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Absolute Instrumental Neutron Activation Analysis at
Lawrence Livermore Laboratory

R, E. Heft

Lawicnce Livermore Laboratory
University of California
Livermore, California 94550

ABSTRACT

The Environmental Science Division at Lawrence Livermere
Laboratory has in use a System of absolute Instrumental Neutron
Activation Analysis (INAA}, Basically, absolute INAA is dependent
upon the absolute measurement of the disintegration rates of the
nuciides produced by neutron cépture. From such disintegration rate
data, the amount af the target element present in the irradiated
sample is calculated by dividing the ohserved disinteqration rate for
each nuclide by the expected vajue for the disintegratjon rate per
micrporam of the taraet element that oroduced the nuclide.

In absolute INAA, the expected value for disintegration rate per
microgram is calculated from nuciear parameters and from measured
values of both thermal &rd epithermal neutron fluxes which were present
during irradiation. Absolute INAA does not depend on the concurrent
irradiation of elemental standards but does depend on the values for
thermal and epithermal neutron capture cross-sections for the target
nuclides.

A description of the analytical method {s presented.
INTRODUCTION

Using the element cobalt and its neutron capture product $°Co
as examples, the basic equation for absolute INAA can be expressed as
follows:

_ Measured DPH §9Cq
Micrograms Cobalt = Expected DPW ©9Co/ug cobalt (1)

The numerator on the right side of the equation is determined by
analyzing the gamma spectrum of an {rradiated sample to find ausolute
disintegration rates for each of the contributing nuclices. Az LLL
this analysis s carvied out by a computer program GAMANAL which was
developed by R. Gunnink and J. Niday. GAMANAL s descrited in detail
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photon energy and source geometry. The spectrum consists of 4096
channels at 9.5 Kev per channel. [n the spectral analysis, GAMANAL
determines the energies and absolute intensities of the gamma rays by
determining a background and fitting peaks using a prescribed peak
shape function. Complex groups are resolved by a least squares
fitting method. At this point the spectrum has been reduced to a set
of gamma ray energies and total intensities. The next step is to
interpret these energies and intensities in terms of disintegration
rates of specific nuclides.

Interpretation by GAMANAL is a two step process. First, a
tentative identification of the radionuclides pr.sent is made by
comparing the observed energies with energies Tisted in a decay scheme
1ibrary. The library contains half-l1ife and parent-daughter
relationships for each nuclide and branching intensity of its gamma
rays. GAMAHAL uses energy, half-life vs sample age and associative
gammas to generate a 1ist of candidate nuclides which could have
produced the set of gbserved gemma rays. In the final step, a matrix
of equations is set up on the basis that each observed photopeak is a
linear combination of one or more components arising from the list of
nuclides tentatively identified. A least-squares solution of the set
of equations produces the final result of the gamma spectrum analysis -
a list of disintegration rates of specific nuclides.

In Figure 2, an abridged portion of the GAMANAL computer ouiput
is shown. This listing shows in some detail the basis for the
disintegration rate assignments which were made. The second column
of data in Figure 2, which is labeled "DPM", is actually the
disintegration rate corrected Lo zero time. The nuclide lcheled "HX"
in column 1 is a dummy nuclide insertad in the decay scheme library to
provide for the 511 Kev annihilation peak. Data for this peak are not
used in the subsequent analysis.

In Figure 3, a second abridged portjon of the GAMANAL output is
shown. The values listed in the column headed "DPM AT COUNT TIME™,
together witn nuclide identification, "PCT ERRDR", time of start of
count and Tength of caunt are put out in a data file format and are
used as input to the MADAC cnalysis code.

NADAC COMPUTATIONS

A particular radionuciide may be produced both by decay of a
radioactive parent and directly by neutron capture. This commonly
occurs where both a ground state and a metastable isomer are formed
during irradiation. The equations used to determine the relationship
between the observed disintegration rate and the amount of element
present in the sample are:
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where T, and T are half-Tives of parent and daughter, respectively
DPY = d?sincegpatian of daughter owing ta parental decay, and DPM =
disintegration of daughter owing to independent yield.

The solutions to equatiens (2) through (4} are:

DPM = pr(K]upEp + KZ“DBD) (via parent) , (10)

oem! = Rpepfp {direct production}. (1)

The gamma detector measures the sur {OPMTQT) of these twe
disintegration rates. Hence the expected «isintegration rate is:

R
. D
DPMTOT = fR, {K]npﬂp + (KZ + fT‘E) uDBD] . (12)

The a, 8, and X terms in equation (12} depend only on time and
half-Tife values which are know*. To calculate DPMTOT we need the
parent and daughter production rates, R.

It should be noted that equation {12} applies to the particularly
complicated case of a deughter product with independent production of
the daughter nuciide, VYhere the nuclide counted is directly rroduced,
K; and K, become zero and equation {12) goes to:

OPMTOT = Rea»8 (13)

which is the form we will use in the following discussion for
simplicity of notation.

Rate of Nuclide Production During Irradiation

in a reactor, the neutron flux consists of three components:
thermal neutrons, epithermal neutrons, and "high-energy” neutrons. The
rate of nuclide production by {n, vj or {n, f} reactions depends on
therma) and epithermal fluxes. The rate of production by (n. p) or
{n, o) reactions depends on the high-energy flux.



239 based on thermal cross-sections and thermal flux equal to unity,
we can solve the following pair of equations for the epithermal and
thermal flux values.

(DPM “86c/ug)0BSVD
(GPM °55c¢/,g) therma TH

OPM_23%0/.0)0BSYD  _
%ﬁﬁﬁ'7?9ﬁ7ﬁg7iﬁsFﬁsT = oy * 102.9 opp (18)

The epithermal/thermal flux ratio observed for 3 irradiation positions
used at the Livermore reactor are .0195, ,039, .048.

+ 49 0p (17)

Calculation of Total Micrograms

In the operation of NADAC a library of nuclear parameters is used.
Stored parameters include parent and daughter haif-lives and production
rate values. These parameters together with the appropriate time
information and disintegration rate data provided by GAMANAL are used
to calculate "W" the total micrograms of element for each nuclide
found. Combining equations {12} and (15) we have

DPMTOT = Ry x a x 8 X Sy X W (19)

In effect, DPMTOT/Y is the expected disintegration rate of equation
(1) hence

. DPM{BAMANAL
Wus) = REEIRIRL (20)

Correction for Interfering Reactions

The nuclida 27Mg is produced both by (n, y) reaction on 25Mg and
by (n. p) reaction on ?7Mg:

OPHTO™ (1g27)=[Ro (Mg26) opya-s-ilig)]  +

[Ry27) oqgorseutan] . (@)

We want to determine W(Mg), the net micrograms of Mg in the
sample:

R, (A127)
- |_DPMYQT(mg2? I B W(AT) (22)
W{Mg) Ro(Hg:s o T Ro(H97°)

The (n,p) production rate R, introduced in Eq. (21) above, is
determined for each reactor regi&n by irradiating Al in that region.
. The ratio RI(A127)/R0(Mg25) is stored in the nuclear parameter library.

?



unknowns. In the absolute method the principle problem is to
determine arcurate values for all the nuclear parameters that enter
into the computztion. Basically, the absolute method is simpjer and
versatile, however, especially for the less comuon nuclides, the
nuclear parameters reported by various workers do exhibit some
fairly broad variation (and hence uncertainty). We have irradiateg
standard samples of the elements in various reactor regions. The
gammz spectrometric data from these irradiations are being used to
check branching intensity and half-life values. The disintegration
rate data are being vsed to check thermal and epithermal cross-
section values. Literature values of ¢y and Rl are summarized by
R. Sher? and H, Albinsson“ in the IAEA Han.“ook on Nuclear Activation
Cross Sectfons., We plan to report the results of this work upon
completion.
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PACE w7
GE QAMMA ANALYSIS OF STOZGTST!Y 20000 OATE OF CALCULATION
Ei:sﬁénﬁﬁgﬂgg 0% ZERQ TIME 83.%23 mNidaas 4377
Ng::’iflgiflut( GELQHT = ‘ UUUE:gg MIOTIME OF COUNT §7.731 SPFCTRUM NO 097301
HORMAL I 2ATION FACTOR = 1.000E«0Q DECAY TiME 1§ 14.208 DAYS DETZCTOR T S9YSTEM 3
GEOMETRY IS 4.09 cM LIVE-TIME OF COUNT {TAKER FRTM C..ANNEL 1) = 333.33 MINS geBYII 7 94BY29
*® MLR LEAST-SQUARES RESULTS w»
NUCL1OE OPFM AT DPM AT ATOMS AT PCT SET NO. QF(T IDENTIFICATION
COUNT TIME 2ERO TIME ZERO TI(ME ERROR CONFIDENCE VALUE

H X 1.J82E03 1.4208E+H2 B8.77IE+08 20.2 H t.0 a.as
SC 46 2.978E*04 3,349E+04 5, 835E+09 0.9 2 1.2 ©.87
CR 81 S.196E+04  7,413E+04  4.268E+08 2.1 2 1.0 0.76
FE 99 3.963E+02 4,945E+Q3 4,581E+08 2.3 2 1.2 1,00
[ -1.] 4. T44E*DY 3.447E+03 8.057E+08 2.7 4 t.0 Q.62
¢y 60 6.442E400 6, 475E+03 2.S85E+1D 1.8 2 1.2 0.83
ZN 6% B8.441E«03  B.787E+D3  4,471EeDH d.4 2 1.2 D.B8
SE 75 9.)27E+02 1.012E+03  2.323E+08 3.9 2 1.2 1.00
SR 85  2.033E+03 2,,90E*01 3, 236E+08 14.8 3 1.0 0.56
AQ 430 2.Z00E+03 2, 287E+Q3 t.202E+0p 4.0 2 1.2 31.00
cz 118 2.151E-DD 1.861E+D5 B.334E+0B 5.0 z 1.2 0.88
s8 122 8.124E+02 2,880E+0% 1.631E+09 9.2 2 1.2 0.89
5B 124  B.4%5E+03 B.424E+03  8.035SE+08 1.8 2 1.2 1.00
C5 134 1.487E¢04d 1.307E+04 2.332E+10 1.1 2 t.2 t.oa
BA 101 4,896E+03 1.112E+04 2.772E+08 .7 2 {.2 t.om
LA 140 9.143E+02 3.271E+03 1.138E+09 8.7 2 .2 D.58
CE 14) 3.267E+03 4. 428E+DY 2.978E+00 9.0 2 t.2 0.7
SM 153 3.16BE+03 5.076E+05 2.045E+09 4.8 2 V.2 0.8}
EU 182  4.BI1JE+02  4.BZIE*0Z  B.3126E+D9 19.1 2 1.2 0.94
Y8 59 9. 20PEDZ 1.269E+03 B, 092E+07 6.9 2 1.2 3.00
Y8 1738 £ BSAE+DD 7.132E+0a 6.2354E+DB 8.8 2 t.2 0.99
TA 182 B8.169E+02 9,909E+02 2.3B6E+08 1.4 2 1.2 1.00
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IRRADIATION 187006
SAMPLE CODE C0G78
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FBUNT NG HATERIALS 2 yasEral 35 cm COATED KEMFAL 9.900 “o POLY BAQ
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30063 ZN .190E+D1  3,688E-01 1,083E-01 2.020E-02 O. . 1.318E400 4.131E-02 3.133E-02
slo072 GA ,B76E+00 1,430E-01 O, 0, . . 4.000E-D) 1.600E-Q2 4.000E-07
33076 A3 1 260| 4/038E-02 3.BHYE-03 B.Q91E-C4 C. . 2.859E-01 4/861E-03 1.6QJE-02
4D75% SE N 3.0 - . 0. . . J.052E-0) 3.473E-03 2J.300E-D2
37086 RB } 1.008E ! 0. a. - . 1.200E-Q1 1.128E-Q2 9.400E-02
38085 SR . 2:3 0. Q. . . 1.287E+00 2.639E-01 2.100E-O!
40095 2R 2.4 Q. 0. .826E+00 1. mISE-D} 7.77IE-01 2.719E-0L 3,49BE-0}
42033 Ha 1 6.039E-03 1.410E-03 B.936E-O1 2 J26E-02 1.J@J€-01 71.36JE-U2 &.BEUE-02
syy2z sa 1.0 7.Js4s~04 1.731€-04 0. N 4.5BDE-02 ).157E-00 2.52BE-02
51124 58 i.1 7.384E-u4  1.731E-04 0. 4.726€-02 1.279E-03 2. 705E-02
85134 cs 6.9 a: 0. . §.299E-03 7.8UGE-04 B8.400E-02
S8131 BA 1.4 9.2256E-02 B8.8826-03 O, . 9.531€+00 1.621E-01 1.701E-02
58140 urF 2.5 0. a. . . 7.2075-02 2.843E-02 D.950E-0}
87140 LA 2.2 9.8326-04 1.216€-04 O . 1:7726-01 2.46GE-03 1.252E-02
88143 CE 6.8 a, a, .747€-01 %.@2IE-0) 3.306E-01 7,741E-03 2.341E-02
Za o PIEBESE Caeca Jeore-os 3aNESs L EGs Lgecdl pimeed raeea
B - - + - . - . . - . - . -
63152 EU 1.8 0, Q. . . > J.893E-03 2.141E-04 5.S00E-02
62492 EY . . . 0, .903E-D3 1.498E-03 5.020E~01
83160 ki:3 i 8: 2 . ol 2.9506-03 ). 549E-04 §.200E-02
o8 Y8 q 0. 0. . o 1.061E-02 4.773E-04 4.500E-0R
70178 YB 4 0. a. . Q. 9.961€-03 8.279E-04 ©.3Q0E-02
21177 Ly 1 a. 0. . Q. 2.64%E~03 1.402E-04 &.300E-03
2i78 HF 6 0. a. . [-M &,002E-02 7.227E-03 3.660E-Ot
72181 HE 5 0. o, 0. [} 2,608E-02 6.329E-04 2.300E-02
73182 T 3 0. 0. 0. 8.639E-03 3,56%E-04 ©.400E-02
74187 8 1,238£-00 1.729E-04 O. Q. BIBISE-02 7.745€-03 |.404E-01
Q1223 T 8 0. 0. g, ‘N 7.488E-02 9.696E-04 1.J00E-DR
93229 2 9.238E-04 2.627E-04 O, a. 7.008E~02 2,741E-03 3,912E-03
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in UCRL-51061}, and will be discussed briefly below.

The denominator term on the right side of equation (1) is
determined by calculating the radionciide productivn rate by both
thermal and epithermal neutrons, and correcting for radicactive growth
and decay processes as required by the {rradiation, cooling, and
counting times, The computations are carried out by means of a
computer program, NADAC, developed by R. Heft and Y. Martin and is
described in detail in UCRL-522497. "A brief description of the
mathematical treatment used in NADAC is given below.

The overall analysis is carriad out in the following manner. The
sample to be analyzed is irradiated for a measured interval of time.
The irradiation package includes a dual flux monitor consisting of two
nyclides, For one nuclide the ratic of the epithermal neutron capture
cross-section to the thermal neutron capture cross-section must be
small (e.g. “55c with a ratio equal to 0.44., For the other nuclide the
ratio must be high (e.q. 238U with 2 ratio equal to 102.9). Following
a cooling period, the gamma spectral analysis is started and continueu
for a measured real time interval. The gamma spectrum is analyzed by
GAMANAL and the output 1isting of disintegrrtion rates at countina time
for the nuclides found is used as input to MADAC. A separate spectral
analysis of the dual flux monitor is made in order to determine both
thermal and epithermal neutron flux values. These and the required
irradiation, cooling, and counting time values are also provided to
NADAC which combinesr the experimental data with stored values of the
nuclear parameters and conputes tota) micrograms for each element,
corrected as required for interference by (n,p) or (n,f) reactions.
NADAC uses an absolute computation method and provides a correct
calculation of elemental abundance in all cases including:

Counting time is long compared to haif-1ife of radionuclide
counted.

e Sample is subjected to multiple or interrupted irradiations.

!
e Nuclide counted 1s daughter of nubMde produced, including
the case where daughter is also produced directly.

GAMANAL COMPUTATIONS

In Figure 1, the time information required for the absolute
computation is shown schematically. The time at which the last
irradiation was completed (TZERO)} is taken as the basis for decay
calculations in order to simplify the growth-decay equations required
in the calculations. The counting interval "C" is the real time of
the count as opposed to the live-time used in calculating
disintegration rates. The real time is needed to permit accurate
decay calculations when the half-life of nuclide counted is short
compared to the counting interval.

A1l of the gamma spectrometer systems used ir this program have
been calibrated tv give absolute photons per minute as a function of
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Parent BTE = Ry o~ ANy (2)
dND

Oaughter F prNP - ADND N 3)
any .

Independent = = Ry - Aphy (a)

where:

NP = no. of atoms of parent nuclide.

Ny = no. of atoms of daughter nuclide produced by decay.

N6 = no. of atoms of independently produced daughter nuclide.

Rp = parent production rate (atoms/min) .

Rp = independent production rate of daughter {atoms/min).

ap = decay constant of parent {min '1)(= n 2/TP).

Ap = decay constant of daughter (min '1)(= Tn 2/Tp).

f = fraction of parent decays leading to formation of daugnter.

TP TD = half-lives of parent and daughter nuclides.
’

The relationship needed is the solution to these equations for a
generalized set of irradiation cooling, and counting times. The
times involved are illustrated in Fig. 1.

In the diagram, three irradiation periods, v, 15. and 73 are
indicated. Zero time (TZERQ) 1s set to equal tha time 5f completion
of the final irradiation, and caoling time (y) cnd counting time (c)
are as shown. To simplify writing solutions to the equations, we
introduce the following notation:

Fla,b.x) = (1 - e 3X)e DX, (5)
ay = Flra, 83, A3) + Flray 85, 35) + Flryy 0,35) (6)
By = Fles ¥ 2 )/agc, (7)

where i = P or D.



The rate of production by {n, ¥) or (n, f} reaction is given by:

R = 3.614 x 106 [(quH x uTH) + (QEPI x RI ) ]% . {14)
where:

R = production rate of (n, vy} or (n, f) product in

atoms/min,

3,614 x 105 = 60 x 1013 x Avogadro's number.

*TH = thermal flux in units of 10'3 neutrons/cm?/sec,

%epl = epithermal flux in units of 10! neutrons/cm?/sec.

ITH = thermal-neutron cross section in barns.

Rl = epithermal-neutron cross section in barns.

G = {sotopic abundance of target nuclide in percent.

M = atomic weight of target element in grams.

W = mass of target element in micrograms.
We define:

®ep] atoms

Ro = 3.614 x 105 | opy +(TI’;) RI | G/M (WFTGET) (15)

s0 that:

R = Rg (°TH) W,

The parameter R; is a function of constants except for the ratio
bepr/ o which varies with the Incation within the reactor. However,
wggﬂin g particular location, the ratio remains reasonably constant,
and thus Rp can be treated as a constant for that Jocation. Valuer of
Ry for the individuyal nuclides can either be determined directlv for a
particular reactor region by irradiating elemental standards or they
can be calculated from thermal and epithermal cross-sections and the
epithermal/thermal flux ratio. The flux ratio can be determined by
irradiating a dual flux monitor consisting of two nuclides which have
wide]{ different epithermal/thermal cross-section ratios. This ratio
for 45Sc is .44 and for 238U is 102.9. Hence if we irradiate a Sc/U
standard and calculate expected disintegration rates for “8Sc and

6



The total correction is computed by NADAC by multiplying this ratio by
the weight (micrograms) of aluminum after ¥ has been zomputed for each
element present. If Al is found, a Mg correction is made.

In samples where the Si:Al ratio is high, the Ng results will be
incorrect, because 2EA7 is formed both by (n, y) on 27A1 and by (n, p)
reaction on <85i. Therefore, the micrograms of Al used in Eq. (22) is
high, the correction for Al (n, p) interference in the Mg determination
is overstated, and the Mg result {s low. NADAC has a built-in
provision for modifying the Mg correctior to allow for the Si
contribution to the Al assay.

A second kind of interference reaction is the fission of 235U by
thermal and e€1therma] neutrons. The nuclide %5Zr is produced both by
fission of 230 and by {n, y} on ®“Zr:

DPM(FISS) = Ro(FISS) apyra-B-W(V) FY{%57r) , (23)
where FY(95Zr) is the thermal fission yield of 25Zr.
DPM(n,v) = Rp(n,vy) OTH-F(t)~w(Z|") .

The observed disintegration rate for 5Zr is the sum of these two
reactions, so the total micrograms of Zr is:

95
UGTOT(Zr) = W(Zr) = [ a“ﬁ"’l‘“om.ﬁfé]
nngrfssz Fvsasm wil). (25)
Rp(n,y

The ratio Rg(FISS)+F¥(25Zr)/Ro(n,y) is stored in the nuclear parameter
library.

When the irradiated sample has been counted more than once, a
weighted mean for the total micragrams of each element found is
calculated oefore the interference blank correctian 1s made. WADAC
also makes provision for correcting for the contribution to total
micrograms by packaging materials used. In Figures 4 and 5, abridgec
portions of MADAC computer output are shown to illustrate the data
handling for a sample which was counted twice.

CONCLUSION

INAA can be carried ont on a comparative basis or on an absolute
basis. In the comparative method standards for the elements sought
are irradiated and counted along with the samples to be analyzed.
Problems that may arise are that standard solutions may be unstable
and that the spectral resolution may be different for standards and



Figure Captions

Figur. 1 Irrediation, Cooling, and Counting Times
Figure 2 GAMANAL Computer Output Part 1

Figure 3 GAMAHAL Computer Output Part 2

~

Figure HACAC Computer Qutput Part 1

Figure 5 MNADAC Computer Quiput Part 2



EVALUATION OF INDIVIDUAL CONTRIBUTIONS

NUCLIDE
H X

3¢ 48

CR M

FE 89

co @8

L[]

IN 8B

3SE

3R as

AD 410

. Fl€ y

PAGE 100

sa DETAILED MLR RESULTS as (BASED ON LIBRARY FILE:ACTLIBIT? )
AT ZERO TIME FOR PEAXS OREATER THAN 50.0 KEV

ERRSR

DFM OAMMA DPM FRACTIGON PEAK RES1DU; INTERFERENCES PRESENT
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