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CHEMICAL ENGIMEERING DIVISION
BURNUP, CROSS SECTICHS, AND DOSIMETEY SEMIANNUAL EREPORI
January-June 1972

by

R. P. Larsen, N. D. Dudey, C. E. Crovthsanel,
4. D. Tevebaugh, M. Levenson, and R, C. Vogel

ABSTERALCT

Rezearch and development efferts of the burmup, ¢ross sec-
tions and dosimetry programe in the Chemical Engineering Division
af Argonme Wational Laboratory are reported for the period
January te June 1971, Work is reported in the following areas:
{1) development of an X-ray spectrometric method for the deter-
mination of the rare-earth filszlen producte and application of
this mathod to the determinations of burmnup in nuclear fuelsj
(2} detexmination of fase fission yields of burnup monitors and
other flssfon products; (3} a search for a spontanecusly fission-
ing icomer of 24*lpu; (4) measurements of the tritium and alpha
particle yields in fast-—neutron flssion of 2359 and 23%pu; (5)
evaluations of available data on the differentlzl crose zectione
for the “SFe{n,p) *Mn and 325{n,p}32P reactiong; and (6) measure-—
ments of both fiszsion rates by eelid-state track recorders and
reaction rates by foil activation, in the Coupled Fast Beactivity
Measurement Facility.

SIMMARY

A method has been developed for the determination of the principal
rvare-earth fission preoducts - lanthanum, cerium, prasecdymium, neo-
dymium, and samarium - in which the assay 18 made by X-ray spectrometry,
using terbium as internal standard. The method will be used for the deter-
tinatien of burnup of fasr=raacror oxide fuels and the decavwination of
fast fizsion ylelds., The analysis of syntheric bumup samples preparad
from inactive fission-product elements znd urmmium has showm that the
accuracy of the method {s3 1%, The resulcs of burnup determinations, ob-
tained by this mathod on two irradiated fastc-reactor oxide fuels, have been
compared with those cbrained by mass-spectrometric isotople-dilution deter-
minations of 1944 and eotal neodymium. The agreement was within 1%
(ralative) in one cagse and within 4% in the other.

Encapsulated samplas of 233y, 235y, 238y, zsgPu, 240py, and 2*lpy that
were irradiated in EBR-II for four years are being analyzed to determine
the fast fission yields of burmmup monftors and other fission products, The
numbar of figsions will be determined by measuring the decrease, about 25,
in the heavy-atom concent of cthe capsules; the numbey of fission-product
atoms will he determined using such analytical techniques as X-ray, mass,
and optical spectrometry. Conditions have been established for separating
the pare earths from the capsule material, namely, high-purity nickel, and
its iJ'pur.i'. ties,



A search was made for a spontaneously fissioning izomer of 2%lpy (half-
life, 10 to 100 days) using a sample of 2¥®Py that had been irradiated in
EBE=IT. After separation af the plutonium from other sampile constituents,
the numher of Fissions occuring in rthe plutonium was measured with mica
fission-ctrack coumcers over a period of 150 days. During this time, a change
of <li was observed in rhe gspontaneouws fission rate (which was primarily
from 2Y®pu), An upper limit was calculated for the number of spontaneous
fissions due to an isomer of 2*1Py and, fyom this, upper limits were cal-
culated for the capture cross section of 2¥pu to form this isomer, The
effects of the existence of such an isomer on (1) fast-reactor operation
and (2) neutron shielding during shipment of frradiated fuels are also dis-
cugsed,

Studies of low-mass atom production (tritons and alpha parcticles) in
fast-neutron fission of LMFBE fuel! materials are continuing. Tritium ylelds
for 2337 have been measured by both radiochemifcal and particle-identifica-
Cion techniques, and alpha particle energy spectra and yilelds have been
measgured by the particle identification technique. Resulrs for fast— and
thermal-neutron tritium ylelds for 23U are reported and compared with
literature wvalues, Preliminary atudies of the tritium and alpha yields
from 23%py are aiso presented. The angular distributions of alpha particles
felgg%v& to the massive fragments have been measured in spontaneous flssion
of Cf,

Evaluations of the microscopic erpss sections for the fFe(n,p)3Fin
and 325(n,p) P reacrions are presented, The avaluations are part of a
task force effort to formulate ¢ross section data for neucron dosimetrry
PUrpOsSEs,

In the dosimecry program, measurements of figaion rates from 235U, 23%py,
and 237Hp have been made with solid-state track recorders in the Coupled
Fast Reasctivity Measurement Facllity (CFRNF} and the resulecs are compared
with data obtained By fission-chamber measnrements, Measurements have alsao
been made in CFEMF by the foll-acrivacion technique to determine reaction
rates of importance to dogimetry studies. Resules from the EER-II1 mapping
study (Runs 50-51} have been used to evaluare the accuracy cof the experi-
mental dara and of selected fission yields. Conclusions regarding the
stacus of fission-yield data for dosimecry purposes are presented.




1. DETERMINATION OF BURNUP BY X-RAY SPECTROMETRIC MEASUFEMENT
(OF RARE=EARTH FISSTON PRODUCTS
(R. P. Larsen, R. D. Oldham, R. V. Schablagska#*)

Development work has heen completed on a method for determining burnup
in fast-reactor oxide fuels by J-ray spectrometric assay of the fiwe princi-
pal rarée-earth fission products==lsmthanum, cerium, praseodymium, neodymium,
and samarium. The use of the rare=earth group as & bumup monicor, com-
pared with an individual nuclide, e.g., 1'*®Nd, has a number of advantages:
(1) the fisgion vield is virtuslly indapendent of fissile nuclide; (2}
the fission yield is the sum of a ntmber of independently measured fissicn
¥ielde and is, ctherefore, more accurately known than that of an individual
nuclide; (3) the fission vield is independant of neutron energy because
the rare-sarth fission products constcitute nearly 50% of the heavy portion
of rhe mags-yield curve; and ({4) neutron capture reactions will not
significantly alter the relationship between total number of atoms of rare
earth fissicn products and the number of fissions. The latrer sdvancapge
reasules from the fact that nevwtron captures by mwore rhan BS5Z of the rare=-
earth nuctides produce a nuclide of the sawe element, e.g., 1*3Nd(n,y)1""Nd,
or another rare-sarth element that is measvred, e.g., !7°La(n,y)1%La,
(1%%La 12 a short-1ived nuclide that decays by beta emission to 149ce.)

The only capture reactions that could decrease the measured ratic of rare-
earth_atome to fissions are M®Hd(n,y)}!*”Nd and }5%sm(n,y)!5%sm. Both 1%7N4
and 1325n decay by bata emission Lo isotopes of rare earth elements that are
not meazured. The only reactions that could increase che ratio of rare-
earth atoms to Fissions are 38Batu,y)!¥9Ba and !"7Pm(n,v)1"®Pm; subsequent
beta decay products are 13%La and 1%8sm, which are measured.

The effact of neurron caprure on the ratio of rare-earth atoms to
figssions would be higheat ar hipgh burnup. Ar 10X burnup, the neuwtron cap-
ture cross section of one of these nuclides would have to be in the order
of 600 ob to alter the ratio by 1%, Fast neutron capture cross sections of
this magnirude are considered ro be svery improbable. Moreover, che fisslion
yields of l4byg, 152gw, 1995, and '7pw are all small relative to the fis=-
sion yields of the rare-earth group.

Various aspects of the development of this method have been discussed
in previous annual reports {(ANL-7425, p. 194, ANL-7575, p. 178, and ANL-?675,
p. 120), Since rhen, wvarious modifications (discussed below) hawe been
made te improve rthe method. The procedure, as presencly devised, involves
the following steps: (1) a known amount of terbiuvm (A rare earth whose
fission vield iz less than 0.05%) 1s added to the sample as an intermal
gtandard; (2} the rare earths are separated from vranium, plutoniom, and
geveral of the high-activity fizslon products by aniom exchange In atrong
hydrochlaoric acid; (3) the rare earths arg precipitated with ameonium hy-
droxide: and (4) the rare earths are electroplated onto alumlinum from a
dimethyl sulfoxide~dilute nitric acid medium. Measurements of the individual
fission-product and terbium X-ray intensitles (L series) are made in an
X=ray apectromerer using a twmgstenatargetr tuhe operated at 36 kV and 64 ma,
a continnongly flushed helium oprical path, a Lichim fluoride crystal, and
a proportional counter, The X-ray intensities are corrected for interelemen=
tal interfarences, and tha rare earth-to-terbium intensity ratfos are
calculated. From these ratios, the ratlos obtained from electroplated
grandards, and the amount of terbium added to the sample, the amount of 2ach

*analytical Group, Chemical Engineering Division.




fisslon-product rare earth in the sample 1Is calculated., These awounts are
summed and divided bty the fractionmal fission yield to obtain the number of
fisaions.

A, Improvenents in Procedures

It was reported previously (ANL-7675, p. 121) that low and erratic
Tesults were obtalned for cerium and praseodymium when a solution which
sionniated a 1% bumup sample {(a mixture of uranium, plutonium, and inactive
fission-product elements) was carried through the . entire procedure. It was
speculated that at some point in the separation procedure some separation
of cerium and praseodymium from terbium was occurring, To test this possi-
bility 5 mixture of rare earths was neutron-lrradiated and the activity
ratios of MLa(4d h), Y*3ce(33 h), 2Pr(19 h), *7Nd(11 d), and 1B0TH{7Z d)
were measured gamma spectromedrically. The irradiated mixture was then
caryled through the entlre procedure, and the racice were measured afcer
electrodeposition of the rare esrths, A comparison of the two sets of
%ama-activit}f ratice showed that the vglue of each Tatio, 2.%., 143ce to

6074, for the electrodeposited sample was within 1% of the valve obtained
pricr to the separation procedure., 1t was therefore concluded that separa-
tion of cerium and prasecdymium from the other rare earchs was not occurring,

The source of the diffjculey in the cerium and prasecdymium measurements
has been traced co & variability in the X-ray background radiactien, It has
been established that x—vy orientation of the aluminum place has a small
gffect on the Intensity of scattered white radiation (bremmsrrahling)
from the X-ray tube and a large effect on both the absolute intensities and
the tatlo of the intensities of scecrered characteristic tungsten X=rays,

L, and L;. The variability of the white radiacion affects the background
tﬁat is subtracted from the praseodywlum X-ray Intensity; the variabilicy

of the characteristic tupmgsten radiation affects the cerluam meazurexent,
The second-order timgsten L, X-rays occur &t the same 26 angle as the first-
order cerium L,. The reasou for these effects 1s undoubtedly & diffraction
phencpenon coupled with a nonrandom crientarion of the aluminum cryseals

in the plate,

The backgrownd varlsbilicy problem has been overcome by measuring the
intensity of scattered tungsten L, X-rays from a plate at various x-y
orievntations prior to che use of the plate in the analysis, noting the
orientation at which this intensity 1s a minimum, and marking the plate
50 that during the rare=sarth assay the plate can be properly criented,
Establishing the optimum plate orientation is a simple procedure thac can
be accomplished in about 2 min.

An increzse in the sensitivity of the method has also been realized by
lncorporating a rare-earth hydroxide precipitation into the proceduxe., The
modificacion was orfginatly made in connection with the deterwinascion of
rarve=esrch fission ylelds (see Section II.B.1) in which a separation of the
rare earchs from a large amount of nickel was required, (The special
samples for determining fission yields were irradiated in nickel capsules.)
Because of the very high (85 to 95%) recoveries of rare earths obtained with
thiz procedure the precipitaticn step was incorporated intc the procedure
for ehe preparation of standards prior to electroplating. The X-ray
intnesities cbtained were about 207% higher than those from directly electro-




plated standards, The modified procedure for determining bumup now iacludes
prrecipitating the rare=earth hydroxides with ammonia, washing with very
dilute ammonla, removing the wash solurion, and disselwing the rare-earth
hydroxides in dilute nitric aeid.

The rare-earth hydroxide precipitacion also provides a separation from
the fission products cesivm, strontfium, and Barium, Thig separation reduces
the total amount of activiecy on the rare-earth plates amd eliminates the
correction that préviously had to be made for the effects of cesium and
barium on the measured X-ray intensities.

B, Analvsis of Standards

Two synthetie samples, each of which contained 20 mg of uranium and
amoumts of inactive fisgion-product elements which simuelated 2 2% burnup
gample, were mnalyzed for the rare earths wsing a procedure which incor-
porated cthe rewvisions discussed abowe, The results are given below:

Amom t Recovery, %
Rare Earcth Added, pg Sample 1 Sample II
La 1%.5 97.3 97.5
Ce 41.0 100.8 101.8
Pr ' 19.7 102.7 101.6
nd 54,7 99.0 %8.9
Sm 8.5 94.8 97.3
Total 143.3 99.8 99.9

C. Compariscn of X=ray and Mass=-Spectrometric Hethads-;Analyses af
High=Burnup U0z -‘P'l:lll_}g'

The X-ray methed was procf-tested by determining the burnup of ewe
samples of highly irradiszted uranium—pliutoniym oxide; burnups were cal-
culated both from total rare-earth content and from neodymiuvm concent,
Table 1 cﬂuqilares these resulta with messurements of burmup based on the
content of 1%ENd and toral neodymium, both of which were determined by
mags—spectrometric isotople-dilution (MSID) analysis. (The MSID measure-
ments of burnup were performed by J. E. Rein and K. M. Abemathy of Los
Alamns Scientific Laboratory).

Although these samples were analyzed befora the problem in background
variation wag recognized, this does not appear to be thée explanation for
the small discrepancies between the X-ray snd MSID results om sample R=2680,
The largest difference iz in the neodymium burmup values, 8X. This is un-
expected since these valves should agree mosr closely. With the exception
of wass 144,% both methods measvre the same nuclides. In the development

*In the neo um ¥-ray method the amount of l%“Ce (284 d) which has not
decayed to 1““Nd is determined gamma spectrometrically and this number
of atoms, about 10% of the mezsured neodymium, is added to the weasured
neodymium value.
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TAELE 1, Comparison of Methods of Burnup Anslysis

Aralytical
Szmple Ho. Burnup Menitor Method Burnup, #
R~2679 148n4 MSID 9.13
Neodymiomd MSID .30
Heodymiunb X=ray ¢.11
Total Rare Earths E=ray .03
R=2680 14354 MSID 7.40
Neodymium@ MSLD 7.25
Neodyniunb X-ray 7.85
Total Rare Earths X-tay T.70

Sasses 143, 145, 146, 148, and 150.
MMasses 143, 144, 145, 146, 148, and 150.

of the X=ray method, the difference between the Imown and measured necdymium
values has never exceeded 3%, Since the burnup value determined for this
semple by X-ray spectrometric assay of total rare earths ig also somewhat
bigher than the two MEID values, it sppears likely that the inconsistenciea
are related to some unresclved problem in handling the sample prior to
analveis. An earlier comparison (=ee ANL-7675, p. 122) of the Xe-ray and
M3ID methods (MSID determination made by B. F. Rider of General Electric=-
Yallecietns) showed agresment comparable to that obrained oo sample E-2679,

Additional comparisons of the two methods will be made during the
fission-yield measurements program, particularly on samples from the long=-
term irradiaetion in EBR~11 (See Seetion XII).




IX. FAST FISSION YIELD3 OF BURNMUP MONITORS
{Rk. P. Laxsen, K. D, Oldham)

The determination of the Fission yields of burnup monicors for FETF
znd demonstration-reactor fuels has been inicglated, The matexials for these
determinations are encapsulated samples of 233y, 235p 238y, 23%y, 240py,,
and 2*1py that were irradiated in EBR-II from Decembexr 1966 to September
1970. The subassembly containing the samples cccupled a posirion in Row 2
for the first half of che irradiation and a position in Row &4 for the second
half. Twop sets of samples were irradiated: one in the core and the other
in the axial blankec, The samples wers irradiated ar chese cwo reactor
positions to enable an evalpation te be made of the relavionship bhetwean
fisslon yield and neutron energy in fast reactors. The evaluacion of this
relationshlp wsing samples that were irradiated in the mockups of EBR-II,
pexformed in ZPR-3 {Assemblies 6Q and 61), showed cthat the difference in the
fission yialds is negligible in going frow a4 neutron spectymm in che EBR-II
core (Row 2} to a neutron spectrium iln the radial blankec (Rew 12) (see
ANL-?7715, p. 101 and ANL-7875, p, 16). Filssion-yield determinatfons will,
therefore, not be made on samples irradiated in the axial blankec. (The
neutron spectrum in Row 12 of the radial blanket is comparable to that of
the axfal blanket in which the 4—yr irradiation was carried out).

The samples lrradiated in EBR-IJ will be chemicaily analyzed co
eatablish (1)} the fast fission yields of burmup monitors for fast reactors
as well as the yields of other fission-produoct puclides that are of interest
te the fast-reactor program, €.g., the krypton amd xenon iscotopes, and {2)
the isotopic abundances of nuclides forwed by nonflssion puclesr crans-
formations, The latter messurenments will be made for nuclides whose fission
yields are being determined as well as for 232Th and #37Hp, which were also
included in the long-terwm irradiations.

A. Determinstion of Humber of Fissions

Table 2 sumnarizes the princtpal nuclear reactions that occurred during
the EBR-II irradiation and the percentages of uranium and plutopium that
udervent these reactioms. It Ls seen that, with eaception of 2380, rthe
percent fissim of each nuclide is 102 or wore, DBecause the relative
decreases in the actinide atom contents are large and because the actinide
atom contents (pre- and post-irradiation) of the capsules can be decermined
accurately (*0.1% or better}, the number of fisslons can be determined wich
an accuracy of tl% or better., At the tfme of the encapsulation, the
material loaded into each capsule (abount 100 mg)} and archive samples of each
material were accurately weighed, Wwhen an irradiated capsule is dissclved
for the fission-yield determinations, the archive samples will also be
dissolved and these solutions will be analyzed for thefr actinide content.
From the actinide atoms content of the avchive samples and the weights of
archive and encapaulated materials, the pre-irradiation actinlde atom centent
of the irradiated capsule will be calculated. The difference hetween chis
value and the post-irradiacionr actinide atom content represents the number
of Fissions that occurred.

To detarmine the number of fissions that occurred in the 233p, 233y,
239pu, and 24Py capsules, the only measurements that must be made with
a high degree of accuracy are the number of atoms of uranium {or plutonium)

1l



TABLE 2, WNuclear BReactions in the EBR-II Irradiation
(irradiation time = 45 wonchs; flusnce = 1 x 1022 peutrons)

Hueclida Beaction. at, &

Irradiated Fiszsion {n,y)a Other
233y 30 2 (234 «0.1
233y 22 4 {235y 0,2
238y 1,5 2 {(¢¥%py) 0.3 (23*py fission)
233p,, 3 3 (2%0pyy 0.2 (2¥0py Figeion)
zhlpy, 10 3 (E4lpyy 0.3 (2*lPy flssion)y

0.4 {2*1Pu beta dacay)

Zulpy, 22 2 (242py) 25 (24lpy beta dacay)

The nuclides in parentheseas are the capture products.

in the archive and irvadisted samples and the isotoplc compositions. Both
of these measurements are obtained in the same analysie, which 18 per-
formed by mass-spectrometric isotopic dilution. From the percentages given
in Table 2, it is seen that for these four nuclides, »97% of the reactions
that occcurred in the irpadiation were fissions and {n,T£ trans Eormations,
The products of the {(n,y) transformatioms, 23y, ZEEU’ “Ipy, and 2%1py,
reapectively, all have half-lives of such lengths that radicactive decay to
an isctope of some other element is sither negligible {23y, 235y, and 240py)
or very small (2%lpy) relative to the sum of the fissions and (n,y) trans-
formations, The magnitudes of the sther nuclear reactions that ocourred,
e.g., 2350(n,y)23Mp in the 235Y samples, are very small (less than 0.2 at.
%). The correctlons for all these raactions can be made by radiochemical
determinations of the products.

To determine the number of 2*1Pu fissioms, accurate measurements of
the 2%14n contents of the archive and irradiated samples will have to be
made in addition to the ?lutuniun measurensents {z“lam iz formed from bata
decay of 241py), The Z%lanm measuremenes will alsc be made by mass-spectro-
metric isoptopic=dilucion analysis.

The number of fissions in the 2380 gamplas will be determined from
their !37Cs contents and the 238y faat fission yield of 137Cs, The fasc
fission yisld of 137Cs is presently being determined on samples of 238D
irradiated in EBR-II for 5 days at 60 MW. Sa?arate gamples from this
irradiation are being analyzed for 1*9Ba and 137Cs. The number of fissions
will be determined from the l40Ba content and the previously determined
fission yleld of 10Ba (see ANL-7879, p. 15); the fission yield of 137Cs
will be determined from the 137Cs content and the number of fissioms.

In the long-term irradiation of 2380, about 20% of the total fissions
were from 239Pu, which is formed from the reaction 238U(n,y)29U and sub-
sequent decay to 23%Pu. The 238U samples will be analyzed for 23°Pu, and
aggrupriate corrections will be made for the fission products formed in
233py fission. It i5 estimated that the accuracies of the 238y fission
ylelds obtalned will be 25%, Because the fraction of the total fissions
due to 238U {in a fast reacter fuel (for example, at core center of FFIF),
will be, at most, 0,07, this accuracy will meet the need for a burmup
derermination having an accuracy of £l to 2Z.




B. Flgslon-Product Measurements

The fission yields to be determined are, in order of importance, (1}
the yields of the nuclides that can be used as bumup monitors for oxide
fuels, (2) the yields of nuclides that aye important for other reasons in
the operation of FFIF and demonstration reactors, and (3) the yields of
bumup monitors for other fast-reactor fuels, e.g., carbides., The burnup
monitors of interest for fast-yesctor oxide fuzls are the nuclides of the
raxe esarths--lanthanuwm, cerium, preseodynium, necdymium, and samarium--and
zivconium, The fission yields that are important to reactor cperation are,
for example, the xencn isctopes (mass & 130} that are wed as tags in
detecting failed foel elements, The bumup monitors of principal interest
far carbide fuels are the nuclides of molybdenum and technetiun.

Determination of the Rare-Earth Fission Products. The Z-ray speckro-
netric method for fissionm-product rare earths (described in Section I} will
be wsed to determine the rare-earth elementsl contents of the samples
irradisgted in EBR-II; the 1lsotopic distributions of the cerium, necdymium,
and samarium will be esteblished by mass spectrométric analysis of the rare
earths separated for the X-ray spectroméetric analysis (lanthanum and
prasecdynium are monodsgtopic}.

To execute the X-ray spectrometric determination, a procedure had to
be devised for separating the rare earths from the capsule waterial, high
purity nickel, and its mincr impurlties. The ratis of nickel to actinide
content is gbout 70 to 1 {7 g of nickel and 100 wg of uranium or plutonium};
the ratics of nickel te & high-yieid (6%} flssion product ranga from about
16,000 ¢ 100,000, Thus, the procédure has toe bé capable of separating
the rare earths from a large amount of nickel, in some cases as much as
1 g, without loss of rare eartha, and from minor impurities in the nickel
which interfere in the rarve-earth detexrmination. Impuricies that follow
the rare earths in the separation procedure amd are electroplated, if
present in the nickel at even cthe 10 ppn level, could affect the measurements.
In the X-ray spectrometric method for the rare earths, the mass-absorption
effect could be larger for ona rars earth than another. The energies of
the L X-rays of the rare earths are quite low {about 5 keV) and the
lanthanum energy is about 40% lower then that of the intermal standard,
cexbium,

Separatiov of the rave sarxths from nickel is satisfactorily accomplished
by a preliminary precipitstion of rare—earth hydroxides with ammonia. The
actinides are also precipitated; the nickel, which forme a soluble complex
with ammenia, réemains in eolution., Because some nickel is gecluded in the
precipitate, the precipitate is dissolved in hydrochloric acid and the
actinides and rare earths sre reprecipitared. When the modified procedure
was tested with a synthetlc solution contzining 700 mg of nickel, 10 ng of
uranium, snd amounts of the inactive fission-product elaments to make the
sclution equivalent to a 3% burnup sample, it was found ehat manganese and
ticsniuyp impurities in the nickel were not separated. The amowunts of these
elements eleactroplated with the rxare earths resulted in significant mass
absorption of the rare-ecarth X-rays. This problem was overcome by modifica-
tions 1o the ion-exchange sfep,in which the actinides and some fission
products are separated from the rarve earths, The hydeochloric acid concen-
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tration was Increased Ifrom 12 to 14H and the length of che lon-exchange
colum was dowbled. Titanfum and manganese were adsorbed:with the urarium
and thus separated from the rare aarths. These additlonal separation steps
resulted in a substancial decrease in the amounts of rare aarths elactro-
plated., (Although guantitative recovery 1s not necessary when an intermal
standard 1s used, very low recoverles affect the accuracy cof the X-ray

measurgments}. Orther techniques for mounting the rare earths, e.g., pipetting

onto Millipore fllters and drying, were investigated, but the results ob-
tained were erracic.

A precipitation of the rare=azarth hydroxides aftcer the lon exchange
step resulted in high recoveries in the electrodeposition step, Small
amounce of impurirties, such as apmonium ions which could form as che result
2f degradaction of the im-exchanpe resin, are known to impede the electro-
deposicion process, The precipiration of the rare—earth hydroxides effects
a separation from these contaminsnts and again enables a high percentage of
the rare sarths to be elecrroplared, The hydrochloric acid selutlon of the
rare earths from the foneexchange column is evaporated to dryness, the rare
earths are g@issolved in dilute nicrie acid, and strong HH4OH 15 added to
precipitate the pape—earth hydroxides, {fter centrifugatrion, the super-
nate golutim 1s deswm off, the rare=-sarth hydroxides are washed with wery
dilute NHyOH and centrifuged, the supernata is drawn off, and the hydroxides
are dissolved in very dilute niecrie acid., Dimethyl sulfoxide 1z added and
the rare—earths electroplated.

In summary, the procedure devised fir measuring the rare-earth contents
of the figsiom~yield sampies involves {1) separatlon of the rare earths
md actinides from nickel by precipitation with NHuOH, (2) Lun=-exchange
gaparation of rare farths from uranium and plutonium and impurities in the
nickel I(magnneae and titanivm), (3) precipitarion of rare-earth hydroxides
with NHyOH, and {4} electroplating of rare earths from a dimethyl sulfoxide-
dilute nitric acid solution. The overall recoveries of the rare earchs
in thigz procedure are 80 to 90Z.

1] I'
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111, SEARCH FOR A SPONTANEOUSLY FISSIONING ISOMER OF 2%lpy
{(R. P, Larsen, B, D, Oldham)}

4 sample of 2“0py from ocur 4-yr irradiacion in EER-I1 has been used to
conduct a search for a short-lived, spontaneously fissioning 242Pu isomer,
2910py p. The possibility of the existence of such an isomer, which would
be formed by the reaction 40Py + pn + 29 I“FuSF, has been recejving consider-
able attention recently.

In a study to determine the half-life of 2%1Py, Hisle and Stepan! made
reactivity measurements over a J-yr period on a sample of 2%1Py of high
isotopic purity., The results of their measurements showed chat there
were two cooponents of the 2%1Py decay curve {log of reactivity vexsus
time): a component having a half-life of 0,34 2 0,11 vy and a component
having a half-life of 14,63 * 0,27 yr., Previcusly reported wvalues for the
half-life of 2“1Py varied from 13 to 15 vr. Two explanations have been
put forth to account for the results: {1} the existence of a short-lived
isomer of 21Pu, namely, 2%1®Pu, which decays either by beta emission to
24140 or by gamma emission {intermal transition) to 2%1Pu (14.63 vr) and
which has an extremely high fisslon c¢ross seceion relative to that of
24%1py; and {(2) the existence of a short-lived lsomer of 2%1Pu, namely,
241Mpyen, which decays by spontanecus flssion., The latter explanatiom,
suggested by Wilsson and co-workers,? prompted the present study.

If zulmPUEF exigts and has a half-life greater than a few seconds, it
would be important mot only to fission-process thecrists, but could also
have comsiderable practical cousequences, If the balf-life is in the range
of minutes to hours and the cross section for the reaction 291Pu + n >
24impy,. . 19 sufficiently large, reactor coutrol during shutdown could be
Effeﬂtgg. At the present time, shutdewn is, in part, governed by delayed-
neutron emission by short-lived fissico products, (These neutrons induce
fisgion and therefore, the generation of heat continues.) If the neutron
emission rate from a spontaneously [iseioning isomer of 2%1Py were equal to
or greater than 10% of the delayed-neutron emission rate, reactor shutdowm
procedures in a plutonium-fueled fast reactor would be affected,

Another governing factor in reactor shutdown is fission-product decay
heat, ' This constitutes about 6% of the total heat just before the end of
a prolonged power run and about 0.6% an hour after shutdowm. If the heat
produced by the fission of 241Wpycp were significant, relative to the fission
product heat, this might also constitute a factor important to reactor
shutdowm.

A long-lived spontaneously fissdoning isomer of 241py could have an
important effect of the design of fuel shipping casks. If the half-life is
of the order of 10 days or more and the cross section for the formation of
the 2%1Wpyuqar {s high e€nough, the neutron-emission rate of irradisted fast-
reactor fuel during shipment from the reactor to the processing plant
could be significantl; highex than the rate calculated from the epontanecus
fission of Z“2Cm and 2*“Cwm. The design of shipping casks to meet federal
regulations with regpect to nautron emissian rates is presently baszed en
the expected concentrations of these curium isotopes in the irradisted fuel,
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A. Expapimental Work

As gtated previously, our search for 241WPu.. was made using a 2"0py
gample that had been irradiated in EBR-II for four years. The sample was
discharged from the reactor in September 1970, This sample was considerad
a pood choice for this search bacause it had been subjected to a fast flux
of high intensity [2 x 10!5 n/(cm2)(sac)] over an extended period prior to
a discharge from the raactor. (It has been postulated that if the spontan-
eously figsioning lsomer iz formed, the probability of formarion in a fast
flux iz moch higher than in a thermal flux.) The only disadvantage with
the gample was rhat 200 days had elapsed berwesn reactor discharge and the
initial assay for fission events.

In preparation for assay by fission-track counting, the irradiated
240py, sample, along with irs nickel capsule, was first dissolved, and a por-
tion of rthe solution was converted to a nitric acid mediwe. The plutonium
wae rthen oxidized to the hexavalent state with argentic oxide, aluminum
nitrate galting solutlion was added, and the plutonium was extracted into
hexone. This procedure separated the plutonium from nickel and from trans-
plutoniom i{sotepes, some of which decay by spontaneous fizsion. A portion
of the hexone solution was stippled onto a platinum plate in a manner to
produce & reasonably uniform spread over an ares of sbout 3 cm?. The hexcne
wvas evaporated and the plate heated to about 700°C,

Thie plutonium {7.35 ug of 240py) was contacted by a succegsion of mica
fiseion-track recorders for progressively longer periods of time from April
1971 to OQctobar 1971. The number of fission tracks per day in che firsc
period (14 days} was 198 £ 7 (2a) and in the last perled (31 days) was
203 £ 4 (25). Within the statistical limitations of the data (calculated
on the: basig of the total numbar of fisgion events recorded) there was no
change in the number of fissions per day over the 150=-day period in which
meagurementes were made,

B. Discuseion and Cancluslons

It is concluded that all the fission avents recorded were due to the
spontaneovs fisslan of zﬁuPu[t1f2(SF} = 1,3 x 101! years)]. The calculatad
number of figsion tracks from 7.35 ug of 240py 13 245 per day. The gifference
betweean this walue and the average measured value, 201, may be due to an
error in the half-life or may be due to the solids on the plate. The
deposition of plutonium wae not completely uniform and som= other solids
could have been present. (The presence of solids has the effect of reducing
the optical effielency of a track recorder.) From the fission=track measure=-
mants it has bean conservatively estimated that the number of spontaneous
flzsiong done to 2“1ﬂPus§ would have to be less than 1.3 per day per wicro-
gram of the irradiated 2“0Pu.

The upper limits of the crosa mection of the reaction 240Pu + n »
241Mpy,. have been caluclated for half-lives of 2*1®Pugy ranging from 6 to
200 days. These calculations wera baged on the following: an upper limic
of 1.3 flaslons per day per microgram of Z40Pu for rhe spontanecus fission
rate of Z%1WPycy, an irradiation time of 30 days (the last power run before
discharge of the sample from EBR-IT), a flux of 2 x 10153 nf{cn?}{sec}, and an
out-plle time of 200 days. The rasults are given in the following table:
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Z“IEquF_Balf-Lifei d Cross Section, b
6 <5 x 1072
12 <4 x 10”7
25 <2 x 1079
50 © <3 x 19710
100 <2 x 10-10
200 <3 x 10710

As mentlioned above, the formation of a2 short-lived, spontanegusly’
fisgioning isomer of zquu could, if the cross section were high £nough,
result in a neutrom shielding problem during shipment of fast reactor fuel
from the reactor te a fuel processing plant. On the basis af available
data® an LMFBR fuel that has been irradiated to 8% burnup and cooled for 100
days will have a curiwm Bgnntanenus-fiﬂsinn rate of 3 x 103 fissions/ (sec)f (g
of plutonium). From the 4Py concentration in this fuel, a2 neutron fiux
of 101% n/(cn?)(sec), and the upper limits of the 24%py cross sections in
the above table, upper limits were calculated for 2*1mpygp fissions/{sec)

{g of plutonium). These values. are given in the follwing table for the
various assumed half=liver of thiz iscmer:

241Pugy Half-Life, d 241pycy Fissions/(sec)(g Pu)
6 <3 x 1011
12 <3 x 10%
25 <1 x lo*
50 <1 % 10%¢
100 <3 x 102
200 <3 x 10%

1f the 2"1“‘1"‘“.1‘.._,' hes a half-life greater than 25 days, the 24®py cross
gection (see abowve) is =zuch rhat the amovnt of qunrugy relative to 242Cm
and 2"%Cm in a fast reactor fuel is negligible., If the qumPusF has a
half-1ife of less than 25 days, its effect on fuel shipment or resctor
shutdosm cennot be assessed on the basie of the available data,
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I¥. FEAST-NEUTEON FISSION YIELDS OF TRITIIM
(. D. Dudey, M. J, Flugs, R. L. Malewickil)

‘The purpose of this program igs to establish the information necessary
for predicting tricium producticon rates in LMFBRs and for estimating the
tritium burden of reactor and fuel-reprocessing plante. Of particular
importance is the measurement of the fisslon yield of tritium as a function
of neutron gpectrum and fissioning nuclide. Two independent methods have
been implemented for establishing tritivm yilelds. The first method is a
radiochemical technique in which the tritium 18 séparated from an irradiated
target and countad., The gecond uses a dipect, on-beam particle-identificatien
techaique for measuring rthe nmmber and energy of all low-mags particles
(14, 2H, *H, 3He, “He, and ®He) emitted from a fissile target. Both rech-
niques inwelve irradiation of the figaile nuelides in a beam of monoenergetic
neutrons at gaveral neutron energles., During this raperting period, work
on both metheds has Emphaslzed che neasurements of tricium vields from fast-
nentron fissior of 225U as a function of neutron energy; feasibility studies
for measuring low-mass yields from 23%Py fission were alsc made by the
particle-identification rechnique.

A. Badiochemical ¥ethad

The radjochemical mechod invwolves (1) hydriding anm irradiated sample
to provide exchange between tritium and natural hydrogen, (2} dehydriding
the sampie, (3) separating the hydregen by pumping it through' a silver-
palladiwm wvalve, which iz parmeable anly to hydrogen isoropes, and (&)
counting the fritium in a low=level gas proportional counter. The radie-
chewical meagurements te dace have been limiced in accuracy by the numbar
of tritium atoms produced in a given irradiated sample, However, the
higher beam currents recently available on the Dynamitrem (500 pi instead
of 200 pi), combined with an improved lithium—targe: cocling system, have
enabled ve te inerease the tritium level in irradiated samples by 2 factor
of three. Furthermore, we have also been able to make measurements at much
lower neutron enargies.

During this reporting period, samples of 235y, 239py, and 233y
were irradiated at neutron energies of 140, 390, 590, and BOQ keV, and
samples of 235%) snd 23%Pu were irradiaced at a neminal newcran energy
of 30 %keV., Uramium-235 fission chambers were used to monitor the flux and
fluence levels, and gold wires wetre used to map the neuwtron flux distribution
for each of the irradiations, The absolute number of fissions that occurred
in each sample was determined by Ge{li) counting of the fisslon products
J.*-I-QEa 1{!3Ru and J99p,

Tritium sepgration and counting of five previously irradiated zamples
{ANL-7879, p. 23) have been completed., These samples weye irradiated at
nentron energies becween 250 and 450 keV in the Fast Neutron Genarator of
the Applied Physica Division. Even though these lrradiaticns were for
six days, the low flux intemsity that was available allowed tritium yields
to be determined only at 380 keV; the value measured was 1,90 = 0,17 z 10™%
tritons/fission {T/f)}. Tritium separation of five 23%Pu samples was also
completed and the samples sre currently being counted.
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B. On-Beam Particle~ldentificatiom Method
(M, J. Fluse, N. D. Dudey)

This method differs from the radiochemical technigue im that all lew-
mass charged particles emitted durieg fission are detected and identifiad
on=1ineé and the kinetlc energy of each particle is deteymined, The data
cbtalved in this program will aid in understanding the mechanism of low-
mass particle production in fission; however, our major intevest ig in
mderstanding the dependence of tritium production in fast-neutron fission
o neutren énergy and fissioning species. ﬁcmrdingl}r, twe typee of flgsion
are being studied: spontaneous fiszion (e.g,, of 272Cf) snd moncensrgetic—
neutron-induced fissien of 2390 and 233y over the energy range 200-4000
keV., Initially, efforts have been focused on measuring the number of

articles emitted per filasimm and the epergy distributions of iy, 2H, *M,
He, "He, and ®He 45 a function of neutren evergy for 235y,

.
The technique of particle didentification {zee ANL-7879, p. 23) takes /
advantage of the differences In the rate of energy less of charged particles -
as a function of their charge and mass. By the use of a two-detecter
telescope having a thin {AE) and a thick {E)} detector, a particle traversing
the telescope will generate signals in the deteckors that are proportieomal
to the energy lost in esach detector. The two ensrgy signels resulting from
this traversal are such that the total kinetic energy of the particle ds
{AE + E)}; the relationship between AE and (AE + E} uniquely defines the
mass and charge of the particle,

In a series of experiments opn the Physicas Division's Dynamitron, gur
measurenents of 233U were completed smd preliminary measurements of 5331’1:
weye begun, Measurements of tritium and alpha-particle yields for 285y
were myde ot 5ix neutron energies between 200 and SO0 keV. Within the
uncertainey of esch measurement (:10-15%), the tritium ylelds measured in
thiz serles of experiments were identical tc pravious particle-identifica-
tion end radiochenical regults, Alpha-particle spectra and yields were
measured simuleaeously with tyriton apectra and yields. The alpha yields
were reascnsbly constant and were similar te available thermal-neutron
yleld valves of 2 x 10-3 alpha particles per Fisgion. The alpha-parricle
enexrgy bpectrz were typical of long-range alpha spectra except at enargies
of about 400 keV, This 1s the third indepandent series of experiments in
which we have observed anomalous energy spectra {spectra composed of two
distinct pesks or companents &5 opposed to the normal aingle paak) in this
peutron—energy Tegion.

Cur preliminary studies of 233py; were very ancoutaging. A wnifomm
(2 ng/cn?) target of 23%Py was prepared by electrodeposition, Moasurements
of tritiun and alpha-particle spectra were made at four neutyron energies.
Although the data have nct as yet been fully analyzed, preliminary indications
are that (1) both energy sgectra pesk #out 1 to 2 MeV higher than the
corresponding spectra for 35U and {2) alpha and eritium yields are similar
to the reported thermal-peutron yield values for 239y, This is in contrast
to our tritium data for 239U, 1o which the fast-neutron yield is sbout 2.5
times the thermal yleld {see Section C below).
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€. 2350 Tricium Yields

The results of all measurements of fast-neutron tritium yleids for
233Y, pbrained by both methods, are presented in Fig. 1, The uncertainty

aof each individual measurement was asaigned by a propagation-of-error
analysis. Por the radicchemical measurements, the uncertainties included

tritium counting statistics {for beth the sample and background), deter-

mination of the number of fisaioms, and critium counting efficiency;
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Fig. 1. Tricium Yi&lda from Fast-Heutron
Fission of 235y, -

for the particle-ldentification experiments, the principal uncertainties
were particle-detectlon efficiency, fission-fragment counting efficiency,
resplution of tritons from other fragments, and councing statistics. The
solid line in Fig. 1 1s a linear least-gquares fic of all the data, wﬂighted
b¥ the uncertainty af each lodividual mﬂasurEment. )

Better fits to the data were nbl:ained with h:.gher opder pc-l}rnomial
Functions; however, the relatfvely large uncertainties in each datum point
made such procedures misleading.. Any energy dependence in the tritium
yields over this energy range is cbscured by the uncertainty of the data.
The linear fit indicactes a slight tendency for the yield to decrease with
increasing energy. With only cne exception, all measurements are within
20 of the ficted line. The agreement between cthe two techniques is quite
satisfactory, &.g., a weighted fit of only cthe radiochemical data is within
5% of either of the twe series of particle-identification experiments.



A summary of avallable literature data®=7 on tritium yields from
thermal-nautron fizszion of 235U, as well as our experimental data on thermal
yields, iz given in Table 3. The average value of the resulte, which were
abtajned by three very different techuiques, is 0.90 x 10=* tritons per
fisejon with a standard deviatiom of #6% about the mean, Thus, the tritium
yields pregented in Fig. 1 for the neutron energy region from 200 to 804 keV
are higher than the chermal neutyon yield by a factor of twe to three,

This increasa is contrary to theoretical predictinns,ﬂ'9 and rafses gone
interesting implications regarding tritium preduction in the current genera-
tion of thewmal veacters. Estimates of tritivm preduction rates 1in light-
water thermal reactor fuels are based upon tritium ylelds ranging from

0.8 to 1.2 x 10~" T/f. Even in thermal reactors, a significant fraction of
the fissions occurs from epithermal and higher-energy newtrons. If the
tritium yield is alse high in the epithermal regiom, the use of these yield
values may result in vnderestimation of tritium produvction in thermal reac-
tors. Exetrvapolation of ocur data to lower meutron energies suggests that
this iz indeed a possibillicy, yet we know that, at some energy, the yield
tust decrezge to the thermal value. Messurements appear to be needed to
define tritium ylelds in the neutron energy range between thermal and

200 keV,

TABLE 3. Tritium Yields for Thermal Fission of 2337

Teitium ¥Yield, Method
10-"% T/f Separation Counting Bef,
0.5-1 Radicchenical Liquid scintillation 4
0.9520.08 Radiochenical Liquid scintillation 5
0,800, 10 Radicchemical Liquid seintillation 6
1 Farticle
identification Partiecla coumting ?
0,85%0.09 Physical Internal gas pPIropoT-
tional counting Thie work

It iz of interest to examine the effects of these tritium-vield
results uwpon tritium producticon in fast breeder reactors. Sehgal and
Rﬁmpértlﬂ have caleculated an annual tritium production rate in ERR-II of
187 €1, assuming a tritium yield of 0.8 x L0™" T/f, a reactor power level
of 62,5 MU(t) and & loed factor of 0.7. Our results indicate a spectrum-
averaged fast-neutron tritium yield from 235 of 2,1 £ 0.2 x 10~ T/f for
EER-I1, This represents a tritium production rate in EBR-II of 490 Cifyr,
or 2.6 times that estimated by Sehgal and Eempert,

D. Angular Distribution of Alpha Particles in 252Cf Fission

Aa part of our efforts to understamd the mechanjems of low-mass atem
producticn in fission, we have collaborated with 5, Kaufwan and E, P,
Stelnberg of the Chemistyy Division in measuring the angular distribution
of alphs particles in ternary fission of 252Cf., This werk has been com-
pleted and a paper describing the work has been submitted for publication.
The highlights of this study are presented below.
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Once in every few hundred -fissions, three charged particles are pro-
duced, in countrast te the more common two-fragment mode of fission. Energy
and angular distributions associated with the special three-fragment (ternary)
fissions show that the "third particle™ (which is most commonly ap alpha
particle) 1s formed at some point hetwsen the twe lerger fragments within
wl0-2) gec of the time of scission, Informatiom concerning the posdciems
and momenta of the fission fragments at the time of scission can be derived
from cthe width of the angular distribution of the alpha particles with
regpect to the direction of the fission fragments.

Iwo previcusly reporced experimﬂntsllslz have vielded widely discrepant
widths for the alpha-particle angular distributions for spontanecus fisslon
of 2%2Cf, We have studied this systen by using a positlon-sensitive triode
to measure the energy and anguler distributiom of the alpha particles
simultaneously with the mass of one of the massive fission fragments.
Inproved angular resolution, combined with time-of-flight measuréments of
the magzive fragment, has resulted in angular distribution data that are &
significant improvement over previous meazurements. Filgure 2 shows cur data
for che angular distribution of slphs particles relative to the lighter of
the ewo fissfon fragments and also gives a_comparison of cur data with the
resules from the two earlier experimente. > The quanticy N{8y) 1s the
relative pumbar of alpha particles as a funccion of angle, the angls being
measured relative to the 1light fragment.
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Fig, 2. Angular Matribution of Long-Range Alpha Particles Relative

to Light Flsaion Fragments in the Spontaneous Fission of 232¢f.



The width of the anpular disceibution 12 directly relared ro the roral
kinetic esnergy of the fragments at scission. Our measured value of 18.5°
{full wideh at half maximum) corresponds to a total kinetic energy of the
fragments of lass than 7 MeY at the time of scission. This rasulr is in
disagreement with energy valunas of 40 Ma¥ at scission thar are predicted by
the 1iquid-drop theory of fission.,l? Further studies of three-fragment
fission sheuld serve as2 an important gnide to thaorists in attempring to
undergtand the dymanic processes of scission.
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V. CGROSS-SECTION EVALUATIONS
(N. D. Dudey, R. Kennerlay*)

The Hormallzation and Standards Subcommittee of the Cross Sections
Evaluating Working Group (CSEWG) of the AEC's Division of Reactor Development
and Technology has been ssked to review the ztatus of mwltigroup activation
croes=-section gsets which are used in che analyeis of nentron dosimecry. To
carry out this functfien the Subcommictee formed a task force to deal wich
microscople croge=gection data for neutron dosimetry purposes. Because of
our participation in dosimetry activicies, including che Interlaberatory LMFER
Reaction Rare Program {ses Saction VI}, we wera asked to reprasent Argonne
National Laboratory (ANL) on this rask force. Our imitjal responsibilities
were to evaluate the available data on &wn reactions: 33In(n,n")!¥5MIn and
55Fa{n,p]55Mn. Preliminary evaluatinons ware preparad and presented ar a task
force meeting on March 29, 1972 at Battelle Narthwest Laboratory. Ac this
meeting it was decided thatr we should prepara a formal evaluarion of che
S6Fe(n,p) 6Mn and the *€S(n,p)32P reactions, prepare the data in ENDF/Br%
format, and initfate, through the normal CSEWG framework, acceptance and test—
ing of thesa evaluations. The ultimate objeceive 1s to incorporate rhe dosi-
metry crosse sectiong into the ENDF/B data files. The evaluations thar we pre-—
pared and submibtted are presented in Appendix A. -

“®Participant in the Undergraduate Romors Research Program,
*IENDF/BE 1g a file of evaluated nuclear data to be used for reactor design
purposes, The file is maintained By Brookhaven Narienal Laboratery.
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VI. DOSIHETRY
{4, D. Dudey)

The objective of the doslmetry program iz to develop experiwental and
aralytical techniques for characterlzing fast—neutron environments by means
of activation rate measurements. A major part of our effort in chis pro-
gram 1s devoted to partlcipation in the Interlaboratory LMFBR Reaction Rate
(ILBR} Program, The specific alms of the ILBER Program are to (1) investigate
systematic errors in foil-activarion techniques, (2) reduce uncertainties
in integral reactionerate measurements, (3) intercompare techniques for
neutton-2pectral characterization, and (4) develop the capability for per-
forming flssionerate measurements with an accuracy of +3% {at che 95%
confidence level)., In addition ta the work in the ILRR Program, we have
the rasponsibillicy for escablishing a capabilicy for routine, ccordinated
dosimetxy service for all ANL experimenters.

A, Incerlaboratory LMFBR Resction Rate Program: Dosimetry

Hechods Developument
(H. D. Dudey, R. J. Popek}

ANL's responsibilities in the ILRR Program are to measure {1} absolute
fission rates of 3%y, 238y, 2374y, and 239Pu by means of solid-state track
recorders (55TR}, (2) production rates of fission products Eor the same
figpile materials, and (3) reaction rates for dosimecrry Eoils; the latter
two types of measurements are made by absolute gamma-ray counting. Measure-
ments w£1l be conducted in several well-established, permanent neutron
Fields; the first neutron field te be utilized is the Coupled Fast Reaccivity
Measurement Facility (CFRMF} at Aerojet Huclear Corporation. Other labora-
tories will perform radicchemical measurements, fission-rate measuremencts,
and neuntronic calculations. The ether laboratories participaring in this
program are Hanford Engineering Development Laboratory, Hational Bureau
of Standards, Aerojet Nuclear Corporation, and Los Alewes Scientific
Laboratory. Each particlpating laberatory reperts prograss in this program
by quarterly contributions te am informal report "LMFBR Reaction Rate and
Dosimetry Quarterly Progress Report," The highlights of the ANL contri-—
butions are sumnarlzed below,

1, Pission-Rate Measurepents in GFRMF by SSTR

The S8TR technique imwolwes placing a thin, uniform deposit of a
fissile material in intimate contact with a suitable dielectric such as
mica or synthetic materials such as Lexan or Macrofel, As fissions occur
in the fissile material, the receil flssfon fragments produce radiation
damage tracks in the dielectric which, upon suitable chemical etching, are
enlarged and are visible under a microscope, The principal errors in the
technique are in {1} the determination of the number of filssile atoms,
typically about 1,0%, and (2) the accutacy in counting tracks, typically
0,5%. Thus, the dominamt uncerctainty is in determining the number of
figzile atoms exposed to the track recorder,

We are presently developing technliques for wniformly glating
nancgram amounts of cach of the four fissile materials (233, 238y, 237gp,
and 239Pu) onto platinum backing materials in such a way that the number of
atoms plated can be established with maximum accuracy. First, stock
solutions of known comcentrations are prepared for each of the materials.
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For this work, all new glassware ig used, 4lso, since all chemical reagents
areg potentially contaminated with trace ampunts of uranium, they are purified.
Hydrochleric acid is purified by passing It through an anion-exchsnge resin,
and nitric acid is prepared by redistillation. To date, solutions aof ¢33y,
24%u, and 237Np have been prepared. For the 235U solution, approximately

1l g of mecal waz first etched in acld to remove cxlde, dried, and quickly
weighed. (This large amount was required to assure that surface oxidation
afcer claaning would contribute & negligible error in the weight of meral,)
The wranium was then dissolved in nitric acid and diluted to a convenient
volume in a tared weighing bottle. The 23%Fu and 237Np solutions were
prapared gimilarly except that smaller amounts of marerilal wveare dissolwved.
The isotopic compositions of the 2357, 239y, and 237§p are given in Table 4,

TABLE 4. Isgctople Composition of S5TR Stock Solutions

235y 239p,, 237y 23k
235y 93,12% 239py  99,99% 2374p 99.99% 234y 99,8857
234y 0,96% 240py 8 ppm 235y 0.064%
236y g,12% 236y 0.035%
238y 5 59% 238y  g,014%

232y <0.01%

The SSTER plates are prepared by electrodeposition of the matetriszls
onte placinum places, The ztom copfent of earh plate must be determined
as accurately as posaible, Because the electrodeposition procedure may not
be gquantitative (within 0.5X%), cur technique is to alpha count each plate
and relate that count te an alpha count of a known amount of stock szolutiom.
The atom content of the stork solucion is well knownm and pertions can be
prepared for alpha counting by direct plating using a weight burette for
the cransfers. The accurary of this method is limited primarily by the
accuracy of the alpha counting, namely, counting statlstics,

To reduce the counting uwncertainty, it is necessary fo spike the
235y (and 2%%U) with a small amount of an lsotope with a high specific
alpha accivity., Uranium-234 was chosen as rhe spike material. The isetopic
composition cf the 230 pzed is 2lso given in Table 4. The stock sclution
of 234 wag prepared from a few milligrame of material by the method deg- i
cribed above for 2330, Since the 23%0 contained trace amounts of 232y
{together with its alpha decay preduets), a purificatiom was necessary to
remove the alpha decay products., Separation from all the decay products
except lead was accemplished by anion exchange., Lead=212 is pot an alpha
enitter but it has an alpha-emitting daughter. The 212Pb (10.6 h) was
allowed to decay and the ion-exchange procedure was repeated. Although this
procedure does not remove 232U, the rate of buildup of its daughters is
known. During the first 25 days after the separation, the daughter products
contribute less tham 17 alpha 2etivity relative to the 222U, Since the
amount of material on a plate 1s determined by relating 1ts activity to that
of the stock solution, the 23%U stock solutionm must be recounted every 2 to
3 weeks to establish an accurate wvalue for the alpha activity.



27

The elphz activity of the stock sclutions was determined hy
preparing four alpha plactes of each solurion by means of weight burette
transfers and counting them with a 2I gas-flow proporticnal counter. For
the 2350 splution, this procedure provided the mumber of aipha counts per
millilicer of solution ard, thus, a direct measure of the pumber of atons
of 2350 on the plate. The agresment In four determinations was better than
0.5%; the accuracy of determining the number of atoms on the eleciradeposired
Plates is estimated to be batter than 1%, The determinaeion of alpha
activity ion the 239y and za?ﬁp stock solutions was identical to that for
the 2330 golution axcapt that no alpha-aceivity spike was necessary. The
accuracy of determining the number of atoms of plutoniun and neptounium on
the plates, which 1is limited by counting statistics, alpha contaminants in
the solutions, and the accuracy of the half-life for alpha decay, is estimated
to be *0.8%.

Stock solutions of 23%, 237np, and 239Py have been prepared as
degcribed. The ILRR gregram has now reserved large guantities of these
materials as well as 23%U, all having very high isotopis purity. Priar
ro receipt of the high-purity 23%y material, no 239y stock solutions were
prepared. We now have high-purity 235 and 232y, and new stack solutions
are now being prepared. In addition, we have obtained a quantity of 234y
that hag been isotopically separated to remove 2320 ag well ag its alpha
decay products. A stock salution of this material is also being prepared;
hence, in future experiments no elaborare radiochemical processging of the
20 will be required.

Track=recorder meagsurementsz in CFEMF for 235LT, Ea?Hp, and 23%u
{using platas praparad by the procedure described above) were made on
February 3 and 4, 1972. Fission-track counting has been completed for
the 2330 and 237Np packages: the 279Pu samples are currently being counted.
In the 2350 gamples, corrections had to be made for fission tracks resulting
from 23% (3,16 at. %) and 228y (5.59 ar. %); these corrections were made
agauning fission-rate ratios of 23%ps235y = 0,417 and 238y/<?5y = 0,047 %
The results for the 2391 and za?ﬂp fission-rate measurements are tabulated
in Table 3.

This first track-recorder study in CFEMF had zeveral objectives;
these will be discussed individually. Firstly, wa wanted to asecertain the
degree of precision that could ke obtained. For this purpeose consider the
following: Samples 5-10 and 5-11 were irradiaced togecher, samples 5-12
and 7-7 ware irradiated together, and samples 7-3 and 7-0 were irradiaced
together. The 2350 gamples (510 and 5-11) agreed within 0.82X. The
statistical fluctuation {uncertainty due to track counting) is expected o
ba abput 0.9% (1g)}. Thug the obsarved precision is comparable to the pre=-
cizisn expectad from counting statistics alone, HNext wa compare Cwn 233y
pamples {5-11 and 5-12) that were irradiated separately and two 237Np
samples (7-6 and 7-7) that were also irradiated separately. The 235y
pamples agreed within 0.67% and the 23'&42 samples within 0.62%. The standard
deviation from the average of all three 235U samples 1s 0.38% and that of
the three 237Np samples is 0.41%. Our conclusion is that the relative
amounts of material on each track recorder avre establithed to considerably
batter chan :LX.

£Thea [i] II fission-rate ratic was measured by J. Grundl of the National
Butreau of Sctandards (MBS) in the CFPMF reactor as part of che ILBR program:
his measurements wers made by means of back=-to=back fiszion chambers. Ne
corrections were required for the 237Np track recorder results.

.




TAHLE 5. Filasion-Rate Data Measured by SSTR
. at the Center of CFRMF

Fiasion Rata,
Sample Irradiation Isotope Weight, Exposure 10~1% fissions/

Number Mumber ng Time, sac {atom} {sec)
5-10 4 235y 99,7 3605 13.07
5-1L 4 235y 98.2 3605 13.21
5-12 7 235y 86.2 3609 13.23

13.17:0.05
7-1 8 1374p 3410 368 4.4
7-2 9 2374p 3509 371 4,83
7-5 6 237np 352 2948 4,84
7-6 & 2374p 324 2948 4.88
7-7 7 2374 322 360% _ 4,87

&.87+0.02

Our second cbjective was to define the uncertainty inwvolwed in
the time required for inserting and removing the samples from the reactor.
The lrradiation timesa for the tests discusased above were too long (vl hr)
to get an accurate measure of this uncertainty; therefore, we irradiated
two 237Np samples (7-1 and 7-2) for 6 min each in separate irradiaticns
that ylelded about 15,000 tracks per expesure. In this case, the deviation
becwesn the two sanples was 1.85%. We estimate that roughly 1% is due to
uncertaintles In insertion and removal times; this corresponds to an gncer-—
tainty of about 10 sec. Thus, for a l-hr exposure this uncertainty i=
negligible.

2. Reaction=Rate Measurements in CFRMF By Foil Activation

Two irrvadiations of dogsimetry foils ware conducted in CFEMF. A
preliminary, low-power test was run on Decewber 6, 1971 for 7 hr at a
nominal reactor power level of 0.6 kW, and a highar-power test was run for
7 hr at 9.75 kW on February 15, 1972, The low-power test inciuded 235y
folls as well as the S55TR samples previously discussed, The high-power
test included primarily nonfissile fofls used for dosimecry purposes;
however, 23%0 and 2390 foils were also Included. Table 6 tabulates the
results from the latter test. Two ftems were of particular interesc in
these tescs: (1) the reliabliicy of various [isslom-product ylelds which
we had previously measurad in the ZPR-3 mockup critical Experimnutslﬁ and
{2} comparison of fission-rate results from the three mechods uwszed in CFRMF
namely, fojil=-activation, 55TR, and fisslon-chamber measurements.

Table 7 summsrizes the fission-rates obtained far 235y ana 238p
in the high=power tesc, which are based upon individual fission-product
measurepents, The fission yields in this table are our previoualy reported
values,™" The figsion rares as determined from the individual fission
products (except :31I) are quite consistent. The standard Qeviation of
the individual fieslen rates from the average rate is 1.0% for 2337 and
2.2% for 2380y the standard error in the fission rate ag determined from a
single fission product is 2.1X% for 2350 and 4.4% for €%6U, These uncer-
talntise are less than the errors assigned ro cthe fiszion-yield measuremencs
previously reporied,




TABLE 6. Summary of Measured Reaction Rates for ANL~1 Foil Set

Relacive Gamma -Bay lo
Sample Type of Times Precision, Self Reaction Rate{F¢), Absclute
Reaction Humber Detecter Counted 4 Absorptien 10713 atoms/ (etom)}(sec) Ertor, %

2741 (n, ) 2¥Ha 6 Mal 3 0.3 1.00 0.020% 5.8
5 tal z ;.1 1.00 4.02086 5.8

& tal 3 0.5 1.00 9.0209 5.8

2 Ge (Li} A 0,8 0.998 0.0206 5.5

1975 u(n, v) 1 #%40 4 Ge(Li) & 0,2 1.00 53.3 2.4
z Ge(Li) 3 0.3 1.0Q 94,2 2.4

3 Ge(Li) 4 0.2 1.900 52.8 2.4

z Ge(Li) 4 0.6 0,996 54,2 2.5

1181y (n,nty1150, 6 Nal,Ge{Li) 2 0.8 0.998 6.3 3,2
5 Nal,Ge(Li) i 0.8 0.998 6.6 3.2

4 Nal,Ge(Li) 3 0.7 8.998 6.36 1.2

%3¢ (n, v)*0Co & Ge(Li) 4 0.5 1.00 9.37 2.4
5 Gelli) 4 0.3 1.490 8.49 2.4

4 B (Li) & 0,2 1.00 %.01 2.5

5841 (n, p) "¥Co TE Ge(Li) k! 0.3 0.992 3.07 5.5
S4pe(n, p)*4n B e (Li) 5 1.0 0,978 2.21 2.7
5% Pa (n, =) 3lCr B Ge(Li} 5 3.3 0.966 0.0292 6.4
S8Fe(n, v) *9Fe B Ge(Li) & 0.% 0,981 0,753 3.0
Y611 {n,p)*85¢c P Ge(L1) & 0.2 0.996 0. 340 2.4
0 Ge(Li) 6 1.0 0.996 . 337 2.6

"7Pi(n, p)}* 7 Sc P Ge{L1) 6 0.8 0.990 0.542 5.5
0 Ge(L1) 6 0.5 0,990 0.547 5.5

487§ (o, p)*95e P Ge(Li) 7 1.0 3.996 0.00857 5.6
0 Ge(L1) 8 0.6 0. 996 0. 00861 5.5

“550(n, Y)*85c 2 Ge{Li) ) 0.3 ¢. 599 1.%4 2.4
2380 (n, y)2 1 Hp 2 Ge(Li) 5 0.8 0.985 22.5 5.5
235Yy{n, £1 14 Ba ) Ge(L1) 6 0.4 0.9%% 212.6 4,3
2387 (n, £3140pa 7] Ge(Li} 5 0.8 0.999 4,99 i 4

6z



TABLE 7. Fission-Froduct Beaction Rates for 235U and 233”

235 - 238y
Fizgfon  Reaction Eryror, % Fizseion Figgiom Reaction ETror, # Fission
Froduct Rate Relarive  Absclute Yield, Fate Rate Belative  Absolute Yield,
xlﬂlt‘ " x1|‘_‘||13 x1ﬂ1'5 7

Wz 1.33 0.9 3.1 6.41 2.08 5.09 0.7 3.1 5. 44

103gy 0.680 0.3 2.4 3.29 2.06 6.33 0.2 2.4 6.29

131y 0.640 1.1 2.7 3.44 1.86 3.11 0,9 2.6 3.64

13270 0.962 1.0 3.9 4,77 2.01 5,64 1.2 3.9 5.35

140py 1.22 0.4 2.5 5,80 2.10 5,82 0.8 2.6 5.90

2.0610.02 9.9540.22




Next we consider the question of absolute accuracy of 2330 fisslen-
rate determinatione in CFRMF, Fiseion rates for 235y, 237yp, 23%py, and 238p
wvare measured by fission chambersl® ar a nominal Teactar-power level of
0.6 kW; we have SSTR snd foil activation rate results for 27%0U at the same
reactor powetr level. Wirh rhe assumption that all measurements were Indeed
at the same power level, we find that for 2330 the 5STR results are 2.5%
higher than the flssion=chamber results, and 0.8% higher than the activation-
rate resulte. At this srage, it 1z difficult to relate the activation-rate
results measured at 9.75 kW to the S5TE data measured at 0.6 kW because of
questions relating to the absolute power normalization. Lf, howmever, we
assume that the stated reacror-pover levels are correct, we find that the
SSTE results ara 1.9% higher than the activation-rate resultg. In summary,

a preliminarg analysis of the data suggests that all three metheds for
measuring 239U fission rates are consistent within 2 to 3%; thus, we are
approaching the cbjective of 1.5% (1g) accuracy.

& comparison of ES?HP fission rates measyred by SETR and by fission
chambers shows a discrepancy of 7.5X between the results. The source of
this discrepancy has not been identified, but the mosat probable cause is the
weights of materials on the 53TRs andfor the fissfon—chamber fojils. Foill-
activation measurements, wvhich are to be made goon, may help to identify the
source of the discrepancy,

B. Service Dosimatry
(R. R. Heinrich, H. D. Dudey)

This program is devoted to providing fast-néutron desimetty measurements
for all ANL programs and to coordinating ANL's overall dosimetry efforts,
4t present, our capabilities include designing rhe dosimetry aspects of
fagt-neulron irradiation experiments, measuring reaction rates from the
dosimetry nonitors, and derermining flux and fluence from the reaction-race
data. In the near future, we will have the capabllity for determining
neutron spectra, the number of atomic displacements produced in a fast-
neutron irradiarion, and the burnup of a fuel sample; all of these data
will be derived from the basic dosimetry messurements.

A series of ERR-II dosimetry tests ponducted at both low [50 kW{t)]
and high reactor power [62.5 MW({t}] has recently been completed. The
purpose of these tests was to characterjze the neutroniec parameters of
fission rate, neutron flux, and neutron spéctrum for the reacter under
aperating condicions of 62.5 MW(t) power level, a uranium radial reflector,
apd a stainless steel axial reflecteor. Although these neutronic parameters
can be calculated using sophisticated twos=dimensional, twltienergy-group
computer codes, the confidence placed on the calculational techniques depends
gignificantly upon experimencal ronfirmation. ¥For this reason dosimetry
measurements were considered essential to confitm these ealculationsl tech-
niques; mrecover, they have provided a sound basis for the design and
analysis of future irradiations.

These dosimetry measurements were part of a coordinated program under-
taken by the EBR-II Project of ANL and the Irradiation Analysis Section of
The Hanford Emgineering Development Laborateory (HEDL). The emphasis of the
HEDL program was to obtain empivical data on neutron reszction rates of 2
variety of materials, fyom which full-powey neutron spectra and fluence could

i
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be deduced at the point of meapurement, and to extend similar measurements
made {in Btm 31F, an earlier EBR-II doaimetry study. The ANL emphseis was

to provide benchmark measurements that would gubstantlate and refipe neutron~—
ice caleulatione at low and high power.

Thigs series of tests has extended earlier flux-characterization measurse-
mente obtained in Runs 29, 31F, and 46 to other reglons of the reactor core
ard blanket and has permitted the examination of peutronic-parameter changes
in both high- and low-density structural subassemblles, The testas were made
in three reactor operating runs, each with identical reactor loadings. The
first irradiation (Run 50G) and the third (Run 513} were conducted at 50
kW(t) for & period of 1 hr and emphasized measurements of 235 and 238y
relative fission-rete distributions, beth axially and radially throughout
the Teactor. However, additionsgl dosimetry packets containing fissile and
nonfissile materials were placed at selected positions for the determination
of absolute activation rates. The second irradilaticon (Bun 50H) was conducted
at a constant power of 62,5 MW(t} over a period of 209 hr and contained a
latge number of fissile and nonfissile dogimetry folls. These dosimeters
were predominantly located in gtructurel-type subasgenblies, but a few were
alac included in driver subassewmblies.

The basic dosimetry packets contained foil sets of 235y, 238y, 237y,
23%py, 1974y, and SP®Ni. Fissile monitors were prepared and encapsulated
in vanadium by Oak Ridge Naticonal Laberatory. Addiclonel monitors of Al,
Sc, Ti, Fe, Co, Cu, and Ag were included with the basic set in structural
subassemblies at several reactor positions. The vanadium-encapsulaced
fisgdile folls were placed in the tube-like enclosures, whereas the nen-
fiegsile folls were primarily in the structural form of thin washeyxs, The
total number of dosimetexy folls included f{n the three irradiations was
nearly 3000. Of the fissile and activatien foils, sbout 50% of these were
analyzed by HEDL and 258 each by ANL-West and this group. Samples from each
of the three irradlaticns were exchanged beiween the two participatieog ANL
graoups, and 2 round-robin exchange of selected sample sets irradiated at
high power was also conducted by all three laboratories.

Counting of the samples fio this laboratory was primarily dene by
Ge{li) gampa spectrometry, although some of the individual gamma-ray
activation producets, such as '9%Au and 3PCo, were counted on a HaI{Tl)
detector., Calibration of the detectors was performed by the use of absplute
standards covering the gamma-energy range of the dosimetry samples, Alchough
this calibracion technique is a staodard procedure, ic did require an
extension In distance beyond the normal counting positions because of the
high activity level of the samples irradiated in the high-power tests,
These samples were counted at calibrated positicons of 200 and 400 cm,
whereas the samples irradiated in the low=-power tests were counted at a
more normal posicion of 1) c¢m, Counting data for the reactlon products
from the activation foils and the fission products 352r, 103Ry, 1311, 1327,
and *PLa from the fissile foils were reported to the EBR-1I Project in
units of dps/mg and atoms/{atom)(sec) at time zero. Appropriate corrections
had been made to the data for Compton scattering, air absorption, capsule
absarption, self-absorption, and saturated acciviey.
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Initial comparisons of results among HEDL, AMAL-West, and this group
revealed significane discrepancies., These Jiscrepancies were associated
with the samples having the highest activircy lavels. The source of the
problem was aubsaquently identifiad as random summing of pulses in the
detection electronics. Random summing can be briefly described as follows:
pulses arriving in the amplifier portion of the electronic system within
a time T are removed from their yespective energy walues to give the appaar-
ance of a single higher—-energy pulse, Our studies indicated that 1 is of
the order of 4 te 7 ysec, with the result that, at detector counting rates
of 5 x 103 eps, the loss of pulses is ~3%, and at 1 x 10% cps, sbout 6%.
Furthar measurements at each laboratary rewvealed that this effect indeed
quantitatively accounted for the observed discrepancies.

Reevaluation of our data shewed that corrections of less than 13 were
raquired, except for one sample which required a 3% zorveetion. Howewver,
data reported by the other laboratories required corrections that wers
eyplcally 5 ro 6% and in some cases as large as 15Z2. ANL«Weet has now
recounted their camples and the corrected data are in gubgstantial sgreemeat
with our dats, PRevieion of the data from HEDL has not been completed;
however, on the bagis of the corrected ANL-West results, the overall agree-
ment is expected to be berter than 3%

Very preliminary analysis of our results from this study has begun.
This analysiz has primarily been comcerned with ascertaining the reliabiliey
of the data, The first test was to examine the applicability of the fisgion
yieldsl? ysed in the analysis. The method was similar to that described
in the preceding section for fission-rate messurements in CFRMF, If
{gi$)} is the measured-fission produvct reaction rate for the ich fission
product, then the figsion rate based upon the ifh fission predust is:

{Uf¢}1 - {UFY*:. :

whare {FY); is the fisaion yleld for the fission product. Fission rate
ratics are then a convenient means for identifying computational errors

and for examining the precision of both the measured reaction rates and
ficgiom wielde, The nuclide 140, wag chosen as,. the reference fissiem pro-
duct because its. yleld is the only fast-peutren yleld availsble for fast '
fiesion of 237Hp,

Ratics of the type {v ¢}1f{uf¢}ﬁ wera computed for 15 samples of
2351 and 15 samples of 2355 from the fﬂw- cwar [15 kKW(ct)] tast and for

about 20 samples each of 23511,_2351‘.1, and 23%Pu from the high-power [62.5
MI(t)] test, For a given fissiomable material, the mesn value of each

ratio indicates the relative accuracy of the Fission ylelds, and the
standard error indicates the precision of a single resction-rate measurement,
Table 8 summarizes the resules of ethic snslysic. From these dara, we have
dravn the following conclusions:

1. The data for 1311 are inconsistent with the data for other fisgiom
products, i.e,, the fission rates based on 1?11 are lower tham those based
gn cther fission products. Thiz inconsistency, which was also observed in
the CFRMF tests, suggests that the 1311 ylelds previously reportedlﬂ may be
too large. Mereover, the fission rates based upon 1311 show a greater




TABLE 8, Ratios of Flaaion Rates Measured By Salected
Fizsion Products and 1%0Ba

Fissile Fiss Lo Pigsion Rate Ratic, (0.4}, /(0,8d1u0g,

Huelide Product Lowr=-Pover High=PoweT
i Test (50 kW) Test {62.5 MW)
2335y 103gy 0,98 + 0,02 0.92 + ©.02
Pzr 0.98 £ 0,01 0.94 t 0.03
1311 0.93 1+ 0.04 0.86 + 0,06
238y 133y 1.02 + 0,06 0.99 ¢ 0.03
¥izr 1.00 £ 0.02 0,98 + D.03
131y $.87 £ 0,02 0.79 + 0.04
239py 103Ry - 0.97 + 0,02
Pzr - 0.99 + 0.03
1311 - 0.78 + 0.03

- negative deviation in the high-power test than in the low-power test. These
Findings suggest the possibility that lodine is being lost from the foil
sapples by virtue if its wvolatility and/or mebilicy, If this is the case,
fodine would not be a reliable fission-rate momitor.

2. With the exception of the 235) measurement at high power, the
fission rates determined from 953:, 103Ry, and !“¥Ba are consistent within
+3%. This implies that any of these nuclides may be used as accurate
fission rate monltoers in EBR-II and that the fission yields used in chese
tests are probably accurate te 2-3%,

3, The standard deviacions fer all ratiog are less than 1Z, thus
implying a high degree of confidence in the fission—product reaction-rate
data.

4, A real discrepancy (outside of statistical expectations) exists
between 437 fission-rate results from the low- and high-power tests. This
observation iz quite surprising and as yet is unexplainable, We find that
235y fisgion rates determined from 103Ru and ?32Zr are self-consistent betwsen
the low- and high-power tests, yet fission rates based upon 1*0Ba appear
te differ by 6-8% between high and low power, It must be painted out that
the Eission yields applied here were, in fact, peasured in low—power )
experiments, % This apparent problem could be quite important to fast-
reactor dosimetry and is presently being inwestigated further.




AFFENDTY A

Evaluztions have been made of the available cross-section data for
the reactions 55Fe{n,p}55Hn and 325{n,p}32P. Theea etudies were conducted
as part of the effort by the Normalization and Standards Subcommittee of
the Cross Sections Evaluation Worling Group of the Division of Reactor
Development Technology of the AEC to standavdize crogs-section data used
for neutron dosimetry purposes. The evaluatfons that we presented to the
Working Group are given balow,

1. Revised Fvaluation of the 6Fe(n,p)3%Mn Cross Section

The literature axamined in this reyiew includes all references tao

crosg=sectlion maasurements of the 55Fe(n,pJ5EHh raaction rhat are listed

in CTHDA VI and ites supplemente, plus some very recent measurements near

the reaction threshold. Data for the neutron—energy range from chreshold
(2,971 Ma¥) to 20 MeV were considered. This evaluvation ig a revision of

the preliminary version which was presented eo the Whrking Group on March
29, 1972, The two wmajor revisions are that (1) all reference cross sections
have been renormalized to ENDF/E, Version 3 cross sections, and (2} weighted
leagr-gquares fitting routines were uged to syatemztize the evaluations.

Virtually all meagurements of the EEFE(n,p)55Hn Teaction were made
by measuring “®Mn in activated natural fron samples. 4s a result, the
eontributions of *%Mn from the 5?Fe(n,np+d] and %8Fe(n,t) reactions are
included in the wmeasurements. For dosimetry purposas, elemental iron 1s
ugually uged: rherefore, the evaluated cross sections are appropriate fop
this applicatjion. Howewer, it should be recognized that this evaluation
iz not sr.rictl}; limited to the SEFe{n,pJ reaction. For exzmple, Chittendenl®
meagured the °’Fe(n,np) cross section at 14.8 MeV and obtainad a value of
6.1 mb. Considering the igotople abundances of *®Fz and 37Fe, rhe *?Fe(n,
np]55FE reaction contribytes less than {.3% ro the *9Fe activity at 14.8
MeV¥. Above 15 MeV, the interfering reaction may be more significant,

Our approach to this evalnacjon was largely based upon a subjective
analysis of the experimental rechniques. From this analysis, we assigned
a weighting faccor co each of the reporced resules. Because many measure-
ments were made relative to other reaction cross sections, it was necessary
to renormalize the reference cross sections in a gelf-consistent manner.
This was accomplished by renormalizing all reference and monltor_cross
gections to the ENDFfB, Version 3 daca sets. DSantry and Butler 7 measured
the S8Fe(n,p) reaction relarive to cthe ?25(n,p) reaction. 4s a result, it
wWas necessary to evaluate che 325(n,p) reactiom, since it is not included
in ENDF/B. Our evaluation of 325(n,p}, which ia presented in rhe following
subsection, was used to renormalize the Santry and Butler >FFe(n,p) data.
Ligkien and PaulsenlB® measured their data relative to H(n,p) and no renormal-
ization was considered necessary. Both Grund1l? and Meadows2® measured
SEFE{H,P} relative to 233lan,f}; therefore, both data sets were renormalized
to ENDF/B £380(n,f) values. Cuzzocrea and PerilleZl report a numbér of
measurenente for 55Fe{n.p] and several other crosg sections, including
2741 (n,n) between 13,7 and 14.7 MeV, In general, all of their results appear
high. For these data, we assumed a flux-rcalibration problem and rengrmalized
their 56Fe data by relating thelir 27841 {n,a)results to the revised evaluation
of 2741 prapared by P, G. Young.2? Hemingway?? reported 5%Fe results by the
associated particle technique; therefore, no renormalization was necessary.
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Pourteen individual measurements2¥—38 gre reported for the energy
region 14 to 15 MeV, These data were weighted according to our assessment
and a best fit in this energy reglonm was calculated. Bormsnn’® and Terrell
and Holm3% report 3%Fe cross sections normalized to 58Fe values of 112.5 mb
at 4.1 MeV and 110 ob at 14.3 MeV, respectively, From our fitted curve,
we renormaljzed Bormann's resulks to a value of 110,3 mb and Terrell and
Holm's to a walue of 108.8 mb, at the respective energles.

Bresesti%’ and Fabryﬁl measured a number of spectrum-averaged
crogs section ratios in a thermal-nevtron-induced 2357 fission spectrum.
Bresesti assumed a cross-sectlon shape for 56Fe based upen Liskien-
Paulsenl® and Santry-Butlerl’ and determined the magnitude based upen
integral ratics and an assumed fission spectrum. Fabry did essestially the
game, except that he allowed the shapes te vary in an ill-defined way to
measure °6Fe relative to six other cross sections fncluding 23%(n,f). We
have chosen to adjust Fabry's 35Fe data by renormalizing his reported 2350
{n,f) data to the ENDF/B-3 evaluation.

Finally, all renormalized cross sections were welighted according
te our subjective analysis and the data were fie by che least—squares wethod
to obtaln ocur evaluated excitation funceion, Filgures Al and 42 show all
‘the rencrmalized data cogether with our avaluated curve. The evaluated
cross sectlons are tabulated in Table Al in the ENDF/B format, using an
energy grid such that a linear interpolatcion between points will result in
a negligible error. Figure A5 shows a comparison of our evaluatjon with
those of Kanda and Makasima®? and the SAND-II evaluated library.*? All
three evaluations are very similar up to about 15 HeV, whare SAND-II begins
to deviate significantly.

We feel, on the basis of ehis evaluation, that the shape of the
excirtation function is established wich considerable confidence and that
the magnitudes of the cross sections are established ko within about #5357,
For dosimetry applications to LMFBR-type neutron spectra, no further
experimencal work seems tp be necessary.
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TABLE Al. Evaluated Cross-Section Data for the *5Fe (n,szE}h
Beactlon Tabulated in EWDF/B Format

Energy, ev Sigma, b Energy, ev Sigma, b Energy, ev Sigma, b
2.97000+ & 0.00000+ 0 -3.00000+ & 1.10000- 7 3.10000+ 6 1.50000-
3. 20000+ & 2,10000- 7 3.30000+ & 2.95000- 7 3.40000+ & 4. 20000~
A.50000+ & 6. 20000~ 7 60000+ & Q.80000- 7 J.70000+ & 1.50000-
3800004 & 25000 - 6 3.90000+ & 4. 40000~ & 4 00000+ & 8.00000-
4.100004+ 6  1.20000- 5 4.20000+ €6  2.90000- 5  4.30000+ 6  5.600Q00-
4.800004 & G.30000- 5 4.50000+ & 1.50000- & 4 60000+ & 2.38000-~
& . 0000+ & 3.75000- & 4.80000+ & 5.55000- 4 4, 000004 & 8. 80000~
5.00000+ & 1.23000- 3 5.100004 ¢  1.70000- 3  5.20000+ 6  2.14000-
5.30000+ & 3,.28Q00- 2 5.400004+ 6 &.50000- 3 5.50000+ 6 5., 80000~
5.60000+ & 7.16000- 3 5.80000+ & 1.01000- 2 6 .00000+ & 1. 232000~
6.20000+ & 1.64000- 2 6.40000+ &  1.98000- 2 6.60000+ 6  2.31000-
6. 80000+ & 2.65000- 2 7.00000+ ¢ 2.96000- 2 7.500004 6 3, 7000~
B.00000+ & &.40000- 2 8.50000+ & 5.04000- 2 9.00000+ 6 5.67000-
9.50000+ & 6.33000- 2 1.00000+ 7 7.08000- 2 1.05000+ 2 7.83000-
1.10000+ 7 8.72000- 2 1.25000+ 7 9.56000- 2 1.20000+ 7 1.03000~
1.22000+ 7 1.06000- 1 1.25000+ 7 1.08000- 1 1.260004+ 7 1. 10000~
1.280004 7 1.12000- 1 1.30000+ 7 1.13000- 1 1.31000+ 7 1.13000-
1.320004+ 7 1.14000- 1 1.33000+ 7 1.14000- 1 1.34000+ 7 1.14000--
1350004 7 1.14000- 1 1. 36000+ 7 1.13000- 1 1. 38000+ 7 1.13000- .
1.380004+ 7 1.12040- 1 1.41000+ 7 1.11000- 1 1.42000+ 7 1.10800-
L 43000+ 7 1.09000- 1 1.44000+ 7 1.08000- 1 1.45Q00+ 7 1.07000-
1 460004 7 1.04000- 1 147000+ 7 1.04000- 1 1. 48000+ 7 1.02000-
1.49000+ 7 1.00000- 1 1.50000+ 7 9.95000- 2 1.55000+ 7 9. 07000~
1.60000+ 7 8.180Q00- 2 1.65000+ 7 F.62000- 2 1.70000+ 7 6.92000-
1.750004 7 6, 35000~ 2 1.80000+ 7 5.89000- 2 1.85000+ 7 5.47000-
1.90000+ 7 5.13000=- 2 1.950004 7 4.92000- 2 '
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2. Evaluation of the 325{n,p}32P Reaction

The literature examined in this reviaw includes all raferences in
CINDA 71 and its aupplements. Four sets of data have been reported for
EES{H,EQ Eiuas sectiong between the reaction threshold {0,956 MeV) and
5 HeW, "7 All investigators used the accivation technique snd measured
erogg fections relative to a flux monitor. The principal uncertainty in
these four sets of data appears to be in beta counting of the sulfur pellats
bacause of self absorption and self-scattering of beta particles in the
relatively thick sulfur targets.

The four data sets are shown in Fig, A4. Klema and Hansen®** used
a uranium fission chamber as a flux monitor in measuring the 325(n,p) cross
gections. Heither the isotopic compositlion nor the uranium cross sections
that they used for their snalysils was reported; therefore, it is not possible
to renormalize their results to a self-consistent set of reference cross
sections based on ENDF/B-3. Lischer® measured the 32§ cross sections on a
relative basis and then normalized to the data of Klema and Hansen,%%
Hurlimann and Huber®® calibrated a Homyach detector relatlve to Hin,p)
and then measured 32S(n,p) relative to the calibrated detecteor, Allan
et_al, % peasured 325 using a 238U fission chawber as a flux monitor; we
have renormalized their data to the ENDF/B-3 238%U{n,f} cross sections., The
structure in the cress-section data between 1.6 MeV and ~5 MeV is well re-
produced by both Luscher%® and Hurlimann-Huber#® except for a 20-50 keV
difference in the neutron energy scale, We have chosen to increase the
neutron energies of the Hurlimann-Huber data by 20 keV between 2.2 and 2.9
MeV and by 50 keV for data at energlies hipgher than 3,0 MeV. The data
presented in Fig, A4 show the reported energies before our energy adjustment.
With che exception of the measurements in the energy region between 2,25
and 2,55 Me¥, the agreament between the four experimentig 1s reaszonably
good, After rencormalization, the data of Allen et al 47 agree wall with
those of Klema and Hanson®* from 3.4 to 5.8 MeV,

The c¢ross-section data for neutron energies between 5.0 amd
20.3 MaV are presented ip Fig, A5, From 5.% to 9.6 MeV, data are_available
only from Allen et al, From 10.4 ta 11.6 MeV, Santry and Butler*® have
measured 325 on & relative basis and noymalized to the data of Allen et al,
at lowetr energy, We have renormalized the Samtry-Butler values relative to
the renormalizated Allen data. From 13 to 15 MeV, Allen et al. measured
the 325 cross section on an absclute basis by the associative particle
technlgue, Santry and Butler® measured the 328 cross section from 12,5 to
20,3 MeV on a relative basis aad normalized to the results of Allen et al,
at 14.50 MeV. Both measurements seem acceptable without any renotmalization.
Between 14,0 and 14.8 MeV, eighc individual 325(n,p} cross section measure—
ments are reported.??-36 These data, which are given in Fig, 45 with error
bars indicated, show considerabls scatter but a fitted curve cthrough these
values 1s not too different from the data of either Allen et al.47 or
Sraml:1:3,!—B.t;l‘.:ll.ﬂ:.‘!'3

The avaluated ¢ross sections are shown as the zolid lines in
Figs. A4 and A5, Below 5 MeV the evaluation was based upon a "best" curve
through the available data. In arriving at the curve, we adjusted the
energy scale of the Hurlimann-Huber data by 20 keV between 2.2 and 2.9 Me¥
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and by 50 keV for data greater than 3.0 MeV, {This adjustment is not reflected

in thelr data as presented in Fig. A4.) Wich this azdjustment, all of che
data were in pood agreemsnt and a "best" fit curve was used, From 5 to L4
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MeV the adjusted data of Allen et al,%7 vere used for the evaluation.
Between 14 and 14,8 MeV, a least sgquares fit to all evailsble data, weighted
according to our assessment of the quality of data, was used, Above 15 HeV
our evaluation follows the S.m'lt:.':f,lh-Eutlan:‘i data, An evgluatico by Epa&pﬂn5}
iz shown in Flgs. A4 and A5 for comparisom purpeses. Our oversll svaluation
is also tabulated in Table AZ Iu the ENDF/E format.

Because 323{n,p) has been extensively used as a cress-section
reference reaction, we fegl that additional measurements from threshold
to 20 MeV are desirable, We hawe concluded from cur evaluation that the
crosa sacticns for 325(n,p) are not sufficiently established for use of
this reaction as a2 reference stbandard.
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TABLE 42, Evaluated Lross-Section Data for the 325{n,p)32P
Reaction Tabuylated in ENDF/E Foruat

Energy, ev Sigma, b Energy, ev Sigma, b Energy, ev Sigma, b
9.57000+ 5 0,00000+ 0 1.00000+ & 1.280Q00- 5  1.10000+ 6 2.50000- 5
1,20000+ &  5.00000- 5 1.30000+ 6 1.12000- 4 1.&DDDQ_ & 2.30000- 4
1.50000+ 6  4.70000- 4 1. 60000+ 6 9.50000- &4 1.700004+ & 1.80000- 1
1.80000+ 6  4.00000- 3 1.90000+ 6 7.80000- 3 2.000MM & 1.45000- 2
2.10000+ & 2.95000- 2 220000+ & 5.20000- 2  2.30000+ &6  B.40000- 2
2.35000+ &  9.40000= 2 2.40000+ 6 B.65000~ 2 2.50000+ & 7.30000= 2
2.60000+ & 7.90000= 2 2.70000+ 6 &.60000- 2 2.80000+ & 1.20000- 1
2.90000+ 6  9.30000- 2 3.00000+ 6 1.20000- 1  3.10000+ & 1.82000- 1
3. 20000+ & 1.41000- 1 3.25000+ 6 1.35000- 1 3.30000+ &6 1.88000- 1
3.35000+ & 2.23000- 1 3.50000+ & 2.10000- 1 345000+ & 2.01000- 1
3.5Q000+ 6 2.02000- 1 3.60000+ & 2. 38000- 1 3.70000+ & 2.10000- 1
3.800Q0+ & 1.66000- 1 3.90000+ & 1.85000- 1 §.00000+ & 2. 70000~ 1
4.10000+ 6 3.05000- 1 4.20000+ 6 3.4000- 1  4.30000+ &  3.49000- 1
4.,40000+ 6 3.24000- 1  4.60000+ & 2.546000-1 4.80000+ 6 2.30000- 1
3.00000+ 6 2.35000- 1 5.20000+ & 2.35000- 1 5.40000+ 6 2.40000- 1
5. 60000+ 6 2.77000- 1 5.80000+ 6 3.03000- 1 &.00Q0{+ 6 3.11000- 1
6. 50000+ 6 3.15000- 1 7.00000+ & 3.16000- 1 7.50000+ 6 3.2000Q0- 1
B.00O0O0+ & 3.24000- F  B.30000+ 6 3.30000- 1 9.00000+ & 3.40000- 1
9.,50000+ & F.5A000- 1 1.00000+ 7 3.70000- 1 1.05000+ 7 3.82000- 1
1.10000+ ¥ 3.585000- 1 1.15000+ 7 3.84000~ 1 1.20000+ 7 3.66000- 1
1.25000+ 7  3.28000= 1  1.30000+ 7 3.08000- 1 1.35000+ 7 2.80000- 1
140000+ 7 2.53000- 1 L.45030+ 7 2.23000- 1 1.50000+ 7 2.10000- 1
1.60000+ 7 1.68000~ 1 1.700Q0+ 7 1.27000- 1  1.80000+ 7 1.10000- 1
1.60000+ ¥ 1.64000- 1  1.70000+ 7 1.27000- 1  1.80000+ 7 1.01.000- 1
1.90000+ 7  R.70000- 2 2.00000+ 7 7.7000D0- 2
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