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Neutron Dosimetry of the HFIR Hydraulic Facility* 

S. T. Mahmoodi, S. Mirzadeh, K. Farrell, 

J. V. Pace III, and B. M. Oliver* 

ABSTRACT 

The total, fast, and thermal neutron fluxes at five axial positions in the High Flux 

Isotope Reactor (HFIR) hydraulic tube have been measured using bare and/or cadmium- 

covered activation, fission, and helium accumulation flux monitors. The spectrum- 

averaged, one-group cross sections over selected energy ranges for the reactions used in 

the measurements were obtained using cross sections from the ENDF/B-V file, and the 

target region volume-integrated spectrum was calculated with DORT, a two-dimensional 

discrete ordinates radiation transport code. The fluxes obtained from various monitors are 

in good agreement. The total and fast (>l MeV) neutron fluxes vary from 1.6 x 

1019 n/m% and 1.6 x 1018 n/m&s, respectively, at the ends (HT-1 and -9) of the facility 

to 4.0 x 1019 n/m% and 4.6 x lOI* n/m%, respectively, at the center (HT-5) of the 

facility. The thermal-to-fast (> 1 MeV) flux ratio varies from about 5.4 at the center to 

about 6.7 at the ends of the facility. The ratio of fast flux greater than 0.1 MeV to that 

greater than 1 MeV is 2.0 and stays almost constant along the length of the tube. 

1. INTRODUCTION 

The Oak Ridge National Laboratory (ORNL) High Flux Isotope Reactor (HFIR) is 

a compact, flux trap-type reactor with the capability and facilities for performing a wide 

variety of irradiations. The trap at the center of the cylindrical core of the HFIR is filled by 

*Research supported by the Division of Materials Science, U.S. Department of Energy 
under contract DE-AC05-84OR21400 with Martin’ Marietta Energy Systems, Inc. One of 
the authors (S. T. Mahmood) was supported by an appointment to the Oak Ridge National 
Laboratory Postdoctoral Research Program administered by the Oak Ridge Institute for 
Science and Education. 

TPresent address: General Electric Company, Vallecitos Nuclear Center, Pleasanton, 
CA 94566. 

*Rockwell International, Canoga Park, CA 9 1309. 
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a bundle of aluminum target tubes that hold curium-base materials for production of 

transuranic elements. These tubes are normally accessible only during fuel changes. A 

single tube, known as the hydraulic tube facility, passes completely through the bundle and 

exits the reactor. It conducts a train of small capsules, or rabbits, in and out of the core on 

demand. The train is driven by hydraulic pressure. The hydraulic tube is in constant use 

for a variety of purposes, principally for production of isotopes for medical applications. 

The neutron fluxes in the trap are not only very high, about 1019 n/m2s, they are 

steady during most of the 21-d fuel cycle, and they are reproduced from one cycle to 

another. The neutron fluxes along the length of the rabbit train were measured carefully 

about 20 years ago, 132 and those data have provided a basis from which a required neutron 

exposure at any level in the train can be achieved by control of exposure time alone. 

However, some changes have been implemented in the trap region since the late 1980s. 

The reactor operating power has been reduced from 100 to 85 MW, and the hydraulic tube 

which formally occupied the central position in the target bundle has been moved to a 

different position. Transuranium production is now more stringent and many of the target 

positions are occupied by a materials irradiation facility and by aluminum dummy targets. 

These changes will have altered the availability of neutrons in the trap. Consequently, the 

fluxes in the hydraulic tube need to be redetermined. A reliable flux and spectrum profile is 

needed, also, to support a new program of radiation embrittlement studies of ferritic steels 

utilizing the hydraulic tube facility. Accordingly, we have performed comprehensive 

neutron dosimetry of the hydraulic tube facility using refined activation techniques, cross 

section data bases, and calculational methods. 

2. EXPERIMENTAL DETAILS 

2.1 IRRADIATION FACILITY 

The irradiations were performed in the HFIR hydraulic tube which is located in 

position B3 of the target region as shown in Fig. 1. This irradiation facility accommodates 

nine rabbit capsules, one on top of the other, in a 500~mm stack with position HT-1 at the 

bottom, level with the bottom of the reactor core, and HT-9 at the top, corresponding to the 

top of the core. The vertical center of the HT-5 position coincides with the horizontal 

center line of the core. Loading and unloading of the capsules during reactor operation is q 

carried out by controlling the direction of flow of the cooling water through the tube. The 
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Fig. 1. The central target region of the High Flux Isotope Reactor. The hydraulic 

tube is located in position B3. 
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capsules can be either standard finned aluminum cans that are completely sealed or 

perforated capsules to allow water cooling of the specimens inside. 

2.2 IRRADIATION CAPSULES 

The capsule material and design used for irradiating the flux monitors were the 

same as the standard capsule used by the Nuclear Medicine Group in their routine 

irradiations in the hydraulic tube. The capsules were made according to the drawing shown 

in Fig. 2, using finned tubing of 6061 aluminum. The ends of the capsules were sealed by 

welding in end plugs. One end of each capsule was sealed before loading the monitors 

while the other end was sealed afterwards. Some monitors were shielded with cadmium 

vials to block out thermal neutrons. Unshielded, or bare, monitors were wrapped in 

aluminum foil and were loaded at the center of each capsule using aluminum foil spacers at 

each end. Capsules that contained both bare and Cd-covered monitors had three spacers, 

one at each end and one in between the bare and Cd-covered monitors. 

2.3 SELECTION OF MONITORS 

In order to cover as much of the neutron energy range as possible, a number of 

activation, fission, and helium accumulation monitors were selected. The selection of the 

monitors was determined by purity of the material, natural abundance and activation cross 

section of the target isotope, half-life and decay scheme of the product nuclide, burn-out 

and burn-in of the nuclides, material stability in a radiation environment, heat generation 

and removal characteristics, and reactivity effects. 

Table 1 gives a listing of the selected monitor materials, reactions, abundance of the 

target isotopes, threshold energies for fast monitors, and thermal neutron activation cross 

sections for thermal flux monitors. The activation monitors used in this experiment can be 

divided into two categories, fast flux monitors and thermal flux monitors. Wires of Al, Ti, 

Fe, Ni, and Cu were used as fast flux monitors; Co, Ag, and dilute alloys of Co, Ag, and 

Au in aluminum were thermal flux monitors. All of these monitors, except pure Ag, were 

in the form of high-purity wires with diameters ranging from 0.25 to 0.75 mm and lengths 

varying from 2 to 50 mm; pure Ag was in the form of 0.025-mm-thick foil. The thermal 

flux monitors, Au, Ag, and Co, were irradiated bare as well as inside Cd filters. The 

purpose of the cadmium filters was to discriminate epi- and sub-cadmium flux values. The 

Au-Al, pure Al, Ag-Al, Co-Al, pure Cu, and pure Ti monitors were acquired from Reactor 

Experiments, Inc., while pure Fe and Ni monitors were obtained from Materials Research 

Corporation. 
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Table 1. Selected reactions and monitor materials 

Reaction Material Physical form Target isotope 
abundance (%) 

Threshold energy 
WW 

27Al(n, a)24Na 

46Ti(n, P)~$c 

54Fe(n, p)54Mn 

58Ni(n, P)~*CO 

63Cu(n, a)60Co 

237Np(n, f)14’Ba 

‘Be(n, He) 

lg7Au(n, y)lg8Au 

5gCo(n, $j°Co 

“‘Ag(n, y)“OmAg 

6Li(n, He) 

“B(n, He) 

aUsed in Cd covers. 

99.999% Al 

99.793% Ti 

99.99% Fe 

99.951% Ni 

99.999% cu 

237NpMg0 

99.99% Be 

0.058% Au-Al 

0.66% Co-Al 
99.5 14% coa 

0.145% Ag-AI 
99.999% Aga 

0.705% Li-AI 

0.502% B-AI 

0.75~mm-diam wire 

0.50~mm-diam wire 

0.50~mm-diam wire 

0.50~mm-diam wire 

0.75~mm-diam wire 

sealed in a V capsule 

small chunks 

0.25~mm-diam wire 

0.75~mm-diam wire 
0.50~mm-diam wire 

0.50~mm-diam wire 
0.025 mm thick foil 

0.50-mm-diam wire 

0.50~mm-diam wire 

100 

7.99 

5.84 

67.90 

69.17 

100 

100 

100 

100 

48.65 

7.42 

19.58 

6.5 

3.8 

2.3 

2.1 

4.7 

0.67 

2.5 

q, (barns) 

98.8 

37.45 

4.1 

942 

3838 
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In order to provide confirmatory measurements of fast flux from a different type of 

monitor, conventional fission monitors of 237Np were also included. The Np was in the 

form of 237NpMgO sealed in a small welded vanadium capsule. This was an off-the-shelf 

monitor from a production batch that has supplied such monitors for many dosimetry 

experiments including the recent “DOS” series of HFIR pressure-vessel dosimetry 

experiments.334 Because 237Np has a very high thermal neutron capture cross section, the 

monitor was encapsulated in a Cd tube with 0.75~mm wall thickness. 

Non-activation and non-fission-type dosimeters were also used in this experiment. 

These are helium accumulation flux monitors (HAFMs) described in American Society for 

Testing and Materials (ASTM) Standard E910-89 (ref. 5). Neutron absorption in these 

monitors produces helium, which is a stable reaction product that can be measured with 

high accuracy. The HAFMs chosen for this experiment were 9Be, 6Li, and 1OB. The 9Be 

is a fast flux monitor. It has several helium-producing reactions, a minor one with a 

threshold of about 0.7 MeV and a major one with a threshold of 2.5 MeV. This monitor 

was in the form of small chips. The 6Li and 1OB are thermal neutron monitors. These 

monitors were in the form of 0.5-mm-diam wires of 0.705% Li-Al and 0.502% B-Al. 

These HAFMs were provided by Rockwell International Corporation from their pedigreed 

stock. 

1 2.4 IRRADIATION SCHEDULE 

In the first set of irradiations (see Table 2), five capsules were prepared with 

identity marks NM-192 through -196. There were three packages in each capsule. The 

packages were made by wrapping the monitors in 0.05~mm-thick aluminum foil.. The 

package A in each capsule contained Au-Al and pure Al wires; package B contained Ag-Al, 

Co-Al, Ni, Fe, Cu, and Ti; package C in capsules NM-192 through -194 contained Al-B, 

Al-Li, and Be monitors, while package C in capsules NM-195 and -196 contained only Al- 

B and Al-Li wires. These capsules were irradiated in positions HT-l,-3,-5,-7, and -9 

according to the schedule given in Table 2. All capsules were irradiated simultaneously for 

1 h at full reactor power of 85 MW. 

In the second set, two capsules (NM-197 and -198) were prepared. Each capsule 

contained bare and cadmium-covered Au, Ag, and Co monitors, and a cadmium-covered 

Np monitor. The bare Au, Ag, and Co monitors were wrapped in aluminum foil while Cd- 

covered monitors were in a Cd cylinder with a 1.14~mm-thick and 8.64~mm-high wall and 

a plug-in cap on the top (ORNL Drawing No. M-12175-CP-939E). The cylinder fitted in 

the capsule with very small clearance. The Np monitors, sealed in welded vanadium 

capsules, were inside 0.75~mm-thick cadmium tubing. The capsules NM-197 and -198 



Capsule 

NM-192 

NM-193 

NM-194 

NM- 195 

NM-196 

NM-197 

W-198a 

NM-200 
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Table 2. Irradiation schedule 

Monitors/filter 

Au,Al,Ag,Co,Ni,Fe, 
Cu,Ti,B,Li,Be/bare 

Au,Al,Ag,Co,Ni, 
Fe,Cu,Ti,B,Li/bare 

Au,Ag,Co/ 
bare & Cd covered 
+ Np/Cd covered 

Au,Ag,Co/ 
bare & Cd covered 
+ NpKd covered 

Au,Ag,Co/ 
bare & Cd covered 

HT 
location 

1 

3 

5 

7 

9 

1 

5 

5 

Power Irr. time Date HFIR 
irr. # 

85 lh 23 Feb., ‘9; 2-92-5b 

85 lh 

l~h 85 

85 lh 

2-92-6b 

2-92-7b 

2-92-8b 

85 

10.57 

lh 

lh 1 May, ‘92 

10.57 lh 

8.85 lh :l Nov., ‘92 

2-92-9b 

4-92-4c 

4-92-5c 

IO-92-2d 

aDamaged during unloading; only Np monitor was recovered. 

bHFIR cycle 305. 

CHFIR cycle 307. 

%FTR cycle 313. 
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. 

were irradiated in positions HT-1 and -5, respectively, for 1 h at a power level of 10.57 

MW during startup of the reactor. The reduced power level was used to avoid any 

excessive heating of the Cd filters. The measured activities were normalized to the full 

reactor power of 85 MW. 

Only the Np monitor was recovered from the NM-198 capsule, the others being 

inadvertently damaged during unloading of the capsule in the hot cell. Therefore, another 

capsule, NM-ZOO, was prepared that contained bare and cadmium-covered Au, Ag, and Co 

monitors. This capsule was irradiated in position HT-5 of the hydraulic tube for 1 h at 

8.85 MW. The measured activities of these monitors were also normalized to the full 

reactor power. 

2.5 ACTIVITY MEASUREMENTS ON ACTIVATION AND FISSION MONITORS 

Gamma rays emitted by the activation and fission products of the monitors were 

used to measure the induced activities. Table 3 gives half-lives of the product nuclides and 

energies and decay fractions of the gamma rays that were counted. A lithium-drifted 

germanium detector [Ge(Li)], connected to a personal computer-based multichannel 

analyzer, was used for these measurements. The detector was enclosed in a lead shield, 

and the source-to-detector distance was maintained at 0.3 m. The system was calibrated 

according to the ASTM Standard Procedure E 181-82 (1991) [ref. 61 using standard 

sources traceable to the National Institute of Standards. and Technology. The detector 

efficiency was measured at several gamma energies between 100 and 1600 keV, and a 

polynomial was fitted to the data to determine efficiency at the desired energies. Periodic 

quality control checks were made to verify the efficiency and energy calibrations. The 

counting time. for each monitor was varied to obtain total accumulated photopeak counts, in 

most cases between 10,000 and 20,000. The background counts were also accumulated 

for the same length of time. 

Many fission products are produced in 237Np fission monitors, among which is 

14OBa, having a half-life of 12.75 d. Barium-140 emits gamma rays of several energies; 

however, these are not easily detected in the presence of other fission products. Barium- 

140 activity was, therefore, indirectly determined by counting gamma rays from its 

daughter product, 14OLa, several days after irradiation. 

2.6 HELIUM MEASUREMENTS ON HAPMs 

The HAFMs were analyzed at Rockwell International. Each piece of the HAPMs 

Li, Be, and B was carefully weighed and placed in a small, tungsten wire, electrical 
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Table 3. Activation and fission monitors 
product nuclide data 

Gamma ray used 

Reaction Half-life W WV) D=Y 
fraction 

27Al(n, a)24Na 15.03 h 1368.6 1.0 

46Ti(n, P)~%c 83.8 d 889.3 1.0 

54Fe(n, p)54Mn 312.2 d 835.0 1.0 

58Ni(n, P)~*CO 70.78 d 811.0 0.9944 

63Cu(n, c#‘Co 5.272 y 1173.2 1.0 

237Np(n, f) 14’Ba 12.75 d 
1.68 d(l‘%a) 1596.0 0.954 

‘97Au(n, y)“‘Au 2.697 d 411.8 0.986 

5gCo(n, y)60Co 5.272 y 1173.2 1.0 

logAg@, y)“OmAg 252.2 d 885.0 0.735 
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resistance heater in a vacuum chamber attached to a mass spectrometer. After achieving a 

satisfactory vacuum level, the specimen was rapidly evaporated to release the helium, 

which was then measured in a mass spectrometer. The system was calibrated against a 

known volume of helium-3 spiked into the system. The measured helium concentrations 

were expressed as atomic parts per billion (appb). A full description of the helium analysis 

of the HAFMs is available in a letter report from Rockwell International Corporation, dated 

May 20, 1992 (RI ref. 92RCi)O784). 

3. DATA ANALYSIS AND RESULTS 

3.1 DETERMINATION OF REACTION RATES 

For the activation monitors, the measured gamma counts were converted to the 

corresponding saturation activities (reaction rates) expressed as disintegrations per second 

per target isotope, and the activities were corrected for self-shielding, depletion of the target 

isotope, and burn-in and burn-out of the product nuclide using ASTM Standard 

Procedures.7-15 The self-shielding factors were negligible for these monitors except for 

Cu which required a 5% correction. The burn-up factors for 1 h irradiation were also 

insignificant except for the nuclide 58Co from the reaction 58Ni (n,p) 58Co and 198Au 

from the reaction 197Au (n,y) 198Au. The measured saturation activities for the bare 

activation monitors from capsules NM-192 to - 196 are given in Table 4, while saturation 

activities for the bare and Cd-covered thermal flux monitors from capsules NM-197 and 

-200 are given in Table 5. Table 5 also lists the difference of the saturation activities of the 

bare and Cd-covered monitors and the measured cadmium ratio (R) for each monitor. 

. 

J 

When 237Np is irradiated in a neutron field with a high component of thermal flux, 

most of the 14OBa activity is produced from fission of 238Np which is produced by the 

reaction 237Np (n,y> 238Np with thermal neutrons. To minimize this contribution in these 

irradiations, the fission monitors were enclosed in 0.75-mm-thick Cd filters. Therefore, 

most of the 14OBa activity induced in these monitors was due to fast neutron fissions in 

237Np. There is, however, some contribution from photofissions produced by high- 

energy gamma rays in the irradiation facility and thermal neutron fission of 239Pu, which 

is present as an impurity. The measured 14OLa activities were not corrected for these 

contributions. The measured 14OLa activities were converted to the corresponding fission 

rates using the relation: l6 
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Table 4. Saturation activitiesa of the bare activation and helium 
accumulation monitors and Cd-covered fission monitors 

(disintegrations per second per atom of target isotope) 

Reaction HT- 1 HT-3 HT-5 HT-7 HT-9 

27Al(n, a)24Na 1.45 x lo-l3 3.73 x lo-l3 4.28 x lo-l3 3.74 x lo-l3 1.73 x lo-l3 

46Ti(n, P)~?SC 2.15 x lo-l2 5.94 x lo-l2 6.61 x lo-l2 5.83 x 10-l’ 2.50 x lo-l2 

54Fe(n, p)54Mn 1.62 x lo-l1 4.44 x 10-l’ 4.96 x lo-” 4.29 x 10-l’ 1.84 x lo-” 

58Ni(n, P)~~CO 2.02 x 10-l’ 4.78 x 10-l’ 5.55 x 10-l’ 4.89 x 10-l’ 2.19 x lo-” 

63Cu(n, a)‘OCo 1.33 x lo-l3 2.93 x lo-l3 3.35 x lo-l3 2.84 x lo-l3 1.26 x lo-l3 

237Np(n, f)14’Bab 5.04 x lo-lo - 1.04 x 1o-9 - 

‘Be(n, He)C 4.69 x lo-” 1.60 x 10-l’ 1.77 x 10-l’ - 

lg7Au(n, y) “‘AU 1.25 x 1O-7 2.78 x 1O-7 2.77 x 1O-7 2.84 x 1O-7 1.48 x 1O-7 

59Co(n, y)60Co 3.27 x lo-’ 5.89 x lo-* 6.63 x lo-’ 5.69 x lo-’ 3.11 x 1o-8 

‘OgAg(n, y)“OmAg 5.75 x lo-’ 1.26 x lo-* 1.41 x lo-* 1.21 x lo-* 5.91 x 1o-g 

6Li(n, He)C 8.69 x 1O-7 1.67 x 1O-6 1.83 x 1O-6 1.55 x 1o-6 8.45 x 1O-7 

“B(n, He)C 3.74 x 1o-6 7.01 x 1o-6 7.77 x 1o-6 6.54 x 1O-6 3.70 x 1o-6 

aThese activities have been corrected for self-shielding, depletion of the target isotope, and 
bum-out and bum-in of the product nuclide during irradiation. 

bNumber of fissions per second per atom of target isotope, normalized to full power (85 MW) 
of the reactor. 

CNumber of He atoms produced per second per atom of target isotope. 



13 

Table 5. Saturation activitiesa of the bare and Cd-covered 
thermal flux monitors 

(disintegrations per second per atom of target isotope) 

Bare-Cd 2.20 x 1O-7 1.01 x lo-’ 6.48 x lo-’ 

R 3.50 3.07 15.15 

aThese activities have been corrected for self-shielding, depletion of 
the target isotope, and bum-out and bum-in of the product nuclide 
during irradiation. 

Notes: Activities have been normalized to full power (85 MW). 

R is Cadmium ratio. R values for other HT locations were 
obtained by interpolation and assuming symmetry around 
HT-5. 
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Fissions/second/target isotope = 
Ma2 -a,) 

-a+1 NA,Y,(e -e 
-at ’ 

2 l)A,ti 
(1) 

where 

A= 140La activity at the time of measurement (dps), 

hl = decay constant for 140Ba = 6.29 x 10-7 s-l, 

h2 = decay constant for 140La = 4.78 x 10-6 s-l, 

N= number of 237Np atoms in the monitor, 

Yl = fission yield of 140Ba = 0.05489, 

t* = elapsed time between time of counting and irradiation(s), 

ti = irradiation time(s). 

The calculated fission rates are given in Table 4. 

The measured helium concentrations (appb) in HAFMs were also converted to helium 

production rates expressed as the number of He atoms produced per second per target 

isotope. They are listed in Table 4. 

3.2 THERMAL FLUX CALCULATIONS 

The true thermal flux, assuming a Maxwellian distribution, was calculated using the 

relation:9 

where 

@th = 

fib = 

Gth = 

g = 

CT0 = 

R = 

To = 

T = 

@th = ( 

true thermal flux (n/m2.s), 

saturation activity of bare monitor (dps), 

thermal self-shielding factor, 

non l/v factor in the thermal region, 

thermal neutron activation cross section (m2), 

cadmium ratio, 

293.6 K, 

333.6 K (the temperature in the hydraulic tube is close to 60°C). 

(2) 
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4 

l 

This relation was used to calculate thermal neutron flux using the saturation activities of the 

bare Au, Ag, and Co monitors given in Tables 4 and 5 along with the cadmium ratios for 

these monitors. Since cadmium-covered monitors were irradiated in HT locations 1 and 5 

only, the cadmium ratios for the monitors at position 3 were obtained though interpolation, 

and those for positions 7 and 9 were obtained assuming symmetry around position 5, i.e., 

R values for positions 7 and 9 were assumed to be the same as for positions 3 and 1, 

respectively. The Gth, g, and 00 values for these monitors are given in Table 6. The 

calculated thermal flux values are given in Sect. 3.3. 

Table 6. Parameters used in thermal flux 
calculations9 

Au Ag co 

Gth 1 .oo 0.99 0.99 

g 1.0052 1.0062 1 .oo 

00 (barns) 98.8 4.1 37.45 . 

The thermal neutron flux values at the five HT locations under investigation were 

also obtained from helium accumulation monitors 6Li and 1OB by dividing the measured 

helium production rates by the thermal neutron cross sections of 942 barns and 3838 barns 

for the reactions 6Li (n,a) 3H and 1OB (n,a) 7Li, respectively.5 The results were 

corrected for the irradiation temperature using the square root term in Eq. (2). The thermal 

flux values obtained from these monitors are also given in Sect. 3.3. 

3.3 TOTAL AND FAST FLUX CALCULATIONS 

The first step in the evaluation of total and fast fluxes from the measured reaction 

rates was to calculate the spectral-averaged cross sections for the reactions of interest. 

Therefore, one-neutron-energy-group dosimetry cross sections were produced over 

selected energy ranges for the monitors used in the measurements. The HEIR two- 

dimensional (2-D) geometry model17 was modified to include the aluminum tube bundle in 

the target region. The 64-group, neutron cross sections used in radiation transport 

calculations were produced from the 99-group Advanced Neutron Source Libra.ry.l8 

The neutron flux was calculated with the DORT,19 a 2-D discrete ordinates 

* radiation transport code, using the 64-group cross sections. The total volume-integrated 



16 

the cross sections. The calculated target region volume-integrated spectrum normalized to one 

fission neutron is given in Table 7 and is plotted in Fig. 3. With the CRES code,20 the flux was 

expanded (using flat weighting) from the 64-group structure to the DOSDAM84 (ref. 21) 640- 

neutron group structure and folded with the predetermined DOSDAM84 dosimetry cross sections. 

The results were then averaged over the specific energy ranges and reduced to a one-neutron 

group. The computed cross sections are given in Table 8. The measured reaction rates were 

divided by the corresponding calculated cross sections to obtain the total and fast fluxes. 

In order to evaluate total flux from bare monitor activities, the reaction cross sections were 

averaged over the entire neutron energy spectrum: 

The lower limit in the integrals was set at 10-4 eV and the upper limit at 20 MeV. The calculated 

average cross sections, along with the measured activities of the bare monitors, were used to 

determine total flux from each of the monitors. 

The definition of spectral-averaged cross section was modified to: 

(4) 

to determine fast flux above neutron energy EO, which was set at 0.1 and 1 MeV for the 

corresponding fluxes from activities of the bare fast flux monitors. 

Since the activities induced in the cadmium-covered Au, Ag, and Co monitors are due to 

epi-cadmium neutrons only, the epi-cadmium (> 0.5 eV) flux values were determined from the 

activities of these monitors in combination with the average cross sections calculated by setting 

lower and upper limits of both integrals at 0.5 eV and 20 MeV, respectively. The sub-cadmium (< 

0.5 eV) flux values were determined from differences of the activities of the bare and cadmium- 

covered monitors along with the average cross sections evaluated in the sub-cadmium range, i.e., 

with lower and upper limits of both integrals set at 10-4 and 0.5 eV, respectively. 
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Table 7. Sixty-four group l3FTR aluminum target region total volume-integrated 
neutron sDectrum normalized to one fission neutron 

3oup Top E (MeV) 

1 2.0000E +0 1 

2 1.5941E+Ol 

3 1.2706E+Ol 

4 l.O127E+Ol 

5 8.0722E+OO 

6 6.434OE+OO 

7 5.5234E+OO 

8 4.7417E+OO 

9 4.0707E+OO 

10 3.4946E+OO 

11 3 .OOOOE+OO 

12 2.7235E+OO 

13 2.4725E+OO 

14 2.2447E+OO 

15 2.0378E+OO 

16 1.8500E+OO 

17 1.7497E+OO 

18 1.6548E+OO 

19 1.565 lE+OO 

20 1.4803E+OO 

21 1:4000Ei&Igs 

22 1.28 16E+OO 

23 l.l732E+OO 

24 l.O740E+OO 

25 9.8315E-01 

26 9.OOOOE-01 

27 7.6525E-01 

28 6.5068E-01 

29 5.5326E-01 

30 4.7043E-01 

31 4.OOOOE-01 

32 3.0314E-01 

Spectrum (ncm/s) 

7.53581E-05 

l.O1616E-03 

7.57756E-03 

3.43697E-02 

l.O4587E-01 

1.41115E-01 

2.20078E-01 

3.02087B01 

3.67954B01 

4.71502E-01 

3.46830E-01 

3.82847E-01 

4.19737E-01 

3,92363E-01 

3.98497E-01 

2.50196E-01 

2.42818E-01 

2.40055E-0 1 

2.41739E-01 

2.41814E-01 

3.71844E-01 

3.68101E-01 

3.51047B01 

3.10802B01 

3.20109B01 

6.20893B01 

6.02982E-01 

5.14038E-01 

4.75971E-01 

3.72404E-01 

6.91834E-01 

6.09022E-01 

Group 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61:‘ 

62 

63 

64 

Top E (MeV) 

2.2974E-01 

1.7411E-01 

1.3195E-01 

1 .OOOOE-01 

4.9224E-02 

2.4230E-02 

1.2017E-02 

6.0042E-03 

3.OOOOE-03 

x 1.5220B03 

7.7217E-04 

3.91 lOE-04 

1.9776E-04 

1 .OOOOE-04 

6.178OE-05 

3.8168E-05 

2.4082E-05 

1.5518E-05 

1 .OOOOE-05 

6.1780B06 

3 .OOOOE-06 

1.77OOE-06 

3.97OOE-07 

3.3OOOE-07 

2.7OOOE-07 

2.15OOE-07 

1.62OOE-07 

Spectrum (nanA) 

5.13317E-01 

4.47747E-01 

4.30975E-01 

9.21835E-01 

7.96638E-01 

7.30532E-01 

6.90887E-01 

6.7646OE-01 

6.54129E-01 

6.49369E-01 

6.46214E-01 

6.42848E-01 

6.37196E-01 

4.45887E-01 

4.3763OE-01 

4.12505E-01 

3.86961E-01 

3.83647E-01 

4.11880E-01 

6.21981E-01 

4.73766E-01 

1.41791E-01 

1.87787E-01 

2.19794E-01 

3.22537E-01 

6.90217E-01 

2.55123E+OO 

8.85592E+OO 

6.16908E+OO 

6.12899E+OO 

9.75097E-01 

2.60110E-01 
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Fig. 3. The calculated target region volume-integrated neutron energy spectrum 

normalized to one fission neutron. 



Table 8. One-group volume-integrated beginning-of-cycle cross sections (reaction or production) averaged 
over spectrum in the HFIR target region (m*/neutron . atom) 

gBe(n, He Prod) 
6Li(n, He Prod) 
1°B(n, He Prod) 
1 lB(n, He Prod) 

*‘Al(n, @24Na 

45Sc(n, y)46Sc 

46Ti(n, P)~%c 

54Fe(n, p)54Mn 

58Fe(n, ‘y)5gFe 

“Ni(n, p)“Co 

5gCo(n, #‘Co 

63Cu(n, o$‘Co 

‘OgAg(n, y)’ ‘OrnAg 

139La(n, y)140La 

“‘Au(n, ‘y) 198Au 

237Nph f) 

E1=1x10m4 eV 
E2=20.0 MeV 
E3=1x10e4 eV 
E4=20.0 MeV 

4.3284~10-3~ 

4.1424x10-*6 

1.6972~10-*~ 

7.0046~10-3~ 

1.2055~10-~* 

1.2017x10-*’ 

1.7182~10-~~ 

1.2548~1O-~O 

5.2567~10-*~ 

1.6447~10-~~ 

1.7442x10-*’ 

8.9234x1O-33 

3.6666x10-** 

4.1110x10-** 

‘.2895x10-*’ 

*.7159x10-*9 

8.5182x10-*’ 

E1=1x10s4 eV 
E2=20.0 MeV 
E3=1 .O MeV 
E4=20.0 MeV 

3.5328x10-*9 

3.3810x10-*5 

1.3852~10-*~ 

5.7171x10-33 

9.8393x1O-32 

9.8082x10-*’ 

1.4024x 1O-3o 

1.0242x 1O-29 

4.2905x 1O-28 

1.3424~10-*~ 

1.4236~10-~~ 

7.2833~10-~* 

2.9927x 10-2’ 

3.3554x10-27 

5.9497x10-26 

2.2167~10-*~ 

6.9525~10-*~ 

E1=1x104 eV E1=1x10w4 eV 
E2=20.0 MeV E2=20.0 MeV 
E3=0.1 MeV E3=0.5 eV 
E4=20.0 MeV E4=20.0 MeV 

1.8404x10-*9 

1.7613~10-*~ 

7.2163~10-*~ 

2.9783x1O-33 

5.1256~10-~* 

5.1095x10-*’ 

7.3055x10-31 

5.3352~1O-~O 

2.235 1x10-** 

6.993O~lO-~O 

‘.4161x10-*’ 

3.7941x10-32 

1.5590x 10-2’ 

1.7479x10-*7 

3.0994x10-26 

1.1548~10-*~ 

3.6218x10-26 

9.1540x10-30 

3.4783~1O-~O 

3.6887x10-*’ 

1.8872~10-~* 

7.7543x10-** 

1.5416~10-*~ 

5.7437x10-29 

E1=1x10m4 eV 
E2=20.0 MeV 
E3=1x10s4 eV 
lSkO.5 eV 

‘.85*1x10-*6 

3.2196~10-*~ 

E1=0.5 eV 
E2=20.0 MeV 
E3=0.5 eV 
E4=20.0 MeV 

4.7011x10-*9 

5.5519x10-30 

2.6941x10-** 

6.2806x10-*’ 

E1=1x10v4 eV 
E2=0.5 eV 
E3=1x10m4 eV 
E4=0.5 eV 

2.2374x10-*’ 

9.4739x10-29 

~ 3.0670x10-*’ 

~ 4.0377x IO-28 

~ 8.1944x10-*’ 

Note: Average one-group cross section, 0 = I $EM(E)dE 

I ;3hdE ’ 
for the integral limits given at the heads of the columns. 
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The measured total, thermal, fast (E > 0.1 MeV and > 1 MeV), epi-cadmium, and sub- 

cadmium fluxes are given in Tables 9-13. The average values of these fluxes and some important 

flux ratios are given in Tables 14 and 15, respectively, and are plotted as a function of HT location 

in Figs. 4 and 5, respectively. 

4. DISCUSSION AND CONCLUSIONS 

The purpose of this dosimetry experiment was to measure the neutron flux spectrum along 

the length of the HFIR hydraulic tube. Out of the nine rabbit capsule positions (HT-1 though -9) 

in the hydraulic tube, the flux was measured at the five odd-numbered positions using activation, 

fission, and HAFMs. This measured flux spectrum provides necessary information to analyze the 

results of the hydraulic tube irradiations that have already been performed and to design future 

irradiations. 

Due to a high thermal neutron component of flux in the hydraulic tube, attempts were made 

to minimize some undesirable effects of the thermal flux and/or to correct the measurements for 

these effects that include burn-in and/or bum-out of the product nuclide, self-shielding, depletion 

of the target isotope, and interference from impurities. Burn-up of the product nuclide in most of 

the reactions given in Table 1 was negligible except for the nuclides 5gCo from the reaction 5gNi 

(n,p) 5gCo and 19gAu from the reaction 197Au (n,y> 19gAu. A l-h irradiation of these monitors 

in a thermal flux on the order of 1019 rUrn2.s required more than 20% correction. The self- 

shielding factors were also negligible for the monitors used in this experiment, except for Cu 

which required a 5% correction. 

When a 237Np fission monitor is irradiated in a neutron field with a high component of 

thermal flux, most of the I4OBa activity is produced from the fissioning of 23gNp, which is 

produced by the reaction 237Np (n,?) 238Np. In addition, 239Pu, which is present as an 

impurity, also fissions with thermal neutrons and contributes to the 14OBa activity. These 

contributions in this experiment were minimized by irradiating the fission monitors in 0.75~mm- 

thick Cd filters. Therefore, most of the 140Ba activity induced in these monitors was due to fast 

neutron fissions in 237Np. There is, however, always some contribution from 23gNp, 239Pu, 

and photofissions produced by high-energy gamma rays in the irradiation facility. The measured 

14OLa and hence 14OBa activities were not corrected for these contributions due to uncertainties in 

the magnitude of these effects. 

When a 9Be HAFM is exposed to a fast neutron flux, helium is produced though three 

separate reactions: 9Be (n,a) 6He (a+2n); 9Be (n,2n) gBe (2~); and 9Be (n,d) 2~. 



t . Table 9. Measured neutron fluxes (n/m%) at HF’IR HT-1 

Reaction Total Thermal > 0.1 MeV >lMeV 

27Al(n, a)24Na 1.2 x 1o19 2.8 x 10” 1.5 x 101* 

46Ti(n, P)~%c 1.3 x 10’9 2.9 x 101* 1.5 x 1018 

54Fe(n, p)54Mn 1.3 x 1o19 3.0 x 101* 1.6 x 10” 

58Ni(n, P)~*CO 1.2 x 1o19 2.9 x 1018 1.5 x 10” 

63Cu(n, a)60Co 1.5 x 1o19 3.5 x 10” 1.8 x 1018 

237Np(n f) 1.9 x lOI 4.4 x 1018 2.3 x lOI 

‘Be(n, He) 1.1 x 1o19 2.6 x lo’* 1.3 x 101* 

* g7Au(n, y)“*Au 1.7 x lOI 1.1 x 1o19 

5gCo(n, y)60Co 1.9 x 1o19 1.0 x 1o19 

‘OgAg(n, y)“OmAg 1.6 x 10” 1.2 x 10” 

6Li(n, He) 2.1 x 1o19 1.1 x lOI 

“B(n, He) 2.2 x 1o19 1.1 x 1o19 

> 0.5 eV c 0.5 eV 

lg7Au(n, y)“*Au 1.6 x 10” 1.0 x 101’ 5.6 x 1018 1.0 x 101’ 

‘OgAg(n, y)“OmAg 1.6 x 10” 1.2 x 10” 5.2 x 1018 1.1 x 10” 

5gCo(n, y)60Co 1.8 x 10” 9.9 x lo’* 5.0 x 10” 1.2 x 10” 

n 
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Table 10. Measured neutron fluxes (n/m2+) at HFIR HT-3 

Reaction Total Thermal > 0.1 MeV >lMeV 

27Al(n, a)24Na 3.1 x 1o19 7.3 x 101* 3.8 x 101* 

46Ti(n, P)~%c 3.5 x lOI 8.1 x 101* 4.2 x 10” 

54Fe(n, p)54Mn 3.5 x 1o19 8.3 x 10” 4.3 x 101* 

58Ni(n, P)~*CO 2.9 x 101’ 6.8 x lOI* 3.6 x 10” 

63Cu(n, a)60Co 3.3 x 1o19 7.7 x lol* 4.0 x 1o1* 

237Np(n, 0 

‘Be(n, He) 3.7 x 1o19 8.7 x 101* 4.5 x 10” 

lg7Au(n, y)“*Au 3.8 x 10” 2.4 x 101’ 

5gCo(n, y)60Co 3.4 x 101’ 1.8 x 101’ 

logAg(n, y)“OmAg 3.4 x 101’ 2.6 x 10” 

6Li(n, He) 4.0 x 1o19 2.0 x 10’9 

‘OB(n, He) 4.1 x lOI 2.2 x 1019 



23 

Table 11. Measured neutron fluxes (n/m%) at HFIR HT-5 

Reaction Total Thermal > 0.1 MeV >lMeV 

27Al(n, a)24Na 3.5 x 1o19 8.3 x 101* 4.3 x lO’$ 

46Ti(n, P)~%c 3.8 x 1O1’ 9.1 x 1o1* 4.7 x 10” 

54Fe(n, p)54Mn 3.9 x 1o19 9.3 x 10” 4.8 x 10IE 

‘*Ni(n, P)~*CO 3.4 x 1o19 7.9 x 10” 4.2 x 10’” 

63Cu(n, a)60Co 3.8 x 10” 8.8 x 10” 4.6 x 10le 

237Nph f) 3.8 x 10” 9.0 x lol* 4.7 x lol* 

‘Be(n, He) 4.1 x lOI 9.6 x 101* 5.0 x 1018 

lg7Au(n, y)“*Au 3.8 x 10” 2.4 x 10” 

5gCo(n, y)(jOCo 3.8 x 10” 2.2 x 10” 

logAg(n, y)“OmAg 3.9 x 10” 2.8 x 10” 

6Li(n, He) 4.4 x 10” 2.3 x 101’ 

“B(n, He) 4.6 x 101’ 2.4 x 10” 

> 0.5 eV < 0.5 eV 

lg7Au(n, y)“*Au 4.3 x 101’ 2.7 x 101’ 1.4 x 10” 2.7 x 101’ 

‘OgAg(n, y)“OmAg 4.1 x 10” 2.9 x 1019 1.5 x 101’ 2.5 x 1019 

59Co(n, y)60Co 4.0 x 10” 2.3 x 101’ 1.7 x 1019 2.1 x 1019 

P 

c 
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Table 12. Measured neutron fluxes (n/mz.s) at HFIR HT-7 

Reaction Total Thermal > 0.1 MeV >lMeV 

27Al(n, a)24Na 3.1 x 1o19 7.3 x lol* 3.8 x lol* 

46Ti(n, P)~?$c 3.4 x lOI 8.0 x 101* 4.2 x 101* 

54Fe(n, p)54Mn 3.4 x 1o19 8.0 x lo’* 4.2 x 101* 

58Ni(n, P)~*CO 3.0 x 1o19 7.0 x lol* 3.7 x lol* 

63Cu(n, a)60Co 3.2 x 10” 7.5 x lo** 3.9 x lol* 

237Np(n, fl 

‘Be(n, He) 

lg7Au(n, y)“*Au 3.9 x 10” 2.4 x 10” 

5gCo(n, yfj°Co 3.3 x lOI 1.8 x 1o19 

10gAg(n, y)llomAg 3.3 x 10” 2.5 x 10” 

6Li(n, He) 3.7 x 1o19 1.9 x 10’9 

“B(n, He) 3.9 x 1o19 2.0 x 1019 



Table 13. Measured neutron fluxes (n/m%) at HFIR HT-9 

Reaction Total Thermal > 0.1 MeV >lMeV 

27Al(n, a)24Na 1.4 x 1o19 3.4 x 10” 1.8 x lOI* 

46Ti(n, P)~%c 1.5 x 1o19 3.4 x 1O1* 1.8 x 10” 

54Fe(n, p)54Mn 1.5 x 1o19 3.4 x 101* 1.8 x 10” 

58Ni(n, P)~*CO 1.3 x lOI 3.1 x lo’18 1.6 x lol* 

63Cu(n, a)60Co 1.4 x lOI 3.3 x lo’* 1.7 x lol* 

237Nph f) 

‘Be(n, He) 

lg7Au(n, y)“*Au 2.0 x 10” 1.3 x 101’ 

5gCo(n, #‘Co 1.8 x 101’ 9.7 x 10” 

logAg@, y)“OmAg 1.6 x 10” 1.2 x 10” 

6Li(n, He) 2.0 x 1o19 2.1 x lo19 

“B(n, He) 2.2 x lOI 1.1 x 10’9 
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Table 14. Average values of the measured neutron fluxes (n/m2-s) in the 
HFIR hydraulic tube 

HT Location Total Thermal c 0.5 -eV > 0.5 eV > 0.1 MeV >lMeV 

HT-1 1.6 x 1019 1.1 x 1019 1.1 x 1019 5.3 x 1018 3’2 . k”fO18 1.6 x 1018 

HT-3 3.5 x 1019 2.2 x lo19 7.8 x 1018 4.1 x 1018 

HT-5 4.0 x 1019 2.5 x 1019 2.4 x 1019 1.5 x 1019 8.9 x 1018 4.6 x 1018 

HT-7 3.4 x 1019 2.1 x lo19 7.6 x 1018 4.0 x lo18 

HT-9 1.7 x 1019 1.1 x 1019 3.3 x 1o18 1.7 x lo18 

Table 15. Measured flux ratios in the HFIR hydraulic tube 

Location h#bIMeV &h/Q >O.l MeV 0,O.l MeV/@ >I MeV 

H?-1 6.88 3.43 2.00 

HT-3 5.37 2.82 1.90 

HT-5 5.43 2.81 1.93 

HT-7 5.25 2.76 1.90 

m-9 6.47 3.33 1.94 
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Fig. 4. Measured neutron flux profiles along the length of the hydraulic tube. 
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Since two alpha particles (helium nuclei) are produced in each reaction, the reaction cross sections 

in the ENDF-B files have already been multiplied by- two and are listed as helium pro&&on cross 

sections that should not be confused with the reaction cross sections. These helium production 

cross sections were used in combination with the measured helium concentrations to determine 

total and fast fluxes. 

Gamma fields will also create reaction products in fission monitors and in the Be HAFM 

via (y,f) and (y,n)a reactions, respectively. However, the threshold energies are high, > 5.4 MeV 

for 237Np and 1.67 MeV for 9Be, and the reaction cross sections are small, of the order l/100 and 

l/1000 of those for the neutron reactions. Hence, significant contributions from gamma reactions 

will occur only when the ratio of high-energy gamma rays to high-energy neutrons is high, > 10. 

Very high ratios exist at the HFIR pressure vessel4 due to greater attenuation of neutrons than 

gamma rays in the low-Z beryllium reflector and in the water shield between the core and the 

vessel, but in the core region, the ratio is close to unity and, hence, the contributions from.g&ma 

rays in the hydraulic tube are small for 237Np and negligible for 9Be. 

. 

All 12 monitors used in this study yielded very consistent values of the fluxes which, in 

most cases, are within the expected experimental error. A closer look at total and thermal fluxes 

measured at five locations shows that in most cases the 6Li and 1OB HAFMs yield thermal fluxes 

that are consistent with those obtained from the other thermal flux monitors, while the total flux 

values from these two HAFMs are about 40% higher than those obtained from other monitors. 

Since both of these HAFMs are thermal flux monitors, the helium production cross sections for 

these monitors are very well established in the thermal neutron energy range, while there are large 

uncertainties in cross sections at the higher neutron energies. These uncertainties are reflected in 

the cross section when it is averaged over the entire spectrum, increasing the magnitude of error in 

the measured fluxes. 

The total and fast (> 0.1 MeV and > 1 MeV) fluxes measured using the 237Np fission 

monitor at location HT-1 of the hydraulic tube.are about 13 to 15% higher than those obtained from 

the other types of monitors. These differences are mainly due to the reasons already mentioned, 

i.e., contribution from photofissions induced by high-energy photons and thermal neutron fission 

of 239Pu and 238 Np. The measured activities were not corrected for these contributions due to 

uncertainties in the magnitude of error involved. The total and fast fluxes yielded by the fission 

monitor at location HT-5 of the hydraulic tube are more consistent with the rest of the monitors 

mainly due to lower thermal-to-fast flux ratio and the consequent lower gamma-to-neutron flux 

ratio at that location. 

There is a flux peak at the center of the core, as is obvious from the average flux values 

given in Table 14 and plotted in Fig. 4. The total flux at the top and bottom rabbit positions of the 

tube is 1.6 X 1019 n/m2s, and it increases to 4.0 x 1019 n/m2.s at the center. The 
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There is a flux peak at the center of the core, as is obvious from the average flux 

values given in Table 14 and plotted in Fig. 4. The total flux at the top and bottom rabbit 

positions of the tube is 1.6 x 1019 n/ m es, and it increases to 4.0 x lOlo n/m2s at 2 

the center. The corresponding values for the thermal flux are 1.1 x 1019 n/m2s and 

2.5 x lo19 n/m2s. A s expected, the sub-cadmium flux measured at HT-1 and -5 agrees 

very well with the thermal flux values. The fast flux (> 0.1 MeV and > 1 MeV) also 

exhibits the same type of profile, as shown in Fig. 4. Some important flux ratios, given in 

Table 15, indicate that the thermal-to-fast ratio is a little higher at the ends of the tube as 

compared to the center, while the ratio of > 0.1 MeV flux to > 1 MeV stays almost constant 

at two. 

The 12 monitors used in this study have their response ranges in different neutron 

energy intervals, yet they gave very consistent flux values evaluated using the cross 

sections averaged over the calculated neutron spectrum, indicating that the calculated 

spectrum is in close agreement with the actual spectrum in the target region, and any 

spectrum unfolding exercise will not result in very significant improvements. This 

conclusion is further supported by the results of a recent investigation of some monitor 

wires in materials experiments in the target region 22 which show that there are no major 

spectral changes along the active length of the target, and spectrum unfolding results in 

virtually no adjustment. 

Finally, a comparison of the present flux data with earlier data measured in the 

hydraulic tube192 is given in Table 16. The earlier data were obtained at lOO-MW power 

when the tube was located at the center of the target bundle in the presence of many curium- 

based targets. The reactor now operates at 85 MW which should reduce the fluxes by 

15%. However, the hydraulic tube is now sited closer to the fuel, and the neutron 

absorption rate in the trap has been altered by the current practice of substituting aluminum 

components for some of the heavy-element targets. The net effect of these competing 

factors can be seen in Table 16. The total flux in the hydraulic tube is now reduced by up 

to 33% and is more symmetrical from the top to the bottom of the tube. The fast fluxes are 

reduced by up to 25% and are more symmetrical, too. The thermal flux appears to be 

increased by up to 10% or so. 
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Location 

Hl-1 

HT-3 

HT-5 

HT-7 

HT-9 

. 

Table 16. Comparison of the fluxes, n/m% (x1019), in the hydraulic tube 

with earlier measurements192 made at 100~MW power 

Ref. la 

o 

2.4 

4.8 

5.7 

4.2 

Total 

Ref. 2 
;lOO~ 

r 
I 

Present 

0 

1.6 

3.5 

4.0 

3.4 

1.7 

1 

Ref. la 

o 

0.98 

1.9 

2.3 

1.7 

0.74 

: 0.0253 c 

Ref. 2 
[lOOMW) 

1.3 

2.1 

2.6 

2.0 

1.0 

Present 

0 

1.1 

2.2 

2.5 

2.1 

1.1 

E>O.l Me 

Ref. la Ref. 2 
pOMW) (100~ 

0.42 0.45 

0.93 0.97 

1.1 1.1 

0.85 0.84 

0.29 0.37 

Present 

0 

0.32 

0.78 

0.89 

0.76 

0.33 

Ref. la 
;1OOMW) 

0.21 

0.48 

0.56 

0.43 

0.14 

> 1.0 Me‘ 

Ref. 2 
[lOOMW) 

Present 
(85MWi 

0.16 

0.41 

0.46 

0.40 

0.17 

1 

w 
c 

a Flux values scaled from those for HT-5 using the measured reaction rates for the other HT locations. 
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