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QH“y) Designation: E 844 — 97

Standard Guide for
Sensor Set Design and Irradiation for Reactor Surveillance,
E 706(1IC)*

This standard is issued under the fixed designation E 844; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilone] indicates an editorial change since the last revision or reapproval.

1. Scope 3. Terminology

1.1 This guide covers the selection, design, irradiation, 3.1 Definitions:
post-irradiation handling, and quality control of neutron do- 3.1.1 neutron dosimeter, sensor, monitea substance irra-
simeters (sensors), thermal neutron shields, and capsules fdiated in a neutron environment for the determination of
reactor surveillance neutron dosimetry. neutron fluence rate, fluence, or spectrum, for example: radio-

1.2 The values stated in inch-pound units are to be regardadetric monitor (RM), solid state track recorder (SSTR), helium
as the standard. The values given in parentheses are faccumulation fluence monitor (HAFM), damage monitor
information only. (DM), temperature monitor (TM).

1.3 This standard does not purport to address all of the 3.1.2 thermal neutron shield-a substance (that is, cad-
safety problems, if any, associated with its use. It is themium, boron, gadolinium) that filters or absorbs thermal
responsibility of the user of this standard to establish appro-neutrons.
priate safety and health practices and determine the applica- 3.2 For definitions or other terms used in this guide, refer to

bility of regulatory limitations prior to use. Terminology E 170.
2. Referenced Documents 4. Significance and Use
2.1 ASTM Standards: 4.1 In neutron dosimetry, a fission or non-fission dosimeter,
E 170 Terminology Relating to Radiation Measurementsor combination of dosimeters, can be used for determining a
and Dosimetr§ fluence-rate, fluence, or neutron spectrum, or both, in nuclear
E 261 Practice for Determining Neutron Fluence Rate, Flureactors. Each dosimeter is sensitive to a specific energy range,
ence, and Spectra by Radioactivation Technigues and, if desired, increased accuracy in a flux-spectrum can be

E 854 Test Method for Application and Analysis of Solid achieved by the use of several dosimeters each covering
State Track Recorder (SSTR) Monitors for Reactor Surspecific neutron energy ranges.
veillance, E 706(111B§ 4.2 A wide variety of detector materials is used for various
E 910 Test Method for Application and Analysis of Helium purposes. Many of these substances overlap in the energy of
Accumulation Fluence Monitors for Reactor Vessel Sur-the neutrons which they will detect, but many different
veillance, E 706(111C} materials are used for a variety of reasons. These reasons
E 1005 Test Method for Application and Analysis of Radio- include available analysis equipment, different cross sections
metric Monitors for Reactor Vessel Surveillance, for different flux levels and spectra, preferred chemical or

E 706(111A)? physical properties, and, in the case of radiometric dosimeters,
E 706(11ID) Analysis of Damage Monitors for Reactor Ves- varying requirements for different half-life isotopes, possible
sel Surveillancg interfering activities, and chemical separation requirements.
E 706(IlIE) Analysis of Temperature Monitors for Reactor . )

Vessel Surveillance 5. Selection of Neutron Dosimeters and Thermal Neutron
E 706(IIE) Benchmark Testing of Reactor Vessel Dosim- Shields

etry’ 5.1 Neutron Dosimeters

5.1.1 The choice of dosimeter material depends largely on
_— the dosimetry technique employed, for example, radiometric
1 This guide is under the jurisdiction of ASTM Committee E-10 on Nuclear monitors, helium accumulation monitors, track recorders, and
Technology and Applications and is the direct responsibility of Subcommitteedamage monitors. At the present time, there is a wide variety of
E10.05 on Nuclear Radiation Metrology. . .
Current edition approved June 10, 1997. Published May 1998. OriginalIydetecwr materials used to p.erform neutron QOsmetry measure-
published as E 844 — 81. Last previous edition E 844 — 86 (1991). ments. These are generally in the form of foils, wires, powders,

2 Annual Book of ASTM Standardéol 12.02. and salts. The use of alloys is valuable for certain applications
®For standards that are in the draft stage and have not received an ASTM

designation, see Section 5 as well as Figures 1 and 2 of Matrix E 706.
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such as 1) dilution of high cross-section elementg) prepa- there is little or no change in neutron spectral shape or fluence
ration of elements that are not readily available as foils or wiresate with time.
in the pure state, an@) preparation to permit analysis of more 51,9 Tables 1-3 present various dosimeter elements. Listed
than one dosimeter material. are the element of interest, the nuclear reaction, and the
5.1.2 For neutron dosimeters, the reaction rates are usuallyailable forms. For the intermediate energy region, the ener-
deduced from the absolute gamma-ray radioanalysis (thefgies of the principal resonances are listed in order of increasing
exist exceptions, such as SSTRs, HAFMs, damage monitorsgnergy. In the case of the fast neutron energy region, the 95 %
Therefore, the radiometric dosimeters selected must haV@sponse ranges (an energy range that includes most of the
gamma-ray yields known with good accuracy (>98 %). Theresponse for each dosimeter is specified by giving the energies
half-life of the product nuclide must be long enough to allow g _below which 5 % of the activity is produced ang:.Fbove
for time differences between the end of the irradiation and thyhich 5 % of the activity is produced) for th&2U neutron
subsequent counting. Refer to Method E 1005 for nucleathermal fission spectrum are included.

decay and half-life parameters, . . 5.2 Thermal Neutron Shields
5.1.3 The neutron dosimeters should be sized to permit 5.2.1 Shield materials are frequently used to eliminate

accurate analysis. The range of high efficiency countin terference from thermal neutron reactions when resonance
equipment over which accurate measurements can be p P : . . . ;
ﬁnd fast neutron reactions are being studied. Cadmium is

formed is restricted to several decades of activity levels (5 to .
decades for radiometric and SSTR dosimeters, 8 decades f 9mmonly used as a thermal neutron shield, generally 0.020 to
' .050 in. (0.51 to 1.27 mm) thick. However, because elemental

HAFMSs). Since flux levels at dosimeter locations can range dmi —320°C) will melt if placed within th |
over 2 or 3 decades in a given experiment and over 10 decad% awlgpr::er(;i'r?é ;vater re;\é\/tlormeeﬁfe::tip\)/sctﬁervr::;l Irr:etu So\?\ezﬁgrs
between low power and high power experiments, the prope AR :

P gh p b prop st be chosen that will withstand high temperatures of

sizing of dosimeter materials is essential to assure accurate a . _ : .
ight-water reactors. High-temperature filters include cadmium

economical analysis. id i dmi d it b
5.1.4 The estimate of radiometric dosimeter activity levelsOX19€ (or other cadmium compounds or mixiures), boron

- . 0 . . . .
at the time of counting include adjustments for the decay of théefr][qulchehq 'EjtheltB |_sc|)tope?[,t<;;md Qiadflljn'tum' The t{ufckn;sses i
product nuclide after irradiation as well as the rate of produc 2 SHE'QIglerial must be selected o account for burnou

nuclide buildup during irradiation. The applicable equation for rom high fluences. ) )
such calculations is (in the absence of flux perturbations) as 5-2-2 Inreactors, feasible dosimeters to date whose response
range to neutron energies of 1 to 3 MeV includes the fission

follows: B monitorg33U, *Np, and?*?Th. These particular dosimeters
A= Nogda(1 — €)(e ™) @) must be shielded from thermal neutrons to reduce fission

where: goduct production from trace quantities %?IEU _238!3u, and

A = expected disintegration rate (dps) for the prod- ~ . Pu and to suppress buildup of interfering fissionable nu-
uct nuclide at the time of counting, %ldes,_ for e;sample, _8Np and 83Pu in the 23Np dosimeter,

N, = number of target element atoms, *Pu in the?®*® dosimeter, and®U in the 2**Th dosimeter.

¢ = estimated flux density level, Thermal neutron shields are also necessary for epithermal

o = spectral averaged cross section, spectrum measurements in thex5L07 to 0.3-MeV energy

a = product of the nuclide fraction and (if appli- range. Also, nickel dosimeters used for the fast activation
cable) of the fission yield, reaction®®Ni(n,p)*®Co must be shielded from thermal neutrons

1-e™ = buildup of the nuclide during the irradiation in nuclear environments having thermal fluence rates above 3
period,t;, X 102 n-cm2s* to prevent significant loss 6fCo and®®™Co

eM? = decay after irradiation to the time of counting,
t,, and

A = decay constant for the product nuclide. TABLE 1 Dosimeter Elements—Thermal Neutron Region

5.1.5 For SSTRs and HAFMs, the same type of informatiorn Cloment of

as for radiometric monitors (that is, total number of reactions)  interest Available Forms

Nuclear Reaction

is provided. The difference being that the end products (fission g
tracks or helium) require no time-dependent corrections and Co
are therefore particularly valuable for long-term irradiations. CS
5.1.6 Fission detectors shall be chosen that have accurately,
known fission yields. Refer to Method E 1005. Fe
5.1.7 In thermal reactors the correction for neutron self Ee
shielding can be appreciable for dosimeters that have highly mn
absorbing resonances (see 6.1.1). Ni
5.1.8 Dosimeters that produce activation or fission products 23
(that are utilized for reaction rate determinations) with half- Aag
lives that are short compared to the irradiation duration should Na

not be used. Generally, radionuclides with half-lives less than Ua(emiched)

10B(n,a)Li
59Co(n,y)®°Co
53Cu(n,y)®*Cu
197Au(n,y)198Au
115|n(n‘,\/)116m|n
58Fe(n,y)°°Fe
S4Fe(n,y)°°Fe
SLi(n,a)°H
55Mn(n,y)%6Mn
58Ni(n,y)®°Ni(n,a)%°Fe
239py(n,fFP
453¢(n,y)*%Sc
109Ag(n,y)11°mAg
23Na(n,y)**Na
lBlTa(n ’,Y) 182'|'a
235)(n,f)FP

B, B,C, B-Al, B-Nb
Co, Co-Al, Co-Zr
Cu, Cu-Al, Cu(NO3),
Au, Au-Al

In, In-Al

Fe

Fe

LiF, Li-Al

alloys

Ni

PuO,, alloys

Sc, Sc,04

Ag, Ag-Al, AgNO4
NaCl, NaF, Nal

Ta, Ta,Os

U, U-Al, UO,, U0y, alloys

three times the irradiation duration should be avoided unless
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TABLE 2 Dosimeter Elements—Intermediate Neutron Region

Energy of Principal
Resonance, eV

Dosimetry Reactions

Element of Interest Available Forms

(17)
A 5Li(n,«)3H Li LiF, Li-Al
A 10B(n,a)"Li B B, B,C, B-Al, B-Nb
A S8Ni(n,y)>°Ni(n,«)5°Fe Ni Ni
1.457 115n(n,y)*eMIn In In, In-Al
4.28 181Ta(n,y)8%Ta Ta Ta, Ta,Og
4.906 197 Au(n,y)*°Au Au Au, Au-Al
5.19 109Ag(n,y)10MAg Ag Ag, Ag-Al, AgNO4
21.806 232Th(n,y)233Th Th Th, ThO,, Th(NO).,
B 235Y(n,HFP u U, U-Al, UO,, U50g, alloys
132 59Co(n,y)°Co Co Co, Co-Al, Co-zr
1038 S8Fe(n,y)*°Fe Fe Fe
337.3 55Mn(n,y)®®Mn Mn alloys
579 83Cu(n,y)®*Cu Cu Cu, Cu-Al, Cu(NOs),
0.2956243 239py(n,fFP Pu PuO,, alloys
2810 23Na(n,y)**Na Na NaCl, NaF, Nal
3295 45Sc(n,y)*8Sc Sc Sc, Sc,04
7788 S4Fe(n,y)>°Fe Fe Fe

AThis reaction has no resonance that contributes in the intermediate energy region and the principle resonance has negative energy (i.e. the cross section is 1/v).

BMany resonances contribute in the 1 — 100 eV region for this reaction.

TABLE 3 Dosimeter Elements—Fast Neutron Region

Energy Response Range (MeV)*8

Cross Section

Dosimetry Element of - - Uncertaint Available
Reactions Interest Low Median High %) Y Forms
EOS ESO ESS

237Np(n,fHFP Np 0.684 1.96 5.61 9.33 Np,O3, alloys
103RK(n,n")103MRh Rh 0.731 2.25 5.73 3.1 Rh
93NDb(n,n’)>3™Nb Nb 0.951 2.57 5.79 3.06 Nb, Nb,Os
8n(n,n")*5MIn In 1.12 2.55 5.86 2.17 In, In-Al
LIN(n,o) B N 1.75 3.39 5.86 — TiN, ZrN, NbN
238Y(n,HFP U (depleted) 1.44 2.61 6.69 0.53 U, U-Al, UO3, U50g, alloys
232Th(n,HFP Th 1.45 2.79 7.21 5.09 Th, ThO,
9Be(n,a)PLi Be 1.59 2.83 5.26 — Be
47Ti(n,p)*7Sc Ti 1.70 3.63 7.67 2.17 Ti
58Nji(n,p)58Co Ni 1.98 3.94 7.51 2.43 Ni, Ni-Al
S4Fe(n,p)*Mn Fe 2.27 4.09 7.54 2.17 Fe
325(n,p)32P S 2.28 3.94 7.33 4.0 Caso,, Li,SO,
325(n,«) 2 s 1.65 3.12 6.06 — Cu,S, PbS
S8Nii(n,a)°5Fe Ni 2.74 5.16 8.72 — Ni, Ni-Al
457Ti(n,p)*°Sc Ti 3.70 5.72 9.43 2.46 Ti
56Fe(n,p)>°Mn Fel 5.45 7.27 11.3 233 Fe
S6Fe(n,a)53Cr Fe 5.19 7.53 11.3 — Fe
83Cu(n,a)%°Co Cuf 453 6.99 11.0 2.85 Cu, Cu-Al
27Al(n,)?*Na Al 6.45 8.40 11.9 1.40 Al, Al,O4
48Tj(n,p)*8Sc Ti 5.92 8.06 12.3 6.66 Ti
47Ti(n,a)*Ca Ti 2.80 5.10 9.12 — Ti
8ONi(n,p)°Co*” Nif 472 6.82 10.8 10.3 Ni, Ni-Al
55Mn(n,2n)>*Mn Mn€ 11.0 12.6 15.8 13.4 alloys

“Energy response range was derived using the ENDF/B-VI?35U fission spectrum, reference (17), MT = 9228, MF = 5, MT = 18. The cross section and associated

covariance sources are identified in standard E 1018 and in Reference (18).
BOne half of the detector response occurs below an energy given by E®; 95 % of the detector response occurs below Egg and 5 % below Egy,.
CUncertainty metric only reflects that component due to the knowledge of the cross section and is reported at the 1o level.

PLow manganese content necessary.
Elow cobalt content necessary.

FThis reaction does not appear in the ENDF/B-VI evaluation. The JENDL evaluation (19) was used.

SLow iron content necessary.

by thermal neutron burnoyt).

6. Design of Neutron Dosimeters, Thermal Neutron

Shields, and Capsules

personnel safety and accurate nuclear environment character-
ization. During dosimeter fabrication, care must be taken in
order to achieve desired neutron flux results, especially in the
case of thermal and resonance-region dosimeters. A number of

6.1 Neutron Dosimeters-Procedures for handling dosim- factors must be considered in the design of a dosimetry set for
eter materials during preparation must be developed to ensug@ch particular application. Some of the principal ones are

discussed individually as follows:
6.1.1 Self-Shielding of NeutrorsThe neutron self-

4 The boldface number in parentheses refers to the list of references at the end §h|e|d|ng phenomenon occurs when hlgh cross-section atoms

the guide.

in the outer layers of a dosimeter reduce the neutron flux to the
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point where it significantly affects the activation of the innernon-interfering or short half-life products.
atoms of the material. This is especially true of materials with 6.1.6 Burnup

high thermal cross sections and essentially all resonance g ; g 1 | ong irradiations can introduce additional problems.
detectors. This can be minimized by using low weight percentBurnu'O of the dosimeters and burn-in or burn-out of the

deA?lI(I)syzlofl_higlh-lcrpss-sectior) m_?terial}forr:axeflmple, C,:O'Alproduct nuclide, or both, may occur. Calculation of burn-up
%’ ’ h- » LIFAL It IS not as S'?n'. |cz|:1n} or. the "’;St regrllon orrections may be complicated by reactions other than the one
where the cross sections are relatively low; therefore, t erm?‘gweasured, such as neutron capture by fission or threshold

and treslonancet'detectors Ishag be %S tth";g as %c])ssubl? M? osimeters. Long irradiations also admit the possibility of
ematical corrections can aiso be made 1o bring the materia o-stage competing reactions, the best examples being

“zero thickness” but, in general, the smaller the correction, the dU,2"Np, and?3?Th. Fig. 1 schematically shows the produc-
more accurate will be the results. Both theoretical treatments ojzn ,of137C,$ by 238 '237NF') and232Th reactions

the complex corrections and experimental determinations are . .
P P 6.1.6.2 At moderately high fluences, fission products from

published(2-13,20) two-step reactions can dominate those produced directly by
6.1.2 Self-Absorption of Emitted RadiatierThis effect 238) 237\, or 232Th fission, which limits their usefulness as

may be observed during counting of the radiometric dOSimetehuence threshold dosimeters. Fig. 2 graphically shows semi-

If the radiation of interest is a low-energy gamma ray, an X ray, mpirical calculations ot*’Cs produced from the irradiation

or a beta particle, the thickness of the dosimeter may be 0Efinfinitely dilute bare and cadmium-coveréfU, 2"Np, and
appreciable significance as a radiation absorber (especially f@

higher atomic number materials). This will lower the Countlr]gcorrections and are based on a neutron spectrum distribution of

rate, which would then have to be adjusted in a manner Slmlla'T'hermal/lntermediate/>1 MeV = 1/1/0.25. The abscissa scale

to that for the “zero thickness™ correction in the case Ofcorresponds to the number of neutrons-¢rither in the total

self-shielding. Therefore, it would again be desirable to USE o ctrum (bare) or in the epithermal spectrum (Cd). Accurate

:jhm_ dosmetr_ars in cases where the count rate is a_ffected B orrections for these types of reactions are often very difficult
osimeter thickness. In the case of thick pellets, it is usuall3{O calculate. Epithermal fluences of greater than 1107

possible to perform chemical separation of HEgoniEHde, n-cni? for thérmally-shielded fast fission dosimeters should be
6.1.3 Fission Fragment LossIt has been observed that ,,qiqeq.

fission foils of 0.001-in. (0.03-mm) thickness lose a significant 6.1.7 Cross-Contaminatioa-During fabrication. and subse-

fraction (approximately 7 %) of the fission fragments. Increas- " 9 ’

ing the thickness to 0.005 in. (0.13 mm) will reduce this loss toquent post-lrradlatlon handling, materials must not cross-
about 1 %. contaminate one another.

6.1.4 Dosimeter Size 6.2 Thermal Neutron ShieldsPowder metallurgy tech-

. . . . niques can be used to produce thermal neutron shield hollow
6.1.4.1 The size of dosimeters and dosimetry sets is ofte q b

L . | . - leinders of compound mixtures that lend themselves to
limited by space available, especially in reactor appl'cat'oni)ressing. Examples of these are boron, gadolinium, cadmium,

where volume in high flux regions is very limited and in greatCadrniurn oxide, and cadmium oxide-copper. If encapsulated

de”.‘a”‘?' _for exp.erllm.elntal samples_. This fact, coupled W'.th th%owders are used, care must be taken to prevent redistribution
desirability of minimizing perturbations to the reactor environ- ¢ ~terial. Shield radiographs are recommended
ment due to the presence of the dosimetry set, of minimizing 6.3 Caps.ules '

self-shielding corrections, and of minimizing corrections to R o )

obtain reaction rates at a common point in space, creates the6.-3.1 Five important criteria shall be met by the dosimeter

need for miniaturized dosimeters. capsule designij it must not interfere with the function of the
6.1.4.2 The larger the dosimeter, the higher the counting ratk_r',radhamon experiment (for example, stainless steel should not

of the activated nuclide or the higher the amount of stablé)e useq to contain therma_l flux dosim.eterg);i(must.po_sition
product. This would be desirable in low-flux regions, but all dosimeters of the dosimetry set in close proximity to the

probably undersirable in high fluxes for radiometric dosim-€xperiment (see 7.1)3( it must be easy to loadd] it must be

eters, since the excessive count rate may result in dead-tinf&SY to unload since this is often a_hot-cell operat|o_n; ad (
losses. Excess activity may result in a radiation hazard. Certaih MUSt not perturb the neutron environment excessively.
types of dosimeters (for example, HAFMs, foils, wires, and 6.3.2 Fission dosimeters may be encapsulated in hermeti-
dissolvable samples) can be segmented or diluted prior tpally sealed containers to avoid oxidation and loss of materials,
analysis. The lower limit on dosimeter size would be governednd for health-hazard requirements.
by a size that could be readily handled and would not be easily 6.3.3 The technology for making vanadium capsules to
lost or overlooked. contain dosimeter materials has been develofi&d. Vana-
6.1.5 Temperature-In high-power reactor irradiations, do- dium was chosen as an encapsulation material because of its
simeters must be constructed to withstand the adverse envirofuclear and high temperature properties. In addition to vana-
ment. The temperature, as determined by gamma and neutréfim, copper, aluminum, and quartz encapsulation have been
reaction heating and heat transfer, will often be too high fofound satisfactory for uranium, plutonium, neptunium, tho-
simple bare dosimeters. At high temperatures, migration ofium, and other elemental oxides or salts.
reaction products, melting, or diffusion bonding may occur, 6.3.4 Procedures have been developed to make HAFMs
necessitating encapsulation in a high-temperature material witf16). Boron, lithium, and other specimens that may require

Barpy (14). These curves can be used as a guide to estimate
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