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Abstract [Background] Lead-free/lead-composite nuclear radiation protection materials are becoming
increasingly prevalent in military applications to safeguard the health and safety of military personnel. Currently,
accurate measurement and tracing of the shielding performance of military nuclear radiation protective clothing is
difficult. [Purpose] This study aims to measure lead equivalent in nuclear radiation protection materials for satisfying
the radiation performance evaluation requirements of international mainstream military radiation protective clothing.
[Methods] Firstly, a device to measure lead equivalence in protective clothing was developed. Then, the reference
radiation mass for lead equivalence at a photon energy of 130 keV was determined using a combination of Monte
Carlo simulation and experimental measurements. Finally, the shielding performances of a standard lead sheet were
assessed using developed device under narrow beam conditions, and shielding performances of military nuclear
radiation protective clothing materials produced by a few manufacturers were tested in the same conditions. [Results]
Evaluation results show the relative expanded uncertainty of lead equivalent measurement results for standard lead

sheet and military nuclear radiation protective clothing samples correspond to 4.2% (k=2). [Conclusions] This study
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identifies measurement conditions for subsequent performance tests of additional military nuclear radiation protective

materials prior to delivery.

Key words Nuclear radiation protection materials, 130 keV X-ray, Attenuation rate, Lead equivalent
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Table 1 Establishment of X-ray reference radiation quality

B B} fnick i€ Additional filtration / mm  2f{f)Z Half value layer / mm Cu B Ee e 0.
Tube potential g Cu Al T, e frz Effective energy

kv Measurement  Calculation Deviation / % /keV

80 2.0 4.0 0.59 0.59 0.0 65.8 0.82
100 5.0 4.0 1.14 1.13 0.9 83.6 0.84
120 1.0 4.9 4.0 1.74 1.73 0.6 101 0.84
160 3.0 2.5 4.0 2.30 2.79 0.4 130 0.81
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Table 2 Measurement results of lead equivalent of different types of nuclear radiation protective clothing materials

fEilE A MBS JE MR By
Protective area Material model Shielding efficiency / % Lead equivalent / mm Pb
AR AEAL 1 334 0.136
Non-critical areas 2 453 0.208

3 479 0.226

4 52.4 0.259

5 55.8 0.287
H AL 6 74.6 0.489
Critical areas 7 822 0.619
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Table 3 Uncertainty analysis of lead equivalent measurement results

W AR EE B A€

Source items Uncertainty of type A/ %  Uncertainty of type B / %
FRUEER Fr 1 JE B i Thickness measurement of standard lead sheet 1.5 —

14 75 F2 Fitting equation — 0.23

FE 2% &5 HE & M. lonization chamber energy response — 1.1

A AL & Measurement of test materials 0.5 0.5

¥ BANH 2 % Expended uncertainty 4.2% (k=2)

ARSI H ) B A S B 7 AR PR R
RIEX SR, L T R AR L BN ESHE
S5, He i 160 kV 3RS FAE A H AT IE D) 75 5K 1
ERTE . R ZRER P FISI I = A5 3] T A R
EJRER WAk 148 S B HERRTE . 9 17 2 R
TR AT BT T /MBI AR 8 = A BE RN, O

By ARSI . R AR R e T AR
B PR B P RE I, 25 BUAR LA 9% R 5K, R xR 23
R A T 15 37 MR R R Lo e 2 3 AN A 2 B AT I 2
By 2 I A5 R M R S OE FE N 4.2%
(k=2 , Fo v 48 [ B W PEBOR B 7T e (PTBAE %8 3
AT R TE 45 RN 3.4% (k=21 I 45 RAE A
B 5 R B N — B8, 3 A2 H R AR RO R X 2
EMETR . BEE =7 T IO i 0 P fE

010201-5



B HAE

TER AR S B 5P A X R 2 R

B 4 I G G 7 R AU R R ' A Y OR 1) 5
M) , J 455 4k 282 oF T o) 0 O S A T X R A 2 2 N
JTIEHEATHIEFE » DA A2 B R 22 T B 4 Al ) 2
IR . ARSI T 45 RN ZE A% SR 5 B 3 A4
EF BT 2 5 I S PR ALK, vRAh 1 H BT XS
T8 BT 4 B D B A AE D B AR AN H A U
BINEAG — EAREANTBE R IVIR, V2%
FARZ AR B3 AR R AR I B S+
fEERBKAR REAFTXELRRITAEST; X
ERNTEREEXFELER, , XELZR FERHT, &
AEF;ANEAFTHELERENEERZRNE; 7
PRATHEERELRNE KR ZEI; W
ARG FHRFERNRERNE; &R AT
S o Fo R YR AT B EE 5 B R AL R AR AT
SE 3k
1 BRFISE, BRe . et XU E B9 R AT SR K f
. MBS, 2021, 35(15): 15088 - 15093, 15106.

DOI: 10.11896/c1db.20040096.
CHEN Liyao, ZHAO Xiaoming. Research status and

development trend of flexible X-ray resistant materials[J].
Materials Reports, 2021, 35(15): 15088 - 15093, 15106.
DOI: 10.11896/cldb.20040096.

2 XIEEE . B A B AR RE SRR e 1]

rF A R B 37 25 4%, 2006(6): 15 - 18. DOIL: 10.3969/j.
issn.1671-0312.2006.06.004.
LIU Liying. Performance requirements and development
trend of a new generation of military protective clothing
[J]. China Personal Protective Equipment, 2006(6): 15 -
18. DOI: 10.3969/j.issn.1671-0312.2006.06.004.

3 AL, BRI, ROLHE, S TOHE B R X R4

FINUVERANE AL H D). o F R 27248 %%, 2008, 5(1): 13 -
15. DOI: 10.3969/j.issn.1672-8270.2008.01.007.
LI Wenhong, WEI Zongyuan, ZHANG Liqun, et al.
Mechanism of lead-free protection X-ray material and its
advantage[J]. China Medical Equipment, 2008, 5(1): 13 -
15. DOI: 10.3969/j.issn.1672-8270.2008.01.007.

4 ez, BRI, KA, & AT AR IR B 5T 2 R (D).

AR %2 22 4R, 2019, 4(2): 95 - 101. DOI: 10.3969/j. issn.
1671-7147.2019.02.001.
MA Xin'an, CHEN Gong, ZHANG Ying, et al. Research
progress in nuclear ray protective clothing[J]. Journal of
Clothing Research, 2019, 4(2): 95 - 101. DOI: 10.3969/j.
issn.1671-7147.2019.02.001.

5  Friedman H W, Singh M S. Radiation transmission

measurements for demron fabric[R]. Lawrence Livermore

10

11

12

13

010201-6

National Laboratory, Livermore, CA, 2003.

IEC 61331-1:2014. Protective devices against diagnostic
medical X-radiation — Part 1: Determination of
attenuation properties of materialsfED/OL]. [2014-05-
07]. https://webstore.iec.ch/publication/5289.

IEC 61331-2:2014. Protective devices against diagnostic
medical X-radiation — Part 2: Translucent protective
plates[ED/OL]. [2014-05-07]. https://webstore. iec. ch/
publication/5290.

IEC 61331-3:2014. Protective devices against diagnostic
medical X-radiation — Part 3: Protective clothing,
eyewear and protective patient shields[ED/OL]. [2014-05-
07]. https://webstore.iec.ch/publication/5291.

ASTM International. ~Standard test method for
determining the attenuation properties in a primary X-ray
beam of materials used to protect against radiation
generated during the use of X-ray equipment, Standard
F2547-06[M]. ASTM International, West Conshohocken,
PA, 2006. DOI: 10.1520/F2547-06.

DIN 6857-1: 2009-01. Radiation protection accessories
for medical use of X-radiation — Part 1: Determination of
shielding properties of unleaded or lead reduced
clothing[ED/OL].  [2013-01-12].
infostore. saiglobal. com/en-us/standards/din-6857-1-2009-
01-410268 saig_din_din 928951/.

e N RGN E PAFR . X G 2B 3P AR S g 1 e
5E: GBZ/T 147—2002[S]. db5T: A HUR AL, 2004.
Ministry of Health of the People's Republic of China.

protective https://

Determinaiton of attenuation properties for protective
materials against X-rays: GBZ/T 147—2002[S]. Beijing:
Law Publishing House, 2004.

| 2% 245 it B B R . R S i XA SR AR AN Bl 4 8% R
510y« MR IR IR BE AT E : YY/T 0292.1—2020
[S]. b3 A E bR ifE H AR AL, 2020.

State Drug Administration of the People's Republic of
China. Protective devices against diagnostic medical X-
radiation—Part 1: Determination of attenuation properties
of materials: YY/T 0292.1—2020[S]. Beijing: Standards
Press of China, 2020.

EESE, OIS, T, A5 BT B TC Y SRR S B AR
BB 5 85 9 R B[], 4R, 2020, 43(5): 10 -
15. DOT: 10.11889/j.0253-3219.2020.hjs.43.050201.

YAN Siqi, CHENG Peng, YU Guangyi, et al. Design of
novel lead-free flexible composites for radiation
protection and simulation of protective effect[J]. Nuclear

Techniques, 2020, 43(5): 10 - 15. DOI: 10.11889/j.0253-



% AR

2024, 47: 010201

14

15

3219.2020.hjs.43.050201.

ISO 4037-1:2019. X and gamma reference radiation for
calibrating dosemeters and doserate meters and for
determining their response as a function of photon energy
—Part 1: Radiation characteristics production methods
[ED/OL]. [2019-01-06]. https://www. iso. org/standard/
66872 .html.

Hhis, B, REA, & XL BE MRS 2 2 )
HAFFU[I]. F & 24k, 2021, 42(3): 370 - 374. DOL: 10.
3969/j.issn.1000-1158.2021.03.18.

HAN Lu, ZHAO Rui, WU lJinjie, et al. Research on lead
equivalent measurement of narrow X-ray beam shielding
material[J]. Acta Metrologica Sinica, 2021, 42(3): 370 -
374. DOI: 10.3969/j.issn.1000-1158.2021.03.18.

AR AT, KUK, S5 IR A XA R 5
S ACERRTHE[]. B BOR, 2022, 45(6): 060403. DOI: 10.
11889/j.0253-3219.2022.hjs.45.060403.

17

18

19

010201-7

LI Mengyu, ZHAO Rui, QU Bingbing, et al.
Establishment of low-dose rate X-ray radiation quality
and calibration of the instruments[J]. Nuclear Techniques,
2022, 45(6): 060403. DOI: 10.11889/j. 0253-3219.2022.
hjs.45.060403.

Poludniowski G, Landry G, DeBlois F, et al. SpekCalc: a
program to calculate photon spectra from tungsten anode
X-ray tubes[J]. Physics in Medicine and Biology, 2009, 54
(19): N433 - N438. DOI: 10.1088/0031-9155/54/19/NO1.

Biilermann L. Determination of lead equivalent values
according to IEC 61331-1: 2014—report and short
guidelines  for Journal of
Instrumentation, 2016, 11(9): T09002. DOI: 10.1088/
1748-0221/11/09/t09002.

Eder H, Schlattl H. IEC 61331-1: a new setup for testing

testing laboratories[J].

lead free X-ray protective clothing[J]. Physica Medica,
2018,45: 6 - 11. DOI: 10.1016/j.ejmp.2017.11.015.



