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ABSTRACT: The 38Ni(n,p)*8Co reaction is a very attractive choice for use as a neutron fluence mon-
itor foil in reactor irradiations. The most important drawback to this reaction is the interference from the
9.15-h half-life ¥™Co metastable state. A methodology is presented in this paper to allow the 388Co
ground-state activity to be read at short decay times and to be converted into the total 8'Co activity with no
significant increase in the measurement uncertainty. This methodology involves modeling the 38mCo/581Co
population ratio. Both theoretical and experimental estimates of the energy dependence of this ratio are pre-
sented. A method is presented to accurately measure this ratio. An empirical model of the energy de-
pendence of this ratio is presented to allow simple estimates of the ratio to be made prior to a measurement.

KEYWORDS: neutron, metrology, monitor foil, 58Ni(n,p)58C0, 58mCo, reactor irradiation, isomer ratio

Nickel and sulfur are two commonly used monitor foils for reactor irradiations. The (n,p) reactions in
the predominate isotopes of these materials are primarily sensitive to the neutron fluence greater than 3
MeV. Thus they are very good indicators of the reactor power without being signiﬁcantly affected by
changes in neutron sPectrum that can be caused by presence of experiment packages. 38Ni has several ad-
vantages [1] over >*S that include:

A larger (n,p) cross section. For a fast fission spectrum, the spectrum-averaged cross section for the
. . . o] .
58N1(n,p)58Co reaction is 1.6 that for the 3"S(n,p)”P reaction.

* Gamma counting can be used on nickel foils with simple sample preparation. Beta countingis used
for sulfur sensors and usually requires calibration by fluence transfer [2].

*  Nickel has along half-life that facilitates its use in high-fluence irradiations and easy foil readings at
remote laboratories.

Nickel i a corrosion- and fracture-resistant material. It can be fielded in very hostile environments.

*  Nickel has a high meiting point, 1452 °C, as compared to 112.8 °C for elemental sulfur. If sulfur do-
simeters melt in a reactor experiment there can be environmental and health physics consequences.

*  The cross section for nickel is much better characterized. It has a smaller uncertainty in the fission-
spectrum-averaged cross section, i.e. 5% as compared to 19% for sulfur. The accuracy with which
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87185

3This work was performed at Sandia National Laboratories, which is operated for the U.S. Depart-
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the *8Ni(n,p)*®Co cross section is known is a strong inducement to use it as a dosimetry sensor. The
measurement precision for nickel and sulfur sensors is comparable if good counting techniques are
employed.

Some disadvantages to the use of nickel insicad of sulfur include:

* The nickel activity is about one third that of the sulfur activity, because of the longer half-life of the

nickel decay. Nickel sensors are therefore not generally useful for low fluence (< 10! n/cmz) ir-
radiations.

»  Forlong exposures in a high thermal neutron fluence environment, ¢permal > 1013 n/(cm?»s), burnup
of 38Co can be a problem unless a boron or cadmium cover is used.

¢ Nickel requires a longer wait time before an activity measurement can be made, to allow interfer-
ence reactions .0 decay. The ASTM-recommended wait time is 10 h for 32S(n,p)>?P [2] and four
days for *®Ni(n,p)**Co [3].

it is clear that the nickel would be the preferred monitor foil were it not for the required four days wait
time before the sensor activity is read. In many experiments at vesearch reactors this is a major disadvantage
in that the experimenter and facility operators can not wait this long to determine the neutron fluence de-
livered to an experiment package. The primary objective of this work was to develop a methodology that
would allow the use of nickel as a neutron fluence monitor at short decay times. A second objective was to
quantify the error that results from the use of this methodology. As a test of its usefulness, the methodology
was applied to the primary reactor facilities at Sandia National Laboratories (SNL). The procedure was de-

fined and quantified in sufficient detail to allow its implementation at other reactor facilities.

Modeling of the 8™Co-388Co Decay Systematics

Figure 1 shows the decay systematics for the 58Ni(n,p)SSCo rec .tion. Two 38Co states are pogulated by
the (n.») reaction; a 5* metastable state, 38mCo, with a half-life of 9.15 h and a 2* ground state, 588Co, with
a half-iife of 70.86 days. The *¥™Co state decays to the *82Co ground state with an emission of a 24.9 ke'V
gamma ray. The 582Co state decays through electron emission to the 38Fe state by electron conversion and
B* decay with the subsequent emission of a 0.8108 MeV Eamma ray. This 0.8108 MeV gamma ray is typ-
ically used for measuring the activity from the 58Ni(n,p)5 Co reaction. After a wait of four days following
the irradiation (about ten half-lives of the 3®™Co state) normal decay systematics can be applied to an ac-
tivity measurement. This is the standard measurement procedure [2].

The standard dosimetry procedures must be modified if an activity measurement is required prior to the
four day waiting period. The following sections summarize the mathematics of decay for a parent (**™Co)-

daughter (°88Co) system. In this discussion a subscript “a” is used to denote the parent state, and a subscript
“b” for the daughter state.

Figure 1.  *Ni(n,p)°8Co Decay Scheme
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L A fter Irradiati

The following eauations describe the parent-daughter decay after an irradiation:
d
EN"(') - A, N, (D) (1)
dith(r) - b, N (1) + K, N, (1) (2)

The solution to these coupled differential equations is:

At

N(8) = N, jpeee 3)
A Naia -A - -
Ny(0) = e [ e N, e )

b a
The symbols used in these equations are defined in the Nomenclature section at the end of this paper.

Eqn. 4, which describes the population of the daughter state and subsequent decay, has a term that rep-
resents the feeding from the parent state and a term that represents the decay of the initial population of the
state at the end of irradiation, Ny, ;5 = Ny,(t = 0). The time of maximum build-up in the population of the
daughter state occurs at t = t, ., where:

9 (N ~0 (s)

"-,bmx

This has the solution

MhNg iz = (Mg =22) AN, 2\
2
AN, 1 /

o, mx ™ (}\'b _ )\'a) (6)

In(

T During Irradiati

The formulation in Egns. 1 through 6 assumes initial populations, N, ;; and Ny, ;5, representative of the
populations at the end of irradiation. In some cases, the irradiation is not short compared to the life of the par-
ent state (*®™Co in the case of nickel) and the decay during irradiation must be considered. This decay pro-
cess is described by the following equations:

AN, (1) = Py=h N, (1) (7)
AN, (1) = Py=hy Ny (1) + 2N, (1) 8)
where the solutions are:
P -
N,(1;) = Xf(l-e "") (9)
a
P 1 P,+Py Pb-}\.b-(}’ﬂ+Pb))\.‘z i
N (1) = —e "'+ + LI (10)
b )"a_)"b }”b ()‘a'7‘b>;‘b

Decay During Counting

Since long count times (relative to T, the half-life of the parent metastable state) are sometimes required
for low fluence irradiations, a correction factor must be applied to a measured activity to account for decay



during counting. The normal counting-time correction, which applies to the parent state activity, is given
by:

t Ml (11)
O -y

The counting-time correction for the daughter state is given by:

kac
oy e ’*‘(x,,-xa)“'e )
where
5T s
T TU-g L) )

If the wait time between irradiation and the start of counting, T, is very large relative to t,, and 1, is less

than v, then 8(T,) = EP(TW) = 0, A = 0, and Eqn. 12 reduces to the normal counting-time correction with a
form similar to Eqn. 11.

Measurement Methodology

The decay systematics for a parent-daughter decay process can be applied to the qBI*«h(x'nsxg)SBCo re-
action. The following two subsections describe the methodology used to measure the *8™Co/[>®™Co+88-
Co] isomer production ratio, n;, at a variety of neutron sources available to the authors. v); represents the
isomer production ratio from a given neutron spectrum and does not necessarily represent the isomer state
population ratio at the end of a long irradiation.

Methodology for Measuring **"Co/**Co Activation Ratio

1. Perform the neutron irradiation with a minimum-time exposure at a moderate fluence (~5x1013 n/
cm?). This minimizes the irradiation decay correction and optimizes the counting statistics.

2. Count the nickel foil as soon as feasible using a counting window of 10 min. Early-time data is
very important in determining the isomer ratio, so it is very desirable that the first data point be tak-
en within 10-30 min after the irradiation. If high-purity nickel foils are not used, trace impurities

can result in very large B~ or B* activities at early times, resulting large detector deadtime cor-
rections.

3. Repeat the activity count over a period of 5 days using an approximately logarithmic spacing in
time.

4.  Use a least-squares fitting methodology to determine the isomer state pcpulations at the end of the
irradiation. The functional forms in Eqn. 3 and 4 are used with the measurements from step 3,
which should include several hundred data points, te determine values for Ny i and Ny, j.

5. If along irradiation was used (T;>10 min), use Eqn. 9 and 10 along with the values of N, ;; and
Np,i2 from step 4, to apply the |rradxauon decay correction. This yxe]ds values for P, and Py, where
the symbol “a” represents the 8™Co state and “b” represents the >%8Co state.

6. The isomer production ratio is given by n; = P,/[P,+Py). If the irradiation was short, this isomer
production ratio is equal to the isomer state population ratio, E(Tj;) = E((T;) = N, ;o/[Ny 2+ Ny, i}

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal fiability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represent. that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



TABLE 1: Summary of Early-Time Nickel Decay Measurements

Reactor Metastable Shot Comment
Environment* | Fraction |Number/Date
SNL 14-MeV 0.5405 2/21/90 6.23 hour exposure, 16 data points.
(14_SMEV) Corrected for decay during irradiation from 0.4316.
S3BeCct 0.2828 4/13/90 4.067 hour exposure, 15 data points
(SII28) Corrected for decay during irradiation from 0.2437
SPR-III Central 0.3170 8682 Spectrum characterization run for 2000 s @ 10kW
Cavity 8/14/92 Decay corrected from 0.3105
(SPR3CAV28-NF)
SPR-1I Central 0.3100 8894 2nd detailed characterization, 250 s run @ 3 kW
Cavity 3/3/93 400 points, decay corrected from 0.3105
(SPR3CAV28-NF)
ACRR New Pb- 0.3216 4/20/90 5 min irradiation in bucket, 28 data points.
B,4C Bucket 0.3293 4 foils tested
(TPB13) 0.3228
0.3217
ACRR Central 0.2848 5431 274 data points
Cavity 8/19/92 Highly activated sample required dead-time correction
(ACF9) from 0.3370.
* Description of environment and SNL name for the characterization of the reactor environment.

Representative Data at Neutron Facilities

Experimental data were taken at a variety of neutron facilities and in a variety of environments as de-
scribed in columns 1 and 4 of Table 1. Figure 2 siiows a representative least-squares fit to the nickel foil ac-
tivity using Eqn. 3 and 4. Column 2 of Table 1 shows the isomer ratios that were ascribed to these
irradiations when the methodology detailed above was used.

8m(Co/388Co Population Ratio
Theoretical Models

Theoretical modeling of the 58Ni(n,p)SBCO reaction has been performed by D. Larson®, Oak Ridge
National Laboratory (ORNL), with the TNG code [4]. The TNG code uses a model for the formation of a
compound nucleus and allows the Mo state to be populated from decays from all higher lying nuclear
levels, including the continuum contribution. The TNG-predicted 8mCy excitation function is shown in
Figure 3 by the solid curve and the filled circle data points. The ENDF/B-VI [5] 8Ni cross section was not
based upon the TNG model, although D. Larson was involved in its ENDF/B-VI evaluation. Since
58I\«Ti(n,p)SBCO is a reaction of primary interest to the dosimetry community, it was based on a Bayesian
analysis of 12 reactions connected by ratio measurements [6]. ENDF/B-VI provides information on the
58Ni(n,p)58‘Co reaction, but not on the 581’~2li(n,p)58mCo reaction. A second theoretical approximation of the
isomer production ratio can be obtained by tzking the ratio of the TNG-predicted >3™Co population to the
ENDF/B-VI *8Co population. This ratio is indicated in Figure 3 by the open square data points labeled
“TNG&ENDF/B-VI”. The calculational uncertainty in the theory is indicative of the agreement between
the “TNG” data and the “TNG&ENDF/B-VI” datz.

Previous Experimental Data

A limited amount of experimental data exists on the 53®Co/5%'Co isomer ratio. Passel and Heath [1]
give data on the isomer ratio in the EBR-I core center and 10 in. above the center. These ratios are 0.3146
and 0.2872, respectively. These isomer ratios compare very well with the fast fission and degraded fission

4D.C. Larson, Oak Ridge National Laboratory, private communication to P. J. Griffin on January 29, 1990.
Contents included a letter and a table extracted from TNG results dated 1/25/89.



ratios at SNL reactor facilities shown in Table 1. Table 2: Isomer Production Data near 14 MeV

Experimental points for 11 energies between 1.04 Experimenter Energy BrC o/ PCo
MeV and 2.67 MeV have been measured by Mead- {MeV) Ratio
ows and Whalen [7]. Their work shows a lower ra- Hudson [9] 133 0.459 +/- 0.05
tio thau has been observed in other fission- 14.1 0.500 +/- 0.056
spectrum-averaged experiments and shows a pro- 152 0.503 +/- 0.056
nounced minimum in the isomer ratio near 1.25 16.0 0.489 +/- 0.068
MeV. Figure 3 shows their data points with a filled 171 0.43 +/- 0.061
square symbol. Decowski [13] 13.3 0.549 +/- 0.068

Data exist from several sources for energies 14.2 0.486 +/- 0.061
near 14 MeV [8 - 13]. These data are summarized in 15.2 0.525 +/- 0.075
Table 2. Ribansky [8)] gives an isomer ratio of 16.3 0.481 +/- 0.059
0.4729 at 14.8 MeV. Hudson [9] gives a ratio of 17.1 0.473 +/-0.072
0.5015 at 14.8 MeV. Raics [10] gives data for en- Okumura [11] 134 0.530 +/- 0.036
ergies from 13.52 to 14.8 MeV. His ratio at 14.8 14.3 0.468 +/- 0.022
MeV is 0.4545 +/- 0.02. The value at the SNL 14- 15.0 0423 +/- 0013
MeV neutron generator, which has an average en- | Preiss & Fink [12] 148 0.144 +/- 0.057
ergy of 14.5 MeV, is seen from Table 1 10 be 0.5405. Raics [10] 14.8 04545 +/-0.02
This determination of the isomer production ratio Ribansky [8) 148 0.4729 +/- 0.03
has a significant uncertainty due to the large irradi-

ation-decay correction (~25%) due to the fact that

the exposure lasted for over six hours, the lack of early-time data due to the lengih of the irradiation and
problems with rapid transportation tc the counting laboratory, and the low-fluence exposure that led to poor
statistics within the 10 min counting window.

Empirical Determination

Table 3 shows that the theoretical model of the energy-dependence of the 8me6/58Co isomer pro-
duction ratio differs significantly from the measured spectrum-averaged isomer production ratios. In order
to provide an alternative to the detailed experimental characterization of the isomer ratio in each neutron en-
vironment, the authors attempted to use the experimenta] data from the diverse range of neutron sources
shown in Table 1 to “unfold” the energy-dependent isomer production ratio. The iterative spectrum un-
folding code, SAND-II [14], was modified to perform the determination of the isomer production ratio. The
basis functions for the “unfold” or solution projection were the product of the neutron fluence spectra for the
environments in Table 1 [15] and the ENDF/B-VI 58Ni(n,p)sg‘Co cross section. The data to be fit were the
isomer production ratios in column 2 of Table 1. The function to be determined is the energy-dependent iso-
mer ratio. This methodology is similar to that used in traditional SAND-II spectrum determinations where
the basis functions are dosimetry cross sections, the data to be fit are measured activities, and the function to
be determined is the neutron spectrum. The initial trial function for the iterative determination of the 8mco)

TABLE 3: Comparison of Fits for *™Co/*®'Co Isomer Production Ratio

Methodology For Modeling Energy-Dependence
Neutron Spectrum 38mco/*%'Co Isomer Production Ratio
Measured Theoretical lterative Fit | Recommended
TNG Function
SNL 14-McV 0.5405 0.3838 0.5405 0.5399
S3 3¢t 0.2828 0.2413 0.2903 0.2996
SPR-HI Central Cavity 0.3100 0.2374 0.2953 0.2952
ACRR Pb-B,C Bucket 0.3220 0.2318 0.3080 0.2893
ACRR Central Cavity 0.2848 0.2329 0.2855 0.2900




58.Co isomer ratio was chosen to be the TNG theoretical isomer production curve, Other trial functions were
used in a methodology similar to the outer iteration methodology detailed in Reference 15.

Figure 3 shows the result of this empirical determination in the long-dashed curve labeled as “Iterative
Fit Curve”. The SAND-II methodology was found to be very insensitive to the shape of the trial isomer ra-
tio; that is, SAND-II could not find areas of strong response to modify the energy-dependent shape of the tri-
al isomer population. Figure 4 shows the relative response (cross section folded with the spectrum, the basis
functions for the unfold) for the fission sources from Table 1. The response functions in this iterative unfold
are seen to be very degenerate and unable to resolve structure in the isomer production ratio. The iterative
fit seen in Figure 3 was the result of an external determination of a trial function after examining the spectral
response shapes shown in Figure 4. The SAND-II code merely provided a normalization and was unable to
significantly modify the shape. The iterative fit in Figure 3 differs too much in shape from the available
mono-energetic experimental data to be given much credence. The small differences in spectral response
shown in Figure 4 are numerical artifacts and either the cross section or spectral determinations were in-
sufficiently accurate to provide a set of basis functions for unfolding the isomer ratio. For this unfolding ap-
proach to yield a valid result, data must be gathered from other spectra that show different energy-dependent
shapes in the 3to 9 MeV energy region. Data from 2H(d,n)3He and 7Li(p,n)7Be reactions would be very im-
portant additions to the spectra in Table 3 that are used in the empirical determination.

Suggested Ratio

The empirical “unfolding” of the energy-dependence of the isomcr ratio proved to be unsatisfactory,
even though it provided the best fit of the measured spectrum-averaged isomer ratios as shown in Table 3.
Figure 3 shows a recommended 38MCo/58Co isomer ratio that was derived by inspection of the available ex-
perimental data and the spectrum-averaged isomer measurements. An inspection rather than an “unfolding”
was used because of conflicts in some of the experimental data and because of the inability of SAND-II-type
iterative “unfolding” to properly treat the different assigned uncertainties in the experimental data. Table 3
shows that this recommended energy-dependent isomer production ratio fits the measured isomer ratios for
a variety of environments to within about 5% in four of the five spectra. A 10% disagreement exists for the
ACRR Pb-B4C Bucket environment. Additional measurements of the isomer ratio and of the full spectrum
characterization are being performed on this environment to try to resolve the disagreement.

Use of this empirical energy-dependent isomer ratio rather than a measured isomer ratio will lead to
spectrum-averaged isomer ratios that have a larger uncertainty associated with them. Figure 5 shows the ac-
tivity uncertainty that results when the isomer ratio uncertainty is coupled with the decay dynamics from
Eqns. 3 and 4. The additional activity uncertainty is seen to start at less than half the isomer ratio uncertainty
and rapidly decreases as the wait time between irradiation and counting increases. This meihodology re-

duces to the normal activity measurement procedure, when the wait time has increased to four days, with no
additional measurement uncertainty.

Implementation of Methodology at RML

As aresult of this work the following procedure has been developed for implementation of short decay
time nickel activity measurement at the Radiation Metrology Laboratory (RML).

Count the nickel foil, but do not apply the usual counting-time decay corrections.

¢ Using the measured 38MCo/58Co isomer production ratio, 1}, that is characteristic of the field, apply
the correction for decay during irradiation from Eqns. 9 and 10 to obtain the isomer population ratio
at the end of the irradiation

Na (TiZ)
Na (Tx2) + Nb(Tr?.)

F:,v(T,‘) - E(T,z) - (]4)

Apply the correction for decay during the wait period between irradiation and counting from Eqgns.
3 and 4 to obtain



N, (T,)
N (T.y) +N,(T,y)

£ (T,)

» (15)

*  UseEy(Ty) tocalculate A and . the counting correction term for decay during count from Eqns. 12
and 13.

*  Apply G, to the measured nickel ground state activity to obtain a true 38Co activity measurement
from the 8Ni(n,p)*8Co reaction.

*  Determine the uncertainty in the 38mCo/58Co spectrum-averaged isomer production ratio charac-
teristic of this environment, AR;. If a measurement process was used, experience suggests that this
uncertainty is 2-3%. If the theoretical 38mC6/38'Co isomer production ratio from recommended
curve in Figure 4 was folded in with a measured spectrum, experience suggests that the uncertainty
may be up to 10%.

*  Use the curve in Figure 5 and the time between the end of the irradiation and the start of counting to
determine the effect a 1% uncertainty in the isomer production ratio has on the early-time mea-
surement of 58Ni(n,p)*8Co activity, AA g

*  Since the spectrum-averaged isomer production ratio uncertainty is linearly related to the early-time
component of the activity uncertainty, multiply the result of the previous step by the actual isomer
production ratio uncertainty. This term, AR,y = AR;*AA g, is added in quadrature with the other
counting uncertainty terms and reported as pa~t of the total activity uncertainty in the dosimetry re-
port.

Conclusions

A methodology has been presented for the use of nickel monitor foils at short decay times. The rec-
ommendec approach involves a measurement of the 38mo/58Co isomer ratio in the environment as well as
the usual spectrum characterization. If good early-time data is available, the isomer production ratio can be
obtained with a precision of 2-3%. This results in less than a 1.5% increase in the uncertainty of a nickel ac-

tivation measurement even at the earliest times, decreasing to zero as the wait time between irradiation and
counting increases.

If a measurement of the isomer ratio is not possible, a recommended energy-dependent curve is pre-
sented that can be folded with the neutron spectrum. This second approach results in an accuracy of ~10%
in the isomer production ratio and an additional uncertainty in the nickel activation measurement of less
than 5%, again decreasing to zero as the wait time between irradiation and counting increases.

Nomenclature

The following symbols are used in the mathematical for:nulation of the decay process:

- decay constant for state X, A, = In(2)/1,.

N, () population of state X at time t measured relative to the end of irradiation.
Nyi2 population of state X at the end of an irradiation.

P, production rate of state X.

t time after the end of an irradiation.

t; time during an irradiation, measured relative to the start of the irradiation.
te time during a foil activation count, measured relative to the start of the count.
L mx time of maximum population in nuclear state X.

T start time for a neutron irradiation.

Ti stop time for a neutron irradiation.

T; time of irradiation = T, - Tj;.

T start time for the counting of a foil activity.

Ter stop time for the counting of a foil activity.

T, time for the counting of a foil activity = T, - T¢y.



Tw wait time between the stop of the irradiation and the start of the activity count

=Tey - Tio.
T, half-life of state X.
ut ratio of the isomer production rate of ¥™Co to 38Co = P,/[P,+P,].
E(1) ratio of the population of 38mCp 10 38'Co at an absolute time t, &(Te1) = Ep(Tw)-
Ei(t) ratio of the population of ¥™Co to 38'Co at time t during an irradiation, E;(t;=0) = ;.
Ex(1) ratio of the population of ¥™Co to the total *8'Co activation at time t after an
irradiation, E(t=0) = §;(4;=T)).
counting time correction to a measured activity for the popuiation of state X.
Cx ing ti i d activity for th lation of X

The following values describe the nuclear data used in the above pareni-daughter mathematical decay mod-
eling for the 8Ni(n,p)*8Co decay proce's:

subscripta  Parent nuclear state, 7°6Co5*, metastable state, also denoted by >2™Co.
subscript b Daughter nuclear state, ,°5Co?*, ground state, also denoted by 388Co.

38iCo The total 38Co population, >*™Co + 388Co.
T, 9.15h

T 1.706x10° h

ha 0.07575 h*!

M 4.0758x10 b
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