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1. Scope

1.1 This test method covers a suitable means of obtaining the thermal neutron fluence rate, or fluence, in well moderated nucle
reactor environments where the use of cadmium, as a thermal neutron shield as described in Method E 262, is undesirable beca
of potential spectrum perturbations or of temperatures above the melting point of cadmium.

1.2 This test method describes a means of measuring a Westcott neutron fluence rate (Note 1) by activation of cobalt- an
silver-foil monitors (See Terminology E 170). The reacfﬁﬁo(ﬁvn_,y)GOCO results in a well-defined gamma emitter having a

1 This test method is under the jurisdiction of ASTM Committee E-10 on Nuclear Technology and Applications and is the direct responsibility of SekdBh0d5

on Nuclear Radiation Metrology.
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half-life of 1925.5 day$1).2 The reactiort®®Ag(n,y)**°™Ag results in a nuclide with a complex decay scheme which is well known

| and having a half-life of 249.76 day8)(14). Both cobalt and silver are available either in very pure form or alloyed with other
metals such as aluminum. A reference source of cobalt in aluminum alloy to serve as a neutron fluence rate monitor wire standard
is available from the National Institute of Standards and Technology (NIST) as Standard Reference Matérfale968mpeting
activities from neutron activation of other isotopes are eliminated, for the most part, by waiting for the short-lived products to die
out before counting. With suitable techniques, thermal neutron fluence rate in the range fromi 405 to 3 X 10"°cm ™2 - st
can be measured. For this method to be applicable, the reactor must be well moderated and be well represented by a Maxwellian
low-energy distribution and an @) epithermal distribution. These conditions are usually met in positions surrounded by
hydrogenous moderator without nearby strongly absorbing materials. Otherwise the true spectrum must be calculated to obtain
effective activation cross sections over all energies.

Note 1—Westcott fluence rate w[in(v)dv.

1.3 The values stated in S| units are to be regarded as the standard.
1.4 This standard does not purport to address all of the safety concerns, if any, associated with its use. It is the responsibility

of the user of this standard to establish appropriate safety and health practices and determine the applicability of regulatory
limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:

E 170 Terminology Relating to Radiation Measurements and Dosifhetry

E 177 Practice for Use of the Terms Precision and Bias in ASTM Test Methods

E 181 Test Methods for Detector Calibration and Analysis of Radionuélides

E 262 Test Method for Determining Thermal Neutron Reaction and Fluence Rates by Radioactivation Tethniques

3. Significance and Use
3.1 The pertinent data for these two reactions are given in Table 1. This test method uses one monitor (cobalt) with a nearly

2The boldface numbers in parentheses refer to references listed at the end of this test method.

® Standard Reference Material 953 is available from National Institute of Standards and Technology, U.S. Dept. of Commerce, Washington, DC 20234.
4 Annual Book of ASTM Standardgol 12.02.

5 Annual Book of ASTM Standardgol 14.02.

TABLE 1 Recommended Constants
Cobalt (°°Co)

Silver (*1°™MAg)

Symbol Parameter
Value? Reference Value? Reference
ty,  Half-life 19255 (5) days @ 249.76 (4) days 14)
A Abundance of parent isotope 100 % (°?Co) 14y 48161 (7) % ("9Ag) (14)
A Abundance of parent isotope 100 % (°°Co) 14 48.161 (8) % (*°°Ag) 149
A Mass-exeess-of-targetisotope{sealed-to —-61-645-MeV a4 —87339-MeV @4
e [lZe} — ea
— B
A Mass excess of residual isotope (scaled to -61.645 MeV 14 —-87.339 MeV 14)
A[*%C]=0)
(1 amu = 931.494MeV)?
o, Absorption 2200 m/s cross section for target®*°Co and 37.233b = 0.16 % ¢b 91.0b + 1% (16)
109
oo 2200 m/s cross section for formation 0f°°Co and°mAg 37.233b = 0.16 % ¢b 47b+ 4% (16)
S,  Correction factor which describes the departure of the 1.69 ) 18.53 )
cross section from the 1/v law in the epithermal [°Co(n,y)°Co] [2°9Ag(n,y)°™Ag]
region 17.10
[109Ag(n’,y)110m+llOgAg]
Iy Resonance Integral 75.421 b = 0.77 % (15),F 66 b (16)
[*°Co(n,y)*°C0] [**°Ag(n,y)*'°"Ag]
o, Effective absorption cross section for product nuclide 2b (11) 82b (13)
(reactor spectrum)
Gy, Thermal neutron self-shielding factor Table 3 (12) =1-4/3RZg (5)
G'..s Resonance neutron self-shielding factor Table 3 (12) Fig. 17 (5)
g Correction factor which describes the departure of the 1.0 3) See Table 4 ?3)

cross section from 1/v law in thermal region

AThe numbers in parenthesis following given values is the uncertainty in the last digit(s) of the value; 0.729 (8) means 0.729 + 0.008, 70.8(1) means 70.8 = 0.1.

B ZIsotopic masses may be calculated as A + 931.49432/A, where A is the atomic mass number.
€A 2200 m/s cross section (E = 0.0253 eV, T = 20°C) was taken from the sources indicated in Reference (15).
PCross section uncertainty data is taken from Reference (16), the cross section comes from the other reference.
ECross section uncertainty comes from convariance data provided in the cross section source. The other reference indicates the source of the cross section.
Fin Fig. 1, ® = 4E,KT/AI>= 0.2 corresponds to the value for'°°Ag.
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1N absorption cross-section curve and a second monitor (silver) with a large resonance peak so that its resonance integral is lar
compared to the thermal cross section. The equations are based on the Westcott fo(@alisand determine a Westcott 2200
m/s neutron fluence ratey, and the Westcott epithermal index parametey/ T/T, . Reference$, 6, and7 contain a general
discussion of the two-reaction test method. In this test method, the absolute activities of both cobalt and silver monitors are
determined. This differs from the test method in the references wherein only one absolute activity is determined.

3.2 The advantages of this test method are the elimination of three difficulties associated with the use of cadmttm: (
perturbation of the field by the cadmium2) the inexact cadmium cut-off energ\8)(the low melting temperature of cadmium.
In addition, the reactivity changes accompanying the rapid insertion and removal of cadmium may prohibit the use of the
cadmium-ratio method. However, the self-shielding corrections remain important unless the concentrations of cobalt and silver ar
small. Studies indicate that the accuracy of the two-reaction method is comparable to the cadmium-ratio method.

3.3 The long half-lives of the two monitors permit the determination of fluence for long-term monitoring.

4. Apparatus

4.1 Nal(Tl) or Germanium Gamma-Ray Spectromefesing a multichannel analyzer)—For the Nal(Tl) technique and the
germanium technique, see Method E 181.

4.2 Precision Balance

4.3 Digital Computer

5. Materials and Manufacture

5.1 The two monitors required for this test method are cobalt and silver. Although these two materials are available
commercially in very pure form, they have been ué&rkalloyed with aluminum £1 % cobalt and=1 % silver) to minimize the
self-shielding effect and to permit insertion into a high thermal-neutron fluence rat&Erits ™) facility (7, 9). Typical alloys
contain 0.1 % silver or cobalt in aluminum) see 6.1 and 8.1).

5.2 The uncertainties and nonuniformity of alloy concentrations must be established by one or more different test methods
These might include chemical and activation analysis, or spectrometry. The purity of the aluminum matrix should also be
established.

5.3 Whenever possible, the alloys should be tested for interfering impurities by neutron activation.

5.4 The method of encapsulating the monitors for irradiation depends upon the characteristics of the facility in which the
measurements are to be made. The monitors have essentially the same chemical characteristics as pure aluminum; therefore
environment in which aluminum would not be adversely affected would be generally satisfactory for the alloys. However, the low
mechanical strength of the monitors requires in many instances that it be encapsulated or shielded from physical disturbances |
some type of container. Aluminum cans or tubing are satisfactory for many cases of interest, but for hostile environments, stainles
steel or vanadium may be preferable. Perturbation due to the presence of the container must be accounted for, especially in t
case of stainless steel. The container should be constructed in such a manner that it will not create a significant flux perturbatic
and that it may be opened easily, especially if the monitors must be removed remotely.

6. Procedure

6.1 Decide on the size and shape of the monitors to be irradiated, taking into consideration the size and shape of the irradiatic
space. The mass and exposure time are parameters which can be varied to obtain a desired disintegration rate for a given neut
fluence rate level. To facilitate the convergence of the two activity equations for the fluence rate and the epithermal index in Sectiol
7, the concentration of the alloys should be chosen so that the ratio of the disintegration rates is on the order of one.

6.2 Weigh the samples to a precisioni.0 % (1S %) as defined in Practice E 177.

6.3 Irradiate the samples for the predetermined time period. Record the power level and any changes in power during thi
irradiation, the time at the beginning and end of the irradiation, and the relative position of the monitors in the irradiation facility.

6.4 A waiting period is necessary between termination of the exposure and start of counting when using Co-Al and Ag-Al
monitors. This allows the 0.62356 dag#y half-life?*Na which is formed by fast-neutron reactions®Al or by thermal-neutron
captures b$°Na impurities to decay below levels at which its radiations may cause interferences. It is sometimes advisable to coun
the samples periodically and follow the decay of the portions of the activities due’ftNthélhe length of the waiting period can
be reduced by the use of a germanium detector.

6.5 With the gamma-ray spectrometer, analyze the silver sampl€Tbig and the cobalt sample ffiCo. Obtain the net count
rate in each full-energy gamma-ray peak of interest, that is, 657.7623 keV or 884.684 Ke¥ay: 1332.501 keV fot°Co (see
Method E 181). See Table 2 for gamma radiations%ig.

7. Calculation

7.1 Calculate the activities df°"Ag and®®Co in disintegrations per second.
7.2 A'Westcott 2200 m/s neutron fluence ratg), or ¢,, and the Westcott epithermal index parametey/ T/T, are related to
the measured activities of the silver and cobalt monitors by the following equation:

A = No\ BFGG 1 1)
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TABLE 2 Gamma Radiations of °"Ag (2)

Energy of Gamma* (keV) Relative®# Emission Probability (%)
1. 657.7622 (21) 110.0 (4)
2. 884.685 (3) 76.8 (3)
3. 937.493 (4) 36.31 (12)
4, 1384.300 (4) 25.66 (8)
5. 763.944 (3) 23.55 (9)
6. 706.682 (3) 17.37 (10)
7. 1505.040 (5) 13.78 (5)
8. 667.6227 (24) 10.94 (8)
9. 818.031 (4) 7.76 (4)
10. 687.015 (3) 6.80 (6)
11. 744.277 (3) 5.00 (3)
12. 1562.302 (5) 1.087 (7)

AThe number of parentheses following some given values is the uncertainty in
the last digit(s) of the value: 0.729 (8) means 0.729 = 0.008, 80.8 (1) means 70.8

+0.1.
BFor absolute intensity multiple emission probabilities by 0.940.

where

A = measured activity at the end of the exposure time, disintegrations/s,

No = number of target atoms Vo ort®Ag at start of irradiation,

N\, = disintegration constant of product nuclidél,s

B = Self-absorption factor of the decay gamma ray in the monitor material,

F = burnup and decay correction factor,

G = self-shielding factor (see Eq 4, Table 3 and Fig. 1).

Gy = Westcott’s effective absorption cross section for production of the product nuclide, cm

by, (ornyy) = a 2200 m/s neutron fluence rate in whighs the neutron density (including both thermal and epithermal
neutrons) and; is 2200 m/s, and

t; = exposure time.

The self-absorption factor, if not known for the gamma rays being measured, can be approximated by the following equation:

B=1- (43R

where:
U, = linear absorption coefficient in monitor, ¢fy and
R = radius of monitor wire, cm.

The burnup and decay correction factor is given by:

_ exp(ia_a‘bwti) - qu*()\Z + 6-Zd)w)ti]

P = TOGH/buh) + 62 — 6] — 60t

where:
6, = Westcott's effective absorption cross section for target nuclidé, and
6, = Westcott's effective absorption cross section for the product nuclid&, cm

The self-shielding factor is given by:

_ thh + (I’ \Y T/TO)S)G/ res
g+ (\/TMy)S

G

TABLE 3 Self-Shielding Factors for Cobalt Wires (12)

)

(4)

Wire Cobalt

Diameter Content, G'os(132 eV) Gy,

in. (mm) (mass %)
0.050 (1.27) 0.104 1.00 1.00
0.050 (1.27) 0.976 0.95 = 0.04 0.99 = 0.01
0.001 (0.03) 100 0.81 = 0.03 0.99 * 0.02
0.005 (0.13) 100 0.52 + 0.02 0.97 = 0.01
0.010 (0.25) 100 0.42 = 0.02 0.94 = 0.01
0.015 (0.38) 100 0.38 = 0.01 0.92 * 0.02
0.020 (0.51) 100 0.34 = 0.01 0.90 + 0.02
0.025 (0.64) 100 0.32 = 0.01 0.88 = 0.03
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FIG. 1 Resonance Self-Shielding Factor for Cylinders (6 = 0.2) as a Function of Radius X Macroscopic Absorption Cross Section

where:

g = correction factor which describes the departure of the cross section fromvtlaavlih the thermal region (see Table
4 for silver “g” factors),

Gy, = thermal neutron self-shielding factor,

G'ies = resonance neutron self-shielding factor,

r = a measure of the proportion of epithermal neutrons in the reactor spectrum,

T = neutron temperaturés,

To = 293.6 K, and

correction factor which describes the departure of the cross section fromvttelih the epithermal region.
Although theS, values in Table 1 are measured valugg,can be calculated by the following equation:

20,2 <|O , Eo> 5
STUm o VAo 9V, ©

where:

I”, = resonance integral excess over the dibss section value, ¢n
0, = 2200 m/s cross-section value, Em

lo, = resonance integral,

E, = 0.0253 eV, and

Ecqy = 0.55eV.

Substituting the measured activities of the cobalt and the silver monitors into Eq 1 yields two nonlinear equations in the two
unknown parametensy/T/T, and¢ t. PC software products such EathCadand Mathematicacan be programmed to solve
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TABLE 4 “g” Factor for Silver

T(°C) g (Ag)
20 1.0044
40 1.0053
60 1.0062
80 1.0071

100 1.0080
120 1.0090
140 1.0099
160 1.0108
180 1.0117
200 1.0126
220 1.0136
240 1.0145
260 1.0154
280 1.0164
300 1.0173
330 1.0187
360 1.0201
390 1.0215
420 1.0230
450 1.0244
480 1.0258
510 1.0273
540 1.0287
570 1.0302
600 1.0316
640 1.0336
680 1.0356
720 1.0376
760 1.0395
800 1.0416
840 1.0436
880 1.0456
920 1.0476
960 1.0497
1000 1.0517
1060 1.0549
1120 1.0580
1180 1.0612
1240 1.0644
1300 1.0676

these two nonlinear equations with a variety of iterative solvers. A FORTRAN IV computer program, CQAJ52vas written
to solve these equations. The program iterates until the epithermal index and the fluence values give calculated activities that are
within 0.1 % of their measured values. The constants, cross sections, and other measured values used in the program should b
set equal to those listed in Table 1.

7.3 The Westcott convention is designed primarily for calculations involving reactions rather than those involving scattering or
diffusion. It states that the reaction rate per atom pre$ens,equal to the product of an effective cross sectigwith ny,, where
n = the neutron density, including both thermal and epithermal neutrons, emdv, = 2200 m/s.

so that:
R=nvy (6)
The true equation for reaction rate is given by the equation:
R= f vy (7)
where:
n(v) = neutron density per unit velocity,
v = neutron velocity, and
o(v) = cross section for neutrons of velocity

Therefore, the effective cross section is defined by the equation:
G = f : n(v)vo(v)dv/inv (8)

The neutron spectrum assumed by Westcott has the fo(m=n (1 - f)P,, (v) + nfP, (v), whereP,, andP . are the Maxwellian
and epithermal density distribution functions normalized so tigP(V)dv = [GPJVv)dv = 1. The quantityf is the fraction
of the total densityn, in the epithermal distribution. The epithermal distribution is assumed proportiondE tpet/unit energy
interval. This distribution is terminated by a cut-off functiadn,at a suitable lower limit of energy. Based on the above spectrum,
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one obtains the following relation for the effective cross section:
G = agy(g + 1) 9)

where:

o9 cross section of 2200 m/s neutrons,

g a measure of the departure of the cross section franddpendence in the thermal region,
s SV T/T,, a factor which describes the departure of the cross section from thiad/in the epithermal region, and

r a measure of the proportion of epithermal neutrons in the reactor spectrum.

More specifically:

r = f\/7H/4 (10)
where:
f = fraction of the total density in the epithermal distribution, and

K, = a factor chosen to give the proper normalization to the epithermal density distribution. A suitable factor for water
moderated systems is(B).
7.4 Limitation of the Westcott ConventierSufficient conditions for the applications of the Westcott convention are that:

3/E5,<0.1 (12)
and:
TIT,, < 1.07 (12)
where
> . = macroscopic absorption cross section averaged over all materials affecting spectrum,
¢ = average logarithmic energy decrement per collision,
2s = macroscopic scattering cross section averaged over all materials affecting spectrum,
T = neutron temperature, K, and
T, = temperature of the moderator, K.

If as a result of neutron captures (for example, in the fuel) the quabiiE, becomes too great or if the neutron temperature
T is too great relative to the moderator temperaflyg the Maxwell spectrum hypothesis fails and the true spectrum must be
calculated and the effective cross section determined with this spectrum.

7.5 The conventional 2200 m/s thermal neutron-fluence dateand the epithermal fluence-rate parametet, as defined in
Method E 262, can be obtained from the Westcott neutron-fluencedsgteand the Westcott epithermal indexy/ T/T, , by
means of equations Eq 13 and Eq 14:

o = (1_L> b (13)
/T,

— \Vr by (14)

=—><r><w/ ¢W (14)

7.6 In Eq 13, it is necessary to estimate the neutron temperéltunmaprder to obtain the value offrom the indexr \/T/T,
. Provided inequality (10) is satisfied, only slight error is introduced by assummd ,,,, the moderator temperature.

8. Precision and Bias

Note 2—Measurement uncertainty is described by a precision and bias statement in this standard. Another acceptable approach is to use Type A a

B uncertainty componen{47,18) This Type A/B uncertainty specification is now used in International Organization for Standardization (ISO) standards
and this approach can be expected to play a more prominent role in future uncertainty analyses.

8.1 There are several sources of errors that affect the precision of this test method. Random errors appear in the determinatit
of the weight percent and homogeneity of low concentrations of cobalt and silver alloyed with some other material such as

aluminum, the determination of the cobalt and silver activities after irradiation, and the measurement of cross sections and othe

related data. These errors should not exce8db (:-Sa %). =3 % (1-Sa %), and=5 % (1-Sa %) as defined in Practice E 177.

8.2 The bias due to trace impurities was calculated to be negligible. Self-shielding and the burnup of the product nuclide are
accounted for in the mathematical treatment. Self-shielding may become appreciable unless care is taken to minimize this effe
by the use of low concentrations of cobalt and silver in the alloy used, as very thin foils. The burnout of the product nuclide is
a very small effect unless the cross section is greatly in error.

9. Keywords
9.1 activation; cobalt; dosimetry; foil; silver; thermal neutron
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