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THE DOS 1 NEUTRON DOSIMETRY EXPERIMENT AT THE HB-4-A KEY 7
SURVEILLANCE SITE ON THE HFIR PRESSURE VESSEL*

q

K. Farrell, F. B. Kam, C. A. Baldwin, J. V. Pace, III,

W. R. Corwin. L. Robinson, F. F. Dyer, F. M. Haggai.,
_" F.W. Stallman, B. M. Oliver _, and L. R. Greenwood_

ABSTRACT

A comprehensive neutron dosimetry experiment was made at one of the prime
surveillance sites at the High Flux Isotope Reactor (HFIR) pressure vessel to aid
radiation embrittlement studies of the vessel and to benchmark neutron transport
calculations. The thermal neutron flux at the key 7, position 5 site was found,
from measurements of radioactivadon of four cobalt wires and four silver wires,
to be 2.4 × l0 _2n'm2's _. The thermal flux derived from two helium
accumulation monitors was 2.3 × 10_2n.m2.s "_. The thermal flux estimated by
neutron transport calculations was 3.7 × 10_:n'mZ's _ The fast flux, >1 MeV,
determined from two nickel activation wires, was 1.5 × 10_2n'm2.s _, in keeping
with values obtained earlier from stainless steel surveillance monitors and with a

computed value of 1.2 × 10_2n.mZ's _. The fast fluxes given by two reaction-
product-_'pe monitors, neptunium-237 and beryllium, were 2.6 x 10_3n.m-_.s_
and 2.2 x 10_3n.m2.s _. respectively. Follow-up experiments indicate that these
latter high values of fast flux are reproducible but are false: they are due to the

.,, creation of greater levels of reaction products by photonuclear events induced by
an exceptionally high ratio of gamma flux to fast neutron flux at the vessel.

1. BACKGROUND

When the High Flux Isotope Reactor (HFIR) was commissioned in 1965, a surveillance

program was initiated to periodically measure any service-induced changes in the mechanical

properties of the reactor's ferritic steel pressure vessel. Racks of surveillance packages, each

containing three Charpy impact test specimens of the vessel materials, are located at sensitive

positions around the inside surface of the vessel at the horizontal centerline of the core. These

•, *Research supported in part by the Office of Nuclear Regulatory Research, U.S. Nuclear

Regulatory, Commission, under Interagency Agreement DOE 1886-8109-8L with the U.S.
Department of Energy and in part by the Division of Materials Sciences, U.S. Department of

_' Energy, under contract DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
"tRockwell International Corporation, Canoga Park. California.
:l:Battelle Northwest Laboratories, Richland, Washington.
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packages are removed at prescribed intervals, and the Charpy bars are tested to check for any

deterioration in crack resistance. A single stainless steel flux monitor wire is carried in the ,

aligned vee notches of the Charpy bars, and the gamma ray emissions from decay of Co 58 and

Mn54produced by activation of Ni and Fe in the wire are measured to obtain the fast flux, -,

>1 MeV. The neutron spectrum is derived by neutron transport calculations. No comprehensive

dosimetry has been done to experimentally confirm the calculated neutron spectrum at the

vessel.

In 1986, the surveillance program revealed that the Charpy specimens were becoming

embrittled at a faster rate than was expected from the test reactor data used to design the

reactor. _ A search for the cause(s) of the accelerated embrittlement is centered on potential

effects of very, low neutron flux and softened neutron spectrum. :_ These features, and the low

temperature (~50°C), are also common to the vessel support structures of commercial power

reactors. Therefore, the Nuclear Regulatory, Commission (NRC) and the Division of Materials

Sciences of the Office of Basic Energy Sciences of the Department of Energy are cooperating to

investigate the embrittlement via the NRC Heavv-Section Steel Irradiation (HSSI) Program at- e.

Oak Ridge National Laboratory (ORNL). One goal of the investigation is to determine the

neutron fluxes and spectra at the vessel surveillance locations. _.

The surveillance sites at the HFIR pressure vessel are known as "keys." There are seven

of these keys located as shown in Fig. 1, which is a horizontal cross section through the reactor

at the core midplane. Four of the keys, Nos. 1, 2, 3, and 4, are carousels that encircle the four

beam tubes, HB-I, etc. Keys 5, 6, and 7 are horizontal racks on the beltline. Each rack or

carousel is slotted to hold five to ten flat, stainless steel cans containing the Charpy bars. The

racks and carousels stand off from the vessel at a distance of only 10 to 20 mm, the gap being

filled with water. Thus, the exposure lead factor at the cans is minimal, and the surveillance

specimens receive neutron exposures that should be representative of those at the inner surface

of the pressure vessel. Much of the surveillance data was obtained from Charpy specimens

removed from the key 7 position. Accordingly, determinations of flux and spectrum have

focussed initially on the key 7 position.

Results from early neutron transport calculations _ of the spectrum at three positions in _'

the key 7 rack are listed in Appendix A. These indicate that the fast (>1 MeV) flux is in the

range 1.5 to 2 x 10_-_n.m"-.s_ and the spectrum is considerably softened, with thermal "

(E < 0.414 eV)-to-fast flux ratios in the range 28 to 75. These data provided the basis for a



3

ORNL-DWG 92M-15808R

-. KEY 7
N

SEAM WELD 1
2

I,, REACTOR PRESSURE 3 4

VESSEL _ WATER 5

(0.6m) 6 1

KEY HB-4 7

HB-1 KEY 6 8
1 KEY 4

KEY 1 TARGET 4
IC3 KEY 5

INNER BERYLLIUM
ELEMENT REFLECTOR

OUTER FUEL (0.3 m)
ELEMENT

CONTROL
PLATES

6

_C2
HB-3

HB-2
"= KEY

2

NOZZLEWELD

Fig. 1. Horizontal cross section through tile High Flux Isotope Reactor at the core

midplane, showing locations of the surveillance keys on the inner face of the vessel wail, and

tile position of the DOS 1 experiment in tile key 7 rack.

%



4

model showing that a soft spectrum could cause tile accelerated embrittlement of the surveillance
• 3 3 "

specimens.-' It was later recognized that when tile original spectrum calculations were made,

the primary goal had been to determine the fast flux, and although a thermal flux was also

developed, it was considered to be in error because the transport cross sections had been

produced to examine non-thermal systems. Consequently, late in 1991, the flux computations

were repeated using more relevant, updated transport cross sections and more sophisticated

transport codes. The procedures 6 used are given in Appendix B. The computations were

extended 7 to cover other surveillance keys, too. The results for all eight positions in the key 7

site are given in Appendix C. These new calculations for key 7 give thermal fluxes an order of

magnitude lower than the older ones.

These disparate flux estimates created an unsatisfactory situation. Although the newer

calculations were believed to be more reliable, it was acknowledged that an experimental

measure of thermal flux was required to settle the issue and to provide a concrete benchmark for

calibration of future computations. The issue was considered important enough to justify a

prompt dosimetry experiment. The HFIR vessel surveillance sites are accessible only during ""

fuel changes, and because there was only one more fuel cycle scheduled before a planned,

prolonged maintenance shutdown of the HFIR occurred, an immediate dosimetry experiment,

named the DOS 1 experiment, was instituted. A preliminary report 8 of this experiment was

delivered to the NRC in April 1992 pending further investigation of some ambiguous results.

The measurenlents of thermal flux were conclusive and were in fair agreement with the new,

calculated thermal flux. Unexpected and unusual results were obtained for the fast flux. The

exceptional nature of these fast flux data has drawn searching scrutiny. This has not only

diverted attention from the successful procurement of the thermal flux data but has created a

demand for a detailed description of the experiment that goes beyond the norm. This final

report of the DOS 1 experiment is construed to satisfy that demand.

2. EXPERIMENTAL DETAILS

2.1 THE IRRADIATION LOCATION

The surveillance site chosen for the DOS ! experiment was the HB-d-A, key 7 location, ,,'

which is on the beltline adjacent to, and on the high fluence side of, beam tube HB-4. The

key 7 site is regarded as being symmetrical with key 6, and the neutron fluxes slaould be similar.
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The other keys see dissimilar flu_es because of various degrees of neutron streaming or

" shielding by beam tubes and other equipment. The key 7 rack has slots for eight surveillance

capsules, as shown ill the insert i,i Fig. 1. The number 5 position was occupied by a spare
"t,m

surveillance package whose te,qlporary removal to accomrnodate the DOS 1 package would not

compromise the surveillance program. Accordingly, key 7, position 5 was used for the DOS 1

dosimeter package.

2.2 THE CONTAINER

This experiment was intended to reproduce tile physical conditions in a surveillance

package. Therefore, the vehicle selected to carry the flux monitors was a standard surveillance

can provided from the inventory of the surveillance program. These cans are manufactured from

304L stainless steel to HFIR standards in accordance with HFIR drawing No. E49945, Rev. C,

dated 9-25-87. An excerpt from this drawing, giving the major dimensions of the can, is

displayed in Fig. 2. The inside of the can is sized to hold three Charpy impact specimens, side

.- by side. The particular can used in this experiment had tile identity number 87-13 engraved on

its bottom edge, opposite the bail. Further details of this container are available in its quality

•- assurance documents recorded in File JOB 5-1-143 in the Research Reactors Division (RRD)

Document Control Center. To distinguish the carl easily from surveillance packages in the key 7

rack under water, the upper surface of its bail was engraved with the characters DOS !, and a

notch was cut into the bail.

To simulate the mass of three ferritic steel Charpy bars, a pair of carbon steel dosimeter

holder blocks were machined to the dimensions shown in Fracture Mechanics Group drawing

No. DOSHDH01 r. 0, dated 10-1-92 (see Fig. 3). Five matching, closed slots were cul into the

mating surfaces of the two blocks. One block was laid ill the stainless steel can, thce up, and

with slot I toward tile bail. A preassigned vial of dosimeter materials was laid ill each slot, and

a photograph (see Fig. 4) was taken to verify and record the positioning of the vials. The

matching block was then placed litce down over the first block to sandwich the vials in the slots.

The stainless steel cover plate was placed over the blocks, and the assembly was clamped

" between two large, alunlinunl plate heat sinks with just 3 mm of one edge protruding. This edge

was sealed by tungsten arc welding under an argon cover gas, following procedure WPS-307-

"' ASME2, as specified in drawing No. E49945, Rev. C. Three of the four edges were welded in

this manner, leaving tile bottom edge (opposite tile bail end) unsealed. The package was

transferred to a glove box where it was pumped under vactmm overnight, l telium gas was then
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admitted to the glove box, and the open edge of the can was sealed by heliarc welding. This

closure welding in helium was performed to ensure that the can was filled with helium to .

facilitate subsequent helium leak detection, a requirement of the procedure for the assembly of

surveillance packages. ,,

Following welding, the assembly was helium leak tested as specified on the capsule

drawing. The package was then subjected to a hydrostatic pressure of 67.9 MPa for 5 min to
i

collapse the cover plates onto the dosimeter holder blocks in order to maximize heat transfer

during irradiation. The outline of the blocks was clearly visible in the cover plates after

pressurization. Helium leak testing was repeated with no signs of leaks, and the package was

cleaned in acetone and alcohol in accordance with HFIR Procedure RRD-JS-31, Rev. 0. The

weld inspection reports and leak testing reports were submitted to the Reactor Experiments

Officer with the DOS 1 irradiation request documents.

2.3 FLUX MONITOR MATERIALS AND LOCATIONS IN PACKAGE

The purpose of this experiment was to measure the flux of thermal neutrons.
..

Accordingly, the majority of the monitors were thermal neutron response types. The selection of

monitor materials was limited by two factors: a low activation level because of the low fluxes

and short exposure period, and an expected delay period of several days between cessation of

exposure and retrieval of the specimens. The delay was due to a combination of cooldown

requirements for the reactor and the time needed to recover the container and dismantle it. So,

weakly activating and materials with short-lived activity were eliminated. The choice fell on

wires of Ag, Au, and Co, which were available onsite in our dosimetry inventory. Even with

these materials, it was necessary to use them in their pure, concentrated state rather than in their

more conventional, diluted (alloyed) condition in order to achieve measurable levels of

activation. The wire sizes were 0.25 to 0.50 mm diam by 10 to 30 mm long, weighing 9 to

60 mg. Their sources and chemical analyses are given in Appendix D.

The fast flux was addressed primarily with wires of pure Ni to simulate the Ni activation

measured on the standard stainless steel monitor wire used in surveillance capsules. To provide

backup measurements of last flux from a different material, a conventional fission-type monitor
t,i

of Np 237 was included. The Np was in the form of a compacted wire of NpO 2 sealed in a small,

welded vanadium capsule. This was an off-the-shelf monitor from a production batch that has a
b

supplied such monitors for many dosimeter experiments. Incorporation of a fission monitor in

the experiment required the use of a shielding material to reduce the number of thermal neutrons



reaching the monitor. For that reason, the Np capsule was enclosed in a gadolinium vial. The

: gadolinium vial was also used to hold some of the thermal neutron activation wires to determine

the activity contribution from neutrons with energies above the gadolinium cutoff energy.

This experiment provided an opportunity to use and test some different, non-activation-

type dosimeters that have proved to be very satisfactory in dosimetry experiments elsewhere.

These are helium accumulation fluence monitors (HAFMs). They are described in American

Society for Testing and Materials (ASTM) Standard E910-89 (ref. 9). HAFMs produce a stable

reaction product, helium, that can be measured accurately. An advantage of HAFMs is that

since the reaction product does not undergo radioactive decay, they can be measured at leisure,

and pieces can be stored indefinitely for future remeasurement, if desired. Tile HAFMs chosen

for this experiment consisted of wires (0.5 mm diam by 12 to 14 mm long; 7 to 8 mg mass) of

AI-0.7 wt % Li and AI-0.5 wt % B for thermal neutron measurements and chips (--8 nag) of 13e

for fast neutrons. These HAFMs were provided by Rockwell International Corporation from

their characterized stock; their chemical analyses are given in Appendix D.

• " These monitor materials were packaged in five vials, one for each of the slots in tile

dosimeter block. Each vial did not contain the same monitors. Details of the vials and their

contents are given in Table 1. The identities of the wires in each vial were discriminated by

their diameters, lengths, and masses. Four of the vials were made from 6061-T6 aluminum

- alloy. The fifth vial was tile aforementioned gadolinium shield for the Np monitor. All five

I vials were of equal dimensions and were hollow cylinders machined from solid rod stock, with
•- one blind end, and the other end closed with a push-fitted plug. Figure 5 is a sketch of the

gadolinium vial; the wall thickness was .035 in. (0.9 mm). One of the aluminum vials was

assigned to carry all tile HAFMs and no other monitors. This vial, on which was retained its

original as-manufactured identity nttmber of H51, was sealed by electron beam welding in

vacuum to protect the HAFMs from contamination by tile heliunl atmosphere in the outer

container of the experiment. After welding, the H51 vial was leak tested to ensure its integrity.

The other four vials were closed by plugging them, then wrapping them tightly with aluminuna

foil to secure the plugs. All vials were engraved with their I.D. marks. Additionally, the tbttr
,iw

foil-wrapped vials were clearly marked with a permanent felt-tip pen. Tile positions of the vials

_, in the dosimeter block are given in "Fable 1 and are repeated in a simpler format in Table 2.

Vial C in slot 3 is a duplicate of vial B to test whether the proximity of the gadolinium vial in



Table 1. Identification of monitor materials and their wrapper materials

Experiment/Location: HFIR DOSIHETRYEXPERIHENTaCYCLE305 / HB-4-A t[KEY7). POSITION 5. CONPACTSLOTNUMBER1

Container - ID: A Material: GADOLINIUM - Dimensions: 4.83 mmO0 x 3.05 m ID x 23.4 mm - Mass: 2.29 g Loaded by: CAB

Batch Hateriat Encapsulated monitor descript|on Comments
Material Supplier number Description mass --(rag) Mat. IX) Length Mass Ident

Au Johnson 1521 0.25 mmdia x 10 mmwire 9.028 NA
Matthey Lot#10967A

wire is forded
Ag Johnson Wl10_._ 0.25 mmdia x 30 mmwire 15.641 NA in half

Matthey Lot#11468 __-

Co ORNL Lot # 1 0.50 mmdia x 10 mmwire 17.98] NA

Ni MRC 28/006344- 0.50 mmdia x 30 mmwire 60.523 NA wireinhatfisfolded
020481

V _ 1.2_ 8.64 54.2 #10 welded vanadium .-

237Np02 ORNL 83-1 0.46 mmdia oxide wire Np02 9.368 mm _mm __mg _ container

-2_1237N---_ elemental mass8.253

ConL..



Table 1 (ConL)

Experiment/Location: HFIR DOSINETRYEXPERIMENT,CYCLE305 / HB-4-A (KEY 7), POSITION 5, COMPACTSLOTNUMBER2

Container - ID: B - Material: At-6061-T6 - Dimensions: 4.83 mmO0 x 3.05 nm ID x 23.4 mm - Mass: 0.78 g Loaded by: CAB

Batch Material Encapsu[ated monitor description
Material Supplier nund_er Description mass Conlnents

(nKj) Mat. OD ID Length Mass |dent

Au Johnson 1521 0.25 nl_ dia x 10 _mnwire 8.263 NA
Hatthey Lot#10967A

Ag Johnson Wl1073 0.25 mmdia x 30 ntn Mire 15.753 NA Mire is folded
Matthey Lot#11468 in half

Co ORNL Lot # 1 0.50 mmdia x 10 mmwire 18.723 NA

Experiment/Location: HFIR DOSIHETRYEXPERIHENT,CYCLE305 / HB-4-A (KEY 7), POSITION 5, COMPACTSLOTNLIHBER3

Container - ID: C - Material: A[-6061-T6 - Dimensions: 4.83 nnO0 x 3.05 nwnID x 23.4Mn - Mass: O._g Loaded by: CAB

Batch Material Encapsulated monitor description
Hateria[ SucH_lier nun_oer Description mass Comments

(nKj) Mat. O0 ID Length Mass Ident

Au Johnson 1521 0.25 mmdia x 10 nn wire 8.496 NA
Matthey Lot#10967A

Ag Johr_son Wl1073 0.25 mmdia x 30 mmwire 15.362 NA wire is folded
Matthey iLot#11468 in half

Co ORNL Lot # 1 0.50 nin dia x 10 mmwire 18.623 NA

Cx)I]L..



Table 1 (ConE)

Experiment/Location: HFIR DOSIHETRY EXPERIMENT, CYCLE 305 / HB-4-A (KEY 7_l. POSITION 5, COMPACTSLOT NUMBER4 (TO BE RETURNED TO ROCKWELL)

Container - ID: H51 - Material: AI-6061-T6 - Dimensions: 4.83 mm OD x 3.05 mm ID x 23.4 mm - Mass: 0.78 g Loaded by: CAB

Batch Material Encapsulated monitor description

Material Suppt ier number Description mass , Comments
(mg) Mat. IX) ID Length Mass Ident

0.7 wtg Li/At Rockwell Lot # 5 0.50 mm dia x 12 mm wire 6.965 NA

0.5 wtg B/At RockweLL Lot # 6 0.50 am dia x 14 am wire 8.188 NA

99.99g Be Rockwell Lot # 7 flFIR-Be-2 8.840 NA 3 chips wrapped
2 mm x 2 am x 7 mm chips total in aluminum foil

b.)

Experiment/Location: HFIR DOSIHETRY EXPER|NENTj CYCLE 305 / HB-4-A (KEY 7'). POSITION 5. COMPACTSLOT NLINBER5

Container - ID: D MateriaL: At-6061-T6 - Dimensions: 4.83 tam O0 x 3.05 mm ID x 23.4 mm - Mass: 0.78 g Loaded by: CAB

•Batch Material EncapsuLated monitor description

Material SuppLier number Description mass Comments
(mg) Mat. O0 ID Length Mass Ident

".,u Johnson 1521 0.25 mmdia x 10 mmwire 8.185 NA

Matthey Lot#10967A

Ag Johnson Wl1073 0.25 am dia x 30 am wire 15.669 NA wire is folded
Matthey Lot#11468 in half

co ORNL Lot # 1 0.50 am dia x 10 am Mire 18.023 NA

Ni MRC 28/006344- 0.50 mmdia x 30 am wire 58.423 NA wire is forded
020481 in half
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Table 2. Position assignments for the monitor vials

Slot No. Vial ID Vial Cover Monitor Materials

1 A Gadolinium Ag, Au, Co, Ni, Np

2 B Aluminum Ag, Au, Co

3 C Aluminum Ag, Au, Co

4 H51 Aluminum HAFMs: Al-Li, AI-B, Be

5 D Aluminum Ag, Au, Co, Ni
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slot 1 had a depressive influence on the thermal flux in vial B, adjacent to the gadolinium.

Vial D is at maximum distance from B to check for any vertical flux gradients in the capsule. "

2.4 IRRADIATION SCHEDULE

The request for irradiation of the DOS I package was submitted to RRD on

January 10, 1992, and approval was received on January 21, 1992. The DOS 1 package was

placed in the HB-4-A, key 7, slot 5 position during the fuel change at the end of cycle 304 on

January 26, 1992. It was irradiated for the duration of cycle 305, beginning January 30, 1992,

and ending February 27, 1992. During this period, the reactor experienced two unplanned

shutdowns, one for 6 rain on February 6, 1992, and the other for 5.5 d beginning February 16

and ending February 21, 1992. The accrued reactor power at 85 MW was 1875.46 MWd.

Figure 6 is a schematic depiction of the power-time history. Further details are on file with the

authors or can be obtained from the HFIR operations logbooks.

The DOS 1 capsule was recovered from the reactor on Sunday, March l, 1992, at which

time it gave an exposure reading of 25 mR at contact. ,.

2.5 DISASSEMBLY OF CAPSULE

On Monday, March 2, 1992, the DOS 1 capsule was transferred to cell 10 in

Building 3525. On Tuesday, March 3, 1992, the front cover of the capsule was freed by milling

off the welds along the protruding edges of the cover plate. The upper section of the dosimeter

block was removed, and it was reaffirmed that tile correct vials were in their correct slots in

correct orientation with respect to tile body bail. The vials were lifted from their slots

individually with tweezers and placed in plastic bags. The bags were transferred from the hot

cell to an open bench top where the four aluminum-wrapped vials were opened by hand, and the

individual monitors were placed in pre-labelled plastic bottles, ready for gamma counting. The

HAFM vial was shipped intact to Rockwell International Corporation.

3. MEASUREMENTS AND RESULTS

3.1 RADIOACTIVATION MEASUREMENTS - METHODOLOGY

Gamma emissions from the radioactivated wires were measured in the neutron activation

laboratory at the HFIR. Several spectrometers were utilized, with counting geometries as listed

in Table 3. The germanium detectors in the spectrometers are calibrated with standards
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Table 3. Gamma-counting conditions for the DOS 1 flux monitors

Monitor Detector Counting Geometry Date Counted _

A-Au 3 150 03/06/92

B-Au 4 150 03/06/92

C-Au 1 150 03/06/92

D-Au 3 150 03/06/92

A-Np 4 150 03/06/92

A-Ag 3 80 03/06/92

B-Ag 4 80 03/09/92

C-Ag 3 80 03/09/92

D -Ag 4 80 03/09/92 o_

A-Ni 3 80 03/09/92

D-Ni 4 80 03/09/92

A-Co 3 80 03/10/92

B-Co 4 80 03/10/92

C-Co 4 80 03/10/92

D-Co 4 80 03/10/92



17

traceable to the National Institute of Standards and Technology (NIST). Periodic quality control
b _

checks are made (daily, when making measurements) to verify that the efficiencies of the

particular counting geometry are correct and that all components of the spectroscopy system are

functioning correctly. Calibrations are perfbrmed with weighted portions of a solution of mixed

radionuclides, designated QCY.48, produced and sold every 6 months by Amersham

International, pie. Appendix E is a copy of the specification sheet of QCY.48. The daily

quality control check is made with a 6°Co source that was purchased from Amersham and is

traceable to NIST. The activity determined from this source is allowed to differ from the

specified value by no more than 5%. If the observed difference exceeds this value,

meas_rements must cease until the error is corrected. Caliorations of the energy scale of the

spectrometer systems are made with a sample of 2nU that emits gamma rays with energies in the

range 238 to 2614 keV.

3.2 RADIOACTIVATION DATA

., The measured activities per unit mass, and the computed activities estimated using the

calculated spectrum for key 7, position 5, are given in Table 4. The calculated spectrum is

.,,. available in Appendix C. The radioactivation data in Table 4 are grouped by monitor material.

Within the groups, specific monitors from different locations in the irradiation capsule are listed

from vial A (slot I at top of capsule) through vial D (slot 5 at bottom of capsule). This

arrangement permits a rapid visual comparison of the data to detect any nonuniformity of

neutron flux field from top to bottom of the capsule and to identity' any inconsistcncics within

the groups. The ratio of computed-to-measured (C/M) activity also flags any deviants. In a

uniform llux field, the activities of the unshielded thermal neutron monitors I3, C, and I) in a

material group should be similar to each other and should be considerably higher than the value

tbr the gadolinium-shielded wire from slot A. A perusal of Table 4 shows that the data tbr all

the Ag and Co wires meet these criteria; those lbr some ot"the Au wires do not. l'he activity

measured on th_ supposedly unslJ;clded B-Au wire is much lower than for the other two

unshielded C-Au and D-Au wires and is considerably less than for the supposedly shielded Au

"" wire. Obviously, there has becn an inadvertent switch in the Au _vircs; the one labelled I?,-AH

must really be A-Au. Also, the other three Au wires have lower activities than expected, as

evidenced by their high C/M ratios. The half-life of the t'_SAuisotope is short, only 2.7 d, and

by the time the errors were recognized, it was too late to make repeat naeasuremcnts to rc:_olvc
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Table 4. Activities of flux monitors

(A sample date of 2/27/92 at 08:28 was used in all cases.) ',

II i iI i llil l 7_ II I ii11 ii I i I i- IH I!JlU I I r i

Measured Calculated "

Cover Ac',ivity, M Error Activity, C Ratio
Sample ld Material Nuclide (Bq/g) 1 stgma (Bq/g) C/M

A-Ag Gd Ag-110m 2.54E4 1E2 1.40E4 0.55

B-Ag Al A_- 110m 1.38E5 2E2 1.82E.5 1.32

C-Ag AI Ag-110m 1.48E5 5E2 1.82E5 1,23

D-Ag AI Ag-110m 1.54E5 6E2 1.82E5 1,18

A-Au Gd Au- 198 4.17E7 1E5 5.84 E6 0.14

B-Au AI Au- 198 8.26E6 5E4 8.59E7 10.4

C-Au AI Au- 198 5.90E7 2E4 8.59E7 1.46

D-A u Al Au- 198 5.52E7 1E5 8.59E7 1.56

,4.

A-Co Gd Co-60 2.59E4 1E2 2.35E4 0.91

B-Co AI Co-60 5.53E5 1E3 7.58E5 1.37 _"

C-Co AI Co-60 5.77E5 2E3 7.58E5 1.31

D-Co AI Co-60 6.11E5 2E3 7.58E5 1.24

A-Ni Gd Co-58 5.18E4 2E2 4.24E4 0.79

D-Ni AI Co-58 5.38E4 2E2 4.24E4 0.82

A-Np Gd Ba-140 3.99E5 1.4E5 1.97E4" 0.049
"" "'" "_" "_;', ,, ,' ' ' ' , " ' ,m , ; , , :

*Includes fission yield

d
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tile situation. Because of these irregularities, all of the Au data are excluded from further
,J

analysis.

Among the remaining thernaal flux monitors, Ag and Co, there is consistency, and a

general trend of slowly increasing activity from vials B (slot 2 near the top of the capsule)

through C to D (slot 5 at the bottom of the capsule) is discernible. Whether this pattern is due

to the presence of the gadolinium vial in slot 1, or to a genuine nonuniformity of thermal flux

field, is not clear.

With regard to the last flux. monitors, the activity of the A-Ni wire, irradiated in the

gadolinium vial, should not be affected by the gadolinium. This seems to be verified by the

close correspondence of the activities of the A-Ni wire and tile unshielded D-Ni wire from

slot 5. The very slight difference in the two values indicates that there is little or no gradient in

fast flux from top to bottom of the capsule. The extremely low C/M ratio tbr the shielded Np

fission monitor indicates a problem there, which will be discussed in detail later in this report.

-" 3.3 DETERMINATION OF NEUTRON FLUXES FROM RADIOACTIVATION DATA

Neutron fluxes were derived from the nuclide activities via the procedures described in

the following ASTM standard practice manuals"

E 261" Practice for Determining Neutron Fiuence Rate, Fiuence, and Spectra by

Radioactivation Techniques.

E 262' Test Method for Determining Thermal Neutron Reaction and Fluence Rates hv

Radioactive Techniques,

E 264" 7Es't Method fi)r Measuring Fast-Netttron Reaction Rates bl, Radioac'tivalion o.f

Nickel.

I" 481' Test Method.for A#asuring Neutron Fluem.'e Rate hy Radioactivalion oJ ('ohall

and Silver,

E 705: Test Method.figr Measuring Rectction Rates hv Radioaclivalion q[Nel_ttmittm-237,

E 944: Guide for Application c?['Ne_ttron Spectrum Adjustntent Methods in Reactor

•.. Surveillance.

The relevant data are presented in "Fable 5,

m,
d



Table 5. Neutron fluxes obtained from the radioactivation monitors

Product Reaction
nuclide Disinte- Rate Per

activity gration Fission Saturation Target Cross Neutron Neutron
slot/ @ removal rate Yield Factor Atom Section Flux Flux
Vial Reaction 111 ATOR NO h Y SF ASAT o _1(2) _2 (3|

(Bq/mg) (atcm/mg) (s "1 ) (barns) (n.m'2.s -1 ) (n.m'2.s "1)

IIA 59Co(n,_)6°Co;Gd 2.59E1 1.022E19 4.169E-9 7.558E-3 3.353E-16 37.45 2.300E12 2.310E12

109Ag(n,7)110mAg;Gd 2.54EI 2.690E18 3.211E-8 5.606E-2 1.685E-16 4.10 2.110E12

197Au(n,_)198Au;Gd 4.17E4 3.057E18 2.976E-6 8.167E-I 1.670E-14 98.80

58Ni(n,p)58Co;Gd 5.18EI 7.004E18 1.133E-7 1.792E-I 4.127E-17 0.272 (4| 1.517E12 1.505E12

237Np(n,f)14°Ba;Gd 3.99E2 2.541E18 6.291E-7 5.489E-2 5.740E-1 4.984E-15 1.98(41 2.517E13

2/B 59Co(n,7)6°Co 5.53E2 7.159E-15 2.440E12 2.40ZE12

'
Au(n,7) Au 8.26E3 3.308E-15

3/C 59Co(n,7)6°Co 5.TTE2 7.470E-15 2.540E12 2.539E12

109Ag(n,_)110mAg 1.48E2 9.814E-16 2.310E12 t_

197Au(n,7)198Au 5.90E4 2.363E-14

5/D 59Co(n _)60Co 6.11E2 7.910E-15 2.700E12 2.671E12

1°gAg(n, )110mAg 1.54E2 1.021E-15 2.410E12

_97Au(n,_)198Au 5.52E4 2.211E-14

5eNi(n,p)5aco 5.38E1 4.286E-17 1.576E12 1.572E12

(1) 59Co, l°9Ag, and 197Au are thermal neutron monitors (to determine thermal flux), and 58Ni and 237Np are fast neutron dosimeters (to determine flux

greater than 1MeV).
(2) Using methods in ASTM E-261-90 and ASTM E-262-90 to determine flux from radioactivation measurements.

(3) Using method in ASTM E-944-89 to determine flux from radioactivation measurements (Method rejected 237Np and 197Au dosimeters).

(4) Spectrat averaged cross section for neutrons with energies greater than 1MeV, using calculated spectrum for key 7, position 5.
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The reaction rate per target atom, AsA.r, was calculated as follows:

• Aro R
ASAT = , (1)

NoY_jPj(1 -e-XTj)e - xcr-tj)
11,•

where:

AS:,T = reaction rate per target atom (column 8, Table 5);

No = number of target atoms per mg in dosimeter (column 4, Table 5);

Y = fission yield (column 6, Table 5);

Pj = fraction of full power during operating period j;

Tj = length of time for irradiation interval j;

T = time from beginning of irradiation to time of removal;

tj = elapsed time from beginning of irradiation to end of time interval j;

7_ = decay constant of the product nuclide (column 5, Table 5);

ATOR = product nuclide activity, at time of removal (column 3, Table 5).

• The saturation factor. SF (column 7, Table 5), is defined as:

., SF = EjPj(1-e -xrj)e 'x<r-tj) (2)

The effective threshold cross sections for the nickel and neptunium monitors were obtained

from'

/_'o(E)_o(E)dE
OE,l = , (3)

f_*q_(E)dE

where:

o._-,t= effective threshold cross section greater than 1 MeV for the assumed spectrum:

q_(E) = calculated spectrum for key 7, position 5;

o(E) = differential cross section for the reaction.

The values are given in column 9, Table 5.

The bare saturated activities for cobalt and silver in the gadolinium vial at location 1/A

were determined by extrapolation of the data for the bare wires from slots 2/B, 3/C, and 5/13.

'_'3 0 "15The values obtained were 6.7__,.× 1 for cobalt and 8.952 × 10 "t6 for silver. It is recognized

that these extrapolations could contain discrepancies due to flux depression and self-shielding

corrections. The gold data had inconsistencies that excluded them from analysis. The



gadolinium ratios for cobalt and silver were 20.1 and 5.31, respectively. The assumption was

made that the gadolinium ratios for cobalt and silver were the same at all positions. The thermal

cross sections for cobalt and silver were obtained from ASTM E-262 and E-481, respectively.

The true thermal flux, assuming a Maxweilian distribution, is calculated as follows: ""

An R-1 × ( 4T )1r2, (4)
toth - Gthg°o x R -_

where:

%h = true thermal flux,

A B = reaction rate of bare monitor,

Gth = thermal self-shielding factor,

g = departure from 1/v cross section in the thermal region,

R = gadolinium ratio,

TO = 293.4 K,

T = 323.4 K for I/FIR surveillance locations,

c o = thermal (2200 m.s"_)neutron activation cross section.

The g values for cobalt and silver are 1.000 and 1.005, respectively. The Gth value for cobalt ,.

(0.5-mm-diam wire) is 0.9 and that for silver (0.25-mm-diam wire) is 0.984.

$,4 RESULTS FPDM THE RADIOACTIVATION MONITORS

The values for the neutron fluxes in column 11 of Table 5 were obtained from the

adjustment code LSL-M2 using the transport calculations and the measured values. Those in

column 10 were obtained using the methods in ASTM E-261-90 and E-262-90. There is good

and consistent agreement in the thermal neutron fluxes derived from the Ag and Co monitors.

The tendency for increasing radioactivity from top to bottom of the capsule is reflected by the

increasing thermal flux from slot 1 to slot 5. The mean thermal flux is 2.4 x 10_2n.m_.s -_. The

mean fast flux from the Ni monitors is 1.5 x 10_2nm'2.s _ (>1 MeV). The fast flux derived

from the Np fission monitor is 2.6 x 1013 n.m'2.s"t, a factor of 17 times larger than that from the

Ni monitors.
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3.5 HELIUM MEASUREMENTS ON HAFMS - METHODOLOGY

Q,

Vial H51 containing the HAFMS was opened at Rockwell International Corpation, and the

helium contents of the monitors were measured by vaporizing pieces of them and performing

gas mass spectroscopy according to ASTM E910-89 in ref. 9. An outline of the procedure is:

Each monitor was cut or, in the case of the beryllium, broken into several pieces, which

were then etched in acid to remove surface material that may have been affected due to

contamination or to _ recoils into and out of the material. This etching step is a standard

procedure for irradiated HAFMs. After washing and drying, each piece was carefully weighed

and placed in a small, tungsten-wire, electrical resistance heater in a vacuum chamber attached

to tile mass spectrometer. When the vacuum level was satisfactory, the specimen was rapidly

evaporated to release the helium, which was measured in the spectrometer. Calibration was

done against a known volume of helium-3 "spiked" into the vacuum chamber immediately prior

to sample vaporization. At least two separate pieces of each monitor were measured, and the

results were averaged. The helium concentrations are expressed as atomic parts per billion
i

(appb). To obtain a neutron flux, tile helium concentrations are divided by an appropriate,

spectral-averaged helium production cross section and by the neutron exposure period.
6,_r-

3.6 HAFM DATA

A full description of the helium analyses of the wires from the H51 vial is available in a

letter report from Rockwell International Corporation, dated May 20, 1992 (R1 ref. 92RC00784).

A Nuclear Regulatory Guide (NUREG) report is in preparation. The salient data are presented

in Table 6. Helium analyses were performed on two pieces of each monitor. For the Be, the

results were higher than expected from consideration of the estimated fast flux, so two further

pieces were cut and analyzed. These extra two pieces were also heavily etched to forestall any

question of surface contamination effects. The helium results were unchanged by the deep etch,

indicating that the helium is distributed through the bulk of the Be, not in the surface layers.

The average helium concentration for each of the monitors was used to determine the neutron

fluxes.

For the two thermal flux HAFMs, Li and B, the helium production cross sections were

taken to be the well-established thermal neutron absorption cross sections of 942 and

3838 barns, respectively. Using these values, the thermal flux from the Li monitor is 2.29 ×



Table 6. Helium concentrations measured for the helium accumulation fluence monitors, and corresponding neutron fluxes

Helium (=) Specimen Mea_sured Hetium Concentration Cross Neutr__ Ftvx
Product i on Masse -He (appb) Sect i on (n. m". s")

Specimen ID Reaction (mg) (1011 atoms) Measured# Corrected c Averaged (barns) Thermal Fast

H51-ALLi -A 6Li ( n,cx)3H 0.964 2.601 388.7 411.6 410±2 942 2.29E12
-6 0.965 2.589 386.5 409.3

H51-A1B-A l°B(n, _)7Li 1.346 1.170 1628 1657 1657,0 3838 2.26E12
-B 1.357 1.179 1628 1657

H51-Be-A Several : 2.889 5.409 2.802 2.750 2.78,0.03 0.653 f 2. Z3E13
-C SBe(n,a)SHe(=+2n) 2.150 4.117 2.866 2.814
-D 9Be(n"2n)eBe(2=) 0.520 e 0.974 2.803 2.751
-E 9Be(n,d)2= 0.486 e 0.9?_3 2.842 2.790

a Mass uncertainty is +_l/Lg.
b HeLium concentration in atomic parts per biLLion (10"9 atom fraction) uith respect to the total number of reaction target atoms in the specimen.
c HeLium concentrations in the beryLLium specimens have been corrected for measured residual helium (0.05+_0.03 appb) and for helium generation (0.002

appb) from an 8.9+2.0 wt. ppmboron impurity. HeLium concentrations in the At-Li and AL-B have been corrected for neutron self-shieLding in the uire t_J
materiaL. The correction values are 5.9X for At-Li and 1.8_ for AL-B. -I_

d Mean and standard deviation 41o) of replicate analyses.
• Neu specimens cut from original "Be-B" specimen after additional etching (see text).
f CaLcuLated from ENDF/B-V gas production file using estimated key 7, position 5 spectrum for E>IMeV.



25

10t2 n.m-_ _ ._-.s ; that from the B monitor is 2 "_6 x ]012 n.m2.s "l. These fluxes are very close to

those derived from the thermal neutron radioactivation monitors.

For tl_e fast flux HAFM, Be, the appropriate helium production cross section for E >1 MeV

,, was calculated to be 0.653 barns from the ENDF/B-V gas production file using thc estimated

key 7, position 5 spectrum. This yielded a fast flux of 2.23 × 10 t3 n'm-'.s _. This value of fast

flux is a factor of 15 times higher than that obtained from the Ni activation wires, and is very

close to that from the Np fission monitor.

4. DISCUSSION

The goal of this dosimetry experiment was to obtain a definitive measurement of the flux of

thermal neutrons at the key 7 surveillance site. This measured flux would assist the pressure

vessel embrittlement studies and would provide a benchmark for calculations of thermal flux at

the key 7, and other, surveillance sites. The data presented here satisfy those objectives.

Consistent results were obtained from eight individual radioactivation monitor wires and from

two HAFMs. Thev are summarized in Table 7, together with the recent, estimated thermal flux,

., and with a tentative measurement from 6°Co activity made on a piece of stainless steel removed

from the key 7, position 6 location in 1986. For position 5, measured in this experiment, the

average thermal flux for the eight activation wires is 2.4 × l0 t-, n.m2.s "_. This includes a

seeming increase in flux of about 17% from top to bottom of the capsule. The average flux for

the Li and B HAFMs is 2.3 × 10_2n'm2.s "m. The agreement between the radioactivation

monitors and the HAFMs is good. The calculated thermal flux for position 5 is 3.7 ×

10_2n.m-'s , somewhat higher than the measured values, as indicated by the C/M ratios. The

data for position 5 are also in acceptable agreement with the earlier, tentative measurement made

in position 6 and with the C/M ratio for that measurement. Taken together, these data leave no

doubt about the value of the thermal neutron flux at positions 5 and 6 in the key 7 surveillance

site, and they affirm that the recent calculations are of the correct order. Closer correspondence

between measured and calculated thermal fluxes should require only a small adjustment in the

• calculations.

These thermal flux data are very pertinent to the HFIR pressure vessel embrittlement

" studies. One proposed model for the accelerated embrirtlement is dependent on a high thermal-

to-fast flux ratio at the vessel) This dosimetry experiment shows that the thermal-to-fast flux



"Fable 7. Summary of neutron flux measurements and recent calculated fluxes at the key 7 surveillance site

Flux at Key 7 Site (n.m2.s "1)

Neutron 1992 1992 Ratio 1986 1992 Ratio
Energy Haas. Catc. Heas.I Heas. Calc. Neas.I

Reaction Range Pos. 5 Pos. 5 calc. Pos. 6 Pos. 6 celt.

59Co(no_)°°Co Thermal 2.3 to 2.7E12 3.74E12 -1.50 2.91E12 4.69E12 1.61
(below
Gd cut-
off

t09Ag(n,_)tlOmAg Thermal 2.1 to 2.4E12 -1.70 i
(below
Gd cut-
off)

HAFH.Li n Thermal 2.3E12 1.60

HAFH-B* Thermal 2.3E12 1.60 t_
o_

SeNi(n,p)SeCo Fast -1.5E12 1.19E12 0.793 1.80E12 1.16E12 0.644
(>1 HeY)

54Fe(n,p)54Hn Fast 1.89E12 0.613
(>1 HeY)

237Np(n,f)1406a Fast 2.6E13 0.066
(>1 HeY)

HAFH-Bea Fast 2.2E13 0.054
(>1 HeY)

(a) See Table 6 for HAFHreactions.



27

ratio at the key 7, position 5 site is small, less than two, which is too low to support the model.

,. The model may find application to embrittlement data obtained in the future in the HFIR

surveillance program from keys for which the new calculations show high thermal-to-fast flux

•" ratios. 7 In the meantime, an explanation for the accelerated embrittlement of the key 7 data

must be sought elsewhere. A clue may lie in the unusual responses of the fast flux monitors in

this dosimetry experiment.

Less attention was paid to fast flux because there has never been good reason to question

the fast fluxes that are routinely measured from the stainless steel monitors in the surveillance

capsules. They have always been of the expected order, and they agree reasonably well with

neutron transport calculations. Thus, the experiment was not required to prove anything for the

fast flux; all that was needed was a confirmation of the existing data. Two wires of Ni were

thought to be adequate for that purpose. Since there was room available in the experiment,

single monitors of Np and Be were added to broaden the scope of the previous fast flux

dosimetry and to reinforce the Ni measurements. Seizing that opportunity turned out to be a

.° mixed blessing. Whereas the fast fluxes from the Ni monitors appear to verify the previous

measurements from stainless steel monitors, the data from the Np and the Be monitors seem to

-" be equivocal.

Ni monitors were located in two places in thv dosimetry capsule, one in the gadolinium

vial with the Np monitor and a group of thermal neutron activation wires, the other in the

D aluminum tube with thermal neutron wires at lnaximum distance from the gadolinium vial.

The gadolinium-shielded Ni wire recorded a fast flux of 1.5 x 1012 n.m'2.s_, in very close

agreement with the unshielded Ni wire which gave a value of 1.6 x 10_2n.m-2.s"t. Previous

measurements from Ni and Fe activation in stainless steel monitors had given a flux of

--1.8 x 10_2n.m:.s "_for key 7. position 6 in 1986, and the recent calculations for both

positions 5 and 6 gave --1.2 × 10I: n'm2's 1 In stark contrast to all of these values, the Np

fission monitor yielded a fast flux of 2.6 x 1013 -_ -i, n.m-.s , and the Be HAFM, which was located

in a separate aluminum vial between the two Ni wires, indicated a flux of 2.2 x l0 ts n.m:.s t.

These discrepancies of factors of 17 and 15 for the Np and Be fluxes, respectively, with

" respect to the average for Ni, are highly unusual. A single discrepancy of this size would have

been viewed with the greatest suspicion and probably dismissed summarily. But tw._.._o_o

discrepancies of the same magnitude and the same direction occurring from two different types

of monitors, measured by different techniques by independent parties, each without knowledge
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of the other's finding, demanded more respect. A thorough search for errors in the

measurements was unrewarding. Repeat helium analyses on the Be were made after heavy

etching, as mentioned earlier, and they reproduced the original measurements. The A-Np

monitor was remeasured at ORNL by a different person using a different spectrometer, and the ""

reading was confirmed. Next, the A-Np monitor was sent to NIST at Gaithersburg, Maryland,

for a further check, together with a new monitor, labelled NIST-Np, from the same source as

A-Np. The NIST-Np monitor was irradiated at NIST in a known neutron spectrum, and the

activities of it and the A-Np were measured by NIST, then remeasured at ORNL. Agreement in

these measurements was found to be within a few percent, testifying that the instruments and

calibrations used to obtain the controversial fast flux data from the A-Np monitor were not at

fault.

The remote possibility, that the A-Np capsule might contain a great deal more Np than

specified was addressed by measuring the activity, of :33Pa,a daughter product of 237Np. The

A-Np monitor was one of a batch of monitors (batch 83-l) made some years ago, and it was

expected that the activities of the 237Np and 233Pawould now be equal. The -'3_Paactivities of _,

four unused monitors from the batch _sere measured (see Table 8), from which the mass of

'-37Npin each monitor was derived. Comparison with the specified "-37Npmasses for the ""

monitors gave a mean ratio of 0.959. Applying this mean ratio to the derived 237Np masses for

the NIST-Np and the A-Np monitors yielded the specified masses shown in parentheses in

column 9 of Table 8. These agree very, closely with the actual, specified 237Np masses. Clearly,

there is no error in the mass of 237Np in the A-Np monitor, and it is not the cause of the fast flux

inconsistency.

The search then turned to the Ni monitors to see if the fast flux discrepancy could be

attributed to errors in the Ni activation data. A sample of the unirradiated source wire was

chemically analyzed, and it verified the original composition. The gamma activities of the A-Ni

and D-Ni monitors were remeasured by three different people at ORNL, in three different

laboratories, using three different spectrometers. The spread of the results was +_7%. Therefore,

there seems to be no flaw in the Ni data.

This experiment is the only occasion in which Np and Be monitors have been irradiated in

the spectrum at the HFIR vessel. Monitors of Ni, Np, and Be have been exposed together in

many other neutron dosimetry experiments elsewhere and have always given complementary

results. Indeed, while the DOS 1 experiment was under way, a parallel dosimetry experiment



Table 8. Determination of mass of 237Np in Np monitors, using 233pa activities

Countin 9 Detai ts Derived Specified
Pa-233 Derived Wt. of Wt. of Ratio

Monitor Detect. Activity, Atoms Np-237, gp- ?_37, Deriv. Wt/
Identitya Date Time Number Geom. Bq of Np-_7 _ _ Sl_i f.Wt

#3 ! 1- Nov- 92 10: 20 2 111 2.14E5 2.087E 19 8.212 8.567 0.959

#4 11- Nov- 92 08:27 2 111 2.06E5 2.011E19 7.914 8.258 0.958

11 -Nov- 92 11:47 2 111 2.10E5 2. O50E19 8.066 8.416 0.958

#29 10-Nov-92 16:37 2 111 1.65E5 I.O(O,E19 6.311 6.558 0._2

(NIST) 10-Nov-92 17:19 2 111 2.05E5 I._E19 7.852 8.219 (8.188) (0.959)

(NIST) I0-0ct-92 16:12 4 150 2.1_5 2.04_5E19 8._2 8.219 (8.3_) (0.959)

#10 (A-Np) 24-Apt-92 08.28 3 150 2.02E5 1.972E19 7.759 8.253 (8.091) (0.959)

#10 (A-Np) []6-Mar-92 11:13 4 150 2.11E5 2.055E19 8.086 8.253 (8.432) (0.959)

a All monitors are from Batch Np 83-1, Series N; #29 has no series designation.
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was being run in the target region of the HFIR, using Ni, Np, and Be monitors from the same

sources as those in DOS I. Analyses of the target monitors* yielded fast fluxes that were fully

compatible from each of the three different monitors. This implies that there is nothing wrong

with the monitor materials in the DOS i experiment. Since we have found no error in the

measurements or procedures, we suggest that the apparent inconsistencies in the fast flux data

are real and arise from some peculiarity in the exposure condition_ at the key 7 site that affect

the Np and Be monitors much more than the Ni monitors. To validate this assertion, the

experiment should be repeated with emphasis on monitors in the fast regions of the neutron

spectrum. To that end, a new dosimetry experiment under the sponsorship of the NRC is now

under way at the key 7, position 5 site and other surveillance locations on the vessel.

5. NOTE ADDED IN PROOF

Remec and Kam _°have now obtained results from repeat dosimetry experiments, DOS 2
.._

and DOS 3, at the key 7, position 5 location and other surveillance sites on the HFIR pressure

vessel. They fully verify the DOS I findings herein. They also provide additional data that
-,t.

have helped identify photonuclear reactions as a major contributor to the inflated fast flux values

derived from the reaction product monitors Np and Be. Radioactivation monitors are relatively

insensitive to photonuclear events, and, hence, the Ni wires give the more reliable fast fluxes in

these experiments. The measured magnitude of the discrepancies for the Np and Be monitors

can be accounted lbr by an exceptionally large ratio of gamma flux to fast neutron flux at the

vessel. Transport calculations for gamma fluxes, backed by a special gamma dosimetry

experiment, DOS 4, at the key 7, position 5 slot, have affirmed that the _,/n flux ratio is >1000.

This high value is believed to be due primarily to the long water path between the core and the

vessel wall, which attenuates the fast neutron flux much more than it does the gamma flux.

it is noted, in closing, that gamma rays will not only boost levels of reaction products in

some monitors, they will also cause atomic displacernents in the vessel wall that could boost

embrittlement there.

q

*S. T. Mahmood, S. Mirzadeh, .I.V. Pace, III, and K. Farreil, Neutron Flux Measurements

in the HFIR Hydraulic Facilio,, Oak Ridge National Laboratory report (in preparation).

' II i,
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6. CONCLUSIONS

¢

This first comprehensive dosimetry experiment at a surveillance site, the key 7, position 5

-" location, on the HFIR pressure vessel shows that:

1. The thermal neutron flux measured on eight radioactivation wires and two HAFMs

is 2.4 x 10t2n.m2.s "_,which is in fair agreement with a thermal flux of

3.7 x 1012n.m-:.s "_recently estimated from neutron transport calculations.

2. The fast neutron flux (>1 MeV) measured on two standard, radioactivation-type wires
" I

of Ni is 1.5 x I0 z-'n'm'-'s", which is in fair agreement with _, fast flux of 1.2 x

10t2 n.m2.s _ computed from neutron transport calculations and with earlier

measurements made on stainless steel surveillance monitors.

3. Two fast flux monitors, of types that have never before been exposed at the HFIR

surveillance sites, both reaction product types, one a fission monitor of 237Npand the

other a HAFM of Be, each yielded a fast flux about 15 times larger than that

measured from the Ni wires.

4. Repeat measurements made in follow-up dosimetry experiments, and transport

,- calculations of gamma ray fluxes, validate the above findings and identify

photonuclear reactions caused by a very high ratio of gamma flux to fast neutron flux

at the vessel wall as the source of the falsely high fast fluxes derived from the Np

and Be monitors.
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APPENDIX A, EARLY, COMPUTED NEUTRON SPECTRA FOR KEY 7,
.- POSITIONS 6, 7, AND 8.

HFIR KEY 7 LOCATION 6

TOP GROUP CUMULATIVE DPA GROUP CUMULATIVE CUMUlaTIVE
GROUP ENERGY FLUX FLUX FACTORS DPA DPA PERCENT

(eV) [ (n/m2.s) [ (dpa.m21n) ]....... dpa/s ....... I OF TOTAL

1 1.7333E+07 i 5642E+09 1.5642E+09 2.9173E-25 4.5634E-16 4 5634E-16 1,7545E-01
2 1.4191E+07 7 9793E+09 9.5435E+09 2.6751E-25 2.1345E-15 2 5908E-15 9.9612E-01
3 1.2214E+07 7 3822E+09 1.5926E+I0 2,5012E-25 1.8465E-15 4 4373E-15 1.7060E+00
4 I I052E+07 i 4935E+I0 3.1861E+I0 2 3737E-25 3.5452E-15 7 9825E-15 3.0691E+00
5 I 0000E+07 3 6136E+I0 6,7998E+I0 2 2228F-25 8.0323E-15 I 6015E-14 6.1573E+00
6 8 6071E+06 1 5078E+I0 8.3076E+I0 2 1385E-25 3.2245E-15 I 9239E-14 7.3971E+00
7 8 1873E+06 4 0740E+I0 1.2382E+II 2 0703E-25 8.4344E-15 2 7674E-I_ 1.0B40E+01
8 7 4082E+06 2.1079E+I0 1.4490E+II 2 0144E-25 4.2463E-15 3 1920E-14 1.2273E+01
9 7 0469E+06 1.0272E+II 2._762E+II I 9284E-25 1.9809E-14 5 1729E-14 1 9889E+01
i0 6 0653E+06 1.5698E+II _ 0460E+II I 7872E-25 2.8055E-14 7 9784E-14 3 0675E+01
II 4 9659E+06 1.6012E+II 5 5472E+II i 5267E-25 2.6046E-14 I 0583E-13 4 0689E+01
12 4 0657E+06 6.4274E+I0 6 2899E+II 1 4923E-25 9 5915E-15 I 1542E-13 4 4377E+01
13 3 6788E+06 1.2742E+II 7 5641E+II I 3701E-25 1 7457E-14 1.3288E-13 5 I089E+01
14 3.0118E+06 7,5117E+I0 S 3153E+II 1,2706E-25 9 5441E-15 1.4242E-13 5 4759E+01
15 2.7253E+06 3.9075E+I0 8 7060E+II 1.2186E-25 4 7657E-15 1.4719E-13 5 5591E+01
15 2.5924E+06 3 8171E+I0 9 0877E+II i 3281E-25 5 0734E-15 1.5226E-13 5.8541E+01
17 2.4660E+06 3 4719E+I0 9 4349E+II 1 1674E-25 4 0530E-15 1.5632E-13 6.0100E+01
18 2.3653E+06 7 9063E+09 9 5140E+II i 0960E-25 8 6653E-16 1.5718E-13 5.0433E+01
19 2 3457E+06 3 9065E+I0 9 9046E+II i 0414E-25 4 0684E-15 1.6125E-13 6.1997E+01
20 2 2313E+06 3 3020E+I0 i 0235E+12 i 021BE-25 3 3739E-15 1.6452E-13 5 3294E+01
21 2 1225E+06 6 0714E+I0 1 0842E+12 1 0395E-25 6 3115E-15 1.7094E-13 6 5721E+01
22 i 9205E+06 2 7900E+I0 I I121E+12 8 5603E-26 2 3884E-15 1.7332E-13 6 6639E+01

, 23 1 8268E+06 5 1954E+I0 1 i741E+12 7 9245E-26 4 9095E-15 1.7823E-13 6 8527E+01
"" 24 1 6530E+06 5 5915E+I0 I 2300E+12 8 7816E-26 4 9102E-15 1.8314E-13 7 0415E+01

25 i 4957E+06 5 5681E+I0 1 2856E+12 7 3687E-26 4 I029E-15 1.8725E-13 7 1992E+01
26 I 3534E+06 5 1036E+I0 I 3357E+12 6.8071E-26 3 4741E-15 1.9072E-13 7 3328E+01
27 i 2246E+06 9 4636E+I0 i 4313E+12 4.9703E-26 4 7037E-15 1.9542E-13 7 5136E+01
28 I 0026E+06 4 1348E+I0 I 4727E+12 3.3558E-26 I 3875E-15 1 9681E-13 7 5670E+01
29 9 0718E+05 4 7463E+I0 i 5201E+12 3.8361E-26 1 8207E-15 1 9863E-13 7 6370E+01
30 8 2085E+05 4 8994E+I0 I 5691E+12 5.6050E-26 2 7461E-15 2 0138E-13 7 7426E+01
31 7 4274E+05 8.8163E+I0 i 6553E+12 3.5215E-26 3 0343E-15 2 0441E-13 7 8592E+01
32 6 0810E+05 7.7080E+I0 I 7324E+12 2 9351E-26 Z,2524E-15 2 0668E-13 7 9462E+01
33 4 9787E+05 8.6187E+I0 i 8186E+12 3 9198E-26 3.3784E-15 2 I005E-13 8 0761E+01
34 3 6883E+05 6.2246E+I0 1 8808E+12 2 0968E-26 1.3051E-15 2 I136E-13 8 1263E+01
35 3 0197E+05 9 1399E+I0 1 9722E+12 I 8138E-26 1.6578E-15 2 1302E-13 8 1900E+01
38 2 1280E+05 3 4136E+I0 2.0063E+12 2 4005E-26 8.1945E-18 2.1384E-13 8,2215E+01
37 1 8316E+05 i 0109E+II 2.1074E+12 I 4101E-26 1.4254E-15 2.1526E-13 8 2763E+01
38 1 II09E+05 2 2027E+I0 2.1294E+12 I 0099E-26 2.2245E-16 2.1548E-13 8 2849E+01
39 9 8037E+04 2 1388E+I0 2.1508E+12 i 4602E-26 3.1230E-16 2.1580E-13 8 2969E+01
40 8 6517E+04 4 0524E+I0 2.1914E+12 i 3423E-26 5.4396E-16 2.1634E-13 8 3178E+01
41 6 7379E+04 7 3524E+I0 2 2649E+12 6 4663E-27 4.7543E-16 2.1682E-13 8 3361E+01
42 4 0068E+04 2.3781E+I0 2 2887E+12 7 1479E-27 1.6999E-16 2.1699E-13 8 3426E+01
43 3 4307E+04 3.5777E+I0 2 3244E+12 2 3128E-26 8.2745E-16 2 1781E-13 8 3744E+01
44 2 6058E+04 1.0273E+I0 2 3347E+12 2 0494E-27 2.1054E-17 2 1783E-13 8 3752E+01
45 2 4176E+04 1.2906E+I0 2 3476E+12 4 3747E-28 5.6458E-18 2 1784E-13 8 3755E+01
46 2 1875E+04 4.6450E+I0 2 3941E+12 8 1527E-28 3.7870E-17 2 1788E-13 8 3769E+01
47 1 5034E+04 3.0145E+I0 2 4242E+12 1 0825E-27 3.2632E-17 2 1791E-13 8 3782E+01
48 I 1709E+04 5.8988E+I0 2 4832E+12 2.2535E-27 1.3293E-IB 2 1804E-13 8 3833E+01
49 7 I017E+03 2.8928E+I0 2 5121E+12 1 3964E-27 4.0395E-17 2 1808E-13 8 3848E+01

•- 50 5.5308E+03 5.8781E+I0 2 5709E+12 6 3620E-28 3 7397E-17 2 1812E-13 8 3863E+01
51 3.3546E+03 2.8959E.I0 2 5999E+12 4 3318E-28 I 2544E-17 2 1813E-13 8 3868E+01
52 2.6123E+03 5.5955E+10 2 6558E+12 3 II02E-28 I 7403E-17 2 1815E-13 8 3874E+01
53 1.5846E+03 3.3223E+II 2 9881E+12 8 2413E-29 2 7380E-17 2 1818E-13 8 3885E+01

• 54 I.I013E+02 2.6638E+II 3 2544E+12 3 1889E-29 8 4945E-18 2 1819E-13 8 3888E+01
• 55 1.0577E+01 4.0342E+II 3 6579E+12 1 3268E-28 5 3526E-17 2 1824E-13 8 3909E+01

56 4.1399E-01 4.2602E+13 4 6260E+13 9 8241E-28 4 1852E-14 2 6009E-13 I 0000E+02
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APPENDIX A. Continued.

HFIR KEY 7 LOCATION 7

TOP GROUP CUMULATIVE DPA GROUP CUMULATIVE CUMULATIVE
GROUP ENERGY FLUX FLUX FACTORS DPA DPA PERCENT

(eV) I..... (n/m2.s) ...... I (dpa.m2/n) I....... dpa/s ....... I OF TOTAL

1 1.7333E+07 1.8179E+09 1.817gE+0g 2.9173E-25 5.3034E-16 5.3034E-16 1.3567E-01
2 1.4191E+07 9.3648E+09 1 I183E+10 2.6751E-25 2 5051E-15 3 0355E-15 7.7650E-01
3 1.2214E+07 8.7700E+09 1 9953E+10 2.5012E-25 2 1936E-15 5 2291E-15 1.3376E+00
4 1.1052E+07 1.7920E+10 3 7873E+10 2.3737E-25 4 2536E-15 9 4827E-15 2.4257E+00
5 1.0000E+07 4.3881E+I0 8 1754E+10 2.2228E-25 g 7539E-15 1 9237E-14 4.g209E+00
6 8.6071E+06 1.8495E+I0 I 0025E+11 2 1385E-25 3 9552E-15 2 3192E-14 5.9326E+00
7 8 1873E+06 5.018gE+10 1 5044E+11 2 0703E-25 1 03glE-14 3 3582E-14 8.5g06E+00
8 7 4082E+06 2.6096E+t0 I 7653E+11 2 0144E-25 5 2569E-15 3 8839E-14 9.9354E+00
9 7 0469E+06 1.2758E+11 3 0411E+II 1 g284E-25 2 4602E-14 6 3441E-14 1.6229E+01
10 6 0653E+06 1.9789E+11 5 0201E+11 i 7872E-25 3 5367E-14 9 8808E-14 2.5276E+01
11 4 9659E+06 2.0591E+11 7 0791E+11 i 6267E-25 3 3494E-14 I 3230E-13 3.3844E+01
12 4 0657E+06 8.2978E+10 7 908gE+11 1.4923E-25 1.2383E-14 1.4469E-13 3.7012E+01
13 3 6788E+06 1.6522E+11 9.5611E+11 1.3701E-25 2.2636E-14 1.6732E-13 4.2802E+01
14 3 0119E+06 g.7027E+10 1.0531E+12 1.2705E-25 1.2328E-14 1.7965E-13 4.5956E+01
15 2.7253E+06 5.0508E+10 1.1036E+12 1.Z196E-25 6.1601E-15 1.8581E-13 4.7532E+01
16 2.5924E+06 4.g358E+10 1.1530E+12 1.3291E-25 6.5603E-15 I.g237E-13 4.9210E+01
17 2.4660E+06 4.5313E+10 1.1983E+12 1.1674E-25 5.2898E-15 1.9766E-13 5.05S3E+01
18 2.3653E+06 1.0322E+10 1.2086E+12 1.0960E-25 1.1313E-15 1.987gE-13 5.0852E+01
19 2.3457E+06 5.0559E+10 1.2592E+12 1.0414E-25 5.2654E-15 2.0406E-13 5.2199E+01
20 2.2313E+06 4.2108E+10 1 3013E+12 1.0218E-25 4.3026E-L5 2.0836E-13 5.3300E+01 "
21 2 1225E+06 7.7288E+10 I 3786E+12 1.0396E-25 8 0344E-15 2.1639E-13 5.5355E+01
22 1 9205E+06 3.5066E+10 1 4137E+12 8.5603E-26 3 0018E-15 2.1940E-13 5.6123E+01
23 i 8268E+06 7.9012E+10 1 4927E+12 7.9245E-26 6 2613E-15 2.2566E-13 5.7725E+01
24 1 6530E+06 7.0746E+10 1 5634E+12 8.7816E-26 6 2126E-15 2.3187E-13 5.9314E+01 ...
25 1 4957E+06 6.9633E+10 I 6330E+12 7.3687E-26 5 1310E-15 2.3700E-13 6.0627E+01
26 i 3534E+06 6.3258E+I0 I 6963E+12 6.8071E-26 4 3061E-15 2.4131E-13 6.17ZSE+01
27 1.2246E+06 1.1508E+11 1.8114E+12 4.9703E-26 5.7196E-15 2 4703E-13 6.3191E+01
28 1.0026E+06 5.0135E+10 1 8615E+12 3.3558E-26 i 6824E-15 2 4871E-13 6.3622E+01
29 9 0718E+05 5 8542E+I0 I 9201E+12 3.8361E-26 2 2457E-15 2 5095E-13 6.4196E+01
30 8 2085E+05 6 0916E+I0 i 9810E+12 5.6050E-26 3 4143E-15 2 5437E-13 6.5069E+01
31 7 4274E+05 I 0357E_11 2 0845E+12 3.5216E-26 3 6474E-15 2 5802E-13 6.6002E+01
32 6 0810E+05 9 3977E+10 2 1785E+12 2.9351E-26 2 7584E-15 2 6077E-13 6.6708E+01
33 4 9787E+05 I 0525E+11 2 2838E+12 3.9198E-26 4 1258E-15 2 6490E-13 6.7763E+01
34 3 6883E+05 7 5002E+10 2 3588E+12 2.0968E-26 1 5726E-15 2 6647E-13 6.8166E+01
35 3 0197E+05 I 132ZE+11 2 4720E+12 1.8138E-26 2 0537E-15 2.6853E-13 6.8691E+01
36 2 1280E+05 4 2708E+10 2 5147E+12 2.4005E-26 I 0252E-15 2.6955E-13 6.8953E+01
37 i 8316E._05 1 2509E+II 2 6398E+12 1.4101E-26 1 7638E-15 2.7131E-13 6.9405E+01
38 1 II09E+05 2 7991E+10 2 6678E+12 1.0099E-26 2.8267E-16 2.7160E-13 6 9477E+01
39 9.8037E+04 2.6834E+10 2.6946E+12 1.4602E-26 3.9182E-16 2 7199E-13 6 9577E+01
40 8.6517E+04 5.0704E+I0 2.7453E+12 1.3423E-26 6.8061E-16 2 7267E-13 6 9751E+01
41 6.7379E+04 9 2617E+I0 2 8379E+12 6 4663E-27 5.9889E-16 2 7327E-13 6 9904E+01
42 4.0068E+04 3 0285E+I0 2 8682E+12 7 1479E-27 2.1647E-16 2 7349E-13 6 9960E+01
43 3 4307E+04 4 5936E+10 2 9142E+12 2 3128E-26 1.0624E-15 2 7455E-13 7 0232E+01
44 2 6058E+04 I 2258E+10 2 9264E+12 2 0494E-27 2.5121E-17 2 7457E-13 7 0238E+01
45 2 4176E+04 i 6194E+I0 2 9426E+12 4 3747E-28 7.0843E-18 2 7458E-13 7 0240E+01
46 2 1875E+04 5 9524E+10 3 0021E+12 8 1527E-28 4 8529E-17 2 7463E-13 7 0252E+01
47 I 5034E+04 3 8515E+10 3 0407E+12 1 0825E-27 4 1692E-17 2 7467E-13 7 0263E+01
48 I 1709E+04 7 5793E+I0 3 1165E+12 2 2535E-27 I 7080E-16 2 7484E-13 7 0307E+01
49 7 1017E+03 3 7287E+10 3 1537E+12 I 3964E-27 5 2066E-17 2 7489E-13 7 0320E+01
50 5 5308E+03 7 5603E+10 3 2293E+12 6 3620E-28 4 8098E-17 2.7494E-13 7 0332E+01
51 3 3546E+03 3 7286E-_I0 3 2666E+12 4 3318E-28 1 6152E-17 2.7486E-13 7 0336E+01 "-
52 2 6123E+03 7 2267E+I0 3 3389E+12 3 1102E-28 2.2477E-17 2.7498E-13 7 0342E+01
53 1 5846E+03 4 3503E+11 3 7739E+12 8.2413E-29 3.5852E-17 2.7502E-13 7 0351E+01
54 1 I013E+02 3 5337E+11 4 1273E+12 3.1889E-29 1.1259E-17 2.7503E-13 7 0354E+01
55 1 0677E+01 5.4906E+II 4 6764E+12 1.3268E-28 7.Z850E-17 2.7510E-13 7 0373E+01 .-
56 4 1399E-01 1.1789E+14 i 2257E+14 9.8241E-28 1.1582E-13 3.9092E-13 1 0000E+02
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_PPENDIX A. Continued.

HFIR KEY 7 LOCATION 8

TOP GROUP CUMULATIVE DPA GROUP CUMULATIVE CUMULATIVE
GROUP ENERGY FLUX FLUX FACTORS DPA DPA PERCENT

(eV) I..... (n/m2.s) ...... i (dpa.m2/n) I....... dpa/s ....... I OF TOTAL

1 1.7333E+07 1.6398E+09 1 6398E+09 2 9173E-25 4 7838E-16 4.7838E-16 1.0889E-01
2 1.4191E+07 8.6023E+09 I 0242E+I0 2 6751E-25 2 3012E-15 2.7795E-15 6.3266E-01
3 1.2214E+07 8.1927E+09 1 8435E+I0 2 5012E-25 2 0492E-15 4.8287E-15 1.0991E+00
4 I I052E+07 1.6727E+I0 3 5162E+I0 2 3737E-25 3 8704E-15 8.7981E-15 2.0028E+00
5 1 0000E+07 4.0773E+I0 7 5934E+I0 2 2228E-25 9 0629E-15 1.7862E-14 4.0656E+00
5 8 6071E+06 1 7289E+I0 9 3223E+I0 2 1385E-25 3 6972E-15 2.1559E-14 4.9072E+00
7 8 1873E+06 4 6816E+I0 1 4004E+II 2 0703E-25 8 6922E-15 3.1251E-14 7.1133E+00
8 7 4082E+06 2 4579E+I0 I 6462E+II 2 0144E-25 4 9514E-15 3.6203E-14 8.2403E+00
9 7 0469E+06 i 1904E+II 2 8366E+II i 9284E-25 2 2855E-14 5.9158E-14 1.3465E+01

I0 6 0653E+06 1 8756E+II 4 7122E+II i 7872E-25 3 3521E-14 8.2679E-14 2 I095E+01
ii 4 9659E+06 1 9979E+II 6.7101E+II 1 6267E-25 3 Z499E-14 1.2518E-13 2 8492E+01
12 4 0657E+06 8 2638E+I0 7.5365E+II I 4923E-25 1.2332E-14 1.3751E-13 3 1299E+01
13 3 6788E+06 I 6729E+II 9.2094E+II i 3701E-25 2.2921E-14 1.6043E-13 3 6516E+01
14 3 0119E+06 I 0137E+II 1.0223E+12 1.2706E-25 1 2879E-14 1 7331E-13 3 9448E+01
15 2 7253E+06 5 3195E+I0 1.0755E+12 1.2196E-25 6 4878E-15 1 7980E-13 4 0924E+01
16 2 5924E+06 5.2658E+10 1.1282E+12 1.3291E-25 6 9989E-15 I 8680E-13 4 2518E+01
17 2.4660E+06 4.8909E+I0 1.1771E+12 1.1674E-25 5 7096E-15 I 9251E-13 4 3817E+01
18 2.3653E+06 1.1239E+I0 1.1883E+12 1.0960E-25 1 2318E-15 1 9374E-13 4 4097E+01
19 2.2457E+06 5.5995E+I0 1.2443E+12 1.0414E-25 5 8315E-15 i 9957E-13 4 5425E+01
20 2.2313E+06 4.7743E+I0 1 2920E+12 1.0218E-25 4 8783E-15 2.0445E-13 4 6535E+01
21 2.1225E+06 8 9044E+I0 1 3811E+12 1 0396E-25 9 2565E-15 2.1370E-13 4 8642E+01
22 1.9205E+06 4 1415E+I0 I 4225E+12 8 5603E-26 3 5453E-15 2 1725E-13 4 9449E+01
23 1.8268E+06 9 3219E+I0 1 5157E+12 7 9245E-26 7 3871E-15 2 2464E-13 5.1131E+01
24 1.6530E+06 8 5162E+I0 1 6008E+12 8 7816E-26 7 4785E-15 2 3211E-13 5 2833E+01
25 1.4957E+06 8 6425E+I0 I 6873E+12 7 3687E-26 6 3684E-15 2 3848E-13 5 4282E+01
26 1.3534E+06 8 0050E+I0 1 7674E+12 6 8071E-26 5 4491E-15 2 4393E-13 5 5523E+01
27 1.2246E+06 1 5308E+II 1 9204E+12 4 9703E-25 7 6086E-15 2 5154E-13 5 7254E+01
28 1 0026E+08 6 7307E+I0 1 9877E+12 3 3558E-26 2.2587E-15 2 5380E-13 5 7769E+01
28 9 0718E+05 7 7575E+I0 2.0653E+12 3 8361E-26 2.9759E-15 2 5678E-13 5 8445E+01
30 8 2085E+05 7 9917E+I0 2 1452E+12 5 6050E-26 4 4794E-15 2.6125E-13 5 9465E+01
31 7 4274E+05 1 4933E+II 2 2946E+12 3 5216E-26 5 2587E-15 2.6651E-13 6 0662E+01
32 6 0810E+05 1 3483E+II 2 4284E+12 2 9351E-26 3 9576E-15 2.7047E-13 6 1563E+01
33 4 9787E+05 1 4914E+II 2 5785E+12 3 9198E-26 5 8460E-15 2.7632E-13 6 2894E+01
34 3 6883E+05 I.I166E+II 2 6902E+12 2 0968E-26 2 3412E-15 2.7866E-13 5 3427E+01
35 3 0197E+05 1.5984E+II 2 8500E+12 1 8138E-26 2 8993E-15 2.8156E-13 6 4087E+01
36 2.1280E+05 5.9037E+I0 2 9091E+12 2 4005E-26 I 4172E-15 2.8287E-13 6 4409E+01
37 1.8316E+05 1 7962E+II 3 0887E+12 I 4101E-26 2 5327E-15 2.8551E-13 6 4986E+01
38 1 II09E+05 3 8036E+I0 3 1267E+12 1 0098E-26 3 8413E-16 2.8589E-13 6 5073E+01
38 9 8037E+04 3 7417E+I0 3 1641E+12 1 4602E-26 5 4635E-16 2.8644E-13 6 5197E+01
40 8 6517E+04 7 1711E+10 3 2359E+12 1 3423E-26 9 6259E-16 2 8740E-13 6 5417E+01
41 6 7379E+04 I 2970E+II 3 3656E+12 6 4663E-27 8.3866E-16 2 8824E-13 6 5607E+01
42 4 0068E+04 4 1535E+I0 3 4071E+12 7 1479E-27 2.9689E-16 2 8854E-13 6 5675E+01
43 3 4307E+04 6 1948E+I0 3 4690E+12 2.3128E-26 1.4327E-15 2 8997E-13 6 5001E+01
44 2 6058E+04 i 9367E+10 3 4884E+12 2.0494E-27 3.9690E-17 2 9001E-13 6 6010E+01
45 2 4176E+04 2 3300E+I0 3 5117E+12 4 3747E-28 1.0193E-17 2 9002E-13 6 6013E+01
46 2 1875E+04 8 1515E+I0 3 5932E+12 8 1527E-28 6.6457E-17 2.9008E-13 6 6028E+01
47 I 5034E+04 5 3106E+I0 3 6463E+12 I 0825E-27 5 7487E-17 2.9014E-13 6 6041E+01
48 i 1709E+04 1 0350E+II 3 7498E+12 2 2535E-27 2 3324E-16 2.9038E-13 6 6094E+01
48 7 I017E+03 5 0709E+I0 3 8005E+12 I 3964E-27 7 0809E-17 2.9045E-13 6 6110E+01
50 5 5308E+03 1 0349E+II 3 9040E+12 6 3620E-28 6 5837E-17 2.9051E-13 6 6125E+01
51 3 3546E+03 5.1099E+I0 3 9551E+12 4 3318E-28 2 2135E-17 2.9053E-13 6 6130E+01
52 2.6123E+03 9.8675E+I0 4 0538E+12 3 II02E-28 3 0690E-17 2.9057E-13 6 6137E+01
53 1.5846E+03 5.8881E+II 4 6426E+12 8 2413E-29 4 8526E-17 2.9061E-13 6 6148E+01
54 I.I013E+02 4.7589E+II 5 I185E+12 3 1889E-29 i 5176E-17 2.9063E-13 6 6151E+01

# 55 1.0677E+01 7.2431E+II 5 8428E+12 1 3268E-28 9 6102E-17 2.9072E-13 6 6173E+01
56 4.1399E-01 1.5127E+14 1 5712E+14:9 8241E-28 1 4861E-13 4.3934E-13 i 0000E+02
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PROCEDURE FOR CALCULATING THE NEUTRON FLUX AT THE HFIR PRESSURE VESSEL

The objective of the calculations was to determine fluxes and responses

in the HFIR at Keys 2, 4, 5, and 7 for beginning and end of cycle using biased

angular quadrature. The responses were to be the following:

a. 58Ni(n,p)58Co reactions,

b. 54Fe(n,p)54Mn reactions,

c. Displacement per Atom in Fe,

d. Fluence with energy > 0.i MeV, and

e. Fluence with energy > i MeV.

Since the three-dimensional transport code would run only on the Cray at

K-25, all cross sections and computer codes associated with this work were
transferred there.

The first three-dimensional calculation was for key 7 at beginning-of-

cycle. This calculation was made with an SI0 quadrature for comparison with a
calculation made several years earlier to ensure us that the code was working

properly. This earlier calculation / to determine the fast flux (E > .I MeV)

was made on the Cray under a different operating system. A follow-on

calculation yielded the epithermal flux; although a thermal flux was produced
from this calculation, it was considered to be in error since the cross

sections (from the ELXSIR 2 library) had been produced to examine non-thermal

systems. However, the most recent calculation yielded thermal fluences which
were an order of magnitude lower than the follow-on calculated thermal

fluences. At this point further work was halted to determine if the latest
thermal fluences were indeed correct.

The procedure for calculating the fluences at the various positions in
the HFIR were as follows:

i. Cross sections required for the calculations were chosen from the

99 neutron group ANSL-V 3 These cross sections were located at ORNL on the IBM

computer system storage devices. Using the AMPX 4 modules AJAX and AIM on the

IBM system, the appropriate binary cross sections from the ANSL-V AMPX master

library were selected and reformatted in card image for the transfer "°

electronically.

2. Using Ethernet and PC/TCP software, the card-image cross sections _'
were transferred to the K-25 Cray system.

lq_ .... n
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3. Using the AMPX AIM and AJAX modules, the cross sections were

changed from card image to Cray binary and combined into one AMPX master

library.

4. One -5 and two-dimensional 6 HFIR geometry models have been

previously constructed for the updated HFIR safety analysis. Using the one-

dimensional model for beginning-of-cycle, the AMPX modules BONAMI and NITAWL

were run to self-shield the 99-group cross sections. Using the AMPX radiation

transport module XSDRNPM, the 99-group cross sections were collapsed to a

broader group structure. This broader group structure would reduce the

running and data storage requirements for the two- and three_dimensional
calculations. The criteria for this broader group cross-section set was that

the group fluxes in the water between the permanent beryllium and the pressure
vessel could not deviate from the 99-group fluxes by more than five percent at

each space mesh. The final broad-group cross-section set contained 64 neutron

groups.

5. DOSDAM847 cross sections for nickel, iron, and iron displacement

were collapsed from 640 groups to 64 groups using the one-dimensional 99-group

-_ fluxes in a locally written code, CRES.

6. The 64-group cross sections, the two-dimensional HFIR geometry
.,- model which included the pressure vessel, and the fission density from the

HFIR safety analysis two-dimensional calculation were input to the DORT two-

dimensional discrete-ordinates radiation transport code 8. Output from this

code included the scalar and directional fluxes throughout the HFIR geometry
model.

7. Using the VISTA (ViSA)code 9, the DORT directional fluxes were

reformatted for input to the DOTTOR code/0 , which transformed the VISTA two-

dimensional flux output into a surface boundary source for the three-

dimensional transport code.

8. The transformed fluxes, together with the three-dimensional model

of the beam tube region, were input to the TORT three-dimensional code 11

Flux output from the calculation was folded by the code with the appropriate

cross sections to produce the Ni, Fe, displacement, and total fluxes (>.I and

I MeV) and thermal fluxes.

Q_
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APPENDIX C. GROUP FLUXES FOR ALL POSITIONS IN KEY 7.

Key 7 Group Fluxes (n m-2 s-I)

Enersy (eV)
...........

Grp lower upper Position 1 Position 2 Posit_on 3 Position 4

I 1.5941E+07 2 0000E+07 9.57039E+08 9.77613E+08 9.41197E+08 8 79031E+08
2 1 2706E+07 1 5941E+07 6.28295E+09 6.37299E+09 6.14147E+09 5 71281E+09
3 i 0127E+07 I 2706E+07 2.31857E+10 2.35544E+10 Z.27534E+10 2 09386E+I0
4 8 0722E+06 I 0127E+07 5.84810E+10 5.95098E+10 5.74849E+10 5 24198E+10
5 6 4340E+06 8 0722E+06 1.14941E+11 1.17719E+11 1.13886E+11 I 04386E+11
6 5 5234E+06 6 4340E+06 9.90948E+10 1.02123E+11 9.91248E+10 9 17451E+I0
7 4 7417E+06 5 5234E+06 1.14656E+II 1.18764E+11 1.15741E+11 1 07986E+II
8 4 0707E+06 4 7417E+06 1.02974E+II 1.07008E+II 1.04955E+11 9 90374E+10
9 3.4946E+06 4 0707E+06 7 73120E+I0 8.05236E+10 7 94592E+I0 7 59241E+I0
I0 3.0000E+06 3 4946E+06 8 59223E+I0 8.95950E+I0 8 86555E+10 8 51396E+10
11 2.7235E+06 3 0000E+06 5 90132E+10 6.15367E+I0 6 09314E+10 5 88829E+10
12 2.4725E+06 2.7235E+06 5 95522E+10 6.21735E+10 6 15853E+I0 5 99380E+I0
13 2.2447E+06 2.4725E+06 6 17134E+10 6.44766E+10 6 39434E+10 6 29022E+I0
14 2.0378E+06 2.2447E+06 4 77283E+I0 4.98565E+10 4 95746E+I0 4 95879E+I0
15 1.8500E+06 2 0378E+06 4 23147E+I0 4.42197E+I0 4 40453E+I0 4 42915E+I0
16 1.7497E+06 1 8500E+06 2 62356E+I0 2.74248E+I0 2 73440E+I0 2.75791E+I0
17 1.6548E+06 1 7497E+06 2 52676E+I0 2.64132E+I0 2 63561E+I0 2.68165E+I0
18 1.5651E+06 1 6548E+06 2.29652E+I0 2.40084E+I0 2 39613E+I0 2.44140E+I0
19 1.4803E+06 I 5651E+06 2.34364E+I0 2.45046E+I0 2 44711E+I0 2.49682E+I0
20 1.4000E+06 1 4803E+06 2.32522E+I0 2.43144E+I0 2 42834E+I0 2.47013E+I0
21 1.2816E+06 1 4000E+06 3.27543E+I0 3.42453E+I0 3 42212E+I0 3 54440E+I0
22 1.1732E+06 i 2816E+06 3.51695E+I0 3.67791E+I0 3 67953E+I0 3 81146E+I0
23 1 0740E+06 1 1732E+06 3.08045E+I0 3.22102E+I0 3 22416E+I0 3 39715E+I0
24 9 8315E+05 I 0740E+06 2.42255E+I0 2.53238E+I0 2.53287E+I0 2 67813E+I0
25 9 0000E+05 9.8315E+05 2.68790E+I0 2.81001E+I0 2.81340E+I0 2 98756E+I0
26 7 6525E+05 9.0000E+05 5.67418E+I0 5.93332E+I0 5.94232E+I0 6 20070E+I0
27 6 5068E+05 7 6525E+05 5.13389E+I0 5.36900E+Iu 5.38771E+I0 5.77817E+I0
28 5 5326E+05 6 5068E+05 4.65410E+I0 4.86763E+10 4 89063E+I0 5 31602E+I0
29 4 7043E+05 5 5326E+05 4 13808E+I0 4.32874E+I0 4 34759E+I0 4 59887E+I0
30 4 0000E+05 4 70_3E+05 3 02837E+I0 3.16716E+I0 3 17863E+I0 3 39908E+I0
31 3 0314E+05 4 0000E+05 5 89555E+10 6.16613E+I0 6 19323E+I0 6 61908E+I0
32 2.2974E+05 3 0314E+05 5 23816E+I0 5.47903E+I0 5 50507E+I0 5 83638E+I0
33 1.7411E+05 2,2974E+05 4 53445E+I0 4.74340E+I0 4 76689E+I0 4 99652E+I0
34 1.3195E+05 1.7411E+05 4 02853E+i0 4.21423E+I0 4.23639E+I0 4 47044E+I0
35 1.0000E+05 1.3195E+05 3 62037E+I0 3.78746E+I0 3.80779E+I0 3 97660E+I0
36 4.9224E+04 1.0000E+05 7 89683E+I0 8.26180E+I0 8.30860E+I0 8.63648E+I0
37 2.4230E+04 4 9224E+04 6 74699E+I0 7.05931E+I0 7.10222E+I0 7.36516E+I0
38 1.2017E+04 2 4230E+04 6 17337E+I0 6.45958E+I0 6.50128E+I0 6.69056E+I0
39 6.0042E+03 1 2017E+04 5 82919E+I0 6.09985E+I0 6.14127E+I0 6 27699E+I0
a0 3.0000E+03 6 0042E+03 5 71154E+I0 5.97707E+I0 6.01967E+I0 6 16637E+I0
41 1.5220E+03 3 0000E+03 5 54082E+I0 5.79875E+I0 5.84180E+I0 5 95792E+I0
42 7 7217E+02 I 5220E+03 5 53253E+10 5.79041E+I0 5.83494E+I0 5 93540E+I0
43 3 9110E+02 7 7217E+02 5.55584E+I0 5.81514E+I0 5.86130E+I0 5 94935E+I0
44 I 9776E+02 3.9110E+02 5.58627E+I0 5.84733E+I0 5.89503E+I0 5 96669E+I0
45 I 0000E+02 1.9776E+02 5.60919E+I0 5 87166E+I0 5.92075E+I0 5 98901E+I0
46 6 1780E+01 1.0000E+02 3.97420E+I0 4 16037E+I0 4 19578E+I0 4 23748E+I0
47 3 8168E+01 6.1780E+01 3.98846E+I0 4 17548E+I0 4 21150E+I0 4 24778E+I0
48 2 4082E+01 3.8168E+01 3 82258E+I0 4 00199E+I0 4 03692E+I0 4 06617E+I0
49 i 5518E+01 2.4082E+01 3 65849E+I0 3 83036E+I0 3 86413E+I0 3 88673E+I0
50 1.0000E+01 1.5518E+01 3 66794E+I0 3 84041E+I0 3 87455E+I0 3 89115E+I0
51 6.1780E+00 1.0000E+01 4 04849E+I0 4 23904E+I0 4 27703E+I0 4 28805E+I0
52 3,0000E+00 6.1780E+00 6 06301E+I0 6.34874E+I0 6.40617E+I0 6 40643E+I0
53 1.7700E+00 3.0000E+00 4 67812E+I0 4.89892E+I0 4.94349E+I0 4 92441E+I0
54 3 9700E-01 1.7700E+00 I 49896E+II 1.56991E+II 1.58415E+II 1 54703E+II

,. 55 3 3000E-01 3.9700E-01 2 22759E+I0 2.33313E+I0 2.35183E+I0 2.30621E+I0
56 2 7000E-01 3.3000E-01 3 I0518E+I0 3.25239E+I0 3.26798E+10 3.08752E+I0
57 2 1500E-01 2.7000E-01 6 14587E+I0 6.43744E+I0 6.43228E+I0 5.74799E+10
58 i 6200E-01 2.1500E-01 1 70658E+II 1.78758E+11 1.77795E+11 1.51381E+II
59 i 0400E-01 1 6200E-01 6 50133E+II 6.81005E+II 6.75726E+11 5.59390E+11

"w 60 5.0000E-02 1 0400E-01 2 02552E+12 2.12173E+12 2.10347E+12 1.72051E+12
51 3.0000E-02 5 0000E-02 I 29507E+12 1.35650E+12 1.34467E+12 1.00439E+12
62 1.0000E-02 3 0000E-02 I 24420E+12 1.30331E+12 1.20180E+12 1.04813E+12
53 4.4500E-03 I 0000E-02 I 95894E+11 2.05202E+11 2.03390E+11 1.64784E+11
54 1.0000E-05 4 4500E-03 5 43927E+I0 5.60772E+10 5.64750E+I0 4.57406E+10

Sum 8.52597E+12 8.91786E+12 8.85955E+12 7.78362E+12
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Key 7 Group Fluxes (n m -2 s_I)

Enersy (eV)

Grp lower .upper Position 5 Position 6 Position 7 Position 8
................................

1 1.5941E+07 2.0000E+07 8.31937E+08 8.16760E+08 7.86999E+08 8.32129E+08
2 1.2706E+07 1 5941E+07 5.43061E+09 5.35025E+09 5.12697E+09 5.57097E+09
3 1.0127E+07 1 2706E+07 2.01587E+I0 1.99376E+I0 1.91980E+I0 2.14610E+I0
4 8.0722E+06 1 0127E+07 5.11950E+10 5.0gl13E+10 4.gS084E+10 5.68081E+I0
5 8 4340E+06 8 0722E+06 1.01554E+11 1.01769E+11 9.96386E+10 1.15496E+11
8 5 5234E+06 6 4340E+06 8.82909E+10 8.96236E+10 8.81380E+10 1.04064E+11
7 4 7417E+06 5 5234E+06 1.03664E+11 1.06551E+11 1.05425E+11 1.26562E+11
8 4 0707E+08 4 7417E+06 9.50251E+10 9.86275E+10 9.95038E+10 1.21425E+11
g 3 4846E+06 4 0707E+06 7.30327E+I0 7.57210E+I0 7.79566E+10 9.64862E+I0
i0 3 0000E+06 3 4846E+06 8.20750E+I0 8.51816E+10 8._0046E+10 1.11806E+11
11 2 7235E+06 3 0000E+06 5 72918E+10 5.92236E+I0 6.25541E+10 7 g3401E+I0
12 2 4725E+06 2.7235E+06 5 88195E+I0 6.06566E+10 6.48177E+10 8 23173E+I0
13 2 2447E+06 2.4725E+08 6 28258E+I0 6.45210E+I0 7.02631E+10 9 00713E+I0
14 2 0378E+06 2.2447E+06 5 02922E+I0 5.0g430E+10 5.66251E+I0 7 28573E+I0
15 i 8500E+08 2.0378E+06 4 51144E+10 4.54758E+I0 5.10451E+10 6 59734E+I0
16 I 7487E+06 1.8500E+06 2 81695E+I0 2.83800E+I0 3.20845E+I0 4 17285E+I0
17 1.6548E+06 1.7497E+06 2 76571E+I0 2.76716E+I0 3 16129E+I0 4 12646E+10
18 1.5651E+06 1.6548E+06 2 52162E+I0 2 52068E+10 2 88493E+I0 3 77169E+I0
19 1.4803E+06 1.5651E+06 2 58255E+I0 2 58188E+I0 2 g8748E+10 3 89578E+I0
20 i 4000E+06 1.4803E+06 2 54509E+10 2 55227E+10 2 92783E+I0 3 85018E+10
21 1 2818E+06 1.4000E+06 3 72692E+10 3 87865E+10 4 29140E+10 5.65297E+I0
22 1 1732E+06 1.2816E+06 4 00860E+I0 3 g8341E+I0 4 64464E+I0 6.15765E+I0
23 I 0740E+06 1.1732E+06 3 63877E+10 3 54611E+I0 4 22345E+I0 5.61332E+I0
24 g 8315E+05 1.0740E+06 2.87977E+10 2.7925gE+10 3 32958E+I0 4.41389E+I0
25 9 0000E+05 9._315E+05 3.22233E+I0 3.11992E+10 3 75182E+10 5.00538E+I0
26 7 6525E+05 9.0000E+05 6.55703E+I0 6.45878E+10 7 67679E+I0 i 02913E+11
27 5 5058E+05 7.8525E+05 6.29813E+I0 6.06991E+I0 7 46477E+I0 1 01365E+11
28 5 5326E+05 6.5068E+05 5.88240E+I0 5.60739E+10 7 09855E+I0 9 76268E+I0 ,,
29 4 7043E+05 5.5326E+05 4 93380E+10 4 83458E+I0 5.94812E+I0 8 18104E+I0
30 4 0000E+05 4.7043E+05 3 69207E+I0 3 57286E+10 4.4230gE+10 6 05580E+I0
31 3 0314E+05 4.0000E+05 7 16332E+I0 6 95813E+I0 8.68538E+I0 1 19874E+11
32 2.2974E+05 3.0314E+05 8 25566E+10 6 13417E+10 7.84575E+I0 105892E+11
33 1.7411E+05 2.2974E+05 5 29225E+10 5 24999E+I0 6 45463E+I0 8 93098E+I0
34 1.3195E+05 1 7411E+05 4 76595E+I0 4 70042E+10 5 85844E+I0 8 15940E+I0
35 1.0000E+05 1 3195E+05 4 18946E+I0 4 17838E+10 5 15646E+I0 7 18029E+I0
36 4.g224E+04 i 0000E+05 9 04970E+I0 9 07539E+10 I 11523E+11 1.55519E+11
37 2.4230E+04 49224E+04 7 69441E+10 7 74082E+10 952103E+I0 1.33268E+11
38 1.2017E+04 2 4230E+04 6 91997E+I0 7 02448E+I0 8 84525E+I0 1.21595E+11
39 6.0042E+03 1 2017E+04 6 4380gE+10 8.59150E+10 8 03671E+10 1.12894E+11
40 3.0000E+03 6 0042E+03 6 33989E+I0 6.47649E+10 7 93805E+10 1.11866E+11
41 i 5220E+03 3 0000E+03 6.08185E+10 6.25651E+10 7 64454E+I0 1.07883E+11
42 7 7217E+02 1 5220E+03 6.04813E+10 6.23190E+10 7 60697E+10 1.07543E+11
43 3 9110E+02 7 7217E+02 6.04275E+10 6.24551E+I0 7 81731E+10 1.07869E+11
44 1 8776E+02 3 8110E+02 8.03872E+10 8.26258E+10 7 62606E+I0 1.08140E+11
45 I 0000E+02 1.9776E+02 6.05292E+I0 6 28543E+I0 7 66058E+I0 1.08846E+11
46 6 1780E+011 0000E+02 4.27524E+10 4 44685E+10 5.41871E+I0 7.71093E+10
47 3 8168E+01 6 1780E+01 4.27923E+10 4 45732E+I0 5.43054E+I0 7 73845E+I0
48 2 4082E+01 3 8188E+01 4.08984E+10 4 26636E+10 5.18646E+10 7 41498E+10
49 i 5518E+01 2 4082E+01 3.90310E+ID 4 07770E+10 4.96485E+10 7 09381E+I0
50 1 0000E+01 1 5518E+01 3.90034E+10 4 08184E+i0 4.96695E+10 7 10589E+10
51 6 17BOE+00 1 0000E+01 4.28874E+10 4 49739E+I0 5.46838E+I0 7 83392E+I0
52 3 0000E+00 6 1780E+00 5.38483E+I0 6 71704E+10 8.15609E+I0 1 17053E+II
53 1.7700E+00 3 0000E+00 4.88656E+10 5 18119E+10 6.25238E+I0 8.98859E+I0
54 3.9700E-0_ 1 7700E+00 1.50039E+11 1 81845E+11 1.92835E+11 2.78159E+11
55 3.3000E-01 3 9700E-01 2.25333E+10 2.41000E+I0 2.91130E+10 4.28593E+I0
56 2.7000E-01 3 3000E-01 2.91035E+10 3.20509E+I0 3.79923E+10 5.90709E+I0 =.
57 2 1500E-01 2 7000E-01 5.13069E+10 5.g0843E+10 6.84981E+10 1.17285E+II
58 I 6200E-01 2 1500E-01 1.28335E+11 1.54228E+II 1.74995E+II 3.25031E+II
5g 1 0400E-Of 1 8200E-01 _.59147E+II 5.67029E+11 6.33518E+11 1.22639E+12
60 5 0000E-02 1 0400E-01 1.39201E+12 1.74079E+12 1.92893E+12 3.78326E+12 •
61 3 0000E-02 5.0000E-02 8.79918E+11 1.10678E+12 1.22048E+12 2.39723E+12 •
82 I 0000E-02 3.0000E-02 8.39367E+11 1.05881E+12 1.16446E+12 2.28502E+12
63 4 4500E-03 1.0000E-02 1.31706E+11 1.66606E+11 1.82712E+11 3.58293E+11
64 1 0000E-05 4.4500E-03 3.65421E+10 4.62448E+10 5.06855E+10 9.93414E+10

Sum 8.90000E+12 7.93389E+12 8.93497E+12 1.53335E+13
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APPENDIX D. SOURCES AND CHEMICAL ANALYSES OF MATERIALS USED
-" IN DOS 1 DOSIMETRY EXPERIMENT

-' Nickel Wire: Materials Research Corporation, Orangeburg, New York 10962
Lot No. 28/006344-020481.

Elements detected (wppm):

C 15.0; Ag <0.1; AI 0.9; Ca 0.45

N <5.0; Cr 2.0; Cu <0.1; Fe 20.0

CI 1.0; Ga <0.1; K 0.2; Mg 2.0

O 12.0; Mo 0.25; Na 0.15; Nb <0.1

H <1.0; Pb <0.1; Sb 0.5; Si 17.0

S 0.25; Sn 1.2; Ta <0.2; Ti <0.1

Ni balance; W <0.1; Zn <0.1; Zr 0.65

Gold Wire: Johnson Matthey Chemicals Limited, Royston, Hertfordshire,
" SG85HE, England.

- Batch No. 1521

Elements Detected (wppm): Ca 10; Ag 4: Cu 2: Si 1; Mg 1: Au balance
o'_,.

Silver Wire: Johnson Matthey Chemicals Limited, Royston, Hertfordshire,
SG85HE, England.
Batch No. Wl1073

Elements detected (wppm): Cu 7; Fe 1; Mg <1; Ag balance

Cobalt Wire: ORNL Dosimeter Inventory.

Analyzed by neutron activation analysis at ORNL.
Elements detected: Co only

Neptunium Oxide Wire: ORNL Dosimeter Inventory.
Batch No. ORNL Np 83-1, dosimeter No. 10
Coulometric analysis: 0.8834 mg Np per g material

Isotopic analysis: 99.999 wt% Np-237. Wt of Np-237:8.253 rag.
Material is encapsulated in vanadium; total wt is 54.16 mg.

Aluminum-Lithium Wire: Rockwell International Corp. via Central Bureau for Nuclear
Measurements, Geel, Belgium.

"" Batch No. SP 3335, Rockwell Lot 5.

. Elements detected (wppm):
• In base aluminum:

B

B, Li <I;Ag, Zn, Si, Mn, Fe <25;Cu, Mg, Pb, Ni <40

Isotopic analysis of Li: 95.82 + 0.08 at. % Li-6, 4.18 + .08 Li-7
Total Li content of alloy: 0.705 ± 0.025 wt %

...... IIpW ....... '
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APPENDIX D. Continued.

Aluminum-Boron Wire: Rockwell International Corp. via Central Bureau for Nuclear
Measurements, Geel, Belgium
Batch No. SP 3336

Elements detected (wppm):
In base aluminum:

Mg7;Ca, Na, B ,:4;Ag 0.5;Cd, Cu ,:l;Cr, Fe 3;Si 5;Ti ,:4
Isotopic analysis of B: Natural isotopic composition
Total B content of alloy: 0.50 wt %

Beryllium Chips: Rockwell International Co., Canoga Park, CA 91304
Batch No. K646B, Lot 7

Elements detected (wppm):
Fe 19; Si 20; Mn 56; Mg 3.5; Cr 8.4; Be balance

Gadolinium Vial: ORNL Dosimeter Inventory.
Elements detected (wppm):
AI 9.5; Mn 0.19; W 21; Co 4.4; Hf 143; U 9.5; Gd balance

Aluminum Vial: ORNL Dosimeter Inventory.
Elements detected (wt %):
Mg 1.0; Si 0.56; Cr 0.18; Cu 0.26; Fe 0.25; Mn 0.04, Ti 0.01, Zn 0.12;
AI balance _,.

Aluminum Foil: ORNL Dosimeter Inventory.

Elements detected (wppm):
Mg 100;Si 100;Cr <10;Cu 10;Fe 600;Mn 50;Ti 50;Zn 20;A1 balance

Ferritic Steel

Dosimeter Block: Machine Shop
Elements detected (wt %):
Mn 2.0; Ni 0.2; Si <0.05; Cr 0.2; S 0.1; P 0.005; Mo 0.02;

Co 0.005; Cu 0.5; Mg 0.001; As 0.1; Sb 0.005; Zn 0.01; Fe balance

Stainless Steel Container: ORNL Research Reactor Division.
The dosimeter container is a standard 304L stainless steel can # 87-13

obtained from the inventory of the HFIR surveillance program.

-I

,P

' , ii i i ,



43

APPENDIX E. STANDARD SOIAJTION OF RADIONUCLIDES USED TO

CALIBRATE GAMMA SPECTROSCOPES,

Amenlhlm International pie
Amersnam LalDoratorles

,IP

CALIBRATION
No 0146

Description Produ_ code: QCY. 48 Solution number: R2/15/46

This mixed radionuclide gamma-ray reference standard consists of a solution in 4M HCI of the ten radionuclides
listed below.

Measurement Reference time: 1200 GMT on 3. February 1992
and Accuracy

Mass of solution: 5.4830 grams Density: "1.0'76 g/ml at 20_C
_

_arent Gamma-ray Gamma.rays Random Systemattc Overall

,adlonuclide energy (keV) per second uncertainty uncertainty u,lcertalnty

per gram

of solution

Amenczum-241 59,54 1.!25 4- O. 2 % 4"- 2.1. % 4- 2.3 %

Cadmaum-109 88.03 642 t 0.2 % *_ 3.0 % ± 3.2 %

Cobalt-57 122.1 585 ± 0.1% _* !.8 % *_ !.9 %

q,, Cerium-139 165.9 "710 *_ 0.3 % t !.2 % *- 1.5 %

Mercury-203 279.2 1991 t O. 3 % ± 2.0 % *- 2.3 %

Tin-113 391.7 2271. t 0.1. % ± 4.5 % t 4.6%

Strontium-85 514.0 3896 *_ O. 3 % t 1.4 % ± 1. "/ %

Caesium.t37 661.7 2499 t 0.2 % ± 2.0 % *- 2.2 %

Yttrium-88 898.0 6268 _* O. 2 % -* 3.5 % t 3.7 %

Cobalt.60 1173 3399 .* 0.3 % ± 0.4 % t 0. "7 %

Cobalt-60 1333 3402 z 0.3 % *_ 0.4 % , 0.7 %

Yttrium-88 1836 6643 *_ 0.2 % t 3.4 % ± 3.6 %

Purity AT the reference ttme the sotut=on also contained the following tmpur_t=es

Cadmium-115m less than 2.6 becquerels (0.070 nanocuries) per qram.

Chlorine-36 equal to 1.6.4 becquerels (0.44 nanocuries) per gram.

Cobalt-56 less than 0.24 becquerels (0.0065 nanocuries) Fer gram.

Indium-114m equal to 6.0 becquerels (0.16 nanocuries) per Gram.

Remarks Further details, including composition of the soiutior,, methods • _ measurement, decay scheme assumptions,

•. decay tables and definitions of uncertainties, are given in the data sheet accompanying this certificate.

This product meets the quality assurance requirements of NRC Regulatory Guide 4.15 for achieving explicit

NIST traceability as defined in NCRP58 (1985).

Approved

J S,gn=,orv _/_y

S D M Parker Page 1 of 1 Almersham
Th+scemhcate _s,ssuea ,n accoraance w,tn the cona_ons (f accrea_tat=onqrantecl Dvme National Measurement Acceartat_on_+-_erwcewn,cn
hasasses,sea the measurement caDaD_h%'vOf the laboratory _lnclits traceaDmtvto recoc]n_seanational starloaros and to the units of

I i i i
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