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E AT IE TR AR TE R 2 HT 5 S R IR E 7 AR R R (<60 )BT TERR R, HiAth
LR ARG IZ R E G iR . XEE AR, RIRIMEIRER K. N TR IRE, &R R
FE, FERAEA T AT T i TR AN ERR B AR IA AR . PRI LSO I B HERR A, T
] Bl ] B A (RN R () 2R L, ARAE RS s A% 2 AL, sl e 1 RN I IR) L S [R) AN 78 24 4 40
OCE TS T 2T O HE RIS AL AT T3 . WEFE T 17 MOT R IIEE L 0 25, RS T Sbrkt
A fEIE o RV T BRI R IR T I VA SRR o I X E AR S R I ST, TESE T ]
FEVERMR B . KEFESF . oM LRI s e DRI IS T & R R i R JC R B0 RO 5 12,
FORE AL T3 s RS A A o X RIS A A7 iy RS % SR IO TC 3, %07 i n] DA A o A RN, LR 2

JUR AR Z L i

KA IEIA P FIEIL S HT(Cyclic neutron activation analysis, CNAA), 8 I NHE, J7iRIeiE, A

hESES TL99, TL4117.7, P631.6™21

AR R SR AW ERE . WS BT
TR S5 A, ARIE BT PR A iz = 1 R T iE i
30T AEME LI NI R IR RIS RS, U
SR FE AR, B2 RARAITHEUR D, GuithiR
ZW Ko JEIRIE 453 T (Cyclic neutron activation
analysis, CNAA)RH Z 4R —Il 2 /2, $hnt
BRR, $EmmiEf R, BN TR
(AR JE RN, 25038 70 BT 7 35 (PR S PR AR S R 1
fEEsbCE —EFERY, W%k SLOWPOKE
HER A Z TR T AE A B0 AR 4
Oy e T 2 LSRR R W DAL (SR i T
A AT R 72 5 A BRI Y, (]
Aefg S B B, I TS BRAE 23 H B ARE A
E

1 SCIGER4y
1.1 (UEHEHE

RN I N HE, MNSR-C ®, 7 iE &
1x10"% n-sem 2[RIl A8 N BUERI2E, % “Co
1332 keV W43 #E% K 2.0 keV, AHXZE A 30%,
I BE LMy 50:1. ORTEC DSPEC jr'™ 4 8 192 i y fi
W RS, MRS M H R S8
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21 FEERRE
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R1 EHRPFEUSTEEFEG
Table 1 Experimental conditions of CNAA.

hEE HE S If 1) G {EEIRV€V METER

Neutron flux / n-s '-cm Irradiation time /s Collection time /s  Cycling times/n  Determining elements

1x10" 4-6 5-7 Hf, Sc, Dy, Rb, W, Rh, Au, Br,
5-9 F, Ge, Pd, Y, Ag, Se

1x10" 3 3 Er, Pb, In

TR IR AL 7 AT B JE A R R AR 0T Tk B AL
PR TBUH VEAE T LA AR S R R — 7% 50— & A
WA BT EARBN A N, PEIE T TR -

AnT = N®oce (1 _ e—).ti )(e—ﬁtd )(1 _ e—ltc )
[ n - eflr (1 _ e*nlr)] (1)
s (1- o AT )2

X, NANHEEH; o AP TFIER; o NXMNE
s A NG o NIRMES R 6 i BRI A5
ta NEEIE AL ¢ AR Al n ATEIR RS TR
TR, T=tttgtt..

22 EREESTRS

PEAEIAR A 7355 A 20 xof B ) AR sk R s o PR e
TR, BT ROEE G TGS B T — A A
BE, DL AL 8031 AL CoF il 2%, SLILET AR
FEFEh], 5y REE IR RGARE ML B M fds
HIRGANE, B3hERIER P FE TR

W B S AR IE R IRE(1-99) 4R FR i [H)
(1-9999 s). Wl & E(1-9 999 s), 7EH RN,
AL R AR TR B E

PEIR R FI5 A AT R GAE R R RE B an i 1.
B 2 Fiomo

Emitter

—| Control System for “Rabbit” Radiation Device’—‘

Detectorl Control System
Device of Cyclic Irradiation
Activation Conduit

\ Reactor

y-ray . |
Spectrometer Micro Computer

B 1 AT it b RS

Fig.1 Block diagram of cyclic neutron activation system.
2.3 EIERSITBRTRRE

MRESCHR2] [5], AT AR RS AL 1 e 3 %
AP 17 MRE AT, MR T e E

13102 n-s -em 2, FRETINFE £=3 s, WA =3 s,
TG EL n=10, FLREE (counts-pg A% S Hdn
2.

| Setting Parameters |
o]
a4

Putting a Sample in Emitter
A A

| Irradiation in Reactor

ru|

4
|T< Irradiation Time's Up ? >

| Transmitting Sample From Reactor

!

| Detector Collecting |

A

IK Collection Time's Up ? >

v

Times of Circulation are U;>
N

v

I End I

Next Sample l

2 EP IR T RGREE

Fig.2 Flow diagram of the cyclic neutron activation system.
24 NEFRHEIEE

(1), ZEREEIRETE] 4 A0St A ¢, 39m
PEIRUEL n FRAE I () V0%, (5 T Se bt dh
R S R R R SRR B PO AR LE s KB
Je, SRS AR IR T B AR & 1A
BN, T A A DU G 2 AR H PR Lp 3K 38 ik
tin tov n S0, ATAEERIAS 1M N B R AR AR
TEIEAMI Lo 5 6 1o n BIRRTE 3 FiR.

B3 Mk &8 bR
GBWO07402 1ENFFMFER, ¢=1x10" ns™-cm 2,
t=5s, n=6 K. M1 3(a), B 4 M INAE LA IT
EI Ly 6 TR, 1-4 s BRREGE, J5IEHTaLE,
7-8 s IKIAEIRAS
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Table 2 Nuclear parameters and sensitivity of elements for cyclic activation.

A% FRE SRR THT A% & 3z 1 y WEkEeE R
Target nucleus  Abundance  Reaction cross-section Radioactive Radioactive y-ray energy Sensitivity
/% /107 cm? nuclide half-life / s / keV / counts-pg !

¥Ag 48.17 88 oA g 24.4 658 6120
Yp 100 0.009 6 g 11.0 1634 61
Byt 27.1 50 179mlpy ¢ 18.7 214 8.9x10*
8Rb 72.17 0.047 8mR b 61.2 556 324
206pp 24.1 0.03 207mpy, 0.81 570("Bi) 88 mg '
3¢ 100 9 domg 18.7 142.5 7.4x10*
6Se 9.0 21 Timge 17.4 162 9350
L66gy 33.4 15 L67mp 2.28 208 1217
164Dy 28.1 1800 165mpyy 75.6 108 3.4x10*
"Ge 36.5 0.16 BmGe 48 140 198
103Rh 100 134 10%Rh 423 556 1.4x10*
106pg 27.3 0.013 107mpq 21.3 214 90
182y 26.3 21 183myy 5.3 105 196
"Br 50.69 (n,n") 7ompBy 49 207 188
97 Au 100 (n,n') 197m Ay 72 278.5 271
s 95.7 91 16m2yy) 2.16 162 9000
¥y 100 (n,n") §omy 16.1 908 131

10 -

(@)
8 -
ir ()
6 =
g 3t
B ar %‘i 2 F
F(x10) 5 Hf(x0.02
wh
0 5 10 0 5 10
Irradiation Time /s Collection Time / s
5 -

(c)

¥ Hf(x0.1)
:ﬂ
2r Se(x0.02)
1+ Rb(x10)
0 1 2 3 4 5 6 7 8 9

Circulation Times / n

B3 MRS EERE 4 @) T ¢ (b). FEFRIREL 0 (o) R

Fig.3 Curve of relationship between detection limit and irradiation time (a), collection time (b), cycle times (c).
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B3 Mk 5% fF . AR R
GBWO07402 {ENFEIRER, =1x10"n-s "-cm %, =6 s,
n=6 K. M 3L)ITEE], Bt 3G Lo 7E 1-5 s
BINFER, 5-7s IBRAUE, J5RIMEH 7.

Bl 3c) ik 2% 1 e A A bR HE R
GBWO7103 {FAREMIEE R, 9=1x10" n's " em ™2, £=6 s,
t=6 s \EI3()WTEE], 2 n=1 B2 RIIEL 5
Mr, BEOGER ISR n 03800 Lo 5 FREREH, 1-4 %
WELBE, JEIEWIHALZE, T-8 WFELkRERE, T
I Lp ©SEE n=1 BFRRAS T 2 f5 P b, AT aE 4
TEAREY) CNAA B IE AL 2 A A He R AR 2
HRARH RN,

Bk, T — M, IEERTEAG S BT £ )

RN t=4-6 s, =57 s, n=5-8 K. A4
SE BRSO B AR B2 A H BR G R R BAKTAE fie fen
n BI1E .

2.5 fEXTUERSN

[ —MEFMET, RENSAFEFRESFER—TRR
For HH PR ASAH ] 1% 02 A BT I AR i 23 ) 22 572
XTI EA TR, RFEN TS ITTR
—&& Ale DL #=5 s\ t=7 s. n=6 IRILIG 40, ik
£ ALO; HEAFIPIKRVIFY) . TS A NG
JEE SN E Dy, Fy Hf. Sc BRI FR, seiesh 50
3.

F3 KRHIRTZ Al ZiH(ng)
Table 3 Affection of detection limit from Al (pg).

FE KARUTR KARUR #4 Rock 11 Soil
Samples Stream sediment GBW07310 Stream sediment GBW07311 GBW07103 GBWO07405
Dy 0.076 0.082 0.083 0.118

F 18 22 23 27

Hf 0.015 0.018 0.024 0.041

Sc 0.021 0.024 0.031 0.055
ALO;3 /% 2.84 10.37 13.4 21.58

R 3 [ ER], BEERE S Al SEREm, 4
FhItE Dy F. Hf. Sc Ff HBR B8 0, i
T R I FAR ST CNAA K6 H BR A 52 2 B 2 1 .

2.6 {EIFEBHRPFIENLDTHT(CENAA)

X FIEIREA R IE, B AT PR AT
%2 Al. Mg, Cl. Mn. Ti. V £, {HTEH Lo
NPT, SR G B B R TS Ak 4 T (Cyclic
epithermal neutron activation analysis, CENAA), HJ
PABE AR Lo R AR T 3G B AR IR, ATk — 8
B A R

O HE N B E AL, B E RO E . KR
ALY SN HE, iR, R R AL N B
HNETFAEAT BRI B A bR 7
e A AR s A A R e T b TR
%\E\i(ﬁu 109Ag _>110Ag7 19F->20F; 166Er_>167mEr);FD%%A[‘%Eﬁ
NI IEAE R AT ERZ R (Y () Y)Y
BT, R R T S KB EA T AR BRI,

W CRHAREYD BnTE R T 57
MR, E#EEABEED, EARF TR AR LA
TP RIS, RO HE 5 4 SRt/ Bl
S AP N I N SR I LI P 5] S vl
BB, FHIEAE TR 2 A SRAS SR B AR X Fh
B, RGO RS B S HERAE . AETICHE I N 4

R 22 2 R i AL RIVAR B SR A A A A
T IR IR R B R, AT IR
REFE<2 eV IR M7 .

L E SN

Red=(Pepil T Pin00) Pepyi =1+ Do/ Pepi I (2)

K, Reg WL Doy WHIATFIEE; & N
i [ ONEBHR T RN oo N TR
JSLAE T o

AN R LE S LLINAE N 2.72, T Au
() 0o 9 98.8(10 **em?), 14 155010 *em?). H=
(2) TT 41 H 24 HE 3 Th 2 (Dy=1x10"* n-s™'-cm )i {T
B, EHRERALEANNBER T FEELNN
@Dei=3.7%10""ns -cm 2,

16 B R “HIG” BB s IR R R
Sioh s b fLIEERE, BT iE4T CENAA 52
I TAE. LLUKRUIERY) GBWOT7311 NAFIFE S, #
PRSI N: @=1x10" n'sem ™%, 4=5s,
t=5 s, n=5 W; BHRAFIEHEL KN
@=1x10"%n's "em?, £=10s, 1=10s, n=6 {K. I
1530 73 76 3 S IR R 7354k 73 B (Cyclic thermal
neutron activation analysis, CTNAA). CENAA PFf
iR BRI 4.
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TRHEEIA A AT 75 VA I ST 5 M

F4 HBPTF. BRPFEIGELHRE LR
Table4 L, of CTNAA and CENAA (wg/ 107).

JG% Element Dy Sc F In Rb Ag Hf Y Er
CTNAA 0.82 0.24 220 0.12 66 1.2 0.18 — —
CENAA — — 92 0.03 9.0 0.20 0.023 14 1.5
m& 4 B, B SBEMEUNES S, 46 W 4.
TR, AR AR TR IR 2.7.2 JIIERORE S

NFEAR, Ao BRAS DLR R o3
FIERARERR

J7 ik BIRG H FR
1% 7K RUTFIIE X — bR HEY) i GBWO07311
HEATME, CTNAA F1 CENAA WFh 7V R HFR

2.7

2.71

EHE R R K RTEYD
GBWO07311 #EAT 12 SE, & 45 R AR & L
(Relative standard deviation, RSD) 5 #ERfE (FHXT 1%
Z= Relative error, RE) 51| T3 5.

RS FEBEESERE
Table 5 Precision and accuracy of the method (%).
JG# Element Dy Sc F Hf In Rb Ag
RSD 12 8.8 13-16 6.9-9.1 6—-10 6.5-16 6.5
RE 6.4 —6.8 6.2—--73 1.9-3.1 1.1-7.5 32—--8.1 -1
28 (BB FENSHRA AL, AR WK 6 Pir.

2.8.1  {EHWEERE L AT R

(1) HERILZERE A A B3 KRVFIH
TETEAC AT BUE A FRAE GBWOT103, 7K R
YibseE GBWO7311, LIERREE GBWO7405, i

Q) W ATEHIE T STET PR AEYI R . B
W ARHEYD B s E 0 B T LA e = e ,
M APl 13102 ns "em 2, 4=3's, £=2s,
n=9 Ik, HERINFE T,

x6 B FREUDTENHIKILFERER
Table 6 Determination results of geochemical samples by CNAA (wz/ 107%).
T GBWO07103 GBWO07311 GBWO07405
Element  JFH(& FRAEL T bl T FRAE (A
Measured value  Standard value Measured value  Standard value Measured value  Standard value
Dy 11.4+0.2 10.2+0.5 7.66+0.9 7.2+0.8 3.42+0.41 3.7+0.6
Sc 6.4+0.6 6.1+0.6 6.9+0.6 7.4+£0.6 16.5+1.5 17.24£2.0
F 2 510+300 2 3504200 1 605+190 1 650+130 558+70 603+43
Hf 6.3£0.5 6.3£0.8 5.5£0.5 5.4+0.5 8.04+0.6 8.1£1.7
In — — 1.88+0.2 1.9£0.3 3.9+0.4 4.1£0.6
Rb 423433 466+26 421+34 408+17 104+14 117+9
Ag — — 3.18+0.2 3.2+0.5 4.24+0.3 4.4+04
xR71 JLMT AERTIER
Table 7 Determination results of several kinds of ore samples by CNAA (wz/ 107°).
Jt% Element Pb/ % Ag F Er Y
5141 Lead ore 4.16+0.17 16.1%1.1 2 540540 — —
GBWO07235 (4.1740.10") (14.7£1.5%) (2 700+300")
£EH A Zine ore — 14.7+0.9 (1.17£0.11) % — —
GBWO07237 (13.5+1.3" (1.20+0.06") %
i 4" REE ore 6007 — — — 87 1322 (1354"

e bR E RS

Note: *Standard value
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WA Ag MW E . KHAR B R B RE A
JAg-1-JAg-3, TG IEA AT, 45558
JAg-1(4.7%107°) JAg-2(1.87x10"*). JAg-3(4.86x107%).
HBEZMY RN 463107, 1.85x107*, 4.95x1077,
A L R B T HE

KVES Ag [ NAA MEAREL, 778 H A
PR LR, RS (8] B LN — JLRS, A S
B LR— LR, MERTEH 30 min BL E—1 min
ZW. KPR T — N =S

(3) WEMHLICEIH. Y. Er. Dy =Mt
JLERE T GRS AT E , 454 TRAT LA B,
AL — R FTRE i X = AN T2 R R A Bk B
1.0x10°°, 1.0x1077. 1.0x10°%, L&l By s He
BT 2-3 %, 2 LT BT HUTURE S
T FA Se R ZEAL TR, ACARIEIR /Bl ik E
IHTER

4) S&JBITES N Rh R HANELT Y,
YRW(Ty =42 s)HT "*"Rh(T,=4.3 min), JH '“Rh ¥

UGG AL 23 BTl 52 Rh A S s i REE . A4t
Pd AT A< i W 2 0 21 s 19 107 Sk
BT AT, BEE M .

(5) HWRFER P A AT o AEAERIEIA P FIE
oy Hr e RAE SR In, HAHRRA
3x107°-6x10"°, Ik T B In ZEHISE A AR
4.5x10°%, A TALERRE 2 HHTE TPot In A9BSR .
2.8.2  FEAALEE S B R

EVIRER M. — BEACRE s AT . B
Ko B B RS AL S AR, HAh
FEARr 0 Naw K. Cl. Mn &85 B8 5, HRH
TERTEA AT, SRR RN, Fdk 5 A%
R YIRS E T E W Se F 4%, Ef#+ 7+
FES JE AT = AR R R VA =, SR IR A 7 v 2
Se. F RUHBARLF. W5 7TAM. JEHF. AR, B2
B LR AE PR UERD R B LA B, S5 RBIN
* 8,

xS JLMENERINDITER

Table 8 Determination results of several kinds of biochemical samples by CNAA (wg/ 107%).

JUE Z&H- Tea ¥ AT Pork liver A& Human hair H 2% Collard kit Peach leaf
Element GBWO8505 GBWOB8551 GBWO0O9101 GBWO8504 GBWO8501
& i &= jiea M= jida M= jid=a M= jiea
Measured Standard Measured Standard Measured Standard Measured Standard Measured Standard
Se — — 0.93£0.06  0.94+0.03 0.60+0.07 0.58+0.05 — — — —
F 83.8+11 — 26.5+4.4 — 11.3£22.3 — 86.7£13 — — —
Rb 36.2+3.1 36.9+1.3 41+3.7 — — — 29.9+3.3 31.7 8.3x1.3 —
Sc 0.12+0.01 0.1 — — — — — — 0.18£0.02 —

B RS, KRB EiE. BEOR.
BERUE 37 245 Fr 25k Se b, B HLEEE FRIH Ge
SHTEE, RN TR RIS AT R
2.8.3 CNAA 7 HAth 5 1 i)

BSR4 b AT T B R A Ok
Peal” B B2 HE, KIEATT R Pb & &
W= i N L AT AT T k. . fa
JFM&Ed F. Ag. Ses RbZI03; MEEAEM T
W TRERIRERIK . SRS HEL In 2508
W= S air: Bos s iR e BEE I b, AL
HRh 40T, DA ERTR, #BIESE TS5
rivpesk . Rl AR MmN SIS

3 4B

PSR ECYE PRV VR E P N L Pive o R TN
s T B R A R T 5. xR A
VTN S 3 NS i1bIve SO R KB W R P IR g o

JAAR NGk, MECR U+ KRB Lo
B R AL AT, AP E AL B A v R R
BE, SEUFRORS R AR . FEN T, AT
ENPESR, NHAUEZ .
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Establishment and application of the cyclic neutron activation

analysis method on mini-reactor

JIANG Huaikun'” JIANG Yun'? ZHANG Chunfa’ ZHANG Wenjuan'

1(Key Laboratory of Geological Processes for Mineralization of Metal Mineral and
Resources Utilization in Shandong Province, Jinan 250013, China)
2(Shandong Institute of Geological Sciences, Jinan 250013, China)

Abstract Background: Instrument neutron activation analysis is a nondestructive analytic method. Some elements
after irradiation produce short half-life radio-nuclides (<60 s), and others produce both long-lived and short-lived
nuclides. For these short-lived nuclides, the single measurement has big error. Purpose: In order to reduce the error,
cyclic neutron activation analysis can be used to improve the sensitivity. Methods: A device was designed to be
connected to the sample transporter, detector and irradiation pipeline in the reactor, which can automatically control
the irradiation time and counting time. According to the nuclear parameters of certain elements, irradiation time and
counting time and cycle times were determined by experiment. Cyclic activation analysis method was established at
the mini-reactor. Results: This paper studied cyclic activation analysis conditions of 17 kinds of element, and applied
to the determination of actual samples. Cyclic epithermal neutron activation analysis (CENAA) method was discussed
too. By the analysis of national standard reference materials, the reliability of this method was confirmed. Conclusion:
Cyclic neutron activation analysis (CNAA) is an effective analytic method for only short life nuclide elements. For
both short and long lived nuclides of elements, the cyclic activation analysis method can make the analytical cycle
shorten, from a few days or several weeks to within a few minutes. Cyclic activation analysis has the advantages of
high sensitivity, and its precision and accuracy are better than single short irradiation activation analysis.

Key words Cyclic neutron activation analysis (CNAA), Miniature reactor, Method validation, Application
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