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Nondestructive Neutron Activation Anglysis
for the Determination of Many Elements in a Sample

with a Mono-element Standard

Minoru OKADA and Nori TAMURA
Chemistry Division, Tokai Research Establishment, JAERI

(Received July 27, 1972)

The procedure of identification and quantitative determination
by gamma-ray spectrometry and induced-activity calculation is
described with a few examples.

A sample is irradiated in a nuclear reactor together with the
standard composed of one element. The two gamma activities induced
are then compared, with a gamma-ray spectrometer. NaI(T1) is used
as the scintillator if the irradiation is short, and if not, Ge(Li) is
used. The thermal-neutron flux is estimated from the activity
induced in the standard. The amounts of a number of elements in the
sample are calculated from the respective photopeak areas; the
cross sections for 2200-m/sec neutrons are utilized, influence by
the epithermal neutrons being neglected.

In this analysis, it is necessary that there be no interference
by induced activity of the major component. As such are 24 elements
based on the nuclear data. With carbon among them, the analysis of
graphite is given as an example; 13 elements of 2 p.p.b.~10 p.p.m.
are thus determined.

The report is intended primarily as the manual.
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Fig.1l. Specific-activity estimation chart for the activation of ‘
naturally-occurring element with 2200-m/ sec neutrons. The
scale on the speclfxc actxvxty axis i8 for the exposure to a
neutron flux of 1><10 2.8ec”’. Names of nuclides are those
of naturally-occurring ones. Type of reaction during
irradiation is (n,7) unless otherwise indicated. Underline
means the formation of a metastable-state nuclide. Nuclides
lying on the outside of the chart are: ''B(0.02 sec, 2X10°3
d.p.s./#g), "Li(1 sec, 3x10% d.p.s./Hg), C1(1 sec,ZXlOZ
d.p.s./#g) and '"®N(7 sec,4X1072 d.p.s. lg).

The curves show sample estimation; material is cobalt, and
irradiation period is 100 days. The upper curve shows that
the specific activity of cobalt due to reaction °°Co(n,7)
*™Co is 1.7X10° d.p.s./#g The lower curve shows that the
specific activity of cobalt due to reaction %%Co(n,T7) 50Co is
24%X10° d.p.s. g



JAERI-M 4900

2. NaI(T1)KHEHEBOBE

21 % #
BELBEORUEROL D CRET o )

(1) B OBMMLCHE > FFE, RPEFRAH1X10 m~2-sec™1TH I3 v 4l
248500 |

@) BaEME10~20 2o

3 rﬁ&&%ﬂsmmx3xmh®HE&NuKTlh o

22 ¥ M
2.2.1 HAHEAN
1) AHTEH |
REERELAODHL gt 0,01 g0 2 BHICRES 5o BHECHKIESRETE
ﬁ%mumam5(ﬁ&ﬁ%ﬁu%?mm9)&%&Eéﬁ&ﬁbr#(kbrébocmz
EFExHADR)zFrvy ey CANTEHRT b,

(@ & % % | | |

(AU EH0. 02 ugBLABHINO0, 1 & #) =7 Ly WL CHHT 2, 0B
AR AL~ CERCHLTE -

2.2.2 K &1k

R L ERGERLRNES (HE2.8 mLET7.0 mOF ) =71 ¥ BHBR) CA
N, #h& 352 inch KEBAS Yy b ICAN, SEEEHEN 1013 an-2 esec ~1 O
FT10~202MBHT 5,

2.2.3 HmHRERE _

() BB OBRE EMKERO KRG

A2 &3 DICRRL TS BRBOBAE LB, MEH MO ISR BETHRIEOL
BACKENED £ BE, TOINREEN LN & COBMERHL, WET S
gﬁﬁ@m%mmm&ﬁmuf,mﬁwo&n+m-%nﬁﬁﬁﬂmﬁn$mm¥>&m%]
L ABEOECL, BT Do - e
@ WEkE

NaI(T1) i3 L multichannel H & “Wi‘%ﬁ’fﬁ&AbEk r fﬁx'\! I‘ L ;l iy
FI%S Do '

(3 RMHETEHLH b

B TR & B3I L BIER IR ROL 9ICR Ko (BALEFEM) 0.5, 0,751, 1,
1, 6 (HEHCIZIETHEMBIC200 M BNt T
Mﬁ%mﬁﬁ%mmﬁm%Ammtmﬁﬁmﬁx4ﬁ,7ﬁ,1oﬁ,14ﬁ,zoﬁ&£
Mt Bo |



JAERI-M 4900
4 * o ft
BRRAUERHEIRNERTRS 2 0BM2rLN 2002 TOMIC 3 ~4REHo
rr A -OYEBHEIT0.,01~3.0 MeVORBER T 5,
2.2.4 HHEEKEORSE
1 v-7ABOHFE
ﬁﬁ@rﬁZNﬂbww%t—i@ﬁﬁﬂﬁmTécMmd%a%ﬁ%WéoﬁAt—iK
DNTHE, FRAORADOE -2 OREBREE (DY — 7 O¥EEAILHEE L, ThEFE> TR
-2 OFEREIZHITHBCL > THERKBCRYD, TOBRBONARDPE-—270CDN
T, EONBERHAR S, € -2 MENABUERFPCL 2 TELIBACHEERHRIZES
Abo Blzid 64,2+ 1.1 channelEWnH L HICH (o
(2 zAxArx-BIE .
rzAE - (EDREDCKDHBICS5~10EO 7 GERBREE > Trig=x <7 b+ &l
Yy, B - 20 LBEFay b L, TORNLTCEANOMER > THELIABBEH S, O
HBOLTEY -7 OHERAERD, HRAWCKIEST S channel F5% 0, 1 channel DHiE TH Lro
HERE7T ey P LTHIE#MBRZT ( INCE, KOBHEFECELEL OC, LLr3WLDL
Kﬂ(omTQBﬂkE—?ﬁﬁ#B.cm%ﬁ&ﬁoTE,%Xbéo
(3) ER AR ‘
TBARI P AOBE- s ORICHLETHEHBEERDOD BAL—27CHL TH, ¥ -
JMBABORCB LN R -2 ONWTEITHE THo TOHI% Fig.2 TR To
CDEORLTRODLHBEZ A WBMEMELC T 2y b L, BERL > THEEHERD, W
MREEOBRERETRO L 9IC L TRD &,
%®ﬁﬁﬁﬂtwﬁ®ﬁﬁ&ﬁﬁéﬁéﬁﬁLbfﬁé# NUECZE N (4A7cidphd
NWIBEBESIAAENWENLEA Y | EBDLINBL 9 ZEERC L AR ABOFRLBEETE 5
CLTERETF o Fig3 X EDOHETFTo EREZFEEROTLIFEE TS,
EWMELORVERIOTFT NN L0EHEEBOFTHAB LS NWADEELLNL
b, TOMEDERFELDEOIBEELODBEEXLTLE~BIXREIOTH B0
W IR E DR ZEORE L Fig.3 OHN L 9 LTRD B,
(4) r#RE BHHEKRE O RS e
MEOQTRBEE, &, @TROAERNE, Thi B D ~ 5 R LA b
[MET 50
2.25 JYLORROFEL ER :
(1) RERTRCHETHAE-27ERETROLZ &
(a) & OHIE
S WA &E(224®)®ﬁmﬁok#@®t_9&ﬁi1]ﬂybv.f@@@i
T¥ﬁ%%ﬂﬁb.¥@ﬂrE wﬁﬁabf7nvrabo
ﬂﬁaﬁmx«y}woé;-9c&mErﬁuzz4®<beéb@6,%ﬂﬂﬁm
THHEEE CORD L RARBo T ORO—#i% Fig. 4 (KR o



JAERI-M 4900

1500 § 200 \a}%
Fios § ob\% /T.%Bmhr} -
1000 e <~—T* o5 b | 14=22E3hr
e P N
Tt £
= 3 100 NN
2 ) = NN
R S SR PAIR s AN
© 7 A RN % & NN
) A 1 2 6 N
e N
| ~<4\~|\ oa _,é N, ~
200 =ols’ ayge @ 40
150 200 ) 20 40 60
Channe! number Time (br)

Fig.2. Example of the graphical Fig. 3. Typical graphical estimation
estimation of peak height of the degree of error in half-

life determination. Observed
energy of gamma ray in question,
2.22+0.04 MeV;detector, 3"X3"
NaI(Tl) crystal;sample, 0.665-g
graphite irradiated with thermal
neutrons. :

20
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Fig.4. Plot of full width at half-maximum in units
of channel vs. gamma-ray energy. Detector,
3"X3" right cylindrical NaI(Tl) crystal. Photo-
multiplier, RCA-8054. Gamma-ray energy vVvs.
channel number; (279.2 keV, 34.6 channel),
(511.0, 64.1), (661.6, 82.5), (898.0, 112.1),
(1275, 158.6), (1836, 228.3) and (2734, 345.2).
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Fig.5. Calculated source intrinsic efficiency for gamma-rays
from a point source vs., gamma-ray energy. Parameter, distance
of source from the front surface of detector ; detector,
3'X3" right cylindrical NaI(T1) crystal.
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energy. Parameter, distance of source from the front surface
of detector; detector, 3'X3" right eylindrical NaI(Tl)
crystal; origin of the data, table on p. 671 of ref. 3).
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Fig.7. Six gamma-ray spectra obtained from one sample at
different cooling times ranging from 38 min to 123 min
Detector, 3"'X3" right cylindrical NaI(T1) crystal; distance
of sample from the front surface of the detector, 0.1 em to
the nearest end and 2 cm to the farthest ; y -sample, 0.665-¢g
. graphite irradiated at a thermal-neutron flux of 10" em™2.
sec”’ for 20 min. o
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Fig.8. Eleven gamma-ray spectra obtained from one sample at
different cooling times ranging from 4.0 hr to 124 hr. Legend

for Fig 7

is applicable.
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Table 1 Analysis of gamma-ray spetra

obtained with an NaI(Tl) detector

1 2 4 4
Peak Channel Gamma-Tay Half life
number number energy of nuclide
E, formed
(MeV) Ty
2
~0,015-41g
51.4 = 0.4 0.411 + 0.005 2.68 + 0,03d
gold ’
1 64.2 + 1.1 0.51 = 0,01 13.0 = 0.5h
2 72 £ 2 0.57 = 0.02 4 =+ 1d
3 106.6 = 1.0 0.86 = 0.01 3.4 = 0.6h
4 163.0 = 0.4 1.31 £ 0,01 1.72 = 0,30h
5 167.0 = 2.5 1.33 = 0,03 17.6 = 1.Ch
6 176 £ 2 1,41 * 0,03 >3 X 1014
0.665—¢g
7 206.3 = 1.1 1.65 = 0,02 35 £ 4m
graphite _
8 213 £ 1 1.71 = 0.02 13.7 = 2.0h
9 226,0 = 1.5 1.82 £ 0.02 2.7 £ 0.’h
10 264 £ 3 2.10 = 0,03 1.6 = 0.3h
11 267.5 + 3.0 2.13 + 0.03 42 =+ 5m
12 278 + 4 2.22 = 0.04 22 =+ 3h
13 338 £ 6 2.68 £ 0.06 16.5 = 1.'h

—-10-—
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Table 1 Analysis of gamma-ray spectra
obtained with an Nal(Tl) detector (cont,)

1 5 6
Gamma-ray identified
Fractional Peak height
abundance®) at the end of
Peak Hal f E, of irradiation
numd er life Nuclide (MeV) unconver ted R P
phétons Ce.p.s.)
)
2.70d 9%Au  0.412 0.95 3.64 X 10371000 = 3,64
1 12.8h %Cu 0,511 0,38 5.4 X 1037300 = 18
2 2.80d '228b 0.564 0.66 1.4 X 1037300 = 4,7
3 2.58h °°Mn 0.847 0.99 3.6 X 10%/60 = 60
4 1.83h “'Ar 1.293 0.99 2.3 X 10°/60 = 38
5 15,0h  %*Na- 1.369 1.00 2.3 X 173,360 = 7.7
6 ?
7 37.3m 3*C1 1.60 . 0.38 2.1 % 10°/60 = 35
8 15.0h 2$Na 1,732 ~ —— b)
9 2.58h SSMn 1,811 0.29 3.8 X 10260 = 6.3
10 ?(2.58h%Mn 2,11) (0.15) 1.1 X 103730¢ = 3,7
11 37.3m 38Cl1 2.170 0.20 1,1 X 1036¢ = 18
12 15.0h 2*Na 2,243 c) |
13 15.0h 2*Na 2,754 1.00 9.5 X 1027300 = 3.2

8) (percentage of the total decay events) X 100

b),¢) Since peak 8 and peak 12 are escape peaks,. they will not be

used in the following columns,
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Table 1 Analysis of gamma-ray spectra obtained
with an NaI(T1) detector (cont.)
1 7 8 9 10
Full width
Peak :
at half- Source Peak-to-
area
Peak me X imum intrinsic total
number in unit¢s > efficiency ratio
(=1.07 %b)
o Ce.p.s.) e o
channel
b
5.32 2.07 X 101 0.255 0.72
1 6.1 1.17 X 10? 0.234 0.627
2 6.5 3.27 x 10! 0.214 C. 587
3 8.1 5.2 X 102 0.197 0.457
4 10.1 4,1 X 10°? 0.172 0,354
5 10.3 8.5 X 10! 0.168 0.34,
6
7 11.1 4.2 X 10° 0.160 0,31,
8
9 11.8 8.0 X 10! 0.155 0.287
10 12.6 5.0 X 10! 0,147 0.26;
11 12.8 2.5 X 10? 0.146 0.%5s
12
13 14.1 4.8 X 10! 0.135 0.223
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"Table 1 ' Analysis of gamma-ray spectra obtained

with an NaI(T1) detector (cont.)

1 1.1 | 12 13
Source Emission
full rate of Activity
Peak energy gamma : : A
number peak “ray (=drey/ 1E)
efficiency S/esp - (d.p.s.)]
EgF (=471@#))
(=QepRg) (sec~1)
0.183s 1.13 X 102 1.19 X 102
1 0.1465 8.0 X 102 2,10 X 103
2 0.125¢ 2,60 X 102 . 8.94'%X 102
-3 0.0907 5.73 X 103 5,8 X 103
4 0.0600 £.73 X 103 6.8 X 103
5 0.057; 1.48 X 103 1.48 x 107
] .

7 0.049 8.5 X 103 2.23 X 10*
9 0.044s 1.80 X 10° 6.2; X 10°
10 0.038, 1.30 X 103 (8.7 X 103)
11 0.0372 . 6.73 X 103 - 3.3» X 104

12
13 0.031, | 1.55 X 10 ] 1.55 X 10°

—13-
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Table 1  Analysis ofhgaunm—ray spectra obtained
with an Nai(T1) detector (cont’)

1 14 5 16 17
\Q@lculhted _  ; - Calculqud
specific A » ‘ specific Amoungd)
_ 'activity.‘ '. , | activity ‘Aof
Peak fof‘a‘neutron Elaﬁent ~ for a neuﬁ}on eleﬁent
number flux of ; : found flux ;f; o '4
1% 103 . o 0.7z X103 Crg)
emT% e sec ! em~2 +sec <1
‘ td.P.s./ﬂg) ' 0 (d.p.s./ug)
11 x 100 Au
1 - 5.9, x 10% . ~ Cu : 4.2 % 103 0. 50
2 T.s, X 107 Sb 5.4 X 102 0.73
3 1.2 >< 108 Mn 9., X 104 0,064
4 8.5 X 10° A 6.0 X 10° 0.9
5 2.1 X 108 Ne 1.5 X 103 0.9s
6
7 8.0 X 10° | o | 5.5 %10 3.
8 : | .
9 1.27 X 10° Mn 9,1 X 10* . 0.067
10 1.27 X 10° ? (Mn). 9., X 10* 0.09s
11 8.0 X 103 .o 5.8 X 103 5.8
12 |
13 2.1 x10° Na 1.5 X 103 1.0

d) W = A4/(specific activity in columm 16)
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Table 1 Apnalysis of gamma-ray spectra obtained
with an NaI(T1) detector (cont.)
18 19 20 21
Weighted
me an Cpntent.
El ement of the bontent in
found amount round
. of - numbers
element
Cug) Cp.p.m.) Cp.p.m.)
Cu 0.50 0.7s 1
Sb 0.7s 1.1 1
Mn 0.065 0.10 0.1
Ar 0.9 1.5 =~ 2
Na 1.0 1.5 ~ 2
cl 4.1 6.1 1 X100

-_1 5_.
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Fig.9. Example of the first
step of decay—-curve
analysis. Observed energy
of gamma ray in question,
0.510+£0.002 MeV;detector,
30-cm® coaxial Ge(Li);
sample, 6.3-g graphite
irradiated with thermal
neutrons.
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Fig.11. Third step of decay-

curve analysis for the
case in Fig.9. The order
of drawing is E, F and G.
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Fig.10. Second step of decay-
curve analysis for the case
in Fig.9. The order of
drawing is B; (¢:=1, 2, 3 and
4), C and D.
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Fig.12. Example of drawing
to get the lower limit
of the half life of
longer lived component.
The order of drawing
is E', F':and G'.
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Fig.13. Source full energy peak effiéiency vs. gamma-ray

’ energy. Parameter, distance of source from the aluminum
window of detector; solid line, experimental data appeared
in ref. 8); small open circle, efficiency observed by use
of a 30-cm® coaxial Ge(Li) and a standard source (°°Co);
broken line, estimated efficiency. ‘
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Fig.14. Typical gamma-ray spectra obtained from one sample at different
cooling times. Detector, 30-cm® coaxial Ge(Li); distance of sample
from the aluminum window of the detector, 0.1 c¢m to the nearest end

and 2.5 cm to the farthest; sample, 6.3-g graphite irradiated at a
thermal-nevtron flux of 10" ecm2:.:sec”™ for 290 hr.
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