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ABSTRACT

Time-of-flight techniques and a 95-cm3 Ge(Li) detector positioned
20 m from the ORELA white neutron source have been utilized to measure
125° cross sections for the production of gamma rays in 238y and "Li
samples by 0.48- to 5.0-MeV neutrons. The incident neutron flux was
determined with a proton-recoil telescope which used a solid-state,
recoil-proton detector. Altogether, 28 cross sections for 238y transi-
tions from levels with 680 to 1224 keV of excitation were measured. In
addition, 7 branching ratios for weak 238U transitions and the Li(n,n'y)
7Li%* (478 keV) cross section were measured. From these data and other
level-decay information, preliminary neutron inelastic scattering cross
sections were constructed and compared with those at 680, 732, 827, 965,

1048, and 1170-keV of excitation from the proposed ENDF/B-V evaluation.



I. INTRODUCTION

Accurate knowledge of neutron inelastic scattering cross sections
on 238y is important for fast reactor design. Although these cross
sections do not determine neutron balance directly, they influence fast-
critical and reactor parameters through the energy transfer mechanism
they provide for the neutron flux. For example, the sensitivities of the
neutron multiplication and the 238y to 239%u fission ratio of the ZPR-6/7
fast critical are - 0.043 and - 0.243, respectively, with respect to the
total 238U inelastic cross section,! which is known with perhaps a 7 to
10% accuracy.2 More importantly, the excitation-energy distribution must
be accurately known, since, depending on the flux shape, a small cross
section giving a large energy transfer may be as important as a large
cross section giving a small energy transfer. Accurate knowledge of
these cross sections has been elusive since the cross sections are both
difficult to measure due to resolution-intensity problems and difficult
to calculate due to simultaneous compound and direct components because
238y ig highly deformed.

The most recent evaluation of these cross sections is described in
ref. 2 and intended for inclusion in the ENDF/B-V file. The evaluators?
first determined the total inelastic cross section as the difference
between precisely determined partial cross sections and the accurately
measured total cross section. Figure 1 shows part of the 238y energy
level diagram from the 1977 compilation by Ellis.3 1Inelastic scattering
measurements* 1! with Van de Graaff neutrons independently determined

the important cross sections for the 2+(44.9 keV) and 4+(148.4 keV)

members of the ground-state (GS) rotational band shown in Fig. 1



ORNL DWG 79-10643

K=3

K=(2)

K=(1)

3~

1169.1

(3%

e

1059.5

Yoot ~———m

27020 ——
2

b2t —

3

=

R VIR

€'EB0) —wf

307.2
148.4
449

0.00

o]+

I Mmoo

~ o M

o & 9

= = 9

s +

pt o
"

~ ~

o [2)

= Qi
i
=
@ )
9 @ & 8-+
S § o
2 o

o+
o]

Proposed 238y rotational-band structure of Ref. 3.

. 1.

Fig



Cross sections for the higher levels from 680 keV to about 1.3 MeV
of excitation were determined with Van de Graaff measurements“s5»7,8,12
mostly at one angle, the 238%U(n,n”"y) results of McMurray et al.,!3 the
total inelastic constraint, and theoretical considerations. The 680.1,
731.9, and 927.1 keV levels of Fig. 1 have unique evaluated? cross sections.
Levels from 927 keV and upwards are clustered into pseudolevels and evalu-
ated? as groups. The correspondence between the 965, 1048, and 1170 keV
pseudolevels of ref. 2 with the low-spin levels?® of Fig. 1 are listed in
Table 1. Above v 1.5 MeV the remaining unassigned inelastic cross section
was distributed over excitation energy following theoretical consideratioms.
The resultant 238U inelastic cross sections along with others were tested
against ZPR-6-7 criticality, 238y-reflected clean spherical critical, and
238y pulsed-sphere emergent spectra.2

This technical memorandum reports the measurement of gamma-ray pro-
duction cross sections from 238U inelastic scattering. From these data
and other level-decay information3»1%718 jnelastic scattering cross sec-
tions were constructed and compared with those from the 680, 732, 827 keV

levels and the 965, 1048, and 1170 keV pseudolevels of the proposed ENDF/B-V

2 3

evaluation. In particular, time-of-flight techniques and a 95-cm
Ge(Li) detector positioned 20 m from the Oak Ridge Electron Linear
Accelerator (ORELA) white neutron source were utilized to measure 125°
cross sections for the production of gamma rays in 238y gamples by
0.48- to 5.0-MeV neutrons. The incident neutron flux was determined
with a proton-recoil telescope which used a solid state, recoil-proton

detector.!? Simultaneously, the ‘Li(n,n'y) ’‘Li*(478 keV) cross section

was measured in order to verify the 238U results. Altogether, 28 cross



TABLE I. Correspondence Between ENDF/B-V (Ref. 2)

Pseudolevels and Nuclear Data Sheets Energy Levels* (Ref.

3)

ENDF /B-V Nuclear Data Sheets
965 keV 927.0 kev (01)
930.8 (1
950.0 (2)
966.3 2t
993 0"
997.5 3
1048 keV 1037.3 kev 27
1055.8 “h
1059.5 35
1060. 3 2t
1170 keV 1105.6 kev (31)
1127 %"
1128.7 (27)
1167.7 @
1169.1 3"

*
High spins and the 998.3-keV levels not listed



sections for 238U transitions from levels with 680 to 1224 keV of
excitation were measured with an additional 7 branching ratios for weak
transitions. These transitions are shown as solid lines and dashed
lines, respectively, on the Fig. 1 energy level diagram. The dotted
lines show transitions needed to calculate inelastic scattering cross
sections and were obtained from other sources.3»1%-18

Section II of this report describes the experimental aspects of
the measurement. Section III describes the data reduction procedure and
Section IV presents the resultant gamma-ray production cross sections
which are listed in Appendix A. Appendix B contains figures of some
measured gamma-ray spectra. Finally, in Section V the inelastic scatter-
ing cross sections are constructed and compared with those of the pro-
posed ENDF/B-V evaluation.? This section is considered preliminary since
incompleted Coulomb excitation work18,20 may provide improved spectral
decay information. Some conclusions from the present work are discussed in

Section VI.



II. EXPERIMENTAL APPARATUS AND PROCEDURE

A. Beam Line

The measurement was performed at the 20-m station of ORELAZ! flight
path22 number 8 with the beam conditions summarized in Table II. Eight
hundred electron pulses per second were incident on the ORELA water-
cooled tantalum target—moderator,23 producing neutron bursts with a FWHM
of 35 nsec. This neutron flux was collimated by three sets of standard
apertures to produce a 7-cm diameter beam spot at the sample position.

In order to maximize the intensity of high-energy neutrons no shadow bar
was employed and in order to minimize the intensity of very low-energy
neutrons the 14.0-cm diameter collimator at 3m, collimator A, contained
a 22.9-cm long brass sleeve with a 6.4-cm diameter aperture. The 5-m
filter changer contained a 0.93 gm/cm2 10 filter to prevent time overlap
from successive bursts, a 5.l-cm thick carbon filter to provide a
verification of the energy scale, and fourteen 1.27-cm thick thorium
filters used to reduce the gamma flash to a tolerable level. Final data
were taken with eleven of the fourteen thorium filters in the beam. The
beam line was evacuated from the ORELA target to the beam dump except for
a n 2.5-m air gap over the optical bench?? at 20 m.

A proton recoil (PR) telescope and a scattering sample were mounted
on the optical bench. Figure 2 shows a schematic diagram of the PR tele-
scope whose radiator consisted of a 6.9-mgm/cm? aluminum absorber foil
sandwiched between 2.0 and 0.67-mgm/cm? polyethylene radiator foils. Re-
coil protons from the radiators were counted with a 0.30-mm thick silicon

2

solid-state detector whose geometry was defined by a 1.27-cm” aperture



TABLE II. Neutron Beam Conditions

HZO cooled Ta target

Flight path length - 22.181 m

Pulse rate — 800 Hertz

Pulse width - 35 nsec (FWHM)

Electron beam power — 35 kW

Time overlap filter - 0.93 gm/cm? of 10B

Gamma flash filter - 14.0 cm of Th

located 30.6 cm from the radiator center at an angle of 15° with respect
to the beam direction. In order to obtain a recoil-proton energy cali-
bration for the solid state detector and verification of counting losses,
an 2%1Am alpha source was mounted near the radiator. This telescope was
positioned upstream from the scattering sample with its radiator foil
21.420 m from the ORELA target center.

A flat scattering sample was mounted in a vertical plane at a 50°
angle with respect to the beam direction with its center positioned
22.181 m from the ORELA target center. Both a 238y and a ’Li scattering
sample were employed. The 0.003760-atom/barn 238U sample consisted of a
11.11-cm diameter, 0.76-mm thick, 99.92% isotopically enriched disk. The
0.02912-atom/barn highly-enriched Li Samplebconsisted of a 78.77-gm,
15.2 x 15.2 x 0.63-cm isotopically enriched plate enclosed in an airtight
stainless steel can with 0.05-mm thick windows.

Photons produced in the sample were counted with a 95-cm3 Ge(Li)
detector with its front face positioned 28 cm from the sample center
and shielded from low-energy photons with 1.8 mm of lead. The sides of

the crystal were shielded with a 5-cm thick lead sleeve. This detector
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was mounted so that its axis was at 125° and 15° angles with respect to
the beam direction and sample-disk normal, respectively. In order to
eliminate RF interference, both the detector and associated electronics
were contained in a copper-screened cage. In order to measure counting
losses and line-shape distortion during the ORELA burst, a 137Cé source
was mounted ﬁear the sample to provide a 662-keV photon source of constant

and known intensity.

B. Electronic Apparatus

Both fast and slow signals were obtained from the Ge(Li) and PR
detectors. The fast signals were combined in an OR circuit and used to
stop a time digitizer operated in a single stop mode so that no more
than one event from either the Ge(Li) or PR detector could be processed
per ORELA burst. Figure 3 shows a schematic of the electronic apparatus.

In particular, the Ge(Li) detector was an ORTEC 95-cm3 true coaxial
crystal operated at a bias of + 4800 V. Slow signals from this detector
were integrated and shaped with a TC205A amplifier, and the resulting
bipolar output was pulse-height analyzed into 2048 channels with an ORTEC
800 ADC. Fast signals from this detector were amplified with an ORTEC
454 timing-filter amplifier whose output fed an ORTEC 473A constant
fraction discriminator (CFD) operated in the slow-risetime reject (SRR)
mode.

The PR telescope employed an ORTEC 0.30-mm thick, surface-barrier,
solid-state detector operated at + 100 V of bias with an ORTEC 124 pre-
amplifier. Using a twin-axial cable the "E output" of the preamplifier
fed a TC217 differential amplifier, followed by a CI1410 double delay

line amplifier whose delayed output was pulse-height analyzed into 256
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channels with a TMC 217A ADC. From the prompt output of the amplifier a
fast signal was generated using an ORNL Q3066B crossover discriminator.
The fast signal from each detector was split. One set of fast

signals was combined in an EG&G C315/NL OR circuit and used to stop an
EG&G TDC100 clock operated in a single-stop mode. Start signals for
the clock were obtained from the usual ORELA gamma-flash detector.2% If
the stop signal was in the correct time range, the clock valid-stop
output signal was coincidenced with the other set of fast signals and
returned to the clock to supply tags to distinguish which detector
initiated the event. Nineteen bits of tag and timé—of—flight informa-
tion were discharged from the clock to the PDP-7 interface which then
triggered the ADC's to also discharge their pulse-height information.
The resulting word was sent sequentially to the laboratory E PDP-7
computer which controlled the measurement, stored summed flight-time and
pulse-height spectra for each detector, read and update various hardware
and software scalérs, and acted as a buffer to the SEL810B computer.
The SEL computer stored?® the event on a random-access fast disk. Each
event from either the Ge(Li) or PR detector was stored in separate two-
parameter arrays of pulse height versus TOF: one array of 2048 pulse-
height channels per TOF channel for the Ge(Li) detector and another
array of 256 pulse-height channels per TOF channel for the PR detector.
Table III gives the TOF channel structure common to both detectors.
In addition, pulse-height-summed TOF spectra with 1 nsec channel widths

from the two detectors were stored.
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TABLE III. Time-of-flight Channel Structure

Number of Channel Width Clock Time Ge(Li) Energy
Spectra (nsec) (nusec) (MeV)

1 40 0.0 - 0.040 -

1 1160 0.040 - 1.200 Background

1 184 1.200 - 1.384 Gamma flash

1 370 1.384 - 1.754 © ~ 8,184
50 36 1.754 - 3.554 8.184 - 0.462
1 498 3.554 - 4,052 0.462 - 0.315

1260 4,052 - 5.312 0.315 - 0.152

5 1200 5.312 - 65.312 0.152 - 0.0006

C. Experimental Procedure

Considerable beam time was used investigating pileup, deadtime,
photopeak line shape, and timing line~shape problems associated with the
Ge(Li) detector. In particular, it was assumed that the line shape of
the gamma flash photons scattered from the sample into the Ge(Li) detec-
tor was indeed the Ge(Li) timing resolution function. Without the SRR
circuit of the CFD an ORELA burst width of 5 nsec (FWHM) produced a gamma
flash group 8 nsec wide which was more than adequate; however, "~ 507
of the events were contained in a large tail trailing hundreds of nsec
behind the main group. Use of the SRR with proper discriminator adjust-
ment removed this tail, reducing the count rate by 50% and selectively
discriminating against low-energy photons. Figure 4 shows a Ge(Li),
pulse-height summed, TOF spectrum for 35 nsec wide ORELA burst and 4
nsec wide channels. The gamma-flash group is also ~ 35 nsec wide with

no trailing tail.
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With this resolution function, pileup and deadtime problems were
investigated by varying the neutron intensity and ratio to gamma flash
by changing the Th filter thickness and observing the intensity and photo-
peak line shape of the 137¢s group counted during various time intervals
following the gamma flash. At very long times the 137¢g line had the same
shape and count rate, within 1% with the appropriate clock deadtime correc-
tion, as coﬁnting with ORELA off. However, at very short times, corre-
sponding to 0.5 to 5.0 MeV, this was not the case; the 137¢s 1ine shape
was slightly distorted with a high-energy tail and the count rate was
significantly smaller than the beam off measurement. This loss of counts
was expected because the clock recorded only events as determined by the
CFD with SRR. Events which did not fire the CFD went undetected causing
pileup on the slow pulses and thus removing them from the full-energy
peaks. The clock deadtime correction could not account for this pileup.
Using various Th filter thicknesses this missing count rate was found to
be proportional to the count rate indicating a pileup problem. The fact
that the ““l!Am group measured in the PR detector had the correct count
rate after the clock deadtime correction indicated that the problem was
in the Ge(Li) detector.

At 35 kW of ORELA electron beam power, a suitable compromise between
count rate and missing count rate was obtained with 14.0 cm of thorium
filter. With the 238U sample the Ge(Li) detector counted a gamma-flash
photon for n 3% of the beam bursts and counted a photon in the neutron
energy range of interest for v 3% of the bursts. Over this neutron energy
region the electronic deadtime and pileup correction was measured to be

10%. Ge(Li) spectra from the 7Li sample also required a 10% correction.
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Because of possible uncertainties in this correction and to account for
uncertainties in extracting counts from slightly distorted line shapes

a 5% uncorrelated uncertainty was added quadratically to the statistical
uncertainty for each photon group in each energy bin. This uncertainty

represents a major source of error in the measurement.

With the beam conditions of Table II, final data were taken over
parts of four ORELA cycles, each of ten days duration. The 238U and 71i
samples were alternated in the beam for intervals on the order of one
day with the 238y sample occupying v 75% of the available beam time. The
output of a NDS36 clock was counted to insure that the system was operating
correctly over long periods of time. After each of these counting
intervals various consistency checks were made and the data transferred
to a PDP-10 disk. After completion of a cycle the 2387 and 7Li data were
summed giving a separate measurement for each of the four cycles. At
the end of each interval the events in the various spectra were summed
and compared to the scalers to insure that the data had been transferred
correctly from the clock and ADC's to the PDP-7 computer and to the SEL
disk. In addition, the number of !37Cs events and 2“!Am events at long
and short times, the number of either 238y 635-keV or ’Li 478-keV events,
and an integrated number of monitor events were calculated, ratioed, and
compared to insure that the system was stable. Priof to this measurement,
the efficiency of the Ge(Li) detector was measured in situ with 137Cs,
88y, 22Na, 60co, 152Fy, and !96Ru sources. At the end of each cycle the
efficiency was checked with the 15284 source to insure that it was stable
with time. In addition, the permanently mounted !37Cs source verified

the efficiency on a continuous basis.
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III. DATA REDUCTION

A. Energy Scales
Altogether four energy scales were established; the TOF energies
for the incident neutrons producing events in the Ge(Li) and PR detectors,
the recoil proton energy in the PR detector, and the photon energy in the
Ge(Li) detector. In particular, the relativistic neutron energies in
MeV were calculated from the flight path length L in meters, the "clock"
time t in nsec, and the measured centroid of the spectral y-flash group

tY in nsec using the equations

939.549{[1—(v/.299792)2]'l/2—1} (1a)

<]
I

<
i

L/(t—ty+L/0.299792) . (1b)

Gamma flash centroids of 1281 and 1267 nsec and path lengths of 21.726
and 22.181 m were used for the PR and Ge(Li) detectors, respectively.
A small correction was made for the reduced recoil-proton velocity over
its 0.306-m flight path. The Ge(Li) TOF energy scale was verified by
observing the sharp 2.078 MeV 12¢ transmission dip.2®

A linear energy scale for the proton detector was determined using
the 5.48-MeV alpha particles from the 241Am source. TFor the Ge (Li)
detector the linear energy scale 0.9362 x (channel number) + 2.9 keV
was found to reproduce within 0.4 keV both gamma-ray energies?? from

standard sources and the 238y gamma-ray energies given in ref. 3.
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B. Deadtime Correction

In principle the data required no clock deadtime correction because
the desired cross sections were a ratio of Ge(Li) to PR events, both
measured through a common clock. However, a clock deadtime correction
was applied because an incident neutron energy in the two detectors
corresponded to slightly different clock times and a common flux measure-
ment was renormalized for use with both the 238U and 7Li samples which
produces count rates differing by a factor of two. Because the clock
was operated in the single-stop mode the required deadtime correction for
timing channel i simply equalled (l—Ni/B)—-l where Ni was the summed clock
events for both detectors which preceded channel i in time and B was the
number of bursts employed for the measurement. For the energy region of
interest the clock deadtime correction for both samples was always less

than 57.

C. Fluence Measurement
A schematic of the fluence monitor is shown in Fig. 2 and is des-
cribed in detail in ref. 19. Only a brief description will be given
here. The radiator consisted of a 6.9 mg/cm2 Al absorber sandwiched

between 2.03 mg/cm? and 0.65 mg/cm?

polyethylene foils. The Al foil
thickness corresponds to the range of about 2.0 MeV protons. Thus at
high-neutron energies where the fluence is small and the proton range
large the solid state detector counted recoils from both polyethylene
foils, whereas at low-neutron energies where the proton range is less

then 6.9 mg/cm? of Al the solid state detector counted only recoils

from the thin polyethylene foil.
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Figures 5 to 7 show typical recoil proton spectra for omne cycle.
Upper Fig. 5 is a spectrum for a 0.43-MeV wide bin with 4.5-MeV neutromns.
A n 2% background has been subtracted which was estimated by performing
a short measurement with only the Al foil in place. All the counts
above the arrow were taken as recoil-proton events. Lower Fig. 5 is a
spectrum for a 0.23-MeV wide bin with 2.9-MeV neutrons. Recoil protons
from the two foils are well separated and both groups are used for the
fluence measurement. Below this energy the recoils from the thick foil
merge with the background and only the recoils from the thin foil can
be employed.

Figure 6 shows spectra for 0.13 and 0.03-MeV wide bins for 2.0 and
0.7-MeV, respectively. These spectra are very clean and the recoil
events from the thin foil can be determined unambiguously. Knowing the
areal H density of the radiators and the H total cross section?® and
assuming an isotropic center of mass angular distribution, the efficiency
of the telescope was calculated by averaging the differential cross sec-
tion for proton recoils and the detector solid angle over the geometry
of the radiator-detector system. With this efficiency and the number of
recoils per channel the fluence was determined. Figure 7 shows a spectrum
for a 0.02-MeV wide bin from 0.59 MeV neutrons where some recoil-proton
energy ranges are less than 0.65 mg/cm2 which results in a more compli-
cated analysis. The histogram is a Monte Carlo calculation of the abso-
lute recoil proton energy distribution which should be detected using the
stopping powers of Bichsel.2° The data have been normalized to the calcu-
lation above the 0.22-MeV bias level and the neutron fluence was taken

as the ratio of the measured number of recoils above the bias to the
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calculated area above the bias level. The resulting fluence was rebinned
to the energy bins of the Ge(Li) detector by integrating piecewise poly-
nomial fits and is shown in Fig. 8. A more complete description of the

fluence measurement can be found in ref. 19.

D. Ge(Li) Efficiency

The photopeak efficiency of the Ge(Li) detector was measured in situ
with standard gamma-ray sources of known intensities. 1In particular, the
sources were attached to an Al plate at the center of the sample position
and spectra were measured for fixed time intervals. The CFD output was
used to gate the ADC, shown on Fig. 3, so the efficiency calibration
includes the effect of the LRR circuit. With known source strengths,
the deadtime~corrected photopeak areas gave directly the detector effi-
ciency with respect to 4w steradians. The resulting efficiency is shown
in Fig. 9 where the solid data points are from !37Cs (# A3062), 88Y
(# B9643), and 10%Ru sources. The crossed data points have been normal-
ized by a factor of 1.020 and are from 22Na (# A3259) and 60Co (# A3117)
sources and the open data points have been normalized by a factor of

0.985 and are from a l°2Eu source (# LMR2423).

E. Gamma-ray Production Cross Sections
Gamma-ray production cross sections were calculated from the fifty
71i and 238U deadtime-corrected Ge(Li) pulse-height spectra and the corre-
sponding neutron fluences over the same energy bins. A common fluence
measurement for both samples was made for each cycle and was normalized
to a particular sample with ratios of recoil events integrated over inci-
dent neutron energy. The 238y 635-keV and ’‘Li 478-keV gamma-ray produc-

tion cross sections were calculated for each cycle to insure consistency.
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ORNL-DWG, 78-11817

1

(N/MeV)

Neutron Fluence
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Neutron Energy (MeV)

Fig. 8. PR-measured neutron fluence from ORELA for ~ 260 hours of
operation.
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Within statistical error the four cycles gave identical cross sections.
The other 238U cross sections were obtained from analysis of the sum of
the four data sets.

In particular; assuming isotropic gamma emission, the absolute 4w-
steradian gamma-ray production cross section for a given bin, OY’ can be

written as

NM
9, = F enC0S(40°) (2)
where N = peak area or detected number of photons, M = correction for

multiple scattering and flux and gamma-ray attenuation, F = fluence,
e = photon detection efficiency with respect to 47 steradians and peak
definition of N, and n = areal number density of sample. The quantities
OY, N, MSC, and F are all functions of the incident neutron energy.

The number of deadtime-corrected photopeak events were obtained
from the Ge(Li) spectra employing either linear-background summing rou-
tines using OPRODF,30 or the computer program TPASS,31 or the function
listed as examples for the nonlinear least-squares fitting program LSFODF.3?
Figure 10 shows a LSFODF shape fit of a Gaussian resolution function,
integrated over the finite channel widths, to the 882.1, 885.9, and 888.9-
keV triplet for the 1.30-MeV bin. Whenever possible care was taken to
insure that the photopeak-area definition employed to obtain the number
of photons was consistent between the efficiency calculation, pileup-
correction calculation and cross—section calculation. The resulting
photopeak areas used for the cross-section calculation were increased

by 10% to account for the measured pileup correction.
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The correction factor M accounted for neutron flux attenuation,
gamma-ray self-absorbtion, neutron multiple scattering, and solid angle
variations from the finite sample size and was calculated with Monte
Carlo procedures. The required 7Li and 238U cross sections were taken
from ENDF/B-IV, and above the 238y fission threshold the contribution
to the correction from fission neutrons was included. The flux-attenua-
tion contribution to the correction was v 4 and 27 respectively for the
7Li and 238y samples. The gamma-ray self-absorbtion contribution
depended on the photon energy through its total absorbtion cross section
which was taken from the tabulation of Storm and Israel.33 Their 238y
total absorbtion cross section values for various gamma-ray energies were
verified experimentally with ~ 5% accuracy using 88Y and 1%2Eu sources
and a 38 mm-thick 238y sample in transmission. For the 478-keV 7Li line
the contribution to the finite sample correction from gamma-ray self-
absorbtion was ~ 2%. For 0.4, 0.8, and 1.2 MeV photons from the 238U
sample this contribution was ~ 24, 6, and 5%, respectively. The contri-
bution from multiple scattering was of the order of 5% or less, and the
contributions from solid angle variations and fission neutrons were almost
negligible. With this finite sample correction computed for each gamma
ray of interest for each neutron energy bin, Eq. (2) yielded the measured

production cross sections which are presented below.
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ORNL-DWG 79-9217

4000 T T T T
TEST CASE S: PERK FITTING

3000+ —

2000

1000

| |
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GAMMA RAY ENERGY (KeV)

Fig. 10. LSFODF least-squares shape fit of three exponentials inte~-
grated over channel widths and a linear background to the 238U 882.1,
885.9, and 888.9-keV triplet from 1.30-MeV incident neutrons. The histo-
gram and other curve are the final fit and initial guess, respectively.
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IV. MEASURED GAMMA-RAY PRODUCTION CROSS SECTIONS

A. 7Li(n,n’y) 478 keV Gamma-ray Production Cross Section

Figure 11 shows Ge(Li) spectra measured with the 714 sample for a
0.50-MeV wide bin from 4.96-MeV neutrons and a 0.06-MeV wide bin from
1.24-MeV neutrons; respectively. The inserts show the 478-keV 1line shape
which, because of its short lifetime, Doppler broadens with increasing
neutron energy. At low-neutron energies the spectra are very clean and
the high-energy tails on the peaks are apparent. Upper Fig. 11 contains
only three gamma-ray groups: the 478-keV /Li line, the 661.5-keV 137¢g
line, and the 197.1-keV !9F line produced by neutron scattering in the
detector. The remaining asymmetric wide groups are caused mainly by Ge
inelastic scattering.34 Neutrons on ’Li produce only the 478-keV line.
At higher energies shown in lower Fig. 11 the background and Ge lines
are more intense and more lines appear. Nearly all of these lines have
been identified to be from either Pb or Fe. Figure 12 shows the 478-keV
cross section obtained from these spectra and compares it with those

from other workers.3°s36

These cross sections are listed in Appendix A.
Error estimates are discussed at the end of this section and the compari-

son will be discussed in the next section.

B. Gamma-ray Production Cross Sections and Branching Ratios for 238U

In order to facilitate the identification of weak photon groups the
thirty-three 238y spectra, each 36-nsec wide, spanning neutron energies from
0.67 to 4.30 MeV were collapsed into five spectra. In particular, the
collapsed spectra span incident neutron energies from 0.67 to 1.00, 1.00
to 1.21, 1.21 to 1.49, 1.49 to 2.00, and 2.00 to 4.30 MeV and are shown

in detail in Appendix B.
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Fig. 11. Measured y-ray spectra from neutron bombardment of Li
where the inserts show the 478-keV line which is Doppler broadened and
has high-energy tail from pileup.
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Obtaining photopeak areas from the uncollapsed spectra and using
Eq. (2) twenty-eight cross sections for 238U photon production were
calculated and are shown in Figs. 13 to 24. These cross sections are
listed in Appendix A. In addition, seven branching ratios for weak or
unresolved transitions were measured with respect to the above cross
sections. These branching ratios were obtained mostly from the collapsed
spectra and are listed in Table IV. These data represent all the experi-
mental information extractable from this measurement for inelastic

scattering on 2387 levels up to 1223.9 keV of excitation.

TABLE IV. Measured y-ray Branching Ratios

All energies in keV

Level Energy Branching Ratio

930.8 IY(930.8)/IY(885.9) = ,038 = .006
930.8 IY(250.7)/IY(885.9) = .10 * .03
950.0 IY(269.9)/IY(905.1) =.21 % .07
997.5 IY(849.1)/Iy(952.6) = .70 * .13
997.5 IY(317.4)/IY(952.6) = .13 + .03
1128.7 IY(396.8)/IY(1083.8) = .39 * .06

I (435.8) + I_(437.2)

1167.7 and 1169.1 ! X - 24 + .06

I.(1019.3) + I_(1020.
¥ € ) 4 (1020.7)

In particular, Figs. 13 and 14 show measured cross section for the
six possible photon decays from the 680.1-keV 1, 731.9-keV 3, and
827.1-keV 5 rotational members of the K = 0 octuple band to the 0.0-keV
oF, 44.9-kev 27, 148.4-keV 47, and 307.2-keV 6  rotational members of

the GS band. These states are shown on the level diagram of Fig. 1 and
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throughout the remainder of this report will simply be designated as the
1,3,5, Of, 2+, 4+, and 6+ levels, respectively. Figure 13 shows

cross sections for the l_+2+ 635.2-keV decay, the 5_-->6+ 519.9-keV decay

and the 680.1 and 678.7-keV doublet from the 1707 and 554" decays,
respectively. Figure 14 shows the 687.0 and 583.5-keV decay cross sections
from the 3 1level to the 2+ and 4+ levels, respectively. Because these
five cross sections measure all possible decay modes from the octupole
band, assuming higher members are not populated their sum must be equal

to the total inelastic scattering cross section of the octupole band plus
all decay cross section from higher excited states into the band.

Figures 15 and 16 show cross sections for gamma decay from the
927.0-keV (0+), 966.3-keV 2+, and 1055-keV (4+) members of the proposed
first-excited K = 0 band. The spin and parity of only the 2+ member of
this band has been firmly established and only single decays from the
(O+) and (4+) members of this band have been observed. Figure 15 shows
882.1 and 748.6-keV decay cross sections for the 927-keV (O+)+2+ and
1055-keV (4+)+6+ transitions, respectively. Figure 16 shows cross sec-
tions for 966.3, 921.4, and 817.9-keV transitions from the 966.3-keV 2+

+
+, and 4 levels, respectively.

state to the 0+, 2

Figure 17 shows cross sections for 1037.3, 992.4, and 888.9 keV
decays from the 1037.3 keV 2+ beta vibrational level to the O+, 2+, and
4+ levels, respectively. No photon decays from the 993-keV 0+ or 1127-
keV (4+) members of the beta vibrational band are clearly observed

although a small 1127-keV cross section may be doublet with the 1128.7—

keV level.
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Figure 18 shows 885.9, 905.1, and 952.6-keV decay cross sections
from the 930.8-keV (17), 950.0-keV (2 ), and 997.5-keV 3 members of the
proposed K = 1 band to the 2+ level. In addition, five BR with respect
to these transitions were measured and are listed in Table IV. They are
the 930.8 and 250.7-keV decays from the 930.8-keV (1) state to the O+
and 1 levels, the 269.9-keV decay from the 950.0-keV (27) level to the
1 level, and the 849.1 and 317.4-keV decays from the 997.5-keV 3 level
to the 4+ and 1~ levels, respectively. The other decays into and from
this baﬁd and the multipolarity of these decays are a major source of
confusion in the comparison of these measured cross sections with the
ENDF /B~V inelastic cross sections.

The decay cross sections from the K = 2 gamma vibrational band, shown
in Figs. 19 to 21, are mixed through unresolved doublet transitions among
themselves and with transitions from the proposed K" = 27 band and the
1059.5-keV (3+) level. Figure 19 shows decay cross sections from the
gamma-vibrational band where the 1060.3-keV 21+0" and the 1105.6-kev
(3+)—>2+ transitions are measured as a 1060.3-1060.7-keV doublet, and
the 1105.6-keV (37)+4" transition (957.3-keV) is resolved. Figure 20
shows cross sections from the other decays from the gamma vibrational
2+ level; however, these cross sections are doublets with the 1014.4
and 911.1-keV transition from the 1059.5-keV level to the 2+ and 4+
levels., Figure 21 shows 1122.8 and 1019.3-keV decay cross sections from
the gamma band 1167.7-keV (4+) level to the 2+ and 4+ levels; however,
these cross sections are with the 1124.2 and 1020.7-keV photons from
the corresponding 1169.1-keV 3 decays. Although the doublet structure
complicates these cross sections, sums of these cross sections are a

measure of the decay cross section of sums of levels.
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Figure 22 shows 1083.8 and 448.6-keV decay cross sections for tran-
sitions from the 1128.7-keV (2 ) state to the 2+ and 1 levels. In
addition, the branching ratio of the transition to the 3 state was
measured to be 0.39 * .06 with respect to the 1083.8-keV cross section.
The transitions from the 3 state of this K = 2 band were shown in
Fig. 21 and are doublets with transitions from the 1167.7 keV 4+ level.

The above 24 gamma-ray production cross sections and 7 branching
ratios are all the information available from this measurement on the
proposed rotational bands of Ellis.3 We find no conflict with the measured
thresholds for production of these photons and their placement in the
decay scheme of Ellis.3 In addition, four other decay cross sections
were calculated from the measured spectra. Figure 23 shows cross sections
for 1208.3 and 1199.8-keV photons. Inspection of their thresholds indi-
cates that the 1208.3-keV photon is a GS transition, whereas the very
weak 1199.8-keV photon is either a GS transition or 2+ transition.

Figure 24 shows decay cross sections for 1223.9 and 1179.0-keV transi-
tions from the 1223.9-keV 2+ state to the O+ and 2+ levels. These levels
are not shown in Fig. 1.

The above 28 cross sections are listed in Appendix A.
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C. Uncertainties

The listed errors with the Appendix A cross sections are uncorrelated
and follow frbm the recoil proton and photopeak statistical uncertainties
with an additional fraction of the photopeak areas added quadratically.

For most lines this fraction is 5% and accounts for uncertainties in
extracting areas from distorted line shapes and possible pile-up correc-
tion uncertainties. For a few lines this fraction was increased to include
additional uncertainties from separating closely-spaced doublets and other
confusions connected with the photopeak areas.

In addition to these uncorrelated uncertainties there is an overall
normalization uncertainty, correlated over all energy bins of all cross
sections, which arises mainly from the flux and detector efficiency
measurements. The various systematic errors from the flux determination'?
are listed in Table V. For incident neutron energies above 0.70 MeV
these errors quadratically sum to be less than 5%Z. Allowing a 3% uncer-
tainty for the Ge(Li) efficiency measurement and a 2% uncertainty in the
multiple scattering and attenuation correction gives a normalization
error of 6% or less. This simple separation of error into correlated and
uncorrelated components is ambiguous; however, the above estimates are
believed to be realistic.

Two other possible sources of uncertainty, for which it is difficult
to give numerical estimates, arise from the photon angular distributions
and from the potential for unknown doublet structure. In particular, the
photon angular distributions OY(G) for E1, M1, or E2 transitions between

states of definite parity are of the form

OY(G) = C0 + C2 Pz(cose) + C4 P4(cose) (3)



49

TABLE V. Fluence Measurement Uncertainties

Source Uncertainty

Average Radiator Thickness (includes 1/2%
weight and uniformity of foil, but

does not include uncertainties possi-

bly due to impurities or stoichiometry

of polyethylene)

Averaged Scattering Angle and Detector 17
Solid Angle

Uncertainty in hydrogen angular distri- 1%
bution and uncertainty in computed

cross section due to error in deter-

mining incident neutron energy

Analysis of pulse-~height spectra for 2% 3.2<En<5.0 MeV
determination of number of proton

recoil events 47 2.6<En<3.2 MeV

2% 1.0<En<2.6 MeV

47 O.7<En<1.0 MeV

10% En<0.7 MeV

where Co’ Cz, and C4, are angle independent and P2 and P4 are the usual
Legendre polynomials. The angle integrated cross section of o(9) is 4w
C,- This work measured c(8) at © = 125° for which P, = 0. Consequently,
assuming C4 = 0, C0 was measured directly and normalized to a 471 cross
section though the efficiency calibration. If C4 # 0 an error is intro-
duced into the Appendix A cross sections. However, for El transitions

C4 must vanish and for the remaining transitions investigated in this

work C4 is believed to be small. This could be verified by satistical

model calculations; see for example ref. 37.
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The possibility that a measured and known 238y transition is doublet
with an unknown transition is another troublesome source of uncertainty.
This is particularly true for neutron energies above 1.5 to 2.0 MeV where
the spectra become very complicated because of the numerous weak photon
groups which appear above the fission threshold. For example, the two
El decays from the 3~ level to the GS band must have an energy independent
cross-section ratio. Nevertheless, as indicated in Fig. 14, this ratio
is constant only from threshold to ~ 1.5 MeV. The unexplained increased
cross section for the 583.5-keV transition above ~ 1.5 MeV is probably
due to another transition of unknown origin with energy near 583.5 keV.
The cross section for the 966.3 keV line shown in Fig. 16 is another
example of this problemn.

Finally these cross sections have been measured with a timing reso-
lution function width of 36-nsec FWHM. This width corresponds to the
energy difference of adjacent data points in the Figs. 13 to 24 cross

sections.
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V. INELASTIC SCATTERING CROSS SECTIONS

A. "Li(n,n”) Li*(478 keV) Inelastic Cross Section

This cross section could provide a useful standard for other gamma-
ray production measurements and is of interest to fusion work. As illus-
trated in Fig. 11, gamma-ray spectra from neutron bombardment of 711
contain only the 478-keV line whose production cross section has a
relatively low threshold and is both isotropic with angle and smooth
with energy. Because of these properties and also to verify the normal-
ization of the 238U(n,n'y) cross sections, we have measured this ’Li
cross section simultaneously with those of 238y,

Figure 12 compares our resulting cross sections with those of the
ENDF/B-1IV evaluation3® and the recent measurements of Smith3° and Morgan.36
Earlier measurements are discussed in ref. 35. Our plotted errors are
uncorrelated standard deviations from statistical errors and the 5%
pileup-lineshape uncertainty. Quadratic addition of an estimated 67
correlated uncertainty in the normalization gives an 8% absolute error
for each data point. The cross sections of Morgan.36 have small relative
errors (not shown) and a 10% absolute error, whereas the data of Smith3%
have 57 and 97 for relative and absolute errors, respecitvely. The only
serious discrepancy is from threshold to ~ 1.3 MeV where both ORELA
cross sections are in excellent agreement with one another and larger
than either the Smith3% or evaluated values. Above v 2.0 MeV our cross
sections are on average Vv 6% smaller than the Morganm®® values. From
n 1.3 to exactly 2.4 MeV our cross sections agree well with the Smith3®

data. Above 2.4 MeV they are smaller.
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The two ORELA measurements used different beam lines, 7L samples,
photon detectors, flux determinations and procedures and are consistent
within their quoted uncertainties; consequently a suitable average of
these results easily provides a ’Li(n,n”y) 478-keV gamma-ray production

cross section accurate in both shape and magnitude to 7%.

B. 238y Branching Ratios

In order to calculate the scattering cross section o(E*) from level
E*, population crosé sections ¢ (E*) must be obtained from the y-ray
production or decay cross sections OY(EY) where EY is the transition
energy and the dependence on the neutron energy is implicit. This pro-
cedure requires at least one OY(EY) for every level considered with a com-
plete knowledge of its decay properties: gamma-ray branching ratios (BR),
relative strength of possible EO decay and for low energy photon decays
its internal conversion coefficients which require knowledge of the
transition multipolarities. TFrom these population cross sections and
decay information, the scattering cross sections can easily be obtained.

Table VI lists the level decay properties used in this preliminary
analysis and depends heavily on the compilation of Ellis3 who has recently
organized level and decay information on 238y, This compilation3 results
in the proposed level and band structure shown in Fig. 1 which our data
does not contradict and we assume correct. The Fig. 1 level diagram and
Table VI decay properties depend heavily on four measurements: the 238py
g-decay spectrum of Trautmann et al.,!% the 238U(n,n”y) work of Demidov
et al.l® and McMurray et al.,'3516 and the Coulomb excitation work of

17

McGowan et al. Not included in the compilation® are Coulomb excitation

work in progress by McGowan!® and J. G. Alessi et al.20
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Table VI requires explanation on a level by level basis since there
are both missing and conflicting data for which assumptions must be made.
Column four to eight labeled B—, DEY, MCM, MCG, and ORNL are the gamma-ray
BR of Trautmann et al.,lL+ Demidov et al.,15 McMurray et al.,16 McGowan,18
and of the present measurement, respectively. The last column is the
total intensity BR used in this analysis and was calculated using the
total internal conversion coefficients of Hager and Seltzer3? and whenever
possible the gamma-ray BR from the present work.

The BR of the octupole intraband E2 transitions, shown in Fig. 1 and
listed in Table VI, with respect to the crossover El tfansitions were
calculated!” assuming a GS intrinsic quadrupole moment with K a good
quantum number. K appears to be conserved for both this and the GS band
since the crossover El transitions obey Alaga's rule.*0 1In particular,
below 1.5 MeV GY(35+4+)/0y(3i+2+) = 0.78 £ .02 which agrees with other
results and Alaga's rule of 0.81. Above 1.5 MeV, as shown in Fig. 14,
Oy(3__4+) seems doublet with an unknown y-ray; consequently we use
07(731.9) = 1.92 GY(687.0) for all neutron energies. Likewise, below
the 5 threshold at v 1.0 MeV oY(1_~>O+) /oY(1"+2+) = 0.62 * .02 which
also agrees with other results and Alaga's rule of 0.61. Above v 1.0
MeV as shown in Fig. 13 the oy(5i+4+) component doublet with OY(17+0+)
is appreciable; hence we use 0”(680.1) = 1.62 oy(635.2). Alaga's rule
requires Oy(5—+6+)/ Gy(5_+4+) = 0.59; consequently subtraction of 1.69
Oy(5_+6+) from Gy(l_+2+ and 5_+4+) should yield a BR of 0.62 with respect
to OY(635.2) for all incident neutron energies which it satisfyingly
does within statistical uncertainty. Hence, the required assumption
that 07(827.1) = 3.22 GY(519.9) is somewhat verified. In summary the
octupole band BR of Table VI follows a simple rotational model and the

intraband E2 BR were obtained employing a GS quadrupole moment.
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Production cross sections for gamma-ray decay from the proposed
+
first-excited K" = 0" band are shown in Figs. 15 and 16. This band is

“ Only single decays are observed from

not populated by 238pa beta decay.1
the proposed 927.0-keV (0+) and 1055.8-keV (4+) members giving ¢7(927.0) =
oy(882.1) and ¢~ (1055.8) = GY(748.6), respectively. There are at least five

3 of an

gamma branches from the 966.3-keV 2+ member and the suggestion
EQ0 decay to the 2+ level. Figure 16 shows measured cross sections for

the E2 decays which give BR in reasonable agreement with those from other
works. It is interesting to note that these BR are discrepant with Alaga's
rule by a factor of 4. The 1~ and 3~ BR of McGowan!® are used for the
total transition BR used to calculate the inelastic scattering, whereas

the suggested E0 strength of Ellis3 is not. This level probably has some
EO decay; however, the conclusion that 67.5% of its population decays by

18 The resulting

EQ0 seems excessive and unwarranted from the data.
transition BR gives 07(966.3) = 2.02[oy(921.4) + oY(817.9)].

Decays from the proposed K' = 1”7 band are a major source of confusion
because of discrepant BR of unknown multipolarities which can transfer
appreciable cross section from the K" = 0 band into the K" = 1~ band.
Fortunately, for each rotational member we measure one decay cross section
which are shown in Fig. 18. Using the Table IV BR for the 930.8-keV (1_)
band head gives ¢7(930.8) = 1.17 oy(885.9) assuming E2 photons for the
1 1 decay. This transition can proceed by both E2 and M1 photons with the
mixing ratio unknown. We somewhat arbitrarily choose a pure E2 decay

which results in a 13% BR, whereas a pure M1 decay would give a 27% BR.

Decays from the 950.0-keV (27) member are more confused. Trautmann
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et al.,'% Demidov et al.,!® and McGowanl® all obtain nearly equal 1  and
3" branches; however, these branches with respect to the 2+ decay are
discrepant suggesting that the 905.1 keV gamma is a doublet. A 1055.8-
keV (4+)+4+ decay would give a 907.4 = 1.0 keV photon which could cause
confusion. In addition, the 218.4-keV 3 decay nearly coincides in
energy with possible decays from the 1167.6 and 1169.1-keV levels to the
950.0-keV levels. We measure and use the smallest 1 branch and assume
a 3~ branch of 0.23. These two decays can be E2-M1 mixtures which we
assume to be pure E2 resulting in ¢7(950.0) = 1.62 Oy(905.l). The BR
from the 3  member are also confused as shown in Table VI. Perhaps some
of the confusion is caused by the °SFe 847.2 keV line. McGowan et al.l”
suggest a 117 branch from population considerations which is ignored
because of our discrepant El BR. Using our measured BR and the 5 BR

of Trautmann et al.l* result in 07°(997.5) = 2.19 Oy(952.6).

Only transitions from the 1037.3-keV 2+ member of the proposed K' =
O+ beta-vibrational band are clearly observed. Their production cross
sections are shown in Fig. 17 and give BR in reasonable agreement with
those from other workers. The small branches measured by McGowan!® to
the 1 and 3~ levels are employed as well as the measured!” EQ transition
strength. The resulting transition BR give ¢7(1037.3) = 2.40[cy(1037.3) +
oy(992.4) + oy(888.9)].

Gamma rays from the K' = 2+ gamma-vibrational band are extremely mixed
as doublets. TFortunately, these levels decay only to the ground state
band and EQ transitions are probably hindered because of the K selection
rule. The 2+ and 4+ branches from the 1060.3-keV 2+ member are doublets

with the corresponding decays from the 1059.5 (3+) level. 1In additionm,
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the O+ branch from the 1060.3 keV 2+ member is doublet with the 2+ decay
of the 1105.6-keV (3+) member leaving only the (3+)+4+ branch resolved.
Nevertheless, o”(1060.3) + ¢”(1105.6) + ¢”(1059.5) = GY(1060.3-1059.5)
+ Oy(1014.4—1015.3) + OY(911.1-911.9) + Oy(957.3) which is sufficient
for our needs except that the v 1060-keV doublet contributes to the 1048~
keV pseudolevel and the 1105.6-keV level contributes to the 1170-keV
pseudolevel. However, from threshold to ~ 2.0 MeV these gamma-ray pro-—
duction cross sections have roughly the same shape and using the Table VI
BR one can deduce that about 107 of Oy(1060.3—1060.7) is from the (3+)
level. Consequently, ¢”(1105.6) = Oy(957.3) + 0.10 oy(1060.3—1060.7)
and 07(1060.3) + ¢7(1059.5) = 0.90 GY(106O.3—1060.7) + OY(1014.4—1015.3)
+ oy(9ll.1—911.9).

Figures 21 and 22 show gamma-ray production cross sections for the
proposed 1128.7-keV (27) and 1169.1-keV 3 members of the K" = 2° band.
We measure cross sections for two decays from the 2" member whose BR is
in qualitative agreement with those from other works. The discrepancy
could be from confusion with a possible beta band (4+)+2+ decay. The other
three branches of Trautmann et al.,!" normalized to the summed 1083.3,
448.6, and 396.8-keV branches, result in the intensity BR as shown}
however, four decays have been assumed E2 where Ml is also possible.
These intensity BR give ¢(1128.7) = I.62[0Y(1083.3) + oy(448;6)]. Our
measured decays from the (4 ) member shown in Fig. 21 are doublet with
the corresponding transitions from the gamma-band (4+) level confusing
the BR. We simply do not see a 489.6-keV branch as intense as McGowanl®8
or Trautmann et al.,!" and assume it to be zero, resulting in intensity
BR which give 0°(1167.7) + 07(1169.1) = 1.253[0Y(1019.3—1020.7) +

GY(1122.8—1124.2)].
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TABLE VI, 238) Level-Decay Branching Ratios Where Columns Labeled 8 , DEY, MCM,
and MCG are Those From Ref. 14, 15, 16, and 18, Respectively

Gamma-Ray BR Total
Level Transition Energy [ DEY MCM MCG ORNL BR
K = 0 Octupole Band
680.1 1m0 680.1 E1 73 66 40 .62 .383
>2+ 635.2 E1 88 100 60 1.00 .617
731.9 3‘»21 687.0 EL 54 90 56 1.00 1.00 .522
>4 583.5 E1 41 59 44 .81 .78 406
>1 51.8 E2 .072b
827.1 574l 678.7 E1 1.00 .576
-6 519.9 E1 yes®  yes .59 .310
+3 95.2 E2 .114b
K = 0 Band
+, o+
927.0 0 )2 882.1 E2 yes yes yes 1.000
966.3  2'>0] 966.3 E2 9 .088 126 071
2, 921.4 E2 7.9 31 .285 .328 .186
»2, 921.4 EO 0.0002
4 817.9 E2 21 60 484 546 .309
>1” 286.2 E1 .058 047
+3 234.4 E1 .075 .053
1055.8 whH-e" 748.6 E2 yes 1.000
K = 1 Band
930.8 (1')+oi 930.8 E1 yes 5.9 2 .257 .04 .034
»2 885.9 E1 45 80 98 1.000 1.00 .852
1 250.7 E2 7 .109 .10 114
950.0 (2')->2f 905.1 E1 23 16 1.00 .552 1.00 616
»1” 269.9 E28 12 15 .207 0.21 164
+3 218.1 E22 14 16 .241 .2202
997.5 3'»2: 952.6 E1 21 35 53 1.00 1.00 (456
4" 849.1 E1 14 47 47 1.67 0.70 .319
-1 317.4 E2 0.13 0.13 067
5 170.4 E2 3 .157
K = 0 Beta Band
1037.3 2++0: 1037.3 E2 4.2 55 371 .360 .150
»2, 992.4 E2 6.8 45 274 .301 .125
+2, 992.4 EO I(E0) /I(E2) = 4.4 + 1.2 .552
>4 888.9 E2 .283 .339 .140
»1- 357.2 E1 .034 .015
+3 305.4 E1 .038 .017
K = 3 Band
+, ot
1059.5 (3 )->2+ 1014.4 E2 yes 12 yes doublet
X 911.1 E2 yes 20 yes doublet
K = 2 Gamma Band
1060.3 2707 1060.3 E2 45 48 yes .398 .33 doublet
~2, 1015.3 E2 100 70 yes .581 .48  doublet
>4 911.9 E2 19 2 yes .019 .09  doublet
1105.6 (392} 1060.7 E2  yes ?  yes  doublet 0.29
>4 957.5 E2 18 ? yes .0022 11 1.00
1167.7 (A+)+2: 1122.8 E2 yes doublet
>4 1019.3 E2 yes doublet
K = 2 Band
1128.7 (2')+2f 1083.3 E2 56 8.5 53 .39 436 316
+1” 448.6 E28 76 12 47 49 .393 .302
+3” 396.8 E22 18 \12 171 134
+2” 197.9 E22 9 .081
+1 178.7 E22 11 .120
+3 69.2 E1 7 047
1169.1 3'»21 1124.2 E1 yes yes .220 0.43 .558
+4 1020.7 E1 yes 3.9 0.586 1.00 .260
-1 489.6 E1 20 .193 .00 .000
+37 437.2 E22 16 ? .24 .143
>3 171.3 E2a 3 36 .059

a
Assumed to be correct.

bCalculated from simple rotational model, ref. 17.
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C. Summed Inelastic Cross Sections

Figure 25 compares the summed ENDF/B-V cross section? for the 1,
37, and 5  members of the octupole band to the corresponding summed
gamma-ray production cross sections for GS-band decays; that is, OY(635.2)
+ oy(678.7—680.l) + GY(519.9) + 1.78 OY(687.0). Because EQ decays from
this band are strictly forbidden, the summed OY'S must equal the inelastic
scattering into the band up to 0.93 MeV, the threshold of the next popu-
lated level. For neutron energies above 0.93 MeV the summed OY'S must
be less than the inelastic scattering since feeding from higher levels
can only increase the measured cross sections. The summed OY'S do not
include intraband E2 decays, but these can only transfer cross section
from one rotational member to another. For example, inclusion of the
31 decay transfers, at 1.24 MeV, 0.017 b of cross section from the
17 level to the 3 1level.

Figure 25 shows that the ENDF/B-V octupole-band cross section is
n 15% larger than our measured value at 0.94 MeV and ~ 10% larger at its
maximum near 1.2 MeV. The errors shown in Fig. 25 have been propagated
from the uncorrelated uncertainties and do not include the 6% normaliza-
tion error. We conclude that the ENDF/B-V octupole-band cross section?
is perhaps 10% too large. This conclusion is strengthened by the fact
that our ’Li cross section over the same neutron energies is larger than
or equal to other measured and evaluated values.

Figure 26 compares the measured inelastic cross section summed for
all levels from 680.1 to 1169.1 keV of excitation to the corresponding
summed ENDF/B-V cross sections. In particular, from the population cross

sections o”(E*) and BR of the previous subsection, inelastic scattering
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cross sections were obtained by subtracting the feeding from higher
levels. For example, the 930.8-keV level is only fed by the 1128.7 keV
level; consequently, 0(930.8) = ¢7(930.8) - 0.081 0°(1128.7). Such
inelastic cross sections were calculated for all levels from 680.1 to
1169.1 keV of excitation and their sum is shown as the data points in
Fig. 26. This sum should and is also equal to the sum of the GS-band
transition cross sections from these levels corrected for EO transitions
since the intralevel transitions only transfer cross section. For 1.2
MeV neutrons our summed measured cross section is in excellent agreement
with the ENDF/B-V evaluated value, whereas at the ENDF/B-V maximum value

of 1.75 barns we are approximately 107% low.

D. Level Inelastic Cross Sections

Figures 27 to 29 compare ENDF/B-V evaluation inelastic cross sections?
from the individual rotational members of the octupole band to our mea-
sured values. The data points without error bars are population cross
sections and the data points with error bars are inelastic scattering
cross sections, corrected for feeding from all levels up to v 1.2 MeV.
The measured cross section for the 1 level is v 10% smaller at the maxi-
mum than the ENDF/B-V value. In addition, we accurately measure a steeper
threshold below ~ 0.8 MeV and a flatter threshold above 0.8 MeV than is
evaluated.

Figure 28 shows a similar comparison for the 3" member where the
measured value is a surprising 20% lower than the evaluated value at its
maximum. Before subtracting the contributions from feeding the measured

cross section is 10% or 30 mb lower than the evaluated value. Subtracting

the contributions from feeding reduces the cross section another 10% or
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30 mb. Six levels feed the 3 state of which the 950.0 (27) level sub-
tracts 15 mb with a 218.4 keV branch. Conversely, the measured 3" cross
section is increased by its 0.072 BR to the 1 level. This branch was
calculated using a simple rotational model and a larger 371 BR would
increase the 3 cross section; however, the 1 cross section would be
reduced by an equal amount.

Figure 29 compares the measured and evaluated 5 cross sections which
are strikingly discrepant. Only the 997.5-keV 3~ level feeds this 5
rotational member. A larger 5 >3 BR than the calculated value of 11.4%
would increase the 5 cross section, but would further reduce the 3
cross section.

Figures 30 to 33 show scattering cross sections for the remaining
levels required to comstruct the ENDF /B-V 965, 1048, and 1170-keV cross
sections shown in Figs. 34 to 36. In particular, Fig. 30 shows inelastic

+
+, and (4 ) rotational members of the pro-

cross sections to the (0+), 2
posed first excited K" = O+ band and Fig. 31 shows inelastic cross sec-
tions to the (1), (27), and 3~ members of the proposed K" = 0 band.
Figure 32 shows cross sections to the beta-band 1037.3-keV 2+ member and
the strongly excited gamma-band-head 2+ state at 1060.3 keV which is
doublet with a 1059.5-keV (3+) state. Figure 33 shows cross sections
for the 1105.6-keV (3+) member of the gamma-band, a proposed 1128.7-keV
(27) band head, and a 1167.7-1169.1-keV doublet of the gamma-band (4+)
member and 3 level, respéctively.

Figure 34 compares the ENDF /B-V 965-keV cross section? with the

measured values employing the Table I correspondence. The cross section

maxima are in good agreement with the measured value a few percent high;
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however, the pseudolevel cannot reproduce the threshold correctly. The
suggested EQ decay of Ellis3 from the 966.3-keV 2+ level would increase
the measured cross section by about 0.22 b at the maximum.

Figure 35 shows a similar comparison for the 1048-keV pseudolevel.

2 agbout 5% lower

Again the agreement is good, with the ENDF/B-V evaluation
than the maximum measured cross section. The measured EQ decay of McGowan
et al.l7 for the 1037.3-keV 2+ level accounts for about .11 b of the maxi-
mum cross section. The 257% error on this cross section is not contained
in the plotted error bars.

Figure 36 compares the ENDF/B-V 1170-keV cross section? with the
corresponding measured values which are the sum of those in Fig. 33.
None of these cross sections were corrected for feeding and at the
evaluated maximum near 1.5 MeV they are 25% smaller than the evaluated
value. Appendix A lists cross sections for higher-energy levels, but
our understanding is that the 1170-keV pseudolevel does not contain
these levels. A few weakly populated levels, each with many branches,

could easily not be detected in this measurement and would account for

the Fig. 36 discrepancy which is also Fig. 31 discrepancy.
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VI. CONCLUSIONS

The main results of this work are the 28 gamma-ray production cross
sections shown in Figs. 13 to 24 and listed in Appendix A. Their neutron-
energy thresholds are consistent with their placement in the Fig. 1 energy-

level diagram of Ellis.3

In addition, Table IV lists seven BR for weak
transitions whose threshold energies could not be determined. These
measured cross sections are on average smaller than those of McMurray
et al.l3 The present cross sections for the intemse 583.5, 635.2, 680.1,
and 687.0-keV lines are ~ 15% smaller than those of McMurray et al.,13
whereas those of the other lines seem more consistent. The excellent
result for the somewhat simultaneously-measured Li(n,n”y) ‘Li* (478 keV)
cross section shown in Fig. 11 gives confidence to the present 238y cross
sections since many potential sources of error including the fluence measure-
ment are common to both results.

The sum of GS-band-transition, gamma-ray production cross sections
provides an upper limit to summed inelastic cross sections independent
of non-GS transitions if possible EO decays are accounted for correctly.
Figure 25 shows that the proposed ENDF/B-V summed 1, 3, and 5 cross
section is at least 10% too large. Figure 26 indicates that the summed
ENDF/B-V cross sections for all levels from 680.1 to 1169.1 keV of excita-
tion is correct at v 1.2 MeV neutron energy and v 107% too small at the
maximum cross near 1.5 MeV.

Section V of this report is the first time to our knowledge that
actinide inelastic cross sections have been extracted from gamma-ray

production cross sections. The procedure is straightforward. From the

present data and other decay information, the total intensity BR of
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Table VI were calculated which allowed the gamma-ray production cross
sections to determine population cross sections. These with the BR
allowed feeding corrections to be made resulting in the Figs. 27 to 33
inelastic cross sections. The weak link is inadequate knowledge of the
238y decay scheme. In particular:
(1) EO transitions are allowed between levels of the same J"

and K and can be appreciable for actinide nuclei. Over

50% of the 1037.3-keVv 2+ decay is by a measured!’ EO

strength and it has been suggested3 that 62.5% of the

966.3-keV 2+ decay is by EO; however this latter EO

strength seems excessive, unwarranted by the data, and

has been ignored. This EQ0 and the possible other EO‘s

require clarification, either by direct measurement,

microscopic calculations, or from updated systematics.

(2) Internal conversion coefficients for low-energy decays

in actinide nuclei are large which necessitates knowledge

of the transition multipolarities or mixing ratios. For

238y the E2-M1 mixing ratio for low-energy transitions

between initial and final negative parity states are

unknown. Throughout these have been assumed to be pure

E2 decays which results in the minimum cross section for

the initial level and the maximum cross section for the

final level. This is a significant assumption which requires

clarification. Whether a 250-keV transition is E2 or M1

gives a factor of two in its total intensity BR. For high

energy transitions the internal conversion coefficients are

< 1% and have been ignored.
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(3) There are many conflicting BR caused by suspected gamma-ray
multiplets whose members are produced with different inten-
sities in different measurements. This confuses the compari-
son and incorporation of other measured BR. The 1059.5-1060.3,
1127-1128.7 and 1167.7-1169.1-keV level pairs are nearly
degenerate in energy giving many doublet gamma-rays. Moreover,
some gamma rays may be doublet with other 238U lines and
background lines; for example, the 905.1, 218.1, and 849.1-
keV transitions. The transitions from the higher bands do
not follow Alaga's rule,“0 so these confusions require experi-
mental clarification. Unfortunately, the required good timing
resolution for the Ge(Li) detector reduced its efficiency for
low energy transitions so that most could not be observed and
none have threshold determinations to verify their origins.

Nevertheless, there is general agreement on 238U BR which results

in the Figs. 27 to 29 and 34 to 35 comparisons with the proposed ENDF/B-V
evaluated cross sections. This comparison indicates that the evaluated
l—, 3_, and 5 cross sections are respectively 10%, 20%, and at least

50% too large at their maximum values, whereas the 965 and 1048-keV
pseudolevels have about the correct strength.  The present measurement

of the threshold shape for these cross sections is very good and disagree
with their evaluated Valueé. This comparison is considered preliminary
and does not contain uncertainty estimates for the BR. It is hoped that
the new Coulomb excitation measurements of Mchwan18 and the Coulomb-
excitation, gamma-gamma coincidence work of Alessi et al.20 will further

clarify the 238U level structure and decay scheme.
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APPENDIX A

This appendix lists the 125° angle-differential y-ray production cross
sections measured in this work multiplied by 4m. Page 83 lists the /Li
478-keV cross section and pages 84 to 88 list 28 cross sections for 238y
transitions. On each page the first column, En’ gives the incident-neutron-
bin center energy in MeV and the remaining columns, OY, list pairwise the
corresponding cross sections and absolute errors in barns. On the top of
each column pair in parenthesis the y-ray transition energy is given in
keV. The listed errors are uncorrelated between energy bins and y-ray
transitions. Not listed is a ~ 67 normalization uncertainty which is
correlated over all energy bins and all y-ray transitions. The ratio of
the 238U cross sections to that of 7Li can be obtained by division in
which case the normalization uncertainty cancels. In addition, division
of the listed cross sections by 47 gives the angle differential cross

sections at 125°.
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7Li vY-ray Production Cross Section

AEn OY(478 keV)

5.496 0.2143 0.0126
4,958 0.2060 C.0119
4.496 0.2192 0.0127
4.095 0.2613 0.0149
3.746 0.2658 0.0150
3.440 0C.2356 0.0132
- 3.170 0.1937 0.0107
2,930 0.2029 0.0112
2.717 0.1903 0.0109
2.526 0.1804 0.0102
2.355 0.1875 0.0104
2.200 0.1831 0.0100
2.060 0.1821 0,0098
1.934 0.1901 €.0102
1.818 0.1938 0.0103
1.713 0.1895 0.0100
1.616 0.1933 0.0102
1.528 00,2002 0.0105
1-.446 0.2049 0.0107
1.371% 0.2078 0.0109
1.302 0.1996 0.0104
1.237 (.2097 0.0110
1.178 0.2221 0.0116
1.122 0,.2220 0.0116
1.071 0.2174 0.0114
1.023 0.2060 0.0108
0.978 0.1887 0.0099
0.936 0.1661 00,0087
0.896 0.1u483 0.0078
0.859 0.1266 0.0067
0.825 0.1105 0.0059
0.792 0.0928 0.0050
0.761 0.0796 0.0043
0.732 0.0694 0.0038
0.705 0.0603 0.0033
0.679 0.0558 0,0031
0.655 0.0506 0.0029
0.610 0.0297 0.0018
0.589 0.0237 0.0015
0.569 0.0179 0.0013
0.550 10,0074 0.0007
0.532 0.0008 0.0004
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APPENDIX B

This appendix contains figures of the measured gamma-ray pulse-
height spectra collapsed over several 36-nsec wide, incident~-neutron
energy bins. Figures Bl to B5 show spectra produced by incident neutrons
from 0.67 to 1.00, 1.00 to 1.21, 1.21 to 1.49, 1.49 to 2.00, and 2.00 to
4.30 MeV, which are the sums of 10, 4, 4, 5, and 10 data collection bins,
respectively. In addition, to allow plotting, the pulse-height channels
which span gamma-ray energies from 0.20 to 1.80 MeV have been averaged
by a factor of two. Figures B6 to B25 show Figs. Bl to B5 expanded by
at least four with unaveraged pulse-height channels. In particular,
Figs. B6 to B10 show spectra for 0.2 to 0.6 MeV gamma rays, Figs. Bll to
B15 for 0.6 to 1.0 MeV gamma rays, etc. No gamma-ray energies are shown
but can be obtained from the energy scales where each small tick mark
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