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I. 우라늄 일반 정보 
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Decay Series for 238U (234U) 

* Draft OIR(2012) 
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Decay Series for 235U 

* Draft OIR(2012) 
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Isotopic Composition of Natural Uranium 

* ICRP Supporting Guidance Document on Interpretation of Bioassay Data(2007) 
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Isotopic Composition of Enriched(3.5%) Uranium 

* ICRP Supporting Guidance Document on Interpretation of Bioassay Data(2007) 
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Isotopic Composition of Enriched(92.8%) Uranium 

* ICRP Supporting Guidance Document on Interpretation of Bioassay Data(2007) 
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Isotopic Composition of Depleted Uranium 

* ICRP Supporting Guidance Document on Interpretation of Bioassay Data(2007) 
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Specific Activity 

* ICRP Supporting Guidance Document on Interpretation of Bioassay Data(2007) 
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235U 질량% 에 따른 234U, 238U 질량% 

• ORNL (2012),   E :  % 235U 

• 한전원자력연료㈜ (1987) 
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II. 우라늄 내부피폭 감시 
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Direct measurement MDAs 

Measurement category Organ MDA 
I. Transuranium elements via x-rays Lungs 185 Bq/A 
II. 241Am Lungs 26 Bq 
III. 234Th Lungs 110 Bq 
IV. 235U Lungs 7.4 Bq 
V. Fission and activation products Lungs 740 Bq/A 
VI. Fission and activation products Whole body 740 Bq/A 
VII. Radionuclides in the thyroid Thyroid 740 Bq/A 

* From ANSI 13.30 
   A is the number of photons per nuclear transformation – L x-rays                                                            

for transuranium elements, and gamma rays for fission and activation products  



KAERI 

14 

Indirect measurement MDCs (urine) 

Measurement Category Nuclide MDC 

I Beta - Average energy ≤ 100 keV 
3H, 14C, 35S 
147Pm 
210P, 228Ra, 241Pu  

370 Bq/L 
0.37 Bq/L 
0.19 Bq/L 

II. Beta – Average energy > 100 KeV 
32P, 89/90Sr or 90Sr 
131I 

0.74 Bq/L 
3.7 Bq/L 

III. Alpha – Isotopic specific      
                    measurements 

210Po, 226Ra, 228/230/232Th, 234/235/238U 
237Np, 238/239/240Pu, 241Am, 242/244Cm 

3.7 mBq/L 
2.2 mBq/L 

IV. Mass determination Uranium (natural) 5 μg/L 
V. Gamma or x-rays Emitters with photons   ≤ 100 keV 2 Bq L-1/A 
VI. Gamma or x-rays Emitters with photons   > 100 keV 2 Bq L-1/A 

* From ANSI 13.30 
   A is the number of photons per nuclear transformation – L x-rays                                                            

for transuranium elements, and gamma rays for fission and activation products  
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Indirect measurement MDCs (faeces) 

Measurement 
Category Nuclide MDA 

VII. Alpha – Isotope  
specific measurements 

234/235/238U, 228/230/232Th, 238/239/240Pu, 
241Am 37 mBq/sample 

VIII. Beta – Average  
         energy > 100 keV 

89/90Sr or 90Sr 0.74 Bq/sample 

IX. Gamma or x-rays Emitters with photons ≤ 100 keV 2/A Bq/sample 
X. Gamma or  x-rays Emitters with photons > 100 keV 2/A Bq/sample 

*  Minimum detectable concentration - From ANSI 13.30 
 A is the number of photons per nuclear transformation – L x-rays for transuranium 

elements, and gamma rays for fission and activation products  
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MTL Values for Direct Measurements 

Measurement Category Type Radionuclide MTL 
I.  Transuranium elements via  
    L  x-rays 

Lung 238Pu 9 kBq 

II.  Americium-241 Lung 241Am 0.1 kBq 

III. Thorium-234 Lung 
234Th in equilibrium w/ 
parent 238U 0.5 kBq 

IV. Uranium-235 Lung 235U 30 Bq 

V.  Fission and activation products 
Lung 

Any two: 54Mn, 58Co, 60Co, 
144Ce  +  
134Cs & 137Cs/137Ba 

3 kBq 
30 kBq 
3 kBq 

VI. Fission and activation products Total body All of:  134Cs, 137Cs/137mBa, 
60Co & 54Mn 3 kBq 

VII. Radionuclides in the thyroid Thyroid 131I or 125I 3 kBq 

* ANSI  HPS N13.30(1996) 
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MTL Values for Indirect Measurements 

Measurement category Radionuclide MTL 
(per L or per sample) 

I.  BETA activity: average energy < 100keV 

3H, 14C 
35S 
228Ra 

2 kBq 
20 kBq 
0.9 kBq 

II. BETA activity: average energy ≤ 100 keV 
32P 
89, 90Sr or 90Sr 4 Bq 

III. ALPHA activity: isotopic analysis 

228,/230Th or 232Th 
234/235U or 238U 
237Np 
238Pu or 239/240Pu 

 241Am 

0.02 Bq 
0.02 Bq 
0.01 Bq 
0.01 Bq 
0.01 Bq 

IV. Elements (mass/volume) Uranium 20 μg 

V. GAMMA (photon) activity 

137Cs/137mBa 
60Co 
125I 

2 Bq 
2 Bq 

0.4 kBq 

* ANSI  HPS N13.30(1996) 
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Measurements Techniques for U 

* Draft OIR(2012) 



KAERI 

19 

Measurements Techniques for U 

* Draft OIR(2012) 
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Typical uncertainties for U lung counting 

Source of Uncertainty Estimated 
Uncertainty 

Chest Depth 
Chest Wall Thickness 
Activity Location 
Detector Placement 
Subject Background 
Calibration 
Counting Statistics 
Total Estimated Uncertainty 

12% 
15% 
5% 
5% 
10% 
5% 
40% 
90% 

* From Toohey, et al  
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Human Excreta 

* NCRP SC 57-15 (1999) 

 

   • Drutman and Mordasheva (1985) 
         -  Natural U,  24 h collection (254 women, 229 men) 
                 483 urine samples     1.4 ± 0.1 μg 
                 318 feces samples      2.3 ± 0.2 μg 
 

   • ICRP-23 (1975) 
          -  Reference Man 
                  Urinary excretion :   0.05 ~ 0.5 μg·d-1 

                  Fecal excretion      :   1.4 ~ 1.8   μg·d-1 
 

   • Wrenn et al. (1985) 
          -  37 samples :  0.098 ± 0.2 μg·L-1                0.137 μg·d-1 

                                                                   1.4 L·d-1 
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물질 흡수형 
체외분석 체내측정 

소변 
(일) 

대변 
(일) 

폐 
(일) 

육불화 우라늄 F 90 - - 

과산화 우라늄 F 30 - - 

질산염 우라늄 F 30 - - 

중우라늄산 암모늄 F 30 - - 

사불화 우라늄 M 90 180 180 

삼산화 우라늄 M 90 180 180 

8산화 우라늄 S 90 180 180 

이산화 우라늄 S 90 180 180 

비고 : 우라늄 혼합물의 방사성 및 화학 독성 모두 고려된다.  

대변 시료 채집은 공기시료채집이 실제 섭취를 과소평가하지 않는다는 것을 확인하기 위해 권장된다. 

22 

우라늄 일상감시 측정방법 및 최대 측정주기 

* ISO 20553 (2006) 
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일상감시 측정주기 허용 오차 

* ISO 20553 (2006) 

감시 간격 

(일) 

허용 오차 

(일) 

7 

15 

30 

60 

90 

180 

365 

± 1 

± 2 

± 4 

± 7 

± 14 

± 30 

± 30 
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우라늄 흡입 후 특별감시 측정방법 

* ISO 20553 (2006) 

방사성핵종 

코 
체외분석 체내측정 

소변 대변 기관 

NS EA 
spot 

sample 
24 h 72 h WB L Th 

육불화 우라늄 ** ** ** 

과산화 우라늄 ** ** ** 

질산염 우라늄 ** ** ** 

중우라늄산 암모늄 ** ** ** 

사불화 우라늄 ** ** ** * * 

삼산화 우라늄 ** ** ** * * 

8산화 우라늄 ** ** ** ** 

이산화 우라늄 ** ** ** ** 

** = 권장됨,    * = 보충적(의무가 아니라 보조적) 

범례  :    NS = 코 채취시료      EA = 호기       WB = 전신       L = 폐      Th = 갑상선 
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내부선량에 따른 감시형태별 측정횟수 

Radionuclide Type of 
monitoring 

Required monitoring data 

D < 1 mSv 1 mSv ≤ D < 6 mSv 6 mSv ≤ D 

Number Time range 
(days) Number Time range 

(days) Number Time range 
(days) 

U-235 

Urine - - 2 30 3 60 

Faeces 1 - 2 30 3 60 

Lungs - - 2 60 4 120 

* ICRP  Guidance(2007) 
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III. 우라늄 내부피폭평가 도시메트리 
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Compartment Model for Internal Dosimetry  

Intermediate
Turnover(ST1)

Rapid
Turnover(ST0)

Slow
Turnover(ST2)

Liver 2

Liver 1

Other Soft
Tissues
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Tissue

Urinary Path
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Trabecular
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Non-exch            Exch
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Non-exch            Exch
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Diagram of the biokinetic model for U 

* ICRP-69, 78 model,  ICRP Guidance(2007),  Draft OIR(2012) 



KAERI 

29 

Transfer rates for the U systemic model (d-1) 
Plasma to ST0 1.05E+01 

Plasma to RBC 2.45E–01 

Plasma to urinary bladder 1.543E+01 

Plasma to urinary path 2.94E+00 

Plasma to other kidney tissue 1.22E–02 

Plasma to ULI contents 1.22E–01 

Plasma to liver 1 3.67E–01 

Plasma to ST1 1.63E+00 

Plasma to ST2 7.35E–02 

Plasma to trabecular surfaces 2.04E+00 

Plasma to cortical surfaces 1.63E+00 

ST0 to plasma 8.32E+00 

RBC to plasma 3.47E–01 

Urinary path to urinary bladder 9.90E–02 

Other kidney tissue to plasma 3.80E–04 

Liver 1 to plasma 9.20E–02 

Liver 1 to liver 2 6.93E–03 

ST1 to plasma 3.47E–02 

ST2 to plasma 1.90E–05 

Bone surfaces to plasma 6.93E–02 

Bone surfaces to exchangeable volume 6.93E–02 

Liver 2 to plasma 1.90E–04 

Non-exchangeable trabecular volume to plasma 4.93E–04 

Non-exchangeable cortical volume to plasma 8.21E–05 

Exchangeable bone volume to bone surfaces 1.73E–02 

Exchangeable bone volume to non-exchangeable volume 5.78E–03 

*ICRP-78(1997), 

  ICRP Guidance(2007), 

  Draft OIR(2012) 
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Human Alimentary Tract Model (HATM) 

• Ingestion Retention Fraction :  nearly same (f1 = fA) 

• Committed Effective Dose : nearly same 

GI Tract Model (ICRP-30) HATM (ICRP-100) 
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Human Alimentary Tract Model (HATM) 

HAT model transfer coefficients for total diet 
for the reference worker 

* ICRP-100(2006), ICRP Guidance(2007),  Draft OIR(2012) 
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Human Respiratory Tract Model (HRTM) 

* ICRP-66, 78,  ICRP  Guidance(2007) 








ETb

BBb

bbb

AIb

LNETb

LNTHb





fbsp

fbst

Blood, 32





(1-fb)sp

(1-fb)st

ET1





BB1





bb2

BB2

bbseq

BBseq

ETseq

AI1

AI2

AI3

ET2

bb1























LNET

LNTH

























Spt



BB1T





bb2T

BB2T

bbseqT

BBseqT

ETseqT

AI1T

AI2T

AI3T

ET2T

bb1T

LNETT

LNTHT

























sb

GI Tract(Stomach, 28)

Environment, 48

Initial State

Transformed State

Bound Material









1

2

3

4

5

6

7

8

9

14

10

11

13

12

15

16

17

18

19

20

21

22

23

27

24

25

26













KAERI 

33 

Human Respiratory Tract Model (HRTM) 

  

ICRP-66(1993) Original HRTM 
  (ICRP-78, ICRP Guidance(2007)) 

Draft OIR(2012) Revised HRTM 

Regional deposition for Reference Workers engaged in light work 

  

5 μm AMAD 
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AMADS for different industries 

ICRP  Guidance(2007) 

Type of industry Range of AMAD 
(μm) 

Median 
(μm) 

Recommended 
AMAD (μm) 

All work places 0.12 - 25 4.4 5 

Nuclear power 
industry 

0.28 – 7.2 3.9 4 

Uranium mills 0.5 - 16 6.8 7 

Fuel handling 
facilities 

0.34 – 16.5 3.8 4 
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Absorption type 

    - Type F  :  100% absorbed with a half-time of 10 minutes 

    - Type M :  10% absorbed with a half-time of 10 minutes and 90%  
                        with a half-time of 140 d  

    - Type S  :  0.1% absorbed with a half-time of 10 minutes and 99.9%  
                        with a half-time of 7000 d  

Absorption type for the compounds of uranium 
    Soluble compounds                :  UF6 ,  UO2F2 ,  UO2(NO3)2         Type F 

    Less soluble compounds        :  UO3 ,  UF4 ,  UCl4                                 Type M 

    Highly insoluble compounds :  UO2 ,  U3O8                                 Type S 

ICRP-78  Recommendation 
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Compartment model representing time-dependent dissolution, 
followed by instantaneous uptake to body fluids (ICRP-66, 78) 

Particles in 
Initial state 
 

Particles in 
Transformed 
state 

Deposition 

Body fluids 

Type F (fast) M (moderate) S (slow) 
Model parameters (d-1) 
sp 100 10 0.1 
spt 0 90 100 
st - 0.005 0.0001 

Default absorption rates 

spt 

sp st 
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Draft OIR Part 3 (2012) 

Update default absorption parameter values for Type F, M, S 
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Draft OIR Part 3 (2012) 

Alternative compartment models representing  
time-dependent absorption to body fluids 
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Absorption parameter for each compound of uranium 
Draft OIR Part 3 (2012) 
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Absorption parameter for each compound of uranium 

Draft OIR Part 3 (2012) 
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Internal Dose Assessment [Sv/Bq] 

* ICRP-68(1994) 

Acute Intake IA          Chronic Intake Ic    
       

 
 

       
 
 

 

(t)F
M(t)I

a
A =

Intake, I Measurement, M(t) 

Time after intake,  t 

Fa(t) 1 Bq 

[Sv/Bq]
50

[Bq][Sv]  e 섭취량 예탁유효선량 ×=

D×=
(t)F

M(t)I
C

C
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Intake Retention Fraction due to Absorption type 

10 100 1000
1E-5

1E-4

1E-3

0.01

0.1

Uranium,  Inhalation,  5 µm,  Lung :  predicted values following acute intake

Fr
ac

tio
n 

of
 in

ha
le

d 
ac

tiv
ity

Time after intake [days]

Absorption Type
 Type M
 Type S

* ICRP-78(1997) 
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Effective Dose Coefficients [Sv/Bq] 

* ICRP-68(1994) 
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IV.  폐내 우라늄 측정 및 선량평가 
 



KAERI 

45 

 

• KAERI  폐 방사능 계수기 (BEGe 6530) 
 

폐 방사능 측정 장비 

* KAERI (2014) 
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• KAERI  폐 방사능 분석장비 (MCA) 
 

폐 방사능 측정 장비 

* KAERI (2014) 
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• LLNL 팬톰의 폐 세트  및  교정용 면선원 
 

폐 방사능 측정 장비 

* KAERI (2014) 
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• 교정용 면선원 정보 
 

폐 방사능 측정 장비 

* KAERI (2014) 
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• LLNL 팬톰 몸통 판 및 덮개      • 가슴벽 지방질량분율 및 두께  
 

폐 방사능 측정 장비 

Configuration 

Adipose 
Mass 

Fraction 
(%) 

Chest Wall 

Thickness 

(cm) 

Torso Plate 0 1.77 

Torso Plate + B1 12.8 2.40 

Torso Plate + B2 20.4 3.05 

Torso Plate + B3 24.3 3.53 

Torso Plate + B4 27.4 4.05 

* KAERI (2014) 
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채널 / 에너지 교정 

* KAERI (2014) 
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채널 / 에너지 교정 

* KAERI (2014) 
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에너지 / FWHM 교정 

* KAERI (2014) 
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검출효율 교정 (CWT=1.77 cm,  에너지별) 

* KAERI (2014) 
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검출효율 교정 (CWT=1.77 cm,  에너지별) 

* KAERI (2014) 
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검출효율 교정 (CWT별,  에너지별) 

CWT :  가슴벽두께 (mm) 
   W   :  몸무게        (kg) 

   H         :     키               (cm) 

* KAERI (2014) 
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검출효율 교정 (185.7 keV,  CWT별) 

* KAERI (2014) 
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교정 검증 
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• U-235 측정결과 및 연속섭취율 평가 (예 3) 
 

체내 오염자 측정 결과 

 

• 폐 우라늄 방사능 
   - 03/14,   4.07  Bq 
   - 06/07,   4.36  Bq 
   - 09/09,   4.11  Bq 
   - 11/29,   4.43  Bq 
 
• 연속섭취율 
   - 1, 2, 4분기 각각 섭취 
   - 1분기 :  0.429 Bq/d 
   - 2분기 :  0.191 Bq/d 
   - 3분기 :  0        Bq/d 
   - 4분기 :  0.267 Bq/d 
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• 우라늄 섭취량 평가 
 

      235U 섭취량(Bq)  =  235U 연속섭취율(Bq/d)  x  섭취기간(d) 
      234U 섭취량(Bq)  =  235U 섭취량(Bq)  x  (f234 / f235) 

      238U 섭취량(Bq)  =  235U 섭취량(Bq)  x  (f238 / f235) 
 

• 235U 질량%별  U 전방사능에 대한 234U, 235U, 238U 방사능분율 

체내 오염자 내부선량평가 

* KAERI (2014) 
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• 우라늄 예탁유효선량 평가 
 

체내 오염자 내부선량평가 

* KAERI (2014) 

 

 

    -  H50,E :  우라늄 흡입섭취에 따른 예탁유효선량 (Sv) 

    -  I234,  I235,   I235  :  234U, 235U, 235U 섭취량(Bq)  

    -  einh(50)234, 235, 238  :  234, 235, 238U 의 예탁유효선량 환산계수(Sv/Bq) 
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Thank you ! 

KAERI  Lung Counting System 
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