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Abstract: The miniature neutron source reactor (MNSR) is based on highly enriched
uranium (** U) as fuel and light water as moderator. Because of a larger share of
epithermal neutron and fast neutron in irradiation channel, the reactor is suitable for
epithermal neutron activation analysis (ENAA). In general neutron activation analysis

the main component elements in complex geological samples such as aluminum, sodium,
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iron and so on affect the determination accuracy of some target elements. In order to

reduce the interference of the background of main component elements and improve the

precision and detection limit of the target element, the ENAA can be used in the test of

geological samples. By using epithermal neutron irradiation channel made of cadmium.,

the Cd ratios of about 130 nuclides of 67 elements in the periodic table were measured.

The advantage factors of some elements and the interferences of uranium fission and (n,
p) reaction in ENAA were discussed. The practical application of MNSR ENAA method

in testing of geological sample was verified. The results show that more than 20 kinds of

elements can be ascertained in the sample measuring by this method. The detection

limit, precision and accuracy are more significantly improved. The MNSR ENAA is a

necessary and beneficial supplement of the conventional activation analysis method.

Key words: epithermal neutron activation analysis; miniature neutron source reactor;

geological sample; method validation
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Table 1 Measurement condition of radionuclide cadmium ratio
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Table 2 Measurement results of Cd ratio in irradiation channels

LR [E¥ 3 2 g 4] Y gt/ keV Cd Lt JLER [E¥ 3 gl y fig it /keV Cd t
Ag HoAg 24.4 s 657. 8 2.17%+0.13 Nd 15INd 12. 4 min 116. 7 2.06+0.18
1o Agm 252 d 657.7 1.7640. 21 9N 1.73 h 211.3 4.20+0. 40
Al 28 Al 2. 24 min 1778.7 18. 50+ 1. 40 17TNd 11d 91.1 6.43+0.58
As 6 As 26.3 h 559.1 2.024+0.18 Ni 55 Ni 2.52 h 1482 16.70+1. 80
Au 198 Au 2.7d 411. 8 2.23+0.12 %Co 70.8 d 810. 8 1.0440.08
Ba 137 Bam™ 2. 55 min 661.6 1.0540. 11 Os 910s 15.4d 129.5 7.044+0.71
131 Bam™ 14. 6 min 107 1.7040. 17 193 0s 30.6 h 138.9 7.91+0. 68
139 Ba 82. 9 min 165. 8 15.40+1. 23 Pd 109 pdm 4. 69 min 188.9 1.5140.13
131 Ba 12d 196. 2 2.224+0.24 109pd 13.4 h 88 1.8840.17
Br 80Br 17. 6 min 616. 2 2.39+0.21 Pr 12 pyr 19.2 h 1575.6 8.75+0. 89
52Br 35.3 h 776.5 2.024+0. 14 Pt 199Ppt 30. 8 min 542.7 1.8940. 21
Ca Y Ca 8. 72 min 3084.4 18.50+1.58 197 Pt 18.3 h 77.35 2.144+0.19
17Ca 4.54 d 1297 15.50+2. 33 199 Au 3.14d 158.4 1.9140. 23
Ce 143 Ce 33.0h 293.3 11.50+0. 84 195 pym 4.02 d 98.9 1.3340.12
Ml Ce 32.5d 145. 4 16.704+2. 10 Rb 86 Rp™ 1. 02 min 556 2.3040. 30
Cd HiCcdm 48. 6 min 150. 8 1.8840. 19 88Rb 17. 8 min 898 1.7040. 20
15 Cd 53.4 h 336. 2 1.8340.12 86Rb 18.8d 1077 2.184+0. 24
Cl 38Cl 37. 3 min 1642.2 19.20+1. 28 Re 188 Rem 18. 7 min 106 4.10=£0. 40
Co 50 Com 10. 5 min 58. 6 8.34+0.69 188 Re 16.9 h 155 4.03+0.41
50Co 5.27 a 1332.5 7.50+0. 90 186 Re 90.6 h 137. 2 1. 9040. 20
Cr SICr 27.7d 320 18.24+1.8 Rh 101Rh 42.3 s 555.7 3.8440.47
Cs 134 Cgm 2.9 h 127.5 2.414+0.19 104 Rhm 4. 34 min 51.4 4.33%£0. 35
131Cs 2.06 a 795. 8 2.20%+0. 24 Ru 15Ru 4.44 h 724.2 2.154+0. 15
Cu 56 Cu 5.1 min 1039.2 13.80+1. 60 TRu 2.88d 215.7 1.4440. 15
64 Cu 12.7 h 1345.9 10.10+1. 10 105 Ru 39.4d 497. 1 4.40+0. 40
Dy 165 Dym 1. 26 min 108. 2 43.50%5. 40 S 37TS 5 min 3103.3 22.244+3.01
165Dy 2.33h 94. 7 35.1043. 20 Sb 124 Spym 93 s 645. 8 5.754+0. 62
Er 167 ym 2.28 s 207. 8 2.5940. 40 122 Spym 4. 2 min 61.45 1.4240.17
MEy 7.52 h 308. 2 4.21%£0.37 122 Sh 2.68d 564.1 1.4140. 11
Eu 12 Eym 9.3 h 841.7 14.50+1. 30 124 Sh 60.2 d 602.7 1.6340. 15
1 Eu 8.5 a 1274.4 3.424+0. 29 Sc 16 Sem 18.7 s 142.5 27.1742.04
12 Eu 13 a 1408.1 13.54+1. 66 46 Se 83.8d 889. 3 20.15+2. 41
F 0F 11s 1634 6.35+0. 69 Se 77 Sem 17. 4 s 161. 9 20.8642. 44
Fe M Fe 44.6 d 1099.2 13.10+1. 20 5 Se 118.5 d 264.7 2.6440.35
Ga 2Ga 14.1 h 630 3.67+0.25 Si 29Al 6. 6 min 1273.2 1.0140.08
Gd 161 Gd 3.7 min 360. 9 3.85+0.28 Sm 195 Sm 22. 4 min 104. 3 3.88+0.33
159 Gd 18.6 h 363. 3 1.5640. 14 153 Sm 46.8 h 103. 2 1.8840.12
155Gd 241.6 d 97. 4 2.724+0. 36 Sn 125 Spm 9.5 min 332 1.2540. 14
Ge " Gem 48 s 139.7 8.144+0.78 125 Spm 40. 1 min 106. 3 3.4940. 32
TGe™ 53 s 215.5 3.06+0. 34 125Sn 9.62 d 1067 1.8540. 22
Ge 82. 8 min 264.6 1.50£0. 13 H7Spm 14 d 158. 6 1.17£0. 13
Ge 11.3 h 264.5 2.50%+0. 33 113 Sn 115. 1d 391.7 1.3140. 15
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Hf 179 F fml 18.7 s 214. 3 2.9040. 24 Sr 85 Sym 68 min 231.7 2.3240. 24
ISTH{ 42.4 d 482 8.164+0.91 87 Sym 2.8 h 388. 4 4.03+0. 34
Hg 199 Hg™ 42. 6 min 158. 3 1.2340.13 85Sr 64.8 d 514 1. 7040. 20
197 Hgm 23.8 h 134 46.5+6. 4 Ta 1827 Pgm2 15. 8 min 171. 6 1.54+0.1
YT Hg 64.1 h 77. 4 52.644.0 182y 115d 1121 1.5040. 10
203 Hg 46.8 d 279. 2 18.4+1.6 Th 233 Pa 27d 311.9 2.4440.19
Ho 166 Ho 26.8 h 80. 6 2.4940. 22 Tb 160 Th 72.1d 879. 4 2.1740.16
1 1281 25 min 443 1.6840. 14 Te 131 Te 25 min 149.7 7.9240.77
In 16 pml 54. 1 min 416. 9 2.1140. 14 129 Te 69 min 459. 6 2.8440. 31
15 pm 4.49 h 336. 2 1.0140.08 Tm 170 Tm 128.6 d 84. 3 2.2940. 21
i pm 49.5 d 190. 2 1.59+0. 14 Ti 51T 5. 76 min 320 16.8+2.1
Ir 14Ty 19.2 h 328. 4 2.4740.19 U 29U 23.5 min 74.7 1.15+0. 11
192y 74. 2d 316.5 6.3040.50 239 Np 2.35d 277.6 1.5140.17
K 2K 12.36 h 1524.6 13.00+£2. 00 Vv Y 3. 76 min 1434.1 17.70+£2. 00
La M0 a 40. 27 h 1 596.2 9. 8440. 81 W 18T W 23.9 h 479.5 2.6740.18
Lu 176 ym 3.68 h 88. 35 1.56+0.11 Y 89ym 16.1 s 908 1.0340.08
Ly 6.71d 208. 3 21.70£2.10 Yb 17TY'b 1.9 h 150. 6 6.3740. 66
Mg 2T Mg 9. 46 min 843.8 17.20+1. 90 175Yh 4.19d 396. 3 25.7+2.4
Mn 56 Mn 2.58 h 846. 8 13.104+1. 10 169Yh 32d 177. 2 3.7240. 41
Mo 10T Mo 14. 6 min 590. 9 1.81£0. 15 Zn 697Znm 14 h 438.7 4.96+0. 44
99 Mo 66 h 140.5 1.41£0.12 857n 244 d 1115.5 11.10£1. 90
Na 24 Na 15 h 1 368.6 15.60+£1. 30 Zr TZr 16.9 h 743. 4 1.07=£0. 09
Nb 94 Nbm™ 6. 26 min 871 2.9540. 37 BZr 64 d 756. 7 2.7840. 31
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Table 3 Uranium fission interference factor fy

fu/Cpg s pg U
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Table 4 Detection limit of some elements

in standard substance by TNAA and ENAA

A A%
e AL ot

i Ce 0.089-0.016 0.18+0.03
99 Mo 0.067=40.011 0.45%+0. 08
HUTNd 0.08040.014 0.1240. 02
77y 2.98+0. 36

$Zr 4.7840.51 —
M08 0. 020=40. 002 0. 020=£0. 003
131 Ba 0.4740.06 3.2040.55
153 Sm 0.12+0.01

K thBR/ (g s gD

h# 3 A H L, ENAA 84 1% d 7% 1k
G AT il R I T A B RO B R B AR DAL I X
Bl AN R ) — P b SRR S T AN R T IB OE

JLR B R PR ITER. T RE
Cry p) SN T A8 I 28 068 G Ji 4R 7 7 A 4, 4
#Mg(n,p)*Na, *Ti(n,p)*Sc. “Ni (n, p) *Co,
B Ba(n,p)™Cs, " Taln,p)™ Hf &, X f +
PR AR /N s — M AE 10" 5 40, XF T 35 3 b 5T
FESLTOTT 5 8 (RN AT & AR . B
ARAR A J5 <07 B 398 20 200 B PR 3K b 52 el , 40 43 A
Ni B ik & 5 Co B, SR FH 4R B8 Ni 4k A7l
2 (o p) SR 89 40 R B A0 BR By I ik
MEME IE .
2.3 R

oG AT R R Ly B X

Ly, = 3/B/S (2)

Horr: B N RREWE (A TH 5 S o A R R

JLER
TNAA ENAA

1 5.1+0.9 0.50=40. 04
In 0.2040.03 0.02040. 003
Si 244 50047 400 23 5004 200
U 1.040.2 0.1040.02
Ho 0.740.2 0.40=40. 06
Sm 0.0840. 01 0.03040. 006
Mo 2444 3.0£0.7
Y 1.240.2 0.40=0. 05
As 1.540.2 0.4040. 04
Sb 0.2840. 04 0.05%+0.01
Ga 8.2+1.9 2.0£0.3
Br 2.1£0.3 0.207+0.02
Zr 300£77 96+13
Yb 0.1640.03 0.07=40.01
Th 0.2640.07 0.2440.06
Hf 0.4040. 13 0.11£0.01
Ba 36+9 12£3

Cs 0.6+0.2 0.4340. 10
Tb 0.3240. 11 0.25%40.06
Rb 3.4%+0.8 3.9£0.9
Zn 50+14 20+5

Ta 0.2640.05 0.0940.01
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Table 5 Precision and accuracy of some elements by TNAA and ENAA
RE/% RSD/ % RE/% RSD/ %
JLE JLH
TNAA ENAA TNAA ENAA TNAA ENAA TNAA ENAA

As 2.3+0.2 5.5+0.3 1.7 2.6 Sb 1.74+0.2 6.7+0.8 2.0 2.5
Ba 6.8+0.7 —2.54+0.2 16. 2 10. 3 Sm —2.6+0.5 0.2240.03 3.5 3.0
Br 3.8+0.6 —1.340.1 3.6 3.1 Ta 1.940.3 —3.84+0.5 5.2 4.5
Cs —4.6+0.6 —0.93+0.11 4.0 3.3 Tb —9.8+1.9 3.3+0.5 20.2 8.0
Ga —2.040.3 5.0 Th —4.340.7 —8.740.7 3.0 3.6
Hf —13+3 5.3+0.4 6.1 5.8 U 1.5+0.2 1.9
Ho —4.440.6 8.1 w 0.3140.05 0.7840.09 3.7 2.3
1 —2.640.4 3.8 Yb —7.44+0.6 —3.7+0.5 8.7 13.1
In 0.05+0.01 2.5 Zn 2.7+0.8 3.14+0.5 11.3 9.4
Mo —22%+5 5.640.8 13.6 8.2 Zr 13.24+2.6 10.44+1.6 19. 4 12.7
Rb —1.74+0.4 —8.940.8 3.8 3.3 SiO, 0.36+0.11 4.6

2.5 MiRESSH

Ho AR A P Y AL Mg, Mn, Na, Fe, Sc 4¢
EERE.TEEME [.In,Si ,Ho, Mo, U,
Ba Ni, Th % (9l . & HLAY TNAA I 52" Ba,
$Sr.?* Pa(Th) \**Np(U) . Co(Ni) 25 ¥ Z I} ,
— B B 3E A K e BV A, DL ALY Na Fe " Sc
G AN T o dr A K, BRI BR fR
FAKMZ Wb &, 2 /H ENAA Fik)E,
AR B A R I R BR A5 DL g s v A B[R]
A i T G B R R AT g BT — S R
TNAA BOEM 7 0 2 02 WA R R % & 1,
I 2 ALCSD (P U4,

PEBEAT AR M 1 MK Ak 2 B K — GUAm e R
i GB WO07103 (fE %) %) GB W07107 (L R
) .GB W07310 OK R UL Y #E17 ENAA FI
TNAA 2. 1.In, Si, Uk B i 0 5 4 1F
e FiE R 8 X 10 em Y e st B R B )
10 min ¥ HIBFA] 2~ 10 min, YA B [E 600 s,
HAh T2 (KD (19 5 5% 14428 - Hh Tl i 5 X
10" em™* o 57! KR REETE] 9 h ¥ A A ] 2~
7d W ERFE 1 200 ~7 200 s, ENAA HI
TNAA SR RArfEY) B i d s £ 6. &
6 UL A vk 45 R SR MEE A E AT A AP, £
BOUE M ENAA 255008 T TNAA 45

x6 MHAUFERPTERAENFFEULIWER
Table 6 Results of element component in geochemical samples by ENAA and TNAA pgeg!

B GB W07103 GB W07107 GB Wo07310

o ENAA TNAA e ENAA TNAA e E ENAA TNAA e E

As 2.240.12 2.3£0.2 2.10+0.16 1.4040. 08 — 1.44+0.2 24.0+1.3 21+2 25+1

Ba 355424 338+33 343+13 431+29 46747 45016 40.0£2.7  45.0%4.4 42£3

Br 2.0£0.1 — (2.4)£0.5
Cs 38.0+1.3 41.2+1.4 38.440.8 14.04£0.5 13.0£0.6 14+1 2.1£0.1 2.240.3 2.3£0.3
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B GB W07103 GB W07107 GB W07310
R ENAA TNAA HEFEE ENAA TNAA HEAEE ENAA TNAA et (E
Ga 19+1 — 19+1 25.3+1.3 — 25.6+1.6 6.940. 4 — 6.440.5
Hf 6.240.4 6.24+0.3 6.3+0.5 3.04+0.2 2.840.2 2.940.2 2.040.1 2.0+0.1 1.840.2
Ho 1.96£0. 16 2.224+0.74  2.05£0.11 0.9140.08 — 0.98+0.03 0.4240.04 — 0.45+0. 04
1 1.7+0.1 — 1.640.3
In  0.020%£0.005 — (0.020)40. 006 0.081£0.018 — 0.082£0.016 0.06240.015 — 0.067+0.010
Mo 3.47£0.2 — 3.540.1 1.10£0. 09 — 1.20£0. 05
Rb 500+22 478423 466+10 208+9 211+12 205+5 9.2+0.6 9.0+0.4 9.2+0.8
Sb 0.20+0.02 0.21£0.03 0.16+0.02 0.1740.04 5.940.3 6.1+0.2 6.3+0.3
Sm 9.2+0.3 9.9£0.3 9.7+0.5 8.2+0.3 8.6+0.2 8.440.3 2.340.1 2.3%0.1 2.404£0.08
Ta 6.9£0.3 7.0£0.3 7.240.4 0.88=+0.4 0.940.3 1.040.2 0.4240.03  0.4240.03 (0.52)40.12
Th 1.764+0.14  1.54+0.18  1.6540.06 1.004+0.08  1.2440.21  1.02£0.05 0.447+0.04 — 0.42+0.05
Th 51.0+2.2 5243 54.0+1.3 11.640.7 14+2 12.840.6 4.840.2 1.84+0.3 5.0%0.2
u 18.840. 4 2143 18.8+1 1. 6040. 09 — 1.5040. 14 2.104£0.07 2.2+0.3 2.1£0.1
7.9£0.2 8.7£0.8 8.440.2 0.83%£0.05 0.7940.08 1.5540. 08 — 1.6340. 13
Yb 8.0+0.7 8.3+0.6 7.44+0.2 2.4+0.2 2.5+0.2 2.60+0.14 1.1+0.1 1.440.1 1.24+0.1
Zn 3243 — 28+1 5745 — 55+2 44+4 — 16.0+1.3
Zr 148+15 — 167+5 8949 — 96+5 T2E7 — 703
SiO; 727 600+ 728 300+ 607 000+ 592 300+ 893 000+ 888 900+
26 200 600 21 900 1000 23 100 1200
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