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Transmission measurements of Ag, Ta, and U8 cross sections have been made with a resolution of
0.17 to 0.05 usec/meter and resonance parameters are presented in the energy region from 10 ev to roughly
300 ev. A brief description of the materials testing reactor fast chopper and its performance characteristics
is included, and the resolution is demonstrated by resolving new resonances in Ta. Area analysis methods
have been used with the primary objective being to determine values of I',9/D. The values obtained are:

Agl?, (0.40£0.16)X10~; Agl(0.82:0.4)X104; Tat®h (1.74£0.3)X10~*; and U8,

(1.55-£0.5) X 10~

These results agree reasonably well with values previously reported.

I. INTRODUCTION

HE application of neutron time-of-flight spectrom-

eters to the study of levels in the compound
nucleus in the energy region slightly above neutron
binding energies is yielding important information
about details of these levels. Analysis procedures useful
for total cross section measurements made with time-of-
flight instruments have been developed at several
laboratories.t ™ Over the past few years, these methods
have yielded sufficient data to show trends in the
behavior of the wvarious resonance parameters as
functions of the number of nuclear particles. In partic-
ular, information®7 about the ratio T,%/D can be
compared with theoretical predictions.

The MTR fast chopper was constructed to utilize
the high neutron flux available from the Materials
Testing Reactor (MTR).® Since a similar chopper in
operation at Brookhaven National Laboratories (BNL)
has been described previously,? the description of the
chopper itself will be limited to brief discussions of
various component variations. The neutron source of
the MTR chopper is different, so the response of the
total instrument will be discussed at greater length.

The total neutron cross section of Ag, Ta, and U%8
have been investigated in the neutron energy region
from 10 to 3600 ev with the MTR fast chopper. In
order to test the operation of the chopper, two standards
and an unknown were measured. Ag and U?% were
selected for the standards and Ta for the unknown
since no recent high-resolution measurements of its
cross section existed. Due to improved resolution,
additional information about all three has been
obtained.

t Work carried out under contract with the U. S. Atomic
Energy Commission.

1Seidl, Hughes, Palevsky, Levin, Kato, and Sjostrand, Phys.
Rev 95 476 (1954).

P. Seidl, Brookhaven National Laboratory Report
BNL 278 (5-46), 1954 (unpublished).

3 Melkonian, Havens, and Rainwater, Phys. Rev. 92, 772
(I?SSa)ﬂor Landon, and Foote, Phys. Rev. 91, 53 (1953).

;s(iz;rter, Harvey, Hughes, and Pilcher, Phys Rev. 96, 113
(1° Harvey, Hughes, Carter, and Pilcher, Phys. Rev. 99, 10 (1955).

7R. Cote and L. M. Bollinger, Phys. Rev. 98, 1162(A) (1955).
8 J. R. Huffman, Nucleonics 12, No. 4, 21 (1954). ’

The primary objective of these measurements has
been to determine I',%/D, the ratio of the average
reduced scattering width to level spacing per spin
state, and thus emphasis has been placed upon deter-
ming T, and D. Other factors of interest such as the
resonance absorption width, peak cross sections, and
potential scattering have also been determined.

II. APPARATUS

A schematic diagram of the fast chopper time-of-
flight spectrometer® is shown in Fig. 1. The source of
neutrons is the HB-6 horizontal beam hole in the
MTR.® Aside from minor modifications, the MTR
chopper is the same design as the chopper in operation
at BNL.2 The number of neutrons per unit time during
the burst varies with time to give a triangular distribu-
tion which has a calculated full width at half-maximum
of 1.6 usec at 6000 rpm. The MTR instrument uses a
light pulse timing system which traverses the rotor at
45° to the neutron beam. Use of the same path as the
neutrons, which would give exact timing, is limited
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Fi16. 1. A schematic diagram of the MTR fast-chopper time-of-
flight neutron spectrometer. The drawing is not to scale and
details have been simplified for clarity.

9R. G. Fluharty, Phys. Rev. 95, 609(A) (1954).
10 Fluharty, Simpson, and Simpson, U. S. Atomic Energy
Commission Report ID0O-16164, 1956 (unpublished).
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since the quartz windows become opaque from radiation.
The direct beam path is used for calibration of the 45°
light system.

Neutron flight paths of 16, 30, and 45 meters have
been used, and provisions have been made for a 60-meter
flight path. To reduce air scattering, the neutrons pass
from the chopper to the detector through ‘‘drift tubes”
filled with He at atmospheric pressure.

Approximately 50 enriched BF; proportional counters
are being used as a detector at the present time. A
jitter of 0.5 usec has been measured for these counters.!!

The timing circuit’? records the neutrons in 100
equal-time channels. This circuit has a resolution or
detection time of about 3-5 usec. Thus, many detector
pulses per burst can be recorded. Channel widths of
%, 1, and 5 usec have been used.

III. OPERATIONAL CHARACTERISTICS

The total open-beam spectrum at 30 meters as a
function of time is shown in Fig. 2 by curve B. The
resonance neutron spectrum is shown by curve A.
The dips in the resonance spectrum are mostly due to
Mn in the 2S5 aluminum windows in the collimator,
drift tube, and detector. The source surface which is
being used has a flux of 1X10* thermal neutrons/cm?
sec, and the expected resonance to thermal flux ratio is
1/31. The number of resonance neutrons passed by
the rotor for each burst is 2.54-0.5 neutrons per ev at
1 ev based upon both the observed counting rates and
counter efficiency and calculated from the reactor flux.

Figure 3 shows the background with the wvarious
fractional parts indicated by the labeled lines. The
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F16. 2. The MTR fast-chopper spectrum at 30 meters. Curve
A shows the resonance spectrum (without sample), curve B the
total detector counting rate, and curve C the difference, B—4, or
the total background. The “open beam” curve shows an E™!
spectrum modified by the chopper cutoff with structure due to
various materials in the beam collimation system. At 30 meters
“overlap” neutrons, those from a previous burst, are indicated
since curve 4 does not drop to zero.

11 0. D. Simpson, Phys. Rev. 95, 600(A) (1954) ; R. G. Fluharty
and O. D. Simpson, U. S. Atomic Energy Commission Report
IDO0-16110, 1954 (unpublished).

12D. R. deBoisblanc and K. A. McCollom, Phys. Rev. 95,
G609(A) (1954) and U. S. Atomic Energy Commission Report
ID0-16159, 1954 (unpublished).
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Fi1c. 3. The MTR fast-chopper background with a breakdown
into its various parts. When the two constant backgrounds, curve
II (the sum of the chopper and room backgrounds), are subtracted
out, a prompt fast neutron background is found which has
structure due to the variations in rotor thickness with angle or
time. The capital letters correspond to the neutron paths labeled
in Fig. 6. The “overlap” background is not included.

total background is obtained by measuring the total
counting rate as a function of the rotor angle with the
rotor static. A duty cycle conversion is made to the
corresponding time-angle position.® A boral filter is
placed in front of the detector to reduce the general
background and also to absorb the few thermal neutrons
which leak through the rotor.

The measured structure in the background is caused
by changes in the rotor thickness as seen by the high
flux of fast neutrons from the MTR. The BNL fast-
chopper time-of-flight spectrometer does not show
this structure in the background because of the fast-
neutron component of its beam is smaller. The MTR
beam comes directly from a highly concentrated
enriched fuel source with 6 in. of Be between the open
collimation system and the fuel.

The time resolution function is similar to that
described by Seidl ef al.! However, in convoluting the
various time functions, a measured value of counter
“jitter’”!* has been used, and the detector lengths are
different. The experimental transmissions for a thin
sample of Ag at the 16-ev and 72-ev resonances are
shown in Fig. 4 by the plotted points. The calculated
transmission convoluted with the resolution function
is given by the solid curve. The parameters given in
Table I were used for the calculation.

Figure 5 is a curve of the over-all instrument resolu-
tion (full width at half-maximum) as a function of
energy calculated for a detector length of 3 in. at 30
meters. This minimum detector length was chosen
since time delays are used between groups of counters
where different groups are located at slightly different
distances along the flight path.

The timing uncertainty can be reduced to about 0.5
usec, but in the case of many individual resonances, the
timing was not known that accurately. The timing

13 Simpson, Fluharty, and McClellan (to be published).
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TasBLE I. Parameters for resonances measured in Ag by MTR fast chopper. The 1/¢ factor is assumed to be 2, and A is the Doppler
width of the level. Errors in individual parameters are estimates of accuracy and are taken to about 3 times as large as the precision

associated with the measurements. (1 mv=1073ev.)

Ey (1/n) X102 A Area a0 gl Ty T'a®
(ev) Isotope  cm?/atom (ev) (ev) (kb) (mv) (mv) (mv)

16.640.2 107 52.36 0.125 2.01+0.10 2.65+0.66 2.6+0.3 151423 1.340.07

’ 2065 0.2640.02

30.840.3 109 26.53 0.172 2.7+0.5 3.5340.64 5.4540.82 121413 2.040.3
2184 0.274-0.10

40.740.6 109 2184 0.198 0.1540.03 3.5+0.8 1342 1.1+0.13

42.440.6 107 2065 0.202 0.1740.03 4.040.8 1352 1.2340.25

45.240.6 107 185 0.202 0.33+£0.033 0.85+0.13 13352 0.2540.04

52.240.6 107 184.7 0.216 1.584-0.08 6.3841.38 17.2+1.9 112424 3.1740.35>
2025 0.4740.035

56.1+2.0 109 195.3 0.224 1.1840.06 1.314:0.54 6.81+1.5 216485 3.6340.80°
2184 0.2140.05

72.242.0 109 195.3 0.262 1.414-0.07 8.5141.87 22.3+4.9 65435 3.4740.76°
2184 0.444-0.09

89.64+2.4 109 195.3 0.277 0.494-0.09 2.840.6 1342 0.594-0.12

1365 190 0.36 2.494-0.37 6211 1342 10.6+£1.9

14745 190 0.38 1.4040.35 209 1342 34415

17646 190 0.41 3.284-0.66 107434 134» 16.14+5.1

20649 190 0.45 1.0340.52 1548 1342 21411

21549 190 0.45 1.284-0.66 107+34 1342 3.0+1.8

251411 53.8 0.49 9.6841.45 243473 134» 30.649.2

31616 53.8 0.55 6.444-1.29 166458 1342 18.746.5

a Assuming f‘:, =135417 mv for Agl7 and F«, =134 440 mv for Agl®,
b Data indicates g =%.
¢ Data indicate g =4.

uncertainty is implied in the energy error that is
assigned to an individual resonance.

IV. ANALYSIS METHODS AND INTERPRETATION

Transmission and area analysis procedures have been
used with the main objective being to determine the
ratio of the average resonance scattering width to level
spacing T',%/D.}% Values have also been calculated for
the potential scattering cross section.
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Fic. 4. Transmission of a thin Ag sample at the 72-ev (top
curve) and the 16-ev resonances. The points and crosses are
experimental data, and the solid curves were obtained by convolut-
ing the calculated resolution function (under each transmission
curve) with a calculated transmission obtained from the resonance
parameters given in Table I. In the top curve, the resolution
function used gives a good fit to the points on the sides of the
resonance.

Procedures for relating measured areas to the
Breit-Wigner (BW) resonance parameters, including
Doppler broadening temperature effects, are discussed
by Melkonian et al.? and Seidl et al.! The two methods
which have been used here are more recent develop-
ments which are felt to be simpler and quicker.®

Since gl',=0ol'/4mAe?, the value of o' is primarily
desired from these measurements. One method used is
designed to give ool' directly,* and if the sample is
thin, the value obtained is relatively independent of
the actual value of I'. Thus reasonable determinations
of gI', can be made without knowing I', accurately.®

For a single thin-sample resonance determination,
T, is assumed to have a value determined from the
average of other resonances where I', has been deter-
mined. If ', is found to be comparable to Iy, reiteration
can be used to determine the best value for ooI'. The
average I')’s are also used in this paper where single
thickness samples were measured. In most cases
thick-thin samples are available and the data are
presented as determined, but they can be readily
reinterpreted in terms of the average I', where the
accuracy of the data may indicate a preference.

Fairly accurate measurements of level widths are
made in the 0-10 ev energy region by both crystal
spectrometers and fast choppers where the level
widths are large compared to the instrument resolution.
Reasonably accurate values can also be determined for
strong, well isolated resonances by area methods, and
if this information is not available, extrapolated values

1 D. J. Hughes, J. Nuclear Energy 1, No. 4, 237 (1955).
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are used from curves showing the I', width as a function
of the atomic number 15

Multiple reiteration procedures are often desirable
in obtaining a relation between an area and the BW
parameters since the corrections imply a knowledge of
the resonance. The situation becomes more complicated
when the effects of several resonances must be taken
into account. Cases exist in Ta in which the effect of a
very strong resonance appears to influence a large
energy region covering many other resonances.

In calculating the BW parameters, the following
procedures were used in order to make the necessary
corrections.

(1) The original base line was drawn between regions
where the transmission is varying slowly between
resonances. In most cases this could be drawn to equal
valued and constant transmissions on both sides of
the resonance. If not, the base line was tilted to follow
any trends in the transmission. The area was measured
between E¢+AE and Ey—AE in the usual manner.!—
Wing corrections were applied and the analysis made to
determine ooI'?, where P is a constant which is obtained
from the area method with a value between 1 and 2.
Reiterations were made where large wing corrections
were involved or where an appreciable value for T', was
found. If thick-thin samples were available, the
process could be done independently, but where only
one sample was available an assumed average value of
T’y was required. Previous information about the level
was used where possible.

(2) The effect of the resonance was calculated in
the wings where the original base line was placed and
the base line redrawn removing the effect of the
resonance from the transmission. The area was remeas-
ured and the analysis repeated if the area change was
appreciable. If the interference term was appreciable,
the area measurement involved a subtraction of the
area below the base line from that above. Thus, the
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Fi6. 5. The calculated resolution (full width at half-maximum
in usec/meter and energy uncertainty) as a function of energy.
Experimental values are given by crosses.

18 H. H. Landon, Phys. Rev. 100, 1414 (1955); J. S. Levin and
D. H. Hughes, Phys. Rev. 101, 1328 (1956).
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interference term was assumed to have symmetrical
contributions on both sides of the resonance except for
sign.

(3) The steps outlined in procedures (1) and (2)
were repeated until the values obtained converged. In
any given case a single reiteration for any factor was
usually sufficient and frequently the various factors
could be included in a single reanalysis. For some
well-isolated resonances the base line could be drawn
far enough away that reiteration was not required, but
for other cases it was necessary to re-examine the data
using several resonances before final results were found.

By the foregoing approach, effects of adjacent
resonances are automatically included in the base. As
a check upon the method, the potential scattering, o,
has been calculated for the energies between the
resonances for the cases in which the cross-section
values appear to be resolved and Doppler effects can
be neglected. If the potential scattering was found to
be reasonably constant, it was interpreted as confirma-
tion that the base was properly drawn. Unfortunately,
a general procedure does not appear to be feasible in
correcting for adjacent resonances, and strong res-
onances appear to require special attention to obtain
the best interpretation of the data.

To determine ¢, corrections for the resonance parts
of the BW formula were made in two manners. First,
sets of values at each energy were derived for adjacent
resonances only. Second, corrections were made
including all known resonances with measured param-
eters and including other resonances by using average
parameters and the average level spacing in a series
approximation. Thus, two procedures were followed to
see if a choice existed.

The approach of correcting for all resonances will not
work for the interference term because of the divergence
of the interference series using average parameters
needed to account for unmeasured resonances. The
value of the interference due to all higher and lower
energy resonances is indeterminant. Therefore, inter-
ference corrections were made only for the two adjacent
resonances, and the assumption was made that positive
and negative effects would cancel out on the average if
enough energy points were included. In the case of
strong resonances, corrections were made symmetrically
on both sides until the contributions were negligible.
The transmissions and total cross-section curves were
used as guides as to the need of correction for a given
resonance.

The above procedure also yields a value of ¢, which is
of interest because of its relation to the nuclear radius.
This measurement was not included in the original
objective, and therefore, optimum sample thicknesses
were not used. A measure of ¢, by this method will not
be extremely sensitive unless regions are found where
the resonances have little effect. Approximate initial
values of ¢,’ must be used to correct for the resonances,
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F1G6. 6. Experimental transmission curves for normal Ag. The
solid lines are visual averages and are representative of those
used for the area analyses of the resonances.

and the final o, must be approached by a reiteration
procedure.

V. RESULTS
Silver

A fairly extensive series of measurements has been
made using normal silver. Resolutions used varied
from 0.17 to 0.05 usec/meter. The samples had a
purity of 99.99,, and the isotopic assignments of
resonances are those given by Seidl.! Typical transmis-
sion curves are shown in Fig. 6.

TaBLE II. A summary of the average parameters for Ag as
obtained at BNL! and at MTR. The values I',0/D for the individ-

ual isotopes are the actual ratios of T',? to D, while [T',9/D]
for the element is obtained by the method given in Fig. 8.

Ag? Agloe

MTR BNL MTR BNL

Iy (mv) 135417 130 134440 130
T'.9(mv) 1.540.6 2.1 2.84-0.8 3.0
D (ev) 386 50 34+3 33

(T0/D)X10¢  0.4040.16  0.16 0.8204 091

Average f‘l,"/D for element = (0.612:0.2)<X10™%.
Average [1',/D7] for emement = (0.542-0.2) X 102,

FLUHARTY, SIMPSON, AND SIMPSON

A summary of the derived parameter values is given
in Table I. The average level spacing reported in
Table II was obtained by averaging the known level
spacings and using estimated values for the upper and
lower limit spacings. For Ag'® the lower limit spacing
was estimated to be 2)X5.2 ev, and the upper spacing
was taken as (136—90)/2 ev. Correspondingly, values
of (136—52)/2 and (16+5) ev were assumed for the
upper and lower spacings for Ag!%’. Information about
the 5.2-ev level in Ag!® was used from crystal spectrom-
eter measurements of Wood.'®* In Wood’s work a
negative level between —1 and —10 ev is proposed,
and this evidence forms the basis of the lower spacings
quoted above.

A plot of the number of resonances below energy
E for normal Ag as a function of energy is shown in
Fig. 7. Since levels are being missed above 90 ev, T',?
and D are based on the averages of the resonances
below this energy in Table I. The deviations for the
average values, I',? and D, are deviations of the mean
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F1c. 7. The number of resonances below the energy E as a
function of energy for normal Ag. This curve indicates that
resonances are definitely being missed above 90 ev.

obtained from the mean square deviations of the
individual values. For the average absorption width,
T',, each value has been weighted according to the
accuracy of the determination so the 5.2-ev level value
dominates the Ag'® average. Although the individual
values of T, show fairly wide deviations, the accuracy
does not conflict with the assumption that Iy is constant
for each level. The T, for the 72-ev level is low, but if
the BNL! thick sample area is combined with the MTR
thin sample area, a value of 1454-55 mv results.

The sum of the I',”’s up to energy E as a function of
E is plotted in Fig. 8 for both isotopes. The slope should
give 4X[T,.°/D]" where in this case [T',°/D] is an
average for the two isotopes of the element since the 2
isotopes (each with 2 spin states) have almost equal

16 R. E. Wood (private communication). _ _

17The use of square brackets around I'.0/D, [I'.%/D7], is
intended to imply that the average has been determined from
the curve of ZT',® vs energy.
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abundance. Since thick samples have been used above
90 ev where the resonances were not resolved, the
low-energy points have been weighted heavily in
determining the slope. If the resonances are not single,
the T, values would be too large (42« q,I?). The
reciprocal of the statistical factor, 1/g, is assumed to
be 2 except where a preference is indicated.

Table II is a summary of the parameters as obtained
here and at BNL. The differences between MTR and
BNL averages are primarily due to the choice made in
determining D, the use of preferred values of g, and
disagreement on the parameters for the 72-ev level.
It is seen that the limited number of levels measured
allows considerable latitude in the procedure resulting
in additional uncertainty about the final value. The
average [I',%/D] for the two isotopes or the element
indicates that the Ag!® value may be high. All values are
within the errors so that significant changes are not
justified without higher resolution information and more
levels. A recently reported!® technique, which averages

T
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Fi1c. 8. The sum of the I',’s found up to the energy E
as a function of E for normal Ag.

many levels, gives I',%/D for the element Ag as (0.3
+0.1)X10~%

To calculate the potential scattering between levels,
an initial value of the potential scattering must be
assumed. For this purpose initial values, indicated by
primes, of ¢,/(107)=7.3 barns and ¢,/ (109)=4.7 barns
as given by Wood (the average is quoted as 6.040.5
barns) have been used. The various values obtained
and the average are summarized in Table III. Since
the data were not reiterated to give a best fit of ¢, the
final value is not independent of the initial ¢,’ values
used. Reiteration is indicated by the large difference
between the final and initial values, but the absolute
accuracy of the total cross sections does not justify it
The absolute error is indicated in the final result quoted.

The primary interest was to observe the constancy
of o, as a measure of the validity of the methods used

( “5 D) J. Hughes and V. E. Pilcher, Phys. Rev. 100, 1249(A)
1955).

Ta, U238 1783

TasrLe III. The average potential scattering calculations for
Ag at energies between resonances with assumed values o,/ (107)
=17.3 barns, ¢,/ (109) =4.7 barns.

E ot op
(ev) (barns) (barns) Summary of op from column 3
23.7 5.8 5.5 Average o,=35.1 barns.
35.7 6.0 5.3 Deviation of individual
41.6 not resolved values=0.5 barn. Devia-

43.8 8.6 4.8 tion of mean=0.1 barn.
48.7 5.7 5.5 The best value is op,=35.1
541 13.0 4.1 +1 barns, with the error
64.15 5.7 5.6 including an estimate of
80.9 5.9 5.2 accuracy.

in the analysis. Aside from the value at 54 ev, which is
two standard deviations from the mean, the individual
values are constant within the accuracy expected from
the parameters. The most consistent set was found by
correcting for the adjacent resonances only, but this was
very insensitive in the case of the resonance term. The
calculated value of ¢, from the equation,

op=4mw(1.454¥X1071)2,
is 6.0 barns.

Tantalum

Table IV summarizes the resonance parameters for
Ta!8, The resonances at 56, 85, 89, 136, and 147 ev
have been reported,”® and the fact that two sets of
levels exist in the 23- and 35-ev regions were discovered
in this investigation.®*® The 4.3- and 10.4-ev resonance
parameters have been taken from the literature.5:'®
Other work on tantalum in a corresponding energy
region has been done,3:%:2 but the results here are more
nearly in agreement with those given by Harvey et al.®
It is to be noted that the individual values of I'y appear
to be remarkably constant. Strong levels at 39 and 99
ev are worthy of special note.

40| 2 L —
=
* fr; 3]
w 30 / u H—rf 731A
v D=78ev/ | |
g 20| 'JHI
Z
8. /J
CZ’ 10} /‘7‘
CJ 50 100 150 200 250 300

NEUTRON ENERGY (ev)

F16. 9. The number of resonances below the energy E as a
function of energy for Ta. The average level spacing per spin
state, D, is twice the reciprocal slope of the straight line shown.
This curve indicates that levels are being missed above 65 ev.

( 195$impson, Fluharty, and Simpson, Phys. Rev. 99, 610(A)
1955).

20 R, L. Christensen, Phys. Rev. 92, 1509 (1953).

21 Gaertner, Yeater, and Albert, U. S. Atomic Energy Commis-
sion Report KAPL-1084, 1954 (unpublished).
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TaBLE IV. Parameters for resonances measured in Ta!8! by MTR fast chopper. The 1/g factor is assumed to be 2, and A is the Doppler
width of the level. Errors on individual parameters are estimates of accuracy and are about 3 times as large as the precision associated
with the measurements. I',=1.8840.3 mv; D=7.8+2 ev; I'x/D=(1.740.3) X107¢; I'y=49+3 mv.

Eo (1/m) X102 A Area ool (4 gln Ty T'n0
(ev) cm?/atom (ev) (ev) (b —ev) (kb) (mv) (mv) (mv)
14.040.15 35.83 0.093 0.7434-0.030 10415 2.2+09 0.56=£0.006 48415 0.302:0.06
1356 0.1034-0.009
20.5+0.2 35.83 0.113 0.671+0.040 70415 1.4+0.6 0.5440.09 52415 0.2440.06
1356 0.0725-+0.0160
22.9+0.3 35.83 0.119 0.3574+0.064 14.643.3 0.13240.03 0.0544-0.012
243403 235.0 0.123 0.7034-0.084 41060 7.143.3 3.840.6 50424 1.5640.24
0.309+0.034
29.5+0.3 35.83 0.136 0.33840.046 12.14-24 0.144-0.03 0.0540.012
35.3+0.6 4655 0.149 0.156-£0.031 473478 6.441.5 2.3240.54
36.140.6 4655 0.150 0.1814-0.036 560493 7.74£1.2 2.58+0.42
39.3+0.6 235.0 0.156 1.5554:0.233 17554350 19.146.9 2646 40430 84418
4655 0.3654-0.051
49.2:40.7 235.0 0.17 0.198-+-0.044 354489 0.66+0.16 0.188+0.047
55.940.8 35.8 0.17 0.145+0.072 4.442.2 0.14:0.05 0.02740.013
57.940.8 35.8 0.18 0.1454-0.072 44422 0.140.05 0.027+0.013
63.24+0.9 235.0 0.19 0.5334-0.120 150435 3.6+0.9 0.91+£0.23
76.9+1.2 235.0 0.21 1.121-+0.280 7294182 2.145.0 4.8+1.14
82.7+14 235.0 0.22 0.651+0.228 176462 5.542.0 1.2140.44
84.74+14 235.0 0.22 0.2984-0.135 56428 1.840.9 0.394-0.19
89.4+1.9 235.0 0.23 0.3454-0.170 6633 22+1.1 0.4740.23
914419 235.0 0.23 0.171-£0.085 29415 1.0+0.5 0.2140.11
98.8+£2.0 235.0 0.24 2.324-0.46 18804376 7114 14.340.28
10542.0 235.0 0.25 0.9714-0.240 410103 1744 3.2240.78
114420 235.0 0.26 1.2940.36 6944-208 30+9 5.64+1.69
125+3.0 235.0 0.27 1.1140.27 4704118 2347 4.02:41.07
136+£3.0 235.0 0.28 1.3440.33 658165 3449 5.8441.46
14743.0 235.0 0.29 0.5864-0.20 137+4.8 7.54+3.0 1.244-0.44

A plot of the number of resonances with an energy
less than E as a function of E is given in Fig. 9, and
the value of D indicated is 7.842 ev per spin state.
If the size distribution for I',,0 is assumed to be exponen-
tial,® the slope of the integral distribution curve gives
T',.9=1.88=40.3 mv for the levels below 65 ev. The ratio
obtained from these values is I',0/D=2.4X 104,

A plot of the sum of I',”’s up to E as a function of
energy is shown in Fig. 10. Line C has been chosen as
the best choice which gives [I',%/D]= (1.720.03)
X 1074 This value agrees well with the value 1.8 10~
which has been reported previously.!’® The other lines
drawn represent possible interpretations that are
considered much less likely. Line 4 has a slope con-
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Fi16. 10. The sum of the I',”’s ovserved up to the energy E as a
function of E for Ta. Curve 4 has a slope which agrees with the
value of I',%/D obtained from the arithmetic average values of

> and D. The preferred value (see discussion on Ag) is given by
curve C with limits given by curves B and D.

sistent with the value of T',?/D given above from T',?
and D, and is clearly too high. Line B is also considered
high since the samples used for the high-energy
resonances were not truly thin. Line D is considered to
be low since it fails to give sufficient weight to the
large resonances. Lines B and D are selected as limits
for the preferred curve C.

From the discrepancy between curves 4 and C,
arrived at by different approaches from the same data,
it would appear likely that the interpretation of the
size distribution curve placed undue weight upon strong
resonances. And as an isolated case, this isotope does
not show good agreement with an exponential distribu-
tion for the number of levels investigated. Also the
foregoing arguments indicate that weak levels are
possibly being missed. Higher resolution measurements
with a larger number of levels are indicated before
such conclusions are given great significance.

The potential scattering calculations for Ta at
energies between resonances are given in Table V.
The statistical variations correcting only for adjacent
resonances demonstrate the need for including the
effect of resonances several spacings away. In particular,
corrections are needed for the 39-, 36-, and 35-ev
resonances. Reiteration using the derived ¢, does not
improve the constancy of ¢, or change its value. It is
quite likely that the analysis assumptions do not fit
this case precisely or that the errors are slightly larger
than predicted since the expected precision is smaller
than the observed spread in ¢, values. The agreement
is considered to be satisfactory for the purposes of
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TasLe V. The potential scattering calculations for Ta at
energies between resonances. Corrections are made for the 39-,
36-, and 35-ev resonances several resonances away from E,.

E ot op

(ev) (barns) (barns) Summary of ¢p from column 3
16.5 9.7 9.5 Average o0p,=9.1 barns.
18 8.8 8.8 Deviation of individual
22 8.1 8.5 values==0.6 barn. Devia-
234 not resolved tion of the mean=0.25
27 8.3 8.0 barn. The best value is
32 7.1 9.2 d,=9.121 barns, with the
37.7 not resolved error including an estimate
46.5 13.8 9.9 of the accuracy.
54 11.0 9.6

obtaining averages. The data presented here show
no preference as to whether the correction for the
resonance term in the Breit-Wigner formulas include
only adjacent or all resonances. The potential scattering
obtained using 47R? with R=1.45X10"3 4% is 8.5
barns which is in good agreement with the value in
the table. Wood!¢ reports 7.021 barns.

Uranium-238

The uranium measurements have been made with a
resolution of 0.1 usec/meter, and a summary of the
analysis is given in Table VI. Harvey et al.,° using
0.07 usec/meter, reports levels at 90 (very weak), 146,
and 166 which are not seen in these results. Also, other
levels up to 418 ev are reported. Aside from these
differences which can be attributed to the differences
in resolution used, the agreement is excellent. Also the
agreement with other measurements made with the
fast chopper at the Argonne National Laboratory is
good.?

Average values of the observed spacings and scatter-
ing widths have been used analogous to the treatment
used for Table I for Ag since the number of levels are

Ta, U238 1785
limited, and statistical methods did not appear advis-
able. Information for the 6.7-ev level has been used

from work by Levin and Hughes.!

VI. CONCLUSIONS

The data presented show that the MTR chopper
results are in agreement with other chopper measure-
ments. The resolution of 0.05 to 0.17 usec/meter is
demonstrated by the splitting of the 42.4- and 45.2-ev
levels in Ag and by the discovering of additional
levels in Ta.

A method for determining potential scattering
between resonances is indicated for Ag and Ta. The
procedure has been used here primarily as a check upon
analysis methods, but the values obtained for ¢, are of
interest as well. Corrections are required for adjacent
resonances and, in some cases, for large resonances
several level separations away.
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TasLE VI. Parameters for resonances measured in U2 by MTR fast chopper. The 1/¢ factor is assumed to be 1, and A is the Doppler
width of the level. Errors on individual parameters are estimates of accuracy and are about 3 times as large as the precision associated

with the measurements.

Eo (1/m) X1024 A Area ool oo gln Ty Tl
(ev) cm?/atom (ev) (ev) (b —ev) (kb) (mv) (mv) (mv)
21.240.3 307 0.096 0.768+0.108 1266250 35.0+13 10.3+2.0 25.94+12.0 2.2+0.8
10639 0.1464-0.028
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20048.0 307 0.294 2.62£0.47 19404-600 148146 2147

I',=2034+100 mv; T',°=2.8:09 mv;

D=1842 ev;

T',9/D=(1.550.5) X104,

22 Bollinger, Cote, Dahlberg, and Thomas (private communication, 1955).
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Nuclear Moments of Inertia due to Nucleon Motion in a Rotating Well*

D. R. INGLIS
Argonne National Laboratory, Lemont, Illinots
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A model of a deformed nucleus in which the spheroidal collective field is steadily cranked about a fixed axis,
as introduced in previous papers, serves as a convenient approximation expected to reproduce some of the
dynamic inertial properties of the collective motion. The independent-nucleon behavior in a rotating har-
monic oscillator potential, deformed by the presence of the open-shell nucleons, gives the rigid-rotation
moment of inertia and is discussed here with an attempt at graphic clarity. This result is much larger than
observed and attention is here focused on the shortcomings of the harmonic oscillator approximation,
although, as suggested by Bohr and Mottleson, the discrepancy may also be largely due to the internucleon
interactions which have not been calculated adequately and are here neglected. The 1d— 2s shell is treated as
a tractable illustrative case. The characteristic harmonic-oscillator degeneracy of the undeformed levels
within the magic-number groups, such as the 1d and 2s levels, profoundly affects the perturbation calculation
of the moment of inertia through the energy denominators. Removing this degeneracy by lowering the states
of high ! (as required in heavier nuclei for the magic numbers) has the effect of increasing the calculated
moment of inertia above the rigid-rotation value in most cases near the beginning of the shell and reducing it

in most cases near the end of the shell. The preponderance of prolate deformations is also discussed.

HE effective moment of inertia of a distorted
nucleus may conveniently be investigated by
constraining the fictitious potential (first approximation
to a self-consistent field) defining the wave functions to
rotate with constant angular velocity Q about a fixed
axis in space.! This procedure gives a rotational angular
momentum of the form!

MLa)o=0% 34| (i| L[ 0)[*/ (E,O— EL©), (1)

arising from the admixture of excited states ¢ in a
perturbation theory by a relatively small Coriolis term
—#L,Qin the Hamiltonian. The essential approximation
in this model is the neglect of “recoil” fluctuations in the
angular velocity of the distorted effective potential
contributed by the collective behavior of the many
nucleons, leaving the angular momentum not strictly a
constant of the motion. This may be accepted as an
alternative to the approximation involved in assuming
the “interaction” or “fluctuations” to be small in other
treatments which in other manners formulate the sepa-
ration of the internal and collective aspects of the
motion.2™

* Work performed under the auspices of the U. S. Atomic
Energy Commission.

1D. R. Inglis, Phys. Rev. 96, 1059 (1954). Erraitum: For a
correction in the method of deriving the expression for the
rotational energy, see Appendix.

2 A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. Selskab,
Mat.-fys. Medd. 30, No. 1 (1955). See also S. A. Moszkowski,
Phys. Rev. 103, 1328 (1956) ; G. Liiders (to be published).

3 A. Bohr, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd. 26,

No. 14 (1952) ; Rotational States of Atomic Nuclei (E. Munskgaards
Forglag, Copenhagen, 1954).

Early calculations!? with this model have employed
three-dimensional harmonic oscillator potentials and
wave functions, elongated or flattened along an axis
perpendicular to the axis of rotation. The method was
first applied to artificially distorted closed-shell nuclei,
and it was shown! that the closed-shell nucleons in this
approximation contribute only the small moment of
inertia characteristic of irrotational fluid flow.? In actual
nuclei the distortion is due to the presence of additional
open-shell nucleons and the observed moments of
inertia are, in most cases, about five times that large so
it appeared on this basis that the closed-shell nucleons
contribute much less than their proportionate share of
the moment of inertia.

Extending the treatment to include the contribution
of open-shell nucleons, Bohr and Mottelson? (without
pausing to present an explicit derivation, which is indeed
quite simple, as we shall see) give the very interesting
expression for the moment of inertia

ﬁ (wg—‘wa)z
9= —Y (m+n+1)
szws watws3
(w2+w3)2
+——2(—m) . (2)
Wo— w3

4 H. A. Tolhoek, Physica 21, 1 (1955) ; F. Coester, Phys. Rev. 99,
170 (1955); Bull. Am. Phys. Soc. Ser. II, 1, 194 (1956); Lipkin,
de-Shalit, and Talmi, Nuovo cimento 2, 773 (1955) ; S. Tomonaga,
Progr. Theoret. Phys. Japan 13, 467 (1955); F. Villars (to be
published). The related vibration problem is treated by J. M.
Araujo, Nuclear Phys. 1, 259 (1956).



