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ABSTRACT

The Actinide Cross Section Program at ORELA, the Oak Ridge
Electron Linear Accelerator, is aimed at obtaining accurate neutron
cross sections (primarily fission, capture, and total) for actinide
nuclides which occur in fission reactors. Such cross sections,
measured as a function of neutron energy over as wide a range of
energies as feasible, comprise a data base which permits calculated
predictions of the formation and removal of these nuclides in reactors.
The present program is funded by the Division of Basic Energy Sciences
of DOE and has components in several divisions at ORNL.

For intensively ot-active nuclides, much of the existing fission
cross section data has been provided by underground explosions. New
measurement techniques, developed at ORELA, now permit Linac measure-
ments on fissionable nuclides with alpha half lives as short as 28
years. Capture and capture-plus-fissidn measurements utilize scin-
tillatici detectors (of capture y-rays and fission neutrons) in which
pulse shape discrimination plays an important role. Total cross sec-
tions can be measured at ORELA on samples of only a few milligrams.

A simultaneous program of chemical and isotopic analyses of
samples irradiated in EBft-II is in progress to provide benchmarks for
the existing differential measurements. These analyses are being
studied with updated versions of ORIGEN and with sensitivity deter-
minations. Calculations of the sensitivity to cross section changes of
various aspects of the nuclear fuel cycle are also being made.

Even in this relatively mature field, many cross sections still
require improvements to provide an adequate data base. Examples of
recent techniques and measurements are presented.
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INTRODUCTION TO ORELA

The Oak RLdge Electron Linear Accelerator (ORELA) is a powerful
pulsed electron accelerator dedicated to the function of producing
short intense bursts of neutrons over a wide range of energy. It was
conmissioned in...1969 and in the intervening decade has been used for an
extremelylarge: number of experiments utilizing the neutron time-bf-
flight technique.? Measurements are made principally on neutron
capture, fission, scattering and total cross sections forjnuclides over
the entire peribdic'''table'.:':''?.These rneasurenents are performed by members
of the Physics and Engineering Physics Divisions of OBNL and by many
guests and visitors. The facility comprises the accelerator and its
target(s), 10 evacuated neutron flight paths having 18 measurement sta-
tions at flight path"distances 8.9 to 200 mi and a crcnplex 4-comp^^
(SEL 810-B) data acquisition system capable of handling some 17000 32-
bit "events'Vsec from a total of 12data :Lnpû  ̂  The system pro-
vides a total of 2 x 105 words ofdatastorage on 3 fast disk units.
In addition a dedicated PDP-10 time sharingsystem with a 250 megabyte
disk system and 4 PDP-15 graphic display satellites permit onsite data
reduction and analysis. The staff consists of 19 persons associated
with the Engineering Physics Division and 10 persons associated with
the Physics Division of Oak Ridge National Laboratory. The Engineering
Physics Division primarily supports applied measurements and the
Physics Division primarily supports fundamental measurements at the
accelerator. The staff is supported by 7 persons in accelerator opera-
tions and development, 16 craft and maintenance personnel, 1 computer
software expert and 1 computer hardware expert.l

ORELA has been for the last decale the most powerful and useful
pulsed neutron time-of-flight facility in the world, particularly in the
broad midrange of neutron energies (10 eV-1 MeV)* This position will
be enhanced with the addition of a pulse narrowing "prebuncher",
recently installed and now under test. Figure 1 gives a listing of the
ORELA specifications and performance. Figure 2 illustrates contribu-
tions to the energy resolution available at ORELA in the worst heavy
element case, i.e., Doppler broadening flight path length error asso-
ciated with two of the shortest flight paths and the pulse width error
associated with a 40 nanosecond electron pulse and 8 nanosecond data
bins in the three regimes from left to right in the figure. The smooth
curve for underground explosions is drawn through points given by
Diven.2

Perhaps the most important factor which makes ORELA useful is the
multiplicity of flight paths and working stations. Over the last five
months an average of 5.4 of these stations were producing data at any
given operating time. This situation mandates the powerful system for
data accumulation and storage mentioned above.

ACTINIDE CROSS SECTION PROGRAM AT ORELA

The actinide cross section program at ORELA is administered by the
Physics Division of ORNL but actually is carried out in several divi-
sions.



The primary goal is to obtain accurate differential ( i . e . , as a
function of neutron energy) neutron cross sections (fission, capture
and total) for actinide nuclides which occur in fission reactors so
that the behavior of reactors can be predicted with a high degree of
confidence under a l l circumstances* A secondary goal is to permit pre-
dictions of the amounts of various actinide nuclides which will be pro-
duced under al l conditions of operation as an aid to the design of
spent fuel handling facilities; wasted disposal Jeqmpinent and faci l i -
t i es , and possible fuel reprocessing facili t ies. Neutron time-of-
f light measurements are the basic means of obtaining these cross sec-
tions. A secondary means is the determination of quantities of
nuclides actually formed in irradiated samples, whi(A provides a check
on the differential data. The cross sections thus obtained are (a)
published, (b) provided to the national Nuclear Data Centerfat Brook-
haven Ifetional Laboratory, and (c) furnished to evaluators as input to
the Evaluated Nuclear Data Files (ENDF) for use by reactor and facility
designers. A number of special techniques have been developed in this
program which have increased the accuracy and reliabili ty of the
results. The level of effort is 4.5 man-years/year.

Differential Time-of-Flight Cross Section Measurements

These measurements comprise direct determinations of fission, cap-
ture and total cross sections, a l l performed at various flight paths at
ORELA using the neutron time-of-flight method.

Fission Cross Section Measurements — Many actinide nuclides are
characterized by their intense alpha activity. The development of a
new technique for suppressing alpha particle pileup in fission
chambers,3 together with intense interest in the idea of actinide
"burnup" was the genesis of the present cross section measurements
program. Figure 3 illustrates a fission chamber using hemispherical
plates. This chamber might properly be called a "restricted transverse
range" chamber. A second fora of such a chamber which is adapted to
large samples (in contrast to the hemispherical plate chamber) i s the
"honeycomb" chamber, also developed in the course of this program,
which is illustrated in Fig. 4. These "restricted transverse range"
chambers permit fission-to-alpha discrimination of about 1012 if used
with fast electron drift gases such as CHi* and v ^ a fast amplifiers
such as the amplifier illustrated in Fig. 5. This combination permits
the use of samples having alpha rates up to 2 x 108/sec with essen-
t ia l ly negligible background while counting fissions with 75-90% effic-
iencies. Such techniques permit the use of linac neutron sources
instead of underground nuclear explosion sources in measurements of the
fission cross section of very alpha active samples. Aln of these capa-
bi l i t ies have been developed at CfiNL in the course of this program.
The hemispherical plate chamber design and the fast amplifier design
have been adopted in several other laboratories.

A recent measurement of considerable interest i s the determination
of the fission cross section of 21tlAm. The upper curve in Fig. 6 shows
our recently determined cross section from 0.4 eV to 20 SfeV together
with the lower curve which is a csalculated background associated with



inscattered neutrons frcm the various structural materials and gases
present in the experiment. It should be noted that the results are
preliminary since the calculated background curve requires further
incremental improvements. The cross section is based on the (n,ct)
cross section of eLi up to 102 keV and upon the fission cross section
of 235U above that energy. Other cross sections which have been mea-
sured recently include an f (

2lf2raAm) and on f (
2l*^Cf)_.

Capture Cross Section Measurements — This measurement program is a
long standing one which is carried out primarily by L. W. Weston of the
Engineering Riysics Division at ORNL. Generally the measurements are
made at flight path distances of 20 m using scintillation detectors to
detect the capture gamma rays induced by the neutron, bombardment.
Figure 7 illustrates* a recent measurement of the capture cross section
of 237Np at low energies.4 The upper half of the figure illustrates
the present data and a fit to the data while the lower half of the
figure illustrates the errors in ENDF/B-V which have been found in the
energy region thermal to 1 eV. Figure 8 illustrates the only measure-
ments on this cross section in the 100 eV to 200 keV range.1* The rela-
tively good agreement with ENDF/B-V is a tribute to the excellent work
of the evaluators.

Total Cross Section Measurements — Because of the inherent advan-
tage of intensity afforded in transmission measurements it is possible
at OEELA to make total cross section determinations on samples of acti-
nides as snail as a few milligrams. In general energy resolution in
these experiments is also rather good. Figure 9 shows the results of
such a measurement on a very small sample 2l+^Cf. The sample is in the
process of decaying from a sample of 21t9Bk. This is the third deter-
mination of the cross section as the decay has progressed over the last
several years.5

Integral Measurements on Irradiated Samples

A set of twelve samples of seven different isotopes (239Pu, 2 4 0Pu,
24iPu> 237^Pj 238Uj 23% > 2 3 2 ^ ^ j ^ irradiated in EBRr-II over the

period 1966-1970, under the auspices of Argonne National Laboratory.
These samples have been brought, along with about 20 cold (unirradia-
ted) duplicate samples, to QRNL where chemical and isotopic analyses
are in progress in CflNL's Analytical Chemistry Division. Because of
limited funds and manpower available only 5 of these 12 samples have so
far been analyzed and the work is continuing at the rate of roughly
4-5 samples per year. A typical sample contains 100 mg of source iso-
tope. Table I shows the measured amounts of plutonium isotopes which
were found in one of the samples, which was initially almost pure
239Pu.

Calculational Program

This effort comprises calculations in three areas: (1) ORIGEN-like



calculations of the amounts produced under various irradiation con-
ditions for comparison with the EBR-H irradiated sample measureraents
mentioned above; (2) comparison for various isotopes of the changes
found in going from the ENDF/B-IV cross sections to the newer ENDF/B-V
values and (3) calculations of the seasitivity of various parameters of
reactor operations to variations in cross sections. For the higher
actinides (Z>94), reactor fuel cycle calculations trust consider the
amounts of radioactive wastes produced, the;amounts eri&natedthrough
transmutation, and the neutron source strengths in spent fuels. These
are dependent on our knowledge of cross sections- Neutron source
strengths are particularly important in the design of transportation
and handling systems.

EBR-II Sanple poraparison — In Table I, the last column indicates
the results of ORIGEN-like calculations applied to one of the ssunples
involved in the EBR-II irradiation study.6 The results of these calcu-
lations agree rather well with the measured values for the isotppic
distribution of the plutonium isotopes. Generally, such agreement may
require adjustment of the cross sections involved and is thus a good
indication of the need for such adjustments.

Comparison of the ENDF/B-IV and ENDF/B-V Gross Sections — Table II
compares several cross sections for isotopes of americium and curium
and clearly indicates that fairly major changes have occurred in the
accepted values of these cross sections. In one case a change of 75%
was found. Table III shows the effect of cross section changes between
ENDF/B-IV and ENDF/B-V on actinide production in an IMFBR for certain
isotopes. Here changes of 30% are not uncommon. The change in the
neutron source strength in the spent fuel associated with these iso-
topes amounts to 23%. These changes are relatively large, and indicate
the value of improved measurements.

Sensitivity Calculations — A sensitivity calculation is a calcula-
tion of the amount of change expected in some output factor as a result
of a given change in the cross section or some other input factor. The
present sensitivity theory calculations at Cak Ridge are being focussed
on (1) the sensitivity of amounts of isotopes in the EBR-II plutonium
samples to cross section changes, (2) sensitivity of a 1200 WH O/R
reactor's operating parameters, such as kgjf or peak power, to cross
section changes, and (3) sensitivity of large core IMFBR fuel cycle
parameters, such as plutonium discharge or reactivity per cycle, to
cross section changes. These calculations are being performed by.M. L.
Williams of the Engineering Riysics Division.

Auxiliary and Incidental Measurements

Occasionally various factors, such as availability of samples or
need to make auxiliary measurements, make it possible to obtain addi-
tional information which would otherwise not be available. Examples of
this type of measurement are a recent measurement on v of 2li2Qn which
was brought about by a need to determine fission chamber efficiency in



TABLE I

COMPARISON OF MEASURED AND CALCULATED Pu ISOTOPEst

Pu Isotope Measured (%) Calculated (%)

238
239
240
241
242

.020
93.15
6.56
.251
.026

.012
93.01
6.57
.266
.030

tfief. 6

TABLE II

COMPARISON OF ENDF/B-IV AND -V CROSS SECTIONst

One-Group Effective Cross Sections for an LMFBR

Data

Am 241 capture
Am 241 fission
Am 243 capture
Am 243 fission
Cm 244 capture
Cm 244 fission

ENDF/B-IV

1.40
0.42
0.88
0.18
0.53
0.52

ENDF/B-V

1.91
0.29
1.22
0.23
0.93
0.42

A%

+36
-31
+39
+28
+75
-19

fProvided by M. L. Williams.



TABLE I I I

EFFECTS OF GROSS SECTION CHANGES (IV •> V) ON

ACTINIDE PKODUCTION IN AN IMFBR.t

Change in Aetinide Waste Production/Cycle, %

Am 241
Am 242m
Am 243
On 242
On 244

Change in Neutron Source

-7
+30
+6.3
+29
+29

Strength in Spent Fuel

+23%

tprovided by M. L. Williams.



an experiment involving 2lfanAra. Here the most useful arrangement for
determining the efficiency included the use of a neutron multiplicity
detector which had been developed at ORNL some years ago.7 The use of
this multiplicity detector Immediately permitted a determination of the
value of ~ for 2'*2Qn, which is a daughter product of the_2lt2raAm being
measured in the fission cross section experiments. The v measurement
has been completed and a portion of the results are shown in Fig. 10,
where a comparison is made of the number of neutrons observed per fis-
sion in the cases of 252Cf and 2lt2Qn. A value of v obtained was 2.532
±0.013 which is roughly 10 times more accurate than the previous
value.8

A second auxiliary measurement was brought about by a combination
of sample availability, need for the results and availability of cer-
tain detectors and computer facilities. This was a measurement of the
gamma rays following irradiation of a Zh5Cm sample.9 Figure 11 shows
one of many spectra observed in this experiment. The various peaks are
associated easily with fission product isotopes and the amplitude of
each peak decays with a known half-life. It was possible to identify
some 95 isotopes in 50 A-chains among the products even for a sample as
small as 1 mtcrogram. The nasc distribution in. the thermal fission of
21+sCm has been determined from these data and is shown in Fig. 12.
This effort has been so successful that a follow-on measurement of the
mass distribution of fission products in 249Cf is now underway.

Actlnide Newsletter

At approximately annual intervals an "Actinide Newsletter" is being
issued by ORNL with S. Raman as editor. The most recent issue con-
tained 60 contributions from 25 laboratories in 11 countries. Ea.ch
contribution lists the persons involved, the type of equipment, the
type of research, recent i-esults and recent publications. This
newsletter thus serves the function of bringing to the attention of
some 250 workers in the actinide cross section field throughout the
world the most recent efforts of their colleagues.

SUMMARY

The actinide cross section program at CRELA is aimed at improving
our knowledge of the various cross sections needed to make accurate
estimates of the processes and products which occur in reactors of all
types. The effort is a modest one but is useful in providing new
results and in resolving sometimes quite substantial differences in
results obtained in various laboratories. Considerable improvements in
techniques have occurred over the past several years especially with
regard to the elimination of the need to utilize underground explosions
to measure fission cross sections of intensely alpha-active nuclides.



Even though substantial improvements have been seen in the tran-
sition from the ENDF/B-IV to ENDF/B-V files of evaluated cross sections,
several discrepancies have already surfaced between recent measurements
and the ENDF/B-V evaluations. The very substantial economic effects
associated with efficient reactor operation and with the safe and effi-
cient operation of spent fuel facilities and waste disposal facilities
would appear to justify the continuation of efforts along these lines.
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ORNL DWG. 66-5210

ORELA SPECIFICATIONS

L-band, 1300 megacycles
10-140 MeV electrons
15 amp peak current (r <24nsec)
2-1000 nsec burst width
5-1000 pulses per second
50 kw electron beam (r >24 nsec)
1011 neutrons/pulse (T >24risee, Ta target)
1014 neutrons/sec (average, 50kw)
4 x 1018 neutrons/sec (peak, 15 amps)
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ORNL-DWG 79-21Z16R
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