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ABSTRACT

H5gh-em=~gy-cress sections for 237Np are needed to calculate

unwantd 23gT:L con~~i~z in 23ePu product made for heat source

appli=tions in space and medical projects, Recent determination

of the 237N~.::a,2n]crass section, averaged over a 235U fission

spectm, cqletes the information needed to calculate 236pu/238pu

ratios over :L~.:ide=nge of ‘s’Np irradiation environments, from

DzO reflecta~% to P!%%fi.~el.The value is 63 mb averaged over the

spectrm >6.5 !~let~.
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INTRODUCTION

23ePu is produced by two methods: the irradiation of 237NP

241Am.
and the irradiation of .. The n~cle~~ ~e~cti~ns that prod,dce

23ePu from these isotopes are:

237Np(n,y) 23ENp(~-) 238PU

241~(n,y) 242~(@-) 242cm(~) 23*PU

237N is a byproduct of uranium fuel irradiations.P
241h is

a byproduct of plutonium irradiations.

The two primary measures of the quality of 23ePu produced are

2SGpu/z38Pu ratio.238Pu isotopic assay and High assay 238Pu is

desirable because in most applications (heat sources for space and

medical projects) weight minimization is important. High assay can

be made by selection of proper irradiation conditions of either

target nuclide,l’2 A low 23GPu/23ePu ratio is also desirable

because 23GPu daughters produce high-energy gamma radiation. A low

236Pu/238Pu ratio is especially important when 238Pu is used for

medical applications because the radiation dose received by the

patient should be as low as possible. 23SPU in the 23*Pu produced

by irradiating 237Np is formed by two reactions:

237Np(y,n) 23GNp(6-) 23SPU*

237Np(n,2n) 23GNp(6-) 23GPu*

The gamma rays and neutrons initiating these reactions must have

energies >6.8 LleV. 23*Pu formed by irradiating 241Am is essentially

23GPu in test samplesfree from 23GPu contamination (<0,005 ppb

irradiated at Savannah River),3

*50% of the 23GXp formed by (y,n) and (n,2n) reaction decays to
23GPu, and 50% decays to 23GU.
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237N p(y,n) cross sections as a function of energy were deter-

mined, and the results were reported earlier,4’5 along with a

preliminary 237Np(n,2n) cross section measurement. Results of a

237Np(n,2nl cross section in aremeasurement of the 235U fission

spectrum is reported herein; the value is 63 mb averaged over the

spectrum >6.8 MeV,

CROSS SECTION MEASUREMENT

Measurement of 236Pu formation in highly enriched 235U-

aluminum fuel assemblies provides excellent data for determining

the 237N n 2n) cross section for the following reasons:P( ,

23EPu production is23GPu formation relative to●

high. Therefore, an accurate measured value of

the 236Pu/23*Pu ratio can be obtained.

● 23GPu formation from (y,n) events represents

less than 15% of the total.

● 23GPu formation by high-energy fission neutrons

from isotopes other than 235U is <1%. Therefore,

only the 235U fission spectrum must be considered.

Three samples of highly enriched fuel irradiated to about 3@%

235U burnup were taken from a region of a uniform-lattice, D20-

reactor charge where the flux gradient was approximately zero,

and where other operating parameters (assembly power, flux distri-

bution, fuel isotopic composition) were well known. 236pu/238pu

ratios were determined from alpha activity ratios measured by direct

alpha pulse height measurements of purified samples3 of plutonium

that had been chemically separated from the dissolved fuel. Results

of these measurements, corrected to reactor shutdown, are given in

Table I.
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TABLE I

236Pu/238Pu Ratios for Three Fuel Samples

236Pu/238PU Ratio (PIJmlS~iple

1 4.84 fO.4

2 4.4s to.4

3 4.55 fo.4

Average 4.61 tO.25

The 2’37N n 2n) cross section was calculated from these resultsP( >

by using methods described earlier.q High-energy gamma ray and

neutron fluxes in the fuel (>6.8 MeV) were calculated using integral

transport methods. Time-dependent isotopic concentrations were

calculated at every 1% burnup increment of the 235U fuel. Calculated

fuel isotopic concentrations agreed to within S% of measured values.

Particle fluxes and concentrations were input to CASPER, a special

burnup code,” and the [n,2n) cross section was adjusted until the

calculated value of the 23GPu/238Pu ratio agreed with experiment.q

The 237N n 2n) cross section calculated by this analysis can beP( J

represented as

J
25

“2n(E) X(E) dE
’37

n,2n = 6.8
’37 s25

X(E) dE
6.8

(1)

.

where “

a;;2n(E) = energy-dependent 237Np(n,2n) cross section

X(E) = 235U fission neutron spectrum

The calculated cross section is dependent on the assumed

fission neutron spectrm. The form of the fission spectrum used

was the Watt distributing
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X(E)

where

‘f =
T=

r=

= exp {-(Ef+E)/T} sinh [2(EEf)+/T]/(?rEfT)+ (2)

fr2gz2nt k+n~ti~ ~~~rgy per niicleon,fi~eV

nuclear temperature of the fragment, 2/3 (F-Ef)

average fission neutron energy, KleV

Although the accuracy of the (n,2n) cross section is dependent on

the accuracy of this absoiute fission spectrum, the accuracy of

the product of the calculated (n,2n) cross section and integral of

the fission spectrum above 6.8 LieV,to give a predicted reaction

rate, is independent of the fission spectrum. Therefore, the

237Np(n,2n) cross section given in Table II is to be used only

with the IVattdistribution of the fission spectrum. 237N
P(y,n)

cross

ience

sections reported

and comparison.

previouslyQ’5 are also listed for conven-

TABLE II

237Np(y,n) and (n,2n) Cross Sections

Energy groups (~[ev) 6,8-8.0 8.0-10,0 6.8-25

237Yp cross sections (mb)a

(y,n) 14 68

(n,2n) 63b

aCross sections for 22-hr half-life isomer, half of which
B-decays to 23GPu.

b
Averaged over fraction of fission spectrum greater than 6.8 hleV.
This fraction iiascalculated to be 0.0168 for 235U thermal
neutron fission.

The value of 63 ‘b ior th.c237Sp(n,2n) cr~ss ~eccion is larger

by 16 mb than the value reported previously.~’s Ho~tever,the new

value represents a significant improvement in accuracy because it
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was determined from a well-defined irradiation environment and

accurately measured initial and final contents of the fuel. The

total error in the calculated value was determined to be *1O%.

---

TESTS OF CROSS SECTIONS

236pu/238pu ratios were calculated for a variety of irradiation

conditions and were reported previously.” The summary of results

are given in Table III and corrected where necessary for the

improved 237Np(n,2n) cross section. The 23GPu/23ePu ratio calcu-

lated for Y~KEE PWR fuel was a substantial test of these cross

sections because all were derived from data obtained in well-

moderated D20 reactor charges containing 237Np targets. The

236Pu/238Pu ratio are given in Tablevarious contributions to PWR

Cross sections of nuclides used in burnup calculations are listed

in Table V.

TABLEIII

CalculatedandMeasured 236Pu/238Pu Ratios

236pu/238pIJ Ratio(ppm)

IrradiationEnvironment Calculated

SavannahRiver Plant

D20 Reflector - High Flux Charge

- Heavy Al Target 0.78

- Light Al Target 0.30
In-Core - hlixedLattice

- Heavy Al Target 1.32

Light .A1Target, “islands”a

two lattice positions
from fuel -

Po\{erReactor

i’>;RFuel (Y.LSKEE)

C“Islands” of neptunium
adjacent to the targets

0.48

9.51

\leasured

0.76

0.30

1.28

0.47

9.2 =1

targets were formed by renoving assemblies
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TABLE IV

Calculated and Measured 236plJ/23*Pu Ratio
for YANKEE Core I Fuel (ppm)

Calculated Measured
(yjn) (y,n) (n,2n)

<8 MeV >8 MeV >6.8 MeV Total- Total— —

0.875 1.96 6.67 9.51 9.2 *1

TABLE V

List of Nuclides and Cross Sections

Nuclides

235 u
236 u
237U

238 u

23GNp

237Np
2 38NP

236PU

238PU

Cross Sections (barns)

‘2200 Resonance Integrala

w Fission - Fission

99.8

5.12

476.0

2,71

0

170

200

0

546.5

aLow energy cutoff
neutron spectrum.

582.2 131 251

0 346 1.96

2.0 282 2.84

0 269 1.11

0 0 0

0.02 473 4.24

2000” 89.9 810

170 39.9 359

16.3 135 20.8

Of 0.625 eV; also assumes l/E
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