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ABSTRACT 

The PA)^R-1 reactor was utilized for measurements of the radiation environment 

at the mockups of the R-1 Cluster Hot End Support Hardware (CHESH). The results obtained 

include neutron flux densities obtained with sulfur (E > 2 . 9 Mev), U-238 (E > 1.5 Mev), 

bare and cadmium-covered Dy (E< 0.4 ev). Fast neutron dose rates from Phylatrons and 

gamma dose rates from CaF« thermoluminescent dosimeters and Bragg-Gray chambers were 

also determined. 

Experimental data are compared with analytical calculations obtained with the 

two-dimensional discrete ordinates transport code, DOT. An S . « . angular quadrature was 

employed in the DOT code. The analytical model is based on the actual PAX-G IA reactor, 

operating at ambient conditions. Reasonable agreement between the calculations and 

experimental data was generally observed. 
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1.0 INTRODUCTION 

1.1 TEST IDENTIFICATION 

1.1.1 Type of Report 

This report is a complete Final Report, 

1.1.2 Scope of Test Document 

The applicable Scope of Test Document Number is M57DW-271-1 . 

1.1.3 Functional Category of Test 

This is a Development test. 

1.1.4 Contractor 

The Westinghouse Astronuclear Laboratory (WANL/14683) under Subcontract N P - 1 , 

CY ' 69 is the contractor. 

1.1.5 Test Faci l i ty 

These tests were performed at the Westinghouse Astronuclear Experimental Faci l i ty 

located at the Westinghouse Waltz M i l l Site June 17 to June 23, 1969. 

1.2 PURPOSE 

The purpose of this experiment was to: 

1. Experimentally determine the radiation environment on the fo l lowing NERVA 

reactor components. 

A. Cluster hot end support, EC 677557. 

B. Cluster miscellaneous hardware, EC 677558. 

2. Provide experimental data for comparison with analyt ical predictions. 

These experiments are being performed to satisfy, in part, the requirements of 

Paragraphs 3, 1 and 4. 1 of the applicable specif ication for the preceding engineering components. 
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2.0 REFERENCES A N D ASSUMPTIONS 

2.1 REFERENCES 

2 . 1 . 1 Specifications 

EC 677557 - Part I. Performance/Design and Qual i f ica t ion Requirements 

Cluster Hot End Support for 677555A NERVA Nuclear Subsystem, 1/23/69 

EC 677558 - Part I. Performance/Design and Qual i f i ca t ion Requirements 

Support Stem & Cluster Miscellaneous Hardware for 677555A NERVA Nuclear Subsystem, 1/23/69 

2 . 1 . 2 Data Item Description 

Form 9, Data Item Description, T - n 9 , dated 4 /2 /69 

2 . 1 . 3 Scope of Test Document 

M57DW-271-1 - Scope of Test for Experimentally Determining the Radiation 

Environment on the Cluster Hot End Support Components 

2. 1,4 Drawing 

577F515 - Support Stem Assembly Fuel Cluster Assembly 

711J496 - Reactor/Vessel Assembly, R-1 PAX 

711J489 - Cluster Assembly, Fuel R-1 PAX 

711J498B- Segment, Reflector Assembly, R-1 PAX 

711J567 - Cluster Assembly, Fuel R-1 PAX 

939J685E - NERVA R-1 Conceptual Reference Design 

2 .1 .5 External Document 

WANL-TME-1852, Volume 1 - R-1 Parametric Shield Measurements Conducted 

on the NERVA Permanent Assembly Experiment (PAX) Reactor 

WAN L-TME-1911 - PAX-GO Power Distribution Measurements 

WANL-TME-1917 - PAX-GI Gross Power Measurements 

WAN L-TME-1798, Volume 6 - NERVA Engineering Data and Design Concepts -

Summary & Recommendations 

WANL-TME-1914 - Radiation Environment in Various Reactor Components 

2-1 



2.1.6 Data Release Memorandum 

51105C - Flow Charts for an Integrated Nuclear and Radiation, Themial and 

Structural Analysis Procedure, and Ident i f icat ion and Description of Computer Code 

51150 - Parts Inventory in the PAX-GO Reactor 

51150A - Parts Inventory in the PAX-GOA, B, and C Reactors 

51163 - Parts Inventory in the P A X - G l Reactor 

51163A - Parts Inventory in the P A X - G I A Reactor 

51166 - PAX-G I Shim Wire Inventory 

51166A - P A X - G I Shim Wire Inventory 

51171 - Parts List Containing As-Built Weights for the CHESH and Support Stem 

Assembly Experiments 

51176 - Cal ibrat ion of Thermoluminescent Dosimeters (TLD s) 

51176A - Cal ibrat ion of Thermoluminescent Dosimeters (TLD s) 

51177 - Cal ibrat ion of Bragg-Gray Heating Rate Detectors for Use at WANEF 

51178 - Experimental Determination of Heating Rate on CHESH Stems 

51179 - Use of Bragg-Gray Ionization Chambers for Heating Rate Measurements 

51927 - Radiation Heating Rates in the R-1 Reference Design (Drawing No . 939J685-E) 

2 ,2 ASSUMPTIONS 

1) Measurements on a similar cluster in adjacent sector where no CHESH hardware 

is located gives background radiation results for direct comparison with measurements in the 

presence of the CHESH components. 

2) Boral enclosure over measurement area does not affect measurements and 

eliminates a l l extraneous thermal neutrons produced in the test cel l and support blocks. 

3) Removal of support blocks in a local area fu l ly simulates desired radiation 

source for operating conditions. This means that adjacent support blocks and protruding wires 

do not signif icantly perturb measurement area. 

4) The power perturbation caused by the introduction of R-1 type support stems 

is not suff ic ient ly signif icant to affect power cal ibrat ion and, hence, the data reduced on 

a per watt basis from fission f lux density measurements made without R-1 support stems present 

can be used for the measurements with stems present. 
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5) It is assumed that the heating rote measurements by Bragg-Gray detectors 

located adjacent to the support stem assembly and liner sleeve are characteristic of those in 

the CHESH components. 

6) Similarly, it is assumed that the heating rates measured in graphite or stainless 

steel detectors are characteristic of those in the CHESH components which are constructed of 

different material. 

7) The assumptions regarding use of Bragg-Gray detectors, which are discussed 

in DRM51179, are valid. 
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3 ,0 TEST ARTICLE CONFIGURATION 

3,1 P A X - G I A REACTOR 

The PAX reactor, modified as shown in Figure 3-1 and designated PAX-GlA,has 

been used to perform standard reactor experiments during the in i t ia l phases of the R-1 

design program to support the release of R-1 fuel specifications and provide information on 

the adequacy of the control capabi l i ty of the R-1 reflector system and hydrogen in the support 

stems. Basically, the reactor has a large core (no inner reflector) and a 60 degree mockup 

of the R-1, 18 control drum configuration in the reflector. 

The present R-1 reactor core design contains 1878 fueled and 349 unfueled elements. 

The P A X / R - 1 also contains a total of 2227 elements, but the number of fueled elements is 
3 

greater. This R-1 design calls for uranium loadings as high as 630 mg/cm . In order to 

mockup the overal l uranium content using avai lable fuel (loadings less than 500 mg/cm ), 

approximately one-hal f of the central elements in PAX/R-1 are fueled. These are made from 

existing fuel elements by d r i l l i ng and tapping the ends. To accommodate the increase in the 

total number of elements, an extension to the core support plate is inserted into the support 

plate region of the PAX/R-1 as seen in Figure 3 - 1 . Approximately 245 kg of highly enriched 

uranium are contained in the P A X - G l A core. 

The P A X - G I A reflector is obtained by replacing two 30 degree KIWI sectors of the 

12 drum NRX configuration wi th a 60 degree R-1 reflector mockup segment. This reflector 

mockup segment is constructed of laminated beryl l ium slabs. The non-beryl l ium fraction in 

this segment is the same as that of the present R-1 reflector. The lateral support hardware is 

mocked up in the plunger holes by the same amount of material as in R-1, This reflector 

segment contains three control drums whose vanes are A l -B , 100 mils th ick, with a B 

surface concentration of 0, 13 gram per square centimeter. The R-1 mockup control drums 

have a vane span of 120 degrees. 

The P A X - G I A reactor bui ld ( including shim wire inventory, parts inventory, fuel 

element l is t ing, and/or representative as-bui l t weights) are detailed In Drawings 711J496 

and7nj498B, DRM's 51166, 51166A, 51163, 5n63A, 51150 and 5n50A. 

The special modifications required for this experiment consisted of: 

1) The Insertion of special graphite central elements In clusters 4C2 and 5C2, 

3-1 



2) The removal of the support blocks, Nb and " X " wires In the region defined by 

Figure 3-2 and replacing the wires in the core at the locations from which they were removed, 

3) The removal of the R-1 support stems from cluster locations 4C2 and 5C2 and 

Inserting the CHESH at 4C2 (Figure 3-6) and the modified support stem and sleeve liner at 

5C2 (Figure 3-8), 

4) The removal of al l the Nb and " X " wires at locations (1 ,2 ,6) D3, (1 ,2 ,3) D l , 

and IE4 In order to bring the delayed cr i t ica l drum bank to within 115 + 1 , 

Figure 3,3 shows a detai led photograph of the top of the core in the region where 

the measurements were performed, 

3.2 CHESH ASSEMBLY 

The Cluster Hot End Support Hardware (CHESH) is defined in EC 677557 

and WANL Drawing No , 711J567. The CHES hardware assembly is placed in a special 

graphite central element (Part No . 388D262H02 of WANL Drawing No , 711J489) which 

Is a regular PAX central element with a Nb coating and with a larger central hole to 

accommodate the R-1 support stem assembly. Figures 3-4 and 3-5 show photographs of 

the CHES hardware. Figures 3-6 and 3-7 show detail drawings of the assembled cluster. 

Table 3-1 presents typical and as-bul l t weights of the various components of the CHESH 

assembly, 

3.3 REFERENCE ASSEMBLY 

The reference assembly, to which radiation measurements on the CHESH assembly 

were compared, consists of a complete cluster assembly with a special graphite central 

element and support stem. This assembly includes every Item on WANL Drawing No , 711J567) 

except the fo l lowing: 

a. Item 3, the pedestal, 

b. Item 7, the sleeve spacer, 

c. Item 9, the cup , protection. 
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d. Item 16, the cap, closure, 

e. Item 17, the cup, cap Insulating, 

f. Item 18, the cap, insulation. 

g. Item 19, the cup, cap protection, 

h. Item 23, the screw, cap closure, 

I, Item 24, the spacer, 

j . Item 25, the washer, insulating 

Figure 3-8 shows details of the cluster assembly, 

3.4 BORAL ENCLOSURE 

A Boral enclosure was placed over the aft region of the P A X - G l core (with support 

blocks removed in the local region) for a l l reactor runs In this experiment, as outl ined In 

Figure 3-2 and shown in the photograph of Figure 3-9, The purpose of the enclosure was 

to reduce the test cel l and / o r support block produced thermal neutrons to the experimental 

region of measurement. 

The Boral enclosure was fabricated from 1/8 inch thick Boral sheets that were 

securely fastened together with epoxyglue (the procedure used In the past for the fabrication 

of small boron-containing boxes used for reactor experiments). The f inal form Is a 6 - 1 / 4 " W 

x 11 -3 /4 " L x 8" H f ive sided enclosure. The enclosure weighs 3700 gms. 

3-3 
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Figure 3-1, PAX-Gl A Reflector Assembly 
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Figure 3-2. Top View of Cluster Region of CHESH Location 
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Figure 3-3. Close-Up of the CHESH Measurement Region (U) 
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Figure 3-4. CHESH Cluster Assembly (U) 
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Figure 3-5. Close-Up of CHESH Hardware (U) 
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NOTE: All numbers refer to the 
item numbers contained 
in Table 3 -1 . 

Figure 3-6. CHESH Assembly - Aft End (U) 

•fe*-* 
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NOTE: Al l numbers refer to the 
item numbers contained 
in Toble 3 - 1 . 

Figure 3 - 7 . CHESH Assembly - Forward End (U) 
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End of Fuel Element 

Modified Support Stem AsMmbly 
(Inconel and CRES) 

Sleeve Liner 
(CRES) 

Figure 3-8. Reference Assembly - Aft End 
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TABLE 3-1 

WEIGHTS OF CLUSTER HOT END SUPPORT HARDWARE (U) 

Description 

Support Stem Assembly 

Tie Rod Holder 

Pedestal 

Split Washer 

Spring Mockup 

Spring Mockup 

Spacer Sleeve 

Split Bushing 

Protection Cup 

Plate Assembly 
Consists of: 
a . 1 cluster plate 
b. 6 or i f ice jet bushing 

c. 6 centering bushing 

Spacer 

Jet Or i f i ce 

Spacer 

Liner Sleeve 

Closure Cap 

Cap Insulating Cup 

Insulation Cop 

Cop Protection Cup 

Cop Closure Screw 

Spacer 

Insulating Washer 

\fm N o . * 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

n 
12 

14 

15 

16 

17 

18 

19 

23 

24 

25 

Port No. 

577F515G01 

388D343G01 

929F032H02 

800C198H01 

793C849H01 

793C848H01 

388D569H01 

946C216H01 

388D568H01 

576F961H02 

909E529H01 
946C172H01 sub for 

944C959 
388D341H01 

609B030 

— 
800C576H01 

800C514H01 

388D570H01 

388D565H01 

388D564H01 

388D562H01 

800C513H01 

800C511H01 

800C510H01 

Quant i ty 
Weighed 

1 

19 

1 

21 gps of 2 

456 

30 

1 

50 gps of 2 

1 

19 

126 
18 

30 

100 

21 

Weight (groms) 

105.8 

925.0 

18.4 

124.2 

2426.0 

322.5 

3.45 

78.2 

77.6 

636.0 

19.2 
450.2 

250.0 

28.8 

46.0 

105.0 

27.6 

2.75 

4.55 

47.0 

2.0 

0.4 

0.5 

Material 

CRES and 
Inconel 

CRES 

NbC Graphite 

CRES 

CRES 

CRES 

Graphite 

Aluminum 

Tungsten 

CRES 

Aluminum 
CRES 

CRES 

Aluminum 

CRES 

CRES 

Graphite 

Graphite 

Tungsten 

CRES 

CRES 

Graphite 

Obtained frxjm Drawing No. 711J567, "Cluster A$s«nbly, Fuel R-1 PAX" 
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4 . 0 SUMMARY OF TESTS 

4 .1 NARRATIVE 

4 . 1 . 1 Test Description 

The radiation environment was measured in and around a CHESH assembly placed 

at location 4C2 in the PAX-GIA reactor and at location 5C2 at which the cluster hardware 

was similar but with the CHESH assembly absent. In order to adequately mockup the reactor 

configuration desired, the cluster blocks in the vicinity of these locations were removed. 

The Nb arid "X" wires were not removed from this region, however, and were left protruding 

from the ends of the fuel elements to the extent of the thickness of the support blocks. 

Figure 3-1 and 3-2 show this region of the core surface. 

The measurements were performed with the core shimmed to a cold critical drum 

bank of 1 1 5 ° + 1° . 

The radiation environment was measured both with passive and with active types of 

dosimeters. The passive dosimeters consisted of Dy-AI foils to measure thermal neutron 

flux; sulfur, U-238, and thorium foils to measure fast neutron flux; thermoluminescent 

dosimeters to measure gamma dose rate; and Phylatrons to measure fast neutron dose rate. 

The types and sizes of passive dosimeters used are presented in Table 4 - 1 , A 

detailed description of each type appears in Appendix A. 

The methods used for establishing reactor power levels are discussed in Appendix B, 

The active dosimeters were Bragg-Gray chambers with stainless steel and with carbon 

walls. 

Additional measurements with bare and cadmium-covered dysprosium dosimeters on 

the support stem assembly without the CHESH components are reported in WANL-TME-1914, 
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TABLE 4-1 

PASSIVE DOSIMETERS 

Type 

Dy-AI Wirei^^ 

S Pellets 

U-238 Folis^^^ 

Th-232 Foils 

CaF2 TLD^^^ 

LiF TLD^^^ 

Phyiatron 

Length (1) 
Thickness (t) 

(Inches) 

1/4 1 

0.266 t 

0.005 t 

0.004 t 

1/16 t 

1/16 t 

0.290 1 

Diameter 
(Inches) 

0.030 

1/4 

1/4 

1/4 

1/8 - square 

1/8 - square 

0. 115 Max. 

Average 
Weight 
(Grams) 

0.00834 

0.348 

0.0729 

0.0437 

0.0476 

0.0399 

0.213 

Radiation Measured 

Thermal Neutron Flux (E «C 0. 4 eV) 

Fast Neutron Flux (E?- 2.9 MeV) 

Fast Neutron Flux (E?" 1.5 MeV) 

Fast Neutron Flux (E ? 1.35 MeV) 

Gamma Dose Rate 

Gamma Dose Rate 

Fast Neutron Dose Rate 

(1) 10. 86 weight percent dysprosium in an aluminum matrix. (See Appendix A) 

(2) 190 ppm U-235. 

(3) Hot-pressed chips. 
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4 . 1 , 2 Passive Dosimetry 

4, 1.2. 1 Positioning Techniques and Accuracies 

In order to place the various types of dosimeters in the desired locations on the 

inside and outside of the CHESH and reference assemblies, extensive use was made of 

cardboard j igs, tape, and glue. In general, the locations selected for CHESH consisted 

of four ax ia l ly spaced locations along the outside of the CHESH, two locations wi th in the 

top of the support stem, one at the top end of the support stem, and one on top of the 

CHESH. For the reference assembly, effort was made to duplicate these locations as 

closely as practicable. For the Dy-AI measurements, the 1/4 inch lengths of wire were 

stacked ax ia l l y on top of each other and, therefore, a greater number of measurements were 

made both along the outside of the CHESH and along the Inside of the support stem. 

Figures 4-1 through 4-5 show the dosimeters taped to the jigs prior to placement 

on the reactor. Figures 4-6 through 4-10 show the dosimeters in place on the reactor 

prior to covering wi th the Boral enclosure. 

Figures 4-1 and 4-6 show the dosimeters for the run involving bare Dy-AI wires 

and Phylatrons. The Phyiatron results are not reported because of incorrect exposures 

which caused saturation of many of the Phylatrons. 

Figures 4-2 and 4-7 show the dosimetry for the reactor run involving cadmium-

covered Dy-AI wires. The ends of the Cd tubes were pinched shut subsequent to these 

photographs. Also Phylatrons were added to the assembly in a manner similar to that shown 

in Figures 4-1 and 4 -6 . 

Figures 4-3 and 4 - 8 show the dosimetry for the sulfur i r radiat ion. The sulfur 

pellets wi th in the support stems were inserted into tubes of rol led paper. 

Figures 4-4 and 4-9 ahow the cadmium-covered U-238 and Th-232 foils mounted 

on holders and on the test assemblies, respectively. 

Figures 4-5 and 4-10 show the TLD dosimetry mounting with two TLDs at each 

location (one CaF« and one LiF chip). The TLDs inside the support stem were enclosed 

in a plastic tube as shown. The remaining TLDs were indiv idual ly enclosed in packets 

consisting of Tygon tubing and ident i f icat ion tape as described in Appendix A. 
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Figure 4 -7 . Cd-Covered Dy-A l Dosimetry in Place 



I 

M CO 

Figure 4 -8 , Sulfur Dosimetry In Place 

O 
CD 



I 

N) 

Figure 4 -9 , Cd-Covered U-238 and Th-232 Dosimetry In Place 



/^
^ 

Astronuclear 
\::v 

Laboratory 

0) 
u c <u 

_E 
V) 

O
 

Q
 I 

L 
4-13 



This Page UNCLASSIFIED 

Figures 4 -1 through 4 -4 also show, on the right hand side, the planchets on which 

the fo i ls , pellets, and wires were counted. Figure 4-5 shows the heating co i l from the 

reader system in which the TLD chips are placed for readout. 

The accuracy of placement of any of the dosimeters is known to wi th in + 0, 1 cm in 

any direction as referenced from the top (aft end of core) and from the centerl ine of the 

central fuel element in the cluster. These positions are reported in the data tables. 

4 . 1.2. 2 Data Reduction Techniques 

A l l act ivat ion type of passive dosimetry data was taken in the form of counts 

compared to counts on a normalizer dosimeter of the same type which has been irradiated 

in the same reactor run. These data were then analyzed by a set of data reduction codes* 

on the CDC-6600 computer. The analysis included corrections for counter background, 

system resolving times, relat ive counter eff ic iencies, and dosimeter weights. The corrected 

counts on each dosimeter were divided by the corrected counts on the normalizer dosimeter. 

The results of more than one count on a given detector were also averaged. This produced 

intermediate results which gave the ac t iv i t y of each dosimeter relat ive to the ac t iv i ty of the 

normalizer. Computations were then made of the absolute detector ac t i v i t y and of the 

ac t i v i t y - to - f l ux correct ion. Appl icat ion of these correction factors produced the f inal results 

which were both tabulated and plot ted. For the Dy-AI foi ls, addit ional programming allowed 

both subtraction and rat ioing of the bare and cadmium-covered act iv i t ies to produce sub-

cadmium or thermal ac t iv i ty and f lux and to produce cadmium ratios. Throughout the data 

reduct ion, an error analysis was performed based on counting statistics and other estimated 

sources of error. 

Some of the constants required for the data reduction are presented in Table 4 -2 . 

The TLD data reduction was considerably simpler, requiring mainly a subtraction 

of an instrumentation background and a correction for cal ibrat ion factors and integrated 

reactor power. This data reduction plus error computation, table preparation and graph 

preparation was also performed on the CDC-6600 computer,* 

The Phyiatron data reduction was performed on a desk calculator. The computation 

included correction to absolute dose and division by integrated reactor power. 

* See DRM-51105C ^ t w T M T I U t r H T T « l . 
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TABLE 4.2 CONSTANTS USED IN DATA REDUCTION 

Atomic Number 

Isotopic Weight^) 

Abundance^) 

Half Life^) 

Decay Constant 
2) Thermal Cross-Section ' 

Fast Cross-Section 

Effective Threshold Energy 

Dyl64 

66 

163. 9392 

0.2818 

2700 barns 
+7.4% 

Dyl65 

66 

141 min. 

4. 9159 x 10-
mm 

•3-1 
• 

S32 

16 

31.97207 

0.950 

0.300 barns 

2.9 MeV 

p32 

15 

14.3 days 

3.3661 X 10-5-1 
mm. 

U238 

92 

238.0508 

0.555 bams 

1.5 MeV 

1. Chart of Nuclides, July 1966 

2. BNL 325, 2nd Edition, Supp. 2 



4 . 1 . 2 . 3 Uncertainty Analysis 

The analysis of the counting data included an uncertainty analysis for each 

dosimeter based on counting statistics arKJ uncertainties of background rates, system resolving 

times, dosimeter weights and counting time. In addition to these quantities, the other possible 

sources of uncertainty were estimated for each type of dosimeter and were inserted into the 

final steps of the data reduction. Tables 4-3 and 4-4 list the significant sources of uncertainty 

and estimated magnitudes in terms of one-sigma standard deviations in percent. 

In order to more completely describe the uncertainty calculation, consider EO to be 

defined as the uncertainty calculated from the quantities listed in the first sentence of the 

preceding paragraph and the quantities E l , E2, and E3 to be defined as shown in Tables 4-3 

and 4-4 . Then the uncertainty calculated for the fast flux is the vector sum of EO, E l , and E2. 

The uncertainty calculated for the cadmium ratios is the vector sum of E0_, E0_, E l_ , and 
B C D 

El , where the subscripts, B and C, denote the bare and Cd-covered activities, respectively. 

Using the same subscripts, the "statistical" uncertainty calculated for the thermal flux is 

composed of E0-, EO , E 1 - , E l _ , Tl and T2, where Tl and T2 are, respectively, the percent 

uncertainties in the C, and C„ parameters of the thermal activity calculations: 

A , = T = S f B - (S) ^c] 

where C, and C« are the first order correction factors relating to perturbations of the sub-

cadmium and epi-cadmium flux by the foils and the cadmium covers, and where A - and A _ 
B C 

are, respectively, the bare and Cd-covered activities. The "total" uncertainty calculated 

for the thermal flux is the vector sum of the "statistical" uncertainty described above plus 

the uncertainties E2 and E3 

The accuracy of the TLD and Phyiatron measurements have also been estimated. 

Table 4-5 summarizes the principal sources of uncertainty on the basis of one-sigma estimates 

given in percent. The total uncertainty is In the range of + 16 percent to + 19 percent 

for the TLD s and (+ 23 percent + 5 rods) for the Phylatrons. 
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TABLE 4-3 

SOURCES OF RANDOM AND BIASING ERRORS 

Source 

Spectral Dependent Variations of Cross Section 

Variations in Alloy Content 

Counter Inter-Normalization 

Variations in Dosimeter Weights, if uncorrected 

Contributions From Unwanted Reactions 

TOTAL El 

Dy 

1,0 

2,0 

2,0 

3.0 

S 

7,0 

0.5 

0.5 

0,5 

7.1 

U-238 

5.0 

5.0 

5,0 

8.6 

Th 

5,0 

5,0 

5.0 

8.6 

(Percent errors on a one-sigma basis.) 
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TABLE 4-4 

SOURCES OF SYSTEMATIC ERRORS IN ABSOLUTE ACTIVITY AND FLUX 

Source 

Isotopic Abundance 

Alloy Content 

Normalizer Count Rate 

Saturation Exposure Calculation 

Reactor Power 

Absolute Counting Efficiency of Normalizer 

Contribution of Unwanted Activities 

SUBTOTAL E2 

Cross Section (for Flux Computation only) C3 

TOTAL 

Dy 

0.1 

7,0 

1.0 

0.1 

6.0 

6.0 

11,0 

7.4 

13.3 

S 

0.1 

1,0 

1.0 

6.0 

10.0 

1.0 

11,8 

7.0 

13.7 

U-238 

1,0 

6,0 

10,0 

11,7 

10,0 

15,4 

Th 

1.0 

6,0 

25,0 

25,7 

10,0 

27,6 
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TABLE 4-5 

TLD AND PHYLATRON MEASUREMENT UNCERTAINTIES 

1 Source of Uncertainty 

Reproducibility 

Uniformity 

Power 

Calibration 

Readout Accuracy 

i TOTAL 

One-Sigma Percent 

TLD 

5 

12 

6 

6 .4* * * 

1 to 10 

16 to 19 

Phylatron 

2 

10 

6 

20 

5** (rods) 

1 
23% + 5**(rads), 

*An additional uncertainty results from use in a mixed gammoneutron field is a direct 
consequence of the 3 mole percent Mn:F2 contained in the CaF2:Mn TLD'i. It is 
felt, however, that an upper limit of approximately 30 percent (due to neutron capture 
by the Mn) would be a reasorKible assumption for these measurements. 

**Absolute uncertainties [rods (tissue)] 

***See Appendix A. 
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4 . 1 . 3 Act ive Dosimetry 

4 . 1 . 3 . 1 Bragg-Gray Chambers 

The act ive dosimetry consisted of Bragg-Gray chambers wi th graphite and with 

stainless steel walls. A description of the chambers used and the theory and method of 

the measurements appear in DRM 51179. 

4 , 1, 3. 2 Cal ibrat ion 

The Bragg-Gray cal ibrat ion constants K were obtained by exposing the chamber 

to a known (traceable to NBS radiation standards) gamma ray f ie ld from a Co-60 source as 

described in DRM 51177. The cal ibrat ion constants of the detectors employed in these 

measurements are: 

12 
K Graphite = 9 . 7 6 x 1 0 + 3 .9% rads/hr-amp 

m — 
12 

K Stainless Steel = 7 . 3 6 x 1 0 + 4 . 9 % rads/hr-amp 

4-20 
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4. 1. 3. 3 Positioning 

The radiation heating rates in materials located near the CHESH components at 

reactor core position 5C2 and 4C2 were measured by graphite and stainless steel Bragg-Gray 

ionization chambers, respectively, placed adjacent to the components as shown in Figures 

4-11 and 4 -12 . 

4 . 1.3.4 Data Reduction Techniques 

The data reduction consists of converting the ionization chamber current readings 

to the form of the absorbed gamma ray dose rate in the detector material in rods / h r - w a t t , 
m 

or watts/gm-megawatt by use of the expression: 

Absorbed dose rate in Bragg-Gray chamber material 

•<_ J 
m ( rads^h r -wa t t ) = 

W 
rods / h r - w a t t 

Watts/gm-megawatt = 
2 

3 , 6 x 10 

wh ere 

K = Bragg-Gray cal ibrat ion constant in rods /hr-amps in material m 

as determined by the chamber cal ibrat ion procedures discussed above 

J = Ion current in amperes 

W = Reactor power in watts 

4 . 1 , 3 . 5 Uncertainty Analysis 

The uncertainty in these measurement results from the vectorial sum of uncertainties 

In detector cal ibrat ion (about 6%), uncertainty In current reading with the picoammeter 

from manufacturer's specifications (approximately 1%), and uncertainties in the reactor 

power (approximately 6%). Assuming that these uncertainties are independent, the vector 

sum of the results is (+ 8.5%). 
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In addition to these known uncertainties, systematic errors may also exist which 

affect the result. However, the magnitudes of these errors cannot, at present, be experimentally 

defined. These include: 

1. Uncertainty in heating rate measurement due to use of the detector in a reactor 

environment with the calibration performed with monoenergetic gamma rays. 

A. Effects of fast and thermal neutrons on the Bragg-Gray ion current due to 

neutron captore, fast neutron inelastic scattering and charged particle production in the 

walls and gas of the chamber. 

B. Effect of wide spectral range of gamma ray energies (from 50 keV - 9 MeV) 

on the detector operation. 

2. Uncertainty due to the fact that the detector is placed adjacent to the support 

stem and will be partially shielded by it. 

4 .2 TEST RESULTS 

4 . 2 . 1 General 

The results of the measurements are reported in both tabular and graphical form. 

Positions are reported in terms of the radius in centimeters from the centerline of the support 

stem and the elevation in centimeters beyond the end of the fuel element. A location code 
1 

is given denoting whether the measurement was internal flNT) or external (EXT) to the 

support stem and whether it was performed with ^ ) or without (WO) the CHESH assembly. 

Estimates of error are presented for each data point in terms of percent standard 

deviation on a one-sigma basis. 

4 . 2 . 2 Dysprosium-Aluminum Wires 

Table 4-6 presents the thermal flux and the cadmium ratios calculated from the Dy-AI 

measurements. Table 4-7 presents the thermal flux in conjunction with the bare and cadmium-

covered activities from which the flux was obtained. Figures 4-13 through 4-16 present axial 

plots of the bare activity, Cd-covered activity, thermal flux, and cadmium ratio, respectively. 
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>00 
no 
0 0 

>or 
• 0 0 

• 0 0 
• no 
• OP 
• 0 n 

• 0 0 

f-l F V A T T 0 

( C i ' ' . ) 
. S 3 

I . I M 

1 . H 3 
2 . 4 H 
J . 1 4 

3 . 7 9 
* . < + 4 

b . l O 
b . 7 S 

6 . 4 0 
6 . S 3 

. S 3 
] . 1 8 
l . H ^ 

d . 4 H 
J . 1 4 

J . 7 ' i 
• • . 4 4 
5 . 1 0 

5 . 7 b 
6 . 4 0 
6 . S 3 

. S 3 
I . I H 
1 . F 3 
^ . 4 H 

3 . 1 4 

3,79 
4 . 4 4 

b . l O 
b ' . 3 1 

. S 3 

1 . 1 . ^ 
1 . ' ^ 3 
« : . 4 K 

J . 1 4 

-AL FOILS - THERMAL FLUX AND 

• fT fvMoL 'F l U> T O T A I 
S T n , 

] . o y 7 E * n ? 6 ] . 
l . ? i l F . * o ? uf., 

h.727^:*0] 

S . ? 7 4 F * 0 ] 
8 . i S 0 3 t " * 0 ] 
7 . 1 3 0 F . + 01 

f .'.^tj^K + 01 
f ^ . l a H 4 f . • 0 1 
1 . '1»» / f- • 0 1 

5 . « . 3 f a F * O I 
- g . ^ - S ^ K - O ] 

5 . ? 6 0 t - • O ] 
9 . s q 3 e » n ] 

^.•^hAi.*:)] 

1 . 1 Deth*')'' 
- 3 . ^ ^ ^ 4 ^ • . • o l 

1 . 1 3 0 K • 0 ; 
- ? . 1 s v ^ • I I ] 

- 1 . n o ? F * o i 
- 1 . l b M - - ' M 
- 1 . ' y S U t + 01 

' ^ . ^ o ^ ^ + 0 1 
1 . M 9 7 ' - + 0 1 

7 . n 6 l F ^ 0 1 
7 . ? 1 9 F , * n ] 
? , 3 S H F ^ 0 1 

- ^ . H ' ^ 9 F + 01 

? . 7 7 5 F • O l 
- A . ' , o l t - + 0 1 
- 3 . ' » S * S ^ * 0 ] 

1 . l ^ 4 7 ^ • O l 

J . 1 i s K * o ; 

7 . 1 6 3 f - - + (»i 
U,} fh>- *()• 

7 . '<U01 - • O ' 
K.^^Sf^f- • O 

1 S Q . 
[ l O Q , 
I 6 S , 

[ 6 S . 

ss. 
S Q . 

4 H ? . 
i 7 » , 

[ ? 1 7 9 4 . 

I l ' > 4 . 
1 ba, 
1 S * , , 
> 4 q , 

[ ) 4 S . 
) 4 - 3 , 

1 ? 1 7 , 
I 4 4 q . 
) 1<^H7i 

[ ? 2 * . . 
L ? ( ! ? ( 
I 3 S ( ) , 
I H f , 
1 HBc 

I 1 5 0 , 

1 6 7 . 
1 1 9 « , 
1 m . 
I W n , 

1 4 0 1 . 
> 6 ? , 

I 9 7 , 

1 7 n , 
1 H'A. 

I 5 4 

• U E V , 
• 7 8 

. ? 6 

. 0 6 

. 4 ? 

. 3 0 

. S 3 

. 4 5 

. ? 8 

. 7 0 

. 1 6 

. 4 5 

. 7 1 

. ^ 1 

. 4 7 

. 5 0 

. 6 0 

. 6 4 
,Vf» 

. 6 9 

. h 4 

. 4 ? 

. J4 
, 1 5 

• ^5 
,7h 

. 7 7 
, 6 3 

, 1 « 
. 4 6 
. H 3 

. 9 4 

. 4 3 

. 1 5 

. 0 6 

. i ? 

. 3 3 

CADMIUM RATIO Page 1 of 2 

OrTOpER 3»19*.9 

S T A T . 

S r n . U f : V » 
5 0 . 1 6 
4 4 . 4 4 

5 H . P 6 

1 0 * » . 6 6 
6 4 . 0 2 
6 4 . ? 6 

S 3 . « 5 
S 7 . « 7 

4 0 ? . S 3 

7 7 . 0 « i 
P 1 7 9 4 . 4 5 

1 0 3 . 9 2 
5 7 . 4 9 

S 4 . 9 H 

4 7 . f l 0 
1 4 S . 0 3 

4 1 . 7 0 
2 1 7 . 6 0 

4 4 0 . 5 0 
3 ' ^ 9 ? . 6 ^ 

? ? A . 0 5 
? m . 9 3 
3 4 9 . 9 2 

flS.79 
H 7 . H * 

1 S P . 2 5 
6 6 , 4 0 

1 9 7 . 7 6 

1 1 0 . 7 1 
1 6 9 . 9 5 
4 0 1 , 7 4 

6 1 . 1 0 

9 1 , 2 5 
6 f i . P 7 
8 f t . 3 9 

5 2 . 7 9 

r O . 

hA n o 

1 -
1 • 

1 • 

1« 
1 " 
1 i 

1 -
1 . 
1 • 

1 " 
1« 

1« 
1« 
1 • 
1 « 

1 ' 

1 < 

1 < 
1 < 
1 . 

1 < 

1 < 

1 < 

1 < 

] ' 
1 • 
1 • 
1 ' 

1 • 

• 1 4 
• 1 7 

' 1 2 
i 0 7 

' 1 3 
' 1 1 
• 1 5 
' 1 3 
' 0 ? 

' U 
' 0 0 

. 0 6 
' 1 ? 
- 1 3 
• 1 5 
' 9 5 
' 1 9 

' 9 6 
. 9 B 
, 0 0 
.q#. 
. 0 6 

• 0 ? 

. 0 9 
• 1 0 
• n s 

. 9 0 

. 0 4 
, 9 3 
, 9 4 

• 0 3 

• 1 3 

• OP 

• n 
« l o 
• 1 4 

T O T A L 
S T o . n E v , 

6 , ? 9 
ft.S*} 
6 . 0 4 

6 . 8 2 
7 . 7 0 
6 , 3 2 
6 . < ' 2 
6 . 3 8 
7 . H P 

h . O O 

1 6 . 0 2 

5 . 5 1 
6 . I P 
5 . 9 4 
6 . 0 6 
6 . 9 4 
6 . 6 7 
7 . 2 5 

. 7 . 5 1 
H . J ? 

9 . 1 1 
1 1 . 1 7 

6 . R 2 
7 , 1 6 

7 . 6 5 
6 . 3 4 

6 . 6 1 

H . U R 
7 . 7 6 

1 0 . 5 2 
1 2 . 0 1 6 

6 . 7 1 
6 , 9 0 
6 . 9 3 

7 . 7 R 

6 . 1 7 



TABLE 4-6 (Continued) 

CHESH EXPERIMENT - DY-AL FOILS - THERMAL FLUX AND CADMIUM RATIO Page 2 of 2 

LOCATION 

INT-W 
I N T - w 
INT-W 
INT-W 

PflOTuS 

(CN' . ) 
. 3 4 
. 3 4 
. 3 4 

0 . 0 0 

A Z T I - ' U T H 

( p L w , ) 
^0*00 
9 0 . 0 0 
90.0( , 
9 0 . 0 0 

tLEVATION 

(CM.) 
: J . 7 9 
4 , 4 4 
5 , 1 0 
5 . 3 0 

T H E H M A L FLU/ 

4 , 4 3 7 t + 0 1 
- 7 . 9 3 4 E * 0 1 
- 3 , 0 8 9 K + 0 1 

5 . 4 4 6 E * 0 1 

TnTAL 
STo.nev. 
105 • ' ' 4 
1 9 7 . 4 5 
1 7 0 . 2 0 

7 3 . 5 0 

O C T O O E R 

S T A T . 

S T n , r ) F v , 
\ 0 4 , 9 S 
1 9 7 . 0 3 
1 7 P . 7 4 

7 2 . 3 7 

3 » 1 9 6 9 

C U . 
PAf TO 

1 . 0 7 
. 9 5 
• 9 5 

1 . 1 1 

TOTAL 
S T O . D E V . 

6 . 4 4 
9 . 5 2 
9 . 3 5 
6 . 8 0 

I 
CO o 

&> 
O" 
o 
a> 
o 

>3 

C/> 

o 
3 
C 
o 
<s 
a> 



TABLE 4-7 

CHESH EXPERIMENT - DY-AL FOILS - BARE, CD-COVERED AND THERMAL Page 1 of 3 

OrTntsto 3»T^'^9 

I 
c*> 

LOCATinM 

EXT- '^n ' 
EXT-WO 
FXT-WO 
EXT-wO 
F X T - w n 
F X T - w n 
EXT-\rJO 
F X T - w n 
EXT-wO 
EXT-WO 
EXT--»0 
FXT-'^O 
E X 7 - w n 
FXT-WO 
EXT-WO 
EXT-WO 
F X I - ' A O 

FXT-WO 
EXT-WO 
EXT-WO 
FXT-wO 
FXT-WO 

« 
EXT-W 
EXT-W 
EAT-w 
E X T - v 
EXT-W 
FXT-W 
F X T - W 

FXT-W 
E X l - w 
FXT-W 
EXT-W 
EXT-W 

R A i n u s 

1 . 4 9 
l . S b 
1.4'v 
1 . 5 ^ 
1 . 4 4 
] . S ^ 
1 .^^9 
1 . S 6 
1 . 4 9 
l . S h 
1 . 4 9 
l.S<^ 
1 . 4 9 
1 . 5 6 
1 . 4 9 
1 .Sf i 
l . '^9 
1 .S(S 
1 . 4 S 
1 . 5 6 
0 . 0 0 
0 . 0 0 

1 . 5 0 
1 . S 7 
l . S O 
1 . S 7 
1 . 5 0 

l . '^T 
] . 5 0 
1 . 5 / 
1 . s o 
1 . S 7 
1 . 5 0 
1 . 5 7 

H Z J I ^ ' ^ T H 

0 U • 0 0 
') VJ . 0 0 
c u . 0 0 
9 0 . 0 0 
Q u . n r 
c! u . 0 0 
') 0 . n 0 
qO.OO 
q o . o o 
0 u . 0 0 
«o»oo 
q o . o n 

oU.OO 
1 ) 0 . 0 0 
QO.OO 
00 .QO 
QU.OO 

q u . o n 
9 0 . n n 
QO.OO 

QO.OO 
QO.OO 
QU.OO 
<j u . n n 
9 U » 0 0 
9 1 / . 0 0 
QO.OO 
o y . o o 
q i j . o o 
qu.QO 
9 U . 0 0 
QO.OO 

£1 FvATTOi^ 

. 5 3 

. 5 3 
l . i a 
l . ] « 
l . f t 3 
1 . P 3 
«;.4P 
2 . 4 B 
3 . 1 4 
3 . 1 4 
3 . 7 9 
3 . 7 9 
4 . 4 4 
4 . 4 4 
5 . 1 0 
5 . 1 0 
5 . 7 5 
5 . 7 5 
6 . 4 0 
6 . 4 0 
6 . 5 3 
6 . 5 8 

. 5 3 

. S 3 
1 . 1 8 
1 . 1 8 
1 , 8 3 
1 . S 3 
2 . 4 8 

J . 1 4 
J . 1 * 
3 , 7 9 
3 . 7 9 

A C T I V I f Y 
fl.SQHF +03 

8 . 5 4 ? f : * 0 3 

>--<.013E + 03 

7 , 9 f i 4 E * 0 3 

7 . 2 4 H F * 0 3 

6 . 9 4 6 e + 0 3 

6 . « K 3 t * 0 3 

6 . 0 4 8 E * 0 3 

6 . 0 0 « E * 0 3 

5 . 4 « ^ 9 £ • 0 3 

3 . b ? 9 E * o 3 

P ,Q* .4E*o3 

e.Sf-PE^OS 

P . 3 P 7 E * 0 3 

P . 3 4 1 E * 0 3 

6 . 9 9 H E * 0 3 

7 . 1 5 1 E * 0 3 

STO. 
OFV 

1 1 . 1 4 

1 1 . 2 0 

1 1 . 2 6 

1 1 . 2 9 

1 1 . 2 6 

1 1 . 2 9 

1 1 . 3 9 

1 1 . 2 7 

1 1 . 7 7 

1 1 . 3 ? 

1 3 . 5 4 

1 1 . 1 7 

1 1 . 2 3 

1 1 . 3 ? 

11 . 3 8 

1 1 . 2 3 

1 1 . 2 4 

CO. CnVFRFO STO. 
ftCTIVTTY UFV. 

7 . 5 1 0 F * O i 1 1 , 6 6 

7 , 3 ? 1 F * 0 3 1 1 . 6 4 

7.1'^«F-f03 1 1 . ' • I 

7 . 4 6 0 F * 0 3 1 1 . 8 1 

6.3QSF*03 1 2 . 3 6 

6,239F*03 1 1 . 5 3 

6 . 0 0 0 F * 0 3 1 1 , 7 7 

5 .36SF*03 1 1 . 5 9 

5 , 9 0 4 F * 0 3 1 2 , 0 1 

4 , 9 0 1 F * n 3 12,So 

3 , 5 3 1 F * 0 3 1 7 , 1 4 

8 , 4 4 2 F * 0 3 1 1 , 2 3 

7 , 6 1 S F * 0 3 1 1 . 5 ? 

7 , 4 3 n F * 0 3 1 1 , 3 0 

7 , 2 4 H F * 0 3 1 1 , 3 0 

7 , 3 7 8 F * 0 3 1 1 , 9 4 

6 , 0 3 0 F * n 3 1 1 , 7 7 

TiEP'"AL S T n , 
ECi l l iV, FLUX r»EV. 

1 .n97F*02 5 1 . 7 8 

l . ? 3 ] E * 0 2 4 6 , 2 6 

P .7?7E*01 5 9 . 6 6 

e;.?7AF"»01 1 0 9 . 4 ? 

P.603E*01 6 5 . 3 0 

7.130E+01 65.53 

P.9O?E-»0l 55.45 

A,8P4E»01 59.28 

1.047E*01 482,70 

5.635F*01 78.16 

-2.66?E-01*794.45 

«;,?60E*01 104.71 

o.593F*01 58.91 

9.563E*01 56.47 

1.102E*02 49.50 

-•̂ .824F*01 145.60 

1.130E*02 43.6* 



TABLE 4-7 (Continued) 

CHESH EXPERIMENT - DY-AL FOILS - BARE, CD-COVERED AND THERMAL Page 2 of 3 

OrTORER 3 • 1969. 

i LOCATION 

' EXT-W 
EXT-vy 
EXT-W 
E X T - W 
E X T - W 

FXT-W 
E X T - W 
EXT-W 
E X T - W 

FXT-W • 

JNT-K-O 
' INT-WO 

INT-WO 
INT- ivO 

' I N T - w n 
INT-WO 
INT-WO 
I N T - « 0 
INT-WO 
INT-WO 
INT- 'vO 
TNT-'riO 
I N I - w O 
I M - W O 
I N T - » ( 0 
I N T - w O 
I N T - w O 
I N T - * 0 

I N T - H 
INT-XJ 
INT-W 
I N T - w 
INT-1.V 
INT-W 

RADIUS 
(C"^,) 

1 . S o 
1 . S 7 
l . S f , 
1 , S 7 
1 . 5 0 
1 . S 7 
1 , 5 0 
1 , 5 7 
o . n o 

0 . 0 0 

. 3 4 

. 2 6 

. 3 4 

. 2 6 

. •^4 

. 2 6 

. 3 4 

. ? ^ 

. 3 4 

. ? 6 

. 3 4 

. 2 f i 

. 3 4 
, 2 6 
. 3 4 
. 2 6 

o . n o 
P . 0 0 

. 3 4 

. ? 6 
, 3 4 
, ? ^ 
. 3 4 
, 2 6 

A Z I I ^ I U T W 

inth.) 
9 u . ( ) n 
T O , n o 
9 0 , 0 0 
<i 0 . 0 0 
Q O . O O 
Q U . O O 
Q O . O O 
riKimnn 

c o . n i i 

9 0 . 0 0 

QO.OO 
9 0 . 0 0 
9 0 , 0 0 
Q>/ .00 
9 ^ - 0 0 
Q 0 . n f, 
o o . o p 
Q 0 . 0 n 
9 0 , 0 0 
QO.OO 
Q u . n o 
9 0 * 0 0 
o o . n o 
OO.QO 
9 0 , n o 
<?u,or 
9 0 , o n 
>>o.oo 

0 0 , n o 
9 0 , 0 0 
9 0 , 0 0 
9 0 , o n 
9 0 , 0 0 
9 0 * 0 0 

ELEVATION 
( C H , ) 

4 , 4 4 
4 , 4 4 
b . l O 
5 , 1 0 
5 . 7 5 
b . 7 5 
6 . 4 0 
6 , 4 0 
6 . S 3 
6 , 5 8 

, 5 3 
, 5 3 

1 . 1 8 
1 , 1 «̂i 
1 . P 3 
i . R 3 
2 , 4 8 
2 , 4 P 
3 , 1 4 
3 , 1 4 
J , 7 9 
3 , 7 9 
4 , 4 4 
4 . 4 4 . 
5 . 1 0 
5 . 1 0 
5 , 3 1 
5 , 1 4 

, 5 3 
. 5 3 

1 , 1 8 
1 . 1 8 
1 , « 3 
1 , 8 3 

B A R E 

A C T I V I T Y 
5 , 8 0 3 t * 0 3 

s . 4 6 ? E * 0 3 

5 . 1 6 7 E * 0 3 

4 . 4 3 1 E - » 0 3 

5 . 6 O 0 £ * 0 3 

H . 9 6 Q F * 0 3 

8 . l 7 9 t * 0 3 

« . 1 7 0 F * 0 3 

7 . 6 9 4 e « 0 3 

7 . 5 7 6 E * 0 3 

6 . 5 2 7 E * 0 3 

5 . P 4 2 F * 0 3 

5 . 1 4 5 E * 0 3 

5 . 3 7 5 E « 0 3 

9 . 9 7 6 F * 0 3 

9 . 1 3 4 E * 0 3 

8 . 9 0 0 E + 0 3 

S T U , 
D E V i 

1 1 , 5 1 

1 1 , 4 8 

1 1 , 7 4 

1 1 , 9 4 

1 ? , 1 2 

1 1 , 3 1 

11 , 4 8 

1 1 , 3 3 

1 1 , 4 9 

1 1 , 5 7 

1 1 , 2 7 

1 2 , 0 5 

1 2 , 1 6 

1 2 , 9 6 

1 1 . 2 7 

1 1 . 1 9 

1 1 . 3 6 

CO. COVFRED 
A C T I V I T Y 

6 , 0 1 7 F * 0 3 

5 , 5 6 ? F * 0 3 

5 . 1 7 9 F - * 0 3 

4 . 6 ? 5 F * 0 3 

5 . 2 9 ? F * 0 3 

8 . 7 8 1 F * 0 3 

7 , 4 7 9 F * 0 3 

7 . 4 5 4 F « 0 3 -

7 . 3 6 1 F * n 3 

8 . 4 5 8 F * 0 3 

6 . 2 5 1 F « n 3 

• 6 . 2 9 9 F + 0 3 

5 . 4 9 1 F + 0 3 

5 . 2 1 ? F * 0 3 

8 . f i 6 6 F * 0 3 

8 . 4 2 3 F « n 3 

7 . 9 9 0 E * 0 3 

S T U . 
UEV . 

1 1 , 8 5 

1 2 , 0 4 

1 2 , 3 3 

1 2 , 6 9 

1 4 , 0 9 

1 1 , 7 9 

1 1 , 8 3 

1 2 , 2 7 

1 1 , 3 4 

1 1 , * - 1 

1 2 . 6 0 

1 1 . 6 4 

1 3 . 5 4 

1 4 , 0 9 

1 1 . 7 7 

1 1 . 9 6 

1 1 . 8 1 

THERMAL 
E O m v . FLUX 

- ? . 1 5 9 E » 0 1 

- 1 . 0 0 2 F * 0 l 

S T O . 
DEV, 

2 1 7 . 9 8 

• • 9 . 6 9 

- 1 . 1 5 6 E * 0 0 3 9 9 2 . 6 * 

- 1 . 9 5 0 E * 0 1 

. 3 . 1 0 6 E * 0 l 

1 . 8 9 7 E * 0 1 

7 . 0 6 1 E » 0 1 

' 7 . 2 1 9 E * 0 1 

3 . 3 5 8 F * 0 1 

- p . e 9 9 E * 0 1 

? . 7 7 5 E * 0 1 

- 4 . 6 n l F * 0 l 

- 3 . 4 9 5 F * 0 l 

1 . 6 4 7 E * 0 1 

] . 1 1 9 E * 0 2 

7 . 1 f t 3 E « 0 1 
• 

9 . 1 7 8 E * 0 1 

2 2 6 . 4 2 

2 0 2 . 3 4 

3 5 0 . 1 5 

8 6 , 7 9 

8 8 * 7 8 

1 5 8 . 7 7 

6 7 . 6 3 

1 9 8 . 1 6 

1 1 1 . 4 6 

1 7 0 . 4 3 

• 0 1 . 9 4 

6 2 , 4 3 

9 2 , 1 5 

7 0 * 0 * 

http://Qu.no
http://oo.no


TABLE 4-7 (Continued) 

CHESH EXPERIMENT 

LOCATION 

INT-W 
INT-W 
INT-W 
INT-rt 
INT-Vi 
iNT-i* 
INT-W 
INT-W 
iNT-w 
INT-rt 
INT-"» 

• INT-W 

PAPTl'S 
(CM.) 

. ^ 4 

. ? 6 

. 1 4 

. 2 ^ 

. 3 4 

. 2 ' ^ 

. 3 4 

.Pf-

. 3 4 

. 2 6 
0 . 0 0 
0 . 0 0 

AZif'UTM 
( r t o . ) 

Q O . O O 

Q O . O O 

Q O . O O 

<- o . n n 
Q O . O O 

Q O . O O 

Q O . O O 

c o . n o 
Q O . O O 

C O . 0 0 
Q U . O O 

9 0 , 0 0 

ElFVATTON 
(CM.) 

2 , 4 8 
2,AH 
3 , 1 4 
3 . 1 4 
3 . 7 9 
3 , 7 9 
4 , 4 4 
• • .44 
5 , 1 0 
5 , 1 0 
5 , 3 0 
5 , 1 4 

® 
M CO 

DY-AL FOILS - BARE, CD-COVERED AND THERMAL Page 3 

OrTonEp 3*1969 

riAWE 
ACTIVITY 

H,1?HF*03 

7 , 4 ] 3 t * 0 i 

6 . 7 f 1 E * 0 3 

5 ,54?E»03 

5.331E+03 

5 .5R5E*03 

sru. 
I'EV. 

1 1 . 65 

1 1 . 2 ? 

11 .43 

11 .90 

11 .40 

11 ,46 

CD, CO /̂FRFO 
ACTIVITY 

7 ,404F*03 

6,5?SF+03 

6 ,3?1F*03 

5 ,833F>03 

5 , 6 3 y F * 0 3 

5 ,045F*03 

STD. 
UFV. 

1 2 . 0 A 

1 1 . 5 ? 

11,4f t 

13 .03 

1 3 , 3 4 

1 1 , 6 4 

TMFOMAL 
EOtUV, FLUX 

7 .3oO£*O l 

P .958E*01 

4 . 4 3 7 E * 0 1 

- ? . 9 3 4 E * 0 1 

- 3 . 0 8 9 E * 0 1 

5 . 4 4 6 E * 0 1 

STO, 
UEV 

8 9 , 3 2 

5 4 , 3 3 

105 .74 

1 9 7 . 4 5 

1 7 9 . 2 0 

7 3 , 5 0 

http://co.no


TABLE 4-8 

CHESH EXPERIMENT - SULPHUR PELLETS Page 1 of 1 

OCTOPER 3,1969 

I O f / xT ION 

FXT-wO 
F X T - ' , 0 
FXT-v»0 
t XT-1*0 
FA l - i . . r , 
F X T - * ' 
e A i - i v 
FXT-W 
FKT-W 
t X T - W 
l M T - ' . 0 
TNT-^•n 
l N T - - n 
INT-W 
INT-W 
I N T - W 

RADIUS 
( C N . ) 

1 . 6 ? 
1 , 7 0 
1 . 7 9 
1 .7Q 
0 » U '1 
i . 6 4 
l . H l 
l . « T 
I . P I 
0 . 0 0 
0 . 0 0 
o . n o 
0 . 0 0 
0 , 0 0 , 
0 , 0 0 
0 * 0 0 

A /JMUTH 
( D t G , ) 
9 0 , 0 0 
9 0 , 0 0 
9 0 , 0 0 
9 0 , 0 0 
9 " , 0 0 
9 0 . 0 0 
9 0 . 0 0 
9 0 , 0 0 
Q 0 , 0 0 
9 0 . 0 0 
9 0 . 0 0 
9' '>.00 
9 0 . 0 0 
9 U . 0 0 
9 0 , 0 0 
9 0 , 0 0 

ELEVATION 
( C M , ) 

. 7 ? 
2 , 4 1 
4 , l g 
5 , 9 7 
A , 8 3 

. 7 2 
2 , 4 1 
4 , 1 9 
S . 9 7 
6 . 8 3 

. 7 ? 
2 . 4 1 
4 , 9 2 

. 7 ? 
2 . 4 1 
4 , 9 2 

E O U I V , FLUX 

9 , 7 9 9 4 . ! E * 0 4 
l , l 9 0 f « t E * n 5 
1 , 2 0 1 7 ' 5 E * 0 5 
1 . 0 A 0 4 ' i e + n5 
9 . 7 1 H 3 ' ? E * 0 4 
1 , 2 7 6 H C F * 0 5 
1 , l 6 7 H t . E * 0 5 
1 , 0 6 6 P 4 F * 0 5 
9 . H A 3 6 ^ E * n 4 
8 . 2 9 2 3 - 4 E + 04 
1 , 1 7 ? 9 7 E * 0 5 
1 . 2 o 0 7 < E + o5 
l . l S l l 7 E + n 5 
l , < i 5 2 l ? E * n 5 
l , 0 9 0 S i t . e * n 5 
9 . 4 4 8 9 o E * o 4 

TOTAL 
S T O . P F V . 

1 6 . 7 7 
I 6 . n o 
1 6 . 0 9 
1 6 , 0 0 
1 6 , 0 0 
1 6 , 0 0 
1 6 , 0 0 
1 6 , 0 0 
1 6 . 0 0 
1 6 . 1 0 
1 6 . 0 9 
1 6 , 0 0 
1 6 , 0 0 
1 6 , 0 9 
1 6 , 0 9 
1 6 , 0 9 

Saturated 
A c t i v i t y 
553 .8 

672 .8 
679 .1 

111:3 
721.6 
660.0 
602.9 
557.4 
468.6 
662.9 
678.6 
650.5 
707.6 
616.3 
534.0 

Total 
Std. Dev. 

15.24 
14.49 
14.49 

Itl? 
14.49 
14.49 
14.49 
14.49 
14.50 
14.49 
14.49 
14.49 
14.49 
14.49 
14.49 
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TABLE 4-9 

CHESH EXPERIMENT - URANIUM-238 FOILS Page 1 of 1 

OCTOpER 3 f l 9 6 9 

LOr;->TTnN 

FAT-'-.O 
f XT-".n 
FXT-i.n 
£XT-"0 
FXT-''jn 
F>iT-". 
t.xT-w 
E X T - A 
t X7-.,j 

tXT-w 
lMT-."/0 
JWT-IBO 

l'MT-'«n 
IWT-W 
jNT-ti 
Î .T-w 

RAUlLiS 
(LK.) 
1.41 
1-59 
l.SQ 
1.5Q 
0.0 0 
A . 4 3 
1 . 6 1 
1 .f.1 

1 .^1 

0.0 0 
0 . 0 0 
0.00 
u.on 
0*0 0 
0.00 
o.OO 

® 
0> CO 
o^ —• 

5 o 
—» ^ 

"5 to 

AZIMUTH 
(I'tO.) 
00,00 
QO.OO 
90.00 
90.00 
90.00 
90. OC 
00,00 
90.00 
91),00 
90.00 
90.00 
90.00 
90,00 
90.00 
90,00 
90,00 

ELEVATION 
(CM.) 

,6P 
?*3fs 
4,14 
5.9? 
6,56 
,^« 

2.36 
4 . ] A 
5 .9? 
6.56 
.73 

2.41 
5.25 
.73 

2.4] 
5,2S 

EOUIV. FLUX 

?.1S9Q';F*05 
?.07H^lF«n5 
1 .9000'-F*05 
l,7l?7f'F*n5 
1,6??07E*n5 
?.1(^461E*P5 
2,0fl*<f<'jF + n 5 
1 . 7 6 H 7 A F * O 5 

1 . 5 ? 6 Q T E + O 5 

l,27Hn7F*05 
2.2lS3oe*n5 
2,liao^E*05 
1 , 6 ? 5 Q 4 F + 0 5 

2,?075-'F*05 
1 ,9474c;F*n5 
l,573S4E*05 

TOTAi 
«;Tn,nF 
17.<^n 
17,K1 
17,5-» 
17,S7 
17,60 
17,SI 
17,5? 
17,SS 
17,(SO 
17.70 
17.s;? 
17,51 
17,61 
17,5? 
17,55 
17,64 



TABLE 4-10 

CHESH EXPERIMENT - CALCIUM FLUORIDE TLD CHIPS Page 1 of 1 

OCTOBER I6f 1969 f 

LOCATION 

INT-W 
INT-W 
INT-W 
INT-W 
INT-WO 
INT-WO 
INT-WO 
INT-WO 
EXT-WO 
EXT-WO 
EXT-WO 
EXT-WO 
EXT-WO 
EXT-W 
fcXT-W 
EXT-W 
fcXT-W 
EXT-W 
HOT WML 
ROT WHL 

KADIUS 
<CM,) 
0,00 
0,00 
0,00 
0,00 
0,00 
0.00 
0.00 
0,00 
0,00 
1.61 
1.61 
1.61 
1.61 
0.00 
1,61 
1,61 
1,61 
1,61 
0,00 
0.00 

AZIMUTH 
(DEG.) 
90,00 
90,00 
90.00 
90,00 
90,00 
90.00 
90.00 
90,00 
90,00 
90,00 
90,00 
90,00 
90,00 
90,00 
90,00 
90,00 
90,00 
90,00 
90.00 
90.00 

ELEVATION 
(CM.) 
5,16 
4,21 
2,38 
.71 

5.16 
•.21 
2.38 
.71 

6,75 
5.95 
• .21 
2.38 
.71 

6.75 
5.95 
4.21 
2.38 
.71 

0,00 
0.00 

DOSE RATE 

1.8216F^03 
1.7071E*03 
2.1443E*03 
2.1287E*03 
1.5769F*03 
1.7695E*03 
2.2693E*03 
2.37P6E*03 
l.P4?4F*03 
1.83?0E*03 
2.10P7E*03 
2.300SE*03 
2.2745F*03 
1.826PF»03 
2.12R7E»03 
2.4307E*03 
2.4983E*03 
1.2646E*03 
l.249flE*03 
1.4155E»03 

TOTAL -
STO.DEV, 
19.62 
19.62 
19.62 
19.62 
19.62 
19.62 
19.62 
19.62 
19.62 
19.62 
19.62 
19.62 
19.62 
19.62 
19.62 
19.62 
19.62 
19.62 
19*62 
19*62 
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Note that for some of the data points the experimental thermal f lux, as calculated from the 

difference of bare and Cd-covered ac t i v i t y , was negative and the cadmium ratio less than 

one. This occurred because the counting statistics were not good enough to resolve the small 

differences between the bare and Cd-covered act iv i t ies. For these points the statist ical 

accuracies reported are, in general, greater than + 100 percent on a one-sigma basis. 

The act iv i t ies in each case are the calculated saturated act iv i t ies in units of disintegrations 

per second per gram of Dy-164 per watt . The cadmium ratios are defined as the rat io of 

bare to cadmium-covered ac t i v i t y . 

4 . 2 . 3 Sulfur Pellets 

Table 4-8 and Figure 4 -17 present the fast fluxes per watt , above 2.9 MeV, 

calculated from the sulfur measurements. Table 4-8 also gives the saturated act iv i t ies in 

units of disintegrations per second per gram of S-32 per watt . 

4 . 2 . 4 Uranium-238 Foils 

Table 4-9 and Figure 4-18 present the fast neutron f lux per watt, above 1.5 MeV, 

calculated from the U-238 measurements. 

4 . 2 . 5 Thorium Foils 

The act iv i ty obtained on the thorium foils was extremely low and, hence, the data 

obtained were erratic and inconsistent. Accordingly, the results are not presented. 

4 . 2 . 6 Comparison of Fast Fluxes 

Figures 4-19 through 4-22 present a comparison of the fast fluxes obtained with 

sulfur (E>2.9 Mev) and with uranium-238 (E> 1.5 MeV) for the four axial traverses measured. 

4 . 2 . 7 TLD Chips 

The data obtained wi th l i th ium fluoride TLD chips are not presented because of 

unexplained inconsistencies which are believed to be due to a larger impurity of Li6 than 

was quoted by the vendor. 

The calcium fluoride TLD results are presented in Table 4-10 and Figure 4-26 in 

units of rods (carbon) per hour per wat t . 
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Figure 4-19. CHESH Experiment - Fast Flux Exterior to CHESH 
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4.2.8 Phylatrons 

Table 4-11 and Figures 4-24 and 4-25 present the fast neutron dose rate obtained 

from Phylatrons in units of rods (tissue) per watt-hour. 

4 . 2 . 9 Bragg-Gray Chambers 

The heating rates obtained from the Bragg-Gray chambers are presented in Table 

4-12 in units of watts per gram per megawatt. 
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TABLE 4-11 

FAST NEUTRON DOSE RATES FROM PHYLATRONS 

Location 

EXT-W0 

EXT-W 

4 
INT-WjZf 

1 
INT-W 

i 
INT-Wj2f 

INT-W 

EXT-WjZf 

EXT-W 

Radius 
(cm) 

1.55 

0.0 

Height 
(cm) 

0.72 

2.41 

4.19 

5.97 

0.72 

2.41 

4.19 

5.97 

0.72 

2.41 

0.72 

2.41 

5.13 

5.13 

6.65 

6.65 

Dose Rate 
Rads(tissue)/W-Hr 

4.79 

5.10 

3.50 

3.97 

3.79 

4.63 

3.99 

3.22 

4.79 

6.11 

4.92 

5.84 

3.70 

3.70 

3.47 

3.31 
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139132-1 

SYMBOL TRAVE1«£ 

® OUTSIDE WITHOUT CHESH 

0 OUTSIDE WITH CHESH 

O 
<5^ 

^At -Wf. 

0 

DISTANCE ABOVE TOP OF FUEL ELEMENT - (CENTIMETERS) 

Figure 4-24. Fast Neutron Dose Rate From Phylatrons (Outside) 
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159932-t 

DISTANCE ABOVE TOP OF FUEL ELEMENT (CENTIMETERS) 

Figure 4-25. Fast Neutron Dose Rate From Phylatrons (Inside) 
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TABLE 4-12 

DOSE RATES AND HEATING RATES FROM BRAGG-GRAY DETECTORS 

Type of Detector 

Location 

Calibration Constant 

Observed Current 

Background Current 

Ion Current (Observed-Bkg) 

Reactor Power 

Dose Rate (rads/hr-w) 

Graphite 

4C2 (radius =13.3 cm) 

9.76 X 10^^ radsAr-w + 3. 9% 

1.508 X 10 amperes 

0. 0004x 10" amperes 

1.507 x 10 amperes 

540 Watts 

2.79 + 8.5% 

Gamma Heating Rate (w/g-Mw) 0. 00775 + 8.5% 

Stainless Steel 

5C2 (radius = 13. 3 cm) 
12 

7. 36 X 10 radsAr-w 

+ 4. 9% 

1. 72 X 10 amperes 

0.00045 X 10"^^ amperes 

1.72 X 10 amperes 

540 Watt3 

3.19 + 8.5% 

0.00886 + 8.5% 
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5.0 ANALYSIS OF TESTS 

5.1 INTRODUCTION 

This section presents a comparison of the experimentally measured and ana­

ly t i ca l l y calculated radiation environment internal to and on the surface of a Cluster Hot 

End Support Hardware (CHESH) assembly which was placed on the aft end of the P A X - G I A 

reactor. The radiation environment compared consists of fast neutron fluxes (Sulfur and 

U-238 act ivat ion data), thermal neutron fluxes (Dysprosium act ivat ion data), fast neutron 

absorbed dose rates ( p - i - n Si diode data), heating rates (Bragg-Gray ion chamber data), 

and photon absorbed dose rates (CaF„ thermoluminescent detector data). A l l data are 

plotted as a function of axial distance from the aft end of the fue l . 

The geometrical model and atomic number densities employed in the calcula­

tions are also presented along with the method of analysis used in obtaining the calculated 

results. Final ly, a statistical analysis of the difference between calculated and exper i ­

mental data was performed to establish uncertainty factors to be applied to calculated 

radiation data to obtain possible variat ion in the data. 

5.2 ANALYTICAL MODEL 

Figure 5-1 displays the analyt ical model employed in the DOT code, including 

region number and spatial mesh intervals. The axial reference plane (Z=0) employed in 

this figure is located at the dome end of the pressure vessel with the positive portion of 

the Z-axis orientated towards the aft end of the reactor. However, the coordinate system 

employed in comparing calculated and experimental data has the axial reference plane 

(Z=0) located at the outlet end of the fuel with the same orientation of the positive portion 

of the Z-ax is . Table 5-1 presents the radial and axial mesh lines employed in the DOT code. 

Table 5-2 provides the fol lowing information for the analyt ical model presented 

in Figure 5 - 1 : 1. Region number, 2. Region description, and 3. Atomic number densities 

for each element in each region. Calculations were performed at ambient conditions with 

no hydrogen to conform to the P A X - G l operation. 
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NOTE: Refer to Table 5-1 for Description of Regions and Compositions. Refer 
to Table 5-2 for the Radial (R) and Axial (Z) Position of all Mesh Lines. 

Figure 5-1 . CHESH Experiment Dot Geometry Mockup 
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TABLE 5 - 1 
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Mesh Line Numbers 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 

RADIAL (R) AND AXIAL (Z) DOT MESH 

R(cm) 

0.0 
0.128 
0.256 
0.384 
0.527 
0.834 
1.141 
1.448 
8.033 

11.596 
14.058 
17.850 
20.084 
22. 633 
25.344 
27.519 
29.431 
32. 368 
34. 400 
36.400 
37. 900 
39. 903 
40. 600 
41.318 
42.157 
43. 900 
45. 032 
45.800 
46.600 
47. 388 
47.427 
49.122 
51.054 
51.816 
52.600 
53. 338 
54.200 
55. 000 
55. 900 

Z(cm) 

0.0 
0.848 
5.239 

11.200 
18.700 
27. 300 
34.800 
40. 385 
48.000 
55. 349 
60. 000 
65. 000 
70.589 
71.500 
72.400 
73.129 
73. 230 
73. 330 
73. 446 
73. 921 
78. 000 
84. 000 
92. 000 

101.000 
110.000 
120.000 
130.000 
140.000 
150. 000 
160.000 
170.000 
179.000 
188.000 
196.000 
202. 000 
206. 001 
207.203 
208. 406 
209.880 
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TABLE 5- 1 
(Continued) 

RADIAL (R) AND AXIAL (Z) DOT MESH 

Mesh Line Numbers R(cm) Z(cm) 

40 56.700 211.353 
41 57.600 211.716 
42 58.400 212.483 
43 59.0738 213.984 
44 
45 
46 
47 
48 
49 
50 
51 
52 

56. 700 
57.600 
58.400 
59.0738 
59.1979 
59. 322 
60.500 
61.700 
62.840 
63. 000 
63.185 
63.600 
64. 033 
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TABLE 5-2 

CHESH EXPERIMENT ATOM DENSITIES (ATOMS/BN-CM) 

E L E M E N T 

R E G I O N 

I Core - 1 
2 C o r e - 2 
3 Cor* - 3 
4 C o r e - 4 
5 C o r « - 5 
6 Core - 6 
7 Cor» - 7 
8 Core - 8 
9 C o w - 9 

10 Core - 10 
11 Core - 11 
12 Core - 12 
13 Core - 13 
14 Core - U 
15 Core - 15 
16 Fr l le rS lnp 
17 l i i terol Support 
18 Inntr Reflector 
19 Outer Keflector 1 
20 Vane 
21 Outar Reflector II 
22 Void 

24 Preuure Vessel 
25 Void 

Be C 

6 78a (-2) 
6 740 (-2) 
6 735 (-2) 
6 667 (-2) 
6 613 (-2) 
6 412 (-2) 
6 352 (-2) 
6 357 (-2) 
6 333 (-2) 
6 315 (-2) 
6 315 (-2) 
6 336 (-2) 

, 6 688 (-2) 
6 807 (-2) 

1 6 940 (-2) 
1 9 300 (-2) 
1 4 672 (-2) 

8 382 (-2) ' 4 272 (-3) 
1 003 (-1) 
Ring Prescription (See W A N 
1 003 (-1) 

26 Simotated Shield 1 
27 Void ] 
28 Support Plate , 
29 Cluster Pbte Hoidworej 
30 Cluster Pbte 
3) Cluster Plate Hardware* 
32 Support Blocks 
33 Tie Rod Ends 
34 Drum Drive 

35 Drum Drive 
36 Lateral Support/Aft 
37 Reflector/Aft 
38 39 Void 
40 Support Stem & Liner 
41 Pedestal 
42 CHESH Side 
43 Void 
44 CHESH Top 
45 Void 

NOTE Numbers in porent 

5 722 (-2) 

' 

lesis refer to | 

9 609 (-2) 

4 109 (-2) 
1 877 (-2) 

7 049 (-3) 

Kjwen of t e i 

fe 

1 754 (-4) 
1 529 (-4) 
1 681 (-4) 
1 601 f-4) 
1 245 (-4) 
2 610 1-5) 

1 681 (-4) 
2 038 (-4) 
2 491 (-4) 

4 270 (-4) 
L-TME-1914) 

4 270 (-4) 

2 894 (-3) 
6 846 (-3) 
3 714 (-2) 
6 846 (-3) 
1 093 (-3) 
1 016 (-3) 
7 906 (-4) 

8 637 (-4) 
4 394 (-4) 
1 584 (-3) 

I 123 (-2) 

I 723 (-2) 

1 085 (-2) 

N i c 
1 

1 760 (-4) 
1 534 (.4) 
1 687 (-4) 
1 607 (-4) 
1 250 (-4) 
2 620 (-5) 

1 687 (-4) 
2 045 (-4) 
2 499 (-4) 

5 020 f-4) 

5 020 (-4) 

3 708 (-4) 
8 773 (-4) 
4 757 (-3) 
8 773 (-4) 
1 400 (-4) 
1 302 (-4) 
2 320 (-4) 

1 784 (-4) 
5 494 f-5) 
1 285 (-4) 

1 026 (-2) 

3 264 (-3) 

1 -62 (-3) 

8 790 (-5) 
7 650 (-5) 
8 420 (-5) 
8 020 (-5) 
6 230 (-5) 
1 300 (-5) 

8 420 f-5] 
1 020 (-4} 
1 247 (-4) 

2 350 (-4) 

2 350 (-4) 

8 371 (-5) 
1 980 (-3) 
1 074 (-2) 
1 980 (-3) 
3 161 (-4) 
2 940 M ) 

I 2 319 (-4) 

2 533 (-4) 
1 249 (-4) 
4 782 (-4) 

I 

1 7 142 (-3) 

1 4 824 (-3) 

3 023 (-3) 

1 

Mn 

8 347 (-5) 
I 975 (-4) 
1 071 (-3) 
1 975 (-4) 
3 152 (-5) 
2 932 (-5) 
2 300 (-5) 

2 538 (-5) 

4 595 (-5) 

1 620 (-4) 

5 229 (-4) 

3 287 (-4) 

Nb 

! 063 (-3) 
1 005 (-3) 
1 009 (-3) 
1 035 (-3) 
9 761 (-4) 
1 111 (-3) 
1 077 (-3) 
1 106 (-3) 
1 128 (-3) 
] 164 (-3) 
1 164 (-3) 
1 102 (-3) 
1 016 (-3) 
1 005 f-3) 
9 318 (-4) 

5 719 f-5) 

4 434 (-4) 

Ti Mo 

I 685 (-4) 
1 685 (-4) 
1 685 (-4) 
1 685 (-4) 
1 685 (-4) 
1 685 (-4) 
1 685 (-4) 
1 685 (-4) 
1 685 (-4) 
1 685 (-4) 
1 685 (-4) 
1 685 (-4) 
1 685 (-4) 
1 685 (-4) 
1 685 (-4) 

i 

1 
1 
1 

1 767 (-3) 

4 143 (-31 

8 862 (-3) 

4 997 (-3) 
2 044 (-5) , 

2 495 (-4) 

3 857(-4) 

' 1 845 (-4) 

1 

Al 

2 450 (-3) 

2 450 (-3) 

Cu 

5 998 (-2) 
5 998 (-2) , 

5 507 (-2) 

2 998 (-2) 
1 945 (-3) 
1 945 (-3) 
1 945 (-3) 

3 911 (-2) 

4 493 (-4) 
9 255 (-4) 
2 242 (-2) 

1 491 (-3) 

8 559 (-4) 

1 059 (-3) 

Gd 

1 540 (-4) 

W Th 

1 
1 

1 
1 ' 

1 478 (-2) 

1 793 ( 2) 

2 104 (-4) 

2 551 (-4) 

0 U-235 

5 044 (-4) 
5 406 (-4) 
5 617 (-4) 
5 878 (-4) 
6 326 (-4) 
6 610 (-4) 
7 237 (-4) 

' 7 251 (-4) 
1 ' 714 (-4) 

8 129 (-4) 
8 219 (-4) 
7 142 (-4) 
6 069 (-4) 
4 877 {-4) 
2 872 (-4) 

4 157 (-4) 

5 045 (-4) 

1 

U-238 

3 750 (-5) 
4 020 (-5) 
4 ISO (-5) 
4 370 (-5) 
4 7 M (-5) 
4 910 (-5) 
5 390 (-5) 
5 390 (-5) 
5 740 (-5) 
i 040 (-5) 
6 040 (-5) 
5 310 (-5) 
4 530 (-5) 
3 630 (-5) 
2 130 (-5) 

1 

To 

1 910 (-5) 
1 910 (-5) 
1 910 (-5) 
1 910 (-5) 
1 910 (-5) 
1 910 (-5) 
1 910 (-5) 
1 910 (-5) 
1 910 (-5) 
1 910 (-5) 
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It should be noted that this analyt ical model exp l i c i t l y represents: 1) the 

CHESH on the aft end of the reactor, 2) the t ie tube void through the core and into the 

CHESH, and 3) the void around the CHESH created by removing PAX support blocks. 

This representation of the CHESH exists on the reactor centerline which is the axis of 

symmetry for the calculat ion. The experimental data were obtained at a radial distance 

of 13.3 cm from the core center. However, the expl ic i t representation of the CHESH in the 

calculations can only be made about the axis of symmetry. Therefore, the positioning of 

the CHESH on the reactor centerline for the calculations introduces some uncert<iinty in 

the calculated data. Based on the calculated and experimental information at the aft 

end of the fuel in WANL-TME-1914, "Radiation Environment in Various NERVA Compon­

ents", the change in the U-238, sulfur, fast neutron dose rate, photon dose rate and 

Bragg-Gray data from the reactor centerline to 13.3 cm is less than two percent. This 

change in the dysprosium data (thermal neutron f lux) is 17 percent. Therefore, the repre­

sentation of the CHESH on the reactor centerline in the calculations essentially intro­

duces uncertainties only in the thermal neutron data. 

The analyt ical model for the reactor u t i l ized the P A X - G I A as-bui l t material 

inventory for the 60 degree R-1 mockup sector. In effect, the analyt ical model described 

the reactor with 360 degree azimuthal symmetry; whereas, the P A X - G I A was not symmet­

r i ca l . The PAX-G IA reactor employed ten 30 degree KIWI reflector sectors containing 

10 NRX-type control drum configurations in the 300 degree sector of the reflector. Also, 

asymmetry occurs in the core region near the reflector where the 60 degree R-1 fuel 

loading is greater than the remaining 300 degree portion of the core. The central region 

is symmetrical. Since the measurements on the CHESH were performed in the 60 degree 

test sector at a radius of approximately 13 cm, these asymmetries w i l l not adversely affect 

the analyt ical and experimental comparisons. 

5.3 METHOD OF ANALYSIS 

Figure 5-2 is a schematic diagram of the computational procedure employed to 

obtain the analyt ical results presented in this report. This procedure is basically the 
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WISDM (WANL Integrated Nuclear, Radiation and Shielding Standard Design Method) 

f U • T i ) ~ 
technique 

A converged, region dependent, 155 fine energy group neutron spectrum was 
(2) 

calculated for the PAX-G l reactor v ia an iterative loop employing the GAMBIT -

A N I S N - A N I S I G codes. On the first i terat ion, GAMBIT ut i l izes the P̂  equations to 

generate 52 group, P-. transport corrected, neutron cross secfions for an inf in i te media 

spectrum. These cross sections are employed in the one-dimensional, discrete ordinates 

transport code A N I S N , to obtain 52 neutron energy group average fluxes and currents 

for each reactor region. These data are interpolated by the A N I S I G code to 155 neutron 

energy groups which then becomes the region-dependent fine energy group spectrum 

employed in GAMBIT to generate new spectrum averaged cross sections. This process is 

repeated unt i l a converged spectrum (change in spectrum between two iterations is small) 

is obtained. This converged spectrum is then employed in the GAMBIT code to generate 

region dependent 16 energy group P^, transport corrected macroscopic neutron transport 

and microscopic photon production cross sections. These cross sections plus a tape con­

taining microscopic photon cross sections are input to the APPROPOS code which generates 
(4) 

P^ and p. 13 group photon transport cross sections for use in the DOT photon code, and 
. (5) 

microscopic and macroscopic cross section libraries to be employed in the NAGS data 

processing code. 

The 16 energy group neutron transport cross sections were employed in a two-

dimensional, discrete ordinates transport calculat ion wi th the DOT code which employed 

an S-124 angular quadrature scheme. The angular quadrature scheme had a higher degree 

of resolution in the axial direction so that streaming effects through the t ie tube void 

could be detected. The DOT calculat ion also employed a scalar f lux guess from a pre­

vious DOT calculat ion for the PAX-G l reactor. The computation from which the f lux 

guess was obtained is described in detai l in WANL-TME-1914. 

The DOT neutron fluxes and the l ibrary data from the APPROPOS code were 

employed in the NAGS code to generate photon sources. These sources were then used in 

a f ixed source, 13 energy group, fu l l P^, photon DOT computation with an S-124 angular 
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quadrature scheme. 

The calculated neutron act ivat ion, neutron equivalent f lux, neutron dose rate, 

photon dose rate, and heating rate data were obtained direct ly from the DOT code via 

response functions. Section 5.3.2 of WANL-TME-1914 contains a discussion of: 1) the 

relationship between act ivat ion and equivalent f lux, 2) the relationship between the ca l ­

culated and experimental data, and 3) the response functions employed to obtain the 

calculated data from DOT. 

5.4 COMPARISON OF EXPERIMENTAL A N D ANALYTICAL RESULTS 

The fo l lowing sections compare the experimental and calculated fast neutron 

f lux (E>2.9 Mev and E>1.5 Mev), thermal neutron (E<0.4 ev), fast neutron absorbed dose 

rate, and gamma absorbed dose rate as a function of axial position above the top of the 

fue l . Bragg-Gray data in the v i c in i t y of the CHESH are also compared. The neutron foi l 

data are presented in units of neutron f lux rather than saturated act iv i ty since this unit is 

normally used in reporting data. This does not detract from the comparisons, because the 

experimental and analyt ical saturated act iv i t ies were reduced to neutron fluxes using a 

common denominator. (Detai led discussions are documented in WANL-TME-1914). Thus, 

in real i ty , detector saturated act iv i t ies rather than fluxes are being compared with one-

to-one correspondence between experiments and calculations. 

It should be noted that this set of computations is consistent wi th the compu­

tations performed for the in-core measurements reported in WANL-TME-1914. However, 

in these computations, the support blocks for the eighteen clusters adjacent to the CHESH 

analyt ical model were removed. This results in a decreased return of thermal neutrons to 

the core which causes a reduction in the fission rate in the fuel adjacent to the void 

created by the removal of the support blocks. The reduced fission rate decreases the 

source term for neutrons of a l l energies. Therefore, a comparison of these calculated 

results at the outlet end of the fuel with similar data from WANL-TME-1914 w i l l show 

that these calculated results are lower due to the removal of the support blocks. A com­

parison of the DOT data for the two sets of computations at a radial position for which 
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both computations had support blocks displayed no essential difference between the two 

sets of calculated data. 

5.4.1 Sulfur (E>2.9 Mev) Fast Neutron Flux Data 

Figure 5-3 compares the calculated and experimentally measured neutron f lux 
32 

data obtained wi th sulfur pellets. Because the S (n,p) reaction data are a threshold 

react ion, these data correspond approximately to the integrated fast neutron f lux wi th an 

energy greater than 2. 9 Mev. 

This figure compares the calculated and measured neutron flux as a function of 

axial position above the top of the fue l . The experimental data were obtained on the 

outside surface of the CHESH model and on the inside of the support stem assembly 

(referred to as the inside of the CHESH model). 

From this f igure, i t can be seen that the calculated shape of the sulfur data 

agrees well wi th the measured data. On on average pointwise basis (average derived in 

Section 5.5), the calculations are 60 percent lower than the measurements internal to the 

CHESH and 64 percent lower than the measurements on the surface of the CHESH. It 

should be noted that comparisons of calculated and experimental sulfur data in the core 

of the PAX-G l reactor result In the calculated data being 32 percent lower than the 

experimental data on an average basis. Therefore, the difference between the calculated 

and experimental sulfur data in the CHESH is, in port, symptomatic of the differences that 

have been observed previously. 

The difference in absolute magnitude between the calculated and measured 

data may be due to : 1) the use of only one energy group above 2.9 Mev in the ca lcu la­

tions, 2) the use of P_ transport corrected cross sections, 3) the use of the Cranberg 

fission spectrum, and/or 4) a possible contribution to the sulfur counting rate due to 

neutron reactions that are not of the (n,p) type. Each of these reasons postulated for 

differences between experimental and calculated data must be further systematically 

evaluated to isolate the cause of the difference. 
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Figure 5-3. Comparison of the Calculated and Experimental Sulfur Fast Neutron 
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5.4.2 U-238 (E>1.5 MeV) Fast Neutron Flux Data 

Figure 5-4 compares the calculated and experimentally measured neutron f lux 

data obtained wi th U-238 foi ls. These foils contained 190 ppm of U-235. Cadmium 

covers were employed wi th the foils to part ial ly suppress the fissioning in U-235 so that 

the primary act ivat ion measured was that due to fast fission in U-238. Calculated data 

indicate that 1.4 percent of the act ivat ion is due to U-235 fissions. Therefore, the U-238 

fo i l data correspond approximately to the integrated fast neutron f lux wi th an energy 

greater than 1.5 MeV. 

This figure compares the calculated and measured neutron f lux as a function of 

ax ia l position above the top of the fue l . The experimental data were obtained on the 

outside surface of the CHESH model and on the inside of the support stem assembly 

(referred to as the inside of the CHESH model). 

Figure 5-4 indicates that the shape of the calculated data agrees quite well 

with the shape of the experimentally measured data. On an average pointwise basis, the 

calculations are 19% higher than the measurements internal to the CHESH and 17 percent 

higher than the measurements on the surface of the CHESH. These differences between 

the calculated and experimentally measured data are very nearly wi th in the limits of 

experimental uncertainty. Therefore, there is fa i r ly good agreement between the ca lcu la­

ted and experimental data. 

In the preceding section, it was noted that the calculated sulfur data, which 

represent the fast neutron f lux (E > 2 . 9 MeV) were low by approximately 60 percent whi le 

the calculated U-238 data, which represents the fast neutron f lux (E > 1 . 5 MeV) were high 

by approximately 18 percent; thus, c lear ly indicat ing that the calculated neutron spectrum 

is too "soft" relat ive to the experimental results for energies greater than 2.9 MeV. It is 

expected that investigation of the possible reasons for the sulfur differences given in 

Section 5.4.1 might also explain the differences observed in the comparison of the U-238 

data. 
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Figure 5-4. Comparison of the Calculated and Experimental U-238 Fast Neutron 
Flux (E 1.5 MeV) as a Function of Axial Position Above the Top of the Fuel 
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5.4.3 Dysprosium (E<0.4 eV) Thermal Neutron Flux Data 

The comparisons in this section are the calculations of the thermal neutron f lux 

(E<0.4 ev) and experimental data obtained with bare and cadmium-covered Dy foi ls. The 

data presented are the difference between the bare and cadmium-covered act iv i t ies con­

verted to f lux using a common denominator for experiment and calculations (a detailed 

discussion is given in WANL-TME-1914). 

Figure 5-5 compares the calculated and measured thermal neutron f lux as a 

function of position above the top of the fue l . The experimental data were obtained on 

the inside and outside surface of the CHESH. 

Figure 5-5 indicates that the shape of the calculated data agrees with the 

shape of the experimentally measured data. On an average pointwise basis (see Section 

5.5), the calculations are a factor of four higher than the experimental results for the 

data internal and external to the CHESH. 

It should be observed that the experimental uncertainties are large. This is 

due to a combination of the low cadmium ratio obtained with Dy and the relat ive uncer­

tainties associated with the individual bare and cadmium-covered measurements. This 

could contribute, in port, to the large difference between the calculated and experimen­

tal results. Another factor which could contribute to the difference between the calculated 

and experimental data is that the correction to the Dy cross section for cadmium shielding 

was based on semi-empirical results for Au foils in the center of the core (see Reference 6). 

Further investigation into this area plus an examination of the Dy cross section should be 

performed to resolve the difference between calculated and experimental Dy data. 

5.4.4 Fast Neutron Absorbed Dose Rate Data 

The comparisons presented in this section are the calculations of the fast 

neutron absorbed dose rate and the experimental data obtained with p- i -n junction 

sil icon diodes. 

Figure 5-6 compares the calculated and measured fast neutron absorbed dose 
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rate as a function of axial position above the top of the fue l . The experimental data were 

obtained on the outside surface of the CHESH and on the inside of the CHESH model. 

On an average pointwise basis (see Section 5.5), the calculations are 32 per­

cent higher than the experimental results internal to the CHESH while the calculations 

on the surface of the CHESH are 42 percent higher than the experimental results. Figure 

5-6 indicates that there is re lat ive ly good agreement between the shape of calculated 

and experimental results beyond 2.4 cm from the top of the fue l . At this locat ion, the 

experimental data display a peak. This could be due to streaming in the relat ively large 

hole created by the support stem or self-shielding by the pedestal. However, this effect 

is not observed in the sulfur and U-238 data for E>2.9 MeV and E>1.5 MeV, but streaming 

and pedestal shielding become more evident for a medium with a large attenuation when 

compared to a medium with a small radiation attenuation. Since the core material has a 

higher removal cross section for neutron dose than for neutrons with energy greater than 

1.5MeV, neutron dose streaming could be possible. However, the DOT calculat ion 

employed an S-124 angular quadrature with one degree of resolution in the axial (Z) 

direct ion which should resolve a streaming effect . 

Spectral corrections of the p- i -n junction Si diode measurements of the fast 

neutron absorbed doses were not made. The diodes were calibrated by the vendor in a 

bare graphite moderated reactor, but adjustments of the detector response due to neutron 

spectral differences between those of the PAX reactor and the calibration reactor were 

not made which may contribute to the difference between the calculated and experimen­

ta l data. 

5.4.5 Photon Absorbed Dose Rate Data 

The comparisons presented in this section are the calculations of the gamma 

absorbed dose rate and the experimental data obtained with CaF^ thermoluminescent 

dosimeters (TLD). 

Figure 5-7 compares the calculated and measured TLD gamma absorbed dose 

rate as a function of axial position above the top of the fue l . The experimental data were 
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Figure 5-7. Comparison of Calculated and Experimental CaF„ TLD Gamma Ray 
Absorbed Dose Rate as a Function of Axial Position Above the Top of the Fuel 
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obtained on the outside surface of the CHESH and on the inside of the CHESH model. 

On an average pointwise basis, the calculations are 15 percent higher than the 

experimental results internal to the CHESH while the calculations on the surface of the 

CHESH are 18 percent higher than the experimental results. Again, the shape of the 

calculated results agree re lat ively wel l with the experimental results beyond 2.4 cm from 

the top of the fue l . As in the case of the fast neutron absorbed dose rate, the cause for 

this phenomenon is not known. 

Spectral difference effects were not considered in the comparison of the thermo­

luminescent photon dose measurements made with CaF„ dosimeters. The cal ibrat ion was 

made in terms of l ight output units in a known Co-60 f ie ld . CaF« does not have an energy 

independent photon absorption coeff icient and does not exactly parallel that of carbon, 

but comparisons of calculated energy absorption in terms of energy absorption of carbon is 

made with the CaF« measurements. 

5.4.6 Bragg-Gray Ion Chamber Heating Rate Data 

The comparisons presented in this section are for the calculated photon heating 

rate in carbon and stainless steel and the experimental data obtained with Bragg-Gray 

detectors for these materials. The experimental data were obtained at a distance of 3.8 cm 

above the fuel next to a support stem without the CHESH model in place. The calculated 

data were obtained on the outside surface of the CHESH model and at a point in the void 

region midway between the CHESH model and PAX support blocks. Both sets of calculated 

data were obtained at the same axial position; however, it was not possible to obtain 

calculated results at the same location ( i .e . , next to a support stem without the CHESH 

model in place) as the experimental results. 

Table 5-3 compares the calculated and experimental data. The calculated 

data on the outside surface of the CHESH are, respectively, for carbon and stainless steel 

17 and 35 percent below the experimental data. The calculated data in the void region 

midway between the CHESH and support blocks are, respectively, for carbon and stainless 
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TABLE 5-3 

COMPARISON OF CALCULATED AND EXPERIMENTAL PHOTON HEATING RATES 
FROM BRAGG-GRAY DETECTORS 

Data Type 

Carbon Heating Rote 
(w/gm-c-Mw) 

Stainless Steel Heating Rate 
(w/gm-SS-Mw) 

Colculo 

Outer Surface 
of CHESH 

0.00645 

0.00662 

ted Data 

Void Region 
between CHESH 
and Support 
Blocks 

0.00723 

0.00740 

Experimental 
Data 

0. 00775 

0.00886 
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steel 7 and 16 percent below the experimental data. Because of the attenuation due the 

CHESH model, i t is believed that the calculated data in the void region are more represen­

tat ive of the experimental measurements. 

These calculated results could be further increased by a maximum of 7 percent 

to account for the effect of streaming through the support stem vo id . This would improve 

the agreement wi th experimental results; however, the exact magnitude of the correction 

cannot be determined because the Bragg-Gray detector does not measure the heating rate 

at a point. In other words, the radiation striking the Bragg-Gray detector comes not only 

from the support stem but also di rect ly from the end of the core. While 7 percent would 

account for the difference due to streaming through the support stem vo id , the portion of 

the radiation reaching the Bragg-Gray detector from the end of the core and through the 

support stems is not known. 

It should be noted from Section 5.4.5 that the calculated results were higher 

than the experimental data obtained with CaF« TLD s. The opposite trend occurs in the 

comparison of calculated and experimental Bragg-Gray data. This could be due in part 

to a combination of: 1) a neutron response of the Bragg-Gray chamber that is greater 

than the TLD neutron response, and 2) experimental uncertainties. 

5,.5 STATISTICAL ANALYSIS OF THE DATA 

5.5.1 Introduction 

This section provides the statistical analysis of the difference between the c a l ­

culated and experimental data. This section contains the derivation of the average di f fer­

ence between calculations and experiments and the one standard deviation limits on the 

average difference. Section 5.5 of WANL-TME-1914, "Radiation Environment in Various 

NERVA Components," contains a detai led discussion of the manner in which the statistical 

analysis was performed. 

5.5.2 Statistical Results 

Table 5-4 provides the average ratio of experimental data to calculated data 
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STATISTICAL ANALYSIS OF THE Dl 

Data Type and Location 

U-238 Data(l) - Internal to CHESH 

U-238 Data^^) - At CHESH Surface 

Sulfur Data(2) - Internal to CHESH 

Sulfur Data(2) - at CHESH Surface 

Dy Thermal Flux Data^^) - Internal to CHESH 

Dy Thermal Flux Data(^) - at CHESH Surface 

Phylatron Data^^) - Internal to CHESH 

Phylatron Data(5) - at CHESH Surface 

CaF2 TLD Data(6) - Internal to CHESH 

CaF2 TLD Data(6) - at CHESH Surface 

< )̂ Neutron Flux ( E > 1 . 5 MeV) 

(2) Neutron Flux ( E > 2 . 9 MeV) 

i^) Neutron Flux (E<.0.4 eV) 

(5) Neutron Dose Rate 

TABLE 5-4 

BETWEEN CALCULATED A N D EXPERIMENTAL DATA 

Average Ratio of 
Experimental to 

Calculated Data 

0.81 

0.83 

1.60 

1.64 

0.24 

0.24 

0.68 

0.58 

0.85 

0.82 

One Standard Deviation in the 

Ratio Between Calculated and 
Experimental Data 

Upper Limit 

0.83 

0.84 

1.66 

1.73 

0.29 

0.37 

0.77 

0.65 

1.01 

1.22 

Lower Limit 

0.80 

0.81 

1.54 

1.55 

0.19 

0.16 

0.60 

0.52 

0.71 

0.55 

(^) Photon Dose Rate 
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and the one sigma limits on this fa t io . As an example of the use of this data. Table 

5-4 indicates that, on the average for the internal CHESH data, the calculated U-238 

data were 9 percent higher than the experimental data. Further, the experimental data lay 

between the product of 0.80 and 0.83 times the calculated data for 68% of the observations. 

A statistical analysis to determine whether the shape of the calculated and 

experimental data were the same was not performed because for most of the CHESH radia­

t ion measurements only four or f ive experimental data points (the data internal to the 

CHESH must be separated from the data on the surface of the CHESH due to a possible 

difference in the shape of the two sets of data) were available for analysis. Therefore, 

whi le the analysis could be performed, the results would be statist ically inconclusive 

because of the l imited amount of data avai lable. 

5.6 APPLICABILITY OF COMPARISONS TO DESIGN CALCULATIONS 

This section discusses the appl icabi l i ty of the uncertainty factors (Section 5.5) 

obtained from these comparisons of calculated and experimental results to design computa­

tions. The reason that this question arises is that the calculations for these comparisons 

employed an expl ic i t representation of the CHESH; whereas, design calculations employ a 

"smeared" (homogeneous) representation of the CHESH. 

Figure 5-8 presents a comparison of the gamma ray dose rate as a function of 

axial position. The calculated data presented are for a smeared representation of the CHESH 

and the average dose rate in the expl ic i t representation of the CHESH. The smeared data 

were obtained direct ly from Reference 7 merely by adjusting the data to one watt of reactor 

power. This figure typif ies the differences between the data obtained with a smeared 

representation of the CHESH and the data obtained with the expl ic i t representation of the 

CHESH employed in this analysis. 

Figure 5-8 indicates that the calculated and smeared data have the same in i t ia l 

value at the surface of the fuel ; however, the two sets of data have different shapes and the 

data obtained from the smeared computation fa l l off much more rapidly than the data 
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obtained from the exp l ic i t computation. The smeared data fa l l off by a factor of 2.9 from 

the top of the fuel to six centimeters above the top of the fuel whi le the expl ic i t data fa l l 

off only a factor of 1.8 over this distance. To understand this difference, one must examine 

the two sets of computations more closely. The smeared computation, in essence, has a 

CHESH in each cluster; however, the expl ic i t computation has a CHESH in only one cluster 

and the eighteen surrounding clusters have no CHESH at a l l . Thus, in the expl ic i t ca lcu la­

t ion the CHESH is surrounded by a void which is approximately 10 cm th ick; whereas, in 

the smeared computation, the effect ive void distance between CHESH is only 2.5 cm. 

Therefore, the effective region density due to the CHESH for the smeared computation is 

higher than the effective region density for the expl ic i t computation. This, then, is the 

reason that the smeared results fal l off more rapidly with distance than the expl ic i t results. 

The results obtained wi th the smeared computation are more representative of 

the actual reactor because a CHESH exists for each cluster. The comparison of the expl ic i t 

and smeared results do indicate a difference in shape which indicates that there are small 

variations* in the radiation data across the CHESH which would not be seen by the smeared 

representation of the CHESH; however, it is concluded that the smeared computations 

represent the average radiation environment in the CHESH. It is further concluded that 

the uncertainty factors obtained from this comparison of analyt ical and experimental results 

are representative of the cross sections and codes employed in the analysis. Therefore, the 

uncertainty factors obtained in this analysis can be applied to design computations. 

* Corrections to the average radiation data obtained from smeared computations 
could be made through the use of exp l ic i t computations to account for the 
variations due to the expl ic i t nature of the CHESH. The computations in this 
analysis indicate that these variations would be less than 10 percent for both 
photon and neutron data. 
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6.0 CONCLUSIONS 

Based on the preceding analysis, discussion, and the results obtained in WANL-TME-

1914 the fo l lowing conclusions were made: 

1) The uncertainty factors obtained from this analysis which employs an expl ic i t 

representation of the CHESH are applicable to design computations which employ a smeared 

representation of the CHESK? 

2) The uncertainty in the fast neutron f lux (E>1.0MeV), which is required 

radiation environment data, is based on the difference between the calculated and exper i ­

mental U-238 data. The average uncertainty factor to be applied to the calculated fast 

neutron f lux in the CHESH is 0.82. The one standard deviation (one sigma) variation in 

this factor is 0.81 to 0.84. Therefore, at ambient conditions, it is concluded that the actual 

fast neutron f lux lies between the product of 0.81 and the calculated data and the product 

of 0.84 and the calculated data approximately 68 percent of the t ime. 

3) The uncertainty in the thermal neutron f lux (E<0.4 eV), which is required 

radiation environment data, is based on the difference between the calculated and exper i ­

mental subcadmium dysprosium data. The average uncertainty factor at ambient conditions, to 

be applied to the calculated thermal neutron f lux in the CHESH is 0.24. The one sigma var ia ­

t ion in this factor is 0.17 to 0.33. The possible one sigma variations in the calculated data 

are obtained in a manner similar to that in item two. 

4) The uncertainty in neutron heating and neutron dose rate is based on the 

difference between the calculated and experimental fast neutron absorbed dose rate obtained 

with Si diodes. The average uncertainty factor, at ambient conditions, to be applied to the 

calculated data in the CHESH is 0.62. The one sigma variation in this factor is 0.56 to 

0 .71 . The possible one sigma variations in the calculated data are obtained in a manner 

similar to that in Item 2). 

5) The uncertainty in photon heating and photon dose rate is based on the 

difference between the calculated and experimental photon absorbed dose rate obtained 

with CaF2 TLDs. This uncertainty was not based on the Bragg-Gray data because only two 
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experimental points were available and a completely analogous comparison of calculated 

and experimental Bragg-Gray data was not possible. The average uncertainty factor, at 

ambient conditions, to be applied to the calculated data in the CHESH is 0.83. The one 

sigma variations in this factor are 0. 63 to 1.1 0. The possible one sigma variations in the 

calculated data are obtained in a manner similar to that in item two. 

6) Because of the l imited amount of experimental data for any one detector, 

and large uncertainties in portions of the data it was not possible to statist ically analyze 

the shapes of the calculated and experimental results to determine whether the two sets of 

data had the same shape to a reasonable level of confidence. An examination of the ca lcu­

lated and experimental data revealed that the sulfur, U-238, and dysprosium results appeared 

to have the same shape. The Si diode and CaF« TLD data had the same shape beyond 2.3 cm 

above the top of the fue l ; however, at 2.3 cm the experimental data reached a local maxi­

mum whi le the calculated results monatomically decreased. At this t ime, an explanation for 

this difference does not exist. 

As a result of this analysis, it was determined that the fo l lowing areas merit further 

investigation which may lead to the el imination of some of the difference between ca lcu­

lated and experimental data: 

1) The effect of thermal act ivat ion in sulfur should be evaluated analyt ica l ly 

in order to resolve the discrepancy between the calculated and exper i ­

mental sulfur data. 

2) The effect of fission spectrum, anisotropic cross sections, and group 

structure on the calculated sulfur data should also be evaluated. 

3) The effect of a neutron response in the CaF2 TLD and Bragg-Gray 

detectors should be examined. 

4) The effect of spectral differences on the cal ibrat ion of the CaF2 TLD and 

Si diode detectors should be examined. 

5) The calculated cadmium shielding factors for dysprosium should be 

evaluated, and the dysprosium cross section examined. 
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APPENDIX A 

PASSIVE DOSIMETERS 

A. 1 TYPES OF DETECTORS 

were 

wi 

Dysprosium-Aluminum Wires - Dy-AI wires with 10.86 w / o Dy in A l 

used to obtain thermal neutron f lux information. They were irradiated both bare and 

th cadmium covers. The nuclear reaction used to monitor the neutron f lux is: 

164 1 ,> 165 
Dy'^^^+^n' ^ D y + 7 

Dy^^^ emits a 1.25 MeV p~ part icle with T ^ ^ j " ^^^ minutes. 

165 
The Dy isotope was counted for 0 ac t i v i t y using a three-channel, 2 T f l o w 

proportional counting system described in Section 3, 1.4 of WANL-TME-1911, 

The isomeric state of Dy with the ha l f - l i f e of 1.3 minutes was permitted to decoy for 

a sufficient time before counting. There are no effects from the irradiation of the addit ional 

stable isotopes of dysprosium or aluminum present in the f o i l . 

The cadmium covering for the Dy-AI wires consisted of cadmium tubing wi th an 

outisde diameter of 0.090 inches and a wal l thickness of 0.020 inches. 

The weight percent content of the Dy dispersed in the aluminum matrix was deter­

mined from a sample of the dosimeter material by means of X-ray fluorescence techniques 

in which the wire was compared with a sample of known dysprosium content. The accuracy of 

the determination was to wi th in + 7 . 0 percent on a one-sigma basis. The analysis was 

carried out by the Westinghouse Advanced Reactor Division at Waltz M i l l , Pa, Figure A - 1 

shows the documentation supplied by them for this cal ibrat ion. 

Sulfur Pellets - The sulfur pellets were used to obtain fast neutron f lux Information 

above a neutron energy of 2. 9 MeV. The nuclear reaction used to monitor the fast neutron 

f lux is: 
c32 1 „32 + 
S + Qn ^ P + p 

32 - 32 

The P emits a 1.71 MeV 0 part icle with T, /^ = 14, 3 days. The P disintegra­

t ion rate was measured with the low background gas-f low proportional counter system described 

in Section 4 . 4 . 11 of WANL-TME-1852, Volume 1. 
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Figure A - 1 . Dy-AI Al loy Content Report 
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U-238 Foils - The U-238 foils were used in order to obtain fast neutron f lux 

information above a neutron energy of 1.4 MeV. They were reported to contain 190 ppm 

of U-235 (see WANL-TME-1852, Volume 1). The foils were irradiated under cadmium 

covers in order to minimize the neutron fission of U-235. The nuclear reaction used to 

monitor neutron f lux is: 

,.238 1 ,. . , 
U "*"(-)" •H^ission products. 

The gamma rays emitted by the fission products were counted with the No l gamma 

counting system described in Section 4 , 4 , 10 of WANL-TME-1852, Volume 1, with the 

gamma energy discriminator set at 0.66 MeV to help eliminate the natural ac t iv i ty 

background and other unwanted act ivi t ies such as from the (n,y) reaction. 

The cadmium covers consisted of a two-piece box formed of overlapping cups 

pressed from 0.020 inch thick cadmium sheet. The boxes were typ ica l ly 3/8 inch in 

diameter and 3/32 inch th ick. The side walls were twice the cadmium thickness due to 

the overlap. For those measurements within the support stem or CHESH assemblies, some­

what smaller cadmium boxes were used because of space l imitations. The smaller boxes 

consisted of a cup and a f lat cadmium disc which f i t into the cup. The diameter of the 

disc and of the foils as wel l as the inside diameter of the cup were a l l opproxirrKitely 1/4 

inch. This left some possibility of thermal neutron leakage to the foils but this effect was 

negl ig ible due to the relat ive magnitudes of the fluxes involved and the amount of leakage 

which was possible. 

The U-238 and the thorium foils were irradiated simultaneously in the same 

cadmium covers and were separated from each other by a layer of thin cardboard. 
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Thorium Foils - The thorium foils containing Th-232 were used in order to obtain 

fast neutron f lux information above a neutron energy of 1.35 MeV. The foils were irradiated 

under cadmium covers (along wi th the U-238 foi ls , see above) in order to minimize the 

thermal neutron reactions in the foi ls. The nuclear reaction used to monitor fast neutron 

f lux is: 
232 1 

Th "*" o" * * ^ ' * ' ' ° " products. 

The gamma rays emitted by the fission products were counted with the No I gamma 

counting system described in Section 4 . 4 , 10 of WANL-TME-1852, Volume 1, with a gamma 

energy discrimination of 1.0 MeV to help el iminate the natural ac t i v i t y background and other 

unwanted act iv i t ies such as from the (n,y) react ion. 

Thermoluminescent Dosimeters (TLD) - The TLD hot pressed chips were used to 

monitor gamma dose. The mechanism of gamma detection is that ionizing radiation incident 

upon the material produces metastable energy states in the chip. When the material is 

heated, the release of the stored energy produces detectable photons. The quantity of 

photons released during heating, as a function of t ime, can be related to the amount of 

energy deposited in the chip by appropriate cal ibrat ion methods. The TLD chips were 

annealed prior to irradiation in order to remove any residual metastable states present in 

the dosimeter. After i r radiat ion, the accumulated energy deposition was obtained by 

readout with on Edgerton, Germeshousen and Grier (EG&G) Model TL-3 reader unit as 

described in Section 4 . 4 . 13 of WANL-TME-1852, Volume 1, "R-1 Parametric Shield Mea ju re -

ments Conducted on the NERVA Permanent Assembly Experiment (PAX) Reactor". 

During the i r radiat ion, the chips which were placed on the outside of the CHESH 

assembly and the reference assembly, were mounted inside packets formed from 0.020-inch 

thick Tygon tubing, (see Figure A - 2 ) . 

Two types of TLD chips were used, CaF_ and Li F. 
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Phylatrons - Phylatron dosimeters (p- i -n silicon diodes) were used to measure 

fast neutron dose. They are essentially a wide-based p-i-n silicon diode approximately 

7-mm long by 3-mm in diameter. Figure A-3 shows a schematic description of the diode ' 

structure. The dosimeters are manufactured by the Precision Instruments Corporation, 

Columbus, Ohio. The dosimeter's principle of operation is that the fast neutron dose to 

which the device is exposed changes the minority carrier lifetime of the base region. When 

the device is operated with a forward bias currentsufficient to modulate the conductivity 

of the base, the voltage drop across the diode is very sensitive to the minority carrier 

lifetime. 

The SNDR-2 Phylatron dosimeter reader, described in Section 4 .4 . 12 of 

WANL-TME-1852, Volume 1, supplies the constant current and measures the forward 

voltage drop by a null method. The manufacturer supplies calibration curves for the 

dosimeters which relate forward voltage change to the neutron dose. The range of the 

dosimeters that can be purchased spans the region of 5-15,000 rods (tissue). The specific 

diodes used for this experiment had total dosage ranges of 700 rads and 3000 rods, 

A . 2 DOSIMETER CALIBRATIONS 

General - The passive dosimeters (Dy, S, U-238 and Th) which were counted 

on the beta or gamma detector instrumentation required calibration factors to enable count 

rates to be converted to activities. In each cose, this was accomplished by counting one 

or more irradiated dosimeters on the WANEF instrumentation and then sending them out of 

the facility for chemical or activation analysis to have their absolute activity determined. 

Dysprosium-Aluminum - The Dy-AI wires were sent to Westinghouse Advanced 

Reactor Division, Waltz M i l l , Pa. for determination of absolute activity. The foils were 

gamma counted and these results were converted to activity through application of the 

known counter efficiency. This calibration was reported with an accuracy, on a one-sigma 

basis, of + 5 percent as shown in Figure A-4 . 
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Sulfur - The sulfur pellets were sent to the Physical Science Laboratory (PSL) 

of the Westinghouse Astronuclear Laboratory to determine the amount of P-32 formed in 

the sample. The sulfur pellets were dissolved in on Erienmeyer flask with the addition of 

a phosphorous carrier. The sulfur in the flask was heated to the melting point. The vapors 

were burned at the l ip of the flask unti l a l l of the sulfur was gone. The residue in the flask 

was dissolved with H N O „ and analyzed for P-32 content using a standard phosphorous 

determination procedure. The f inal precipitate was mounted on on aluminum disc and 

counted in an end window beta proportional counter. The counts per minute were converted 

to disintegrations per minute by using on eff ic iency factor that was established by 47rcounting 

a P-32 isotope standard obtained from ORNL. Using this procedure, the disintegrations per 

minute of the P-32 were determined to wi th in + 5 percent on a one-sigma basis. (Figure A-5.) 

U-238 and Th-232 - The U-238 (190 ppm U-235) and the Th-232 fission foils 

were sent to the PSL to determine the total number of fissions that occurred in the sample 

during a particular reactor operation. The total fissions were determined by analysis for 

Mo-99 content. 

A t the PSL, the sample was burned by ignit ion in a quartz combustion tube wi th 

f lowing oxygen. The residue was dissolved in HNO« and di luted to 100 ml in a volumetric 

flask. Aliquots were token and analyzed for Mo-99 using a standard radiochemical 

separation procedure. The purif ied Mo-99 samples were mounted on aluminum discs and 

gamma counted. Counting rotes were corrected for chemical y ie ld , a l iquot, and decoy. A 

factor was applied to convert counts per minute of Mo-99 to fissions. The conversion factor 

was established by intercalibration wi th LASL, and the reported number of fissions was good 

to wi th in + 2 percent provided the sample hod undergone a sufficient amount of fissions. 

No effect due to changes in the change of mass y ie ld of Mo-99 wi th neutron fissioning energy 

was considered. If count rotes were low, larger error limits would result due to counting 

statistics. The high pressure ionization chamber, wi th error limits of + 5 percent was used 

as a check for fission determination. 

The accuracies of the cal ibrat ion obtained were l imited by low count rates to 

+ 10 percent for the U-238 and + 25 percent for the Th-232, on a one-sigma basis as shown 

in Figure A - 5 , 
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count rates. The results are given in the attached table. 
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Wavtic A. Lenninger 
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Figure A - 5 , U-238, Th, and S Cal ibrat ion Report (2 Sheets) 
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RESULTS OP THE ANALYSIS OP WANEF SAMPLES 
UATEl) JUNE 17, AND JUNE 20, 1969 

S a n p l e 
i l g n a t l o n 

1 

2 

17 

D-238 

Th-232 

Saq>le 
Type 

S u l f u r P e l l e t 

S u l f u r P e l l e t 

S u l f u r P e l l e t 

F i s s i o n F o i l 

F i s s i o n F o i l 

Weight 
(Grans ) 

1 2 . 2 4 8 

12 .274 

0 . 3 2 9 8 

0 ,0734 

0 .0438 

A c t i v i t y 
D e t e r a i n e d 

P-32 

P-32 

P-32 

Mo-99 

Mo-99 

Tota l 
DPM* 

8 . 4 3 X 10* 

7 .74 X lO* 

1.43 X 103 

»5X 

»5Z 

«5Z 

2. 

4 . 

T o t a l 
F i s s i o n s * * 

,88 X 10» »10X 

,8 X 10» «25X 

*P-32 corrected to 11:54, June 17, 1969. 

**Zero tine for fission foils - 16:25, June 20, 1969. 

Figure A - 5 , U-238, Th, and S Cal ibrat ion Report (Continued) 
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TLD - The thermoluminescent dosimeters were calibrated with a 30 Ci Co-60 

source located at WANEF. The source was calibrated by using a carbon wal l CO<j- f i l led 

gas ion chamber. This chamber was calibrated at NBS. The TLDs were exposed to the 

Co-60 source and read on the EG&G readout device. The peak of the glow curve was 

calibrated by knowledge of the integrated dose received by the dosimeters. The accuracy 

of the cal ibrat ion was + 6 .4% standard deviation on a one-sigma basis. The cal ibrat ion 

is described in more detai l in DRM 51176 and DRM 51176A. 

Phylatron - A cal ibrat ion curve supplied by the manufacturer was used to 

determine the dose measurement. These curves were generated by exposure in known 

dose levels at the Sondio Pulsed Reactor Faci l i ty and the Health Physics Research Reactor 

at Oak Ridge. Spectral differences between those at the above faci l i t ies and the PAX 

could contribute addit ional uncertainties. The accuracy of the cal ibrat ion was + 20% 

standard deviation on a one-sigma basis. 
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APPENDIX B 

REACTOR POWER LEVELS 

The determination of reactor power levels involves both the inter-cal ibrat ion of 

excessive reactor runs during an experiment to establish relat ive power levels and the 

absolute cal ibrat ion of one run to establish absolute power levels. These two subjects ore 

discussed below. 

B. 1 INTER-RUN POWER CALIBRATION 

B.1.1 Passive Dosimetry 

For those reactor runs in which passive dosimeters ore exposed, i t is important to 

know a time-averaged power level . The act ivat ion of gold wires, one inch long and 0,30 

inch diameter, is used for this purpose. The wires ore placed at the midplane of the core 

in elements of the center cluster and also on the surface of the PAX pressure vessel and dome. 

The act iv iat ion is measured on the gamma counting system (see Section 4 . 4 . 10 of WANL-TME-

1852, Volume 1) and the resulting data ore reduced on a programmable desk calculator. By 

use of cal ibrat ion factors established from the absolute cal ibrat ion of reactor power, (see 

Section B.2), the reactor power for each run is established. 

B. 1.2 Act ive Dosimetry 

The reactor console instrumentation is used to determine the reactor power levels 

for act ive dosimetry measurements, ( i . e . , Bragg-Gray chamber measurements). This 

instrumentation is calibrated in terms of absolute reactor power as a result of the power 

cal ibrat ion described in Section B.2. 
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B.2 ABSOLUTE REACTOR POWER CALIBRATION 

B. 2. 1 Basis 

The absolute cal ibrat ion of the reactor power depends on two types of measurements 

in the reactor. The first is a high power run with radiochemistry performed on sections of a 

fuel element irradiated in the center cluster of the core in order to establish on axial profi le of the 

absolute number of fissions per gram of uranium in that element and, hence, the average 

fissions per gram of uranium in that element. 

At the some t ime, gold inter-run cal ibrat ion wires are irradiated as described in 

Section 4, 1.4. 1 to establish the basis for power level determinations of future runs. 

The second type of measurement is a mop of fission distribution throughout the 

midplane of the core in order to establish the ratio of the fissions per gram of uranium in the 

central element to the average fissions per gram of uranium in the core. The fission 

distribution data,upon which this power cal ibrat ion is based, ore given in WANL-TME-1917. 

From these two types of measurements, the reactor power con be calculated using 

the formula: 

F W 
p =-2 _-

A T F 
e w 

where 

P = reactor power in watts 

F = fissions per gram of uranium in the cal ibrat ion element 
g 

W = total number of grams of uranium in the core 

A = ratio of fission density in the cal ibrat ion element to overage 
fission density in the core 

T = reactor run time in seconds 
e 

F = total number of fissions per watt-second 
w 

From this power calculat ion result, the reactor console instrumentation was calibrated 

and the cal ibrat ion factors for the gold wires were established. Further details of the power 

cal ibrat ion procedure ore given in the fol lowing sections. 
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B.2.2 Center- to-Average Fissions Per Gram of Uranium 

The ratio of fissions per gram of uranium in the central element to the fissions per 

gram of uranium averaged over the core was assumed to be equal to the rat io of the fissions 

per gram at the midplane of the central element to the average fissions per gram over the 

midplane of the 90 degree test sector of the core. In order to determine this value, the data 

of WANL-TME-1917 were used. These data consisted of a measurement in one or two channels 

of each fueled non-central element in the center 60 degrees of the test sector. The measure­

ments were accomplished by irradiation of one inch long U-AI wires and the data were 

reported in the form of fissions/gram in a fuel element channel relat ive to fissions/gram in 

the center cluster. 

These data points were averaged for each element, mult ipl ied by the uranium loading, 

and summed over the 60 degree sector of the core. Corrections were mode for any fueled 

elements not measured and then the sum was divided into the sum of the uranium loadings. 

The result was the desired rat io of center-to-average fissions per gram of uranium. 

B.2.3 Fissions/Gram Determination in Central Cluster (U) 

The fissions per gram of uranium in the central cluster were determined by irradiation 

of fuel in the central cluster. The fuel was then analyzed by radiochemistry techniques for 

absolute fissions. 

For the i r radiat ion, thirteen 1/4 inch thick slices of virgin fuel were spaced equally 

over the length of a fuel element between spacers of 1-7/8 and 3-3/4- inch long fuel 

element sections. Figure B. 1 shows a sketch of this sectioned fuel element. 

Following the i r radiat ion, the thirteen 1/4-inch slices were sent to the Physical 

Science Laboratory of the Westinghouse Astronuclear Laboratory to be analyzed for total 

fissions in each sl ice. The procedure used was identical to that reported in Appendix A 

for cal ibrat ion of U-238 foi ls. 

The results, see Figure £ - 2 , were plot ted, graphical ly integrated, and corrected for 

element loading in order to obtain the desired overage fissions per gram of uranium in the center 

element. 
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PSL:470 

Physical Sciences Laboratory 

August 15, 1969 
Analysis of WANEF Fuel Wafers 
Dated August 5, 1969 

ASTRONUCLEAR LABORATORY 

To: R. W. Brawdy, WANEF 

cc: L. F. Becker 
• F. S. Frantz, WANEF 

T. 0. Harves 
V. S. Oblock, WANEF 
W. D. Rankin, WANEF -<• 
J. Roesmer 
H. C. Woodsum, WANEF 

The thirteen fuel wafers received from WANEF on August 6, 1969 r.ave 
been analyzed in the Physical Sciences Laboratory for fission concei..r£vi 
This was accomplished by dissolving the samples and analyzing radio-
chemically for 66.5 hour Mo^^. The zero time used for decay correct o .. 
was the irradiation midpoint, 1200 August 5, 1969. The results obt.-.nea 
are given in the attached table. These results do not differ from those 
reported by phone on August 14, 1969. A recount of the Mo^^ samples on 
August 15, 1969 confirmed their validity. 

iy^i^y^ 

Wayjle A. Henninger 
Physical Sciences Laboratory 

Approved.by: 

.G. T. Rymer, Supervisor 
Physical Sciences Laboratory 

/Ifd 

Attachment 
Figure B-2. Fission Analysis of Fuel Wafers (2 Sheet-s) 
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WANEF FUEL WAFERS DATED AUGUST 5, 1969 

Sample Total Weight Total Fissions 
Number Grams * 2% 

1 3.29 1.94 X 10^ 

2 3.35 3.18 X 10^ 

3 3.35 4.14 X 10'* 

4 • 3.32 4.92 x 10^ 

5 3.29 '' 5.48 x 10̂  

6 3.27 5.79 x 10^ 

7 . , 3.27 5.77 x 10^ 

8 3.28 5.59 x 10̂  

9 3.28 5.15 X 10^ 

10 3.29 4.45 X 10^ 

11 3.29 3.59 X IQl 

12 3.29 2.60 X 10̂  

13 3.29 1.51 X 10̂  

Figure B-2. Fission Analysis of Fuel Wafers (Continued) 
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