADOS Report 2022-02 

Köszönet R. Behrens-nek (PTB)  az ábrákért!

https://eurados.sckcen.be/news-overview/eurados-report-2022-02-published-evaluation-impact-new-icru-operational-quantities-and-recommendations-their-practical-application
https://eurados.sckcen.be/sites/eurados/files/uploads/Report-Publications/Reports/2022/EURADOS%20Report%202022-02.pdf

