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1. Scope

E 482 Guide for Application of Neutron Transport Methods

1.1 This test method describes the concept and use of for Reactor Vessel Surveillance, E 706 (IfD)

helium accumulation for neutron fluence dosimetry for reactor
vessel surveillance. Although this test method is directed

E 560 Practice for Extrapolating Reactor Vessel Surveil-
lance Dosimetry Results, E 706 (fC)

toward applications in vessel surveillance, the concepts and E 693 Practice for Characterizing Neutron Exposures in

techniques are equally applicable to the general field of neutron

dosimetry. The various applications of this test method for
reactor vessel surveillance are as follows:

1.1.1 Helium accumulation fluence monitor (HAFM) cap-
sules,

1.1.2 Unencapsulated, or cadmium or gadolinium covered,
radiometric monitors (RM) and HAFM wires for helium
analysis,

1.1.3 Charpy test block samples for helium accumulation,
and

1.1.4 Reactor vessel (RV) wall samples for helium accumu-
lation.

1.2 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 appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:

C 859 Terminology Relating to Nuclear Materials

E 170 Terminology Relating to Radiation Measurements
and Dosimetry

E 184 Practice for Effects of High-Energy Neutron Radia-
tion on the Mechanical Properties of Metallic Materials,
E 706 (1B}

E 244 Test Method for Atom Percent Fission in Uranium
and Plutonium Fuel (Mass Spectrometric Mettod)

E 261 Test Method for Determining Neutron Fluence, Flu-
ence Rate, and Spectra by Radioactivation Technfques

Iron and Low Alloy Steels in Terms of Displacements Per
Atom (DPA), E 706 (ID}

E 706 Master Matrix for Light-Water Reactor Pressure
Vessel Surveillance Standafds

E 844 Guide for Sensor Set Design and Irradiation for
Reactor Surveillance, E 706 (II€)

E 853 Practice for Analysis and Interpretation of Light-
Water Reactor Surveillance Results, E 706 {iA)

E 854 Test Method for Application and Analysis of Solid
State Track Recorder (SSTR) Monitors for Reactor Sur-
veillance, E 706 (11IB}

E 900 Guide for Predicting Neutron Radiation Damage to
Reactor Vessel Materials, E 706 (IfF)

E 944 Guide for Application of Neutron Spectrum Adjust-
ment Methods in Reactor Surveillance, E 706 (fA)

E 1005 Test Method for Application and Analysis of Radio-
metric Monitors for Reactor Vessel Surveillance, E 706
(ImA) 4

E 1018 Guide for Application of ASTM Evaluated Cross
Section Data File, E 706 (11B)

E 1214 Guide for Use of Melt Wire Temperature Monitors
for Reactor Vessel Surveillance, E 706 (IfE)

E 2005 Guide for the Benchmark Testing of Reactor Do-
simetry in Standard and Reference Neutron Fields, E 706
(IlE-1)*

E 2006 Guide for the Benchmark Testing of LWR Calcula-
tions, E 706 (lIE-2}

3. Terminology
3.1 Definitions—For definition of terms used in this test

method, refer to Terminology C 859 and E 170. For terms not
defined therein, reference may be made to other published

1 This test method is under the jurisdiction of ASTM Committee E10 on Nuclear
Technology and Applications and is the direct responsibility of Subcommittee
E10.05 on Nuclear Radiation Metrology.

Current edition approved June 10, 2001. Published September 2001. Original
published as E 910 — 82. Last previous edition E 910 — 95.

2 Annual Book of ASTM Standardéol 12.01.

2 Annual Book of ASTM Standardgol 12.02.

4 Annual Book of ASTM Standardéol 12.02. The roman numeral-alphabetical

glossaries.

§. Summary of the HAFM Test Method
4.1 Helium accumulation fluence monitors (HAFMs) are

designation at the end of this title indicates that a brief description of this standard *° SeeDictionary of Scientific Terms3rd Edition, Sybil P. Parker, Ed., McGraw

may be found in Matrix E 706.
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passive neutron dosimeters that have a measured reactiamust, however, be made for such factors as HAFM material
product that is helium. The monitors are placed in the reactoburnup, neutron self-shielding and flux depressiefrecoil,
locations of interest, and the helium generated through) (n, and neutron gradients. Corrections for these effects are dis-
reactions accumulates and is retained in the HAFM (or HAFMcussed more fully in Section 13. Generally, they total less than
capsule) until the time of removal, perhaps many years lateb % of the measured helium concentration. Since the individual
The helium is then measured very precisely by high-sensitivitycorrections are usually known to within 50 %, the total error
gas mass spectrometfyt, 2).° The neutron fluence is then from these corrections amounts 82 %. Sources of uncer-
directly obtained by dividing the measured helium concentratainty also lie in the HAFM material mass, isotopic composi-
tion by the spectrum-averaged cross section. Competing héion, and mass spectrometric helium analysis. As indicated in
lium producing reactions, such agy,§) do not, except Section 13, however, these uncertainties generally contribute
for®Be(y,a), affect the HAFM results. The range of helium less than 1 % of the total uncertainty for routine analyses.
concentrations that can be accurately measured in irradiated4.5 Applying the above corrections to the measured HAFM
HAFMs extends from 10" to 10°* atom fraction. This range helium concentration, the total incident neutron fluence (over
permits the HAFMs to be tested in low fluence environmentghe energy range of sensitivity of the HAFM) can be obtained
yet to work equally well for high fluence situations. directly from a knowledge of the spectrum-integrated total
4.2 Typically, HAFMs are either individual small solid helium production cross section for the particular irradiation
samples, such as wire segme(8¥or miniature encapsulated environment. At the present time, the uncertainty in the derived
samples of small crystals of powd@), as shown in Fig. 1. As neutron fluence is mainly due to uncertainty in the spectrum-
with radiometric dosimetry, different materials are used tointegrated cross section of the HAFM sensor material rather
provide different energy sensitivity ranges. Encapsulation ighan the combined uncertainties in the helium determination
necessary for those HAFM materials and reactor environmergrocess. This situation is expected to improve as the cross
combinations where sample melting, sample contamination, aections are more accurately measured, integrally tested in
loss of generated helium could possibly occur. Additionally,benchmark facilitieg6), and reevaluated.
encapsulation generally facilitates the handling and identifica-
tion of the HAFM both prior to and following irradiation. The 5. Significance and Use
contents of HAFM capsules typically range from 0.11010mg. 51 The HAFM test method is one of several available
4.3 Following irradiation, encapsulated HAFMs are cleanedyassive neutron dosimetry techniques (see, for example, Meth-
and identified in preparation for helium analysis. Heliumags E 854 and E 1005). This test method can be used in
analysis is then accomplished by vaporizing both the capsulgombination with other dosimetry methods, or, if sufficient data
and its contents and analyzing the helium in the resulting gasege available from different HAFM sensor materials, as an
in a high sensitivity mass spectrometer sys{gThe amount  ajternative dosimetry test method. The HAFM method yields a
of “He is determined by measuring thele-to°He isotopic  girect measurement of total helium production in an irradiated
ratio in the sample gases subsequent to the addition of aghmple. Absolute neutron fluence can then be inferred from
accurately calibrated amount 3fie “spike.” Unencapsulated his assuming the appropriate spectrum integrated total helium
HAFMs, for example, pure element wires, are usually etched tgroguction cross section. Alternatively, a calibration of the
remove a predetermined layer of outer material before heliungomposite neutron detection efficiency for the HAFM method
analysis(3). This eliminates corrections for both cross con-may pe obtained by exposure in a benchmark neutron field
tamination between samples anerecoil into or out of the  \yhere the fluence and spectrum averaged cross section are both
sample during the irradiation. known (see Matrix E 706 IIE).
4.4 The*He concentration in the HAFM, in general terms, is 5.2 HAFMs have the advantage of producing an end prod-
proportional to the incident neutron fluence. Consideratiorhct’ helium, which is stable, making the HAFM method very
attractive for both short-term and long-term fluence measure-
% The boldface numbers in parentheses refer to the list of references appendedfi@ents without requiring time-dependent corrections for decay.

this test method. HAFMs are therefore ideal passive, time-integrating fluence
i 6.4 mm
“\ \‘ 0.90R 1.3 mm
\/
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FIG. 1 Helium Accumulation Fluence Monitor Capsule
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monitors. Additionally, the burnout of the daughter product,nation of the boron conten?). Boron level down to less than
helium, is negligible. 1 wt. ppm can be obtained in this manner.

5.2.1 Many of the HAFM materials can be irradiated in the 5.5 By careful selection of the appropriate HAFM sensor
form of unencapsulated wire segments (see 1.1.2). Thesweaterial and its mass, helium concentrations ranging from
segments can easily be fabricated by cutting from a standaré 10 to 10" atom fraction can be generated and measured. In
inventoried material lot. The advantage is that encapsulatiorierms of fluence, this represents a range of roughty 0107’
with its associated costs, is not necessary. In several casescn?. Fluence (>1 MeV) values that may be encountered
unencapsulated wires such as Fe, Ni, Al/Co, and Cu, which aréuring routine surveillance testing are expected to range from
already included in the standard radiometric (RM) dosimetry~3 X 10 to 2 X 10?° n/cn?, which is well within the range
sets (Table 1) can be used for both radiometric and heliunof the HAFM technique.
accumulation dosimetry. After radiometric counting, the 5.6 The analysis of HAFMs requires an absolute determi-
samples are later vaporized for helium measurement. nation of the helium content. The analysis system specified in

5.3 The HAFM method is complementary to RM and solid this test method incorporates a specialized mass spectrometer
state track recorder (SSTR) foils, and has been used as &m conjunction with an accurately calibrated helium spiking
integral part of the multiple foil method. The HAFM method system. Helium determination is by isotope dilution with
follows essentially the same principle as the RM foil technique subsequent isotope ratio measurement. The fact that the helium
which has been used successfully for accurate neutron dosins stable makes the monitors permanent with the helium
etry for the past 20 to 25 years. Various HAFM sensoranalysis able to be conducted at a later time, often without the
materials exist which have significantly different neutroninconvenience in handling caused by induced radioactivity.
energy sensitivities from each other. HAFMs contain{B Such systems for analysis exist, and additional analysis facili-
and Li have been used routinely in LMFBR applications in ties could be reproduced, should that be required. In this
conjunction with RM foils. The resulting data are entirely respect, therefore, the analytical requirements are similar to
compatible with existing adjustment methods for radiometricother ASTM test methods (compare with Test Method E 244).
foil neutron dosimetry (refer to Method E 944).

5.4 An application for the HAFM method lies in the direct 6- Apparatus
analysis of pressure vessel wall scrapings or Charpy block 6.1 High-Sensitivity Gas Mass Spectrometer Systea:
surveillance samples. Measurements of the helium productiopable of vaporizing both unencapsulated and encapsulated
in these materials can provide in situ integral information onHAFM materials and analyzing the resulting total helium
the neutron fluence spectrum. This application can provideontent is required. A description of a suitable system is
dosimetry information at critical positions where conventionalcontained in Ref5).
dosimeter placement is difficult if not impossible. Analyses 6.2 Analytical Microbalance for Accurate Weighing of
must first be conducted to determine the boron, lithium, andHAFM Samples minimum specifications: 200-mg capacity
other component concentrations, and their homogeneities, seith an absolute accuracy of0.5 pg. Working standard
that their possible contributions to the total helium productionmasses must be traceable to appropriate national or interna-
can be determined. Boron (and lithium) can be determined byional mass standards. Additionally, a general purpose balance
converting a fraction of the boron to helium with a known with a capacity of at least 200 g and an accuracy of 0.1 mg is
thermal neutron exposure. Measurements of the helium in theequired for weighing larger specimens.
material before and after the exposure will enable a determi- 6.3 Laminar flow (optional) clean benchefor use in the

TABLE 1 Neutron Characteristics of Candidate HAFM Materials for Reactor Vessel Surveillance

Fission Neutron Spectrum

HAFM Sensor Principal Helium Thermal Neutron Cross 90 %
Material Producing Reaction Section, (b) Cross Section, Response
(mb)A Range,
(MeV)A
Li 5Li(n,a)T 942 457 0.167-5.66
Be 9Be(n,«)®He;ra’Li 284 25-7.3
B 10B(n,a)"Li 3838 494 0.066-5.25
N 14N(n,0) 1B 86.2 1.7-5.7
F 19F(n, ) 1N 27.6 3.7-9.7
AlIB 27A1(n,a)?*Na 0.903 6.47-11.9
S 325, 0)2°Si
cl 35CI(n,a)32P ~13 (Cl) 2.6-8.3
Ti® 47Ti(n,«)*Ca 0.634 (i) 6.5-12.8
Fef 56Fe(n,a)>3Cr 0.395 (Fe) 5.2-11.9
Ni® S8Ni(n,a)%5Fe 5.58 (Ni) 3.9-10.1
cu® 83Cu(n,a)*°Co 0.330 474-11.1
316-SS Helium Production Largely
ChF; \rijﬁtgiylck from®*Fe and>®Ni

A Evaluated 235U fission neutron spectrum averaged helium production cross section and energy range in which 90 % of the reactions occur. All values are obtained
from ENDF/B-V Dosimetry File data. Bracketed terms indicate cross section is for naturally occurring element.
B Often included in dosimetry sets as a radiometric monitor, either as a pure element foil or wire or, in the case of aluminum, as an allaying material for other elements.
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preparation of HAFM samples and capsules. below the threshold energy (usually in the 1-10 MeV range),
6.4 Stereo microscopewith 7 to 30 magnification, a these materials produce essentially no helium from neutron
~0.1-mm graticule, and an optical illuminator. reactions. Above this energy, however, the (n, total helium)

6.5 Electron beam weldemwith moveable platform stage, cross section generally rises fairly rapidly to a plateau from
for sealing HAFM capsules, minimum specifications: variablewhere it continues to rise relatively slowly. Generally, the
beam power to 0 to 1 kW, variable beam size capable ohigher the threshold energy, the lower the total cross section.
focusing down to a diameter of 0.5 mm. Controls must also b&he threshold reaction HAFM isotopes presently identified as
available to permit automatic control of beam duration andoeing most suitable for reactor vessel surveillanc€Beg“N,
onset and offset beam power slopes. 9F 27Al, 325, 35%ClI, %Fe,*®Ni and ®*Cu (see Table 1).

6.6 High temperature vacuum furnace for out-gassing 7.2.1.1 The two stable isotopes that have significant non-
HAFM materials, capsules, and mass spectrometer systefAreshold helium production cross sections®iieand °B. The
furnace components. Minimum specifications: 1000°C at &ross sections of these two isotopes, which are large and well

maximum pressure of 10 Torr. _ known, vary inversely with the neutron velocity below about
6.7 Micro-sand blaster/cleanerfor cleaning mass spec- 0.1 MeV. Above 0.1 MeV, the cross section behavior becomes
trometer vacuum furnace parts. more irregular, with théLi exhibiting a significant resonance

6.8 X-ray machine for quality assurance test of HAFM near 0.24 MeV.

capsules. Minimum specifications; 300 kV, 10 mA, 4-mm spot 7 5 1 > Other stable isotopes exist which have nonthreshold
size with control of source distance to 1.0 m and exposure timgea|ium production cross sections, but all are much less than 1

to 5 min. _ barn (1024 cn?). Of the radioactive isotoped’Ni, which has
6.9 General Laboratory Supplies a~12 barn thermal neutron (@) cross section, is the only one
6.9.1 Ultrasonic Cleanef—100 to 200 W, important for HAFM neutron dosimetry through the two-stage
6.9.2 Heat Lamp—250 W, and . reaction®®Ni(n,y)->Ni(n,«)*°Fe. Also included in Table 1 are
6.9.3 Optical Pyrometer700 to 2000°C. additional potential HAFM materials which are already in-
6.10 Radioactive Material Handling cluded in the standard specified RM foil and metallurgical sets
6.10.1 Lead shielding, (refer to Matrix E 706) and thus may serve a double purpose
6.10.2 Portable radioactiv@{y) counters (0.01 mrem/h 10 (see 11.1). These materials include the natural elements Ti, Fe,

100 rem/h), and , o Cu, and Ni; stainless steel dosimetry capsule material, RV
6.10.3 Radioactive waste disposal capability. steel; and Charpy block metallurgical specimens. Relevant
6.11 Reagents and Materials characteristics of the various HAFM isotopes and materials are
6.11.1 Hydrochloric Acid (HCI), (37 %), listed in Table 1. Aluminum is also often included in RM sets
6.11.2 Hydrofluoric Acid (HF), (48 %), in the form of alloys of Co and Au.

6.11.3 Nitric Acid (HNO,), (70 %),

6.11.4 Sulfuric Acid (H,S0O,), (96 %),

6.11.5 Acetone[(CH;),CO]—Reagent grade (>99.7 %),

6.11.6 Alcohol (C,HsOH)—Pure (200 proof),

6.11.7 Chloroform (CHCI;)—Reagent grade (>99.2 %),

6.11.8 Distilled and Deionized Wateland

6.11.9 Detergent Cleaning SolutioAlconox’ or equiva-
lent).

7.2.2 Activation Cross SectioasAlso to be considered in
the selection of HAFM materials is their relative activation
cross sections in typical reactor vessel neutron fields. Although
activation reactions in general do not interfere with helium
production (exceptions are cases of two-stage reactions as with
seNi, and cases where daughter products have contributing
(n) reactions such asBe(np)®He - °Li), the resulting
radioactive decay contributes to post-irradiation handling and
7. HAFM Materials analysis difficulties and, to this extent, should be minimized.

7.2.3 Neutron Self-Shieldirg-High cross section isotopes,

7.1 General RequirementsThe general requirements con- ) Lo 2 S
. 9 d such as’Li and *°B, exhibit significant neutron self-shielding

cerning the characteristics of HAFM materials fall into two S ;
broad categories:1j nuclear properties and2) chemical and surface flux depression in thermal and epithermal neutron

properties. These two categories are discussed separata vironments. '.” order _to_apply these Isotopes to reactor
below. surveillance dosimetry, dilution of these materials by alloying

7.2 Nuclear Properties is required to reduce their effective isotopic concentrations.
7.2.1 Helium Production Cross SectierConsideration Suitable alloying materials for boron and lithium at the 0.1 to

must be made for the energy range or energy sensitivity of th@-5 we|gh_t_percent I_evel are vanadpm, n|ob|gm, z_and alu_m|-
(n, total helium) cross section of the potential HAFM sensoflum. Additional details on self-shielding are given in Section
material. For any given neutron environment, the set of ) .

HAFMs or combination of HAFMs, RM, and SSTR multiple  7-2.4 Neutron Screening at Low EnergiesAn alternate
foils must be chosen to cover the entire neutron energy rang€chnique, or one that can be used in conjunction with alloying
(refer to Guide E 844). The majority of potential HAFM to reduce neutron self-shielding, is to protect the boron and

materials fall into the threshold reaction category. That islithium from low-energy neutrons by covering with appropriate
materials. Cadmium or gadolinium provides a low-energy

neutron cutoff of~0.5 eV. A considerably higher cutoff energy

7 Alconox is a registered trademark of Alconox Inc., 215 Park Ave. South, NewCan be achieved by Shielding with .bOI’OI’l carbideB FO!‘ 1
York, NY 10003. keV neutrons~4.5 cm of B,C provides~90 % attentuation.
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Because of the neutron perturbation effects g€Bhowever, previously, encapsulation of HAFM sensor material is neces-
this latter technique would be useful only at ex-vessel surveilsary in those cases where contamination, loss of sensor
lance locations. material, or loss of internally generated helium could occur. A

7.3 Sensor Chemical PropertiesVarious considerations typical HAFM capsule is shown in Fig. 1. These capsules
must be made concerning the chemical properties of thgenerally are 6.4-mm long, with outside diameters of 0.9 or 1.3
H,BAFM sensor materials. Many of the HAFM isotopes, suchmm and inside diameters ranging from 0.5 to 1 mm. To ensure
asLi, ‘Li, N, etc., are conveniently useable only in compoundno loss of internally generated helium, capsule walls must have
form. Examples of suitable compounds i€, ‘LiF, TiN, and  a minimum thickness of 0.17 mm. This is most easily verified
ZrN. In the choice of the most useful compound, consideratiorby X-ray inspection of each empty capsule from two perpen-
must be given to such factors ad) elium production and dicular angles. To minimize time and cost, the capsules may be
activation cross sections of the host element (F, Ti, and Zr irX-rayed in groups of approximately 100. Various X-ray con-
the above examplesR)homogeneity and stoichiometry of the ditions have been investigated, and from these tests, it has been
compound, §) residual impurities such as boron or lithium) ( determined that optimum capsule definition is obtained by
stability and resistance to decomposition at higher temperaenclosing the capsules in stainless steel hypodermic tubing
tures, b) alloying potential with the encapsulating material, during the X-ray procedure. The stainless steel serves both as
and @) melting and vaporization temperatures, which area convenient holder and aligning material, and it has the effect
important when it comes to releasing the helium for massf lowering the X-ray exposure to the film at the capsule edge.
spectrometric analysis. In this manner, a “sharp” material density edge for the X-rays

7.4 HAFM Material Encapsulatior-Encapsulation is nec- s achieved, resulting in a well-defined capsule edge. Following
essary for those HAFM sensor materials and irradiation conthe X-ray procedure, either the X-ray negatives or enlargement
ditions for which there is a potential for either contamination, prints can be visually scanned using a calibrated magnifier to
loss of generated helium from-recoil or diffusion, or loss of  |ocate capsules whose central holes are not concentric and
sensor material itself. This includes those HAFM compoundsyhose minimum wall thicknesses may fall outside the allow-
which are in the form of fine powders or crystals, or which mayable limits. The X-ray negatives or prints should be kept on
melt at the temperatures anticipated in the irradiation environpermanent file, with some means of identification for later
ment. The encapsulating material must be chosen so as tmcing individual capsules back to the X-ray records.
completely contain the HAFM sensor and its generated helium, g 1 1 1 |n addition to the capsule X-ray number, each
while at the same time having relatively low helium productionyapgp capsule should have an alphanumeric identification
and activation cross sections. The former is of importance fogyqe stamped on the solid base, and as well may have one or
total helium production since the entire HAFM sensor plusy,, o identifying grooves around the circumference. In this
capsule is later analyzed for helium. The latter is of importancqnanner' individual capsules or groups of capsules can be
in minimizing induced radioactivity in the HAFM capsule. jqentified remotely during post-irradiation hot cell recovery.

Further requirements are that the encapsulating material mUSt9_1,2 HAFM Material Mass—Encapsulated HAFM sensor

be reasonably durable to withstand handling before and aﬁenﬁaterials can range in mass from single crystals (for
irradiation and that the material be both machinable and g g Y

O 6 - . - -
weldable to facilitate HAFM capsule fabrication. Generally, exampl_el, B or "LiF) V\_/elghlng less than 0.1 mg to fine
qrystalllne powders weighing up to 10 mg. In each case, the

when it has been determined that the HAFM sensor materia* . . .
. . . . . _Total HAFM material mass should be determined using a
has itself the required helium retention, strength, and chemical.

inertness, the HAFM is used in the form of a “bare” wire mlcrobala}nce gnd preferably a double substitgtion weighipg

segment Without being encapsula(@) scheme, in which the §amples_ are.compared W|th the working
' standard masses. Periodic calibration of the working standards

8. HAFM Material Processing must be made relative to appropriate national or international

8.1 HAFM sensor and encapsulating materials must panass standards. Total mass accuracy, using this technique, is
analyzed for possible residual helium by pre-irradiation analy_generally better thar-0.3 pg. For single crystals, the mass is

sis of the various lot materials. In this regard, precaution@‘aSt determined prior to loading. For the finer crystalline

should be taken to ensure that no helium has been used (as %Wde(s,_ however, thg most rehgble and accurate method of
inert gas) during any stage of material fabrication. etermining the mass is by weighing the HAFM capsule before

8.2 HAFM and encapsulating materials must also be anaa—lnd after loading. ) _
lyzed for thermal neutron helium producing impurities (for 9.1.3 Capsule Welding-Because of the need to exclude air,

ously, this is most effectively done by helium analysis of aclosure of the capsule top is best accomplished by electron
sample of each lot of material following a thermal neutronb&am under vacuum. This form of welding has the additional

iradiation. The concentration and homogeneity of alloysddvantage of precise control of weld power and heating zone.
containing low weight contents of boron and lithium (discussed! |G welding, an alternate technique, would involve closure

earlier in 7.2.3) can also be determined in this way. under an inert gas atmosphere which could complicate later
helium analysis.
9. Manufacture of HAFMs 9.1.3.1 After HAFM material loading and prior to capsule
9.1 HAFM Capsules welding, thin spacer disks should be placed above the sensor

9.1.1 Fabrication and X-ray Qualification-As discussed material to reflect the heat from the weld zone (see Fig. 1). This
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is followed by partially closing the capsule top to facilitate theused to vaporize HAFM materials. For small samples @
weld process. This can be accomplished either by insertion ahg) with melting temperatures less thai800°C, the samples
a solid plug or by squeezing the top portion of the capsulean be readily vaporized in small resistance-heated 0.25-mm
together. Some gaps should be left in the capsule top to allodiameter tungsten wire coil baske®). Larger samples (>2
for complete evacuation (or inert gas backfilling) prior to finalmg), including HAFM capsules or samples with melting
closure. To further reduce HAFM sensor material heatingemperatures above 1800°C, can be vaporized in larger
during welding, the lower portion of each capsule should be irresistance-heated cylindrical graphite crucibles (4.8-mm OD,
firm contact with a suitable heat sink, “chill block.” The length 20-mm long)(2). Prior to loading, the tungsten coil baskets and
of the weld zone should be limited to the tepl mm of  graphite crucibles should be degassed in vacuum by heating to
capsule. ~1750°C for about 2 min. Vacuum furnaces have been
9.1.4 Final Capsule Weighing-As an additional aid in pre- constructed that contain up to ten individual tungsten coils or
and post-irradiation identification, the final welded capsulegyraphite crucibles. The design of the vacuum furnaces must
should be weighed to an accuracy of at leastO pg. allow vaporization of samples with masses ranging from about
Therefore, if part of the alphanumeric identification base cod®.5 to 200 mg (the heavier masses are associated with
becomes unreadable, capsule identification would still bencapsulated HAFMs). During analysis, the current through
likely. Additionally, this additional weighing step reveals any the baskets or crucibles is steadily increased until decomposi-
possible HAFM material mass loss during the welding processjon of the tungsten or graphite occurs. In this manner,
In this respect, capsule weighings before and after loadingaporization of the enclosed sample and total helium release is
should include the actual spacer disks and weld cap (ihssured. For maximum sensitivity for very low level samples,
applicable) to be used (see 9.1.3). the heating can be stopped prior to tungsten or graphite
10. HAFM Analysis decompositioq provided it can be 'ascertair?ed that all HAFM
sensor material has been vaporized. This reduced heating

10.1 Outline of Test Methoe-Determination of the helium onerally reduces the amount of helium* background” released
content in HAFM materials is made by vaporizing the materl-by the furnace itself.

als under vacuum. Immediately before the sample is vaporized
and the*He is released, a precisely-known amountide is

added tHe “spike”). After mixing of the two isotopes, the gas - 3
passes over getters that remove unwanted gases, then pas£Q§’
into the mass spectrometer volume, which is isolated from it%n

vacuum pump for “static mode” operation. The measuremenjt
of the*HeHe ratio and a knowledge of the mass of the HAFM

10.2.3.1 A third furnace type has been used to vaporize
larger metallic samples with melting points up+td200°C(8).
furnace uses a graphite crucible which is resistance heated
then maintained at a constant temperature-»900°C.
amples are dropped individually by remote means into the
eated crucible and vaporized. The fact that the furnace

material then produces the helium concentration. A recomi€mperature remains essentially constant during the analysis

mended helium analysis system has been described previouﬁ cedure reduces the uncertainty in the furnace “blank”—the

(5). Precautions must be taken to account3de that might & ount of helium attributable to the furnace itself. This
alréady be present in the HAFM (see 10.3.1). reduced uncertainty has the effect of lowering the effective

detection limit of the mass spectrometer system. Using this
10.2 Apparatus hni | ith b lvzed
10.2.1 Mass SpectrometerMagnetic sector mass spec- €Chnique, samples with masses up~t g can be analyzed,

trometer with all-metal tube and an interior volume of about 1With @ resulting helium analysis uncertainty of1 x 10°
L. The instrument should have an electron impact ion sourcétoms. In copper, this is equivalent to a helium concentration of
electron multiplier, and an electrometer with current measuring 10 atom fraction.
capability of at least 133 A with a stability of <10* A/h. 10.2.4 Getters—A system of getters should be used to
Output from the electrometer can be monitored directly via @urify the helium gas sample before it is admitted into the mass
strip chart recorder or digitally averaged for real-time computespectrometer, and to maintain a high vacuum in the mass
analysis. The mass resolving power of the mass spectrometgpectrometer while it is being operated in the static mode. The
itself should be a minimum of 50 with a mass scanning rang&etters could consist, for example, of a liquid-nitrogen-cooled
from 2 to 50 amu. Mass scanning capability is useful incharcoal trap, followed by, but separated from, a nonevapo-
checking for possible interfering background gases. In additable alloy getter (such as the SAES GT-50). Another alloy
tion, the entire system should be bakeable to 300°C. getter should be permanently attached to the mass spectrometer
10.2.2 Vacuum SystemTo minimize the time necessary to itself to maintain the vacuum while the instrument is isolated
pump away gas samples between analyses, a multiple vacud@m its ion pump during sample analysis.
system consisting of several independent subsystems should bel0.2.5 Spike SystemA network of accurately calibrated
used. Rapid pumpout can best be accomplished, especially imlumes which dispenses known quantitieSleé and*He, for
the case of helium, when sequential pumping is employed. Aalibration and for isotope dilution purposes, should be avail-
rotary pump and then a turbomolecular pump first remove mosdble. For convenience, this network can be attached directly to
of the helium very rapidly. As soon as the lower limit is the mass spectrometer line. The size and required accuracy of
reached, an ion pump is used to reduce the vacuum to a lowéne®He and*He spikes must be determined in conjunction with
level. Finally, another ion pump is used only to maintain thethe characteristics of the mass spectrometer and the analysis
mass spectrometer in the P0Torr range between analyses. lines to allow for absolute helium measurements in the range of
10.2.3 Furnaces—Several methods have been successfullyl0'° to 10'® atoms of helium to an accuracy of 1 to 2 %. Glass
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stopcocks should be used throughout the spike system rath&he small amount of helium admitted is usually about’ld:
than stainless steel valves, mainly because the stopcockETP, which does not deleteriously affect the mass spectrometer
provide a more positive and reliable barrier through whichvacuum.
helium has little chance of passing unnoticed. Another impor- 10.3.3 Gas samples from milligram-size specimens whose
tant advantage over stainless steel valves is the ease with whiblelium concentrations are above 0.1 appm are sufficiently large
the volumes between the stopcocks may be calibrated. Heliuthat a very small permeation or desorptiorfide into the mass
absorption on vacuum grease is negligible. Although most ofpectrometer can be ignored. For smaller samples, this constant
the spike system, including all the stopcocks, can be made déak becomes perceptible, and eventually its sets the detection
borosilicate glass, the volumes which are used for long-terniimit of the instrument. Thus, in all analyses, théeHe ratio
storage of helium must be made either from aluminosilicatés carefully examined for systematic increase; and, if such an
glass (Corning Type 1728)which is relatively impervious to increase is found, the ratio is measured against time and
helium, or from stainless steel. extrapolated to the exact time the sample was admitted to the

10.2.6 The spiking systems should include, in addition tomass spectrometer volume. The ratio that is obtained is the
various sizedHe and*He spikes, a standard spike mixture of helium isotopic ratio at the time the sample was introduced,
both *He and*He. This mixture is required for calibration of which does not account féHe leakage into the sample line or
the relative sensitivity of the mass spectrometer for masses fairnace. By taking a second and third aliquot of gas from this
and 4. Further, the separaltde and*He spikes can be used to sample furnace, and analyzing them as described above, results
provide additional combinations of the two helium isotopes forcan be extrapolated to give the true amountidé that was
further verification of the relative sensitivity, for verifying that released from the sample. This can be done with negligible
the individual spike systems are dispensing the expectedncertainty introduced as a result of the extrapolation, except
amounts ofHe and*He, and to cross check the calibration andfor the case of extremely small samples of helium.
linearity of the mass spectrometer system as a whole. Addi- 10.3.3.1 HAFMs that Contair"fHe—In a few cases®He is
tional calibration of the system should also be accomplishedlso present in irradiated HAFMs. If so, it must be accounted
using an independent standard source of helium concentratiofar in the mass spectrometric analysis because it would not be
Standard helium gas mixtures can be obtained from the U.Slistinguished from the’He “spike.” This isotope is rarely
Bureau of Mines. Alternatively, air, which has a known heliumformed directly by nuclear reactions, but usually occurs as the
concentration (5.24 appm), can be ugéy result of decaying tritium. In the case %fiF HAFMs, tritium

10.3 Analysis Procedure-After estimating the approximate is formed every time a helium atom is generated>lde can
helium concentration in the HAFM sample, and after deterbecome significant after a few month’s decay. Very few other
mining its mass, the sample is loaded into one of the vaporizinglAFM reactions produce tritium, but this gas can pass through
systems attached to the mass spectrometer (see 10.2.3). Afftaany metals with ease, and consequently HAFMs that have
suitable vacuum pumping (usually over night), the samples areot themselves generated any tritium can still contain this gas
ready for analysis. Immediately before the heating operatiomnd its *He daughter, just from being in a reactor core
and the release of the sample gas, an appropriately sized spikavironment. In order to measure both helium isotopes simul-
of ®He is added. Unless other released gases interfere, complasneously, therefore, a slightly modified mass spectrometric
mixing of the isotopes occurs in a few seconds. From this poinprocedure is employed. A small known fraction of the helium
on, it does not matter what fraction of gas is used for thegas released from the HAFM is analyzed for isotopic content
analysis because only the ratfélePHe needs to be deter- before, rather than after, the addition of the spike. After’the
mined. content is measured with respect to fhte, the®He spike is

10.3.1 The removal of unwanted gases released during theddded to the remainder of the gas sample, and the altered
vaporization of the sample is accomplished while the heliunisotopic ratio is measured to provide absolute concentration.
passes by the getters. The most important aspect of th@nce it has been established that thie content in a set of
operation is to make sure that as little helium as possible fronHAFMs is negligible compared with the add&de spike, this
all other sources contaminates the sample gas and changes thedified procedure is no longer required.
sample-plus-spikéHePHe ratio before it is measured. This - I
means that the purification should be done quickly. 11. Irradiation Guidelines

10.3.2 Atypical procedure is to allow the gas to expand into 11.1 Selection of HAFM Sensor MateriaiThere are sev-
the liquid-nitrogen-cooled charcoal getter, after which theeral factors to be considered in the selection of HAFM
connecting all-metal valve is closed. The gas thus trappethaterials for reactor vessel surveillance. Of primary impor-
(between 1 and 10 % of the total, depending on the size of thtance is the desired energy coverage. Since the HAFM method
furnace assembly used) is sufficient for the mass spectrometrig closely tied to the radiometric foil dosimetry method, the
determination of the isotopic composition. After about 20 s,HAFM sensor materials should be chosen to complement the
this aliquot of gas is permitted to expand into the gettervarious multiple foils present. As discussed earlier, some RM
enclosure. Finally, the gas is allowed into the mass spectronfnd metallurgical materials can provide data for both methods
eter volume which is isolated from its ion pump. It stays in thisSimultaneously. Examples of this double utilization include
volume until the isotopic ratio measurements are completedsing the “°Ti(n,p)**Sc, **Fe(n,pf*Mn, °°Ni(n,p)**Co,

seNi(n,a)®Fe,  °°Co(ny)-*°Co,  ®Cu(np)  °°Co,

B and®®Ag(n,y)*°"Ag reactions for radiometric determinations,

8 Available from Corning Glass Works, Corning, NY 14831. while at the same time using the natural Ti, Fe, Ni, and Cu, and
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the alloys Al-0.1 %Co and Al-0.1 %Ag for helium accumula- by the analysis of empty “blank” irradiated capsules, with and
tion. Beryllium has proven to be a useful dosimeter for lowwithout the etching step.
fluence applications, for example in reactor cavity locations. 11.2.1 If it is feasible, duplicate HAFM capsules of each
The’Be(n, total He) cross section is sufficiently large so as totype should be irradiated at each desired location. This will
result in measurable helium levels in the low appb range. Thgield a measure of the HAFM reproducibility and also improve
neutron energy threshold for helium generation in beryllium isthe final statistics. Unencapsulated HAFMs, such as bare wires
approximately 2 MeV. of elements or alloys, generally do not require duplication
11.1.1 Also to be considered are the masses of the variognce one piece is usually sufficient to provide duplicate or
HAFM sensor materials. Because of the relatively large rang#&iplicate analyses. In extreme cases where knowledge of the
of helium production cross sections for the various HAFMreproducibility is essential, encapsulated small crystals or
materials, each material must be assessed for its total heliugfystalline powder can be removed from the HAFM capsule
production in the particular irradiation environment. With the after irradiation and analyzed as separate lots. Inclusion of one
standard HAFM capsule dimensions described earlier, HAFMPr more empty “blank” HAFM capsules in each irradiation
material mass can range from about 0.1 to 10 mg. For very |0Venvir0nment is necessary to Verify the contribution to the total
fluence applications, slightly thinner walled capsules can b&elium from the capsule itself.
employed to increase internal volume and maximize sensof> cglculation

material mass. . . . . .
. 12.1 The total helium concentration, H, in an irradiated
11.1.2 For lower energy neutron fields, the nonthresholchAFM is calculated as follows:

HAFM materials,®Li and °B, required alloying in order to
reduce their effective nuclear density and subsequent self-
shielding/flux depression corrections. Corrections are neveryhere:
theless usually required to account for material burnup. They = total number of helium atoms measured in the HAFM,
effective energy range of the non-threshold HAFM (and m HAFM mass, (g), and
radiometric) materials can be changed by placing thermals HAFM nuclear density, (atoms/g).
neutron shields such as boron,(®, gadolinium, or cadmium 12,2 The incident neutron fluenagt, may be obtained from
around the set of HAFMs. the total helium concentration, H, as follows:

11.1.3 Consideration must also be given to the total helium ot = Hig @
produced in the encapsulating material itself. Vanadium is
often used, but for some very low (), cross section sensor where:
materials, the relative contribution from the vanadium can® = neutron fluence rate (n/cms),

H = NIMS (1)

become significant. To this end, empty “blank” HAFM cap- t = irradiation time (s), and _
sules should be included in order to determine the helium® = SPectrum averaged HAFM cross section tEm _
contribution from the encapsulating material. 12.2.1 Eq 2 assumes negligible burnup of the helium

. . : _generation material. Except for the non-threshold isotofigs,
11.1.4 Encapsulation materials other than vanadium wit Ynd 198 (see 13.3), burnup will be negligible for typical

significantly lower threshold (&) cross sections are available. i | on fl

These include platinum, gold, and alloys of these two eIementsS.ui\ée'2 2n$ie?gg:‘2n it lijsengizible from Ea 2. to calculate the

Ofthese, the gold-platinum alloys have advantages becakise (neutr.oﬁ fluence fror'n a n?easurer’nent of Iﬂ ,rovided sufficient

the alloys are physically harder than either gold or platinum { lable t tel | pr M likel

separately, and are therefore less susceptible to damage duriﬂ a are avaiabe 10 accurately caiculaie Viore Iikely,
ever, H would be used in combination with other integral

handling and ) the alloys have a lower thermal conductivity . . X :
than either pure gold or pure platinum, and this reduce?osmetry detector data, using available adjustme_nt codes (see,
electron beam welding difficulties resulting from heating of the or e_xample, Methods E 261, E 944, and Matrix E 706) to
sensor materials. An additional advantage for gold, pIatinum'?rig'Cst Itghe nr(]autrol? ?“e'.‘ce-A di d i he |

or alloys of these elements is that they can be obtained in Vergontr.ibutgrmt:o r:;;’g unce;[ltg%t SinIZEUSZZrivi?jr lleerlyjttroi f?l:geﬁite
high purities, often with extremely low (or negligible) amounts &t, obtained from HAFM or><;ther d><l)simetr data. or both is,
of boron or lithium. Boron or lithium is extremely important | y ' '

for HAFM materials to be used for pressure vessel surveillancd!€ Uncertainty inr . Experimental testing of candidate HAFM

because of the relatively high thermal neutron fluxes at typicarlnaterlals in benchmark neutron facilities, particularly fission

reactor surveillance locations. neutron spectra, will result in significant improvements in

. | derat d q h evaluated HAFM cross sections as well as providing an overall
11.2 Experimental Considerationsin order to reduce the  pecy of systematic errors (see Matrix E 706). Testing of boron
possibility of external helium contamination, HAFMs should

o . . ) , nd lithium HAFMs has already been conducted in several
be irradiated in a non-helium atmosphere if possible. If therm enchmarks(6) including the fission cavity field of the BR1
heat sinking is required to prevent HAFM overheating, argon actor at Mol Belgiun{10)
or preferably neon which has a higher thermal conductivity, o ’ _ '
may be used to surround the HAFMs. If the HAFM must bel3. Precision and Bias
placed in a helium enV|ro.nme.nt,. the resulting Swface helium NoTte 1—Measurement uncertainty is described by a precision and bias
can be removed by post-irradiation surface etching (generallytatement in this standard. Another acceptable approach is to use Type A
<10 um). The effectiveness of this procedure may be verifiednd B uncertainty componentd2, 13) This Type A/B uncertainty
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specification is now used in International Organization for Standardizatiormary isotope of interest (<0.002 %). The exception to this is
(ISO) standards and this approach can be expected to play a mofgw |evels of boron and, to a lesser extent, lithium. If the
prominent role in future uncertainty analyses. HAFM material is to be used in neutron fields which have a
13.1 Uncertainties and errors in the helium generatiorsignificant low energy neutron component, particular care must
reaction rate obtained by the HAFM method fall into four pe taken to ensure that the material has very low levels of these
general categories:l( mass, isotopic content, composition, two elements because of the very high relative helium produc-
and purity of HAFM materials;3) mass spectrometer helium tjon cross sections of the isotopt® and°®Li at low neutron
analysis uncertainties3) self-shielding, flux depression, and energies. As was discussed in Section 8, potential HAFM
other neutron perturbation corrections; am) HAFM and  materials for such low energy neutron environments must first
capsule material helium background corrections. These varioyse examined for boron or lithium impurities (or other impurity
categories are discussed below and summarized in Table 2. Fefements which might cause excessive activation) by irradia-

those cases where combinations of random uncertainties afdn in a thermal neutron source, followed by helium analysis.
possible systematic errors occur, these have been comblned13 2.1.3 Potential errors in the helium production from

foulngmﬁ thr? mlgtrg)ods (iug”:ﬁdtby Wagnfeﬁ). tai oron and lithium impurity can be assessed. Lithium is
2 It should be noted that many of the uncertainty an enerally not a problem because it is relatively volatile and
error estimates in categories 3 and 4 (for example, correctio

o ; us is most likely to have been eliminated as an impurity
for neutron self-shielding and neutron gradients) are conservearuring material fabrication. Additionally, the low isotopic

tive and are based on previous HAFM experience in breeoleébundance ofLi (7.5 % in natural lithium), combined with its

reactor-type neutron spectra. It is fully expected_ tha'_[ t.hes?ower thermal and epi-thermal neutron cross section (as com-
estimates will be improved when sufficient LWR irradiation ared to'°B), reduces the relative effect of any lithium

data are available. It should also be noted that the uncertainti 'r%purity by about a factor of 10. More consideration must be

associated with the measurement of total helium production a.‘rgeiven to potential boron impurities, however. For the higher

significantly lower than current uncertainty estimates for typl-Cross section HAFM materials, such®8e, ““N. 1%, and®5Cl.

cal reactor vessel neutron field spectrum averaged cross . . k
. a boron impurity of~1 wt. ppm could result in a background
sections (see 13.5).

13.2.1 FAFM Malerial Poperies-HARM material mass 1Ol PLOtheon 1 LAR vesse suellance ocetons o
determinations have been discussed in 9.1.2. Uncertainty AP 2 9 )

H H 56 63
mass is generally less than0.3 pg. Thus, for the usual range section HAFM materials, such &SAl, *Fe, ®*Cu, PV wall

of HAFM material mass (0.1 to 10 mg), the total uncertainty is>crapings, and Charpy specimens, however, a similar boron

impurity could produce up to 50 % of the total generated
less than 0.3 %. heli This is of particular i " o th I :
13.2.1.1 HAFM isotopic composition is of particular impor- elium. This 1s of particular importance to the wall scrapings
tance for separated isotopes and enriched or depleted isoto;ﬁﬁd Charpy specimens, because_ the compositions of the steel
compounds such a¥B or SLiF. For these materials, uncer- alloys used for PV wall construction typically contain up to 1

o : o to 2 wt. ppm of boron. This makes it necessary to determine the
tainty in isotopic composition is generally less than 0.5 %. ; . ; .
y b P g Y > horon content of the steel using archived or unirradiated

13.2.1.2 Residual impurities in HAFM materials have been . of he hiaher b levels. th .
discussed in Section 8. For ultrapure materials, impurity levelSPECIMENS. DT course, atthe higher Oron levess, t € corrept|on
account for this effect would dominate the helium coming

are generally less than several appm and are thus eneraF . . .
g y bp g om the reaction of interest. In such cases, the total helium

negligible for helium production when compared to the pri- : .
measurement would more appropriately be used to determine
the thermal or low-energy neutron fluence. However, for

TABLE 2 Sources of Experimental Uncertainty and Error . . .
dosimetry materials other than PV or Charpy specimens, the

Percent

Source of Uncertainty and Error Uncertainty, effects of a boron impurity can be significantly reduced by
(o) shielding the dosimeters with either cadmium or gadolinium.
HAFM Material Properties 13.2.1.4 Afinal source of error in this area is stoichiometry
Eﬁt'z)’\[;licmc?c;s:tent P of compounds or composition of alloys. For those compounds
Impurity effects (other than boron or <0.0002 whose stoichiometric characteristics are uncertain, as is the
lithium) S case for many nitrides, chemical analysis to determine exact
poron 21‘&"2'2‘&”;&253? effects <1020 (seetex) chemical composition is necessary. Uncertainty in this area is
Stoichiometry <1 usually less than 1 %, but this depends on the compound. For
Mass Spectrometer Analysis the low weight percentage boron and lithium alloys, boron and
issgl)t?tzuailgtjyracy ;01'5(366 o) lithium contents can be determined-ta- 2 %. It is important,
Corrections Applied to Helium however, that homogeneity be verified over the entire lot. This
Production o _ can be accomplished by irradiating representative specimens
mgﬁggg Z‘f‘gj:;f'sd'”gmux depression :12 together in a uniform thermal neutron flux, using a rotating
Material burnup (see text) holder if necessary, and subsequently analyzing the helium
a-recoil and diffusion (see text) content in each segment by mass spectrometry.
;';',‘17;5‘;2;2252."” from Capsule 13.2.2 Mass Spectrometer Analysisl'he absolute accuracy
Capsule material background <1 of the mass spectrometric helium measurements depends on
A Percent uncertainty (1) on measured helium generation rate. errors in the measurements of the indicatei@ to “He ratio,
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errors in the relative sensitivity of the mass spectrometer tanore severe environment in the Experimental Breeder Reactor
masses 3 and 4 (mass discrimination), and errors in th€EBR-II), where diffusion from many metals and through
absolute helium“ spike” added to the sample. encapsulated HAFMs has been found to be negligible for in-
13.2.2.1 Determination of the ratio dHe/He is accom- and out-of-core locations. Further tests may be required,
plished by repeatedly adjusting the mass spectrometer so tha@wever, for the special case of very small sample sizes (
the ‘He and®He ion beams are sequentially recorded. Multiple0.05 mm), discussed above.
measurements of isotopic ratios usually have less than 0.5 % 13.3.3 For the HAFM materials discussed in this standard,
1o standard deviation. helium generation by non-neutron reactions is limited to
13.2.2.2 The nearly constant mass discrimination of th&Jamma-induced helium generation in beryllium. TBe(y,He)
mass spectrometer can be determined for each day’s runs I§§0SS section has a threshold of about 1 MeV and an average
measuring théHe to “He ratio in premixed solutions or in Cross section of about 1 mb from 1 to 20 MeV. This compares
mixtures obtained from the individudHe and“He spikes. 0 an average cross section of about 300 mb for Be(n,He) in
Additional uncertainty can also arise from small sensitivitytyPical LWR spectra. For LWR dosimetry locations, the
variations during the day’s runs. Numerous measurements &@mma flux will be comparable to the neutron flux and thus the

samples with constant helium concentration have establishedédfect of the photohelium reaction in beryllium will be small to
total system reproducibility of 0.4 to 0.5 %. negligible. Consideration must be given, however, to possible

13.2.2.3 Spike system accuracy is determined from precisghhanced gamma flux due to neutron reactions with high z

calibration of the various storage and aliquot volumes in thén@terials such as cadmium that may be used as a thermal
spiking system, and from precise data obtained during eacheutron shield. _
spike system filling. With care, and proper design of the system_ 13-4 HAFM —and Capsule Material Backgrourd

absolute spike size accuracy can be maintained to better th&ffPending on the HAFM and encapsulating material, addi-
0.3 %(9). tional sources of generated helium can occur. Vanadium has a

relatively low (ng) cross section with a threshold of about 6

. : 10 . X MeV. This usually results in a vanadium contribution to the
HAFM materials, such aiLi and *B, reqire relatively large total helium production of less than 1 %. Other potential

corrections for neutron self-shielding and flux depression iq-|AFM encapsulating materials, such as gold/platinum alloys

low energy neutron environments. Such corrections require Rave significantl lower (i) cross sections. Correction for the
detailed knowledge of both the material energy dependent gri y lower (i) Cross ) . .
capsulation material contribution can be made by including

cross section and the neutron spectral shape and, therefore, Sb hnk” empty capsules in each irradiation location, o from
i : ) 0 ,
subject to relatively large potential errors (up to 50 %). I‘owcalculated reaction rate data extrapolated to the irradiation

weight percentage (about 0.1 to 0.5 %) alloys of these thI)ocation Corrections must also be made for any helium
isotopes, however, require thermal neutron self-shielding cor- roducﬁon occurring from host elements in HAFI\X sensor
rections of <4 %. Resulting uncertainty in the corrected P ds. E ? ier in SLIE. and %eTi :
helium generation should therefore be <2 %. Threshold HAF ?ﬁ%?gneséne?;r]ptﬁ;i co(nntﬁt))ljgonsl érznsmalll((ll’f)o/cla;] and
materials have (a,) cross sections sufficiently low such that as ,sucH can eitﬁer be ne -
. , glected or accounted for using

giebtlj;ron self-shielding and flux depression are entirely r‘eghf:alculated reaction rate data, as discussed previously.

13.3.1 Additional . 0 b red f 13.5 Adjusted Spectral Averaged Cross Sections
e itional corrections may also be required for such ;e rainties in calculated and/or adjusted spectral averaged
factors as HAFM material burnup and-recoil. Material

b | \v sianificant for th threshold isotopes helium production cross sectiong Y in LWR surveillance
urnéjp IS only significant for thé non-thresnold 1SOI0PES — — opyjironments may dominate the uncertainty in the derived
and®B. Depending on the irradiation facility and location

' exposure parameter values for this test method. Guide E 482,

boron and lithium burnup can range from almost zero tO\iethods E 994. E 1018. and Matrix E 706 offer procedures
0, 1 0, i i i T ! . .

>98 /° .bUt is generally kept beIowZQ % 1o maintain h_|gh .and data for arriving at these cross sections and their uncer-

sensitivity to neutron fluence. Uncertainty associated with th'?ainties

burnup correction is, however, very small. 13.6 Total Uncertainty in the Measured Helium Generation
13.3.1.1 Alpha recoil corrections are not required for encapreaction Rate-From Table 2, the total measurement uncer-
sulated HAFMs bepause the recomng_ a_Iphas are retained bt)ﬁinty (quadrature) using the HAFM technique is in the range
the capsule material. Effects af-recoil in unencapsulated of 2'to 3 %, This estimate is valid for dosimeters that contain
HAFMS can be nullified by etching the HAFMs after the 4t |east 18! atoms of helium (18 atoms for materials with
irradiation to remove the affected surface altogether. Accordmemng points below~1200°C). This is significantly lower
ingly, the samples are selected before the irradiation to have @an current uncertainty estimates in typical reactor vessel
sufficient size for this procedure. In special cases (€.g., Pressuytron field unfolded spectrum averaged cross sections. As a
vessel wall scrapings), optimum size samples may not bgsgylt, the uncertainty in the derived neutron fluen {rom

available. For these cases, complete removal of the affectagarn and other dosimetry data is currently limited by this
surface by etching may not be possible, and a small correctiogoss section uncertainty.

for a -recoil effects may be required. _

13.3.2 Helium loss by diffusion is not expected to occur in14. Quality Assurance
the alloys and metals presently contemplated for dosimetry in 14.1 Because of the importance of reactor pressure vessel
LWR environments. This is supported by evidence from thesurveillance to reactor safety, all facets of the use of helium

13.3 Helium Production Corrections-Non-threshold

10
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accumulation fluence monitors for reactor pressure vessébllow the irradiation, including any sample surface etching, or

surveillance must follow an established set of procedures teample segmentation.

maintain the accuracy and traceability of the dosimetry results. 14 2 4 Document all procedures used and data obtained
Information required for the proper use and interpretation ofyyring mass spectrometric analysis of the HAFM, including

data obtained from the HAFM method are contained iNgate and time of analysis, helium spike information, mass

pri\:llc;usssec;;pnj. tati . s related to HAF pectrometer discrimination factor, and special procedures
) peciic documentation requirements related to uch as those used for the simultaneous measureméhteof

design, fabrication, and analysis are as fqllqws. . and ‘He. Document all corrections to the data, including
14.2.1 Document all data and uncertainties relating to th%ack round subtractions. Document all uncertainties

HAFM sensor materials, including origin, purity, lot number, 9 ' o '
and stoichiometry. A knowledge of the precise stoichiometry is 14.2.5 Document all data and uncertainties used to convert
of particular importance for nitrides and oxides. In all casegneasured helium concentrations to reaction rates, including
where there are significant low-energy or thermal neutrons, theeactor time-history, contributions of helium from the encap-
impurity concentrations of boron and lithium must be ex-sulating material or other constituent elements such as zirco-
tremely low or accurately determined. Accurate determinatiomium in ZrN, and other corrections such as those for neutron
is also required, of course, if boron or lithium themselves areself-shielding.

the desired primary sensor materials. This would be the case, 14.3 Quality assurance procedures associated with the reac-
for example, for alloys such as Al-B or Al-Li, as described in tor surveillance irradiation, including the design and location
7.2.3. Additional information on the importance of boron andof sensors in dosimetry sets, and the use of the HAFM reaction
lithium is given in 8.2 and 13.2.1.3. rate data for surveillance analysis, are given in other ASTM

14.2.2 Document all procedures used and data obtainegangards (for example, Guide E 844, Practice E 853, Guide
during HAFM capsule fabrication, including capsule X—rayEgoo and Practice E 944).

number, sensor material and mass, capsule mass, encapsulat|n§44 Al d dd tati th intained
material, mass loss during welding, and leak check results. ~™ procedures and documentation must beé maintaine

Document all uncertainties. and accessible for a time period long enough to ensure

14.2.3 Document all sample preparation procedures thavailability for the full operating life of the reactor. This time
period can be 20 to 40 years or longer.
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with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity of any such
patent rights, and the risk of infringement of such rights, are entirely their own responsibility.
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