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Abstract 

This annual report contains a summary of fission rate, spectra, and 

gamma-ray heating rate measurements made in the first blanket of the 

Purdue Fast Breeder Blanket Facility. The first blanket consisted of 

aluminum clad, natural uo2 fuel rods with a secondary cladding of stain-

1 ess stee I or a I urn i num. The b I anket was arranged in two concentric 

regions around the neutron source and converter regions. A neutron dif­

fusion code, 2DB, and a ~1onte Carlo code, VIr~, both using homogeneous 

cross section groups have been used to calculate the reaction rates. 

Calculated to experimental values for a number of important reactions 

are presented. A modified method of applying Bondarenko self-shielding 

factors to correct for the self shielding of resonance energy neutrbns 

in aluminum, stainless steel and uo2 has improved the agreement between. 

·the calculations and experiment, but does not account for alI of the 

differences. ~lork is continuing on improvement of the calculations, 

both in the area of sensitivity studies of various cross sections and in 

the area of improvement in the ~orrections for the heterogeneity effect. 

Exper i menta I work on b I anket I I, a two sector C each 1 00°) b I anket is 

progressing 

\ 
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I. INTRODUCTION 

This report covers the progress made on the Purdue Fast Breeder 

Blanket Project during a period of time from January 1, 1981 through 

December 31, 1981. During this period of time the major emphasis of the 

project has been to complete. the experimental measurements on blanket I,· 

analyze the results, and start measurements on blankets I lA and I lB. 

Blanket I, 0.510 m thick, consisted of two regions. The Inner region 
I 

consisted of natural uranium oxide fuel rods, aluminum clad, wlth.a 

secondary cladding of stainless steel. The outer region, 0.170 m thick, 

consisted of the same type of aluminum clad natural uranium oxide fuel, 

but with a secondary cladding of aluminum. The fuel rods were equally 

spaced In a uniform hexagonal pattern and were supported by grid plates 

at the top and bottom of the blanket region, minimizing the amount of 

structural material In the blanket. AI I measurements have peen complete 

in blanket I. Final analyses of the fission rate measurements and neu-

tron spectra measurements have been completed and have been reported as 

Ph.D. theses1•2 • Project reports based on these measurements are now 

being prepared. Neutron capture rat·e measurements and thermo I um i nescent 

dosimeter measurements of the gamma-ray heating are st 11.1 beIng ana I yzed 

and.wil I be reported in the 1982 annual report and in project reports. 

Analysis of the measurements show that the reaction rate calcula-

tlons using two-dimensional diffusion theory codes are in error by as 

much as 35% in .the outer regions of the blankets. A new cross section 

se.t, ca I cuI a ted for the as bu il t f ac II i ty, fa II ed to Improve the agree-

ment between the experimental and calculated results. A modified method 

of applying the Bondarenko corrections for neutron resonances has been 
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tried and h~s reduced the disagreement between the calculated and exper­

lmenta I neutron capture. rates 1 n23 8u and 197 Au. 

Blanket I I uses the same grid plates as blanket I, but rather than 

having two concentric regions, the blanket has to 180° sectors. The 

natura1 uranium fuel rods I~ blanket IIA have a secondary cladding of 

stainless steel while the rods in I IB have a secondary cladding of 

aluminum. Thus, blanket I IB has. no stainless steel, but increased 

amounts of aluminum. Blanket I I wil I provide opportunities for the 

direct comparison of measurements .in blankets wil I dlffenent amounts of 

aluminum and stainless steel. Neutron reaction rate·measurements, spec-

trum measurements and gamma ray heating rate measurements are now being 

carried out in blankets I I. 

-2-



I I. EXPERIMENTAL MEASUREMENTS IN ·THE F88F. 

I I.A fission Rate Measurements in the F88F 

(H. Chou, R Johnson, and F. Cl lkeman) 

fission rates have been measured using the fission tract recorder 

technique. Five thin fission foils(< 1 mg/cmf) containing the nuclides 

232Th, 235u, 237Np, 238u, and 239pu were used as wei I as thick (> 40 

mg/cm2) depleted uranium and thorium foils. Fused quartz w~s used as 

the recorder medium. Fission rates are measured by placing a fission 

foil and a recorder inside a holder. The holder is then positioned 

between fuel pel lets in an experimental. fue.l pin. After irradiation, .the 

number of fissions recorded by the recorder is obtained using an 

automatic track counting system3. Radial fission rate distributions 

have been made In blanket I at the active midplane located approximately 

0.47 m from the bottom of the fuel pins. Reproducibil lty of the meas­

urements is ±3%~ 

Calculations of the measured fission rates have been carried out 

using both the two-dimens.ional diffusion code 2084 and the continuous 

~nergy ~1onte Car I o code VI M5. The 30-group cross section set used in 

the 208 calculation were generated using a homogeneous Bondarenko6 

self-shielding factor. A more detailed discussion of the experimental 

methods and calculations can be found in Reference 7. 

As shown in Figs. 1 and 2, the diffusion calculation greatly 

under-predicts the 235u and the 239pu fission rates at large radii. The 

2DB ·c;E values range from 1 .08 to 0.74 for 235u and frum 1 .03 iu 0.71 

-3.;; 
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for 239Pu. The 208 C/E values decrease steadily with lncreasing·radius 

at the same rate for both nuc I ides. In contrast, the l\<1onte Car I o tran­

sport ca I cuI at I on gives better agreement, a I though the r~onte Car I o ca 1-

culation also underpredlcts the 235u and 239pu fission rates at large 

radii. The. Vl~1 C/E values range from,1.04 to 0.85 for 235u and from 1.0 

to 0.8 for 239Pu. 

The spectral indices based on the 235u fission rate were also 

determined. Spectral indices are commonly reported in fast reactor core 

and. blanket measurements because systematic error sources such-as power 

level and counting efficiencies cancel out. In the present measure­

ments, the systematic errors of the spectral indices are dominated by 

the statistical errors of the foil masses; systematic errors due to the 

neutron source strength, efficiency, and foil holder perturbatl ions car.-· 

eel. For FBBF fission ratios obtained using thin foils only, the sys­

tematic error is estimated to be within 1%, except for the 232Th which 

Is estimated to be 3%. For fission ratios using thick foils, the sys­

tematic errors are estimated to be 2% for 232u and 4% for 232Th. Figure 

3 shows the ratios of calcuJated to measured spectral indices based on 

the 235u fission rate~ The errors plotted are statistical errors only. 

Both the diffusion and the Monte Carlo calculation predict the 239pu to 

23Su fission ratios very wei I throughout the blanket region. 

Neither the diffusion nor the Monte Carlo calculation, however, 

correctly predicts threshold fission rates. The diffusion calculation 

· underpredlcts the·237Np to 235u and the 232Th to 235u fission ratios but 

overpred i cts the 23 Bu to 235u fission ratio. The ~·1onte Car 1 o ca 1 cu 1 a-

t ion gives similar results at smal I radii but the C/E values increase 

-6-
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with Increasing radius. 

Figure 4 gives the C/E results of 237Np which has a low and poorly 

defined threshold of approximately 0.6 MeV. The diffusion calculation 

again greatly underpredicts the 237Np fission rates at large radii; the 

208 C/E values drop from 0.91 to 0.60 with a slope similar to the 208 

C/E curves of 235u and 239Pu. The Monte Carlo calculation underpredlcts 

the 237Np fission rates by 10% thr6ughout the blankst region~ 

As shown In Fig. 5, the diffusion calculation greatly overpredlcts 

the 238u fission rates at smal I radii. Agreement between the diffusion 

calculation and the measurements is good at large radii; this agreement, 

however, Is probably coincidental. The Monte Carlo calculation over­

predicts the 238u f~ssion rates by 20 to 40%. 

Figure 6 shows the C/E results of 232Th wh.ich has a fission thres­

hold at approxl mate I y 1 .2 MeV. The d I ffus i on_,ca I cuI ati on underpred I cts 

the 232Th fl ss ion rates at I arge rad i i. The 208 C/E va I ues range from 

1.0 to 0.75; the valu~s decrease with a steeper slope In the inner 

b I anket and tend· to ta i I off in the outer b I anket. The l'-1onte Car I o ca 1-

culatlon, however, overpredicts the fission rates at large radii. The 

VIM C/E values ranges from 0.96 to 1.15 with a maximum value at the 

inner-outer blanket interface. 

The various comparisons indicate that present diffusion calcula­

tions are inadequate for predicting 235u, 238u, and 239pu fission rates 

·in thick radial uraniUm blankets of fast breeder reactors. Furthermore, 

power production within such a blanket would Blso be inadequately 

predicted by: diffusion calculations. Monte Carlo transport calculations 

-a-
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give better predictions in blanket regions than diffusion calculations. 

The overprediction of 238u fission rates by the Monte Carlo transort 

calculation is attributed .to difficiencles In ENOF/8-IV data for one or 

more nuclides above 1 MeV; the current results do not suggest which 

nuclide is the major cause of the overpredlction, however. The com-

. parison of spectral indices indicates that the 235u and 239pu fission 

cross sections used in the 208 and the VIM calculations are consistent. 

In summary, the diffusion calculation greatly underpredicts the 

232Th, 235u, 237Np, and 239pu fission rates at large radii and over­

predicts the 238u fission rates at smal I radii. The ~bnte Carlo tran­

sport calculation predicts the 232Th, 235u, 237Np, and 239pu fission 

rates reasonably wei I but greatly overpredicts the 23 8u fission rate 

throughout the blanket region. For 235u and 239pu, the VIM and 208 fis­

sion rates are within 5% In the first 20 em into the blanket. The 

differences increase to 15% at the blanket's outer boundary. For 232Th, 

237Np, and 238u (alI of which exhibit threshold fission} the 

VIM and 208 fission rates agree reasonably wei I in the first 10 em into 

the blanket, but 'arge diffsrences are observed in the outer blanket. 
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II.B Neutron Spretra Measurements 

(0. Vehar and F. Cl ikeman) 

Neutron energy spectra h~ve been experimentally determined for a 

number of blanket locations. Measurements were made at radial positions 

0.385, 0.563 and-0~711 m from the center of the facility. Spectra were 

determined for five axial positions at each radial position. The axial 

positions measured, from the bottom of the fuel in the transformer 

region to the center of the sensitive region of the detector, were_ 

0.025, 0.243, 0.460, 0.678 and 0.895 m. These five heights are equally 

spaced, with 0.46 m corresponding to the midplane of the active fuel in 

the FBBF transformer region. A height of 0.025 m represents the lowest 

height to which a proton-recoil detector can be inserted, while a height 

of 0.895 m is about 0.33 m below the top of the fuel in the blanket. 

Although other types of measurements have been made at locations with 

radii less than 0.3~ m, the neutron flux is great enough at these radii 

to cause detector saturation and excessive dead times with the proton­

recoil counters. Measurements could therefore not be made at cadi I less 

than 0.385 m. 

Figures 7 through 11 show neutron energy spectra for representative 

locations. The data are presented on an absolute basis for a neutron 

source strength of 1010 neutrons per second. The solid I ines repres~nt 

spectra determined by a two-dimensional diffusion calculation using the 

code·2os4. The experimental data are presented In the figures as verti-. 

cal bars representing± one standard deviation statistical error, based 

only on counting statistits. Systematic errors are not shown, but are 

-13-
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estimated to be about 8 percent in the energy region above 10 keV and as 

much as 22 percent in the region below keV. Sources of systematic error 

considered include source strength. detector sensitivity. energy cal i­

bratlon. energy/ion pair. and corrections to proton recoil data. The 

total systematic errors are obtained by summing the Individual errors~ 

It Is recognized. that when there are a large number of Independent sys­

tematic errors of comparable magnitude. summing In quadrature may be 

more appropriate. The total errors may, therefore. be overly conserva­

tive. Much of the uncertainty In the spectra below 10 keV is attributed 

to uncertainty in w. the energy required to produce an ion pair. As 

expected, the experimental spectra show finer detail than do the calcu­

lated spectra. due to the relatively large group widths used for the 

calculation. 

Several trends are apparent from the figures. First. the exprimen­

tal ly determined spectra are harder than the calculated spectra. That 

Is, the calculated neutron spectra have higher average lethargies (lower 

average energies). This is illustrated In Table 1 where average lethar­

gies for calculated and experimental spectra are presented as a tunction 

of deteetor·locatlon. Average lethargies were determined over the 

energy range between 1.234 keV and 1353 keV, weighted with the group 

flux per unit lethargy. This energy range corresponds to. the calcula­

tional energy groups 5 through 18. the groups covered completely by the 

proton-recoil measurements, and represents between 80 and 93% of the 

calculated neutron flux at the midplane. The best agreement between the 

calculated and experimental spectra is achieved at a height of 0.025 m, 

with the detector near the steel base plate at the bottom of the 
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Table 1 Average Lethargy as a Function of Detector..· Locati-on .. 

Location Average Lethargy Groups 5- 18a 
Radius Height Calculated Experimental C/E 

meters - .. - - -·-· 

0.385 0.025• 3.235 3.388 1 .047 
0.385 0.243 3.222 3.422 1.062 
0.385 0.460 3.240 3.425 1.057 
0.385 0.678 3.224 3.424 1.062 
0.3 85. 0.895 3.257 3.449 1.059 

0.563 0.025 3.394 3.524 1 .038 
0.563 0.243 3.422 3.591 1.049 
0.563 . 0.460 3.377 3.592 1 .063 
0.563 0.67 8 3.423 3 ~592 1.049 
0.563 0.895 3.348 3.605 1 .043 

o. 711 0.025 3.584 3.635 1 .014 
0. 711 0.460 3.594 3. 759 1.046 
o. 711 0.895 3.609 . 3.761 . ..1 •. 0.42 ... 

a u(E) = In( 1 0/E > _, E in ~leV. 
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·blanket. There, the neutron spectrum is dominated by neutrons scatt~~~d 

back into the blanket by the steel base plate, due to the large iron 

scattering cross section. At other locations, the detector is.wel I 

within the fueled region of the blanket and does not see the effects of 

the iron. 

the second effect seen in the figures is that the magnitude of the 

calculated spectra tends to decrease more rapidly with radius than the 

magnitude of the experimental spectra. The experiment is overpredicted 

at location 0.385 m and underpredicted at location 0.711 m. Again, the 

agreement between the calculation and the experiment is best at a height 

of 0.025 m, near the steel base plate. 

Based on the spectrum measurements alone, I it~le can be said 

regarding the reasons for the discrepancies between the calculated and 

.experimental neutron energy spectra, since any of several reactions 

could be at fault. Underestimating the number of fissions, either by 

undercalculatlon of the number of n~utrons or inaccurate fission cross 

sections for 235u and 238u, directly affects both'the magnitude of the 

flux and the spectral hardness, since fission neutron~ are relatively 

high in energy •. The result is a calculated spectrum that Is softer and 

which drops off too rapidly with blanket radius.· This conclusion Is 

consistant with the results of the fission rate measurements reported in 

the preceeding section. Other mechanisms which could also account for a 

decrease in the calculated high energy spectra are overestimating the 

amount of leakage which, wit I also result in a decreased magnitude, and 

assuming that faster neutrons have a larger mean free path, wit I cause 

the calculated spectrum to become softer. Overestimating the amount of 
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scattering, particularly inelastic scattering, reduces both the spectral 

hardness and the magn1tude of the flux. 

A secondary effect from either overestimated scattering or overes­

timated leakage is a further reduction of magnitude and spectral hard­

ness indirectly through reduced fission. That isj. a softer spectrum 

resu Its in fewer fast fissIons in 23 Bu, wh i I e a reduced magnitude 

resu Its in .fewer fIssions in both 23 8u and 235u. However, the number of 

fissions from 238u is small compared to that from 235u (calculated to be 

4.4 .x 10-3 at the r = 0.385 m midplane·and 1.8 x 10-3 at the r = 0.711 m 

midplane), so that the effect from 238u fission is probably hegl igible. 

Overestimation of neutron absorption also reduces the magnitude of 

the calculated flux. However, since lower-energy neutrons are more 

read i I y absorbed (I ower-energy neutrons may see resonances whIch do not 

affect the. higher-energy neutrons), everest lmati ng the amount of absorp­

tion tends to harden the calculated spectrum, contrary to what is 

observed. Measured neutron capture rates in 238u, discussed in Sec. 

liD, show that the calculations underpredict the reaction, also confirm­

ing that this is probably not. the source of the problem. Two reports, 

covering the details of the experimental methods and the results of the 

spectrum measurements in blanket I are being prepared. 

Sprectrum measurements are now being made in blanket I I, with spe­

cial emphasis being given to the high energy portion of the spectrum 

where fission rate measurements with the threshold .reactions have indi­

cated considerable disagreement the calculations <see Sec. I lA). 
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I I.C Gamma-Ray Heating Measurements 

(Ken Koch and F. Cl ikeman) 

The determination of gamma-ray heating rate distributions in Liquid 

Metal Fast Breeder Reactors, LMFBRs, is of importance for the optimiza­

tion of cooling requirements in the various reactor regions. Approxi­

mately 7% of the total fission energy Is released in the form of gamma 

rays and an almost equivalent energy release is in the form of gamma 

rays from neutron capture. 

Gamma-ray dosimetry measurements can be made using a wide variety 

of gamma-ray sensitive devices. Thermoluminescent dosimeters, TLDs, 

have been used quite successfully for gamma-ray heating measurements In 

zero-power fast reactors. Smal I size, low neutron sensitivity, and sim­

plicity of use are major advantages for using TLDs for gamma-ray heating 

measurements Instead of other devices. 

The interpretation of TLD measurements in a reactor environment 

presents unique problems in relating the TLD dose to the dose in the 

surrounding material and in determining neutron responses of the TLDs. 

Corrections for the relation of the TLD dose to the dose In the sur­

rounding material have been developed from cavity ionization theory and 

have become known as f-factors. These corrections are sometimes cal led 

gamma-ray spectral effect corrections since they are dependent on the 

gamma-ray spectrum during Irradiation. The corrections are required 

because of the "mismatch" of properties of the TLD and the surrounding 

material; this leads to different doses in the TLD and In the surround~ 

ing material. Corrections for neutron sensitivity are not as wei I 
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developed due to the I imited neutron sensitivity data available for the 

types of TLDs used in these experiments. However, the use of TLDs with 

extremely low neutron sensitivities such as 7LtF and CaF2 has minimized 

.these neutron corrections. 

In almost at I of the recent programs of gamma-ray heating measure­

ments, the TLD results have been compared to calculated gamma-ray heat­

ing rates. These comparisons have indicated that the calculational 

methods used in determining gamma-ray heating rates provide accurate 

resu Its on I y in the core reg i.ons of LMFBRs. The inaccuracies of the 

calculations increase with increasing distance from the core. These 

results contribute to the motivations for making TLD gamma-ray heating 

measurements in a benchmark fast breeder reactor blanket facti tty. 

Gamma-ray heating measurements were made in the Fast Breeder 

Blanket Facility, FBBF, using stainless steel and lead sleeves. Stain­

less steel heating measurements are of primary Interest because of the 

extensive use of stainless steel In the cladding and structural com­

ponents of a fast reactor. Lead was chosen for gamma-ray heating mea·s­

urements because its a+om 1 c number ;:~nd dF.ln~ i ty· are simi I ar to that of 

uranium dioxide. It was desirable to obtain heating data that would be 

comparable to gamma-ray heating In uranium dloxide.slnce the majority of 

gamma-ray energy deposition is in the fuel. Lead heating measurements 

are also of importance for studying the application of reported analysis 

methods for TLD gamma-ray heating measurements in high atomic number 

materials, specifically relating to f-factors. 

The use of lead as one of the mediums for gamma-ray heating meas-
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urements was one of the primary reasons for choosing CaF2 TLDs over LiF 

TLDs. The CaF~ TLDs have a hiqher effective atomic number than LiF, 
~ . 

which helps to minimize material "mismatches" between the TLDs and the 

lead sleeves. This Is desirable in order to keep the f-factors closer 

to unity thereby minimizing the uncertainties In this correction. 

lrr~dlatlons were made in the FBBF for radial traverses through the 

blanket at a height of 0.45m to 0.46m from the bottom of the blanket; 

this height corresponds to the axial midplane of the converter's active 

fuel. Irradiations were also made for axial traverses with stainless 

steel sleeves at experimental positions corresponding to radii of 

0.2369m, 0.3849m, 0.5626m, and 0.7106m. AI I FBBF irradiations were made 

using sleeves with four TLDs. Each sleeve irradiation then yielded four 

TLD responses which were averaged to give an average response for that 

sleeve position. 

The objective of the FBBF gamma-ray heating measurements was to 

obtain heating rates due to gamma rays found in L~1FBR blankets during 

steady state operation. These gamma-rays come from various sources: 

fission reactions, capture reactions, fission product and activation 

product decay, and the natural activity of the uranium fuel. Most reac-

tor analysis calculations do not include the natural activity of the· 

fuel as a gamma-ray source; this is because it Is negligible in actual 

power reactors. However, since the FBBF has much lower flux densities, 

the natural activity of the fuel is no longer negligible, especially 

near the outer edge of the blanket where the gamma-ray fluxes are very 

smal I. Thus, to compare the FBBF gamma-ray heating measurements to cal-

culated gamma-ray heating rates, the natural activity of the fuel must 

_;25-



be considered. This was done by taking measurements with the neutron 

source both in position and removed from the facll lty. The measurements 

with the source removed can be subtracted from the measurements made 

with the source in position to el imlnate the gamma-ray dose contribu-

tlons due to the natural activity of the fuel. 

AI I net dose rates were normal I zed to a reference FBBF neutron 

source strength of 1 x 1010 neutrons per second. The normal lzation of 

aJ I gamma-ray heating rates to a re~erence source strength of 1 x. 1010 

neutrons per second allows alI the measured gamma-ray heating rates to 

be compared to a calculation based on the same source strength. 

The term, f-factor, appl les to corrections appl led to TLD/sleeve 

combinations to relate the TLD dose to the sleeve dose. A f-factor is 

defined as the ratio of the dose received by the TLD to the dose 

received by the surrounding sleeve material. They are based on cavity 

Ionization theory and can be used to determine the gamma-ray heating In 

the sleeve material from a measured TLD dose. The dose received by the 

sleeve material can be found as 

where:. 

0TLD = dose recieved by the TLD, 

D = dose received by the sleeve materi~l, and .z 

f = f-factor for the particular TLD/sleeve combination 

Irradiated in a particular gamma-ray spectrum. 
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The neutron fluxes required for the TLO analysis were calculated 

using the two-dimensional neutron diffusion code 2084• The neutron 

fluxes were calculated in 30 energy groups .using a source calculation 

with the expl lett modeling of the 4 252cf neutron sources used to drive 

the FBBF. These 30 group cross sections were col lapsed from the 50 

group LIB-IVa cross section library using the one-dimensional diffusion 

code lox9. The lOX code and the LIB-IV cross section I ibrary use the 

Bonderanko6 self-shielding factor method for resonance self-shielding. 

AI I Isotopes in the FBBF calculation were self-shielded using this 

method based on the region in which each isotope Is located. The one­

dimensional model of the FBBF used in lOX was a radial slice through the 

FBBF at the transformer active fuel midplane. 

The gamma-ray fluxes and heating rates in stainless steel and lead 

required for the TLO analysis were calculated using the one-dimensional 

transport code, ANISN10. The gamma-ray cross sections, the gamma~ray 

production cross sections, and the gamma-ray kerma factors used in these 

calculations were from the coupled neutron/gamma-ray OLC-37/EPR11 cross 

section I lbrary. From the gamma-ray flux caiculations, it was found 

that the 23Bu capture reaction dominated the gamma-ray production. 

The gamma-ray cross sections of the coupled neutron/gamma-ray cross 

section set were extracted and used in ANISN to calculate the gamma-ray 

fluxes for a radial geometry model representing a slice through the FBBF 

at the transformer active fuel midplane. A distributed gamma-ray source 

was calculated from the calculated neutron fluxes and the gamma-ray pro­

duction cross sections of the OLC-37/EPR I ibrary. This distributed 

source was used as an externa I source for the AN I SN gamma-ray f I ux . 
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caiculation. It is important to realize which gamma-ray sources are. 

included In such a calculation. The DLC-37/EPR gamma-ray production 

cross sections only include gamma rays produced In fission reactions and 

prompt gamma rays produced in capture reactions. The decay gamma rays 

of activation products and the natural decay of the uranium fuel are not 

Included. 

Gamma~ray heating rates in stainless steel and lead were determined 

from the calculated gamma-ray fluxes and the kerma factors of the DLC-

37/EPR I i brary. The heating rates in I ead were ca I cu lated direct I y from 

the lead kerma factbrs, while the stainless steel heating rates· had to 

be determined by adding the heating rates of the constituents together. 

The measured gamma-ray heating rates In stainless steel for radial 

traverses of the FBBF are shown in Figure 12. The gamma-ray heating 

.rates are given multipl led by 2~r, where r is the radius, to eliminate 

the effect due to the cyl lndrical geometry. The statistical errors are 

given for the 68.3% confidence level. The solid line shows the calcu..;. 

lated gamma-ray heating rates in stainless steel. The C/E values are 

shown in Figure 13. The error bars .in this figure represents the sta-

tlstical errors only. The vertical dashed I lnes show the FBBF outer 

transformer/inner blanket interface at R = 0.22m, the Inner 

blanket/outer blanket interface at R = O.S7m, and the outer 

blanket/reflector Interface at R = 0.74m. 

The measured gamma-ray heating rates in lead for radial traverses 

Is shonw in Figure 14. The .solid I ines show the calculated gamma-ray 

heating rates In lead. The C/E values are shown in Figure 15. 
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From .the stainless steel and lead radial traverse results It is 

seen that the calculation underestimates the measured gamma-ray heating 

raes in the FBBF blanket. This underestimation Is seen in both stain­

less steel and lead. The underestimation by the calculation of the 

gamma-ray heating in stainless steel is approximately 25% at the inside 

of the blanket •. This Underes~imatlon becomes .increasingly larger for 

Increasing blanket radii. At the outside of the blanket, the calcula­

tion underestimates the stainless steel gamma-ray heating rate by 

roughly 45% to 50%. This underestimation of the stainless steel gamma­

ray heating rates Is easily seen In Figures 12 and 13. The same tfend 

Is seen for gamma-ray heating in lead (see Figures 14 and 15). However, 

the underestimation at the inside of the blanket Is approximately 10% In 

lead as compared to the 25% seen In stainless steel. The underestima­

tion at the outside of the blanket Is 40% In lead. 

An almost Identical trend of the calculation underestimating the 

experiment Is seen In the radial traverse measurements of the 239u cap­

ture rate.7 In the gamma-ray flux calculation lt.was seen that the 23 8u 

capture reaction dominated the production of gamma rays in the FBBF 

blanket. Thus, the· underestimation ot the 238u capture rates by the 

neutron flux calculation causes a correpsonding underestimation of the 

gamma-ray heating rates by the gamma-ray flux calculation. Much of the 

discrepancy between the calculated and measured gamma-ray heating rates 

can thus be explained by the underestimation of the 238u capture rates 

by the neutron flux calculation. 

Another conclusion can be made from the fact that the C/E values 

for the gamma-ray heating .rates are similar to the C/~ values for the 
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238t.J capture rates. Since the 238t.J capture reaction. dominates the pr~ 

duction of gam~a rays. the spatial distribution of the gamma-ray.source 

follows the spatial distribution of the 238u capture reaction •. Then. 

since the C/E values of the 238t.J capture rates and the gamma-ray heating 

rates exhibit the same trends. it can be concluded that in the FBBF the 

source distribution of the gamma rays is more important than the tran­

sport. If the transport ·at gamma rays was Important. one would expect 

to see a gamma-ray heating rate distribution that Is different from the 

238u capture rate distribution. 

The comparison of the stainless steel C/Es with the lead C/Es shows 

that the gamma-ray heating rates in stainless steel are underestfmated 

by the calculation by roughly 14% more than the heating rates In lead. 

This problem Is attributed to an underestimation of the calculated 

gamma-ray heating rates In stainless steel. 
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11.0 Neutron Capture Rate ·Measurements· 

<G. Harms and F. Cl ikeman) 

Measurements of the neutron capture rates for 238u, 232Th, 197Au, 

1 e6w, 9~o •. 23Na, 55tv1n, 60co, 1 81 Ta, 45sc, 1 09Ag,. and 58r-J i. have been .. 

completed in blanket I. In addition, the reactions 115.1n(n,n') and 

58r-Ji<n,p) have also been investigated. The absolute activltiesfor each 

of th.ese reactionshas been determined using gamma:...ray spectroscopy •. · 

The same reaction are being measured In blankets I lA and I IB and .the 

resu Its together with a deta II e.d discus ion of the methods used w II I be 

presented in a separate project report. Some preliminary results are 

presented i~ Sec. I I I together with a discussion of the calculational 

methods that are being Investigated. 
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I II. Cm1PUTER CALCULATIONS AND METHOD DEVELOPr·1ENT 

<G. Harms and F. Cl ikeman) 

Calculations of the neutron reaction rates in the FBBF facil tty 

have been performed using the two-dimensional diffusion code 2DB4. 

Region-dependent. cross sections for the calculations are generated using 

the one-dimensional diffusion .code lox9. Resonance self shielding is 

treated in lOX by the Bondarenko self-shielding factor method6. The 

50~group I ibrary LIB-IVa, which Includes the information necessary to 

perform temperature and composition dependant resonance self shielding, 

was used as the data base for the ·group constant generation. Origi­

nally, the lOX calculations required to col lapse the 50 group LIB-IV 

group constants to the 30-group set used in 2DB for the FBBF calcula­

tions were performed at Argonne National Laboratory. During the past 

year, a version of lOX has been made operational on the Purdue Univer-

slty computers. This permits a greater number of calculational methods 

to be investigated as wei I as sensitivity studies of various cross sec­

tions In order to determine which factors have the greatest influence on 

ayh::ement w i th the experiments. 

For. the present work, a 50-group set of' se I f-sh i e I ded cross sec­

tions has been obtained for the seven material regions that intersect 

the midplane of the FBBF. A one-dimensional model of the facility has 

also been developed and used with the cross sections in a 50-group flux 

calculation. The results of this calculation were used to col lapse the 

50-group cross sections to a 30-group set. The same calculation was 

used to gener~te the 30-group cross sections for the off~midplane 
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material regions. The cross section·calculations were made with the 

code lOX. The 30~group cross sections were then used in a two-

dimensional (r- z) diffusion calculation to obtain the neutron fluxes 

in the FBBF. 

In the shielding factor approach to resonance self shielding.; the 

neutron flux ~(E) in the neig~borhood of a resonance is assumed to be 

of the form 

where 

~(E) 
C(E) 

· C(E} = slowly varying component of the flux, 

at<E> = microscopic total cross section of the 

species being self shielded, and 

a
0 

= cross ~ections of alI of the other species 

present in the material per nucleus of the 

species being self shielded. 

This tlux can be used .to generate group cross sections 

.a9 by 

a = g 

J
9 

a( E) ~(E) dE 

S g ~(E) dE 

where a<E>· is the microscopic cross section being col lapsed and the 

Integrals are taken over the energy I imits of the group. The composi-

tion dependence of the self shielding calculation enters by way of the 

a0 , ciJIIed the background cross section. A reson<:!nce in a (E) wi II be 
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accompanied by a resonance in Ot(E) and thus by a depression in ~(E).· 

Th~ d~pth of the depression .wil I be determined by the change in. at(E) 

relative to a o· The depression In the flux at the resonance energy of 

a(E) results In a reduction of the group cross section ag• For a given 

resonance, It Is evident that large values of a
0 

give smal 1 self 

shielding corrections while the reverse is true tor smal I background 

cross sections. 

In the ftrst set of reaction rate calculations, the FBBF was 

treated as a series of homogeneous regions. The total number of nuclei 

for each nucl~ar species In a region was calculated and divided by the 

region volume to obtain the homogenized number density for that species. 

~ach region was then assumed to contain a single material with the cal­

culated number density of each species. For regions that are assumed to 

be homogeneous, each element (I.e. iron, uranium, oxygen, etc.) in each 

·material (i.e. stainless steel, uranium dioxide, etc.) in a given region 

(i.e. blanket, reflector, ect.) contributes to the background cross sec­

tion tor every other element. In real lty, the FBBF is a heterogeneous 

combination of fuel, cladding, voids, structure, etc. 

For neutrons that have.a long mean free path In the local materia.!, the 

homogeneous treatment of the regions is adequate. However, neutrons at 

the energy of a strong resonance of a given element have a short mean 

tree path in materials containing that element and a long mean free path 

In materials void of that element. For example, neutrons at the energy 

of an Iron resonance wil I have a short mean free path in the stainless 

steel cladding and a long mean free path in the aluminum cladding and 

the U02 fuel. Thus, neutrons at this energy will be primarily .affected 
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while traversing the stainless steel cladding and will be relatively 

unaffected while in .the aluminum cladding and the uo2 fuel. Slncecross 

section self shielding is an attempt to account for the behavior of neu­

trons at r~sonance energies, the distances that must be considered are 

of the orde~ of the mean free path of resonance energy neutrons. For a 

neutron in a 5000 barn 23 8u resonance in the b I anket ·f ue I , thIs distance 

Is about 0.1 mm. Thus, the FBBF appears to be heterogeneous assembly to 

neutrons at resonance energies. 

To account for this apparent hetergeneity for resonance effects, a 

new set of group constants was generated in which each blanket material 

was treated separately. For this preliminary calculation, the 50-group 

fluxes obtained in the one-dimensional calculation were used fo col lapse 

cross sections for three new materials. The three new materials had the 

elements.and number densities of the stainless steel, aluminum, and uo2 

fuel for the first loading of the FBBF blanket and were self shielded 

separately. The effect of this revised procedure was to increas~ the 

resonance self shielding for each element by decreasing the number of 

materials that contribute to the background cross section. A new set of 

homogeneous blanket group constants was obtained by mixing the newly 

col lapsed cross sections into region materials with the original homo­

geneous number densities. The only change to this set was In the 

blanket material self shielding. The new set of group constants with 

the modified blanket cross section was used as input to 2DB and the flux 

recalculated. For this calculation, the FBBF regions were once again 

treated as homogeneous materials. 
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Figures 16 through 19 give a comparison between the normalized neu-

.· tron flux spectra of the ca I cuI at ions with ·the b I anket materia Is se If 

shielded homogeneously and the calculations with the blanket materials 

self shielded separately. The comparisons are made for spectra calcu-

1 ated at four different rad i I. The most notable change betwe.en the two 

spectra at each location is in the magnitude of the depression apparent 

in group 12 (24.8 keY to 40.1 keY). This depression is the combined 

effect of a 28 keY Iron resonance and a 33 keY aluminum resonance. The 

differences between the two spectra in Fig. 19 for group .12 are washed 

out because the spectra at 0.711 mare strongly influenced by neutrons 

returning from the reflectors where.the cross sections were the same for 

both calculations. 

The ratio of the calculated to experimental CC/E) capture rates for 

23BtJ and 197Au are shown in Figs. 20 and 21 for the calculations with 

the blanket materials self-shielded homogeneously. The error bars In 

these and the following figures indicate only the statistical uncer­

tainty In the capture rate measurements. Both the calculations and the 

measurements were made on an absolute basis for a source strength of 

1010 neutrons per second. Thus no normal lzation between the calcula­

~ions and measurements is required. The C/E values for both reactions 

show significant downward trends across the inner blanket (through about 

0.55 in). 

The C/E values for the gold reaction turn around and increase across 

the outer blanket (0.55 to 0.71 m) but continue the downward trend for 

238u capture. 
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The C/E ratios for the calculation involving the heterogeneous 

se I f-sh I e I ding treatment are shown 1 n Figs. 22 and 23 for 23 8u and 1 97 Au 

capture resectively. The C/E values for 238u again show a downward 

trend but do not drop off as steeply as in Fig. 20. The C/E values for 

1 '51 Au capture are distributed around unity and show no eas i I y discern­

able trend. Ideally, the perfect calculation and the perfect measure­

ment shou I d give constant C/E va I ues of 1 • Based on I y on the 23 8u and 

197Au capture rates, the change from homogeneous to heterogeneous self 

shielding appears to be a significant step in the right ~irectlon and 

warrants further investigation. 
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IV. QQNGLUSIONS 

The conclusions that can be drawn from the research that has been 

completed to date on the FBBF project support the original contentions 

that diffusion theory may not work wei I in the external blanket regions 

of fast reactors. Results from the fission rate measurements show that 

the calculations using homogeneous regions for the. blanket underpredlct 

the measured 235u and 239pu fissio~ rates by 25% in the 6uter regions of· 

the blanket. The measurements of the 238u capture rate show the same 

results. On the other hand, threshold fission reactions in 238u agree 

well with the calculations, but 237Np and 232Th threshold fission rates 

exhibit trends similar to the other fission rates. 

Spectrum measurements show that the calculated spectra tend to be 

softer than the measurements indicate. This would probably be true if 

the calculated fission ~ates were underpredicted; a .result supported by 

the fission rate measurements. Alternately, overestimating the scatter­

Ing, especially inela~tic scattering, would also result In a softer cal-

culated spectrum. Present fission rate and spectrum measurements can 

not rc~olve the reesons why·the 238u fission rates do not show the same 

trend as the other reaction rates. 

Thermoluminescent dosimeter measurements of the gamma-ray heating 

also show that the calculations underpredlct the experiment. In fact, 

the trend In the C/E·values of the gamma-ray heating follow closely the 

C/E vaiues .of the 238u capture. This is to be expected since the neu­

tron capture in 238u Is predicted to be the largest source of gamma. 

rays. The trends in the measuremet1'1"s show that the dl str i but Lon o.f the 
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gamma-ray sources rather than the transport of the gamma rays dominate 

the gamma-ray heating distributions In the FBBF. More work, however, .Is 

required to improve the agreement In the magnitudes of the calculated 

gamma-ray heating rates and/or. in the corrections used to determine the 

gamma-ray heating rates from the TLD measurements. 

Problems with the existing calculations of the neutron spectra and 

reaction rate In the FBBF can come from three sources; the appl lcabll lty 

of diffusion theory, cross sections, and heterogeneity effects. 

Although some of the basic assumptions of diffusion theory, such a~ the 

separabll ity of. the space and energy dependence of the neutron flux do 

not hold In the blanket regions, it is stilI convenient to use diffusion 

theory for blanket calculations. Although agreement between calcula­

tions and experiment is better when ~bnte Carlo transport calculations 

are made, the agreement stilI is not good. 

The problem in nuclear cross sections can arise from the use of 

aluminum in the blankets. Work In progress on blanket I I should deter­

·~ine if the aluminu~ cross sections ar~ contributing significantly to 

the disagreement between theory and experiment. 

The first attempts at modifying the self shielding of the resources 

to compensate for the heterogeneity of the blanket look promising and 

J nd I cate that the heterogeneity effects may be a major contributIon to 

the disagreement between theory and experiment. lnproved calculations 

and extending the treatment to more materials should verify if this is r 

Indeed the source of disagreement and a solution to the problem. 
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