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Abstract

Thisvannual report contains a sﬁmmary.of fission rafe; spectra, and
gamma-ray heating rate measurements made in the fifsf bl anket of the
Purdue Fast Breeder Blanket Facility. The first bl anket consisted of -
aluminum clad, natural U0, fuel rods with a secondary cladding of stain-
less steel or aluminum, The blanket was arranged in two concentric
- regions around the neutron source and converter regions., A neutron dif-
- fusion code, 2DB, and a Mon+e Carlo code, VIM, both using homogeneous
cross section groups héve been used to calculate the reaction rates.
Calculated to experimental values for a number of important reacfiéns
are presented. A modified method of applying Bondarenko self—shielding' o
factors to correct for the self shielding of resonance eﬁergy neufroﬁs |
in aluminum, stainless steel and.UO2 has improved the agreement between
the calculations and experiment, but does not aécoﬁnf for all of the
differences. -VWork is continuing on improvement of fhevcalculafions,
both in_fhe area of'sensifiyi+y s+udies of various cross'secfiqns and in
the area of improvement in the COrre§+idns for the heferogenéify effect.

~ Experimental work on blankeflll, a two sector (each 180°) blanket is

... progressing
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I. JINTRODUCTION

This report covers The-progress made on the Purdue Fast Breeder
Blanket Project during a beriod of time from January 1, 1981 through
December_31, 1981, During this period of time the major embhasls of the
project haé been to complete the experimental measurements on blanket I, -
analyze the resui?s, and start measurements on blankets |1A and 11B.
Blankef':, 0.510 m thick, consisted of two regions, The inner region
consisted of natural uranium oxide fuel rods, aluminum clad, Qi+hia
secondary éladding of stainless sfeel.A 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
spacéd in a uniform hexagonal pattern and were supported by grid plates
at the top and bottom of fhe_blankef region, minimizing the amount of -
structural material in the blanket. All measurements have been complete
in blanket |, Final analyses of the fission rate measurements and neu-

tron spectra measurements have been completed and have been reported as
1,2

Ph.D. theses'*“. Project reports based on these measurements are now
being prepared. Neutron capture rate measurements and thermoluminescent
dosimeter measurements of the gamma-ray heating aré still being analyzed

and will be reported in the 198 annual report and in préjecf'reporfs.

Ahalysis of the measurehenfs show that the reaction rafe.calcula-
tions using two-dimensional diffusion theory codes are in efror by as
much as 35%»in,+he outer regions of the blankets. A new cross section
set, éalculafed for the as built facility, failed to improve the agree-
ment between the experimén+al and calculated results. A modified mefhod

of applyihg the Bondarenko corrections for neutron resonances has been



tried and has reduced the disagreement between the calculated and exper-

238 197

imental neutron capture rates in-“"~U and Au,

Blanket 1l uses the same grid plafes as blankef I, but rather than
having two concentric regions, the blanket has to 180° sectors. 'The-
nafural'urénium fuel rods IhAblankef fIA have a secondary cladding of
stainless steel thle the rods in 1B have a secondary cladding of
aluminum; Thus, blankeTIIIB hés,no stainless sfee|, bu+ increased
amounts of aluminum. Blanket Il will provide opportunities for the
direct comparison of measurements in blankets will diffenent amounts of
aluminum and stainless sféel. Neutron reaction rate measurements, spec=-
trum measurements and gamma ray heating rate measurements are now being

carried out in blankets I1I.



Il. EXPERIMENTAL MEASUREMENT§ IN THE FBBF
Il.A Fission Rate Measurements i{n_the FBBF
(H. Chou, R Johnsbn, and F, Cllikeman)

Fission rates have been measured using the fission tract recorder
technique. Fivé'fhin fission foils (< 1 mg/cmz) containing the nuclides
232Th, 235U, 237Np, 238U, and 239y weré uséd as well as thick (> 40
mg/cmz) depleted uranium and thorium foils. Fused quartz was used as
the recbfder medium, Fjssion rates are measured by placing a fjssfon
foil and a recorder inside a holder. The holder is then posifioned
between fuel pellets in an experimental fuel pin. After irradiation, the
number of fissions recorded by the recorder is obtained using an
automatic track counting sysfem3. Radial fission rate distributions -
have been made in blanket | at the active midplane located approximafeiy

0.47 m from the bottom of the fuel pihs. Reproducibil ity of the meas-

urements is *+3%.

Calculations of the measured fission rafes have been carried out
using both the two~dimensional diffusion code 2084 and the confinﬁous
qﬁergy Monte Carlo code VIM?. The 30-group cross secfion.sef used in
fhe-ZDB'calculéTion were generated using a homogeneous Bondarenkp6

sel f-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 235y and the 23%u fission rates at large radii. The

20B 'C/E values range from 1.08 to 0.74 for 2334 and from 1.03 {o 0.71

AN



RATIO OF CALCULATED TO MEASURED FISSION RATE

Figure 1:
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for 23%uy.  The 20B C/E values decrease-steadily with increasing radius
at the same rate fbr bo+h nuclides. In cbnfrasf, the Monte Caf{o tran-
sporf'caltulaflon gives better agreement, although the Monte Carlo cal-
culation also underpredicts the 235 and 239y tission rates at large

radii. The VIM C/E values range froh,1.04 to 0.85 for 235y and from 1.0
to 0.8 for 23%u.

The speéfral indice; based on the 235y tission rafé were also
deferminea. Spectral indices are commonly repérfed in fast reactor core
and. blanket measurements because systematic error sources such-as power
level and counting efffciencles éancel out. In the present measure-

- ments, the systematic errors of fhelspecfral indices -are dominated by
the statistical errors of the foil.masses; sysfemafic errors due to the
neutron source strength, efficiency, and foil holder perturbatiions can- =
cel. For FBBF fission'rafios obtained uslng thin foils only, the sys-
tematic error is esfimaTed>+q be within 1%, except for the 232-'-h which
Is estimated fo‘be 3%. For fissién rafiés using’fhick'foils. the sys-
tematic errors are estimated to be 2% for 232y and 4% for 232Th, Figure
3 shows the ratios of calculated to measured spectral indices based on
the 235U>fission rate. The errors ploffed are statistical errors only.
Both the diffusion and the Monte Carlo calcula;ion‘preqicT fﬁe 239%y to

235U fission ratios very well Throughouf the blanket region.,

Neither the diffusion nor the Monte Carlo calcﬁlafibn, however,
correctly predicts threshold fission rates. The diffusion caléula+ion
" underpredicts *hé~237Np to 235U and the 232Th to 235y fission ratios but-
overpredicts the 238y to 235y fission ratio. The Monte Carlo éaléu{a-

tion gives similar results at small 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 IoQ and poorly
defined threshold of approximafeiy 0.6 MeV. The diffusion calculation
again greatly underpredicts the 237Np fission rates at large radii; the
20B C/E values drop from 0.91 to 0.60 with a slope similar to the 2DB
C/E curves of 2354 and 23%u. The Monte Carlo calculation underprédicfs

the 237Np fission rates by 103 throughout the blanket region.

As shown in Fig. 5, the duffusuon calculation greatly overpredicts
the 238U fission rates at small radii. Agreement between the diffusion
calculation and the measurements is good at !arge radii; this agreement,
however, s probably coincidental. The Monte Carlo calculation 6ver-

predicts the 238y fission rates by 20 to 40%.

Figure 6 shows the C/E resﬁl+§ of 232Th which has4a'fission thres-
hold at approximately 1.2 MeV, The diffusionﬁéalcula?ion underpredicts
the 232Th tission rates at large radii. The ZDB'C/E values range from
1.0 to 0.75; the values decrease with a steeper slope In the inner
blanket and tend to tail off in the outer blanket. fhe Monte Carlo cal-
culation, hoWever, overpredicts the fissioh rates at large radii. The
VIM C/E values ranges from 0.96 to 1.15 with aAmaxImum value a+ the

inner-outer blanket interface.

The various comparisons indicafe that present diffusion célcula-
fions ére inadequate for predicting 235U, 238U, and 239y fission rates
in thick radial uranium blankets of.fas+ breeder reactors. Furthermore,
power production within such a blankef‘would,also be'inadequafely

predicted by;diffuéion calculations. Monte Carlo transport calculations
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give beffer predictions in blanket reéions than dfffusion calculations.
The overprediction of 23~8U fission rates by the Monte Carlo transort
calculéfion is attributed to difficiencies in ENDF/B—iV data fof one or
more nuclides above 1 MeV; +hé'currenf results do not suggest which
nuclide is the major cause of the overpredicfion, howeVer. Thé com=-
" parison of spectral indices indicates that the 235U and 239y, fission

- cross sections used in the 2DB and the VIM calculations are consistent.

In summary, the diffusion cafculéfion greatly underpredicts the
23zTh, 235U, 237Np, and 239Pu fission rates at large radii and over-
predicts the 238y tission rates at small radii. The Monte Carlo tran-
sport calculation predicts the 232Th, 235U, 237Np, and 239y, fission
rates reasonably well but greatly overpredicts the 2380 fission rate
throughout the blankefnregion. For 235y and 23%u, the VIM and 2DB fis~-
.sion rates are within 5% in the first 20 cm into the blanket. The
4différences increase to 15% at the blanket's outer boundary. For 23-‘?Th,
237Np, and 238y (all of which exhibit threshold fission) the
AVlM.and 2DB fission rates agree reasonably well in the first 10 cm into

the blanket, but lakge diffsrences are observed in the outer blanket.

-12-



1}.B Neutron Spretra Measurements

(D. Vehar and F. Clikeman)

Neutron energy spectra have been experimentally determined for a
number of blanket locations., Measurements were made at radial positions
0.38, 0.563 and - 0.711 m from fhe cenfer of the facility. Spectra were
-defermihed for five axial positions at each radial position. The axial
positions measured, from the bottom of4fhe fuel in the fransformer
.region +6 the center of the sensitive region of the defeéfor, 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 hefghf ,
of 0.895 m is about 0.33 m below the top of the fuel in the blanket.
'Alfhohgh other types of measurements haQe been‘made-af locations with
radii less than 0.38 m, the neutron flux is great enough at these radii
to cause detector safuréfiqn and excessive dead times with the proton-
recoil counters. Measurements could +herefofe not be ﬁade at radii less

than 0.385 m.

Figures 7 through 11 show neutron energy épecfra for represénfafive
locations. The.dafa are»presenfed on an absolute basis for a neutron
source strength of 1010 neutrons per Qecond. The solid |ines rcpresent
spectra determined by a Two—dimensionalAdiffusion calcula+i§n using the
'code‘2084. The experimenfél data are presehfed in the figures as verti-
cal bars representing + oné standard deviation statistical error, based

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

-]3-
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esfima+e& to be about 8 bercen+ in fhe'enefgy region above 10 keV and as
much as 22 percent in fﬁe region below keV. Sources of systematic error
considered include source strength, detector sensiflvify, energy Eali-
bration, energy/ion pair, and cbrrec+ions to proton recoil data. Tﬁe
total sysfemafi; errors are obtained by summing the individual errors.
It Is recdgnlzed.fhaf when there are a large number of independent sys-
tematic errors of comparable magnitude, sumhing in quadrature may be
more éppropriafe. The total errors may, therefore, be overly cénserva—
ffve. Much of the uncertainty in the spectra below 10 keV is attributed
to uncer?ainfy{in W, the energy requirea to préduce an ion pal?. As
expected, the experimental spectra show finer detail fhan_do the calcu~
lated spectra, due to the relafivelyklarée group widths used for the

calculation.

Several trends are apparent from Thé figureé. 'Firsf,.+he exprimen-
tally determined spectra are harder than the calculafed spectra. ' That
- is, the calculated neufron-spectré have higher average Iefﬁargiés (lower
average energies). This is illustrated Ih Table 1 yhere average lethar-
gies for calculated and experimental spécfra are presented as.a fdncfion
of detector location, 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 éomple+ely by the
proton-recoi! measurements, and represents between 80 and 93% of the
calcutated neutron flux at the midplane. The best agreémenf between the
calculated. and experimental spectra is achieved at a height of 0.025 m,"

with the detector near the steel base pléfe at the boffoonf the

f19;



Table 1 Average Lethargy as a Function.of,Detecfon:Locafion,

Location Average Lethargy Groups 5 - 182
Radius Height Calcul ated Experimental C/E

meters e e e e
0.38 0.025 3,235 ' 3.388 1.047
0.38 0.243 3,222 3.422 1.062
0.38 0.460 3.240 3.425 1.057
0.38 0.678 3.224 3.424 1.062
0.38° 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 0.678 3,423 3,592 o 1.049
0.563 0.895 3,348 .. 3.605 1.043
0.711 0.025 3.584 3,635 1.014
0.711 0.460 3,594 3,759 1.046
0.711 0.895 3.609 . . 3.761 0 ... 1.042..

@ y(E) = In(10/E), E in MeV.
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Ablankef. There, the neutron gpecfrumvis dominated by neutrons séafféfédi
'Saék into the blanket by the steel base plate, due to the Iarge'iron
scattering cross section. At other locations, the detector is well
within the fueled region of the blanket and does not see the effects of

fhe‘ifon,

The second effect seen in the figures I's that the magnitude 6f the
calculated spectra tends to decrease more rapialy with radius than the
magnifude of the experimen*al spectra. The experiment is overpredicted,
at location 0,38 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 speéfrum measuremenfslélone,-Iiffle can be sald
regardfng the reasons for the discrepancies béfween the calculated and
_experimental neutron energy spectra, since any of several reacfions-
could be at fault. Underesfiméfing the number of fissions, either by
undercalculation of the number of neutrons or inaccurate fission cross
sections for 235y and 238U, directly affects both’the magnitude of the
flux and the spectral ﬁardness. since fission neutrons are relafive]y -
higH in energy. - The resulT'isva calcul ated speéfrum that is softer and
whfch drops off.Too rapidly with blanket radius.  This conclusion I§ '
consiéfanf with the results of the fission rate measurements reported iﬁ
the preceeding section. Other mechanisms which could also account forAaA
decrease in the calculated high energy spectra are overestimating the
amount of leakage which, will also result in a decreased magnitude, and
assuming that faster neutrons have a larger mean free pa}h, will cause

the calculated spectrum to become softer. Overestimating the amount of
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' Scaffering, parf?cularly inelastic sca+fering, reduces both the specfral

hardness and the magnitude of the flux.

A secondary effect from either overestimated scattering or overes- '
timated leakage is a further reduction of magnitude and spectral hard-
ness indifecfly through reduced fission. That is, a softer spectrum
results in fewef fast fissions in 238y, while a reauced magnitude
results in fewer fIssioné in both 238y and 235u. However, the number'ofi
fissions from 238y is small compared to that from 235y (calculated to be
4.4 x 1073 at the r = 0.365 mlmidplane'and 1.8 x 10f3 at the r = 0.711 m

midplane), so that the effect from 238y tission is probably negligible.

Overestimation of neutron absorption also reduces the magnitude of
the calculated flux. However, since |ower—energy neutrons are more
readily absorbéd (lower-energy neutrons may see resonances which do not
.affect the higher-energy neutrons),.overestimating the amount of absorp-
tion tends to harden the caiculated spectrum, contrary to whaflis
observed. Measured neutron Eapfure rates in 238U, discussed in Sec.
11D, .show that the caléulafions underpredict fhg reaction, also confirm-
ing that Thislis'probably nofffhe source of the problem. Two reports,
;overing the details of the experimental methods and the results of the

spectrum measurements in blanket | are being prepared.

Sprectrum measurements are now being made in blanket Il, 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. |IA).
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11.C Gamma-Ray Heating Measurements .

(Ken Koch and F. Clikeman)

The determination of gamma-ray heé+ing 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. Thermofuminescenf'dosime?ers, TL.Ds,
have been used quffe.successfully for gamma-ray heating measurements in
zero-power fast reactors. Small size, low neﬁfron sensitivity, and sim-
plicity of use are hajdr advanfageslfor using TLDs for Qamma—ray heating

measurements instead of other devices.

The interpretation of TLD'méasuremenfs in a reactor environment
presents unique problems in relafiﬁg the TLD dose to the dose in the
surrounding material and in'de+ermining-neufron responses of the TLDs.
Qorrecfions for the relation of the TLD qose to the dose in the sur-
roundihg ha?erial have been developed frém cavity ionization theory and
have become known as f-factors. These corrections are sometimes called
gamma-ray spectral effect corrections since fhéy are dependent on fﬁe
gamma-ray spectrum during irradiation. The corrections are required
because of the "mismatch" of properties of.fhe TLD and the surrounding
material; fhié leads to Aifferenf dbses in the TLD and in the surroundf

ing material. Corrections for neutron sensitivity are not as well



developed due to the limited neutron sensitivity data available for the
types of TLstused in these experiments. However, the use of TLDs with
extremely low neutron sensitivities such as LiF énd CaF2 hés minimized

these neutron corrections.

In almost all bf the recent pfograms of gamma-ray ﬁeafing measure=
ments, the TLD résulfé have been compared to calculated gamma~ray heat-
ing rates. These comparisons have indicated that the calculational
methods used in de+erminihg gamma-ray heating raTeS'prévide accurate
results only in the core regions of LMFBRs. The inaccuracies of the
calculations increase Qifh Increaﬁing distance from the core. These
results contribute to the motivations for making TLD gamma-ray heating

measurements in a benchmark fast breeder reactor blanket facility.

Gahma-ray heating measurements were made in the Fast Breeder
Blanket Facility, FBBF, using stainless steel ana lead sleeves. STaln-‘
less steel heating measurements are of primary interest because of the
extensive use of stainless steel in the cladding and §+ruc+urai com;
ponents of a fast reactor. Lead was chosen for gamma-ray heating meas-
urements because its atomic numher and density are similar to that of
uranium dioxide. |t was desirable to obtain heating data Tﬁa+-wou|d be
comparable to gamma-ray'heafing fn uranium dioxide since the majority of
gamma-ray energy aeposifion is in the fuel. Lead heating measurements
are also of importance for sfudying the "application 6f reported analyéis
methods for TLD gamma-ray heating measurements in high‘afomic 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 éf the primary reasons for choosing CaF2 TLDs over LIF
TLDS-. The Can TLDs haQe a higher 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.

Irradiations were made in the FBBF for radial traverses through +hé
blanket at a height of 0.45m to 0.46m from the bottom of the blanket;
this height corresponds to fhe axial midpiane of the converter's active
fuel. lIrradiations were also made for axial tfraverses with stainless
steel sleeves at experimental positions éorresponding to radii of
0.2369m, 0.3849m, 0.5626m, and 0.7106m. All FBBF irradiations were made
using sleeves with four TLDs. Each sleeve irradiation then yielided four
TLD responses which were averaged to give én average response for that

sleeve position.

The:objecfive of the FBBF gamma-ray heating measurements was to

obfain-ﬁea*ing rates due to gamma rays found'in LMFBR bl ankets during
steady state operation. These gamma-rays come from various sources:
fission reactions, capture reactions, fission product and activation
préduc*'decay, and the nafural 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 reacforg. However, sincé the FBBF has much lower flux densities,
the natural activity of the fuel is no Iohger negligible, especially
near the outer edge of the blanke*.where the gamma-ray fluxes are very
small. Thus, to compare the FBBF gamma-ray heating measurements to cal-

culated gamma-ray heating rates, the natural activity of the fuel must
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be considered. This was done by +éking measurements with the neﬁ?ron
source both in posi?ion.and removed from the facility. The~meésuremenfs
with the source removed can be subfrécfed from the measurements made
with the source in position to eliminate the gamma-ray dose contribu-

tions due to the natural activity of the fuel.

All net doée rates were normalized to a reference FBBF neutron
source sfréngfh of 1 x 1010 neutrons per second. The normal ization of
all gamma-ray heating rates to a referénce source strength of l'x,1010
neutrons per second allows all the measured gamma-ray heaffng rates to

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

The term, f—facfor. applies to corrections appllied to TLD/sieevé
combinations to relate fhe‘fLD dose to the sleeve dose. A f-factor is
defined as the rafio of the dose received by the TLD to the dose
received by the surrounding sleeve material. They are based on cavity
lonization Theory'and can béAused»fé determine the gamma—fay hea+ihg in
the sIeéveAmafefial from a measured TLD dose. The dose received by the

sleeve material can be found as

D, =1/« Drpp

- where:

PTLD = dose recieved by the TLD,
Dz = Juse received by the sleeve méferial; and
f = f-factor for the barficular TLD/sleeve c0mbina+i6n.

irradiated -in a parficblar gamma-ray spectrum.
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Thé neutron fluxes required for the TLD analysis were calculated
using the Two—dimensionél neutron diffusion code 2084. The'neufron
fluxes were calcu|a+ed in 30 energy groups usiﬁg a source célculafioh
with the explicit modeling of the 4 2520t neutron sources used to drive
the FBBF. These 30 group cross sections were collapsed from'+he 50
group L1B-1V8 cross section library using the one-dimensioﬁal diffusion;
code IDX9._ The 10X code and the LJB-IV cross section library use the
Bonderaﬁko6 sel f=shielding factor method fqr resonance self-shielding.
Alf léo#opes in the FBBF calcula?ion‘were sel f-shielded using this
method based on the region in which each isotope is Iocéfed. The one-
dimensional model of the FBBF used in 1DX was a radial slice +Hrough the

FBBF at the transformer active fuel midplane.

The gamma-ray fluxes and heafing rates in stainless steel and lead
required for the TLD analysis were calculated usnng the one-dimensional
transport code, ANISN'O,  The gamma=ray Cross secf:ons, the gamma—ray
production cross secfiohs, and the gamma-ray kerma factors used in these
calculations were from the coupled neufron/gahma-ray pLc-37/ePR!! cross
section Iibfary. From the gamma-ray flux calculations, it was found

that the 238U capture reaction dominated the gamma-ray production.

The gamma-ray cross sections of fhe coupled‘neufron/gamma-ray cross.
secffon set were extracted and used in ANISN to calculate the gamma-ray
fluxes for a radfal geometry mode! representing a slice through the FBBF
at the transformer active fuel midplane. A disfribufed gamma?ray source
was calculated from the calculated neutron fluxes and the gamma-ray pro—
duction cross sections of the DLC—37/EPR library. Thls.dusfrnbufed

source was used as an external source for the ANISN gamma-ray flux
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cafculafion, 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 Thé 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 bLC-
37/EPR library. The heating rates in lead were calcuiafed direcfly from
the lead kerma factors, while the stainless steel hgafing 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 givén multiplied by 27mr, where r is the radius, to eliminate
the effect due to the cylindrical geometry. The statistical errors are
glven for the 68.3% confidence level. The solid |ine shows the calcu=
lated gamma-ray heating rates in stalniess steel. The C/E values are
shown in Figure 13. The error bars.in this figure represents the sta-
Tisfical errors only, Thé vertical dashed |ines show the FBBF outer
transformer/inner blanket interface at R = 0.22m, the Inner |
blankef/oufervblankef interface at R = 0.57m, and the outer

blanket/reflector interface at R = 0.74m.

The méasured'gamma-ray heating rates in lead for radial traverses
is shonw .in Figure 14. The solid |lines show the calculated gamma-ray

heating rates in lead. The C/E values are shown in Figure 15.
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Figure 12:

Measured gamma-ray heating rates in stainiess .
steel for a radial traverse at the transformer
axial midplane. The error bars represent the
statistical errors only. The solid |ine shows
the calculated gamma-ray heating rates in
stalnless steel. The vertical dashed lines

" show the FBBF blanket interfaces.
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Figure 13: - ' : , :
Ratio of calculated to measured gamma-ray heating ..
rates in stainless steel for a radial traverse
at-the transformer axial midplane. The error bars

represent the statistical errors .only. The vertical
dashed | ines show the FBBF blanket interfaces.
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Figure 14: . |

Measured gamma-ray heating rates in lead for a
radial traverse at the transformer axial midplane.
The error bars represent the statistical errors
only. The solid iine shows the calculated gamma-
ray heating rates. . The vertical dashed lines

show the FBBF blanket interfaces. .
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rates in lead for a radial traverse at. the .
transformer axial midplane. The error bars represent
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I ines show the FBBF blanket interfaces. ‘



From the stainless steel and lead radial traverse resultfs it is
seen that the calculafidn underestimates the measufed‘gamma-ray heafing o
raes in the FBBF blanket. This underestimation is seen in both stain-
less steel and lead. The underestimation by the caléulaflon of the
gamma-ray heating in stainless steel is approximafe|y 25% at the inside
of the biankef.. This underestimation 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 undéresfimafion of the stainless steel gammé-
ray heating rates fs easily seen In Figures 12 and 13. The same trend
is séen for gamma-ray heating in lead (see Figures 14 and 15).-However,
the underesfima*fon.af the inside of the blanket Is approximafely 10% iﬁ
lead és compared to the 25% seen in stainless steel. The underestima-

tion at the outside of the blanket is 40% in lead.

An almost Idenfical Tﬁend.of the calculation underesfimafing the
experiment is seen in the radial fraverse measurements of the 239y cap-
ture rate.’ In the gamma-ray flux calculation it was seen fﬁaf-fhe Z;SU
capture reaction dominated the production of gamma rays in the FBBF
blanket. Thus, the underestimation of the 238 Capfure'ra?es by the
neufrbn flux‘caléuiafion causes  a correpsonding underesTima?Ién-of the
gamma-ray heating rates by the gamha-ray flux calculation. Much of the
discrepancy between the calculated and measured gamma-ray heating rates
can thus be expla(ned by the underestimation of the 238y capture rates

by the neutron flux calculation.

Another conclusion. can be made from*fhe facf fhafyfhe C/E values
for the gamma-ray heafing.rafeé are similar to the C/E values for the
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. 238y capture rates. Since the 238U capture reacfion-domiﬁafes fhé pro-
duction of gamma rays, fhe spatial distribution of the gamma—ray source
follows the spatial distribution pflfhe4238U cépfure reaction. Then,
. since the C/E values of the 238y capture rates and fhé gamma-ray héafing
rates exhiblt the same trends, it caﬁ be concluded that in the FBBF the
source distribution of the gamma rays is more important than the tran-
sport. 1If the transport of gamma rays was important, one would expect
to see a gamma-ray heating rate distribution that is different from the

238, 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 underestimated
by the calculation by roughly 14% more than the heafing rates in lead.
This probiem is attributed to an underestimation of the calculated |

gamma-ray heafihg rates in stainless steel.
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{1.D Neutron Capture Rafe-Measgrémenfg'
(G. Harms - and F. Clikeman)

Measurements of the neutron capture rates for 238U, 232Th, 19-'Au,
186w, 98Mo,,23Na, 55Mn, 6000. 181Ta, 455c, 109Ag,-and 58Ni.have been
completed in blanket I. In addition, the reactions 1151n(n,n') and
58Ni(n,p)-have'also been -investigated. The absolute activities for each

of +hesé reactions. has been determined using gamma-ray spectroscopy.- =

: The same reaction are being measured in blankets IlA and |IB and the

results together with a detailed discusion of the methods used will be
presented in a seperate projecf'reporf. Some preliminary»resulfé are
presented in Sec. |1l together with a diécdssion of the calculational

methods that are being investigated.
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{11, COMPUTER CALCULATIONS AND METHOD DEVELOPMENT

(G. Harms and F. Ciikeman)

Calculations of the neutron reécfion rafes:in the FBBF facility
have been performed using the two-dimensional diffusion code 2084,
Region-dependent. cross sections for the calculations are generated uéing
the one-dimensional diffusion(codelexg. Resdnance self shielding is
treated in 1DX by the Bondarenko seif-shielding facfor‘mefhods. The
504group library LIB-IVB, which Includes the. information necessary to
perform temperature and composition dependanf resonance self shielding,
was-used as the data base for the group constant genérafion; Origi-
nally, the 1DX calculations required to collapse the 50 group LIB-1V
group constants to the 30-group set used in 20B for the FBBF calcula-
tions were performed at Argonne National Laboratory. During the past
_year, a version of 1DX has been made operafibnal on the Purdue Univer-
‘sity computers. This permits a greater number of calculational methods
to be investigated as well as sensitivity studies of various cross séc;
tions in order to determine which factors have the greatest influence on

agreement with the experiments. -

- For the presén+ work, a 50-group set of self-shielded cross sec-

_ tlons has been obtained fof 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 thils calculation were used to collapse the
50-group cross sections to a 30-group set. The same calculation was

used to generate the 30-group cross sections for the offemidplané
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‘material regions. The cross section calculations were made with the
code 1DX. 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 neighborhood of a resonance is assumed to be

of the form.

where

C(E)

= slowly varying component of the flux,:
ot(E) = microscopic total cross Sécfion of fhé
species being self shielded, and
0, = cross sections of all of the other spec}es

present in the material per nucleus of the

species being self shielded.

This tlux can be used to generate group cross sectlons
Og by
jg-o(E) $(E) dE
o, = -
9 §qo(E) d

where O(E) is the microscopic cross section being collapsed and the
integrals are taken over the energy limits of the gfoup. The composi=-

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

Oo» called the background cross section. A resonance in o (E) will be
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accompanied by a resonance in O,(E) and thus by a depression in ®(E)..
The depth of the depreséion.will be determined by the change in. 0*(5)
relative to 0. The depression In the flux at the resonance energy of

0(E) results in a reduction of the group cross section o " For a given

. g*
resonance, it is evident that large values of 0o give small sel f
shielding corrections while the reverse is true for small- background

cross sections.

In the first set of reaction rate calculations, the FBBF was
treated as a series of homogeneous regions. The total number of -nuclei
for each nuclear species in a region was calculated and divided by the
region volume to obtain the homogenized number density fbr that species.
Each region was then assumed to contain a single material with the cal-
culated number dengify of each species. For regions that are assumed to
be homqgeneous; each elehen# (i.e. iron, uranium, okygen, etc.) in éach
-maferlal (i.e. stainless steel, uranium dioxide, etc.) in a givén region
(i.e. blanket, reflector, ect.) contributes to the background cross sec- .
tion for every other element. |In reall+y; the FBBF is a heterogeneous
combination of‘fuel, cladding, voids, structure, efc;

For neutrons that have a long mean free path in +he'l§cal‘maferiaj, the
homogeneous treatment of the regions is adequate. However, neutrons at
the energy of a strong resonance éf a given element have a Shorf mean
free path in materials containing that element and'a long mean free path
‘in materials void of that element. For examplé, neufrons'af the energy
of an iron resonance will havé a short mean free pafh.in the stainless
steel cladding and a lqng mean free path in the aluminum ciadding and

fhe»UOZ fuel. Thus, neutrons at this energy will be primarily affected



while fraversing the stainless steel cladding and will be relatively
unaffected while in,fhe.aluminum cladding and 'rhé.UO2 fuel. ance'eross
section self shielding is an attempt to account for the behavior of neu=
trons at résonance energies, the dis#aﬁces that must be considered are
of the order of the mean free path of resbnance energy neutrons. For a
neutron in a 5000 bafn 238 resonance in the blanket fuel, this distance
Is about 0.1 mm, Thus, the FBBF appeafs to be heterogeneous assembly to

neutrons at resonance energies.

To account for this appafenf hetergeneity for resonance effecfs, a
new set of group constants was generated in which each blanket material
was treated separately. 'For fhis-prelimihary calculation, the SQ-group
fluxes obtained in the one-dimensional calculation were used fo col lapse
cross sections for three new materials.  The three new materials had +he A
elements and number densities qf the sfainléss sfeel, aluminum, and UO2
 fuel for the first loading of the FBBF blanket and were sélf.shieldéd
separately., The effect of +hi5'révised procedure was to increase the
resonaﬁce seif shielding for each elemenf by decfeasing the ndmber of
materials fha+ confribu%e to the background crosé section. A new set of
homogeneous bleanket groub constants was obtained by mixing the ﬁéwly
col lapsed cross secfions into region materials with the original homo-
geneous number densities. The only change to fﬁfs set wés'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.



Figures 16 fhfough 19'give aAcomﬁarison between fhe‘normalizéd neu-

- tron fluk spectra of fhé calculations with the blaﬁkef materials self
shlelded.homdgeneously and the calculations with the blanket maferials
self shielded separately. The comparisons are made for spectra calcu-
lated at fbér» different radii. The most nofable change between the two
specfka at each location is }n the magnitude of.+he depression apparent
in group 12 (24.8 keV to 40.1 keV). This depression is the combined
effect of a 28 keV iron resonance anq a 33 keV aluminum resonanée. The
differences between the two spectra in Fig. 19 for group 12 are washed
out because the spectra at 0.711 m are sfrongly influenced by ﬁeufrons
returning from the reflectors where the cross secfioﬁs were the same for

both calculations.

The rafié of the calculated to experihenfal (C/E) capture rates for
238y and‘197Au‘are ghown 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 s?afisfical uncer-
tainty in the capture rate measurements. Both fhé calculations and fhe
measurements were made on én abéolufe basis for a source sfrengfh of
1010 neutrons per second, Thus no normalization between the calcula-
tions and measurements is required. The C/E values for. both reactions
show siénlficanf downward trends across the inner blanket (through about
1 0.55 m). |

The C/E values for the gold reaction ern around and increase across
the outer blanket (0.55 to 0.71 m) but continue the downﬁard trend for

238, capture.
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Figure 16:
Comparison of the neutron spectra calculated for
the cases of homogeneous blanket self shielding
(solid line) and heterogeneous blanket self
shielding (dashed line) at a radius of 0.236 m.
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Figure 17: )
Comparison of the neutron spectra calculated for
the cascs of hcmogensous blanket self shielding |
(solid line) and heterogeneous blanket self
shielding (dashed line) at a radius of 0.38 m.
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Comparison of the neutron spectra calculzated for
" the cases of homogeneous blanket self shielding
(solid line) and heterogeneous bianket self
shielding (dashed line) at.a radius of 0.563 m.
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Figure 19 _ L
Comparison of the neutron spectra calculated for
the cases of hamogeneous blanket self shielding
(solid 1ine) and heterogeneous blanket self
shielding (dashed line) at a radius of 0:711 m.
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Figure 20:

Ratio of calculated to experimenfél 238U.

capture rates for the.calculations with

homogeneously self=shielded blanket materials.

-45<

1 I i i I
I I
T
. I ' -
I

I -

: L . L 1 | ' 1

20.00. 30.00 . 40.00 50.00 60.00 70.00 80.00 --



C/E VALUE

1;500
1.400
1.300
1.200
1.100
-1.000

.800

.BQU

.700

.500

1 1 { 1 ]

20.00 30.00 40.00 50.00 60.00 . 70.00

RADIUS (CM)

| Figure 21

Ratio of calculated to experimental 197au
capture rates for the calculations with
homogeneously sel f-shielded bl anket materials
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The C/E ratios for the caiculation involving the heterogeneous
sel f-shielding +rea+men+ are shown in Figs. 22 and 23 for 238y and‘197Au.‘
capture resectively. The C/E values for 238y again show a downward
trend but do nof drop off as sfeeﬁly as in Fig. 20. The C/E values for
1975y capture are disfrfbufed around unity and show no easily discern=
able trend. ldeally; the perfect calculation and the perfect measure-
ment should give constant C/E values of 1. Based only on the 238y and
197y capture rates, the change from homogeneous to heterogeneous self
shielding appears to be a gignificanf step in the right direction and

warrants further investigation.
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Figure 22: : ‘ '
Ratio of caiculated to experimental 238y
capture rates for the calculations with
heterogeneously sel f-shielded blanket materials
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IV. CONCLUSION

The conclusions that can be drawn from the research that has beeﬁ,
completed to date on the FBBF project support the original contentions
that diffusion theory may not work well in the external Bfankef'regions
of fast reactors. Results from the fission rate measurements show fhéf
the calculafions-using homogeneous regions for the blanket underpredict
the measured 235U and 239Pu fission rates by 252 in the outer regions of -
‘the blanket. The measurements of the 238y capture rate show the same
results. On the other hand, threshold fission reactions in 238U agree
well with the calcutations, but 237Np and 232Th threshold fission rates

exhibit trends similar to the other fission rates.

Spectrum méasuremenfs show that the calcul ated spectra tend to be
softer than the measuremenfs indicate. This would.probably be true i
fﬁe calcplafed fission rates were underpredicted; a result supported by
the fission rate measurements. Alternately, overestimating the scatter-
ing, eépecialty}inelasfic scaffefing, would also result in a softer cal-
cul ated spectrum. Present fission rate and spectrum measurements can
not rcsolve *hé reasons why The 238U'flsslon rates do hof show the same -

freﬁd as the other reaction rates..

' Thermoluminesceﬁf dosimeter measurements of the gamma-ray heating
also show that the célculaflons underpredict the experiment. In fact,
the trend in the C/E values of the gamma-ray heating follow closely the
C/E vaiues‘of'#he 238y capture. This is to be expecfed‘since fhe'néu-
tron capture in 238y islpredlcfed to be the largest source of gamma..

rays. The trends in the measurements show that the distribution of the
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gamma-ray sources rafher than fhe fransporf of the gamma rays dominate
the gamma-ray heating dlsfrnbufnons in the FBBF. More work, however, is
required to improve the agreement in the magnifudes_of the calculated
gamma-ray heating rates and/or in the correcfidns used'to deférmine 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 applicability
of diffusion theory, cross secfions,'and heterogeneity effects. |
Affhough some of the basic assumpfibns of diffusion theory, such as the
separabil ity of the space.and'enefgy dependence of'fhe'neQTron flux do
not hold in the blanke+ regibns, it is still coﬁQenienf to use diffusfon
theory for bl anket calculafions.. AIThough.agreemenf between calcula~
tions and experiment is better.when Monte Cario transport calcuiations

are made, the agreement still is not good.

The problem in nuclear cross sections can arise from the use of
aluminum in the blankets. Work in progress on blanket || should deter-~
‘mine if the aluminum cross sections are 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 |ook promising and
Indicate that the heterogeneity effects may be a major confribufioﬁ to
the disagreemen; between theory and éxperimenf. .Inproved calculations
'and e#fending the freatment to more materials should verify if this is ¢

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